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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 (CNTs) 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 (µc-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 
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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 

µc-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 µC-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 
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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 

µc-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 µc-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 µc-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 µc-Si to different strain deformations. 

Chapter 4 presents the study of the mechanical behavior of µc-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.  
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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 
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and transform it. Based on this requirement, pressure sensors can be classified into different 

categories, as shown in Figure 1.1. 

 

 
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 to1 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.  
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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: 

R= ρ                                                       (1.1) 

With (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: 

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. 
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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-TrFE)  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 (ε0) and (εr) 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. 

C =                                         (1.3) 

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.  

  

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 

Piezoresistive 

Low cost 
Good sensitivity 

Low noise 
Simple electronics 

Stiff and frail 
Nonlinear response 

Hysteresis 
Temperature sensitive 

Signal drift 

Capacitive 

Sensitive 
Low cost 

Availability commercial A/D 
chips 

Cross-talk 
Hysteresis 

Complex electronics 

Piezoelectric 
Dynamic response 
High bandwidth 

Temperature sensitive 
Not so robust electrical 

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 O2 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]. 

 

 

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.  

 

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. 

 

Figure 1.9. Flexibility degree of substrates.  

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: 

 The compatibility between the maximum temperature of the fabrication process (Tmax) 

and the transition temperature (Tg) of the substrate. A mismatch between these two 

parameters could create some cracks in the device’s films.  

 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 ε represents the deformation of the material and ΔT 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 (ΔT <0) or 

expansion             (ΔT > 0).   

 

ε = Δ(CTE)(substrate-film). ΔT(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 µm 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.  

 

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

Temp. (°C) 
Material Properties 

400 °C [44] 
Polyimide  
(Kapton®) 

Orange color, high thermal expansion coefficient, 
good chemical resistance, expensive, high 

moisture absorption 

343 °C [45] Polyetheretherktone 
(PEEK) 

Amber, good chemical resistance, expensive, low 
moisture absorption 

343 °C [46] Polyethersulphone 
(PES) 

Clear, good dimensional stability, poor solvent 
resistance, expensive, moderate moisture 

absorption 

354 °C [47] Polyetherimide  
(PEI) 

Strong, brittle, hazy color, expensive 

155 °C [42] Polyethylene 
Naphthalate (PEN) 

Clear, moderate CTE, good chemical resistance, 
inexpensive, moderate moisture absorption 

250 °C [43] Polyethylene 
terephthalate (PET) 

Clear, moderate CTE, good chemical resistance, 
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. 

 
a)                                             b)                                           c) 

Figure 1.11.  Allotropic states of silicon. a) monocrystalline, b) polycrystalline, c) 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 c) 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 (µc-Si) if the grain size is between 1 nm and 1 µm 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. 

 
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. 

 

           

 

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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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 (µc-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 µc-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 is 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 -2 mbar and a secondary pump that adjust the vacuum level until 10-6 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 (B2H6) 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 µc-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. 

 

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 

Lower range of temperatures process 

Lower induced stress 

Good step coverage 

High cost of equipment 

New technique in the laboratory - necessity 

to investigate optimum deposition 

conditions 

 

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, H2 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 µc-Si on a flexible substrate was realized during S. Janfaoui’s thesis [5]. He 

has developed µc-Si top-gate thin film transistor (TFT) on 5x5 cm2 sheets of PEN (Polyethylene 

naphthalene). In this work, the thickness of the sheets of PEN is 125 µm and it is encapsulated on 

both sides with 250 nm of Silicon Nitride. Over it, a layer composed of 100 nm thick undoped 

µc-Si and 70 nm thick N doped µc-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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s 
Figure 2.3. Schematic TFT developed in S. Janfaoui’s thesis [5]. 

 

The following example of µc-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 µm 

and 50 µm. The goal of this thesis was to investigate if µc-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. 
 

 
 

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

 

Hence, taking into account these previous results of the laboratory where µc-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 µc-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 µm 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 µc-Si 

To properly understand the piezoresistive properties of µc-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. 

 

R = ρ                                                                      (2.1) 

 

Where (ρ) is the resistivity, (L) corresponds to the length and (S) is the surface area of the sensing 

material, µc-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+2υ) and the variation of the resistivity in function of the strain ((Δρ/ρ)/ε), where υ 

is the Poisson’s ratio, ρ the resistivity and ε the axial strain applied. 

GF =     =   +                       (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: 

 

GF =    =                                         (2.3) 

 

Normally, the Poisson’s ratio value is between 0.3 < υ < 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: 

 

ρ =                                                                      (2.4) 

 

Where (µ) 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. 

 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, σ, see equation 2.6) and strain (deformation in a solid 

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

 

Young Modulus (Y) =                                (2.5) 

 

Stress (σ) = (2.6)             Strain (ε) =           (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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 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. 

 

Figure 2.5. Stress (σ) vs. strain (ε) 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. Yf .df << Ys .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. Yf .df >> Ys .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 stiff and the film conforms to it (Yf .df << Ys.ds). In this case, the 

stress in the substrate is smaller than in the film, so the substrate dominates, making that 

the stress arise in the film ( ) by formula 2.8 (a).  

  (2.8 a)                            (2.8 b) 

Where ( ) is the mismatch strain, and Yf* = Yf / (1− νf ) where (Yf*) is the biaxial 

Young’s modulus of the film, and (Yf) is Young’s modulus and (νf) tis Poisson’s  ratio of  

the  film. The stress in the substrate is smaller than the stress in the film making that 

substrate bends into a curvature radius (Ro) is given by formula 2.8 (b) where (df) 

corresponds to the film thickness, (ds) is the substrate thickness, and Ys* is the biaxial 

Young’s modulus of the substrate. 

 When the substrate complies the film (Yf .df >> Ys .ds). In this case, the substrate bents 

into a roll. The substrate is considerably deformed and the curvature radius (Ro) can 

become very small. In our case, during the deposition process, the substrate is held with a 

rigid frame, so the substrate is flat and the stress in the film ( ) is given by formula 2.9 

(a) where Yf* = Yf / (1− νf ), is the biaxial Young’s modulus of the film. 

On this case, the stress in the film also depends on the thickness and Young’s modulus of 

the substrate. The stress in the substrate is given by formula 2.9 (b), and as result, the 
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substrate will bend into a roll with a radius of curvature defined by the formula 2.9 (c), 

here  corresponds to the plane strain Young’s modulus,  = (1+ v2) 

 

      (2.9 a)                                              (2.9 b) 

 

                       
 

(2.9c)   

   

On Figure 2.6, can be observed, the normalized radius of curvature as a function of the 

film/substrate thickness ratio (df /ds ) [13]. The dashed lines represent the Stoney’s formula 2.8 (b) 

for a stiff wafer (Yf df << Ys ds) and the continuous or full lines are the response of a steel or 

Kapton® substrate when applying this formula 2.9 (c). 

 
Figure 2.6. Normalized radius of curvature when the substrate compliant to the film [13]. 
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6. Fabrication technology on thin film flexible devices 

Traditionally, electronic devices are fabricated onto rigid substrates. However, the recent 

needs for devices that can be bent, rolled or stretched give rise to the flexible electronic. The 

reduction of the thickness in the different films generates some mechanical and electrical 

problems. In the following, the main manufacturing difficulties to perform thin film devices on 

flexible substrate will be introduced.  
One of this problem comes from the thermal contraction of the substrate and the built-in stress of 

the films during and after the deposition step. This fact generates a curve and a change in the in-

plane dimensions of the device.  
Another common issue is the mismatch between the substrate and the deposited layers. This 

stress induces some problems like cracks or delamination in the layers. Usually, the stress on 

thin-film substrate appears during the depositions step, and is due to the difference between the 

thermal expansion/contraction coefficients or other reasons as the uptake and release of 

temperature or the humidity in the substrate. 
To try to avoid the effects produced by the stress, flexible electronics devices need to be handled 

on a rigid carrier during the manufacturing process. After depositing the layers that will form the 

structure of the device, the flexible substrate needs to be flattened and temporarily bounded to a 

wafer or a glass until the end of the process. Hence, we try to minimize the cracks produced on 

the films and the mismatch during the alignment step due to stress-induced curvature [14]. 

The misalignment and the curvature increase when the substrate is thinner. These effects will 

increased by using a 25 µm thick Kapton® compared to a 50 µm thick ones. Different techniques 

such as an adhesive can be used to paste temporally the substrate. In all cases, the chosen method 

should be resistant to the chemicals used during all the process, should support temperature and 

be easy to remove at the end of the process, moreover as this last step could create some damages 

in the structure too. In order to minimize the effect of the cracks and the built-in stress introduced 

during film growth, various studies have been done and are described further. But first, the 

different kind of stress produced on thin-films and their classification in function of the origin are 

presented, in order to better understand how to minimize them.  
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6.1 Source of stress in thin film 
 

A film's stress affects the performance, reliability and durability of the devices. This stress 

depends on the deposition conditions and the physical properties of the film and the substrate. 

Stress sources can be induced by differential thermal expansion or contraction of the films, 

depending also on the deposition method, by the release of humidity, or is influenced by the 

interface between film and substrate, etc. The origins of the stress could be of three types: 

intrinsic, thermal or epitaxial [15]. Often, intrinsic or thermal terms refer to residual stress. 

Moreover it exists the mechanical stresses that may appear in the layer and are due to bending or 

stretching of the structure. The following section focuses on the description of these concepts.  

6.1.1 Thermal stress 

Thermal stress is caused by differences in thermal expansion between the films and the 

substrate. It is usually caused by cooling from the deposition temperature to room temperature. 

The mismatch in the thermal expansion coefficients (CTE) of the substrate and the film can 

produce the film/substrate bending. This difference causes a contraction or expansion of the 

dominant material that extends to the rest of the structure. Figure 2.7 (a) shows the effect of the 

residual stress in the film due to compressive bending. Figure 2.7 (b) corresponds to the case 

where the CTE of the substrate is lower than the CTE of the film, producing a bending due to 

residual tensile stresses in the structure (compressive stress in the film). When we process with 

thick and stiff substrates, the effect of the thermal stress is hard to see with the naked eye, such as 

on a silicon wafer. 

 
Figure 2.7: Film/substrate bending due to (a) compressive and (b) tensile residual stresses in the film and 

(c) due to mismatch of the coefficients of thermal expansion [16]. 
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6.1.2 Intrinsic or growth stress 

It is defined as the stresses distribution that is present in the film during the deposition / 

growth step when films are deposited under non-equilibrium plasma conditions. This stress does 

not come from the lattice or thermal mismatch strains, it arises during the deposition process 

because the films are not deposited under equilibrium conditions. It strongly depends on the 

deposition process conditions, the impurities, the materials involved, the grain boundaries or of 

the energy ions. 

Figure 2.8 shows the effect of the energy ions on the film. When the plasma has low energy ions, 

the substrate suffers tensile stress. For the contrary, if the ions have high energy during the 

deposition the substrate suffers compressive stress. ICP-CVD machine could offer the possibility 

to control or decrease the stress induced in the films, due to the low energies ion. 

 

 

Figure 2.8. Effect of intrinsic stress on delamination [17], [18]. 

6.1.3 Epitaxial stress 

Epitaxial misfit stresses arise when there are no coherent interfaces between films and 

substrates, i.e., when a mismatch exists in the crystal lattices in film and substrates. The strain 

misfit is calculated as: 

 

=     (2.10) 
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Where a film and a substrate are the lattice parameters correspond to the film and the substrate. This 

effect is represented in Figure 2.9. 

 

 

Figure 2.9. Effect of epitaxial stress [19]. 

6.1.4 Mechanical stress 

Others external stresses may occur in the films due to mishandling. When the structure is 

extremely bent or stretched, it can create some damages, like debonding form by peeling or 

buckling. Figure 2.10 shows an example of this effect. 

 

 

Figure 2.10. Effect due to mechanical stress [20]. 
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6.2 Process and technological problems 
 

In our case, during the manufacturing process, the main difficulties were associated with the 

low thickness of the substrate. The handling steps during etching, cleaning or deposition create 

some stress issues. As explained in the previous section, it is not surprising that after proceeding 

to a chemical vapor deposition (CVD) a deformation appears in the substrate. This residual stress 

results from the difference between the CTE of the film and the substrate (thermal stress) and 

from ion bombardment during plasma deposition (intrinsic stress) which damages the structure 

and induces misalignment in the following masking levels.   

The first experiments had been first carried out on Kapton® substrate of 50 µm thick. The 

thickness of this substrate was not very low, for that reason, the problems due to the induced 

stress does not have a major effect on the global structure. 

However, for the major experiments, the thickness of Kapton® is only 25 µm. Here, as show 

Figures 2.11 and 2.12 after µC-Si deposition (100 nm), the global structure exhibited a roll-on 

deformation, causing cracks on the sensing material. 

In the following sections, the fabrication process for our sensors is presented with the different 

approaches used to reduce stress-related problems.  

               
Figure 2.11. Effect over Kapton® 25 µm after deposited the µC-Si (100 nm). 

 
 

Figure 2.12. Cracks found in the µC-Si after roll-on effect. 
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6.3 Approaches to reduce stress related problems 
 

Generally, the equipment available in the laboratory is focused towards the fabrication process 

on rigid substrates such as glass or silicon wafers. However, some of them are also compatible 

with plastic substrates. In order to improve the performances and reliability of devices, it is 

necessary to develop an adapted fabrication process. This part presents the different problems 

found during the manufacturing steps, especially during deposition and lithography steps.  

Moreover, it is dedicated to the treatment of stress problems and their consequences through three 

proposals: SiNx encapsulation, shadow mask and stability treatment of Kapton®. 

The available photolithography machine holds the samples under vacuum in the backside. This 

equipment is perfect for rigid substrates. However, if the substrates have thickness lower than         

50 μm, it needs to be temporarily fixed on a rigid one (silicon wafer or glass) to avoid 

deformations due to the vacuum. Sticking the samples also helps during all the fabrication 

process and reduces the possibility to damage the structures during handling. For all these 

reasons, in order to adapt our process, different ways to stick the substrate on a rigid support are 

investigated. 

As a first option, the substrate is stuck on glass or wafer support with Kapton® adhesive, placed 

in the four corners of the sample. This option has the advantage to be easy and fast. However, the 

main problem found with this technique is the infiltration of water, solvents or acids during the

fabrication process, as shown in Figure 2.13. Those liquids accumulate between the sample and 

the support. To avoid their absorption in the Kapton®, it is necessary to remove the tape and to 

dry it, fact that complicates the process and can induce some cracks in the layers. 

 

 

Figure 2.13. Issues of temporary bonding on silicon wafer. 

Water, solvents or acids 
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The other solution, which has been selected, is to deposit by spin coating a thin layer of PDMS 

over a silicon wafer as shown Figure 2.14. PDMS layer allows to temporally stick the Kapton® 

substrate, which will be removed from the wafer only at the end of the process. To avoid the 

bubbles between Kapton® and PDMS, the sample is put under vacuum during 30 minutes. 

 

 

Figure 2.14. Support for temporary bonding using a thin film of PDMS. 

6.4   Solutions for mechanical stresses introduced during fabrication 
 

As it was commented before, strains/stresses in the film/substrate structure can create some 

cracks or delamination in the film and curling or buckling problems in the substrate, thus 

changing the in-plane dimensions of the structure. All these factors affect devices performance 

and create some alignment problems between the different layers that constitute the device. The 

thinner the thickness of the substrate is, the greater the curvature and the misalignment are [21]. 

For that reason, a proposal has been studied to try to compensate all these effects. 

6.4.1 Effect of SiNx encapsulating layers 

Following literature recommendations [14], a silicon nitride layer can be used to try to 

compensate the tensile built-in stress between Kapton® substrate and µc-Si after deposition.  

Silicon nitride can be used for several goals, as to protect the substrate against chemical processes 

or to provide adhesion of the other layers. But it can also be used to balance the stress-induced 

curvature [14]. Figure 2.15 shows a clear example of how is it possible to balance the ion induced 

stress on Kapton® by adjusting the RF deposition power on PECVD machine from 5 to 25 W. 

The deposition temperature used for this experiment was 150 °C [14]. 
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Figure 2.15. Curvature induced by stress in films of (b) SiNx [14]. 

 

In our case, the parameters selected to use silicon nitride as encapsulation layer were the same 

ones used for previous thesis in IETR laboratory [22][23] and are presented in Table 2.2. 

 

Parameters 
Power 
(W) 

Pressure 
(mbar) 

Distance 
electrodes 

(cm) 

Temperature 
(T °C) 

SiH4 
(sccm) 

N2 
(sccm) 

H2 
(sccm) 

SiNx 50 0.3 4.5 150 1 100 5 

 

Table 2.2. Conditions used for SiNx layer. 

 

In order to balance the induced stress after µc-Si deposition and see if silicon nitride layer has 

some effect on the devices performance, three different structures are compared (Figure 2.16): 

a) µc-Si was deposited directly on the Kapton® substrate. 

b) Encapsulation of  Kapton® on one side of the substrate with SiNx (50 nm). 

c) Encapsulation of Kapton® substrate on both sides using SiNx (50 nm). 
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(a) 

 

(b) 

 

(c) 

  

 

(a) 

 

 
(a) 

 

 

(b) 
 

 
(c) 

 
 

(b) and (c) 

 

Figure 2.16. Structure for 25 µm of Kapton® after µc-Si deposition a) without any encapsulation layer b) 

and c) with SiNx layer encapsulation. 

 

Figure 2.16 shows the visual effect of Kapton® substrate when µc-Si is directly deposited on it 

(a) and when encapsulation of the Kapton® is performed before deposition of µ-Si (b) and (c). It 

can be observed that with an encapsulation of SiNx, the curvature due to the induced stress is 

considerably reduced. However, when Kapton® is encapsulated on one side (b) and on both side 

(c), the induced-stress curvature seems to be the same.  

Therefore, it can be concluded that using SiNx as an encapsulation layer allows to control the 

induced-stress after µc-Si deposition, and should reduce the cracks and the misalignment 

problems.  
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The next step is to verify if this encapsulation has some effect on the electrical performance of 

the sensor. To do this, when the fabrication process is finished, the sensors are measured before 

and after being submitted to different deformations. Figure 2.17 shows the three different 

structures and the shift produced in the resistance before and after deformation. The calculation 

of the shift value is shown on equation 2.11, where (Rf) is the final resistance value after been 

submitted to different strain deformations and (R0) corresponds to the initial value, in flat 

position: 

Shift =  (%) =   (%)    (2.11) 

 

 

 

Figure 2.17. Structures and values of resistances shiftiness before and after bending. 

 

The shiftiness produced on the samples with silicon nitride layer is higher, (b) and (c). This fact 

can be explained by the very high Elastic Modulus of Silicon Nitride, which is around 183 GPa. 

This hardness induces some cracks during deformation, these cracks are expanded to the rest of 

the structure making that the value of the resistance changes after deformations.  

SiNx layer cannot then be a good option to balance the induced stress after µc-Si deposition, 

because SiNx layer produces a strong shift of the resistance value after deformations and worse 

the reliability of the devices. 

6.4.2 Effect of reducing the area of µc-Si deposition 

One other method developed to reduce the induced stress was to reduce the deposition area of 

µc-Si. To do that, a shadow mask has been designed with ANSYS software. During the design, 

attention was paid to the phenomenon of the step coverage in CVD deposition, [24], [25], so the 

Shift= 15%
Shift= 2.5 % 

Shift= 5% 
(a) 

(b)  (c) 
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dimensions of the squares of these mask are bigger than the area of µc-Si that will be used for the 

devices.   

Figure 2.18 shows the dimensions of the squares are 3x4 cm². The maximum area of µC-Si used 

for transmission line measurement (TLM) mask is 1x1 cm² and the minimum value is                        

1x0.0125 cm². (Those masks will be further fully described). 

Figure 2.18 (b) shows the theoretical effect of the step coverage of CVD films [26] and Figure 

2.18 (c) shows an example of this effect in one of our sample using the designed shadow mask. 

 

(a)                                                           (b)                                                            (c)  
 

            
 

Figure 2.18. (a) Shadow mask design to reduce the area of µC-Si deposition for TLM mask (b) Effect step 

coverage of CVD films. (c) Sample using the shadow mask for µc-Si deposition and the effect of the step 

coverage. 

6.4.3 Dimensional stability of Kapton® and shrinking 

Despite the use of all the techniques commented previously, the induced curvature has been 

reduced but it still remains a little bit. 

In the 25 µm Dupont Kapton® polyimide datasheet [27], it is written that the substrate suffers for 

a shrinking during and after the first exposure to high temperature. This effect is permanent and, 

once the substrate has been exposed, Kapton® follows the normal values of the linear expansion 

thermal coefficient.  

For this reason, to set the substrate to its stable form, a pre-bake process is realized after the 

cleaning procedure. The substrate is baked in the hot plate during 30 min at 150 °C. This bake is 

also important to remove solvents residuals. After the prebake process, the substrate is ready for 

fabrication steps.  
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Figure 2.19 (a) shows the induced curvature of Kapton® substrate using a shadow mask during 

µc-Si deposition and Figure 2.19 (b) shows the effect on the sample when the pre-bake process is 

done before µc-Si. 

Hence, by combining this pre-bake and the shadow mask, the residual stress is strongly reduced. 

This dimensional stability of the substrate is important to avoid alignment problems or 

delamination of the layers, thus improving the electrical and mechanical performance of the 

devices. 

                                      

 
   

Figure 2.19. Effect curvature induced (a) after µc-Si using a shadow mask (b) pre-bake substrate before 

µc-Si using a shadow mask. 

7. Conclusion 

In this chapter, it was introduced the working principle of the different deposition techniques 

available in the laboratory to deposit µc-Si, ICP-CVD and PECVD.  

In addition, the main problems that arise to work with thin flexible substrate. To minimize the 

problems associated with the low thickness of the structure it was studied several proposals. 

However, the best results were obtained when the sample is temporally bonding to a silicon wafer 

covered by a thin layer of PDMS during the fabrication process, reducing the alignment problems 

and handling. 

Moreover, to try to maintain the dimensional stability of Kapton® we baked it at 150 °C for 30 

minutes before the µc-Si deposition. Silicon nitride layer used during the first devices to balance 

the stress is removed because arises some instability and stress problems when the structure is 

bend. To minimize the stress that comes from µc-Si, this is deposited using a shadow mask.  

(a) (b) 
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1. Introduction 

The aim of this chapter is to investigate the piezoresistive properties of microcrystalline 

silicon and its sensitivity to different mechanical deformations.  

First, we will introduce the method used to characterize this material. It is based on the principle 

of Transmission Line Measurements (TLM). In this section, the parameters extracted with this 

method will be theoretically explained with special attention to the specific contact resistivity. 

This parameter has become very important in recent times due to the sharp reduction in the size 

of devices, where the value of parasitic resistances must be significantly low. 

Following, the mask used and the fabrication process of these devices will also be described.  

The deposition of µc-Si was carried out using two different techniques: PECVD (Plasma-

enhanced chemical vapour deposition) and ICP-CVD (Inductively Coupled Plasma Chemical 

Vapour Deposition). According to both techniques, the results obtained were divided in two 

parts. The first consists in studying the classic parameters of the TLM structure such as the 

specific contact resistivity (ρc), the sheet resistance (RSH) or a mapping of uniformity of the 

resistivity. The second part presents the sensitivity of the microcrystalline silicon as a 

deformation sensor, when this material is subjected to different bending radii. 

2. Transmission Line measurement (TLM) 

The Transmission Line Measurement or TLM method is one of the most common approaches 

to calculate the specific contact resistance, the transfer length and the sheet resistance (RSH) of the 

semiconductor.  

This method was introduced by Shockley in 1964 [1] and, as shown in Figure 3.1, consists of 

measuring parallel resistances separated by contacts with variable spacing or length (d1, d2, d3, 

d4). The values of the resistances obtained are plotted in a linear regression, from which all the 

parameters mentioned above can be extracted. 
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Figure 3.1. Top view of Transmission Line structure [2]. 

2.1 Parameters extraction 

Figure 3.2 shows a scheme of a resistance measurement and a horizontal view of the TLM 

structure. 

  

Figure 3.2. Transmission Line Measurement Geometry (TLM) [3]. 

 

I-V measurements were realized between each adjacent contact, and they are plotted as a function 

of the total resistance (RTot) and the contact spacing (L). It allows to extract some parameters 

such as the semiconductor resistance (Rsemicond.) or the contact resistance (Rc). The total resistance 

can then be expressed by the formula (3.1): 

                           (3.1) 

Where RSemicond. corresponds to the semiconductor resistance and it is obtained from the slope of 

the linear regression of the curve in Figure 3.2. Rmetal, is the metal resistance and generally can be 

considered as negligible. Rcontact, is the contact resistance in the metal-semiconductor junction. 

This parameter can be extracted for the intersection between the coordinate axis (Figure 3.2). It 

has a direct impact in the device's performance, and for this reason, must have a small value.  

From the contact resistance, the contact resistivity can be extracted, however this parameter 

depends on the contact area size. For that reason, to make a comparison independent of its size, in 
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the literature [2], the contact resistance is employed and can be obtained directly through TLM 

model. 

Firstly, to better understand what happens in the junction between the metal-semiconductor and 

how this affects the devices performance, it is necessary to understand how the current flows 

through the interfaces.  

The contact between metal and semiconductor can be classified mainly in ohmic contact or 

Schottky barrier contact. 

- Schottky contacts (also called barrier or rectifiers) have important applications such as 

Schottky diodes or MESFET transistors. The main characteristic of the rectifier contacts 

is that they allow working at high speeds, and therefore, they are widely used in high 

frequency applications such as switches. They are so used as power rectifier diodes since 

they easily dissipate heat through the metallic contact. 

 

- The ohmic contacts refer to the contact in which there is no rectifying effect. Basically, an 

ohmic contact is a low resistance joint that provides conduction in both directions 

between the metal and the semiconductor. Ideally, the current through the ohmic contact 

is a linear function of the applied potential. The quality of an ohmic contact is evaluated 

by determining specific contact resistance that will be defined later. 

 

Theoretically, to achieve an ohmic contact between a metal and N-type semiconductor, the 

condition to be fulfilled is that the working function of the metal is less than the semiconductor 

(or higher if it is a P-type semiconductor). Unfortunately, there are very few combinations able to 

achieve this requirement. Therefore, the most common alternative is to use heavily doped 

semiconductor. However, depending on the semiconductor doping level, there are three main 

conduction mechanisms between metal and semiconductor, shown in Figure 3.3.  The thermionic 

emission presents a low doping impurities concentration and its I-V curve behaves such a 

Schottky barrier (a); the thermionic-field emission has a medium doping level of impurities (b) 

and the field emission, here the junction metal semiconductor is heavily doped obtaining an 

ohmic contact as shows the graphic (c). 
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Figure 3.3: Conduction mechanisms for metal/n-type semiconductor contacts as a function of the barrier 

height and width. (a) Thermionic emission; (b) thermionic-field emission;  

(c) field emission [2]. 

 

2.2 The specific contact resistivity 

The specific contact resistivity is used to determine the quality of the metal-semiconductor 

junction and is a useful parameter to qualify an ohmic contact.  

As explained before, an ohmic contact allows that the charge flow easily in both directions 

between the metal and the semiconductor [4]. In this case, the value of the contact resistance 

should be negligible and the I-V curve obtained should be linear or quasi-linear. 

There are other methods to measure the specific contact resistivity (ρc) such as Cross Bridge 

Kevin Resistance (CBKR) [5]. However, our work focuses on the transmission line measurement 

method (TLM).  

This method allows to calculate the specific contact resistivity (ρc) by means of the transfer 

length (LT), which is defined as the length at which more than 60% of the current flows through 

the contacts. 

Figure 3.4 shows what occurs really in the electrodes. Here the current density over its 

conduction area is not uniform and it enters the contact from the top, the bottom and the front. 

(a) Low doping (b) Medium doping (c) Heavy doping 
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(b) Low value of ρc 

However, to simplify the calculus and because almost all of the current enters through a path 

under the contact, we only consider that the current density enters from the bottom. 

According to the level of the specific contact resistivity, two different cases can be described. For 

very small values of ρc, shown Figure 3.5 (a), only the edge of the contact area is used in the 

conduction t, and for high values of ρc, as shown Figure 3.5 (b), a large area of the contact is used 

for the conduction. 

 

 

Figure 3.4. Current flows [2]          Figure 3.5. Current lines in function of the ρc electrodes [2]    

 

Formula 3.2 (a) or (b) is used to calculate the value of the specific contact resistance (ρc), where 

(RSH) is the sheet resistance of the underlying layer, (RC) corresponds to the contact resistance 

and (W) is the width. The value of the transfer length, (LT) can be extracted from the graph in 

Figure 3.6. It corresponds to the half value of the x-axis interception between the total resistance 

(RT) and the spacing distances (d). 

 

LT=       (3.2 a)                                             LT=         (3.2 b) 

 

Figure 3.6. Graphic used to extract TLM parameters [2]. 

 

(a) High value of ρc 
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Moreover in our case, TLM devices are used to evaluate the uniformity of the resistivity at 

different points of the sample. In the second part of this chapter, this structure is used to evaluate 

the sensibility of µc-Si to different deformations. 

3. Mask design and fabrication process 

The designed mask used to perform TLM devices is shown in Figure 3.7. Its surface area is      

5x5 cm2, there are four columns with four different width values (W = 125, 1000, 500, 250 µm).  

 

Figure 3.7. TLM design used in our devices [3]. 

 

Each line presents the same dimensions and each TLM structure is formed by 6 resistances 

with different lengths (L= 5, 10, 20, 40, 80, 160 µm). The design contains 24 resistances with 

different dimensions. Next, it is presented the steps followed during the fabrication process for 

TLM devices. 

4. TLM Device Manufacturing Process 

Here is described the fabrication process of TLM devices. The first step is to cut the Kapton® 

substrate foil in a 6x6 cm2 square. The substrate's trimmed area is 1 cm2 bigger than the mask 

size (5x5 cm2) to help us in the manipulation process. The next steps in the fabrication process 

are described below and are represented on Figure 3.8. 



   73   
 

1) Substrate cleaning and post treatment, Figure 3.8 (a):  

Kapton® substrate is cleaned with acetone and alcohol to remove small particles 

pollution, this process is repeated as often as necessary. Once the substrate is dry, it is 

necessary to bake it in the hot plate during 30 min at 150 °C. As explained in Chapter 2, 

this step is necessary due to Kapton® shrink after the first deposition at high temperature. 

2) Silicon nitride (50 nm) as an encapsulation layer Figure 3.8 (b):  

This layer was only used in the first devices manufactured, as written in Chapter 2. 

Indeed, its effect on the mechanical behaviour of the structure leads to the creation of 

cracks. However, the influence of the nitride layer on the electrical behaviour of the 

device will be analysed in this chapter. Its removal will help to improve the performance 

and flexibility of our sensors.  

3) µc-Si (100 nm) as sensing material Figure 3.8 (c1): 

This material is deposited by two different techniques, PECVD and ICP-CVD. The µc-Si 

areas of the devices are defined by photolithography and etching.  

Photolithography: this step consists in spin coating a thin layer of photoresist S1818 over 

µc-Si layer. After that, it is baked at 100 °C to dry the photoresist. A mask is used to flash 

the sample that will define the device's pattern. The photoresist is then developed to verify 

if the shape is well defined. 

Etching: in the case of µc-Si, etching is made by using a Reactive Ion Etching (RIE) 

reactor. The gas used to realize the etching is SF6, Figure 3.8 (c2). 

4) Electrodes, Figure 3.8 (d1): 

Aluminium is the material selected to fabricate the electrodes. It is deposited though 

evaporation by Joule effect and the thickness of the layer is 150 nm. The photolithography 

step is then realized. 

For aluminium, a wet etching consisting in immersing the sample into solution of 

phosphoric acid (H3PO4) at a temperature of 50 °C, Figure 3.8(d2) is achieved. 

5) Annealing: 

This is realized during 2 hour under nitrogen at 180 °C. The annealing step is necessary to 

improve the junction between the metal and the semiconductor enhancing the bonding 

between the two materials. 
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(a) Kapton® substrate      (b) Kapton® + SiNx  (c1)Structure after µc-Si  

 

(c2) Structure (c1) after etching (d1) Aluminium deposition  (d2) Final structure 

 

Figure 3.8. Fabrication process in TLM devices. 

5. Raman spectroscopy 

In order to compare the quality of microcrystalline silicon deposited by two different methods 

(PECVD, ICP-CVD), Raman spectroscopy can be performed to analyse this material and 

determine its crystallinity [6]. 

As described in Chapter 1, microcrystalline silicon is a mixture of crystalline zones separated by 

grain boundaries (amorphous zone). By using Raman spectrometry, it is possible to know the 

crystallization level also called crystalline fraction (fC%) 

The spectrum allows us to obtain more information about the chemical bonds between radicals. 

The spectrum is formed by the convolution of 3 Gaussian contributions as shown in Figure 3.9: 

 Amorphous phase of silicon (Cam): integral of Raman intensity centered at 480 cm-1. 
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 It exists an intermediate phase (Cint) that corresponds to a defective crystalline phase with 

a center at about 510 cm-1. It highlights the presence of joints of crystalline grains and 

crystallites of dimensions less than ten nanometers [7]. 

 Crystalline phase of silicon (Cmono): A narrow Gaussian centered at about 520 cm-1, 

corresponding to the crystalline phase of the material. The position and width of the 

Gaussian depends on the grain size and stress in the material. [8] [9] [10]. 

Once this deconvolution has been achieved, the calculation of the area under each curve allows to 

calculate the crystalline fraction using the formula 3.3. 

(fC %) =                                                   (3.3) 

 

 

Figure 3.9. Raman spectrum deconvolution for three curves [11]. 

6. Results obtained with TLM technology 

TLM structures are used for different objectives, so the results will be separated in two 

sections. 

Firstly, the results obtained with both deposition techniques (PECVD, ICP-CVD) will be shown. 

The parameters extracted such as the specific contact resistivity (ρc), the sheet resistance (RSH) 

and a mapping of resistivity uniformity are presented. The calculations are based on the theory 

shown in section 2 of this chapter. 
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Secondly, these structures are used to calculate the sensitivity of N-type microcrystalline versus 

different deformations. TLM design is not usually dedicated to this goal, but we will use them to 

study the piezoresistive properties of the sensing material. 

 

6.1 TLM parameters for N-type µc-Si deposited by PECVD technique 

This is the historical technique used in the laboratory to deposit N-type microcrystalline 

silicon at low temperature. The deposition parameters of this technique has been improved during 

K. Kandousi’s thesis [12] and are  shown in Table 3.1.  

 
 

Temperature Power Pressure Gases 

T=165 ºC 15 W 0.9 mbar 
Ar = 75 sccm SiH4 = 1.5 sccm 

H2 = 75 sccm AsH3= 10 sccm 
 

Table 3.1. N-type doped µc-Si conditions for the deposition in PECVD machine. 
 

In order to learn how to work with 25 µm thick flexible substrate and to compare the results with 

previously ones obtained in the IETR [3], with substrates thickness of 50 µm,  three different 

structures were tested.              

I. Kapton® (50 µm) + SiNx (50 nm) + N-type µc-Si (100 nm) 

II. Kapton® (25 µm) + SiNx (50 nm) + N-type µc-Si (100 nm) 

III. Kapton® (25 µm) + N-type µc-Si (100 nm) 

The thickness of the structure is reduced gradually; first the thickness of the substrate from 50 µm 

(I) to 25 µm (II) and then silicon nitride layer is eliminated (II to III). Reducing the thickness the 

flexibility should be improved and this is important to the targeted application of this thesis.  

Table 3.2 shows the values obtained with TLM structures for ρc and RSH, LT, Rc. The dimensions 

selected for width (W) are shown in Table 3.2 and the lengths are variable (L= 5, 10, 20, 40, 80, 

160 µm). For the structure with a higher thickness substrate (50 µm) of Kapton® (I), it was used 

W= 500 µm because it was the only structure still available on this substrate’s thickness. The 

width (W) selected for the rest of the structures correspond to W= 1000 µm. 
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Table 3.2. Values obtained on TLM devices deposited by PECVD technique. 

 

By observing the values of Table 3.2, we realized that when the thickness of the structure is 

reduced, the values of the contact resistance (Rc) is also reduced. To explain this fact, we decided 

to compare first the influence of the Kapton® thickness (50 µm versus 25 µm), and then the 

effect of the silicon nitride layer. 

1) Kapton® substrate thickness effect: 

We can compare the structures I) and II) where the only difference is the thickness of the 

substrate. Our first option was to investigate if the topography of the substrate has some 

influence on the conductivity.  

Other researchers have investigated the effect of substrate material during PECVD deposition 

and the possible alteration during the film growth due to micro topographical features [13].  

W.Y. Chang [14]  has investigated the physical characteristics of polyimide films for flexible 

sensor by using AFM measurement in the x-y plane on a surface of 5x5 µm2.  He 

demonstrates that the average surface roughness (Ra), shown on Table 3.3 for both thickness 

are very similar. Therefore it is discarded that the roughness of Kapton’s surface has some 

influence on this.  Moreover, in the literature, we can be find other studies that follow our 

theory comparing the roughness of different substrates before and after deposition. For 

example, Amirzada concludes that the nature of the substrate does not affect the final value of 

the surface roughness [15].  

 

 

 

 

 
(I) W= 500 µm (II) W= 1000 µm (III) W= 1000 µm 

 Kapton® (50 µm)+SiNx 

(50 nm)+µC-Si (100 nm) 

Kapton® (25 µm)+SiNx 

(50 nm)+µC-Si (100 nm) 

Kapton® (25 µm)+     

µC-Si (100 nm) 

RSH (Ω)  13 kΩ 13 kΩ 16 kΩ 

Rc (Ω) 94 Ω 59 Ω  32 Ω 

LT (µm) 3.6 µm 4.5 µm 2 µm 

ρc (Ωxcm2) 1.7 x 10-3 2.6 x 10-3 6.4 x 10-4 
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Table 3.3. Topography study of Kapton® film. 

2) Removal of the silicon nitride layer: 

The Young’s modulus value for silicon nitride layer is around 183 GPa [16]. For µc-Si, it is 

about 80 GPa [17]. This value makes that the hardness of SiNx is bigger than µc-Si. Cracks 

appear more often in this case, and that can increase the value of the contact resistance (Rc), 

as shown in Table 3.3. Removing the nitride layer results in a decrease in contact resistance 

(Rc) and transfer length (TL). Moreover, by removing the nitride layer, the hardness of the 

structure thickness is reduced and some problems between the layers such as delamination or 

stress cracks in the thin film are also reduced. These problems affect the conduction between 

metal-semiconductor and can degrade contact junction. 

Moreover, to analyse the uniformity of the deposition, a mapping of the resistivity in different 

points of the sample was achieved. To perform this, 8 resistances with L= 40 µm and W= 1000 

µm have been measured on each layer. The resistivity have been extracted from the following 

formula 3.4:  

   (Ωxcm)                                      (3.4) 

 
Table 3.4 shows the results and Figure 3.11 the values obtained for the resistivity and its 

corresponding standard deviation. 
 

 Mapping resistivity 

 Kapton® (50 µm)+SiNx 

(50 nm)+µC-Si (100 nm)

Kapton® (25 µm)+SiNx 

(50 nm)+µC-Si (100 nm) 

Kapton® (25 µm)+ 

µC-Si (100 nm) 

ρ (Ωxcm) 0.132 ± 0.0021 0.137 ± 0.0112 0.139 ± 0.029 

 
Table 3.4. Mapping of resistivity and it standard deviation using PECVD deposition 

Thickness (μm) Ra (nm) 

25 10.3 

50 13.8 
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Analyzing the values in Figure 3.10, it can be notice that general resistivity is the same only 

uniformity decreases as a function of the thickness of the overall structure. Indeed, during the µc-

Si deposition process, substrates with lower thickness show a higher induced curvature after the 

deposition process. This curve generates cracks in different zones, which modify the resistivity 

value and increase the non-uniformity of the sample, generating larger values in the standard 

deviation. In fact manipulation of a thin substrate with a more or less stressed deposit µ -Si above 

is much trickier which could explain the higher density of defect. 

 

 
 

Figure 3.10. Representation of the resistivity mapping and its standard deviation on PECVD deposition. 
 

Therefore to sum up this part where it was studied mainly the interest of SiNx layer and the effect 

of Kapton® thickness, it can be concluded that RSH value is independent of the use of Silicon 

Nitride layer and the thickness of the substrate. However, it affects other parameters measured 

such as the value of the contact resistance (Rc) or the uniformity of the resistivity. The lower 

result obtained for the contact resistance (Rc) corresponds to the structure without SiNx layer, this 

can be due to Silicon nitride layer has higher hardness than µc-Si for that reason it is used to 

control its induced stress however, this hardness could produce some issues such as delamination 
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or stress cracks that affect the conduction junction between metal-semiconductor and increment 

the contact resistance value. 

The standard deviation in the uniformity of the deposition increase when the thickness of the 

structure is reduced, it can come from the difficulty of handling during the fabrication process. 

 

6.2  TLM parameters for N-type µc-Si deposited by ICP-CVD technique 
 

As it was explained in Chapter 2, ICP-CVD is a plasma technic where the plasma is induced 

by an antenna which allows to deposit without RF and bias voltage also at a lower pressure and 

higher density of plasma due to the high power of the energy of the ICP plasma. Such as it is a 

new technique in the laboratory, it is necessary to study which parameters are the most 

appropriate to develop our sensors. To do that, the different key parameters that we decided to 

change are: 

 

-The nature of dopant (AsH3 or PH3) and its concentration (20 sccm/10 sccm/5 sccm) 

- The adjunction of small RF bias by pulsing (400 ms every 4 s) or RF bias without pulsing 

-  ICP power corresponds to (LF power); it was tested applying it in a continues mode at               

600 W or by small pulse between 600 W to 900 W (400 ms every 4 s) 

 

 Several conditions are summarized in Table 3.5. 

 

SAMPLE 1 SAMPLE 2 SAMPLE 3 SAMPLE 4 SAMPLE 5 

20 PH3 
RF 0 W 

LF 600 W 

20 PH3 
RF 0 W 

LF pulse 600-900 W 

20 PH3 
RF 40 W 
LF 600 W 

20 PH3 
RF pulse  0-40 W 

LF 600 W 

20 AsH3 
RF pulse  0-40 W 

LF 600 W 

SAMPLE 6 SAMPLE 7 SAMPLE 8 SAMPLE 9 SAMPLE 10 

20 AsH3 
RF 0 W 

LF 600 W 

5 PH3 
RF 0 W 

LF 600 W 

10 PH3 
RF 0 W 

LF 600 W 

10 PH3 
RF pulse  0-40 W 

LF 600 W 

10 AsH3 
RF pulse  0-40 W 

LF 600 W 

 
Table 3.5. ICP-CVD conditions. All samples proceed from SiH4 precursor with Ar and H2 ambiance. 
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In the same way that for PECVD, the calculus of the specific contact resistivity (ρc), sheet 

resistance (RSH), the transfer length (LT) and the contact resistance (Rc) have been done with the 

method described in section 2. The values obtained are presented in Table 3.6. 

 

  S1 S2 S3 S4 S5 

RSH (kΩ)  16 kΩ 15 kΩ 15 kΩ 5.8 kΩ 27 kΩ 

Rc (Ω)  133 Ω 15 Ω 86 Ω 29 Ω 45 Ω 

Rc/RSH (Ω %)  0.83 0.1 0.57 0.5 0.167 

LT (µm)  8 µm 0.9 µm 6 µm 5 µm 1.8 µm 

ρc (Ωxcm2)  1.07x10-2 1.4 x 10-4 5.2 x10-3 1.5 x10-3 8.1 x 10-4 

     
  S6 S7 S8 S9 S10 

RSH (kΩ)  26 kΩ 67 kΩ 18 kΩ 8 kΩ 23 kΩ 

Rc (Ω)  74 Ω 1.7 kΩ 51 Ω 25 Ω 356 Ω 

Rc/RSH (Ω %)  0.285 2.54 0.283 0.313 1.55 

LT (µm)  3 µm 3.4 µm 2.5 µm 4.3 µm  8.2 µm 

ρc (Ωxcm2)  2.2x10-3 5.8 x 10-2 1.3 x 10-3 1.1 x 10-3 2.8x10-2 

 
Table 3.6. Values obtained on TLM devices deposited by ICP-CVD technique. 

 
The sheet resistance depends on the resistivity and the thickness of the layer, observing Table 3.6, 

their values are higher with Arsine as doping gas than when the sample is doped with Phosphine. 

 
In order to organize these results, it was decided to represent them in the Figure 3.11, in which 

appear the values of the resistivity of specific contact as a function of the transfer length (since 

this parameter defines the length from which more than 60% of the current enters in the contacts). 

The ratios RC/RSH are also presented on this figure, and represent the percentage of the contact 

resistance over the sheet resistance. 

Here it can be observed that as the LT value increases; the ratios RC/RSH also increase. This is 

logical, because, as it was explained in previous sections, for small values of the contact 

resistivity ρc, that the current enters quickly in the contact, leading to a small value of the RC/RSH. 

Therefore these two parameters increase in proportion with LT value. 

The unique value that presents a relatively low value of transfer length LT, 3.4 µm, and higher 

specific contact resistance corresponds to Sample 7, this can be due to it’s the unique condition 

that uses a low concentration of doping gas, PH3 5 sccm. This sample will be studied later to see 
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if it also present different values than the rest of the conditions for the resistivity or the 

sensitivity.   

 
 

Figure 3.11. ICP-CVD results of it specific contact resistance (ρC) and Rc/RSH in function  

of its transfer length (LT). 

 
Now some relevant cases can be commented of the Figure 3.11: 

- S2 is the sample with the lowest values, this is normal because LF power pulses are used, 

and this effect should increase the crystallinity and therefore the conductivity making 

smaller the values for LT, ρC and RC/RSH. 

- It was also observed that for the same doping gas flow rate (AsH3 or PH3), when pulses 

are applied in RF power (samples 4 versus samples 1 and 3 and sample 5 versus sample 

6), the values of the specific contact resistivity are lower, for the samples where RF power 

pulse is applied. Figure 3.12 shows an example of this. Moreover, to verify if the grain 

size is bigger when pulses are applied in the RF power, the crystallinity fraction (fc%), 

measured on these samples, was calculated from Raman spectroscopy measurement. 

Table 3.7 shows the values obtained. 

 

 



   83   
 

 (S4) 20 PH3 

RF pulse  0-40 W 

(S3) 20 PH3 

RF 40 W 

(S1) 20 PH3 

RF 0 W 

Crystallinity fraction 79.82 % 72.8 % 71.4 % 

 

 (S5) 20 AsH3 

RF pulse  0-40 W 

(S6) 20 AsH3 

RF 0 W 

Crystallinity fraction 66.4 % 64.4 % 

 

Table 3.7 Results obtained for the crystallinity fraction (fc%). 

 

 

Figure 3.12. Effect on specific contact resistance (ρC) and Rc/RSH when it is applied pulses  

in RF power. 

 
Therefore, in the results of the crystallinity fraction presented in Table 3.7, it is interesting to 

observe than applying small pulses on RF power is more efficient than a continuous bias to 

obtain higher crystallinity fraction and lower transfer length value (LT). Moreover when we select 

Phosphine as doping gas, it leads to higher crystallinity than Arsine and the impact of RF bias on 

As incorporation seems negligible, this fact was also noticed during high temperature deposition 

by LPCVD at 700 °C [18]. However, it is important to comment that RF pulse adjunction leads to 
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a strong increase of the layer stress which could induce sticking issue on Kapton® such as 

trouble of pilling. 

To verify this and see the uniformity, it was performed a mapping of the resistivity. As it was 

demonstrated for the samples deposited by PECVD technique, when the thickness of the 

substrate is reduced, the standard deviation of the results obtained increases. However, to 

improve our skills in the manipulation of thin substrates that will be used in the devices for 

dynamic measurement in Chapter 4, all the samples were performed with low thickness substrate. 

Table 3.8 shows the values obtained for the resistivity mapping for all the samples. Figure 3.13 

shows these values sorted in increasing order according to their resistivity.  

 

 Mapping resistivity 

 S1 S2 S3 S4 S5 

ρ (Ωxcm) 0.165 ± 0.0228 0.154 ± 0.0153  0.143 ± 0.0538 0.108 ± 0.0533 0.289 ± 0.0238 

   
 S6 S7 S8 S9 S10 

ρ (Ωxcm) 0.273 ± 0.0413 0.668 ± 0.0447 0.170 ± 0.0151 0.083 ± 0.008 0.226 ± 0.0083 

 

Table 3.8. Mapping of resistivity and it standard deviation using ICP-CVD deposition. 

 

Figure 3.13. Representation of the resistivity mapping and its standard deviation on ICP-CVD deposition. 
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Observing the results of Figure 3.13, it is represented the values of the resistivity and its standard 

deviation, devices that present higher dispersion are S4 and S3 that correspond to the samples 

doped with 20 sccm of PH3  where RF bias was applied by pulsed of 0-40 W or with a constant 

RF bias of 40 W. The higher standard deviation of these samples if they are compared with S1 

can come because we suspect that the effect of the global stress on the layer induces lower 

uniformity in the mapping, this higher strain in the layer. It can come from bigger crystallinity, 

Table 3.7, this means bigger grain size and therefore bigger conductivity but also higher strain in 

the layer. For that reason, it is important to find a compromise between all these parameters. 

Moreover, it is observed than S9, S8, S2 show very good uniformity which could be interesting 

for the final application.   

  

7. Study of the sensitivity of µc-Si under different strain 

7.1 Strain calculation 

To investigate the sensitivity of µc-Si, the structure is submitted to different bending radius of 

curvature R and the electrical change of the resistance is measured. As was commented in 

Chapter 2, the parameter used to measure it is well-known as Gauge factor (GF) and is defined in 

Formula 3.5. Hence, GF in a material depends both on the geometrical change and on the 

resistivity change. 

GF =                                       (3.5) 

 

When the film/substrate structure is bent, the top surface is under tension and the bottom surface 

is under compression. It exists one part inside the sheet that does not suffer from any strain, this 

is known as the neutral plane. Figure 3.14 shows the film/substrate structure under bending and 

the thicknesses are defined such as df and ds and Young’s modulus Yf and Ys for the film and the 

substrate.  
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Figure 3.14: Film/substrate structure under a bending radii 

In function of the nature of the substrate two different cases are used to calculate the strain in the 

top surface (εtop) [20]: 

a) The film is deposited on a stiff substrate:  

If the Young’s modulus is the same for film and substrate, the neutral surface corresponds 

to the middle of the structure and the strain in the top surface is given by formula 3.6: 








 


R

dd sf

top 2
                                                        (3.6) 

b) The film is deposited on a compliant substrate: 

If the Young’s modulus of the film is bigger than the Young’s modulus of the substrate    

(Yf >Ys), the neutral surface shifts from the mid surface toward the film. As a 

consequence, the strain on the upper surface is given by formula 3.7: 
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Figure 3.15 represents the normalized strain in the film (εtop) in function of the thickness 

df/ds. In this Figure,  the two cases commented up are compared, a) when film/substrate 

have the same Young’s modulus (Yf /Ys ≈ 1) and, b) when the Young’s modulus of the 

film is higher than the substrate (Yf /Ys ≈ 100).  
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Figure 3.15. Normalize graphic of top surface strain vs the thickness ratio df/ds [19]. 

 
In our case, in order to determinate the sensibility of the structure for static deformations, the 

devices are fixed over half cylinders with different diameters, as shown in Figure 3.16. I-V 

measurement is performed at room temperature using the Agilent B1500A software within a 

voltage range of ±1 V. 

 
Figure 3.16. Tensile diameter 2 cm, 3 cm and 4 cm. 

 

The characterization process consists in first measuring the resistance without bending (flat 

substrate) to obtain the initial value. Then, the sample is fixed onto the highest curvature (lowest 

diameter, 2 cm). This is an important step to obtain a good linearity in the curve. Indeed, when 

the sample is submitted to the highest bending curvature radius, some cracks can be created, and 

that increases the value of the resistance. After that, the resistance is measured again without 

bending (flat state) and this new value is taken as the initial value of the resistance (R0).  

One time that this step is done, the resistance is bent from the higher diameter (5 cm) to the lower 

(2 cm) and between each bending, resistors are re-flattened. 

So to obtain reliability in measurement first, it is necessary to apply to the substrate the highest 

stresses in order to pre-create the cracks in the layers. 



   88   
 

7.2 Strain calculation for our structures 

In our case, the film is deposited on a compliant substrate, and for this reason, the calculus 

realized for the applied strain was done with Formula 3.7. Here it is necessary take in account 

given values such as the thickness (d) and Young’s modulus (Y) for each layer. Table 3.9 shows 

a summary of them. 

 Kapton® SiNx µc-Si 

Young’s modulus  (Y) 2.5 GPa 183 GPa 80 GPa 

Thickness (d) 50 or 25 µm 50 nm 100 nm 

 

Table 3.9 Thickness (d) and Young’s modulus (Y) for the layer used in the structure. 

 

The values obtained for the calculus of each radius of curvature are shown in Table 3.11, the 

strain ε applied is calculated using a bi-layer simplified model [20]. This model only takes into 

account the substrate and the stiffest layer, because these will determine the mechanical 

behaviour of the device. Moreover, this model does not consider the electrodes.  

Hence, three different calculations depending on the structure are done for each R value.  

As shown in Table 3.9, the value of Young’s modulus of SiNx is higher than the value of µc-Si. 

For this reason, for the samples with this layer, the calculation are realized in function of 

Kapton® substrate and of the SiNx layer. 

 Top surface strain calculation (εtop %) 

Radii 

curvature 

Kapton® (50 µm) + SiNx 

(50 nm) + µC-Si (100 nm) 

Kapton® (25 µm) + SiNx 

(50 nm) + µC-Si (100 nm) 

Kapton® (25 µm) + 

µC-Si (100 nm) 

R = 2.5 cm 0.093 0.044   0.045 

R = 2 cm 0.117 0.055 0.056 

R = 1.5 cm 0.155 0.073 0.074 

R = 1 cm 0.233 0.110 0.112 

R = 0.5 cm 0.466 0.218 0.223 

 

Table 3.10. Calculations of the strain on the top of the surface for different structures. 
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8. Sensitivity for N- type µc-Si deposition by PECVD 

As we previously studied the deformation detection sensitivity of films elaborated by PECVD 

[3], our first objective here was to verify that the GF value of µc-Si deposited with this technique 

presents the same value regardless of the structure.  

The values for the strain calculation were extracted from Table 3.10 and the parameters used to 

deposit µc-Si by PECVD were presented in Section 6.1 above. The three different structures are 

presented below, and their resistance variation versus the strain calculation is drawn (Figures 

3.17, 3.18 and 3.19). GF parameter, is calculated from an average slope of each curve. 

 

       
Figure 3.17: GF determination for Kapton® (50 µm) + SiNx (50 nm) + N-type µc-Si (100 nm).   

 

      

Figure 3.18: GF determination for Kapton® (25 µm) + SiNx (50 nm) + N-type µc-Si (100 nm). 
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Figure 3.19: GF determination for Kapton® (25 µm) + N-type µc-Si (100 nm). 

By observing the results obtained for all these structures, the GF value is practically the same in 

all cases. However, it is easy to see that the linearity of the slope is worse when the thickness of 

the substrate is reduced, from 50 µm to 25 µm.  This occurs especially during characterization 

under high strains. 

9. Sensitivity for N-type µc-Si deposition by ICP-CVD 

As it was commented before, for ICP-CVD technique, the optimal deposition parameters are 

yet not defined as in the PECVD. Therefore, it is necessary to investigate which could be a good 

candidate to be used as sensing material under weak deformations. This will be done by 

analyzing the 10 different conditions showed before in Table 3.6. 

To organize the data, the study is divided into different sections and subsections:  

a) In function of the nature of the doping gas:  

The gases selected to dope µc-Si are AsH3 and PH3. To verify if these gases have different 

behavior in plasma using the same deposition conditions.  It is done a comparison where it is 

only vary the nature of the doping gas to see if there is some effect on sensitivity or if the 

electrical and mechanical behavior of the material. 

b) Selected PH3 as doping gases: 

It has been investigated which plasma parameters can be improved by using PH3 as doping 

gas. To do that, the doping flow rate (sccm) of PH3 has been varied, the effect of applying a 

pulse on RF or on LF has been studied as well as different constant values of RF power. 
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One of the biggest problem found during the characterization, beside of the handing of the thin 

substrate, was the standard deviation of the results, not only in the initial value, but also during 

the strain deformations. 

For all the conditions presented, an average of 5-6 resistances was characterized. For that reason, 

the graphics are represent with box plot, showing that the standard deviation of some sample is 

very large, especially for the higher strain. 

9.1 Doping gas: AsH3 or PH3 

When a semiconductor is doped, it means that some “impurities” are added that will change 

the electrical, optical and structural properties. Silicon belongs to the group IV and the most 

common dopant agents for it are the group III such as Boron (P-type) or the group V such as 

Arsine or Phosphine (N-type).  

In our case, we decided to focus our depositions on the N-type. We selected AsH3 and PH3 as 

doping agents. Both will be investigated in order to analyze if, by using the same conditions, it 

exists some change in the sensitivity (GF), or in the resistivity. 

This study is divided into several sections such as the comparison of the effect of constant RF and 

LF power (ICP Power), the influence to add some pulse on RF power or the variation of the 

doping gas flow rate.  

9.1.1 Deposition with constant RF and LF power: 

To see the effect of RF and LF power, a doping flow rate of 20 sccm for AsH3 and PH3 is 

tested, with constant RF and LF powers (RF:0 W and LF:600 W). Table 3.11 summarizes the 

conditions used and the values obtained from the GF.

 RF LF Doping gas GF 

SAMPLE 1 
0 W 600 W 

20 PH3 -33 

SAMPLE 6 20 AsH3 -35 

 

Table 3.11. Summary conditions and value of the GF obtained for sample 1 and 6. 

 

Moreover, Figure 3.20 presents the box plot of the resistance values under strain. The value of the 

GF that corresponds to the slope, was extracted from this graphics. GF values are practically the 
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same for both gases. However, the values of the dispersion obtained in the deformations are 

higher for PH3. 

         

Figure 3.20. Box plot graphic for conditions of Sample 1 and Sample 6.  

Figure 3.21 [21] shows the Raman peak in single-crystal silicon when  no stress is applied. On 

this Figure is indicated the shift direction produced in the spectrum when it is submitted to tensile 

or compressive stress. Raman measurement in flat state was performed for both doping gases, 

Figure 3.22. 

Here, it was observed that for the sample 6 which was doped with AsH3, the value of Raman 

peak corresponds to 521 cm-1. However, when silicon is doped using PH3, the value of Raman 

peak corresponds to 522 cm-1. This change in the spectrum is generated for the stress in the 

lattice. 

 
Figure 3.21. Raman spectrum of stress-free   Figure 3.22. Raman spectrum of Sample 1  

single crystal silicon [21].   (black) and sample 6 (red). 
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This shift can be explained by the fact that the ionic radius of Arsine (119 pm) is similar to that of 

Silicon (111 pm), but is higher for Phosphorus (195 pm). When the atomic radius is different to 

the host atoms, this causes strain lattice hence, instability in the crystal structure and in the 

measures. 

The use of Phosphorus as doping gas, whose radius is larger than the host (silicon) induces a 

compressive stress in the lattice, however for Arsine the ionic radius is similar to silicon, 

maintain constant the lattice. Therefore, the sensitivity or GF value of both gases is the same 

however, as it is verify through Raman study and observing Figure 3.20 the linearity obtain 

during the deformations is better for AsH3. 

9.1.2 Influence on deposition with Pulse in RF power 

The values obtained in the GF using a constant RF and LF power is practically the same for 

both doping gases. We decided then to test if while applying some pulse on RF power, it is 

possible to see some differences in the sensitivity of N-type µc-Si. As in previous section, Table 

3.12 shows the conditions used with its values followed by the graphics obtained, Figure 3.23. 

 

 RF LF Doping gas GF

SAMPLE 4  
PULSE 0-40 W 600 W

20 PH3 - 30 
SAMPLE 5 20 AsH3 - 45 

 

Table 3.12. Summary conditions and value of the GF obtained for sample 4 and 5. 

              

Figure 3.23. Box plot graphic for conditions of Sample 4 and Sample 5. 
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Here it is obtained a remarkable difference in the GF between both doping agents when a pulse is 

applied in the RF power.  

This is due to the addition of RF pulses in the plasma which generates a bias during the 

deposition  compared to the traditional process without RF power [22]. This bias increase the 

stress of the layer but also crystallinity and by the way the GF. We can notice that this effect is 

mainly observable with As as a doping element. It is very interesting to note that RF Bias 

combined with As incorporation as an effect on piezoresistivity and seems to be more or less 

useless on P doped layers, once again it should be an effect of the size of the atoms (As is 

smaller) or perhaps of the strength of links between H and As and P and H during the process of 

dopant dissociation. 

Hence, making a comparison for PH3 as doping gas, the value of the GF is the same when RF 

power is applied with RF:0 W (Table 3.11) and RF pulse between 0-40 W (Table 3.12). 

However, observing the results obtained during the resistivity mapping, the standard deviation of 

the values is double when the sample is deposited applying pulses in RF power.   

When pulses are applied in RF power, and by using AsH3 as doped gas, the value of the 

sensitivity increases from -35 to -45. This can be due to the fact that applying pulses on RF 

power, helps the molecules’ dissociation during the deposition process. AsH3 presents a slow 

diffusion, around ten times less, then  PH3 as it is shown in the literature [23]. Our theory is then 

that with the application of pulse in the plasma, this diffusion is accelerated, and leads to an 

increase of the GF compared to the one obtained with a constant pulse plasma. However, it is 

important to note that RF bias adjunction has no effect on PH3 doped layer for GF results. 

9.1.3 Effect of doping flow rate with pulse in RF power 

After analyzing the sensitivity of the samples while applying pulses in the RF power, we will 

study the influence of the flow rates of the doping gases on the sensitivity, when they are reduced 

by half, from 20 sccm to 10 sccm.  

Firstly, this was analyzed for PH3 as doping gas. Table 3.13 shows that there are quite no 

variation in GF while decreasing the doping level. Figure 3.24 presents the box plot of the change 

of the resistance under strain. This can be due to the necessity dose required for this gas under the 

chosen conditions tends to be immediately saturated, which is sufficient with 10 sccm.  
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Table 3.13. Summary conditions and value of the GF obtained for sample 1 and 6. 

 

           
Figure 3.24. Box plot graphic for conditions of Sample 4 and Sample 9. 

 

Here on Figure 3.24, it could be observed that decrease of the resistivity (level of doping) 

increase GF and also linear regression quality of the measurements. 

Secondly, the case of AsH3 as doping gas is studied. Table 3.14 shows that GF decrease from -45 

to -33. Hence the flow rate for this doping gas is relevant in the sensitivity in this case. Indeed, 

when the gas flow rate of AsH3 increases, the sensitivity of the material also increases.   

Moreover, if it is observed the graphic of Figure 3.25 obtained using a gas flow of AsH3 of                

20 sccm, there are a strongly decrease the uniformity during the deformation, it can come from an 

increment in the crystalline fraction that increases the instability in the layer. 

 

 

 

 

Doping Gas: PH3 

RF LF Gas flow [sccm]  GF 

PULSE 0-40 W 600 W 
20 sccm SAMPLE 4 -30 

10 sccm SAMPLE  9 -35 
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Doping Gas: AsH3 

RF LF Gas flow [sccm]  GF 

PULSE 0-40 W 600 W 
20 sccm SAMPLE 5 -45 

10 sccm SAMPLE 10 -33 

 

Table 3.14. Summary conditions and value of the GF obtained for sample 5 and 10. 

 

        

Figure 3.25. Box plot graphic for conditions of Sample 5 and Sample 10. 

9.2 Investigation PH3 as doping gas 

In the case of AsH3 as doping gas, we obtained different results in the sensitivity, depending 

on the application of pulses in in the RF power or when the doping gas flow rate is varied. 

It was decided to continue our research using PH3 as doping gas to see if the modification of the 

deposition conditions improves the sensitivity. To this end, the following studies are proposed. 

9.2.1 Constant RF: 0 W and 40 W 

In previous sections, we studied the effect of RF power by applying a constant RF power (RF: 

0 W) and with pulse in the range 0-40 W. However, no effect are really detected. For that reason, 

we have tested if there are some difference when the RF is constant but with higher power, 40 W. 

When the power is incremented, we add some bias voltage in the plasma which is totally absent 

using a single ICP plasma. Table 3.15 shows the conditions and the values obtained for the GF. 
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DOPING GAS:20 (sccm)  PH3 

 RF LF GF 

SAMPLE 1 0 W 
600 W 

- 33 

SAMPLE 3 40 W - 35 

 

Table 3.15. Summary conditions and value of the GF obtained for sample 1 and 3. 

It is not surprising that these values are quite the same (even if we could notice a 20% variation). 

Indeed, when pulses in the RF power were applied and the maximum power applied during the 

pulse correspond to the constant value of RF: 40 W. In this case, GF is higher with a constant 

bias rather than a pulsed one 

9.2.2 Effect of LF or RF power 

As it was study before, the applied pulse in RF power does not affect the sensitivity (GF is 

around -30). For that reason, it was decided to see the effect of the pulse in LF power because it 

power increase the chemical density of the plasma, improving the disassociation of the 

molecules. 

A study of this effect was done by applying pulse in the LF power from 600 W to 900 W. 

Table 3.16 shows a comparative between a constant RF power and the effect of apply pulse in RF 

and LF power. 

 

DOPING GAS:20 (sccm)  PH3 

 RF LF GF 

SAMPLE 1 0 W 600 W - 33 

SAMPLE 2 0 W PULSE - 45 

SAMPLE 4 PULSE 600W - 30 

 

Table 3.16. Summary conditions and value of the GF obtained for sample 1, 2 and 4. 
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The pulses addition in LF power produce an increment in the crystallinity fraction also produce 

an increment in the conductivity due to the decrease of amorphous fraction in boundaries 

between µc-Si grains of the material, improving its sensitivity. Therefore, only the LF pulse 

seems to be efficient in case of PH3 doping 

9.2.3 Flow rate in PH3 with RF: 0 W 

Previously, in Table 3.14, the effect of the gas flow rate was studied, when the deposition is 

realized with pulsed RF between 0 W and 40 W. For this reason, the experiment was repeated by 

reducing the doping gas flow rate to 20, 10 and 5 sccm. Table 3.17 presents the values obtained 

for the resistivity and for GF depending of the flow rate used during the deposition process. 

Figure 3.27 shows these results. 

 

DOPING GAS: PH3 

 RF LF Flow rate [sccm] ρ (Ωxcm) GF 

SAMPLE 1 

0 W 600 W 

20 sccm 0.165 ± 0.0228 -33 

SAMPLE 8 10 sccm 0.170 ± 0.0151 -45 

SAMPLE 7 5 sccm 0.668 ± 0.0447 -60 

 
Table 3.17. Summary conditions and value of the GF obtained for samples 1, 7 and 8. 

 

 

Figure 3.26. Resistivity and GF values in function of gas flow rate (PH3), conditions of samples 1, 7 and 8. 
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On Figure 3.26, it is observed that, when the doping concentration is reduced, it leads to an 

increase in the gauge factor. However, in previous Table 3.14, when AsH3 is used as doping gas, 

it occurs in the contrary sense, the GF increases when the flow rate is incremented. This is also 

observed in the literature, as shown in Figure 3.27 in fact that represents the value of GF for P 

and N type depositions on polysilicon versus the doping concentration. Here the GF increments 

until one optimal concentration and after that, it decreases when the doping concentration 

increases [24]. 

 
Figure 3.27. GF as a function of doping concentration for boron and phosphorus doped material  [24]. 

 

10. Conclusion 

Throughout this chapter, the piezoresistive properties of µc-Si deposited by two different 

techniques PECVD and ICP-CVD was analyzed. TLM structure was used for this purpose.  

The study was separated into two different parts where during the first part the aim was to study 

different parameters such as the specific contact resistance or the uniformity of the deposition 

through resistivity measurement at different points of the sample and in the second part, is 

focused on the calculation of the sensibility (GF) using different bending radii. 

With the results obtained, several things can be highlighted depending on the deposition 

technique used (PECVD or ICP-CVD). 
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For samples deposited by PECVD technique, the values obtained for µc-Si were similar to the 

values obtained before in the laboratory for this material, GF= -25. Moreover, it was observed 

that a decrease in the thickness of the global structure does not affect the sensitivity of µc-Si, as 

we obtained similar values for the three structures. However, it affects the uniformity of the 

resistivity thus the standard deviation increase when the thickness of the structure is reduced. It 

can come from the difficulty of handling during the fabrication process. 

ICP-CVD technique was investigated through ten different conditions based on the variation of 

some key parameters such as: 

The nature of the dopant gas (AsH3 or PH3) and its concentration. The effect of the apply RF bias 

using a constant power value or varying the power by pulsing of 400 ms every 4 s. And the effect 

of LF or ICP power applying it in a continuous mode at 600 W or by small pulses of 900 W 

during 400 ms every 4 s taking as a base 600 W. The most interesting results can be sum up in 

the points below, such as: 

- When RF power is applying by small pulses, it produces higher crystallinity fraction and 

lower transfer length value (LT) being more efficient than use a continuous bias. 

However, RF pulse adjunction leads to a strong increase of the layer stress which could 

induce sticking issues on Kapton®. 

- Using the same deposition conditions, when it is selected Phosphine as doping gas, it 

leads to obtain higher crystallinity than Arsine, this fact was also noticed during high-

temperature deposition, 700 °C making that we obtain higher values of resistivity in the 

samples doped with Arsine. However, this affects the linear regression quality of the 

measurements when it is analyzed the sensitivity of the material to different bending radii. 

 

- For PH3, only it appreciates an increment in the sensitivity when it is addition pulses to 

LF power. ICP power creates high energy in the plasma that affects the dissociation of the 

molecules that will produce an increment in the conductivity decreasing boundaries 

between µc-Si grains, improving its sensitivity.  

In the next chapter, we will use the deposition conditions used in sample 1 to fabricate the 

sensors dedicated to dynamic deformations because it offers a compromise between crystallinity 
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(higher than AsH3 and lower resistivity than it), the values of its standard deviation are lower than 

the sample 4 deposited by applying pulses on RF power.  

Moreover, the value of the sensitivity, GF= -33 is higher than the value obtained with PECVD, 

GF= -25. Moreover we decided to keep a strong level a PH3 doping in order to decrease the 

global resistance of our devices especially if we want to use it in array design. 
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CHAPTER 4 - Piezoresistive response of N-type 
µc-Si under dynamic deformations
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1. Introduction 

The previous section has been focussed on the piezoresistive effect of N-type microcrystalline 

silicon, deposited by using two different deposition techniques, PECVD and ICP-CVD.  

Transmission line measure (TLM) structure was used to extract parameters such as contact 

resistance (Rc), specific contact resistivity (ρc) or sheet resistance of the semiconductor (RSH). 

Moreover, the uniformity and the sensitivity of µc-Si when the material is submitted to different 

curvature radii, corresponding to the gauge factor (GF), were studied.  

These parameters were obtained through a static characterization bending test, however, one of 

the main innovations of this thesis is to study how µc-Si reacts to dynamic deformations to 

perform a sensor that is able to detect fast, continuous and weak deformations. 

There are important advantages when dynamic measurements are realized because it provides 

more information about the behaviour of the materials and the sensor's structure. To obtain a 

sensor with good reliability and accuracy, the reaction to the applied stimulus should be linear, 

with high sensibility. The amplitude of the variations should present similar values and moreover, 

the intrinsic structure of the materials should be able to come back quickly to the initial state.  

Unfortunately, the main disadvantage of dynamic deformation is that it requires expensive and 

sophisticated characterization systems. For this reason, in our case, various low-cost prototypes 

have been developed with a home-made acquisition system set up. These have been evolved 

along this thesis until the completion of the final design.  

Since this was the first time µc-Si was submitted to dynamic deformations in the laboratory, we 

did not know how it would react. For this reason, the first circuit was designed to be used with a 

wide range of resistance values. To make a comparison between the structures studied, different

parameters as geometries were tested to characterize the sensors and those to which all the 

sensors are able to react were selected. 

Hence, along this chapter, we will explain the process followed in the development of the new 

acquisition system, the considerations taken to choose the appropriate microcontroller and the 

creation of a new specific software code for this one. Furthermore, an electronic circuit has been 

developed to adapt the new design. Several prototypes were created to obtain a reliable frequency 

system that allows working with variable deformations and allows to apply different wave shapes 
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over the devices. Therefore, in order to create the new dynamic set up, it was necessary to modify 

the computer processing, the connectors and the prototypes to realize the deformation.  

The signal processing system selected for this new system is the Arduino platform, because it 

presents some advantages as a good quality to price ratio, a big forum platform with many 

projects and examples, a C-based programming language that allows a user with basic 

programming knowledge configures the microcontroller. However, it presents some design 

limitations as the resolution levels, the range of input voltage, the processing speed, and so on. 

These limits will be commented below. This fact forces us to look for other alternatives to adapt 

our sensors and take full advantage of all the possibilities offered by Arduino.  

2. Characterization system  

One of the main reasons to discard TLM mask to perform dynamic measurements is that its 

design is not adequate for this type of measurement; moreover, due to its geometry design, it 

induces noise during its characterization.  

The previous characterization system based on probes with needles on the edge, it is not 

compatible with dynamic deformations, so it was necessary to create a new one dedicated to 

dynamic deformations. 

The first problem was to design a system to applied continuous deformations always with the 

same amplitude and modulating frequency. To do that, several ideas were proposed, such as flex 

tensional piezoelectric actuator, or the use of a motor with cylinders that press the sensor; 

however, all these options were not precise.   

After some research and testing with a homemade system used to apply the deformations, a flow 

control system called Elveflow OB1 [1] was bought. This equipment is based on piezoelectric 

regulators, enabling a flow control 20 times more precise and 10 times faster than the other flow 

controllers on the market. Generally, it is used for microfluidic applications but in our case, it has 

been configured to be used with compressed air. Moreover, it was necessary to create a platform 

to apply this pressure. For this goal, the sensor is placed onto a homemade vibration membrane 

that changes its shape when the impulse is applied. As the sensor is totally attached to the 

membrane, the impulse is exactly reproduced on the sensor. The vibration membrane is 



  108   
 

connected to the pressure supply machine whose outlet can be set with a specific pressure range 

that can be modulated to create different shapes. The system is shown on Figure 4.1. 

 

Figure 4.1. Schematic of Elveflow OB1 pressure machine and rubber membrane [1].  

For the TLM mask, the electrodes are very close to the place where the deformation is applied 

and the probes used to realize the characterization have a needle in the edge to realize the contact 

between the devices' electrodes and the acquisition system, as shown Figure 4.2. For dynamic 

measurements, this method is not a good option for two reasons: i) due to the low thickness of the 

substrate (25 µm) it is easier that the needle makes holes on it during the manipulation, ii) 

moreover, when the deformation is applied, the membrane moves and the distance between the

probes and the electrodes changes. For that reason, in order not to lose contact, it is necessary that 

the probes move with the stimulus. This fact was an important reason in the design of the new 

mask to place the electrodes at the edge of the mask area and the devices structure in the centre 

where will be applied the deformations.  

To perform the connection between devices probes we tried different methods until we found the 

most appropriated to our goal.  

For the design of the new mask, the electrodes have been done following the dimensions required 

to use the connector shown in Figure 4.3. These connectors used a kind of pins that must be 

embedded in the substrate, however when some vibrations of the deformation go to the edge, the 

pins produced a tear on the thin substrate. 

Another option, tested to discard the use of the probes needles, pins or another method that 

implies creating holes on the substrate, was to use directly thin wires soldered to the electrodes 

through silver conductive Epoxy. Figure 4.4 shows an example of this.  
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With this method, the contact between electrodes and probes is total; moreover there are no holes 

on the substrate. The big drawback is that the solder have to be done on each device, with 

difficulty for the handle and with high time-consuming. 

Finally, to optimize the time and make a mix between the main advantages of the three 

connector´s methods used, it was designed a board card shown on Figure 4.5. It consists of a 

piece of PCB card where the electrodes are printed with the same dimensions than the electrodes 

of our mask design and both of them are pressed between them. 

               

Figure 4.2. Characterization system based on probes with needles to perform static deformations. 

 

 

 

 

 

 

Figure 4.3. a) Connectors adapter for the new mask b) Pins that are embedded to the substrate c) New 
mask design with the connector. 

              

Figure 4.4. Silver conductive Epoxy and example of one of our sensor 

a)  b)  c) 



  110   
 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.5. Board card of resin with printed electrodes and final system with the sensors 
 connected to the board card. 

 

3. Data acquisition system  

The necessity to change the probes connectors forced us to modify the acquisition system. We 

decided to choose a small system that can be easily transported to get a mobile system.   

Currently, in the electronic market we can find different low-cost hardware to perform data 

acquisition. However for our project, Arduino was selected because it is one of the most used. 

This platform gives huge information, documents, forums and projects available that helped us to 

solve our problems.  

Then, to show the possibilities that it offers and the considerations that had to be taken into 

account, its architecture and the basic knowledge that it is necessary to understand how to work 

with this microcontroller are briefly explained. Figure 4.6 shows a picture of Arduino UNO with 

its components.  
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Figure 4.6. Arduino UNO architecture [2]. 

 

The pins' groups can be divided into the digital pins and the analog pins. However, for our 

circuit, only analog pins are used and they are used to transform the signal produced by the 

sensor into information easy to process for the ADC converter. 

The analog pins are connected to the ADC converter through a multiplexer. This is a necessary 

component as the Arduino doesn’t present the possibility to work with more than one input at the 

same time, which means that once one input is analysed, it can shift to the next one. The time that 

it needs to read one analog input and pass to the next takes around 100 microseconds, so the 

maximum reading rate is about 10,000 times a second [2]. This is important to take it into 

account if we want to compare the data of several inputs. 

Each of these pins is capable of digitizing an input signal between 0 V and 5 VCC, converting the 

input voltage to a numerical value that goes from zero to 1023; this range of values corresponds 

to the resolution of the ADC [3]. Depending on the ADC chose and the technology used in the 

microcontroller, we will be limited to certain design parameters (resolution levels, input voltage 

levels, processing speed, etc.).  

In Arduino’s case, the microcontroller used is ATMEL328P-PU, the most important 

characteristics of Arduino UNO are shown in Table 4.1 [2]. 
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Voltage range 0-5 V CPU 8 bits 

Microcontroller ATmega328P Clock frequency 16 MHz 

Digital Pins 14 ADC resolution 10 bits 

Analog/PWM Pins 6 Current outside pins 40 mA 

 

Table 4.1. Basic specifications of the Arduino UNO [2]. 

4. Deformation measurement: electronic and signal processing 

For our targeted application, Arduino presents some limitations in respect to the resolution, 

voltage range or processing speed. For that reason, it was necessary to create an adaptive 

electronic circuit to measure the voltage variation produced when the sensors are submitted to 

different and continuous deformations. 

For Arduino, the resolution of the ADC is 4.88 mV, it corresponds to the minimum step between 

two data points. Our sensors react with variations of few mV for that reason the idea of the 

adaptive circuit is to select only the variation produced by the deformation and make the 

amplification of it. 

Figure 4.7 shows the global schematic of the adaptive circuit. However, following it will be 

explained all the steps follow before introducing the signal in the microcontroller. 

 

 

Figure 4.7. Schematic used to adapt our sensor to the acquisition system. 

 

The first block, as shown in Figure 4.8, is used to design a voltage divider between our sensor 

and a variable resistance or potentiometer. 
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Figure 4.8. Schematic of a voltage divider between our sensor and a variable resistance. 

 

After that, the signal is introduced in an operational buffer or voltage follower, the goal of this 

component is to prevent the signal source from being affected by any voltages or current. 

When the value of the variable resistance in the voltage divider is changed, it is possible to adjust 

the value of the voltage that we want in the output. It is important to control this value to 

determinate the voltage reference that will be introduced in Arduino, thus this value will 

correspond to the negative voltage input, V1, of the differential amplifier. 

The last block used is the differential amplifier. The purpose of this electronic component is 

double: it makes a difference between two input voltages, which suppresses any voltage common 

to the two inputs and it amplifies this difference. 

Figure 4.9 shows the electronic schematic of this component, where there are two input voltages, 

V1 (-) that is the voltage signal providing for the voltage divider block, Figure 4.8, and V2 (+) a 

reference voltage that we have defined as 2.5 V.  

Moreover, it is possible to do an amplification step which in our case corresponds to gain ≈7. 

 

Figure 4.9. Schematic differential amplifier. 

 

When the design of the differential amplifier block was realized, we decided to introduce the 

signal from our sensor in the negative input, V1 (-). This is due to the fact that for our sensors, the 
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semiconductor material selected is N-type µc-Si and as explained in Chapter 2, with tensile 

strain, its value decreases. Therefore, in order to make it visually simpler, the signal is inverted, 

so when a tensile pulse is applied, the resulting signal will increase. One of the main advantages 

of our design is that it is possible to shift the voltage signal through the voltage divider to fix our 

signal input reference in Arduino to a determined value. For example, if the input voltage 

reference is fixed to 2 V it is possible to apply deformations in both senses for our sensor, 

compressive and tensile. 

5. Problems and limitation of acquisition system 

5.1 Electrical noise 

One of the biggest problems we found during the acquisition was the electrical noise. The low 

level of the variation produced in the signal when the impulse pressure is applied makes it 

difficult to have distinguishable levels between the electrical noise of the circuit and the variation 

of the signal.  

Depending on the variation of the pressure applied, the signals obtained by the strain gauge can 

be very small. As a consequence, error signals can even exceed the amplitudes of the measuring 

signals, so, in order to determine the sensitivity of our sensor and its working range, this error 

signal must be suppressed by hardware or by software. Figure 4.10 is an example, a square pulse 

signal is applied with a weak variation of pressure, 20 mbar. We observe then that the sensor is 

sensible enough to follow the shape of the signal applied, however by observing this graphic, we 

can see that the level of noise is 0.02 V and the voltage variation on the sensor is 0.01 V. Hence, 

the noise totally covers the sensor signal.  

For a square signal, where the deformation applied stays in the same position for certain time, it 

is possible to distinguish something, however, when the impulse applied is with short duration it

is not possible to differentiate the noise from the actual signal. 
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Figure 4.10. Signal obtained when a square signal is applied with variable pressure 40-20 mbar with pulse 

duration of 5 seconds. 

To try to eliminate this problem, we decided to remove the noise of the recovered signal. The 

filter condition was realized by Origin 8 software. To do this, we first calculated the FFT (Fast 

Fourier Transform) and based on it, the original signal was filtered with a low pass filter. Figure 

4.11 shows an example of a sensor reaction when it is applied ECG signal using a pressure 

variation of 400 mbar and a frequency of 1 Hz and it is filtered using a low pass filter with a cut-

off frequency fc= 48 Hz. The red wave corresponds to the filtered signal and the black one is the 

original signal.  

However, this cut-off frequency (fc) is not always the same, there are some variations on it that 

could come from different sources such as the vibration of the membrane, the frequency pulse 

applied or from the µc-Si layer. Moreover, it was not possible to obtain good filtering of the 

signal in all cases because of the resolution of the ADC, 10 bits, the digital signal obtained is not 

very accurate for good signal treatment condition. 

 

Figure 4.11. Low pass filter with cut-off frequency fc = 48 Hz. ECG shape using a variation of 

pressure of 400 mbar 
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5.2 Increase ADC resolution since 10 to 32 bits 

The other main problem along with the noise is the resolution level of the ADC. As it was 

commented before, Arduino's ADC has a voltage range from 0-5 V and 10 bits of the resolution, 

so the minimum quantum step corresponds to 4.88 mV. To improve this resolution, there are only 

two possible solutions: 

1. Arduino has the option to modify the voltage reference of the ADC with the AREF pin, 

this pin gives us 3.3 V instead of 5 V. Using 3.3 V, the minimum distance between two 

points will be 3.22 mV instead of 4.88 mV. However, this option reduces the maximum 

voltage range of the ADC since 5 V to 3.3 V, in this way the hardware amplification that 

we can realize also is reduced. 

2. The second option, which is also the most efficient, is to increment the ADC bits 

without varying its voltage range. To do this, the unique solution is to connect a new 

module to Arduino. The selected module is called ADS126 [5], it is a 32-bit Analog-to-

Digital Converter (ADC)  with Programmable Gain Amplifier (PGA). Moreover this 

module offers some incorporated filter such as 50 Hz reject filter or some others that can 

be configured. Thanks to the higher resolution, it will be easier to filter the signal later 

with Origin software. 

6. Sensor design to perform dynamic measures 

When dynamic deformations are applied, there are several factors that influence the behaviour 

of the devices. To obtain a sensor that reacts quickly, linearly and with a good sensibility to the 

deformations, it is necessary to select the appropriate materials and design because both are 

relevant for the sensor working.  

In our case, we wanted to investigate µc-Si effect under dynamic deformation and use different 

geometry design to improve its sensitivity.  

Depending on the sensor’s application and the nature of the substrate (rigid, flexible or 

stretchable), there are different geometries such as serpentine, rosette, etc. Selecting an 

appropriate design will help to improve the sensitivity as well as the quality-life and efficiency of 

the devices. 
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As it was commented before, the necessity to modify the probe for the characterization system to 

apply dynamic deformations offered us the possibility to change the mask design for a new one 

adapted to our new acquisition system. It was then necessary to consider different factors. 

In a strain sensor, the Gauge factor (GF) depends on the Formula 4.1: 

 

  =                                                 (4.1) 

with ε the mechanical strain, R the electrical resistance,  the Poisson’s ratio,  the resistivity. 

By observing this formula, it can be deduced that to improve the GF it is necessary to increase the 

variation of the resistance induced by deformation. Figure 4.12 shows the design of a resistance. 

Hence, to improve the sensitivity, the length (L) must be increased without increasing the cross-

sectional area (A). 

 

Figure 4.12. Resistance design and formula area definition [6]. 

 

Our sensors designs are based on strain gauges. For commercial gauges, their length is the active 

or strain-sensitive length of the grid and, as shown in Figure 4.13, resistance is generally 

designed with a long length in a small area. However in our case, due to the relative rigidity of 

µc-Si and the previous problems found on this material with the cracks, it was decided to 

increment the length using a simple design. 
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Figure 4.13. Design for a commercial strain gauge sensor [7]. 

 

To study the geometry, a mask was designed with Virtuoso Analog Design Software shown in 

Figure 4.14. It is composed of resistances designs with square shapes and ten resistances in 

parallel. Table 4.2 presents the different dimensions of this mask design; for the same length (L) 

there are two different structures with different width (W) (a) and (b). 

 

Figure 4.14. Mask resistance design.           Table 4.2. Dimensions of the resistances  
                                         of the mask of Figure 4.14.  

 

Figures 4.15 (c), (d), (e) belong to a mask available in the laboratory. The design of this mask is 

realized to be used with the characterization probes that use needles. To use them with dynamic 

deformations, it was necessary to stick wires using adhesive conductive epoxy to the 2 

rectangular aluminium contacts. Following, in Figure 4.15 all of the shapes studied are presented. 

 

   
L (µm)  W (µm) (a)  W (µm) (b) 
4000  1000  100 
1000  1000  100 
1500  1200  120 
7000  1200  120 
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Figure 4.15. Shapes design of the structures studied. 

 

 

Experimental protocol 

The sensors are attached on a vibration membrane connected to a flow controller that injects 

the specific signal shape with the desired pressure. The sensor should reproduce the same shape 

as the signal applied. Figure 4.16 shows the membrane and how the sensor is attached on it. 

 

Figure 4.16. Membrane homemade design and sensor place during the deformation. 

In order to evaluate the sensitivity of the different structures for weak deformation, we studied 

their reaction to the same stimulus to determine which design and dimensions could be a good 

choice for our targeted application.  

(a)  (b)  (c) 

(d)  (e) 
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This was the first time that these structures were submitted to dynamic deformation, so it was 

necessary to select the stimulus applied to perform our study. To do that, sensors were submitted 

to different conditions such as maximum and minimum pressure, wave shape, frequency and 

duration of pulse until we determined with which conditions a reaction is observed for all the 

structures. Finally, the selected conditions are shown in Figure 4.17 which corresponds to a 

simple square pulse with a pressure variation of pressure of 200 mbar and a selected frequency of 

0.1 Hz. 

 

Figure 4.17. Wave conditions selected to do the study of sensitivity in our sensors. 

6.1 Design electrodes configuration 

To better understand the influence of the sensors behaviour design under strain, the first step is 

to select which electrode configuration is more sensible to the deformations. The correlation 

between resistance and current flows perpendicular or parallel to the direction of strain was 

previously reported [8], [9], [10]. These studies demonstrated that when the strain is applied, the

stress is concentrated on the electrodes and causes cracks that are perpendicular to the strain 

direction [11].  

Hence, the sense of the current flow in the function of the strain deformation has an important 

effect on sensor performance. The position of the electrodes determines the current flow sense 

and corresponds to the length value (L). Figure 4.18 shows two of these possibilities. 

In Figure 4.18 (a) the strain applied is perpendicular to the current flow and the signal applied is 

almost not appreciated and it does not react to half of the stimuli applied, Figure 4.19 (a). This 

can come from the deformation is produced in the width (W) of the resistance. However, when 
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the current-strains are parallel between them, Figure 4.18 (b), the deformation is applied over the 

length (L). This structure is shown less drift, more uniformity in the amplitude of the peaks and 

better response and recovery time, Figure 4.19 (b). 

Both graphics of Figure 4.19 have been normalized, because for this section the main interest is 

the study of the signal waveforms obtained in both cases. The effect in the reliability of the 

structure, the linearity, the uniformity in the amplitude of the peaks to see which configuration 

helps to recover faster the initial shape to react to all the applied stimuli. As we expected and it 

was previously demonstrated in the literature, the best configuration is one where the strain 

applied is parallel to the current flow which corresponds to Figure 4.19 (b). This structure will be 

studied later without normalization to see its voltage variation in front of a deformation.   

 

 

 

 

 

 

                                        

Figure 4.18. Electrodes configuration: (a) The strain applied is perpendicular to the current flow; 
(b) The strain applied is parallel to the current flow. 

(a)  (b) 
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Figure 4.19. Normalized results obtained with electrodes configuration of Figure 4.21. (a) The strain 
applied is perpendicular to the current flow; (b) The strain applied is parallel to the current flow. 

 

In addition, it was decided to analyze the structure of Figure 4.20 where the current flow has two 

different directions, first parallels to the strain and later perpendicular to it. However, using this 

structure, it is impossible to obtain a distinguishable signal. For that reason as the results are 

impossible to analyse, we could discard this kind of geometry.  

 

Figure 4.20. Structure design with electrodes configurations for current flow perpendicular  

and parallel to the strain. 

 

Hence, between the three design electrodes configurations, the most appropriated corresponds to 

the design where the strain is parallel to the current flow, Figure 4.19 (b). 

 

(a)  (b) 
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6.2 Geometry selection and dimensions

One time that the design of the electrodes configuration is selected, two different geometries 

are studied, square shape and ten resistances in parallel. 

Figure 4.21 is formed by ten resistances in parallel, this design presents different dimensions that 

are shown in Table 4.2. However, due to the large length (L) and short width (W) it was 

impossible to obtain results as they were broken during the characterization, or they present a lot 

of cracks that can come from the handling during the fabrication process.  

The only structure that works was for the dimensions L=1000 µm and W=100 µm, which 

corresponds to the smallest. However, as shown in Figure 4.21, the voltage variation changes 

strongly during the characterization. This is due to the fact that the value of the resistance is 

formed by the equivalence of the ten resistances. The low value of the width (W) compared to the 

length (L) increases the resistance sensitivity but makes it too fragile during measurements. 

 

Figure 4.21. Structure of ten resistances in parallel its waveform applying signal of Figure 4.17. 

An important disadvantage of this structure is that some of these resistances are broken during the 

measurement so that the voltage variation changes abruptly. Moreover, its response shows a drift 

that hinders the post-filtered signal treatment. This drift can be due to the drastic degradation of 

the structure. Hence, due to the low percentage of resistances that work, the short life-time and 

the accuracy, this structure is discarded such a reliable option. However, due to the interesting 

results obtained in the voltage variation, later it can be interesting to investigate the reliability of 

this shape using lower dimensions and fewer parallel resistances. 
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The last structure selected in this section is the square shape resistance using different dimensions 

ratio. For a strain gauge, the level of sensitivity is generally related to the resistance geometry and 

in particular to its length/width ratio, as shown in Figure 4.13. In our case, it was decided to study 

three different cases: 

a) Ratio L/W = 1; with L= 1000 µm and W=1000 µm 

Figure 4.22 shows the structure and its dimensions next to the graphic obtained. The 

waveform applied for its characterization is shown in Figure 4.17 and it consists in a pulse 

signal every 10 s, however as shown in Figure 4.22, the duration between two peaks it around 

20 s. So, it seems that the structure is not able to react to all the stimuli applied presenting a 

poor response time. Moreover, the amplitudes of the peaks for the voltage variation are not 

the same. The average of this value corresponds to ΔV= 0.15 V if it is not taken into account 

the stimuli not detected. 

 

Figure 4.22. Study of square shape resistance when length (L) and width (W) have the same dimensions 

and it is applied the waveform of Figure 4.17. 

The value of the voltage variation is relatively high but the fact that the structure is not able to 

react to all the stimuli is a big drawback. The frequency used between the pulses applied during 

its characterization is relatively low, 0.1 Hz, however for the targeted application the frequency 

want to be increased, at least until 0.2 Hz, and the structure should be able to react accurately to 

faster loading offloading cycles. 
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b) Ratio L > W : with L=1500 µm W=1200 µm 

For this case where the length (L) is bigger than the width (W), the structures for L=4000 µm 

W=1000 µm and L=7000 µm W=1200 µm were also analysed, however, these were broken 

during the characterization, and are automatically discarded.  

Figure 4.23, shows the results obtained for the structure with L=1500 µm W=1200 µm where the 

ratio between length and width is practically the same as for the previous structure where L/W=1, 

however, by comparing the results obtained for the voltage variation, in Figure 4.22 it is around 

ΔV= 0.15 V and for Figure 4.23, this is ΔV= 0.07 V.  

The structure is able to react to signal waveform every 10 s but with different amplitude. This 

effect can come for a relative large length the global structure needs more time to react. 

 

Figure 4.23. Study of rectangle shape when length (L) is higher than the width (W)  

with applied signal of Figure 4.17. 

c) Ratio L << W with L=600 µm W=2000 µm 

To finalize our study, it was decided to investigate the effect when the length (L) is smaller than 

the width (W). As shown in the graphic obtained in Figure 4.24. The sensor is able to react to all 

the applied stimuli, moreover, all peaks present similar amplitude values, ΔV= 0.07 V. This can 

be due to the fact that the low dimensions of the length help the intrinsic structure of the material 

to come back easily to initial state. Thus the structure reacted fast to all the applied having a good 

recovery and time response. 
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Figure 4.24. Study of rectangle shape when length (L) is lower than the width (W)  

with applied signal of Figure 4.17. 

This sensor presents a good sensitivity and its ability to respect the frequency pulse of the signal 

of Figure 4.17, it was decided to verify if it also presents this ability to do it with more complex 

signals waveform such as ECG signal. The general shape of this signal is given in Figure 4.25.  

This wave presents a lot of small and tiny variations such as Q or S peaks. The frequency has 

been reduced to 0.025 Hz to see in detail if the device is able to follow exactly the shape of the 

applied signal, even for the small peaks variations. Results are shown in Figure 4.26 allows 

concluding that the sensor is able to detect a complex signal such ECG that it is formed by 

different shapes convolutions (pulses, sinusoidal, constant shape). 

 

 Figure 4.25. ECG waves.                                  Figure 4.26. ECG waves obtained with structure of 

 frequency = 0.025 Hz. 
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Afterward, it was tested if this shape is able to reproduce this complex shape when the frequency 

is increased until 0.2 Hz, the results appear in Figure 4.27. The ECG signal can be recognized, 

however, the accuracy is lower for this frequency, this can come from the ADC resolution of 

Arduino, 10 bits, which limits us to obtain more points during our acquisition. 

 

Figure 4.27. ECG waves obtained with structure of Figure 4.24 with frequency = 0.2Hz. 

Hence, the structure of Figure 4.24 is able to react quickly, linearly and moreover also presents a 

good reliability, less drift and the data are more reproducible.   

Along this part, various alternatives were studied to try to obtain which could be the interesting 

options to create a new mask design dedicated to the detection of fast and weak deformation 

signals. The highlighted points are commented below: 

- For all the structure dimensions and sensor's shapes studied, the smallest dimensions are the 

more precise and with better reliability. The square shape with dimensions of L=600 µm W=2000 

µm is the most accurate and it has good response and recovery time to follow different waves 

impulse at different frequencies.  

- Another shape that can be interesting to study reducing the dimensions is that of square parallel 

shapes. 

All of these considerations have been taken into account to create the new mask design presented 

below. 
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7. Design dedicated to detect weak dynamic signal 

After studying the electrodes configuration, resistances shape, and the dimensions that present 

the better performance, it was decided to design a new mask more appropriated to detect weak, 

continuous and fast deformations. The design is shown on Figure 4.28. It is formed by a matrix of 

5x5 resistances, 5 resistances in a straight line, and different shapes design such as rosette, 

serpentine or 5 resistances in parallel. 

 

Figure 4.28. Last mask design with different structures and shapes. 

Here the electrodes configuration is relatively far from the devices structure, as we try to avoid 

the effect of the deformation impulse on the electrical contacts and it will help us in the

manipulation, during the characterization process. 

The study of this mask is separated into several parts:   

a) The first part is focussed on the study of the different strain gauge designs. For this purpose, 

the gauges are submitted to three different wave shapes (sinusoidal, square and triangle signals) 

with different pressures levels. A fatigue test is also presented to study the reliability of the 

device. One time that the most precise, accuracy and linear strain gauge design of this mask is 

selected, this is submitted to different tests such as sensitivity during continuous loading - 

offloading cycles.  

b) The other part of this study is focused on the matrix. This is formed by 25 resistances in an 

area of 1x1 cm². For this structure, the resistance values are measured at the beginning and after 
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one hour of continuous loading - offloading cycles to verify if some degradation on their 

resistance value appears. Mapping is also performed for the sensitivity of the 25 resistances with 

a simple pulse and a frequency of 0.2 Hz. To finish this study, ECG stimulation tests are also 

realized on the matrix.  

7.1 Mask shapes design 

As was commented in the previous section, it appears that the design with smaller dimensions 

presents better performance under dynamic deformations. For that reason, on this mask, it was 

decided to test some new structures design but using a small dimension shape. The six different 

designs of the mask are presented in Figure 4.29. 

                             

(a)                                            (b)                                           

(c) 

                                

                         (d)                                             (e)                                               (f) 

Figure 4.29. Shapes design for the mask presented in Figure 4.31 and dimensions: (a) Rosette shape, (b) 

U-shape, (c) simple serpentine shape, (d) three parallel serpentine shapes,  

(e) 5 resistances in parallel, (f) square shape. 

The first structure, Figure 4.29 (a) corresponds to a biaxial rosette shape. The objective to 

fabricate this design is that, by using the strain gauge with a simple square shape, only the 
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deformation applied in one direction is measured. A strain gauge rosette, in our case, consists of 

two orientated resistances in a perpendicular direction, 90°. This design, composed of two or 

more closely positioned gauge, separated by with various orientations, is usual in the literature 

[12] and it allows to analyse unknown stress direction. 

Serpentine shapes can also be used to increase the flexibility of inorganic materials when they are 

subjected to stretch or strain. They are also patterned in our mask, although this kind of shape is 

more dedicated to stretchable substrates. The designs consist of a U-shape with straight corners as 

shown in Figure 4.29 (b), a simple serpentine shape, Figure 4.29 (c), and three parallel serpentine 

shapes, Figure 4.29 (d).  

Another structure present in the mask consists of 5 resistances in parallel, shown in Figure 4.29 

(e). This design was also performed in the first mask design and it was observed that the voltage 

variation obtained with this structure is higher than the voltage variation obtained with the simple 

shape. However during this first study, due to the large dimensions of the length, these structures 

were more fragile, and it was difficult to obtain reproducible results. For this reason, for the 

design of this mask, the length has been considerably reduced. 

Finally, the last simple shape present in this mask is a normal square resistance shape, shown in 

Figure 4.29 (f). It was decided to study the behaviour of the structures for different excitation 

waves and different pressure levels.  

The characterization of the six resistances was performed at the same time and under the same 

characterization conditions. The applied waveforms consist of three different shapes with 

variable pressure levels as shown in Table 4.3, and for a frequency fixed at 0.2 Hz. The pressure 

variation makes reference to the difference between the maximum and the minimum pressure 

applied.  

Signal applied Pressure variation (ΔP) 

Sinusoidal waveform ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

Square waveform ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

Pulse waveform ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

 
Table 4.3. Conditions used during the characterization of the different resistance shapes. 
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The goal of these applied signals is different: for the sinusoidal waveform, the pressure is 

gradually increased and decreased. However, for the square waveform, the pressure change 

abruptly but it is maintained in high or low state during a few seconds and for pulse wave, the 

structure is subjected to a strong variation of pressure in a short time. 

With these different waveforms, it can be verified if the structures present the same recovery time 

and respond to different signals and amplitudes. 

The results obtained for the waveform of each design are presented in the Annex. The signals, are 

filtered and the red line will correspond to the waveform obtained after using a filter conditioner 

step that consists of a low pass filter with a cut frequency of 27 Hz. 

This is followed by commentary on the results obtained for the different design of Figure 4.29 

and the conditions in Table 4.3  

    a) Rosette shape 

Signals waveforms obtained for the different stimuli are presented in the Annex-a) Figure 4.30 

(a), (b) and (c). Table 4.4 summarized the amplitude values obtained for the different waveforms, 

and for the different pressure levels. Figure 4.31 shows an example of the sensor of rosette shape 

obtained. During the fabrication process, it was found some problems to alignment the mask this 

come from the expansion and compression of Kapton®, and because the sensors are not

positioned in the same area, around 4 cm of distance between them as shown Figure 4.28.  This 

forced us to have certain mismatch to find a compromise between all the designs. This problem 

was contemplated during the design of the mask for that reason, as shown Figure 4.31 there is a 

certain margin to align the electrodes and the square shape of µc-Si.  

 

Figure 4.31. Example of the sensor obtain using the design of the rosette shape. 
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Here, the voltage variation obtained is the same for the same variation of pressure, and is 

independent of the signal shape applied (sinusoidal, square or pulse).  

However, observing the results obtained when a pulse wave is applied, Annex-a) Figure 4.30 (c), 

the linearity or the drift of the signal is worst, especially in the case of ∆P= 100 mbar, where it is 

0.04 V.  

 Voltage variation (∆V) 

   ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

Sinusoidal wave 0.02 V 0.04 V 0.06 V 

Square wave 0.02 V 0.04 V 0.06 V 

Pulse wave 0.02 V 0.04 V 0.06 V 

 
Table 4.4.Voltage variation for rosette structure applying the waveforms of Table 4.3 

Rosette shape is able to reproduce the waveform of the signal applied and it reacts with the 

correct period to every 5 s without delay. However, the amplitude of the voltage variation is not 

very high even for the higher pressure variation, 400 mbar which value corresponds to 0.06 V. 

b) U-Shape 

This shape is the most popular shape of the commercial strain gauge. However as it can be 

observed in the graphics of Annex-b) Figure 4.32 (a), (b), (c), it is not able to reproduce the 

waveform applied and it values present a lot of instability, even with higher pressure variation,  

∆P= 400 mbar. Especially in the case of 100mbar (Annex-b) Figure 4.32 (c)), to detect the 

pressure variation in the case of pulses, it was mandatory to use the filtered signal (red).  

Moreover, for this kind of design, all the graphics present a drift on its signal. 

 

 Voltage variation (∆V) 

 ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

Sinusoidal wave 0.02 V Not reaction 0.08 V  

Square wave 0.02 V Not clear 0.08 V 

Pulse wave 0.02 V 0.03 V 0.04 V 

 
Table 4.5. Voltage variation for U-shape applying the waveforms of Table 4.3. 
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The poor results obtained with this shape can come from the bad definition of the shape obtained 

for this structure. Figure 4.33 shows the real shape obtained for this sensor. Here, it appears that it 

corresponds to square shape with holes in the edge of the structure. This bad definition can arise 

from the difficulties of work with the thin-film substrate, as explained in Chapter 2 and the low 

space between the grids, 15µm, whose dimensions are shown in Figure 4.29. 

                                     

Figure 4.33 Real shape obtained for U-shape design the poor definition can be the origin of the bad 
behaviour show in Annex-Figure 4.32 (a), (b), (c) 

 

c) Simple serpentine shape  

This kind of shape is designed for stretchable substrates. However, it was decided to see its 

effect using our materials. As we can see in the different Annex-c) Figures 4.34 and in Table 4.6, 

the voltage variation is not very high and moreover, reacts practically with the same amplitude in 

front of different pressures. All the graphics obtained present a strong drift, especially the signal 

obtained for the simple pulse waves, in Annex-c) Figure 4.34 (c). 

 Voltage variation (∆V) 

 ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

Sinusoidal wave 0.02 V 0.03 V 0.04 V 

Square wave 0.02 V 0.02 V 0.04 V 

Pulse wave Not appreciate 0.02 V 0.03 V 

 
Table 4.6. Voltage variation for simple serpentine shape applying the waveforms of Table 4.3. 

This structure does not present a high sensitivity to different pressure variations, as shown in 

Table 4.6. Therefore it will not an appropriate option to the targeted application but it presents a 

good shape definition after fabrication, Figure 4.35. 
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Figure 4.35 Serpentine shape design  of one of our sensors.Width (W) of 20 µm. 

d) Three serpentine shape in parallel 

During the study of the simple serpentine shape, it was observed that the structure is able to 

replicate the waveform of the applied signal. However it presents practically the same variation 

of voltage for different levels of pressure. For that reason, it was decided to study the design of 

three serpentine shapes in parallel and see its influence on the sensitivity. By comparing the 

values of Tables 4.6 and 4.7, the values obtained for the parallel structure are higher. However, 

this voltage variation stays low such as for pulse waves with a pressure variation of 100 mbar, 

shown Annex-d) Figure 4.36 (c). 

Figure 4.37 shows an example of our sensor using this design. For this structure it could be 

interesting to see its performance using a stretchable substrate. 

 Voltage variation (∆V) 

 ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

Sinusoidal wave 0.02 V 0.04 V 0.06 V 

Square wave 0.02 V 0.03 V 0.06 V 

Pulse wave Not clear 0.03 V 0.04 V 

 
Table 4.7. Voltage variation for three serpentine shape in parallel structure for different waves and 

pressure variations. 

 

Figure 4.37 Three serpentine shape in parallel design  of one of our sensors.Width (W) of 20 µm. 
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e) Five resistances in parallel. 

The results obtained for this structure are summarized on Table 4.8 and the waveforms 

obtained are presented in the Annex-e) Figure 4.38. There are some important points to remark 

for this structure. As it was commented in previous points, in the design of the first mask, this 

structure was tested with different dimensions. However, due to the high length, it was practically 

impossible to obtain some reliable results due to its fragility. For this design, the area of µc-Si is 

reduced and the devices do not present cracks problems. We can see that its reaction for different 

stimulus waves is considerably better than the other tested structures. 

 

 Voltage variation (∆V) 

 ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

Sinusoidal wave 0.04 V 0.10 V 0.40 V 

Square wave 0.04 V 0.24 V 0.40 V 

Pulse wave 0.03 V 0.08 V 0.40 V 

 
Table 4.8. Voltage variation for five resistances in parallel applying the waveforms of Table 4.3. 

If we analyse the results obtained in Table 4.8, the values obtained for the voltage variation are 

higher than for the rest of the structures studied. Therefore this geometry design presents a better 

amplitude response than the rest, later it will be studied deepest through fatigue test. 

f) Square shape 

The last shape analyzed in this section corresponds to the square strain gauge design. 

Observing the values obtained in Table 4.9 and the shapes of the graphics of Annex-f) Figure 

4.39 (a), (b), (c), it is demonstrated that between the different shapes studied, this design is the 

most precise and robust. The voltage variation follows an increment of 0.05 V when the variation 

of pressure is incremented. Moreover, for this design, the signals obtained are very linear and the 

sensor is more special integrated than the 5 resistance in parallel.  

 

 

 



  136   
 

 Voltage variation (∆V) 

 ∆P= 100 mbar ∆P= 200 mbar ∆P= 400 mbar 

Sinusoidal wave 0.10 V 0.15 V 0.30 V 

Square wave 0.10 V 0.15 V 0.25 V 

Pulse wave 0.10 V 0.15 V 0.30 V 

 
Table 4.9. Voltage variation for square shape resistance applying the waveforms of Table 4.3.  

Therefore between all the shapes studied for this mask it can highlight that if it is taking into 

account the linearity, the reproduction of the shape of the signal applied and the voltage variation 

for different pressure levels, the sensor shape with the best reliability corresponds to the square 

structure and the design of 5 resistances in parallel because it reacts with good amplitude and 

waveform to the different waves.  

It is important to comment that for all the structures, it has been verified that the frequency of the 

waves is the same as the signal applied. For the next test, it was decided to see the effect in the 

behaviour when they are submitted to a loading offloading tests to see their performances in front 

of continuous deformations. 

7.2 Loading-offloading cycles test  

Due to the relative rigidity of microcrystalline silicon, it suffers from cyclic instability, during 

which buckling, cracking and even stripping often appear after numerous cycles. For that reason, 

to verify cyclic stability, the sensor was submitted to periodic endurance loading-offloading 

cycles. A fatigue test was performed for 15 min to verify if some degradation appears in the 

amplitude of the pulse detection and in the linearity of the sensor.  

All the structures were submitted to a pulse wave of 200 mbar of pressure variation and the 

frequency of the pulses are 0.2 Hz. In Table 4.10 there are summarized all the values obtained for 

the amplitude of the pulse and the drift. 
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 Initial value After 5 min After 10 min After 15min Drift 

Rosette shape 0.04 V 0.04 V 0.04 V 0.04 V   0.22 V 

U-Shape Not appreciate Not appreciate Not appreciate Not appreciate 1.3 V 

Simple serpentine 
shape 

0.02 V Not appreciate Not appreciate Not appreciate 0.3 V 

Serpentine shape in 

parallel 
0.03 V 0.02 V 0.02 V 0.02 V 0.25 V 

Five parallel 

resistances 
0.06 V 0.04 V 0.02 V 0.02 V 0.08 V 

Square shape 0.15 V 0.15 V 0.15 V 0.15 V 0.05 V 

 
Table 4.10 Voltage variation produced after a fatigue test of 15 minutes. 

The graphics obtained for each structure during the loading offloading are shown in the Annex g) 

Figure 4.40. These curves show that the structures suffer from a drift that changes the level of the 

signal. For the structures of U-shape and simple serpentine shape, they were not able to react to 

the stimuli applied, moreover its degradation of the baseline or drift is really high.   

For rosette shape, the amplitude of the voltage in front of the applied stimuli is constant during 

the 15 minutes of fatigue test and the drift of the signal corresponds is not very high, 0.2 V. 

However the main problem of this structure is its poor sensitivity obtained to the pressure 

detection, the voltage variation detected corresponds to 0.04 V. This is the same problem that 

presents the serpentine shape in parallel which voltage variation is 0.02 V. 

Therefore, as demonstrated during the study of different waveforms and pressure the designs, the 

most appropriated for the targeted application are the structure with 5 resistances in parallel and 

the square shape. However, as shown in Table 4.10, the structure of 5 resistances in parallel 

suffers from a deterioration in its sensitivity, varying the amplitude of the detected signal, after 5 

minutes of fatigue test from 0.06V at the beginning of the test and with a value of 0.02 V at the 

end.  

The square shape is the structure that suffers less degradation in the linearity and in the 

sensitivity, because the amplitude of the response is always equal to 0.15 V, moreover it presents 

the lowest drift value, 0.05 V. Figure 4.41 shows the results obtained for square shape after a 

loading offloading test. 
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Figure 4.41. Loading –offloading test realized during 15 minutes 

 for square shape 

For that reason, in the next section, using the same dimensions it will be test its reaction when 

this shape is used to form a matrix of 25 sensors. But before the matrix construction, it was 

decided to see if there are some effects in the amplitude of the voltage detection if the structure is 

reversed, sticking µc-Si to the membrane. We expected that the structure reacts in the same way 

independent if the pressure is applied at the top or bottom of the structure. This study is presented 

below. 

7.3 Mechanical behaviour of square structure- life cycle. 

The electrodes in the mask presented in Figure 4.29 were design to be far from the structure of 

the device. This offers us some flexibility to choose other position possibilities. For that reason to 

study the mechanical behaviour of the square structure, it was decided to reverse the structure and 

stick the sensor directly onto the membrane. As the structure is reversed, the deformations will be 

seen now such as compressive pulses. 

Figure 4.42 shows the voltage variation when the sensor is submitted to a pulse waveform of 0.2 

Hz using different pressure amplitudes during 10 minutes. The initial amplitude of pressure 

applied is 200 mbar later this is increment to 400 mbar and 600 mbar. After that, the cycle is 

repeated. The sensor reacts with approximately the same variation of voltage during the first and 

the second loading - offloading cycle.  
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Figure 4.42. Fatigue test of pulse waves of 0.2Hz of frequency during 120 cycle for variable pressure.   

 

There is drift in the voltage of 0.1 V during the second cycle, especially with a pressure variation 

of 200mbar, this can come from the cracks produced in the structure when this is submitted to the 

higher pressure variation of 600 mbar. 

Moreover, if it is compared the results of Table 4.9 and Figure 4.42, the values obtained for the 

voltage variations are the same independent if the pressure is applied in the top or the bottom of 

the structure, around 0.15 V for variation of pressure of 200 mbar and 0.30 V for 400 mbar. This 

offers us the possibility to use this structure in both senses 

8. Matrix characterization 

8.1 Design and objective 

The main motivation to design flexible sensor matrices is to measure the pressure distribution 

in an area. The principal limitation of the previous structures is that, according to their design, the 

deformation can be measure only in a punctual place instead of an area. Depending on the 

application, it is not easy to verify which part corresponds to the point of the maximum 

deformation applied. For that reason, with the design of our matrices, the size of the individual 

strain gauge has been decreased to cover a square area. It is then possible to obtain larger 

integration densities of sensors and thus to increase the spatial resolutions in a small area. 

Moreover, the advantage of the array or matrix construction is that it requires fewer connections. 
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The intersection between each row and each column corresponds to the electrodes of each sensor. 

So a 5 by 5 matrix is formed by 25 sensing nodes while only needing 5 connections. However, 

the main challenge during matrix characterization is that this kind of design is prone to parasitic 

crosstalk or "ghosting", this means that the electrical readings for inactivated nodes can be 

affected when pressure is applied on one node or on multiple nodes. Pressure matrices can be 

fabricated also using capacitive sensors, however in our case it was decided to use piezoresistive 

sensors, as in comparison to other technology, they require a less complex data acquisition 

system, and that moreover they are less sensitive to electromagnetic noise [13]. 

The design of our matrix is formed by 25 resistances in an area of 1x1 cm². Each resistances have 

the same dimensions as the square shape, L=200 µm, and W=600 µm, with this we expected to 

obtain more or less the same voltage variation or sensitivity to the deformation for all the sensors 

and good homogeneity. Figure 4.43 shows the design of the matrix. 

 

Figure 4.43 Layout of our matrix desig formed by 25 resistance using a square shape with L=200 µm, and 

W=600 µm  

The resistance across each node was measured before deformations and was within a range of         

18 kΩ ± 3 kΩ. However, this value varies a little during its manipulation for characterization, 

(sticking on the membrane, electrodes connection, can create some cracks in the structure that 

increase the resistance value). 

Unfortunately due to time limitation, complexity and requirement necessary to perform a good 

characterization system of a matrix, it was not possible to develop a new data acquisition and 

visualization system dedicated to this characterization, so for that reason this was firstly made 
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manually. However, one of the advantages to do it manually it is that it avoids cross-talking 

effect within the individual elements of the matrix. 

To perform the manual characterization, the matrix was submitted to continuous deformations 

while the acquisition was elaborated by modifying the node connection.  

8.2 Matrix amplitude response to dynamic pulse 

The first characterization consists in submitting our matrix to a continuous pulses wave 

deformation. The signal presents a pressure variation of 200 mbar and the frequency between 

each pulse is 0.2 Hz. Figure 4.44 presents the colour mapping obtain after measuring the voltage 

variation of the reaction. The voltage variation when the pulse is applied is written on each cell, 

and the average value of the mapping is 0.11 ± 0.03 V.  

The maximum value obtained corresponds to 0.15 V and the minimum is 0.08 V. In comparison 

with the results obtained in the voltage variation of the square sensor with the same wave applied 

(Table 4.9), which corresponds to 0.15 V the average of the matrix, 0.11 ± 0.03 V, is close from 

this value. The worst value of the voltage variation in the matrix corresponds to the sensors 

placed in the corners. However this is logical because those places correspond to the areas that 

are relatively far from the impulse centre. Additional to the colour mapping, in the annex adds the 

signal wave shape of the 25 sensors. 

 

 

Figure 4.44. Voltage variation (V) obtained when the matrix is submitted to a pulse waveform of           

200 mbar pressure variation and pulse frequency of 0.2 Hz. 
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For our goal, not only the sensitivity of the sensors is relevant, it is also important that it presents 

the ability to reproduce exactly the applied waveform because it offers us the possibility to use 

them in applications where the amplitude of the signal is less relevant or can be amplified with 

post-treatment. In the Annex h) Figure 4.45 shows the mapping waveform of the matrix when it 

is submitted to a pulse wave of 200 mbar of pressure variation using pulses frequency of 0.2 Hz  

8.2 Matrix reaction to a complex waveform such as ECG signal 

Here, the ECG signal is applied using pulse of 0.2 Hz of frequency with a maximum of 

pressure variation of 400 mbar. This value corresponds to the higher peak of the signal and in the 

matrix it has a value of 0.20 ± 0.05 V. This signal is interesting for its complexity because it is in 

fact composed of different shape signals as sinusoid, pulse and linear parts. Figure 4.46 shows 

that the 25 sensors are able to react fast to the different pressure and shapes that compound this 

signal and reproduce them. It offers then the possibility to use the matrix from different 

applications by using an appropriate acquisition system. 
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Figure 4.46. ECG signal mapping obtain using a frequency of 0.2 Hz and a maximum pressure variation 
of 400 mbar. 
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8.3 Matrix reliability 

To verify the reliability of the matrix, it was decided to measure the relative variation of its 

resistance value after a loading offloading test of 1 hour and a half. With this test, it is possible to 

verify the degradation percentage presented after a continuous cycling deformations. 

To calculate it, the resistances value is measured at the beginning and at the end of the test and 

the values that appear in the graphic of Figure 4.47 corresponds to the percentage of this 

variation. 

Here it is observed that the degradation of the resistance is worst in the right corner it can come 

from this part corresponding to the electrical wires. Here the current is higher and the resistance 

suffers from a faster degradation. 

 

Figure 4.47. Relative variation of the resistance (% ) after loading offloading test performed  
during 1 hour and half. 

 

Therefore if it is compared to the matrix performance, with the single square structure, it is more 

or less the same, both react with similar amplitude to the same signal applied, around 0.15 V and 

are able to reproduce complex waveforms such as ECG signal.   

However, the matrix presents advantages such as offers us at the same time the electrical 

measurement of 25 different sensors in an area of 1x1 cm². This is interesting to know which area 
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corresponds to the higher deformation with it is increased the spatial resolutions and it is possible 

to make an average of the signal amplitude to obtain more accurate results, another advantage of 

this is possible to obtain larger integration densities in a small area, reducing the fabrication cost 

and the connections necessary are reduced with this kind of design.   

9. Conclusion 

Throughout this chapter, we describe the steps followed to create our own home-made 

acquisition system to perform dynamic measurements. Different structures and designs have been 

studied to try to find which one can be more appropriate to our objective. 

During this study, it was concluded that not only the flexibility of the materials affects the 

accuracy and operation of the sensors; the use of appropriate design can increase the sensitivity 

and linearity of them.  

The electrodes position when the deformation is applied determines the direction of the current 

flow. During our study, it was observed that when the deformation is parallel to the current flow, 

the values obtained are more precise and there is no significant deviation. 

In addition, different designs of structures with different dimensions were studied. Here it was 

concluded that between all of them, the small dimensions for a square design are the most robust 

and will help the global structure to return easily to its value initial. 

In the last part, the mechanical and electrical behavior of a matrix of 25 resistances was studied. 

Its design is based on the dimension of the square shape and the results obtained for both 

structures to different fatigue tests an amplitude detection were similar. However, the matrix 

present important advantages against to the simple structure designs such as its large integration 

densities in a small area, or the possibility to reduce the fabrication cost and the connections 

necessary in this kind of design make it a good candidate to be used  for measure weak and 

dynamic deformation in a small area. 
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10. Annex 

a)  Figure 4.30 Rosette shape- waveforms obtain with conditions Table 4.3 

Figure 4.30 (a). Voltage variation for different pressure variations of 100 mbar, 200 mbar,        400 mbar 
when a sinusoidal wave is applied for rosette shape. 

 

Figure 4.30 (b). Voltage variation for different pressure variations of 100 mbar, 200 mbar,        

400 mbar when a square wave is applied for rosette shape. 

 

Figure 4.30 (c) Voltage variation for different pressure variations of 100 mbar, 200 mbar,         

400 mbar when a sinusoidal wave is applied for rosette shape. 
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c) Figure 4.32 U-shape- waveforms obtain with conditions Table 4.3 

 

 

Figure 4.32 (a). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a sinusoidal wave is applied for U-shape. 

 

Figure 4.32 (b). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a square wave is applied for U-shape. 

Figure 4.32 (c). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a pulse wave is applied for U-shape. 
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d) Figure 4.34 Serpentine shape- waveforms obtain with conditions Table 

4.3 

 

Figure 4.34 (a). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a sinusoidal wave is applied for serpentine shape. 

 

Figure 4.34. (b). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a square wave is applied for serpentine shape. 

 

Figure 4.34 (c).Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when a 
pulse wave is applied for serpentine shape. 
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e) Figure 4.36 Three serpentine shape in parallel- waveforms obtain with 

conditions Table 4.3 

 

Figure 4.36 (a). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a sinusoidal wave is applied for three serpentine shape. 

 

Figure 4.36 (b). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a square wave is applied for three serpentine shape 

 

Figure 4.36 (c). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a pulse wave is applied for three serpentine shape. 
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f) Figure 4.38 Five resistances in parallel - waveforms obtain with 

conditions Table 4.3 

 

Figure 4.38 (a). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a sinusoidal wave is applied for 5 resistances in parallel. 

 

Figure 4.38 (b). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a square wave is applied for 5 resistances in parallel. 

 

Figure 4.38 (c). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a pulse wave is applied for 5 resistances in parallel. 
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g) Figure 4.39 Square shape resistance - waveforms obtain with conditions 

Table 4.3 

 

Figure 4.39 (a). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a sinusoidal wave is applied for a square shape resistance. 

 

Figure 4.39 (b). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a square wave is applied for a square shape resistance. 

 

Figure 4.39 (c). Voltage variation for different pressure variation of 100 mbar, 200 mbar, 400 mbar when 
a pulse wave is applied for a square shape resistance. 
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g) Figure 4.40 Loading-offloading cycles test 

             

a) Rosette shape  b) U-shape 

                      

c) Simple serpentine shape   d) Serpentine shape in parallel 

             

e) Five parallel resistances  f) Square shape 

Figure 4.40. Loading –offloading test realized during 15 minutes 

 for the different structures shapes. 
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h) Figure 4.45 Mapping waveform of the matrix  

 

 

Mapping waveform of the matrix when it is submitted to a pulse wave of 200mbar of pressure variation 

using pulses frequency of 0.2Hz 
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General conclusion and perspective 
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The objective of this thesis is to investigate the piezoresistivity properties of µc-Si to 

develop a sensor able to react to continuous and dynamic deformations with good linearity, fast 

and with reproducible results. 

To do that, the sensors are fabricated on 25µm of Kapton® substrate. This material is 

biocompatible and it can withstand chemical solutions. This makes it one of the most frequently 

used substrates for standard micro-manufacturing process. Although it can support high-

temperature conditions, until 400 °C, the maximum temperature chosen during this fabrication 

process was an annealing at 180 °C, making the process compatible with other kinds of plastic 

substrates.  

As a semiconductor material, µc-Si, deposited by two different techniques PECVD and ICP-

CVD, is selected. The motivation to use this material is its compatibility with flexible substrates, 

moreover, it was widely investigated at the IETR however never as a pressure sensor for dynamic 

measurements. 

We want to create sensors thinner as possible, to improve their flexibility and mechanical 

behaviour under dynamic deformations. To achieve it, the substrate thickness is reduced. 

However, this fact leads to increase the misalignment on the layers during the fabrication process 

and arises stress problems on the structure. To reduce this effect, Kapton® substrate is pre-baked 

after cleaning process for 30 min at 150 °C and µc-Si is deposited through a shadow mask. 

The thesis is mainly divided in two parts, the first one where the piezoresistive properties of µc-

Si is investigated through static deformations and for the second part, this material is submitted to 

dynamic deformations. To investigate the piezoresistive properties of µc-Si under static 

deformations. This material was deposited by two different techniques, PECVD and ICP-CVD. 

µc-Si deposited by PECVD has previously been investigated during K. Kandoussi’s thesis and 

the deposition parameters have been optimized along it. For this reason, here it is studied if the 

reduction of the thickness in the structure affects µc-Si sensitivity. The results obtained show that 

when the global structure is reduced, the resistivity uniformity of µc-Si gets worse and its 

standard deviation is higher. However, it does not have influence on the sensitivity of the 

material, GF (gauge factor) that is practically the same for the three proposed structures, GF= -
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25. This is interesting because the thickness reduction will improve the flexibility of the structure 

film/substrate when it will be subjected to dynamic measurement. 

On the other hand, ICP-CVD technique is new in the laboratory for that reason it was necessary 

to investigate which conditions are the most appropriated for the targeted application. To do that, 

it was proposed ten different conditions based on the variation of some key parameters such as: i) 

The nature of the dopant gas (AsH3 or PH3) and its concentration. ii) The effect of the apply RF 

bias using a constant power value or varying the power by pulsing of 400 ms every 4 s. iii) The 

effect of LF or ICP power applying it in a continuous mode at 600W or in small pulses between 

600W-900W for 400 ms every 4 s. The most interesting results can be summed up in the points 

below, such as: 

- RF pulse adjunction leads to increase the crystalline fraction compared to that obtained 

for deposits elaborated with continuous bias. However, it also affects the layer stress 

which could induce sticking issues on Kapton®. 

-  Under the same deposition conditions, films doped with PH3 present a higher 

crystallinity and a lower resistivity than those obtained with AsH3. However, the samples 

deposited with PH3, present lower linearity during the static measurements. 

- For AsH3 an increment in the sensitivity (GF) is produced when RF power is applying 

by small pulses. However, for PH3, this only occurs when it is addition pulses to ICP-

CVD power because this creates high energy in the plasma that affects the dissociation of 

the molecules. 

To fabricate the sensors that will be submitted to dynamic deformations, it was decided to select 

ICP-CVD as deposition technology. PH3 was selected as doping gas because it offers a 

compromise between crystallinity and resistivity. To obtain a low standard deviation in the 

deformations, the plasma is created without applying pulses on RF power. Moreover, for this 

condition (sample 1) the value of the sensitivity for GF= -33 is higher than the value obtained 

with PECVD, GF= -25. 

The second part is concentrated on the mechanical and electrical behaviour of µc-Si under 

dynamic deformations.  
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First, it was necessary to create our own home-made acquisition system to perform dynamic 

measurements. After that, different structures and designs were studied to try to find which one 

can be more appropriate to the targeted application. Here it was concluded that between all of 

them, a square shape design with small dimensions is the most robust and will help the global 

structure to return easily to its initial value. 

Moreover, in this part, the mechanical and electrical behaviour of a matrix of 25 resistances was 

studied. This structure was submitted to different fatigue tests and the results obtained with it 

present similar values to a square resistance design with the same dimensions.  A matrix presents 

important advantages over the simple structures designs such as its larger integration density in a 

small area, or the possibility to reduce the fabrication cost and the connections required in this 

kind of design. These different points make it a good candidate to be used to measure weak and 

dynamic deformation in a small area. 

As a perspective for future work on the topic of this thesis, several points should be explored 

further, such as: 

-Improvement in the characterization system. Due to some limitations in our acquisition 

system, we could not submit the structures to more rigorous characterization tests,

moreover, it is necessary to create an adaptive circuit to characterize the matrix or another 

kind of technology. 

-As it was commented during the manuscript, piezoresistive sensors, as in comparison to 

other technology, require a less complex data acquisition system, and that moreover, they 

are less sensitive to electromagnetic noise however it does not mean that the sensitivity 

obtains with them is better than with other structures. For that reason it could be 

interesting investigate the dynamic behaviour of new structures such as thin-film 

transistors (TFT) or capacitances.  

- Investigation of the matrix and the different shapes in another kind of substrates. It could 

be a good option to see their mechanical behaviour in a stretchable substrate or transfer 

the structure to one biocompatible with the skin to use the devices to monitoring real 

physiological signals. 
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Moreover the ability of this technology to detect complex waveforms deformation and reproduce 

it, opens a large possibility of applications where it can be used such as the blood pressure 

measurement, reproduces the vibration of the vocal cords, e-skin technology or touch screen are 

some of them.  
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Résumé 

 

Les nouvelles exigences de la société ont stimulé le marché de l'électronique, en particulier 

celui de l'électronique flexible. Cette technologie change les usages car elle offre la possibilité 

de fabriquer des dispositifs capables de s'adapter à n'importe quelle surface, pouvant être 

pliés, déformés ou étirés. Ces technologies trouvent des applications directes dans différents 

secteurs tels que l'automobile, les biocapteurs, la santé, les appareils mobiles ou la technologie 

portable et suscitent un intérêt croissant. Bien qu'ils aient fait l'objet de nombreuses 

recherches, les dispositifs flexibles ont de nombreuses applications potentielles et leurs 

performances sont encore à améliorer. 

 

Ce travail de recherche porte sur la fabrication de microcapteurs de déformation sur substrat 

souple (Kapton). Les dispositifs sont élaborés et optimisés dans l’objectif de détecter de 

faibles déformations en temps réel. Ils peuvent trouver des applications en santé en particulier 

via l’acquisition de faibles signaux électrophysiologiques pouvant être détectés par une 

déformation, par exemple à la surface de la peau (mesure de pouls, contactions musculaires, 

déformations sous contraintes …). Ce sujet s’appuie sur les compétences développées au 

département Microélectronique et Microcapteurs de l’IETR en fabrication de capteurs mais a 

nécessité un véritable développement technologique novateur, en particulier pour adapter la 

technologie utilisée à l’utilisation de substrats souples de très faible épaisseur, incluant des 

études de contraintes mécaniques et de stress dans les matériaux. C’est donc un travail 

complet comprenant du design de capteur, de l’optimisation technologique, du test et une 
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caractérisation exhaustive des capteurs, en particulier avec le développement d’un banc de test 

spécifique pour les mesures reproductibles de déformation en temps réel. 

 

Le premier chapitre présente un aperçu général de l'état de l'art des capteurs de pression avec 

les mécanismes de transduction les plus populaires, en particulier la piézorésistivité. Les 

technologies actuelles de fabrication pour l'électronique flexible sont présentées, ainsi que les 

différents matériaux compatibles avec la fabrication d’électronique flexible, du substrat aux 

électrodes. 

 

Ce travaila nécessité la mise au point un procédé de fabrication compatible avec les propriétés 

chimiques et thermiques des substrats, tout en permettant une fabrication économique sur de 

grandes surfaces. La diminution de l’épaisseur du substrat qui doit permettre une meilleure 

conformabilité du capteur, induit des contraintes supplémentaires, liées en partie aux 

propriétés mécaniques des matériaux utilisés. Le principal matériau utilisé pour la détection, 

via l’effet piézorésistif, est le silicium microcristallin (µc-Si), dont les procédés de dépôts, 

utilisant deux techniques différentes (PECVD et ICP-CVD), sont compatibles avec ce type de 

substrat. La température maximale utilisée lors du procédé de fabrication a été limitée à 

180°C. Une partie du travail a consisté à étudier différentes possibilités technologiques, à la 

fois sur les caractéristiques des matériaux et sur les procédés, permettant la mise au point d’un 

procédé de fabrication reproductible, suffisamment robuste, tout en diminuant les contraintes 

pouvant détériorer les propriétés des capteurs. Les stress engendrés par les matériaux, 

provoquant des défauts dans les couches, ont été réduits par différentes techniques. La figure 

ci-dessous montre l’évolution du stress sur un Kapton de 25 µm d’épaisseur. 

 

                     

Figure 1 : Réduction du stress d’un film Kapton / µC-Si par modification technologique 

(traitement initial du substrat, dépôt localisé de matériau). 



162 
 

 

Différentes association de matériaux ont également été testées. Une approche théorique, 

développée en parallèle, en prenant en compte en particulier des propriétés mécaniques des 

différentes couches, permettent d’expliquer et de commenter les résultats obtenus. 

 

Après avoir étudié ces paramètres technologiques ainsi que les différentes approches utilisées 

tout au long du processus de fabrication développé au cours de cette thèse, l’objectif a été 

d'étudier les propriétés piézorésistives du silicium microcristallin via la mesure de sa 

sensibilité aux différentes déformations mécaniques.  

Dans un premier temps, la méthode utilisée s’est basée sur le principe des mesures de lignes 

de transmission (TLM). Dans cette section, les paramètres extraits avec cette méthode sont 

théoriquement expliqués avec une attention particulière sur la résistivité spécifique du contact. 

Ce paramètre est devenu très important en raison de la forte réduction de la taille des 

dispositifs, pour lesquels la valeur des résistances parasites doit être très faible. 

 

Le dépôt de µc-Si a été effectué en utilisant deux techniques différentes : PECVD (dépôt 

chimique en phase vapeur par plasma) et ICPCVD (dépôt chimique en phase vapeur par 

plasma induit par couplage inductif). Pour les deux techniques, les résultats obtenus sont 

divisés en deux parties. La première consiste à étudier les paramètres classiques de la 

structure TLM tels que la résistivité spécifique des contacts (ρc), la résistance par carré (RSH) 

ou une cartographie d'uniformité de la résistivité. La deuxième partie présente la sensibilité du 

silicium microcristallin comme capteur de déformation, lorsque ce matériau est soumis à 

différents rayons de courbure. Les structures TLM ont été utilisées pour calculer la sensibilité 

(GF) des jauges de contrainte.  Ce facteur de jauge GF, exprimé à l’équation 1, est déterminé 

à partir de mesures de variation de la résistance électrique du silicium en fonction d’une 

déformation induite par différents cylindres de différents rayons de courbure. 

                                                     (1) 

Il a été déterminé pour les couches de silicium microcristallin obtenues avec les différentes 

techniques ainsi que pour différents paramètres de dépôt. 

 

Les résultats les plus remarquables obtenus avec les deux techniques sont extraits ci-dessous. 
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A) Capteurs fabriqués selon la technique PECVD 

Les conditions utilisées pour déposer du silicium microcristallin sont identiques à celles 

utilisés lors de la thèse de K. Kandoussi. Par contre, l’effet de la réduction de l’épaisseur du 

substrat (Kapton de 50 ou 25 µm d’épaisseur) ainsi que l’effet d’une couche supplémentaire 

de nitrure permettant de compenser le stress globaldes couches ont été étudiés. 

Les valeurs du facteur de jauge obtenus pour l’ensemble de ces structures sont similaires, 

GF = -25, ce qui a permis de montrer que la sensibilité du µc-Si est indépendante de la 

structure du dispositif. 

La Figure 2 montre un exemple d'obtention du facteur de jauge GF. 

 

Figure 2. Variation de la résistance en fonction de la déformation et extraction du facteur de 

jauge correspondant. 

 

B) Capteurs fabriqués selon la technique ICP-CVD 

Cette technique étant nouvelle au laboratoire, il a fallu étudier différents paramètres de dépôts, 

telle que les puissances de plasma ou le niveau de dopage, pour voir leur effet et vérifier leur 

influence sur la sensibilité du matériau.  

Il convient de noter que la sensibilité des capteurs mécaniques obtenus par ICP-CVD est 

toujours supérieure à celle du PECVD, (GF> -30).  

Au cours de l'étude des différentes conditions, il a été observé qu'en général, la sensibilité 

n'est pas affectée par la nature du gaz dopant utilisé lorsqu'il s'agit d'arsine ou de 

phosphine.Cependant, une augmentation du GF a été observée lorsque la concentration du gaz 

dopant est réduite. 

La dernière partie de cette étude a permis d’étudier l’effet des puissances de plasma utilisées 

dans le réacteur (RF et LF), que ce soit en mode continu ou de manière pulsée.Il a été observé 

que les puissances RF avec impulsions n’ont aucun effet, sauf pourun flux élevé d'arsine. 
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Dans le cas de l'application d'impulsions sur la puissance LF, une amélioration de la 

sensibilité a été observée, et peut s’expliquer par une plus haute valeur de la fraction 

cristalline, qui été calculée via des mesures effectuéespar spectroscopie Raman. 

 
Pour terminer chapitre, nous avons étudié les propriétés des matériaux piézorésistifs et 

optimisé la structure du capteur. Il a été décidé d'utiliser la technique ICP-CVD pour fabriquer 

des capteurs pour la mesure dynamique du chapitre 4. Pour cela, les conditions standard ont 

été choisies car elles présentent un bon compromis entre la valeur de la sensibilité, GF= -33 et 

la haute cristallinité et conductivité. Celles-ci sont indiquées dans le tableau suivant. 

 
Température Puissance Pression Gaz 

T=180 °C 600 W 4  mTor 
Ar = 25 sccm SiH4 = 2 sccm 

H2 = 25 sccm PH3 = 20 sccm 

 

Tableau 1. Paramètres utilisés pour le dépôt de µc-Si parICP-CVD. 

 

Le chapitre 4 présente l'étude du comportement mécanique du µc-Si lorsqu'il est soumis à une 

déformation dynamique. Nous décrivons ici les étapes suivies pour créer notre propre système 

de caractérisation, avec différents prototypes pour la simulation de la veine, représentés en 

partie à la Figure 3. 

 

 

Figure 3. Prototype de simulation de la pression artérielle   

 

L'effet de la conception et de la géométrie sur la performance des capteurs est étudié. Il a été 

conclu que la conception la plus robuste correspond à la forme carrée de petites dimensions 

illustrée à la Figure 4. Toutes les conceptions ont été soumises à différents tests tels que des 
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cycles continus de déformationainsi que des tests de fatigue et de mémoire. La Figure 5 

montre un exemple d'essai de fatigue d’un capteur soumis à une déformation régulière sous 

forme d’impulsion. 

 

Figure 4. Capteur de forme carrée         Figure 5. Test de fatigue des capteurs. 

 

Une autre conception intéressante a été la réalisation d’une matrice de 25 capteurs de 

déformation. Les avantages de cette structure sont nombreux, comme la mesure de la 

répartition de la pression sur une surface de 1x1cm2, une meilleure tolérance pour placer le 

capteur à l'endroit de la déformation, une plus grande fiabilité par la détermination d’une 

réponse moyenne des stimuli. En outre, cette structure est capable de réagir à un signal 

complexe tel que l'ECG ou à des stimuli simples, Figure 6,  ayant une amplitude de tension 

similaire. Les réponses obtenues ont montré une bonne sensibilité, une reproductibilité 

intéressante et une faible dégradation 

 

Figure 6. Réaction des 25 capteurs de la matrice à un stimulus 
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En conclusion générale de cette thèse, différents procédés ont été mis au point sur du 

Kapton® de 25 µm d'épaisseur et des capteurs ont été développés en utilisant différents 

matériaux avec différents paramètres et différentes techniques de dépôt. De plus, pour la 

première fois dans le laboratoire, un système de caractérisation spécifique pour la mesure en 

dynamique a été créé, impliquant un contrôleur de pression, une membrane déformable et un 

circuit électronique à connecteur adaptatif.Il a permis d'effectuer des mesures en temps réel à 

différentes fréquences, pour différentes formes d'onde et valeur de pressions et d'étudier la 

sensibilité, la fiabilité, le cycle de vie et l'effet mémoire des capteurs. 

 

Enfin, les perspectives sont présentées, et concernent l'amélioration du système de 

caractérisation et la réalisation de tests de caractérisation plus complets. Le comportement 

dynamique de nouvelles structures telles que les transistors à couches minces (TFT) ou les 

capacités pourra également être étudié, ainsi que de nouvelles structures, actuellement 

réalisées au laboratoire sur différents substrats tels que les substrats extensiblesou 

hydrosolubles ou biocompatiblespour lesquels le transfert sur une peau pourra être étudié. 


