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Abstract 

DESIGN AND FABRICATION OF SELF-PACKAGED, FLEXIBLE MEMS 

ACCELEROMETER AND ALUMINUM NITRIDE TACTILE SENSORS 

Md Sohel Mahmood, PhD 

The University of Texas at Arlington, 2018 

Supervising professor: Dr. Zeynep Celik-Butler 

 The work presented in this dissertation describes the design, fabrication and characterization of a 

Micro Electro Mechanical System (MEMS) capacitive accelerometer on a flexible substrate. To facilitate 

the bending of the accelerometers and make them mountable on a curved surface, polyimide was used as 

a flexible substrate. Considering its high glass transition temperature and low thermal expansion 

coefficient, PI5878G was chosen as the underlying flexible substrate. Three different sizes of 

accelerometers were designed in CoventorWare® software which utilizes Finite Element Method (FEM) 

to numerically perform various analyses. Capacitance simulation under acceleration, modal analysis, 

stress and pull-in study were performed in CoventorWare®. A double layer UV-LIGA technique was 

deployed to electroplate the proof mass for increased sensitivity. The proof mass of the accelerometers 

was perforated to lower the damping force as well as to facilitate the ashing process of the underlying 

sacrificial layer. Three different sizes of accelerometers were fabricated and subsequently characterized. 

The largest accelerometer demonstrated a sensitivity of 187 fF/g at its resonant frequency of 800 Hz. It 

also showed excellent noise performance with a signal to noise ratio (SNR) of 100:1. The accelerometers 

were also placed on curved surfaces having radii of 3.8 cm, 2.5 cm and 2.0 cm for flexibility analysis. The 

sensitivity of the largest device was obtained to be 168 fF/g on a curved surface of 2.0 cm radius. The 

radii of robotic index and thumb fingertips are 1.0 cm and 3.5 cm, respectively. Therefore, these 

accelerometers are fully compatible with robotics as well as prosthetics.  
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The accelerometers were later encapsulated by Kapton® superstrate in vacuum environment. 

Kapton® is a polyimide film which possesses similar glass transition temperature and thermal expansion 

coefficient to that of the underlying substrate PI5878G. The thickness of the superstrate was optimized to 

place the intermediate accelerometer on a plane of zero stress. The Kapton® films were pre-etched before 

bonding to the device wafer, thus avoiding spin-coating a photoresist layer at high rpm and possibly 

damaging the already released micro-accelerometers in the device wafer. The packaged accelerometers 

were characterized in the same way the open accelerometers were characterized on both flat and curved 

surfaces. After encapsulation, the sensitivity of the largest accelerometer on a flat and a curved surface 

with 2.0 cm radius were obtained to be 195 fF/g and 174 fF/f, respectively. All three accelerometers 

demonstrated outstanding noise performance after vacuum packaging with an SNR of 100:1. Further 

analysis showed that the contribution from the readout circuitry is the most dominant noise component 

followed by the Brownian noise of the accelerometers. The developed stresses in different layers of the 

accelerometers upon bending the substrates were analyzed. The stresses in all cases were below the yield 

strength of the respective layer materials.    

      AlN cantilevers as tactile sensors were also fabricated and characterized on a flexible 

substrate. Ti was utilized as the bottom and the top electrode for its smaller lattice mismatch to AlN 

compared to Pt and Al. The piezoelectric layer of AlN was annealed after sputtering which resulted in 

excellent crystalline orientation. The XRD peak corresponding to AlN (002) plane was obtained at 36.54º. 

The fabricated AlN cantilevers were capable of sensing pressures from 100 kPa to 850 kPa which 

includes soft touching of human index finger and grasping of an object. The sensitivities of the cantilevers 

were between 1.90 × 10-4 V/kPa and 2.04 × 10-4 V/kPa. The stresses inside the AlN and Ti layer, 

developed upon full bending, were below the yield strength of the respective layer materials.  
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𝑚 Mass of the proof mass (kg) 

𝑃𝑎 Ambient pressure (Pa) 

𝑝 Damping fluid pressure (Pa) 

𝑄 Relative flow rate coefficient of damping fluid 

𝑅𝑒 Reynold’s number 

𝑅𝑜𝑢𝑡 SR560 source resistance (Ω) 

𝑆𝑐𝑎𝑝 Calculated accelerometer sensitivity (fF/g) 

𝑆𝑚𝑒𝑎𝑠 Measured accelerometer sensitivity (fF/g) 

𝑆𝑝 Mechanical strain in 𝑝-direction 



xxii 
 

𝑠𝑝𝑞
𝐸  

Mechanical compliance for stress in 𝑝- direction and strain in 𝑞- direction at 

constant electric field 𝐸 (m2/N) 

𝑡 Time (s) 

𝑡𝑠 Spring thickness (µm) 

𝑡𝑠𝑎𝑐 Sacrificial layer thickness (µm) 

𝑇 Temperature (K) 

𝑇𝑔 Glass transition temperature (K) 

𝑇𝑔(𝑏𝑢𝑙𝑘) Bulk glass transition temperature (K) 

𝑇𝑞 Mechanical stress in 𝑞-direction (Pa) 

𝑣 Damping fluid velocity (m/s2) 

𝑣𝑥 x-component of damping fluid velocity (m/s2) 

𝑣𝑦 y-component of damping fluid velocity (m/s2) 

𝑣𝑧 z-component of damping fluid velocity (m/s2) 

𝑉 Applied voltage between plates (V) 

𝑉2𝑃25 Reference test point for MS3110 circuit (V) 

𝑣𝑛 Total noise voltage (V) 

𝑣𝐵𝑟 Brownian noise voltage (V) 

𝑣𝑀𝑆3110 MS3110 readout circuit noise voltage (V) 

𝑉𝑜𝑢𝑡 Output voltage from the accelerometer (V) 

𝑉𝑝𝑖 Pull-in voltage of the accelerometer (V) 

𝑉𝑟𝑒𝑓 Reference voltage of the readout circuit (V) 

𝑣𝑆𝑅560 SR560 amplifier noise voltage (V) 

𝑤 Width of spring (m) 

𝑤𝑑 Extended fluid width considering border effect (m) 
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𝑤𝑑0 Fluid width without considering border effect (m) 

𝑤𝑝𝑚 Width of proof-mass (m) 

𝑤𝑡 Width of spring at truss region (m) 

𝑥 General displacement of the proof mass (m) 

𝑧 Displacement of the proof mass along z-direction (m) 

휀0 Permittivity of vacuum (F/m) 

휀𝑎𝑖𝑟 Permittivity of air (F/m) 

휀𝑟 Relative permittivity of the dielectric material (F/m) 

휀𝑖𝑘
𝑇  

Dielectric constant for dielectric displacement in 𝑖-direction and electric field in 𝑘- 

direction under constant stress 𝑇 (F/m) 

µ Viscosity of the damping medium (µPa•s) 

𝜈 Poisson’s ratio 

휁 Damping ratio 

𝜌 Density of damping fluid (kg/m3) 

𝜎𝑝 Viscous slip coefficient 

𝜔0 Resonant frequency of the device (rad/s) 

𝜔𝑐 Cut-off frequency of parallel plate system (rad/s) 

𝜆 Empirical parameter of measuring 𝑇𝑔 

𝜆𝑚 Mean free path of the damping fluid (m) 

𝛿 Empirical parameter of measuring 𝑇𝑔 

𝛿𝑒𝑓𝑓 Effective decay distance (m) 

𝛻 Differential operator 
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Chapter 1 

Introduction 

1.1 Overview of flexible MEMS technology 

 Micro-Electro-Mechanical System (MEMS) is an enabling technology for new discoveries in 

various arenas including inertial sensing [1], biomedicine [2] and electronic displays [3]. This technology 

has empowered us to miniaturize devices and commercialize those on a large scale. In the field of 

wearable technology, there was a revolutionary impact with the widespread applications of the flexible 

MEMS devices. The endless applications vary from simple aid in health fitness to complex medical 

surgery [4].  

 For devices to be wearable, they need to be bendable and stretchable. Devices can be attached 

conformally if the substrate, on which the device is fabricated, is flexible. Traditional devices fabricated 

on rigid Si substrates are not capable of providing flexibility and therefore, not suitable for applications in 

wearable assistive technology. MEMS inertial sensors have dominated the market for years replacing 

conventional sensors. Sensors, specifically accelerometers, have been deployed in earthquake detection 

[5], smartphones [6] and airbag deployment systems in cars [7]. The recent trend of fabricating the 

devices on a foldable substrate [8] facilitates the development of Smart Skin- an array of flexible sensing 

devices that can measure motion, temperature and pressure. These sensors are being used in research to be 

a part of robotics and prosthetic limbs [8]. 

 Developing bendable and stretchable substrates has been a great challenge to the researchers.  

Polyimides are popular choices for a flexible substrate material. Figure 1-1 shows flexible Ag 

microelectrodes [9] formed on a polyimide substrate which facilitates the bending of the electrodes.  

During the fabrication process, the temperature limit set by the flexible substrate makes it difficult to 

fabricate subsequent layers that may require a high temperature process. Bendability also introduces 

additional stress which should be limited below the yield strength of the respective materials. In spite of 
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Figure 1-1 Flexible and stretchable Ag microelectrodes. From [9]. Reprinted with permission from AAAS. 

 

all these constraints, many reports have demonstrated successful development and testing of flexible and 

stretchable MEMS devices [10]. Further research is needed towards the integration of flexible substrates 

with CMOS and MEMS devices. 

1.1.1 Performance of flexible MEMS materials 

 Besides being flexible, the sensors should fulfill several requirements including stretchability 

[11], durability [12], low weight [13] and biocompatibility [14]. These flexible sensors include pressure 

sensors [15], temperature sensors [16], strain sensors [17] and electronic skin (e-skin) [18]. Several works 

[19] [20] on nanomaterials coupled with flexible polyimides were reported where nanomaterial works as 

the sensing element due to its excellent electrical, mechanical, chemical and optical properties while the 

polyimide provides flexible support with outstanding stretchability and durability.  

 Stretchability-the ability to be extended in any direction was exploited in several works. One of 

the strategies followed by many researchers was to engineer novel structures instead of developing new 

materials because of the difficulties to fabricate stretchable electronics [21]. Ultra-thin Si structures offer 

stretchability as well as excellent absorption of the applied strain [22]. Fabrication of devices on 

stretchable material was proposed in several works [21] [23]. The second approach of developing 

stretchable materials paved the path towards the invention of several nanomaterial-based composites. 

Some of the examples of stretchable materials include polymer composites and very thin metal film on 

polymer substrate [24]. Highly stretchable electrodes were reported in [21] which are connected to carbon 
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Figure 1-2 (a) Stretched PDMS substrate holding an array of organic transistors interconnected by elastic 

conductors and (b) curvilinear configuration. From [25]. Reprinted with permission from AAAS. 

nano tube (CNT) films and assembled on bandages and clothing. Figure 1-2 demonstrates the 

stretchability of transistors fabricated on polydimethylsiloxane (PDMS) [25]. Conductive rubber paste 

[26] [27] was used at the connection of electrodes and CNT film to minimize any mechanical failure. 

Stretchability of materials was reported to be improved by incorporating nanomaterials in polymer 

composites. Nanocomposite of silver nanowire and PDMS demonstrated 70% of stretchability [19]. Other 

works on stretchable nanocomposites combined CNT and ecoflex [28] [29], ZnO nano wire and PDMS 

[30], graphene and rubber [31] and platinum and PDMS [32]. 

 Linearity between the output performance parameter (for example change in capacitance for 

capacitive-type sensors or resistance for resistive-type sensors) and the input strain is another important 

parameter for a flexible material which was reported to have an inverse relationship with stretchability 

[33] [34] [35]. When the microstructure of the flexible material changes its morphology from 

homogeneous to nonhomogeneous, non-linearity arises [36]. For example, inhomogeneous microcrack 

generation and propagation can result in highly nonlinear response in strain sensors [37]. The 

combination of linear performance and morphologically intactness under stretching cannot be achieved 

through thin film structure [36].  

 The flexible film should possess dynamic durability-the capability to maintain good mechanical 

integrity and stable electrical functionality under long term stretch and release cycles. Durability is more 

critical when the flexible device is mounted on human skin where the material undergoes several cycles 

of stretching and releasing. Fatigue can cause the degradation of performance due to lack of durability 
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Figure 1-3 (a) CNTs–PDMS composite capacitive-type sensors showing high linear response during stretching 

and releasing. Reprinted with permission from [40]. Copyright (2013) Nature Publishing Group and (b) 

hysteresis from AuNWs–latex rubber composite resistive-type strain sensor. Reprinted with permission from 

[41]. Copyright 2015, John Wiley and Sons. 

[38] [19]. Hysteresis may also arise due to continuous stretching and releasing cycles. Because of the 

disturbance in mechanical morphology, thin films will develop different viscoelastic nature [19] [39] 

which changes their performance. Capacitive strain sensors [40] were reported to have excellent 

hysteresis performance compared to resistive type sensors [41] as shown in Figure 1-3. This difference in 

performance is attributed to the fact that in resistive type sensors, the sensing mechanism is highly 

affected by the change in conductance of the thin-film whereas in capacitive types, only the overlap 

between the electrodes plays a role in sensing. Conductance is not involved. For flexible films, study of 

overshoot-the natural phenomenon of instant stress relaxation by mechanical distortion at the end of a 

stretching cycle-was also reported [40] [42] [43]. During the overshoot, the instant mechanical change at 

molecular level will not affect the dielectric permittivity, making capacitive sensors to be less sensitive to 

overshoot, whereas any small change in molecular formation will give rise to higher change in 

conductivity in resistive type sensors [36]. 

1.1.2 Strategies to achieve flexibility 

 Researchers have worked over decades to achieve flexibility of the film materials. Two 

mainstream strategies were followed, utilizing inherent flexible and stretchable property of certain 

materials and developing new structures that will minimize the induced stress upon application of external 

force.    
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1.1.2.1 Intrinsic flexibility 

   Intrinsic flexibility is desired where coplanar devices are required. Materials having intrinsic flexibility 

can also provide full area coverage when the active layer and the electrodes are fabricated with it. 

Traditional active layer of light emitting diode (LED) utilizes brittle active layer which was replaced by 

liquid-like electrochemical layer and electrodes made from polymer composite in [44] and demonstrated 

45% stretchability without performance degradation. Intrinsic flexibility and stretchability of CNT was 

reported in [45] where both electrode and active materials were composed of CNT and PDMS as the 

dielectric layer. Transistor electrodes and active layers made from graphene were reported to have 

consistent performance when elongated up to 5%. One major challenge for all these intrinsically flexible 

and stretchable materials is to develop a proper encapsulant without degradation in performance [46]. 

1.1.2.2 Geometry 

 Chronological development of electronic devices shows the use of inorganic semiconductors and 

metals. These intrinsically brittle materials have excellent performance over the inherently flexible 

materials [10] discussed before. However, inelastic materials can provide flexibility when appropriate 

geometrical design is incorporated. Thin layer of inelastic Au can be stretched up to 100% when attached 

to a flexible and elastic polymer layer [47] [24] shown in Figure 1-4. Flexibility and stretchability can be 

enhanced by roughening the polymer surface [48] since it hinders the propagation of micro cracks in the 

 

Figure 1-4 Stretchable interconnects on elastic polymer surface. Reprinted with permission from  

 [24] © [2005] IEEE 
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metal layer and retains the conductive path. Even conductive polymers can be more flexible and 

stretchable when attached to an elastic substrate. Films of poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate) known by PEDOT:PSS was reported to maintain conductivity when stretched far 

beyond its fracture limit [49]. Another method to form a stretchable material is to deposit thin film of 

polymer on a pre-strained substrate and form a wrinkled layer upon relaxation [50]. This sinusoidal wavy 

structure allows stretching to the pre-strain limit without inducing any significant strain to the active 

layer. Electrodes buckled with alumina (Al2O3) were reported by Chae et al [51]. ZnO transistors offer 

greater flexibility and stretchability when buckled with a pre-strained substrate [52].   

 Establishing rigid islands surrounded by flexible polymer interconnects also offer flexibility and 

stretchability. Functional flexible skin-like transistor islands were formed by S. P Lacour et al. where the 

islands were fabricated on an elastomeric substrate [53]. Same strategy was followed to form transistor 

islands on a PDMS substrate [53]. 

1.2 Sensor transduction methods 

 The mechanical input of a MEMS sensor needs to be converted to an electrical output in order to 

measure the input magnitude. Various transduction methods of a MEMS sensor are described in this 

section. 

1.2.1 Capacitive 

 Capacitive sensing has been established in MEMS devices and reported in numerous works [54] 

[55]. Both vertical and horizontal movement of the electrodes of a capacitive structure can be deployed 

for MEMS sensing mechanism. Vertical movement is commonly utilized to measure normal force 

whereas shear force can be quantified by the lateral movement. Capacitive sensors have several 

advantages including simple governing equation, simplified design and analysis, high strain sensitivity 

and low power consumption [56]. However, this sensing mechanism requires complex readout circuit 

[57]. MEMS capacitive sensor using air as a dielectric between electrodes is quite common [58]. 

Nevertheless other dielectrics like PDMS sandwiched between two layers of PEDOT:PSS was used to 
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form flexible transparent capacitive sensors [59]. Chapter 2 will provide a detail on capacitive 

transduction.    

1.2.2 Piezoresistive 

 Piezoresistive sensors transduce any change in mechanical deformation into change in resistance 

and vice versa. A disturbance in the crystal lattice because of the deformation leads to a change in the 

band structure of the piezo resistive material and consequently the resistivity changes. Piezoresistive 

polymer composites are attractive because of their simple integration with device and low cost [10]. 

Electrical properties of conductive composites vary largely with temperature and show large hysteresis 

between stress and strain [60]. To eliminate this hysteresis, increasing the concentration of the composite 

has been proposed [61] which can lead to a stable performance independent of temperature. Polysilicon is 

advantageous over others as a piezoresistive material because of its high gauge factor, simplicity in 

deposition and reduced hysteresis compared to metal strain gauges [62].   

1.2.3 Piezoelectric 

   Piezoelectric materials have the capability to generate charges under the application of external 

force. The force changes the separation between dipoles leading to a build-up of charges on the 

electrodes. This capability to convert mechanical input to electrical charges is measured by the 

piezoelectric constant. Lead zirconate titanate (PZT), aluminum nitride (AlN) and zinc oxide (ZnO) are 

the most commonly used piezoelectric materials for MEMS sensors. Chapter 3 provides more detail on 

piezoelectric theory and materials. 

1.3 Applications of flexible sensors 

1.3.1 Prosthetics and robotics 

 Flexible sensors have widespread biomedical applications [63]. Particularly in robotics and 

prosthetics, flexible electronics have provided a platform to integrate external contacts while the device is 

mounted on the robotic or prosthetic limbs. These sensors can offer additional motion sensing that can 
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Figure 1-5 Flexible and bendable accelerometer on a human fingertip [8]  

improve human-robot interactions. The wearer of the prosthetic components can be given feedback for 

precise motion control based on the sensitivity of the device. Today’s robots in the industry can present 

potential harm to humans [64] and therefore they are confined inside a safety boundary. For enhanced 

interaction with their surroundings, robots need to possess precise sensing capability, most importantly 

tactile [65] [66]. A robotic hand, while grasping or manipulating an object, can obtain knowledge on 

surface hardness, friction, force exerted and curvature [67] when tactile feedback system is provided. This 

real-world manipulation of unstructured objects by robots, although not at human-level performance [65], 

is gaining research attraction to make it more enhanced by improving the tactile sensitivity. The learning 

process for the robots about any unknown objects needs tactile sensors to be mounted on its skin and 

skin-mountable sensors must possess the capabilities of being bent and stretched [68]. Figure 1-5 

demonstrates the mounting of a MEMS flexible accelerometer [8] on a human index fingertip. 

 Besides achieving more accuracy and human-level perception for robots in the industry, another 

factor triggered the rapid development of tactile sensing. According to the World Population Prospects 

from the United nations, 13 percent [69] of the world population is aged over 60 years. This large amount 

of population would be in need of assistance which can be in the form of wearable technology and robots 

[70]. Numerous studies [71] [72] [73] have been carried out towards this assistive technology to aid the 
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aging population. Not only in robotics but also in prosthetic limbs, flexible sensors are the core 

components [74] [75] to sense motion, orientation or force.  

1.3.2 Kinesiology 

Kinesiology is another area where flexible sensors have become promising for the study of limbs. 

Mimicking a human walking pattern by a robot [76] or absorbing the ground impact force by a sensor 

integrated foot [77] can be of great interest in this area. Full understanding of the motion of human limbs 

will help to fix many biometric design problems [76]. Various other studies [78] [79] established that the 

integration of sensors with robotics skin requires flexibility and stretchability.  

1.3.3 Sports medicine 

A wide variety of studies has been conducted in sports medicine to improve the athlete’s 

performance [80] [81] [82]. Incorporation of wearable devices in sports can greatly enhance the 

monitoring system of athlete’s movements. When sensors like accelerometers are mounted on the athletic 

clothing or skin, information related to physical loads or impact force can be measured from the response 

of accelerometers [81]. Quality of training can be improved by the addition of flexible sensors directly 

mounted on the body. For example, sensors positioned on a golf club or an athlete’s body can provide 

essential information regarding the player’s quality of movement [83]. Future research is being directed 

towards the improvement of the athletes’ performance by the inclusion of complex sensors on human 

body [81].  

1.3.4 Automobile industry 

Todays’ high-tech automobiles are equipped with state-of-the-art sensor technology that can 

assist drivers for detecting collision, controlling speed and recognizing traffic signs [84]. MEMS 

accelerometers are an essential part inside the airbag deployment system of vehicles. Flexible sensors 

were reported to be effective for strain measurement [85] when mounted on automobile tire.  
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1.4 Dissertation layout 

The dissertation is divided into eight chapters. The first Chapter provides a brief introduction to 

flexible MEMS technology and applications of flexible sensors in various arenas of our lives. Numerous 

benefits of using flexible sensors in robotics, prosthetics as well as in automobiles are presented here. 

The second Chapter provides a short narrative for the theory of a MEMS capacitive 

accelerometer. The mass-spring-damper system of the accelerometer is discussed. Design aspects 

including spring constant and damping are presented qualitatively. A brief overview of the state-of-the-art 

MEMS capacitive accelerometers is also outlined here. 

Chapter 3 probes into the theory behind the piezoelectric effects of different materials. The 

significance of AlN and comparison among the piezoelectric materials are presented here. A brief 

literature review on piezoelectric cantilevers is also included.  

Chapter 4 describes the flexible substrate technology and the suitable materials for flexibility. A 

chronological review of the research work on flexible substrates is presented. Parameters like glass 

transition temperature and coefficient of thermal expansion (CTE) are considered for choosing the 

appropriate material for the substrate and the superstrate. 

Chapter 5 presents the design, fabrication and characterization process for flexible z-axis 

capacitive MEMS accelerometers. The Chapter starts with the design requirements followed by the 

process flow, indicating the steps required for the fabrication of suspended MEMS accelerometers. Next, 

three accelerometers of different geometry are proposed according to the design requirements and their 

full specifications are provided. Simulation results from CoventorWare® are presented in the next section. 

Simulated sensitivities for all three accelerometers are tabulated and compared. This section is followed 

by the spring constant and modal analyses showing the comparative study among the accelerometers. The 

bending of the accelerometers along with the stress level at different layers are analyzed and compared to 

yield strength. The pull-in analysis is also shown from the simulations. Next a detailed step-by-step 

fabrication process incorporating double UV-LIGA (Ultra Violet-Lithografie, Galvanoformung, 

Abformung) is explained. Characterization setup and the responses from accelerometers are presented in 
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the following section where the accelerometer is mounted on a flat surface as well as a curved surface. 

Noise analysis showing the contribution of noise from different sources is quantitatively presented. 

Lastly, the pull-in analysis considering the hogging of the central proof-mass is described which provides 

a good match of pull-in voltage with the simulated results.   

The sixth Chapter describes the state-of-the-art flexible packaging technology and a detailed 

encapsulation process using a Kapton® superstrate with pre-etched bond pad locations. Backside 

alignment is the most crucial part of the packaging which is thoroughly described. The same 

characterization setup described in Chapter 5 is utilized here for the encapsulated accelerometers. A full 

comparative study of the fabricated accelerometers before and after encapsulation on both a flat and a 

curved surface is presented here. 

Chapter 7 describes the design, fabrication and characterization of AlN cantilevers on a flexible 

substrate. Simulation results of AlN cantilevers under different pressure are presented. It is followed by 

the fabrication steps and characterization. 

Chapter 8 summarizes the dissertation and provides insight for future work. It is followed by an 

Appendix section for the mask layouts and the simulation settings.  

1.5 Summary 

Flexible MEMS technology has gained widespread market acceptance in recent years. Their 

application in robotics and prosthetics has revolutionized the industry. The current trend of flexible 

electronics technology points to revenue of 300 billion USD in 2028 [86]. Millions of MEMS sensors are 

being purchased by the automotive industry each year. An increase in wearable sensor shipment to 

worldwide market is expected to reach 466 million up from 67 million in 2013 [87]. The capability of 

these electronics to enable new products requiring flexibility has a large effect not only on inertial sensing 

but also on biosensors [88], displays [89], photodetectors [90], hybrid CMOS sensors [91], digital x-ray 

sensors [92], temperature sensors [93] and gas sensors [94]. 
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Figure 2-1 Mass-spring-damper system. 
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Chapter 2 

MEMS accelerometer 

2.1 MEMS accelerometer types 

MEMS accelerometer is an integral part of modern smartphones and automobiles [95]. Today’s 

MEMS accelerometers offer integrated readout circuitry and self-test capability with a lower cost than 

conventional accelerometers [96]. The cost of a MEMS accelerometer has dropped to 10% or less 

compared to the cheapest conventional commercial accelerometer [97]. Accelerometers operate on 

different mechanisms depending on their type. The underlying physical mechanism of an accelerometer 

can be capacitive [98], piezoelectric [99], piezoresistive [100], electromagnetic [101], ferroelectric [102], 

optical [103] or tunneling [104]. Among these types, the most successful one is of capacitive type because 

of its simplicity of fabrication, low cost, good stability over temperature and lack of requirement for 

exotic materials [105]. In this Chapter, the theory and mechanisms for MEMS capacitive accelerometers 

are discussed.             

2.2 Theory  

Accelerometers can be modeled by a suspended proof-mass connected to a rigid platform via a 

spring and damping system as shown in Figure 2-1. Suspended MEMS devices are connected to the 
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substrate by the anchors and anchors are connected to the proof-mass by the spring. The stiffness of the 

spring depends on the material as well as the geometry. The damping effect causes reduction in the 

amplitude of an oscillating system which in turn can adversely affect the sensitivity of the system. 

The dynamic behavior for the mass-spring-damper system is governed by Newton’s second law 

of motion as shown in Eq. (2-1).  

 𝑚
𝑑2𝑥

𝑑𝑡2 + 𝑏
𝑑𝑥

𝑑𝑡
+ 𝑘𝑥 = 𝐹𝑒𝑥𝑡 = −𝑚𝑎  (2-1) 

where, 𝑚 = mass, 𝑏 = damping coefficient, 𝑘 = spring constant, 𝑎 = acceleration on mass and 𝑥 = 

displacement of the mass. In Figure 2-1, 𝑦 = displacement of the frame. If the displacement of the proof-

mass is 𝑧 with respect to the frame inside which the accelerometer is contained, we can write 𝑧 = 𝑦 − 𝑥. 

For vertical z-axis displacement, 𝑎 is also substituted by 𝑔 where 𝑔 is gravitational acceleration. 

Laplace transform is taken to obtain the transfer function 𝐻(𝑠): 

 
𝐻(𝑠) = −

1

𝑠2 +
𝑏
𝑚 𝑠 +

𝑘
𝑚

 (2-2) 

 

Typically, accelerometers are operated much below the resonant frequency (𝜔0). At those 

frequencies 𝐻(𝑠) = 𝐻(0) = − 𝑚 𝑘⁄  and finally we get, 

 
𝑔(𝑡) = −

𝑘

𝑚
𝑧(𝑡) 

(2-3) 

 The relation between the resonant frequency 𝜔0 and the spring constant 𝑘 is [106] 

 

𝜔0 = √
𝑘

𝑚
 (2-4) 

Therefore, we can write 

 
𝑧(𝑡) = −

𝑔(𝑡)

𝜔0
2

 (2-5) 
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Figure 2-2 Spring connected to the proof-mass. 

 

This indicates the tradeoff between bandwidth and sensitivity [107]. Higher capacitance results in 

higher sensitivity for the capacitive accelerometer. Capacitance 𝐶 between the two parallel plates is given 

by: 

 
𝐶 =

휀0휀𝑟𝐴𝑝𝑙𝑎𝑡𝑒

𝑑
 (2-6) 

where, 𝐴𝑝𝑙𝑎𝑡𝑒 = area of each plate of a parallel plate capacitor,  

𝑑 = gap between the parallel plates of a capacitor,  

휀0 = vacuum permittivity and 

휀𝑟 = relative permittivity of the dielectric material. 

For a z-axis accelerometer, the change of distance between the proof-mass and the bottom 

electrode will give rise to the change in capacitance and that change will later be converted to measurable 

electrical signal by the interface circuit.  

2.2.1 Spring constant 

The proof-mass of the accelerometer is supported by folded beams or springs. The spring 

constant of the folded beam spring depends upon the geometry of the beam. The oscillation amplitude of 

the proof mass in turn depends on the spring constant. Higher value of spring constant leads to stiffer 

structure which can possibly reduce the mechanical movement of the proof mass. The mechanical 

restoring force is the spring constant times the displacement of the proof-mass.  

W. Wai-Chi et al. [108] have developed an expression for the spring constant calculation 

considering stiffness due to bending moment and shear from each segment of the spring. The whole 
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spring was divided into three parts and the deflection of these three parts was studied individually as 

depicted in Figure 2-2.  

The spring stiffness can be expressed as [108]  

 1

𝑘
=

1

𝐸𝑡𝑠
(

𝐿3

2𝑤3
+

3(1 + 𝜈)𝐿

5𝑤
+

𝐿𝑡

4𝑤𝑡
−

3𝐿𝐿𝑡
2

4𝑤𝑡
3
) (2-7) 

where, 𝐸 = Young’s modulus 

𝑡𝑠 = thickness of the spring 

𝜈 = Poisson’s ratio  

𝑤 = width of the spring, 𝑤𝑡 = width of the spring at truss region as shown in Figure 2-2 

𝐿 = length of the spring, 𝐿𝑡 = length of the spring at truss region as shown in Figure 2-2 

Chae et al. [109] proposed a slightly different equation as shown below 

 
𝑘 ≈

24𝐸

𝐿3 (
𝑡𝑠𝑤

3

12
) (2-8) 

where, 𝑡, 𝑤 and 𝐿 are the thickness, width and length of the spring respectively. Eq. (2-8) is basically a 

simplified version of Eq. (2-7) approximating that only bending moment works on the spring whereas 

Wai-Chi et al. [108] considered the deflection of the spring due to the bending moment along with the 

shear reaction force. The first term in Eq. (2-7) is the contribution of the bending moment towards the 

spring stiffness and other terms are neglected by Chae et al. [109] 

In this dissertation, the total displacement of the proof-mass was simulated under different 

accelerations while fixing the anchors. The total force including the electrostatic force was plotted against 

displacement to obtain the slope which gives the value of spring constant. The simulated values are then 

compared with the literature values.  

2.2.2 Damping force 

Damping force works as an opposing force to the mechanical displacement of the proof-mass. For 

accelerometers, the vibration energy from the system can be lost because of the interaction of the device 
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Figure 2-3 Relative motion between plates causing slide film damping  

 

with air. Dissipation of energy can occur in two ways. Either slide film air damping or squeeze film air 

damping or both can be the reason of damping depending on the accelerometer structure [110]. 

2.2.2.1 Slide film damping 

When two parallel plates are in relative tangential motion, the fluid in between these plates exerts 

a force opposing this motion. The force that is exerted by the fluid depends on the velocity gradient 

between the plates, viscosity of the fluid and the area of the moving structure. 

Let us consider a parallel plate oscillating in x-direction as shown in Figure 2-3. The Navier-

Stokes equation governs the fluid flow and relates several parameters including pressure, density, 

viscosity and velocity which is given by [111]: 

 
𝜌

𝜕�⃗�

𝜕𝑡
+ 𝜌�⃗�. 𝛻�⃗� = 𝐹𝑣

⃗⃗⃗⃗ + 𝜇𝛻2�⃗� − 𝛻𝑃𝑎 (2-9) 

where, 𝜌 = fluid density, 𝑣 = fluid velocity in three dimensions = 𝑣𝑥𝑖̂ + 𝑣𝑦𝑗̂ + 𝑣𝑧�̂�, 𝐹𝑣 =viscous force, 𝑃𝑎= 

ambient pressure and 𝜇 = fluid viscosity. If the moving plate of Figure 2-3 moves only in x-direction, Eq. 

(2-9) can be simplified to [112]:  

 𝜕𝑣𝑥

𝜕𝑡
+ 𝑣𝑥

𝜕𝑣𝑥

𝜕𝑥
=

𝜇

𝜌

𝜕2𝑣𝑥

𝜕𝑧2
 (2-10) 

 Solution to the Navier-Stokes equation leads to a definition of effective decay distance (𝛿𝑒𝑓𝑓) 

which is the distance along z-direction (Figure 2-3) for which the velocity decays from the moving plate 
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by a factor of 𝑒 = 2.718. Effective decay distance is given by Eq. (2-11): 

 𝛿𝑒𝑓𝑓 = √2𝜇 𝜌𝜔⁄  (2-11) 

where, 𝜔 =operating frequency of the system. Two models were proposed for describing the fluid 

dynamics, depending on the effective decay distance and the oscillation frequency. Without any transient 

consideration, the fluid dynamics can be modeled by Couette flow which has a linear velocity profile 

under the condition that the oscillation frequency is low so that 𝛿𝑒𝑓𝑓 ≪ 𝑑. The flow pattern of the fluid 

around the plate is called Couette flow. In this model, velocity gradient at the moving plate in zero and 

therefore, there is no damping on the top plate and the dissipated energy due to damping occurs only at 

the bottom. However, the Couette model is not applicable when the gap is comparable to or bigger 

than 𝛿𝑒𝑓𝑓. 

 Stokes flow describes the fluid motion when the gap between the moving and the fixed plates is 

large and the oscillating frequency is high. In this model, the viscous force dominates over the inertial 

force. Reynold’s number is the criteria to measure the ratio between the inertial force to the viscous force. 

Reynold’s number is given by [62]  

 
𝑅𝑒 =

𝜌𝑣𝐿𝑐

µ
 (2-12) 

where, 𝐿𝑐 = travelled length of the fluid. When Reynold’s number is bigger than 1, i.e. inertial force 

dominates over viscous force, the flow of the fluid is turbulent. On the other hand, when the viscous force 

is dominant, the flow is laminar.  

2.2.2.2 Squeeze film damping 

Squeeze film damping is the main source of energy dissipation in parallel-plate structures 

oscillating vertically. When two plates come close to each other, the air in between them gets squeezed 

and the pressure created there causes the air flow to move out of the gap. Thus, the squeeze film acts as a 

damper to the system as shown in Figure 2-4. 
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Figure 2-4 Squeeze film damping between two parallel plate. 

 

With the assumptions of isothermal condition (no temperature gradient along the fluid thickness), 

uniform fluid thickness and negligible inertial force compared to viscous force, the Navier-Stokes 

equation and continuity equation can be simplified to compressible-fluid Reynold’s equation [113] [114]: 

 𝛿

𝛿𝑥
(
𝑑3𝜌

µ

𝛿𝑝

𝛿𝑥
) +

𝛿

𝛿𝑦
(
𝑑3𝜌

µ

𝛿𝑝

𝛿𝑦
) = 12

𝛿(𝜌𝑑)

𝛿𝑡
 (2-13) 

For structures where the gap between the parallel plates changes in time, Eq. (2-13) can be further 

reduced to [115] [116] 

 𝑑3𝑄

12µ
(
𝛿𝛥𝑝

𝛿𝑥2
+ 

𝛿𝛥𝑝

𝛿𝑦2
) =

𝑑

𝑃𝑎

𝛿𝛥𝑝

𝛿𝑡
+

𝛿𝑑

𝛿𝑡
 (2-14) 

where, 𝑄 = relative flow rate of the fluid. 𝑄 is formulated in [115]: 

 𝑄 = 1 + 9.638(𝐾𝑛)1.159 (2-15) 

where, 𝐾𝑛 = Knudsen number which relates the mean free path of the fluid (𝜆𝑚) and gap between the 

parallel plates (𝑑) as shown below:   

 
𝐾𝑛 =

𝜆𝑚

𝑑
 

(2-16) 

𝐾𝑛 < 0.001 defines the continuum flow regime and the flow rate coefficient becomes 1. Knudsen 
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number is a measure of fluid rarefaction effect which is included in the Reynold’s equation.  

The resonant frequency of an oscillating system is discussed before. There is also a cutoff 

frequency for the parallel plate system which is defined as the frequency at which the fluid’s spring force 

is equal to the damping force. This is given by [117]   

 
𝜔𝑐 =

𝜋2𝑑2𝑃𝑎

12µ
(

1

𝑤𝑝𝑚
2
+

1

𝑙𝑝𝑚
2) (2-17) 

where, 𝑃𝑎  = the ambient pressure and 𝑤𝑝𝑚 = width of the proof-mass and 𝑙𝑝𝑚 = length of the proof-mass. 

At low frequencies, damping force maintains a linear relationship with the velocity of the moving 

plate and the film acts as a pure damper but as the frequencies increases, the relationship turns out to be 

non-linear and at very high frequencies, the fluid acts as a spring [117]. At a specific frequency, this 

spring force counterbalances the viscous force of the fluid. This frequency is the cut-off frequency of the 

oscillating system and squeeze number is used to define it. Squeeze number is the ratio between the 

spring force due to fluid compressibility and the viscous force of the fluid and at cut-off frequency, these 

two forces become equal. Low value of squeeze number indicates incompressible fluid. Results from W. 

E. Langlois [118] showed that fluids with squeeze number smaller than 0.2 show essentially 

incompressible behavior. On the other extreme when the squeeze number is large, the fluid’s performance 

is similar to an air spring. The operating frequency of a system is lower than the resonant frequency and 

the resonant frequency is again much lower than the cut-off frequency. In this case, the system is under-

damped and the squeeze action is slow so that the fluid has enough time to leak. The damping ratio is a 

measurement of decaying of oscillation in a system after a disturbance. The damping ratio is given by 

[111] 

 
휁 =

𝑏

2𝑚𝜔0
 (2-18) 

where, 휁 = the damping ratio. 
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휁 is a dimensionless quantity. If 휁>1, the system is over damped and if 휁= 1, it is critically 

damped. For an over damped system, it takes longer time to come to rest compared to critically damped 

system. In case of an underdamped system where 휁<1, the system oscillates with an amplitude gradually 

decreasing to zero. To reduce the squeeze film damping effect, the proof-mass is sometimes perforated to 

allow the air escape through the holes instead of the borders which results in increased sensitivity. 

Another effect named border effect has contribution towards damping when the damper width is 

comparable to the fluid gap. The border effect can be included in the damping model by considering the 

surface elongation of a parallel plate configuration and modifying the fluid width [119] as shown below:   

 
𝑤𝑑 = 𝑤𝑑0 + 1.3(1 + 3.3𝜎𝑝𝐾𝑛)𝑑 (2-19) 

where, 𝑤𝑑 = extended fluid width considering border effect, 𝑤𝑑0 = fluid width without border effect,  𝜎𝑝= 

viscous slip coefficient, a measure of interfacial damping. Inertial effect can dominate for large fluid 

thickness and at high frequencies. At frequencies well below the cut-off frequency, the compressibility of 

the gas can be disregarded and the inertial effects can be overlooked [117].   

2.3 State-of-the-art MEMS accelerometers 

Many reports can be found on MEMS accelerometers towards improving linearity [120], cross-

talk sensitivity [121], noise floor [122], reliability [123] and flexibility [124]. One of the challenges in 

realizing flexibility of MEMS accelerometers is that the largest subcomponent, the proof-mass, in the 

sensor is typically fabricated using the device layer of SOI wafers [125] [126], bulk-micromachined 

crystalline Si [127] or a combination there-of [128]. Although these pioneering works demonstrated 

excellent functionalities, metal offers much more flexibility as a proof-mass material. Single-level UV-

LIGA [129] process has been used to fabricate metal proof-mass MEMS accelerometers [130]. Although 

flexibility and high aspect ratios are achieved with a single-step UV-LIGA, this process restricts the 

springs and the proof-mass to be the same thickness, thus greatly limiting the design parameters and the 

performance. 
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Figure 2-5 Cross section of accelerometer fabricated on flexible substrate and encapsulated by flexible superstrate 

 

Multi-layer electroplated accelerometers have shown a higher sensitivity because of the increased 

displacement of the proof-mass under same amount of acceleration compared to their single layer 

counterparts on both rigid [131] [132] and flexible substrates [98]. The latter [98] demonstrated an 

increase in sensitivity for approximately the same size of the device [130] using double UV-LIGA. 

EFABTM (Electrochemical Fabrication) technology [133] is capable of achieving highly complex 3D 

structures with “Instant Masking”TM [134]. One of the intermediate processes involves a planarization 

step after blanket-deposition of each material. This abrasive process provides less control on vertical 

accuracy [135] and requires additional tools. There is no requirement for a blanket deposition or a 

planarization step in the fabrication process of the accelerometers described in this dissertation. It utilizes 

a precisely controlled electroplating technology to achieve more accurate vertical dimensions. 

To achieve complete bendability, accelerometers are required to be packaged with a flexible 

superstrate. Epitaxial Si layer was deployed as the superstrate for accelerometers fabricated on a rigid Si 

substrate [136]. A full Si wafer with cavities was also reported in [137] [138] as a superstrate. The 

encapsulation process described in those works involve patterning and etching of rigid Si with Bosch 

DRIE process, which necessitates several cycles to etch in the Si. Spin-coated polyimide film on a 

flexible superstrate with cavities achieved by dry etching [131] or drilling by laser [139] poses potential 

risk of damaging the underlying device. In this dissertation, the Kapton® sheet was used as a superstrate 
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as shown in Figure 2-5, which was pre-etched before thermo-compressive bonding to the flexible device 

wafer, thus eliminating possible damaging steps. Polyimides were also reported as the underlying 

substrate and top superstrate [140] [141] to embed ultra-thin dies. Although Al2O3 has been used as a 

packaging material [142], because of its low flexibility, it limits the bending capability of the devices. 

Chapter 4 will provide details on the state-of-the-art flexible substrate materials.   

Highly sensitive MEMS accelerometers fabricated on rigid Si substrate were reported in several 

works. Micromachined accelerometers described by C. P. Hsu et al. [143] have a proof-mass size of 5 

mm × 5 mm and demonstrated a sensitivity of 42.5 fF/g, utilizing a gap closing structure for capacitive 

sensing. G. Langfelder et al. [144] showed a sensitivity of 6 fF/g for a proof-mass area of 450 µm × 600 

µm of a differential fringe-field MEMS accelerometer fabricated on a rigid Si substrate. The 

accelerometers designed and fabricated in this dissertation demonstrated a sensitivity of 195 fF/g for the 

largest area of proof-mass and bendability down to 2.5 cm ROC. Multi-level LIGA in conjunction with 

new low temperature processing techniques employing several different polyimides allowed us to realize 

a flexible MEMS accelerometer with high sensitivity and low noise (SNR better than 100:1). Preliminary 

findings on this work have been presented in [98]. Later work [124] significantly expanded on what has 

been reported in terms of device designs, time-domain response characterization, analyses of hysteresis 

and noise. In addition, linearity and variation of sensor response from device to device are also reported 

here. The bendability of the accelerometers makes an important distinction from the previous works and 

significantly widens the application area including robotics, prosthetics and sports medicine.  

2.4 Summary 

This chapter provides a brief introduction to the design parameters of MEMS accelerometer 

including spring constant and damping force. Spring constant can be designed by selecting optimized 

values of thickness, width and length. Damping force limits the motion of the proof-mass of an 

accelerometer. Techniques like perforated proof-mass is very effective in minimizing the damping force 

[98]. However, the damping can be further reduced when the devices are vacuum packaged. To enable the 
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accelerometers to bend, flexible substrate has been used. Polyimides are attractive candidates to introduce 

bendability not only to the underlying substrate but also to the superstrate and make the whole device 

fully compatible with a curved surface.  
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Chapter 3 

Piezoelectric effect 

3.1 Piezoelectric effect 

Some materials have the capability to generate electricity when they encounter mechanical 

deformation. This phenomenon is called piezoelectric effect. The deformation on the material produces 

stress inside the crystal lattice leading to a separation of charge. Higher the deformation, higher the stress 

and more current is generated. The piezoelectric effect also works well in the opposite way i.e. the 

material gets deformed when electric current is applied. Therefore, piezoelectric materials can be 

deployed as a sensor as well as an actuator. Although the piezoelectricity was discovered over hundred 

years ago [145], its applications exist in many stages of our lives. It is used in electronic clocks, gas 

ovens, inkjet printers, and many other appliances. The automotive and the aerospace industry requires 

high temperature piezoelectric material [146] which can be fulfilled by the inherent property several 

piezoelectric materials. Scientific instruments, like microscopes [147] and nano-positioning systems [148] 

which require extremely precise movements also utilize the piezoelectric effect. 

3.2 What causes piezoelectricity? 

The overall electric field consisting of all the randomly arranged dipoles inside a piezoelectric 

material is zero. An applied electric field aligns all the dipoles in the same direction and after the removal 

of the electric field, the dipoles maintain the alignment. When this material is compressed, the internal 

charge distribution gets imbalanced. Some dipoles come close together whereas others go far apart. This 

imbalance disturbs the neutrality and there is a net separation of charge. This gives rise to a net positive 

charge at one end and a net negative charge at the other end. In case of stretching, the polarity changes the 

direction. There is also inverse piezoelectric effect which works in exactly the opposite way. When an 

electric field is applied, the dipoles encounter an electric field and they need to move to rebalance 

themselves. This movement of the dipoles causes the material to deform. The opposite voltage will 
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Figure 3-1 Directions of polarization of piezoelectric material 
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deform the material in the other direction whereas, an AC signal will continuously vibrate the material at 

the frequency of the signal.    

Piezoelectric materials are characterized by several constants that measure the capability of 

generating charge or deformation of the materials. The most important constant is the piezoelectric 

coefficient which is usually denoted by 𝑑𝑖𝑗 where, the first subscript represents the direction of the 

applied electric field or the direction of the aligned dipoles and the second subscript represents the 

direction of the mechanical stress or strain. For example, there are piezoelectric coefficients such 

as 𝑑33 and 𝑑31. The polarization directions are shown in Figure 3-1. Usually the direction of polarization 

is made to coincide with z-axis.  Here, 𝑑33 represents induced polarization in direction 3 per unit applied 

stress in direction 3 and 𝑑31 represents induced polarization in direction 3 per unit applied stress in 

direction 1. In most cases, 𝑑33 is the parameter used for a comparison among piezoelectric materials 

[149]. Besides this piezoelectric coefficient, there are mechanical stress, strain, compliance, permittivity, 

electric field and electromechanical coupling factor which are also of interest in the study of 

piezoelectricity. 

The development of internal electric field upon strain or the experiencing of strain upon the 

application of electric field can be in any direction. Therefore, depending on the material, the electric field 

in one direction can give rise to mechanical strain in any direction. The governing equations relating the 
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mechanical and electrical quantities are generally represented with tensors. Considering the tensors, the 

governing equations are:   

 𝐷𝑖 = 𝑑𝑖𝑞𝑇𝑞 + 휀𝑖𝑘
𝑇 𝐸𝑘 (3-1) 

 𝑆𝑝 = 𝑠𝑝𝑞
𝐸 𝑇𝑞 + 𝑑𝑝𝑘𝐸𝑘 (3-2) 

where, 𝐷𝑖 = electric displacement in 𝑖-direction, 𝐸𝑘 = electric field in 𝑘-direction, 𝑇𝑞= mechanical stress 

in 𝑞-direction,  𝑆𝑝 = mechanical strain in 𝑝-direction, 𝑠𝑝𝑞
𝐸 = mechanical compliance tensor, 휀𝑖𝑘

𝑇 = dielectric 

constant tensor and 𝑑𝑝𝑘= piezoelectric coefficient tensor. These expressions essentially describe the 

relationship between mechanical and electrical behaviors of the piezoelectric material. Eq. (3-1) shows 

that part of the electric field applied to the material is converted into mechanical stress. Correspondingly, 

Eq. (3-2) expresses the conversion of mechanical strain into electrical field. In the absence of any electric 

field, Eq. (3-2) becomes Hooke’s law which relates the stress and strain of the material. Likewise, when 

the mechanical part is missing in Eq. (3-1), it essentially describes the material’s electric behavior. The x, 

y and z-directions of a piezoelectric system are generally denoted by subscripts 1, 2 and 3 whereas, the 

shear ones are represented by subscripts 4, 5 and 6. Using these directions, Eqs. (3-1) and (3-2) can be re-

written in a matrix form as: 
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 In general, the crystal system of the piezoelectric material defines the tensors described above. 

For AlN which has a hexagonal structure, the above equations become [150] 

Another important parameter used is the electromechanical coupling coefficient (𝑘𝑖𝑗) of the 

material which measures the conversion efficiency between electrical and mechanical energy. The first 

subscript denotes the direction in which the electric field is developed or applied and the second subscript 

denotes the direction in which the mechanical energy is developed or applied. For direct piezoelectric 

effect, 

and for inverse piezoelectric effect, the inverse is taken to calculate the electromechanical coupling factor. 

When both stress and electric field are along direction 3 (parallel to the direction in which the material is 

polarized), the electromechanical coupling factor is given by [151] 

3.3 State-of-the-art piezoelectric materials 

Although piezoelectric effect has been widely utilized in our lives, there are very few materials 

that exhibit excellent piezoelectric effect. Due to weak piezoelectric effect of many materials, those are 
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𝑘𝑖𝑗
2 =

𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦

𝐼𝑛𝑝𝑢𝑡 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦
 (3-7) 

𝑘33
2 =

𝑑33
2

휀33
𝑇 𝑠33

𝐸  (3-8) 
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not suitable for many applications. On the other hand, having a high piezoelectric coefficient does not 

necessarily make it compatible with existing CMOS processing technology. The most investigated 

piezoelectric materials to date are lead zirconium titanate (PZT) [152], lithium niobate (LiNbO3) [153], 

zinc oxide (ZnO) [154] and aluminum nitride (AlN) [155] [156]. 

AlN film has been rather less investigated than PZT and ZnO films because of its smaller 

piezoelectric constant. It is generally known that piezoelectric materials with a higher Curie temperature 

(temperature at or above which materials lose their magnetic property due to the collapse of dipole 

alignment) possess a lower piezoelectric coefficient [157]. The Curie temperature and piezoelectric 

coefficient of PZT, which is widely used in many electronic devices, are 250 ○C and 410 pC/N [157]. 

There is a recent movement towards the elimination of lead in piezoelectrics in response to environmental 

and safety concerns [158] and therefore PZT is facing diminishing interest in the field of piezoelectrics 

[159]. AlN has a Curie temperature > 2000 ○C [160] and piezoelectric coefficient of 5.5 pC/N [157]. It is 

difficult to achieve a good balance between high Curie temperature and large piezoelectricity in a 

material, and no effective piezoelectric materials with these characteristics have yet been found [157]. 

Very few piezoelectric materials have been tested at high temperatures. The problems associated with the 

high temperatures are phase transition, decomposition, aging and dielectric loss [161]. The very high 

Curie temperature of AlN makes it a very attractive piezoelectric material for CMOS processing. A 

comparison of Curie temperature and problems related to high temperature process among some 

piezoelectric materials are shown in Table 3-1. Other features like electrical resistivity and mechanical 

quality are equally important as temperature compatibility. Quartz has a very high electrical resistivity 

(>1017 Ω-cm) at room temperature [146]. It also possesses high temperature stability and good mechanical 

quality factor, an indicator of the material’s ability to retain energy through oscillatory phenomena. All 

these qualities of quartz cannot override its low piezoelectric coefficient and high mechanical loss, which 

is inverse of mechanical quality factor, at temperature above 450 ○C. GaPO4 is another piezoelectric 

material that exhibits comparable properties like good piezoelectric coefficient and high electrical 
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resistivity. However, at temperatures above 700 ○C, the structural hardness deteriorates. Another option 

for high temperature applications is Langasite (lanthanum gallium silicate) which has a very high melting 

point of 1470 ○C [146]. Nevertheless, its low electrical resistivity at elevated temperatures limit its 

applications [162]. Yttrium calcium oxoborate (YCOB) has also gained attention as a promising candidate 

for high temperature applications. It has demonstrated stable piezoelectric property and high electrical 

resistivity (> 2 ×108 Ω-cm) at 800 ○C [162] [163]. 

Table 3-1 Curie temperature and limitations comparison among piezoelectric materials 

Piezoelectric 

material 

Curie temperature (○C) Limitations at high temperature 

ZnO                       250 Conductance drops with temperature [164] 

PZT                   < 400 
Degradation in electromechanical and piezoelectric 

properties [165] 

Quartz                      450 
Low piezoelectric coefficient and high losses at high 

temperature [146] 

LiNbO3                      1150 Resistivity falls above 600 ○C [146] 

AlN     > 2000 Diffusion of oxygen, cracking [160] 

 

Most of the piezoelectric materials are made of nitrides and oxides of metals and act like inert 

materials. The crystallinity of the deposited material is vital since it defines the amount of 

piezoelectricity. The crystallinity, in turns, is a strong function of the deposition temperature or the 

annealing temperature [166]. The deposition temperature ranges from 200 ○C to 800 ○C [167]. Contact 

piezoelectric transducers require acoustic coupling between the sensing and testing element and at 

elevated temperatures (>400 ○C), the coupling fluids evaporate [168]. Therefore, a very compliant 

coupling fluid is hardly achievable to meet those conditions. Until now, the number of piezoelectric 

materials that can be utilized at high processing temperatures and simultaneously maintain excellent 

mechanical quality factor has been limited.  
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A good stoichiometry and morphology are required for good piezoelectric properties. This can be 

achieved by effective control of nucleation and the crystallization process. Several deposition techniques 

for piezoelectric materials have been developed. Deposition of AlN by a DC sputtering process [169], 

ZnO by RF magnetron sputtering [170] and PZT by hydrothermal deposition [171] have shown excellent 

piezoelectric property. 

3.4 Significance of AlN 

AlN has been widely considered as a high temperature piezoelectric material with a maximum 

operating temperature of 1150 ○C [157]. AlN can be directly deposited onto components and thus, the 

establishment of acoustic coupling between components at high temperature can be realized [168]. US air 

force conducted an experiment where extreme high temperature condition (1100 ○C) was applied [172] 

for transmission and reception of ultrasound by AlN at the high pressure of 150 MPa. AlN also showed 

good thermal, mechanical and physical stability at temperature up to 1000 ○C [146]. Properties such as 

temperature independence of electromechanical properties and electrical resistivity of 1011 to 1013 Ω-cm 

[146] have made AlN a very promising candidate for high temperature operations [173] [174]. Other 

exceptional characteristics of AlN include low thermal resistivity (2.85 Wcm-1K-1) and small CTE (4.5 x 

10-6 /○C) [175].  

Besides the competition among piezoelectric materials for high temperature applications, AlN has 

also an upper hand over another popular opponent ZnO in terms of resistivity. AlN is a wide bandgap 

material (6.2 eV) [176] at room temperature whereas ZnO has a bandgap of 3.3 eV [177]. Therefore, ZnO 

holds an inherent risk of smaller resistivity. For sensors and actuators operating at frequencies lower than 

10 kHz, this low resistivity gives rise to high dielectric loss [178]. For its high piezoelectric coefficient, 

ZnO is better suited for bulk acoustic wave (BAW) generation whereas AlN is well suited for deflection 

sensors. On the other hand, PZT has a much higher piezoelectric coefficient than both AlN and ZnO. 
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Because of its lead content, smaller electric field generation and most importantly incompatibility with 

high temperature processes, it is not a promising candidate like AlN.      

AlN has been widely used as piezoelectric material for thin film bulk acoustics wave resonators 

[179] [180]. Several works reported the use of AlN as piezoelectric material in fingerprint detectors [181], 

microphones [182] and vibrational energy harvester [183]. Its compatibility with CMOS manufacturing 

makes it a superior contender although AlN has low piezoelectric coefficient. Recent trend of making 

alloy to enhance the piezoelectric property of AlN while maintaining its compatibility with CMOS 

foundry has shown promises. Particularly Scandium (Sc) alloying with AlN has been reported [184] 

[185]. 

3.5 Summary 

This chapter has provided a brief introduction to piezoelectric effect and materials. In general, 

piezoelectric materials with higher piezoelectric coefficients are preferred. Out of many materials, AlN 

has greater flexibility over other piezoelectric materials like ZnO, PZT, quartz and LiNbO3. Despite its 

lower piezoelectric coefficient, the capability of being processed at high temperature manufacturing 

processes has made AlN a more promising candidate as a piezoelectric material. Other properties of AlN 

such as high thermal conductivity and small CTE are also attractive. Today’s sensor and actuator industry 

requires high temperature materials for automotive and aerospace and AlN is one of the very few 

materials that have the capability to meet that demand.  
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Figure 4-1 Silicon islands formed on a flexible membrane. Reprinted from [187]. Copyright (2000) with 

permission from Elsevier. 

Chapter 4 

Flexible substrate and superstrate 

4.1 Flexible polyimides 

The key part of a flexible device is the substrate on which it is fabricated since this layer defines 

the extent of flexibility and the device performance. Choosing the right material is, therefore, very crucial 

to maintain device conformality to a curved surface. The trend of fabricating flexible devices got 

redefined over time. The first attempt to form devices on a flexible substrate was reported in by Barth et 

al. [186]. Si islands containing conventional ICs were fabricated on top of a polyimide flexible substrate. 

However, the devices suffered failure during squeezing and folding tests. Initially, the technique to form 

the flexible area was to form the Si islands first and after formation of the ICs, the islands were cut from 

the Si wafer and thus only a foldable membrane was obtained afterwards. An enhanced technique was 

mentioned by Jiang et al. [187]. The backside of (100) Si was selectively etched by tetramethyl 

ammonium hydroxide (TMAH).  Four layers of Al and polyimide were the formed as shown in Figure 4-
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Figure 4-2 PMMA used as release layer and dissolved in solvent for final release. From [188]. Reprinted with 

permission from AAAS. 

1. Si was then etched at the edges of the islands by reactive ion etching. Finally, after depositing a thick 

polyimide layer at the backside, the islands were carefully cut off from the Si wafer. This technology was 

first utilized to fabricate sheer-stress sensor array. This process requires the rigid Si islands to be totally 

covered by the polyimide. Since Si is not intrinsically flexible and stretchable, it will also limit the 

flexible coverage area. 

Kim et al. [188] have shown a process where ICs can be fabricated on a thin polyimide substrate 

on top of a release layer. Polymethyl methacrylate (PMMA) was used as a release layer and subsequently 

dissolved by acetone when releasing as illustrated in Figure 4-2. Cao et al. [189] also mentioned a process 

which has the limitation of solubility and low glass transition temperature. Polyamic acid was applied in 

between the carrier wafer and the polyurethane polyimide substrate. A photoresist was employed by Kim 

and Najafi [190] to bond parylene based polyimide with the Si wafer. Later the wafer was dissolved in 

acetone after making an opening at the edge. A paper based flexible substrate was fabricated by Siegel et 

al. [191] but it showed fatigue when bent repeatedly. When a device on a flexible substrate is packaged, 

the superstrate may cause additional stress due to the mismatch of coefficient of thermal expansion 

(CTE). An attempt to balance the CTE between the substrate and the superstrate was reported by 

Christiaens et al. [142]. Later ashing was utilized in several works [192] [62] to form suspended 
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structures. After complete ashing, the die is cut off from the carrier wafer and the wafer can be reused 

again for another process.  

4.2 Requirements for polyimides 

Polyimides have been used as a flexible substrate in several works which are described in Chapter 

1. They offer intrinsic flexibility as well as many desirable mechanical, electrical and chemical properties 

including excellent mechanical strength, small dielectric constant and chemical inertness [193]. 

Applicability in integrated circuit electronics require high temperature processing in addition to 

outstanding mechanical and electrical stability and polyimide is the best fit there. Because of their 

exceptional mechanical stability and high strength to weight ratio, polyimides are replacing metals [194] 

for structural applications. Some of the desired properties of polyimides are discussed in this section. 

▪ High glass transition temperature (𝑻𝒈) 

Glass transition temperature of a polyimide is that temperature where the polyimide transitions 

from a solid glassy state to a viscous liquid state. Regardless of the technological development of 

numerous new glassy materials, 𝑇𝑔 itself is not very well understood [195]. 𝑇𝑔 is different from the 

melting point of a polyimide. Melting only occurs in the crystalline structure and above the melting point 

that crystal-like structure collapses whereas glass transition happens to an amorphous polyimide even 

 

Figure 4-3 (a) Melting temperature of a crystalline polymer and (b) glass transition temperature of an 

amorphous polymer. Redrawn with permission from Polymer Science Learning Center 

(http://pslc.ws/macrog/tg.htm)   
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though they are solid and glassy. Above 𝑇𝑔, the polyimide becomes more pliable rubbery and has a higher 

heat capacity. Figure 4-3 shows the difference between melting point and 𝑇𝑔. The heat capacity of an 

amorphous polymer increases beyond its glass transition temperature [196] indicated by the increase in 

slope in Figure 4-3(b) after 𝑇𝑔. Lower 𝑇𝑔 indicates that its polymer chains can move more effortlessly 

than that one having a higher 𝑇𝑔. This temperature is very critical for MEMS fabrication since it limits the 

highest processing temperature of the device. Therefore, polyimides having a high 𝑇𝑔 are very attractive 

for MEMS processing. 

The relation between 𝑇𝑔 and the film thickness was reported by J. A. Forest et al [195]. An 

empirical equation relating these two parameters was proposed as shown in Eq. (4-1)  

 𝑇𝑔(ℎ) = 𝑇𝑔(𝑏𝑢𝑙𝑘)[1 − (𝜆 ℎ⁄ )𝛿] (4-1) 

where,  𝑇𝑔(𝑏𝑢𝑙𝑘)= bulk glass transition temperature, ℎ = film thickness, 𝜆 = 32 Ao and 𝛿 = 1.8. The 

reduction of 𝑇𝑔 with the decrease of film thickness was also reported by J. K. Keddie et al. [197]. They 

suggested the presence of a liquid like layer on the polymer surface which expands more for thinner films 

as 𝑇𝑔 is approached. The exact opposite behavior was reported in [198] where 𝑇𝑔 of PMMA was 

investigated on a Si substrate with native oxide on it. It was observed that with the decrease of PMMA 

thickness, 𝑇𝑔 increases slightly. It was speculated that the hydrogen bonding at the interface restricts the 

polymer chain mobility and as a result, 𝑇𝑔 increases. 

The fabrication process described in this work does not need any solvent to release the flexible 

substrate. Instead it utilizes a low bond-strength release layer PI2611 which has a high glass transition 

temperature. Another polyimide PI5878G is used to form the substrate on top of the release layer. The 

glass transition temperatures of the material of few flexible substrates are shown in Table 4-1. Because of 

its high glass transition temperature, PI5878G is an excellent choice for a bendable substrate. 

Temperature sensors were formed on PI5878G and were reported [199] to work without any loss of 
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performance. In this work, the release layer (PI2611) was cured at 350 ○C which set the maximum 

processing temperature. 

Table 4-1 Glass transition temperature for different substrate materials 

Substrate materials Glass transition temperature (○C) 

PI5878G [200]  > 400 

PI2611[201] 360 

PMMA [202] < 106 

Polyurethane [203] < 65 

Parylene [204] < 90 

Kapton® [205] 360 - 410 

 

▪ High tensile strength  

Tensile strength is a measurement of mechanical firmness. The tensile strength of polyimides can 

be increased by proper incorporation of nanomaterials. Combination of graphene with polyimide can 

significantly enhance the polyimide toughness [206]. There is an increasing demand for polyimides with 

increased strength in microelectronics, aerospace and fuel industries [206]. Over the last few years, 

several developments in the polyimide strength were reported by incorporation of organic and inorganic 

materials including TiO2 [207], Al2O3 [208], graphene oxide [209], boron nitride (BN) [210] and SiO2 

[211]. Polyimide composite films have a tensile strength of 134 MPa [206] while Kapton® has a tensile 

strength up to 234 MPa [205]. High tensile strength of polyimides leads to higher resistance to fatigue and 

cracking under stress [212]. 

▪ Low thermal expansion coefficient 

The most effective strategy to minimize the stress on polyimides is to reduce the CTE mismatch 

[213]. Polyimides are often in total contact with other fabrication layers like Si or Si3N4. Low CTE value 

indicates smaller mechanical stretching with temperature increase and results in less induced stress. When 

polyimide is formed on rigid Si, it will experience stress depending on the CTE mismatch. CTE of Si is 

2.6 ppm/○C and Young’s modulus is 180 GPa [214]. To reduce any additional stress on the flexible 

substrate, the substrate material should have similar CTE value. Therefore, there are limited options for 
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the substrate material. After the fabrication of the device, when the substrate is gently peeled off from the 

Si wafer, any stress remaining in the substrate will cause curvature. Therefore, stress management is 

essential when dealing with the flexible substrate.  The CTE of Si is close to that of PI2611 release layer 

as shown in Table 4-2. Therefore, it will induce very little stress during curing. The very low values of 

CTE of the substrate PI5878G and superstrate HD4110 will have insignificant effect on device stress. 

Young’s Modulus is important for stress management. To keep the device on a plane of minimal stress, 

the engineering of the substrate as well as the superstrate is required. It is discussed in Chapter 6. 

Table 4-2 Young’s modulus and coefficient of thermal expansion (CTE) of the material of different substrates 

 Young’s modulus (GPa) CTE (ppm/○C) 

Si [214] 163-188 2.6 

PI2611 [201] 8.5 3 

PI5878G [200] 2.3 20 

HD4110 [215] 3.4 35 

Kapton® [216] [205] 4 20 

 

▪ Very low outgassing in vacuum 

Polyimides have relatively higher outgassing rate at elevated temperature [217]. Despite this fact, 

they have been widely used as insulating, spacer and sealing materials [218]. A comparative study on the 

outgassing behavior of several polyimides including Kapton®, Vespel®, Meldin®, polyetheretherketone 

(PEEK) and polybenzimidazole (PBI) was reported in [217]. Kapton® demonstrated outgassing rate of 1.3 

× 10-8 Pa m3s-1m-2 whereas others outgassed between 1.1 × 10-3 Pa m3s-1m-2 and 4.0 × 10-8 Pa m3s-1m-2. 

Lower outgassing rate has made Kapton® an excellent candidate for MEMS processing.  

▪ Usability at cold temperatures 

Aerospace and aviation industry requires materials to be usable at ultra-low temperatures. Silver 

nanowire (AgNW) and polyimide composites demonstrated applicability down to -150 ○C [219] whereas 

Kapton® has been used successfully in applications at temperatures down to -269 ○C [205]. 
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▪ Application dependent thermal conductivity 

Polyimides generally possess low thermal conductivity which is useful for most of the 

microelectronic applications. However, some applications require heat dissipation through the polyimides 

which demands high thermal conductivity of the polyimides [220]. Polyimides usually have thermal 

conductivity in the order of 0.1 Wm-1K-1. For example, Kapton® has thermal conductivity value of 0.12 

Wm-1K-1 [205]. Polyimides with lower thermal conductivity can possibly over-heat the electronics. A 

variety of nanomaterials including Al2O3 [221], SiC [222], SiO2 [223] and Si3N4 [224] were introduced 

inside polyimides to increase their thermal conductivity. Polyimides with SiC nanowires were reported in 

[220] having their thermal conductivity increased to 0.577 Wm-1K-1. 

▪ Chemical inertness  

Chemical resistance is required for those polyimides which are deployed as substrates in many 

electronics and MEMS process because they need to encounter several solvents for subsequent processing 

steps. In general, polyimides are inert to alcohols and acids. There is no known chemical solvent for 

Kapton® [205].  

▪ Other properties 

For wider range of applications, polyimides which are inflammable and highly resistive to 

radiation, are very attractive. Polyimides like Kapton® are widely used in high radiation environments 

where flexible insulating material is required [225]. Other desired properties include insensitivity to 

humidity, temperature and extended thermal aging.  

 Figure 4-4 illustrates the cross-section of an accelerometer fabricated during this dissertation 

work. The device is formed on a flexible substrate PI5878G and encapsulated by Kapton® superstrate. 

The sealing polyimide chosen is HD4110 since its Young’s modulus and CTE values are close to those of 

PI5878G substrate and Kapton® superstrate. No solvent is required in the process to suspend the device 
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Figure 4-4 Illustration of an accelerometer on flexible substrate encapsulated by Kapton® superstrate. 

since the process utilizes oxygen plasma ashing. Complete bendability is assured as the device lies in 

between a flexible substrate and a superstrate. 

4.3 Summary 

The chapter has introduced the state-of-the-art polyimides for flexible substrates as well as 

flexible superstrates. Polyimide is unquestionably the best choice among all other materials for 

bendability. Among several polyimides, certain factors such as 𝑇𝑔, CTE, tensile strength, outgassing, 

ultra-low temperature performance, chemical resistance and thermal conductivity are considered to obtain 

the best possible option. For minimal stress at the substrate, CTE value close to Si was desired for our 

fabrication. Commercially available Kapton® sheets were suitable for the superstrate considering all the 

required properties. The work in this dissertation utilizes PI5878G polyimide as a flexible substrate and 

Kapton® as a superstrate. 
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Chapter 5 

MEMS capacitive accelerometers on a polyimide substrate 

5.1 Introduction 

Sensors fabricated on flexible substrates have shown a lot of promise due to their ability to bend 

and conform to non-planar surface. Rigid surface limits the applications of sensors. The major challenge 

lies in the formation of the flexible substrate without any loss of performance. Previous fabrication 

processes for flexible substrates suffered problems like low glass transition temperature [204] and 

releasing sacrificial layer in solvents like acetone, isopropyl alcohol (IPA) and methanol [226]. 

Application of low adhesion strength release layer has removed the requirement of the solvent. Stress 

management is also vital in maintaining the functionality of the device.  Various research is now oriented 

towards the achievement of better device performance as well as retaining stability and reliability. In near 

future, the flexible sensor technology is expected to deeply penetrate into different applications including 

automotive, consumer electronics, defense, energy and healthcare. 

5.2 Design  

5.2.1 Requirements 

A typical capacitive accelerometer consists a proof mass, springs, electrodes and connection 

pads. For a vertical gap-closing type, the bottom electrode lies underneath the suspended proof mass. This 

gap is formed by a sacrificial layer which is removed at the end of the fabrication. The springs connect the 

proof mass to the substrate with the anchors. One bond pad is connected with the proof mass and the other 

one is coupled with the bottom electrode. The proof mass along with the springs is suspended on the 

substrate.   

The capacitance between the proof mass and the bottom electrode is similar to two parallel plate 

capacitors. As the proof mass moves closer to the bottom electrode, the capacitance increases and vice 

versa. Without any external acceleration, only gravity works and the capacitance between these two parts 

under this condition is called the rest capacitance.   
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The spring constant 𝑘 defines the stiffness of the springs. In equilibrium, the weight of the proof 

mass is balanced by the mechanical restoring force of the spring as shown in Eq. (2-3). Here, the damping 

force is ignored and it is assumed that the device operates much below the resonant frequency.  

This relation shows that if the mass of the proof mass 𝑚 is large and the value of the spring 

constant is small, the displacement must be high and therefore it will result in high sensitivity. Eq. (2-5) 

expresses the tradeoff between the sensitivity and the bandwidth. Higher displacement and higher 

sensitivity result in smaller resonant frequency and the bandwidth becomes limited. The target resonant 

frequency of the accelerometer is 1 kHz to provide a wide range of low frequency applications in 

robotics, prosthetics, sports medicine and automotive air bag deployment system. For a vibrating system, 

the resonant frequency 𝜔0 is given by Eq. (2-4). The target spring constant value was set to be 2 N/m. 

This value of the mechanical spring constant is smaller when compared to the accelerometer having 

dimensions of 650 µm × 650 µm × 3 µm which was reported in [62] to have spring constant of 7.9 N/m. 

The gap between the proof mass and the bottom electrode was set to 7 µm. Devices with smaller gap will 

not sustain under high acceleration due to the collapse of the moving plate. On the other hand, larger gap 

reduces the sensitivity. This is an optimized value chosen for the best performance of the device. The 

smallest radius of curvature of human thumb is 3.5 cm whereas it is 1.0 cm for index finger [227]. The 

accelerometers should be capable of being bent down to that level if they are to be mounted on robotic or 

prosthetic extremities. Once these parameters are set, one can start the design of the springs and proof 

mass. 

5.2.2 Process flow 

CoventorWare® software was used to design and simulate the z-axis accelerometer. For all the 

simulations, a common process flow was used as shown in Figure 5-1. It starts with a 50 µm thick 

polyimide substrate which is used as the flexible substrate. Next, there is a 0.5 µm of Si3N4 deposition on 

top of the polyimide. Following the Si3N4, there is a 0.5 µm thick sputtered and patterned layer of Al to 

serve as a bottom electrode. Each layer of patterning requires a mask as named in the “Mask Name” 
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Figure 5-1 Process flow in CoventorWare® for fabrication of flexible accelerometers  

column. Another layer of 0.5 µm thick Al is deposited and patterned after forming the bottom electrodes.   

This step utilizes bond pad mask which makes the bond pad locations thicker (1 µm). Then a sacrificial 

layer (7 µm) is deposited and patterned with negative a photoresist to open the anchor areas. The anchor 

area is the connecting region between the substrate and the springs.  

Afterwards Au seed layer (0.1 µm) is deposited and on top of that mold photoresist is patterned to 

open the Ni electroplating areas. Two layers of Ni are plated on top of Au. These layers have a thickness 

of 3 µm and 5 µm, respectively. Final steps are to remove the mold resist, etch the Au and ash the 

sacrificial layer to suspend the proof mass. The whole fabrication process flow can be shown sequentially 

below 

▪ Flexible substrate and insulation layer deposition 

▪ Sacrificial layer deposition 

▪ Seed layer formation 

▪ Mold resist deposition 

▪ Electroplating proof mass and 

▪ Ashing sacrificial layer 
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Figure 5-3 Layout of a capacitive MEMS accelerometer 

 

Figure 5-2 Thickness of the proof mass and the spring 

5.2.3 Accelerometer geometry 

A MEMS accelerometer has several performance parameters. The most important ones are spring 

constant, resonant frequency, sensitivity, stress and radius of curvature for bending. These parameters 

must be optimized to achieve the desired performance. As discussed before, there are tradeoffs among 

these parameters. 

To increase the displacement of the proof mass 𝑧 as well as the sensitivity, the mass 𝑚 can be 

increased as shown in Eq. (2-3) since spring stiffness 𝑘 is independent of the proof mass and it depends 
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Figure 5-4 Proof mass and anchor dimensions of an accelerometer and (b) perforation and pitch size on the 

accelerometer 

  

 

 

only on the geometry of the springs. One way of increasing the mass is to increase the area of the proof 

mass but increased area will limit the bending capability. In this current work, the proof mass was 

designed to be thicker than the springs as shown in Figure 5-2. Here, the spring and proof mass 

thicknesses are 3 µm and 8 µm, respectively. With this thicker proof mass, the device will have increased 

displacement as well as sensitivity and it will not limit the resonant frequency. 

A full layout of a MEMS capacitive accelerometer is shown in Figure 5-3 with different parts 

labeled. The springs are connected with the anchors. The accelerometers will be suspended everywhere 

except the anchor locations. Anchor dimension of an accelerometer compared to the whole device is 

shown in Figure 5-4(a). The proof mass is perforated to facilitate the releasing process of the proof mass. 

The pitch of the holes of each of the devices is 40 µm with the hole size of 16 µm × 16 µm as shown in 

Figure 5-4(b). Therefore, the distance from one hole to another is 24 µm. During the last step of 

fabrication, ashing is required to remove the sacrificial layer. The farthest distance for O2 to ash the 

polyimide is half the distance between the holes i.e. 12 µm. This is achievable with the available tool 

Deiner asher. 

The design of the accelerometer spring is one of the most vital parts of the whole design. The 

design criteria include the capability of holding the heavier central proof mass as well as providing 

(a) (b) 
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sufficient displacement for the proof mass to achieve high sensitivity. The lengths and widths of the 

springs were optimized for all three different sizes of accelerometers named as A640, A720 and A960.  

Geometry and other details of A640, A720 and A960 are given below. 

1. Accelerometer A640 specifications: 

a. Proof mass length × width = 640 µm × 640 µm 

b. Spring length, 𝐿 = 335 µm on smaller side and 595 µm on longer side 

c. Spring width, 𝑤 = 20 µm 

c. Spring thickness, 𝑡𝑠 = 3 µm  

d. Proof mass thickness = 8 µm 

e. Proof mass hole dimensions = 16 µm × 16 µm 

f. Hole pitch = 40 µm 

g. Number of holes = 256 

h. Anchor size = 120 µm × 120 µm 

i. Sacrificial layer thickness, 𝑡𝑠𝑎𝑐 = 7 µm 

2. Accelerometer A720 specifications: 

a. Proof mass dimensions = 720 µm × 720 µm 

b. Spring length, 𝐿 = 335 µm on smaller side and 635 µm on longer side 

c. Spring width, 𝑤 = 20 µm 

d. Spring thickness, 𝑡𝑠 = 3 µm  

e. Proof mass thickness = 8 µm 

f. Proof mass hole dimensions = 16 µm × 16 µm  

g. Hole pitch = 40 µm 

h. Number of holes = 324 

i. Anchor size = 120 µm × 120 µm 

j. Sacrificial layer thickness, 𝑡𝑠𝑎𝑐 = 7 µm 
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3. Accelerometer A960 specifications: 

a. Proof mass dimensions = 960 µm × 960 µm 

b. Spring length, 𝐿 = 335 µm on smaller side and 715 µm on longer side 

c. Spring width, 𝑤 = 20 µm 

d. Spring thickness, 𝑡𝑠 = 3 µm  

e. Proof mass thickness = 8 µm 

f. Proof mass hole dimensions = 16 µm × 16 µm 

g. Hole pitch = 40 µm 

h. Number of holes = 576 

i. Anchor size = 200 µm × 200 µm 

j. Sacrificial layer thickness, 𝑡𝑠𝑎𝑐 = 7 µm 

5.3 Performance simulations 

The simulation results of A640, A720 and A960 devices are presented below. 

5.3.1 Sensitivity 

A640 has a proof mass size of 640 µm × 640 µm and it is the smallest device among the three. 

The convergence analysis was done to achieve maximum accuracy. Since acceleration is applied 

vertically on the proof mass, it is required to confirm that sufficient number of segments is there vertically 

both in the proof mass and in the spring since acceleration will be applied vertically and these two parts 

will move in vertical direction. Finite element method (FEM) requires sufficiently refined mesh to 

accurately model any device. In all cases, extruded brick meshing scheme was used to refine the mesh to 

reduce the element size consistently in the area where the springs interface with the proof mass. As seen 

from Figure 5-2, the mesh size is reduced at the interface between the proof mass and the spring. 

Elements get smaller as the mesh is refined. It helps to capture the motion more accurately. Extruded 
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Figure 5- 5 Change in capacitance vs. acceleration for device (a) A640. (b) A720 and (c) A960 for both simulation 

and calculation. 

brick meshing automatically reduces the element size wherever it finds any interface. This is not 

achievable with other meshing schemes such as manhattan or triangular brick meshing.  
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Table 5-2 Simulated sensitivity of A720 

Acceleration 
Displacement 

(µm) 

Simulated 

capacitance (pF) 

Simulated ∆C 

(pF) 

Simulated 

∆C/C0 

Simulated 

sensitivity 

(fF/g) 

1g 1.39×10-01 6.89×10-01 ---- ----  

1g + 1g 2.78×10-01 7.01×10-01 1.25×10-02 1.81% 12.52 

1g + 2g 4.17×10-01 7.14×10-01 2.55×10-02 3.71% 12.76 

1g + 5g 8.33×10-01 7.56×10-01 6.76×10-02 9.82% 13.53 

1g + 10g 1.52×1000 8.39×10-01 1.50×10-01 21.81% 15.02 

 

Table 5-3 Simulated sensitivity of A960 

Acceleration 
Displacement 

(µm) 

Simulated 

capacitance (pF) 

Simulated ∆C 

(pF) 

Simulated 

∆C/C0 

Simulated 

sensitivity 

(fF/g) 

1g 2.21×10-01 1.26×1000 ---- ----  

1g + 1g 3.54×10-01 1.28×1000 1.33×10-02 1.05% 13.32 

1g + 2g 5.53×10-01 1.31×1000 4.63×10-02 3.67% 23.16 

1g + 5g 1.33×1000 1.45×1000 1.84×10-01 14.59% 36.89 

1g + 10g 2.69×1000 1.88×1000 6.15×10-01 48.65% 61.50 

 

Table 5-1 Simulated sensitivity of A640 

Acceleration 
Displacement 

(µm) 

Simulated 

capacitance (pF) 

Simulated ∆C 

(pF) 

Simulated 

∆C/C0 

Simulated 

sensitivity 

(fF/g) 

1g 1.19×10-01 5.46×10-01 ---- ----  

1g + 1g 2.38×10-01 5.54×10-01 8.38×10-03 1.53% 8.38 

1g + 2g 3.56×10-01 5.63×10-01 1.70×10-02 3.11% 8.51 

1g + 5g 7.12×10-01 5.91×10-01 4.47×10-02 8.18% 8.94 

1g + 10g 1.30×1000 6.43×10-01 9.74×10-02 17.84% 9.74 

 

Table 5-1 shows the simulated sensitivity in fF/g for accelerometers A640 which has a proof 

mass size of 640 µm × 640 µm. Up to 10g acceleration was applied on top of 1g during the simulation. 𝐶0 

is the rest capacitance = 0.55 pF and ∆𝐶 is the change in capacitance between the proof mass and the 

bottom electrode. A720 has a proof mass size of 720 µm × 720 µm and it is the medium size device 
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Table 5-4 Calculated sensitivity of A640 

Acceleration 
Displacement 

(µm) 

Calculated 

capacitance (pF) 

Calculated ∆C 

(pF) 

Calculated 

∆C/C0 

Calculated 

sensitivity 

(fF/g) 

1g 1.19×10-01 4.42×10-01 ---- ----  

1g + 1g 2.38×10-01 4.50×10-01 7.78×10-03 1.76% 7.78 

1g + 2g 3.56×10-01 4.59×10-01 1.58×10-02 3.58% 7.92 

1g + 5g 7.12×10-01 4.85×10-01 4.18×10-02 9.44% 8.36 

1g + 10g 1.30×1000 5.35×10-01 9.20×10-02 20.78% 9.20 

 

Table 5-5 Calculated sensitivity of A720 

Acceleration 
Displacement 

(µm) 

Calculated 

capacitance (pF) 

Calculated ∆C 

(pF) 

Calculated 

∆C/C0 

Calculated 

sensitivity 

(fF/g) 

1g 1.39×10-01 5.62×10-01 ---- ----  

1g + 1g 2.78×10-01 5.74×10-01 1.16×10-02 2.07% 11.63 

1g + 2g 4.17×10-01 5.86×10-01 2.37×10-02 4.23% 11.87 

1g + 5g 8.33×10-01 6.25×10-01 6.33×10-02 11.26 % 12.66 

1g + 10g 1.52×1000 7.04×10-01 1.42×10-01 25.27% 14.20 

 

Table 5-6 Calculated sensitivity of A960 

Acceleration 
Displacement 

(µm) 

Calculated 

capacitance (pF) 

Calculated ∆C 

(pF) 

Calculated 

∆C/C0 

Calculated 

sensitivity 

(fF/g) 

1g 2.21×10-01 1.01×1000 ---- ----  

1g + 1g 3.54×10-01 1.03×1000 2.01×10-02 2.00% 20.18 

1g + 2g 5.53×10-01 1.06×1000 5.20×10-02 5.14% 26.00 

1g + 5g 1.33×1000 1.21×1000 1.97×10-01 19.49% 39.41 

1g + 10g 2.69×1000 1.59×1000 5.80×10-01 57.33% 57.97 

 

among the three. Simulated results are shown in Table 5-2. The rest capacitance of A720 is 0.69 pF. A960 

has proof mass size of 960 µm × 960 µm and it is the largest device among the three. Simulated results 

are shown in Table 5-3. The rest capacitance of A960 is 1.26 pF. The calculated values for change in 

capacitance and sensitivity for A640, A720 and A960 are shown in Tables 5.4, 5-5 and 5-6, respectively. 

The normalized change in capacitance for each of the accelerometer vs the applied acceleration is 



50 
 

depicted in Figure 5-5.  The calculated capacitance values are obtained considering a fixed area 𝐴𝑒𝑓𝑓 

(plate area excluding the perforations) for both electrodes using Eq. (2-6). The gaps between the plates 

were calculated by subtracting the displacement of the proof mass from the initial gap of 7 µm. The 

simulated capacitance values obtained from CoventorWare® are higher since the bottom electrode is not 

perforated which results in higher effective area during simulations. Therefore, the normalized simulated 

sensitivity values are lower than the calculated ones in Figure 5-5. At high acceleration, the calculated and 

the simulated values deviate more due to the non-linear behavior of the accelerometers. Non-linearity in 

the case of A960 is higher than the other accelerometers. The trend was well-fitted with a second order 

polynomial, as shown in Table 5-7. The improvement in the capacitive sensitivity due to the quadratic 

dependence of capacitance change on acceleration in Figure 5-5 is a trade-off against its nonlinearity. To 

assess the nonlinearity, first we define capacitive sensitivity 𝑆𝑐𝑎𝑝 as:  

 𝑆𝑐𝑎𝑝 = 𝜕(∆𝐶 𝐶⁄ ) 𝜕𝑎⁄  (5-1) 

 The nonlinearity is quantified as: 

 

 

𝑁𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦 =
𝑆𝑐𝑎𝑝|

𝑎=1𝑔+10𝑔
− 𝑆𝑐𝑎𝑝|

𝑎=1𝑔+1𝑔

𝑆𝑐𝑎𝑝|
𝑎=1𝑔+1𝑔

 

(5-2) 

 

When Eqs. (5-1) and (5-2) are operated on the simulated results in Figure 5-5, it is found that 

A960 delivers ×4.7 sensitivity improvement at 10g compared to 1g applied on top of the gravitational 

acceleration, at the expense of 370% nonlinearity. Both sensitivity improvement and nonlinearity are 

much less for the smaller accelerometers. The results are compiled in Table 5-7. 

Table 5-7 Trade –off Between Nonlinearity and Sensitivity in Simulated Capacitance Change 

 
Quadratic Model for Normalized 

Capacitance Change 
Nonlinearity at 1g+10g 

Sensitivity 

Improvement at 1g+10g 

A960 3.95×10-05a2 + 3.34×10-04a-9.69×10-03 370% ×4.7 

A720 6.31×10-06a2 + 1.46×10-03a-1.17×10-02 65% ×1.7 

A640 4.03×10-06a2 + 1.33×10-03a-1.18×10-02 65% ×1.7 
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Due to the lower spring stiffness and the higher proof-mass associated with A960, higher 

displacement is possible. In the case when this displacement becomes comparable to the spring thickness, 

response becomes significantly nonlinear [228], due to the non-uniform gap between the proof-mass and 

the bottom electrode. Higher deflection improves the sensitivity at the cost of nonlinearity.  

5.3.2 Spring constant 

Spring constant for each accelerometer was calculated from Eq. (2-3). When the proof mass gets 

displaced because of the applied acceleration, some portion of the connected springs also gets displaced 

from the equilibrium position. To take this into account, one-third of the total mass of the four springs 

were also added with the actual proof mass to obtain 𝑚. 

Bias was applied to the capacitive microaccelerometer in CoventorWare® to measure the induced 

charge and therefore, capacitance. This bias also induced an electrostatic force between two parallel 

charged plates which is given by Eq. (5-3) [229] 

 
𝐹𝑒 =

휀𝑎𝑖𝑟𝐴𝑒𝑓𝑓𝑉
2

2𝑑2
 

(5-3) 

where, 휀𝑎𝑖𝑟= permittivity of air, 𝑉= applied voltage between the plates and 𝑑= gap between the plates.  

The total force was calculated by adding the weight of the proof mass (including one-third of the 

spring mass) and 𝐹𝑒. The total force was then plotted against corresponding simulated displacement and 

the spring constant was calculated from the slope of those curves as shown in Figure 5-6. The points 

represent the various amounts of applied accelerations shown in Tables 5-1, 5-2 and 5-3. The spring 

constants thus obtained for A640, A720 and A960 are 2.28 N/m, 2.25 N/m and 2.11 N/m, respectively. 

This implies that the largest accelerometer A960 is less rigid than the other two accelerometers. 

Therefore, upon the application of the same amount of acceleration, A960 will demonstrate the highest 

displacement as well as sensitivity which is evident from Tables 5-1 to 5-6. The largest accelerometer 

A960 is of particular interest in terms of bending and stress at different layers since it showed the smallest 

spring constant and highest sensitivity 
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Table 5-8 Modal frequencies for different accelerometers 

Modes 
Frequency of A640 

(Hz) 

Frequency of A720 

(Hz) 

Frequency of A960 

(Hz) 

1 1.18×1003 9.71×1002 6.17×1002 

2 1.26×1004 1.24×1004 1.19×1004 

3 3.77×1004 3.35×1004 2.69×1004 

4 8.13×1004 6.72×1004 3.78×1004 

5 8.75×1004 7.37×1004 4.35×1004 

6 9.53×1004 8.42×1004 7.05×1004 

 

  

 

Figure 5-6 Total force vs displacement for (a) A460, (b) A720 and (c) A960  
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5.3.3 Resonant frequency 

Modal analyses on all three different accelerometers were carried out to determine different 

(c) 

(a) (b) 
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modes of vibration. The devices were simulated for six different modes. The six modal frequencies for all 

the devices are listed in Table 5-8. 

It is desired that the first modal frequency, which is a resonance frequency of the device, 

represents the movement along the z-axis and dominates over all other modes. Connection of four springs 

at the corners of the square proof mass and optimization the spring dimensions confirmed negligible 

lateral movement of the proof mass under vertical acceleration. Figure 5-7(a) shows the first modal 

displacement of A640 in vertical direction while the others represent the remaining modes of the six 

modal frequencies mentioned in Table 5-4. The generalized displacements for different modes are also 

shown in Figure 5-8. Each of these plots shows that the first modal displacement is approximately three 

orders higher than others and also the first modal frequency is much lower than other frequencies. This 

 

Figure 5-7 Six modes of the accelerometer A640. (a) Mode 1 displaying desired vertical movement and (b)-(f) 

other high frequency vibration modes.  

(a) (b) (c) 

(d) (e) (f) 
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Figure 5-8 Modal displacements for (a) A640, (b) A720 and (c) A960 devices 

modal analysis indicates that the possibility of arising fluctuations from other mode is very low due to 

huge gap between the first mode and the immediate following mode for all the accelerometer types. The 

first mode contains motion in preferred z-direction whereas the other modes contain motion in random 

directions.   

5.3.4 Bending and stress 

To simulate the bending capability of the accelerometers, displacement was applied on a side of 

the substrate while keeping the opposite side fixed in all directions. The ROC was calculated from the 

coordinates of the bent substrate. A960 was bent down to 2.5 cm ROC by applying 4.4 µm displacement 

on one side of the substrate, as depicted in Figure 5-9. All the layers of the accelerometer experience 

(a) (b) 

(c) 
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Figure 5-9 A960 bent down to 2.5 cm ROC upon application of 4.4 µm displacement on one side of the substrate 

Table 5-9 Maximum stress at the seed layer and the springs for different 

accelerometers 

 

Maximum stress 

on Au seed layer 

(MPa) 

Maximum stress 

on Ni springs 

(MPa) 

A960 207.358 187.13 

A720 203.66 149.76 

A640 198.68 142.44 

Yield strength 

(MPa) 
400 330-450 

 

stress upon bending. The maximum layer stresses of Au and Ni proof mass layer are 207.38 MPa and 

187.13 MPa while the yield strengths of these layers are 400 MPa [230], 330-450 MPa [231], [232]. The 

stress results for all the accelerometers are summarized in Table 5-9. In all cases, the maximum stress 

level is smaller than the respective yield strength.  

 

400 µm 
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Figure 5-11 Maximum stress location of Ni proof mass layer of A960 

 

 

Figure 5-10 Maximum stress location of Au seed layer of A960 

 The location of the maximum stress is always the edge of the respective layer where it is 

connected at the anchor. As shown in Figure 5-10 and Fig 5-11, the maximum stress point lies at the very 

edge of the Au seed layer and Ni proof mass layer, respectively. 

200 µm 

200 µm 
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5.3.5 Pull-in analysis 

Pull-in analysis was carried out to confirm that the applied voltage is less than the pull-in voltage. 

Above the pull-in point the electrostatic force will be greater than the mechanical restoring force and 

therefore, the top movable structure will collapse. The pull-in voltage 𝑉𝑝𝑖 is given by [233] 

                                      𝑉𝑝𝑖 = √((8𝑘𝑑3)/(27휀𝑎𝑖𝑟𝐴𝑒𝑓𝑓))          (5-2) 

The calculated pull-in voltage of A640, A720 and A960 are 19.77, 18.60 and 17.51 V whereas 

the simulated pull-in voltages for the same devices are 17.5 V, 14.5 V and 11.0 V, respectively. After 

complete fabrication, hogging at the center of the proof mass was observed and the modified gap between 

the top and bottom electrode was used to simulate the pull-in voltage again which is discussed later. 

5.4 Fabrication 

This section describes the fabrication steps of the flexible accelerometers in details. Figure 5-12 

shows the complete fabrication process flow of the accelerometer on flexible substrate. 

▪ Passivation layer deposition 

The fabrication started with a deposition of 0.5 µm thick Si3N4 passivation layer on a bare and 

clean Si wafer. AJA sputtering system was utilized at 2.8 mT chamber pressure and 150 W RF power 

under 5 sccm N2 and 30 sccm Ar gas flow for 6 hours. The rate of the deposition of Si3N4 was 0.083 

µm/hour. 

▪ Release layer deposition 

A polyimide tape was wrapped around the perimeter of the Si carrier wafer to prevent the PI2611 

release layer from coating the perimeter of the wafer. Then, liquid polyimide PI2611 was spin coated at 

3000 rpm for 30 seconds on top of the carrier wafer to obtain the desired thickness of 10 µm, and the tape 
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was removed after spin coating, leaving the Si3N4 layer uncoated with PI2611 around the perimeter. The 

polyimide was soft baked at 130 ○C for 90 seconds and cured at 350 ○C for 30 minutes. 

 Process steps Schematics 

(a) 
Polyimide deposition on Si wafer as a 

flexible substrate. 

 

(b) 

Sputtering of insulation layer. Deposition 

and patterning of bottom electrode (0.5 μ
m). 

 

(c) 

Deposition and patterning of bond pads 

(Another 0.5 μm). A total of 1 μm of Al 

for bond pads. 
 

(d) 

Spin-on polyimide sacrificial layer and 

cure (7 μm). Patterning to make openings 

at anchor locations. 

 

(e) 

Au deposition (100 nm). Spinning of the 1st 

mold layer (5 μm). Patterning to define 

the proof mass and the springs 

 

(f) 
1st Ni electroplating to form the proof mass 

and the springs (3 μm) 

 

(g) 

Removing 1st mold layer. Spinning of the 

2nd mold layer (10 μm). Alignment and 

patterning to define the proof mass. 
 

(h) 

2nd Ni electroplating to thicken the proof 

mass (5 μm). A total of 8 μm Ni for the 

proof mass.  

 

(i) 

Removing the 2nd mold layer. Etching Au 

seed layer. Ashing the sacrificial polyimide 

in O2 to suspend the accelerometers. 

 

(j) 
Accelerometer after complete ashing 

(exaggerated 5 times along vertical axis). 

 

Figure 5-12 The complete fabrication process flow of the accelerometers on flexible substrate utilizing double 

UV-LIGA process. (Not to scale). 
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Figure 5-13 Bottom electrode patterning (a) modeled and (b) fabricated 

 

▪ Flexible substrate deposition 

The fabrication of the flexible substrate was achieved by employing four successive coatings of 

the PI 5878G polyimide. For each layer, a three-step spin was adopted to reach a final spin speed of 1500 

rpm with 500 rpm increments with a ramp rate of 100 rpm/second. After each spin coating, the layer was 

soft baked at 110 ○C for 3 minutes and then cooled down to room temperature. Following the coating 

process, the polyimide was cured in N2 atmosphere at 300 ○C for 4 hours with ramp up and ramp down 

times of 3 hours and 3 hours, respectively, resulting in a final thickness of approximately 35 µm. 

▪ Insulation layer deposition 

Another 0.5 µm thick layer of sputtered Si3N4 was deposited which serves as an isolation layer 

between the substrate and the device. It also promotes adhesion between the underlying polyimide and the 

subsequent layers. The process condition was the same as the previous sputtering of Si3N4.  

▪ Bottom electrode and bond pad formation 

Lift-off technique was deployed for patterning the bottom electrode and the bond pad. At first, 

negative polarity lift-off photoresist, NR-9 1500PY was spin coated in a two-step process, 500 rpm for 5 

seconds followed by 2500 rpm for 40 seconds. Coated photoresist was baked at 150 ○C for 1 minute 

followed by UV exposure using the OAI aligner for 16.5 seconds. The intensity of the light source was 

previously checked and it was set at 20 mW/cm2. The resist was then baked at 100 ○C for 1 minute and 

developed in a RD-6 developer for 14 seconds.  
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Figure 5-15 Backside alignment mark under the device wafer 

 

  
 

Figure 5-14 Cured sacrificial layer has openings at anchors (a) modeled and (b) fabricated 

 

 Al was then deposited with the sputtering tool. The desired thickness of the bottom electrode was 

0.5 µm and the rate of Al deposition was 8 nm/minute. Therefore, the duration for this deposition was for 

63 minutes at a pressure of 2.8 mT, using 150W DC power under 30 sccm of Ar flow. The resist was 

finally developed in 1165 solvent to achieve the patterned bottom electrode layer on top of the substrate 

as shown in Figure 5-13. 

After defining the bottom Al layer, the bond pad area was patterned similarly with the bond pad 

mask. The bond pad area was opened and then another 0.5 µm layer of Al was deposited to make the 

bond pad area thicker. 

▪ Sacrificial layer deposition 

As the sacrificial layer, HD 4104 (HD Microsystems) negative polarity photo definable polyimide 
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Figure 5-16 Patterns after first Ni electroplating and mold resist removal (a) modeled and (b) fabricated. 

 

was used. A two-step spin coating, 500 rpm (100 rpm/second) for 5 seconds followed by 2000 rpm (500 

rpm/second) for 50 seconds, was implemented with a bake at 100 0C for 3 minutes afterwards. The 

polyimide was exposed with 126.5 mJ/cm2 energy after aligning the sacrificial mask with respect to 

metallization layer. A four-step development procedure was employed using PA 401D developer (HD 

Microsystems) for 35 seconds, 1:1 PA 401 D: PA 400 R for 30 seconds and two different baths of PA 400 

R rinse for 15 seconds each.  

Polyimide curing was done in N2 gas ambient by ramping up the temperature to 200 0C in 1 h, 

with a dwell time of 30 minutes at that temperature followed by a ramp up to a peak temperature of 3000C 

and keeping it there for 1 h before cooling down to room temperature in 2 hours to obtain a final thickness 

of 7 μm. Figure 5-14 shows the anchor after curing the polyimide.  

▪ Patterning backside alignment mark 

The backside alignment marks are required to align the device wafer with the encapsulation wafer 

before wafer bonding process. For the fabrication, first NR-9 1500 PY was spin coated and patterned as 

described before for bottom electrode patterning. The cavity alignment marks are to be aligned with the 

bottom Al. Therefore, the bottom Al mask was used to form the same pattern on the backside of the 

device wafer. Sputter deposition technique was used to deposit 0.5 µm Al on the backside of the wafer. 

The lift-off process was completed by removing the resist in 1165 resist remover. Figure 5-15 shows the 

final alignment mark after removing the resist. Since the backside is not polished, the marks also became 

grainy but still detectable.  

(b) 
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Figure 5-17 Pattern after seconds Ni electroplating and mold resist removal (a) modeled and (b) fabricated. 

 

  
Figure 5-18 Proof mass after Au etching (a) modeled and (b) fabricated 

 

▪ Seed layer formation 

A 100 nm thick layer of Au was deposited to serve as a seed layer using an e-beam evaporator. 

This seed layer defines the locations of proof mass growth.  

▪ Mold resist deposition 

As the mold photoresist, SU-8 was used. The photoresist was first spin coated using a two-step 

process, 600 rpm for 5 seconds followed by 4000 rpm (1500 rpm/second) for 40 seconds. Resist was pre-

baked at 150 °C for 1 minute and exposed with 670 mJ/cm2 energy. After a post exposure bake for 3 

minutes at 800C, the photoresist was developed in RD-6 developer for 50 seconds to give a final thickness 

of approximately 5 µm which provided sufficient thickness to grow a 3 µm thick layer of Ni. 

▪ Electroplating proof mass 

Ni electroplating was performed at a temperature of 450C for 45 minutes at a current density of 

15 mA/cm2. The target Ni thickness was 3 µm for the first layer. The springs after the Ni electroplating 
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Figure 5-19 EDX completed inside the holes (a) after Au etching and (b) after ashing 

 

and mold removal are shown in Figure 5-16. 

▪ Second mold resist patterning  

A second layer of mold (10 µm) was spin-coated and patterned a similar procedure like the first 

mold resist. This mold layer is critical because it must be aligned properly to the underlying first Ni layer 

and any misalignment will result in reduction of the hole size.  

▪ Second Ni electroplating 

Second layer of Ni electroplating was performed at the same temperature of 45 ○C for 45 minutes 

at a current density of 15 mA/cm2 to obtain 5 µm of additional Ni on top of the first Ni layer. This layer 

was only electroplated over the central proof mass making the spring layer thinner than the proof mass. 

Once the electroplating was completed, the mold was removed. Using Trion reactive ion etcher (RIE), Au 

etching was carried out so that the ashing gas can come into contact with the sacrificial polyimide in the 

subsequent ashing step. Figure 5-17 and Figure 5-18 show the wafer after removing the mold and after Au 

etching, respectively. Later, imaging using scanning electron microscope (SEM) and identifying the 

elemental composition using energy dispersive x-ray (EDX) were done to confirm that no Au was 

remaining there. Figure 5-19(a) shows the EDX result after Au etching. No trace of Au was observed. 

EDX was again done after complete ashing to confirm that there is no remaining polyimide as shown 

Figure 5-19(b). 

 

 

 

 

(a) (b) 
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Figure 5-21 SEM images of A720, tilted at 45 ○angle, illustrating bowing of the proof-mass due to residual stress. 

Left and right photos show the respective edges of the proof-mass connecting to the springs while the center 

photo is taken at the center of the proof mass. Although the average gap was ∼7 m as designed, it varied from 

∼6.4 to 10 m for each accelerometer from the springs to the proof mass center. 

 

Figure 5-20 Accelerometers (a) A640, (b) A720 and (c) A960 after complete ashing of the sacrificial layer 

▪ Ashing of sacrificial layer  

The last step of the fabrication is ashing the sacrificial layer. This step was carried out in Diener 

asher system using O2 as the ashing gas for 150 hours under a pressure of 1 mBar. After complete ashing, 

the accelerometers became suspended and connected to the substrate only with the springs as shown in 

Figure 5-20. The perforations are visible in all cases. The proof mass is of two layers of Ni which is 

perceivable from Figures 5-20 and 5-21. The connection line to the bond pad is taken out from the bottom 

electrode which is also evident from the Figure 5-20. The SEM was used to take several pictures of the 

resultant device. It was observed that because of stress in the Ni layer, the proof mass became curved and 
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Figure 5-23 Functional block diagram of the MS 3110 readout circuit (redrawn with the permission from Irvine 

Sensors) 

 

Figure 5-22 Block diagram of the setup for characterization 

the gap under it varied from center to the edge as illustrated in Figure 5-21. This phenomenon was taken 

into account to reevaluate the pull-in voltage of the accelerometers. 

▪ Wire bonding 

Wire bonding was done on a separate package after peeling off a die from the carrier wafer. As 

mentioned previously that the substrate was deposited under a low strength release layer PI2611, the die 

can be peeled off from the wafer with the help of a sharp cutting tool. After releasing, the die was 

carefully placed inside a quad flat package (QFP). A double-sided tape was used as an adhesive. Indium 

(In) was soldered to make Au wire bonding on the bond pads.  
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5.5 Performance characterization 

5.5.1 Characterization setup 

Once the device was packaged, it was mounted on a shaker driven by a function generator via an 

amplifier. MS3110 capacitor read-out circuit converted the capacitance induced between the bottom 

electrode and the proof mass into voltage. A reference accelerometer Si Designs 2260-100 with a 

sensitivity of 40mV/g, frequency range of 2.50 kHz and acceleration range  100 g was also mounted on 

the shaker. The block diagram of the measurement setup is shown in Figure 5-22. The functional block 

diagram of MS3110 readout circuit [234] is displayed in Fig 5-23. 𝐶𝑓 is the feedback capacitor and its 

value was set at 5.13 pF to obtain a scale factor of ~1V/pF for MS3110. The reference voltage and gain 

were set at 0.5 V and 2V/V, respectively. 𝐶𝑆1 and 𝐶𝑆2 are the balance capacitors which can be changed 

using the software. The purpose of these balance capacitors is to eliminate the parasitic capacitance of the 

device. The device was connected to 𝐶𝑆1𝐼𝑁 while 𝐶𝑆2𝐼𝑁 was left open. The transfer function of the readout 

circuit is [234] 

𝑉𝑜𝑢𝑡 = 𝐺𝑎𝑖𝑛 × 𝑉2𝑃25 × 1.14 × (𝐶𝑆2𝑇 − 𝐶𝑆1𝑇) 𝐶𝑓⁄ + 𝑉𝑟𝑒𝑓          (5-3) 

where, 𝑉2𝑃25 is a reference test voltage set at 2.25 V, 𝐶𝑆1𝑇 = 𝐶𝑆1 + 𝐶𝑆1𝐼𝑁, 𝐶𝑆2𝑇 = 𝐶𝑆2 + 𝐶𝑆2𝐼𝑁 and 𝑉𝑜𝑢𝑡  

is the output voltage. The change in capacitance was then obtained from ∆𝐶𝑇 = 𝐶𝑆2𝑇 − 𝐶𝑆1𝑇. 

5.5.2 Accelerometer on a flat surface 

5.5.2.1 Sensitivity 

Figure 5-24 shows the time domain responses of the devices A640, A720 and A960 at 1080 Hz, 

1020 Hz and 800 Hz at which the device output sensitivity was found to be the highest. From the 

reference accelerometer response, the instantaneous acceleration was computed and plotted against the 

fabricated accelerometer output voltage. Finally, the change in the device capacitance was calculated for 

each instant using Eq. (5-3). As seen in Figure 5-25, the response is near linear with minimal hysteresis. 

The measured sensitivities for A640, A720 and A960 are 146 fF/g, 165 fF/g and 187 fF/g, respectively. 
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Figure 5-24 Time domain response of (a) A640 at 1080 

Hz, (b) A720 at 1020 Hz and (c)A960 at 800 Hz. 

 
Figure 5-25 Voltage response and change in capacitance for 

(a) A640 at 1080 Hz, (b) A720 at 1020 Hz and (c) A960 at 

800 Hz 
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Figure 5-26 Frequency response from the accelerometers (a) A640, (b) A720 and (c) A960 
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5.5.2.2 Frequency response 

The frequency of vibrations was varied from 700 Hz to 1.5 kHz for all the accelerometers. 

Different accelerations, up to 4g, were applied. The responses from the accelerometers on flat surface are 

f = 1080 Hz 

f = 1020 Hz 

f = 800 Hz 
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Figure 5-27 Experimental setup for characterization of the accelerometers on curved surface 

Table 5-10 Sensitivity comparisons among the accelerometers when mounted on flat and curved 

surfaces 

Devices Flat  ROC of curved surface 

  surface 3.8 cm 2.5 cm 2 cm 

A640 146 138 136 135 

A720 165 159 152 150 

A960 187 175 169 168 

 

illustrated in Figure 5-26 showing the highest sensitivity of A640, A720 and A960 at 1080 Hz, 1020 Hz 

and 800 Hz, respectively.  

5.5.3 Accelerometers on a curved surface  

5.5.3.1 Sensitivity 

The same characterization setup was used to measure the sensitivity of the accelerometers. This 

time, the accelerometers were mounted on curved PVC pipes as shown in Figure 5-27 to provide different 

amounts of bending. The PVC pipes used in the setup had 3.8 cm, 2.5 cm and 2 cm ROC. The sensitivity 

was obtained to be highest at 1080 Hz, 1020 Hz and 800 Hz, respectively for A640, A720 and A960. A 

comparison among the accelerometers in terms of sensitivity on flat and curved surfaces is shown in 

Table 5-10. The percentage degradations of sensitivity when mounted on PVC pipe of 2.0 cm ROC from 

the performance on flat surface are 7.53%, 8.48% and 10.16% for A640, A720 and A960, respectively.  
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Figure 5-28 Contour plot for sensitivity of accelerometers (a) A640, (b) A720 and (c) A960. against frequency and 

radius of curvature of the surface the device was mounted. Flat surface is denoted by ROC = . 

5.5.3.2 Frequency response 

3-axis contour plot of sensitivity against frequency and ROC for all three accelerometers are 

f = 1080 Hz 

f = 1020 Hz 

f = 800 Hz 

(a) 

(b) 

(c) 
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Figure 5-29 Output voltage spectral density along with the read-out circuitry noise and 

Brownian noise components for device A640 shaken at 1080 Hz. The measured noise 

floor is dominated by noise originating from the readout circuit. 

illustrated in Figure 5-28. The flat surface here is denoted by infinite ROC where the sensitivity was 

obtained to be the highest.  

5.6 Noise analysis 

In order to assess the noise performance of the accelerometers, output voltage power spectral 

density was measured. Figure 5-29 shows the output voltage power spectrum for A640 for the excitation 

at 1080 Hz. Output voltage spectral density was measured (1) during normal operational conditions with 

the device on the shaker (Shaker ON), (2) with the shaker turned off (Shaker OFF) and (3) with the shaker 

operational, but the accelerometer off the shaker. (Device OFF the shaker). In the first case, the 

accelerometer response shows a peak at 1080 Hz and the noise level at 10 µV/√Hz. In the second and 

third cases, there is no response at the vibrational frequency demonstrating lack of cross talk and the noise 

level is the same as the first case.  

In order to calculate the components of the fluctuations contributing to the overall measured noise 

floor 𝑣𝑛
2 ∆𝑓⁄ , the noise PSD originating from the thermomechanical (Brownian) noise of the 

accelerometer (𝑣𝐵𝑟
2 ∆𝑓⁄ ), from MS3110 capacitance reading circuitry (𝑣𝑀𝑆3110

2 ∆𝑓⁄ ),  and the SR560 



72 
 

 

Figure 5-30 Decrease in the gap of A640 between the bottom and suspended electrodes due to the deformation of 

the proof-mass resulting from electrostatic force. 

amplifier (𝑣𝑆𝑅560
2 ∆𝑓⁄ ) are referred to the accelerometer output and can be expressed as:  

𝑣𝑛
2 ∆𝑓⁄ = (𝑣𝐵𝑟

2 ∆𝑓) + 𝑣𝑀𝑆3110
2 ∆𝑓⁄ + 𝑣𝑆𝑅560

2 ∆𝑓⁄⁄               (5-4) 

The Brownian noise is computed using [235], [236]: 

(𝑣𝐵𝑟
2 ∆𝑓) = (4 𝑘𝐵𝑇𝑏 𝑚2⁄ )𝑆𝑚𝑒𝑎𝑠

2 𝐴2⁄   (5-5) 

where, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature, 𝑏 is the coefficient of damping, 𝑚 is 

the mass of the proof mass, and 𝑆 is the measured accelerometer sensitivity in fF/g and 𝐴 = 1 𝑉 𝑝𝐹⁄  as 

stated earlier. The effective mass of A640 is obtained as 2.61×10-8 kg from the density of electroplated Ni 

8.91 g/cm3 [237]. The coefficient of damping is calculated from [236] 

𝑏 = µ𝑤𝑝𝑚
3 𝐿𝑝𝑚 𝑑3⁄                   (5-6) 

where, µ is the viscosity of the damping medium (air) taken as 21.32 µPa•s at 300K [238]. For A640, the 

Brownian noise voltage level thus calculated is 𝑣𝐵𝑟 √∆𝑓 =⁄ 1.36 µV/√Hz, about the same as what is 
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observed in Figure 5-29 as the noise floor. For A720 and A960, the values are 1.87 µV/√Hz and 2.06 

µV/√Hz, respectively.  

The capacitance reading circuitry MS3110 contributes to the noise as: 

𝑣𝑀𝑆3110
2 ∆𝑓⁄ = 𝐴2(𝐶𝑛

2 ∆𝑓⁄ )                 (5-7) 

Here, 𝐶𝑛 √∆𝑓⁄  is the input-referred capacitance noise of MS3110 stated as 4 𝑎𝐹 √𝐻𝑧⁄  [234], 

which yields 𝑣𝑀𝑆3110 √∆𝑓⁄  = 4𝜇𝑉 √𝐻𝑧⁄   for 𝐴 = 1 𝑉 𝑝𝐹⁄ .  

The low noise amplifier SR560 will also add noise to the output.  𝑅𝑜𝑢𝑡 is the output resistance of 

MS3110, seen as a source resistance by amplifier SR560. The noise factor (NF) for SR560 for a source 

resistance of 𝑅𝑜𝑢𝑡 = 10 𝑘Ω is 0.5 dB [239], indicating that the noise added by the amplifier is negligible, 

leaving us with the thermal noise of 𝑅𝑜𝑢𝑡, the last term in Eq. (5-4) 𝑣𝑆𝑅560 √∆𝑓⁄ = √4𝑘𝐵𝑇𝑅𝑜𝑢𝑡. This, 

however, contributes in the order of tens of nV/√Hz, negligible compared to the other two noise 

components. 

 

Figure 5-31 Pull-in analysis carried out in the deformed state of the proof mass and the springs 
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The analysis above leads to the conclusion that the noise floor observed in Figure 5-29 is 

dominated by the readout circuitry (MS3110 board) noise and partially by the Brownian noise of the 

accelerometer, a fundamental fluctuation source at room temperature. 

5.7 Pull-in analysis 

It has been reported in several studies that the pull-in of a MEMS structure occurs when the 

electrostatic force is strong enough to deform the movable electrode to one-third of the initial gap [240], 

[241]. Due to the residual stress and the resultant bowing of the suspended proof-mass structure, the gap 

beneath, forming the capacitor, is not uniform (Figure 5-21). However, it is still possible to roughly 

quantify the decrease in the effective gap with the applied voltage by CV measurements. Figure 5-30 

shows the effective gap underneath the proof-mass of A640 as a function of applied DC voltage. 

Following the one-third rule described above, it can be concluded that the pull-in voltage is about ~30V, 

which is slightly lower than the simulated pull-in voltage of 34.5 V when the hogging due to residual 

stress is considered as shown in Figure 5-31. Similarly, the pull-in voltages for A720 and A960 were 

determined to be 32 V and 28.5 V, respectively, from the simulation. For the largest device, the pull-in 

voltage is smaller because it has a larger proof-mass area, which corresponds to a higher capacitance. The 

corresponding experimental pull-in voltages for these devices are 28.8 V and 27.6 V. Therefore, inclusion 

of bowing due to stress results in better matching between the simulated and experimental results as 

indicated in Table 5-11.  

 

 

Table 5-11 Comparison between simulated and experimental pull-in voltages considering bowing 

of the proof mass due to residual stress 

 Simulated pull-in voltage (V) Experimental pull-in voltage (V) 

A640 34.5 30.0 

A720 32.0 28.8 

A960 28.5 27.6 
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5.8 Summary 

This Chapter described the design, fabrication and characterization of z-axis MEMS 

accelerometers on a flexible substrate. Accelerometers of three different geometry were designed using 

CoventorWare® software. The accelerometers were fabricated on a polyimide substrate to make the 

devices bendable. The sensitivity of the three accelerometers were measured to be highest at different 

frequencies. The resonant frequencies are 1080 Hz, 1020 Hz and 800 Hz for A640, A720 and A960, 

respectively, which also complies with the size of the accelerometers. The resonant frequencies did not 

change when the devices were mounted on curved surfaces having ROC down to 2.0 cm. The sensitivities 

of the accelerometers dropped when they were bent. The noise analysis revealed that the dominant noise 

source is the readout circuitry used for the measurement setup. The signal-to-noise ratio was better than 

100:1. The incorporation of double UV-LIGA during electroplating of the proof mass significantly 

enhanced the sensitivity of the accelerometers as high as 187 fF/g compared to the state-of-the-art 

sensitivity of 23.3 fF/g [131]. The accelerometers fabricated in this work were encapsulated with a 

flexible superstrate which is described in Chapter 6.  
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Chapter 6 

Encapsulation of flexible MEMS accelerometers 

 

6.1 Introduction 

Hermetic or vacuum packaging is required for various Microelectromechanical Systems (MEMS) 

for protection from contaminants including moisture [242], dust particles [243] and back-end fabrication 

residues [244] which can potentially degrade the performance of the devices [245]. In addition, vacuum 

encapsulation minimizes the possibility of stiction [246]. The packaging layer, however, might induce 

additional mechanical stress [247]. Often this encapsulation process introduces more complexity to 

fabrication and the cost associated with packaging is higher than the device fabrication cost itself [248]. 

Various solutions [249], [250], [251], [252] were introduced including both die-level and wafer-level 

packaging, with the latter being a more efficient approach. 

The realization of flexibility in MEMS accelerometers is reported in Chapter 5. The proof mass of 

the accelerometers is fabricated utilizing SOI wafers [253], bulk-micromachined crystalline Si [254] or 

both [128]. As the proof mass material, metal offers more flexibility compared to polysilicon. The metal 

proof mass of the accelerometer has been fabricated by single-level UV-LIGA process in [131]. This 

process restricts the thickness of the proof mass to be the same as that of the springs and thus preventing 

room for flexibility in design parameters. In this work, multi-layer UV-LIGA is exploited to form central 

proof-mass of the accelerometer which boosts the six-fold increase in sensitivity compared to the state-of-

the art [131].   

Accelerometers with moving MEMS components pose a special challenge. Die-level [255] and 

wafer-level packaged [256], [257], [258], [259], [138] accelerometers have been successfully 

demonstrated using conventional Si substrates and glass capping layers. These, however, lack flexibility 

and bendability. Flexible accelerometers, although previously reported [98] [125] [131] [260], have not 

been successfully encased into conformal, bendable vacuum packages. Applications in robotics, 
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prosthetics and other medical fields require functioning flexible micro-accelerometers, encapsulated in 

vacuum packages which allow bendability without compromising in performance. 

Although Al2O3 has been used as a packaging material in MEMS [142], since its flexibility is 

low, it limits the bendability of the package. Use of polymers, on the other hand, has proven very 

promising [261], [262]. Wafer-level packaging using glass frit bonding has also been demonstrated, 

utilizing a Si cap wafer [139], [263] which itself has cavities to encapsulate the device. Two wafers are 

required for this encapsulation process and the associated cost is high. This work presents, for the first 

time, a wafer-level, low-cost, vacuum encapsulation process for flexible MEMS accelerometers using a 

polyimide as an adhesive as well as a robust stress buffer. HD 4110 is a negative photo definable 

polyimide with high glass-transition temperature (330 °C). Polyimides were used also in [264], [142] as a 

base and top layer to completely embed an ultra-thin die. This technique is relatively simple but it can 

only be deployed with ultrathin chip package, which has already a packaged die with bond pad openings. 

It is particularly helpful for assembling thinned die to meet the demand for lighter products and increased 

flexibility. In our work, a flexible polyimide substrate is bonded to a polyimide superstrate. Cavities 

patterned by HD 4110 on Kapton® sheet are aligned with the device on a carrier wafer. This carrier wafer 

is removed upon completion of the packaging and can be re-used thus lowering the cost. 

As explained in Chapter 5, we have designed z-axis MEMS capacitive accelerometers of three 

different geometry, surface micro-machined on a flexible polyimide substrate incorporating a double UV-

LIGA process to make the center of the proof-mass thicker. The micro accelerometers operated in the 

frequency range of 600 to 1,100 Hz and were tested at an acceleration of ±4g in addition to gravity. The 

largest device, with dimensions 960 µm × 960 µm, showed a sensitivity of 187 fF/g with a signal-to-noise 

ratio of at least 100 at 800 Hz. The flexible accelerometers developed in this work offered higher 

sensitivities than their rigid counterparts reported in the literature for similar sizes [265], [266], [267]. 

Without any encapsulation or packaging, the results were limited to laboratory testing but not real-life 
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applications. The packaging described here allows full functionality of these flexible micro-

accelerometers.   

The accelerometers, after completing the encapsulation, were characterized in the same way the 

open accelerometers were characterized [124] on flat and curved surfaces with radius of curvature (ROC) 

down to 2 cm. Thus, compatibility of mounting the accelerometers on robotic or prosthetic fingertips was 

verified, since the radii of robotic fingertips of the index finger and thumb are 1.0 cm and 3.5 cm, 

respectively [268]. 

6.2 Design requirements 

 To encapsulate the flexible accelerometers, a sidewall and a superstrate are required. Previously 

in Chapter 4, the requirements for flexible substrate and superstrate are discussed. To minimize stress at 

different layers of the accelerometer as well the encapsulation stack, polyimides having similar CTE to 

that of the substrate, were chosen. The polyimides for the sidewall and the superstrate will also possess 

the capability of withstanding high processing temperature. For sidewall, HD4110 negative photo-

definable polyimide was preferred due to its CTE values being close to that for the underlying PI5878G 

polyimide substrate. The sidewalls were patterned and the cavities were formed to fit the designed 

accelerometers. Since there are varied sizes of accelerometers, the cavity sizes also differ. The area of the 

cavity openings was designed to be larger than the accelerometer as shown in Figure 6-1 to provide a 

margin against any misalignment during encapsulation. As an encapsulation layer, Kapton® sheets from 

Dupont were used. The thickness of Kapton® sheets were 50 µm. This ensures that the accelerometers 

remain at the half-way of the total encapsulation stack so that they experience minimum stress while 

bending.  

6.3 Encapsulation 

 The step-by-step encapsulation process flow is illustrated in Figure 6-2 and described in 

the following sections 
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Figure 6-1 Layout of cavity size of accelerometers of geometries (a) A640, (b) A720 and (c) A960 

• Preparing Kapton® sheet 

Dupont Kapton® polymer sheets of 50 µm thickness were used for the encapsulation process, 

serving as a superstrate when packaging is completed. They were first baked at 350 ○C for 1 hour to 

remove any moisture and prevent further contraction during the subsequent high temperature processes. 

(a)  (b)  

(c)  

1000 μm 
1000 μm 

1000 μm 

Cavity 
Cavity 

Cavity 
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 Process steps Schematics 
Device cross 

section 

(a) 

Attaching 
Kapton® on 1st 

Si 

carrier wafer   

(b) 

Si3N4 
deposition & 

patterning 

with bond-
pad mask   

(c) 

Flip & bond 

patterned 

Si3N4 side 
with 2nd Si 

carrier wafer  
 

 

(d) 

Si3N4 

deposition & 
patterning, 

aligning with 

the bottom 
Si3N4 layer 

  

(e) 

Deep reactive 

ion etching of 

Kapton® 

  

(f) 

HD 4110 

superstrate 

deposition 
 

 

(g) 

Patterning 
HD 4110 

superstrate 
with cavity 

mask   

(h) 

Aligning 

device wafer 
with Kapton® 

carrier wafer 

(Simplified 
springs are 

shown)  
  

(i) 

Bonding 
device wafer 

with Kapton® 

carrier wafer 

 
 

(j) 

Etching of the 
superstrate to 

open the 

bond- pad 
locations. 

(Schematics 

and cross 
sections are 

flipped) 
  

Figure 6-2 Step-by-step (a)–(j) encapsulation process flow showing the schematics and device cross 

section. (Not to scale).  
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Figure 6-3 (a) Pattern on Kapton after Si3N4 lift-off and (b) after flipping and bonding 

 

• Attaching Kapton® sheet on Si wafer 

WaferBOND® HT 10.10 polyimide was spin coated on a Si carrier wafer as an intermediary 

layer. It also serves as a thermal release layer facilitating the removal of the carrier wafer in the final 

stage. It was spin coated at 2500 rpm (1000 rpm/second) for 40 seconds followed by 2 minute 

bake at 180 °C. The wafer along with the attached Kapton® sheet was put on a hot plate at 180 

°C. Developing air bubbles were flattened using a metal tube. To ensure total attachment of the 

Kapton® sheet, the wafer was loaded in EVG 520IS wafer bonder, put under 1 mTorr pressure 

and heated up to 190 °C. A simultaneous application of 1kN of load for 5 minutes concluded the 

attachment process.  

• Patterning Si3N4  

Lift-off technique was deployed for patterning the first layer of Si3N4. Lift-off resist LOR15B was 

spin coated at 1500 rpm for 35 seconds. Soft-baking was done at 170 ○C for 5 minutes. Another positive 

photoresist S1813 was spin coated at 2000 rpm for 35 seconds. Soft-baking was done at 115 ○C for 2 

minutes. The resist was then exposed for 8 seconds, developed in CD-26 developer for 45 seconds, rinsed 

in DI water and dried. The wafer was baked at 125 ○C for 5 minutes on a hotplate. 0.5 µm thick Si3N4 was 

sputtered on the Kapton® followed by the lift-off to create openings for bond-pads as illustrated in Figure 

Kapton® 

Si3N4 

500 µm 

(a)  (b)  

500 µm 
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6-2(b). After sputtering, remover PG was used with ultrasonic for lift-off. Figures 6-3(a) and (b) show the 

top of Kapton® after Si3N4. lift-off and Kapton® after debonding, flipping and bonding on the 2nd Si wafer. 

• Flipping Kapton® sheet and attaching on Si wafer 

The wafer was heated at 190 °C on the hotplate and utilizing the thermal property of HT 10.10, 

the Kapton® was removed from the wafer, flipped and attached to a 2nd Si wafer. The wafer precoated 

with another layer of HT 10.10 using the same coating recipe mention before. The 1st Si wafer was 

cleaned by immersing in WaferBOND® remover. EVG 520IS bonder was used to apply pressure on the 

Kapto®n and maintain excellent bonding with the wafer. The chamber was first evacuated and was heated 

up to 190 ○C. It was kept there for 10 minutes and then piston pressure of 1kN was applied for 5 minutes. 

Afterwards the chamber was cooled and the wafer was taken out.  

• 2nd Si3N4 patterning  

A 2nd layer of 0.5 µm thick Si3N4 was then patterned on top of the Kapton®. This time, the top 

layer is aligned with the bottom layer. Since Kapton® is semi-transparent, the bottom Si3N4 was visible 

while patterning. Figure 6-4 shows the patterned Si3N4 on top of the Kapton® aligned with the patterned 

Si3N4 underneath the Kapton®. 

 

Figure 6-4 Pattern on Kapton® after 2nd Si3N4 lift-off 

 

Si3N4 Kapton® 

500 µm 
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Figure 6-5 Completely etched Kapton® sheet 

 
• Kapton® etching 

Trion Deep Reactive Ion etcher (DRIE) was used to etch Kapton®. The chamber pressure was 15 

mTorr with an O2 flow of 70 sccm. 300 W RIE with 3000 W Inductively Coupled Plasma (ICP) power 

were applied during the etching. Full etching of the Kapton® sheet was complete within 50 minutes. 

Figure 6-5 shows completely etched Kapton® with Si3N4 used as a hard mask.  

• Sidewall deposition and patterning 

HD 4110 polyimide was spin coated on Kapton® at 1200 rpm for 30 seconds and baked at 90 ○C 

for 3 minutes and then 110 ○C for 3 minutes. The polyimide was then exposed for 50 seconds and then 

developed for 5 minutes. The patterned sidewall of HD4110 polyimide forming a cavity for an 

accelerometer is shown in Figure 6-6.  

• Aligning device wafer with Kapton® carrier wafer and bonding 

Alignment of the sample device wafer to the encapsulation wafer was done using EVG 620 

backside aligner. The device wafer already had alignment marks on the back. After alignment, the two 

wafers were taken to the EVG 520IS bonder. The wafers were brought into contact by applying 1.5 kN 

load. Then the chamber was evacuated to under 1 mTorr pressure and the stack was heated. Bonding was 

Si3N4 

Etched 

Kapton® 

500 µm 
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Figure 6-6 HD4110 patterning for forming cavity for accelerometer  

 
initiated by ramping up the temperature to 200 °C with a rate of 5 °C/minute and dwell time of 30 

minutes at that temperature followed by a ramp up to a peak temperature of 300 °C with a rate of 5 

°C/minute for a dwell time of 10 minutes. The chamber was then cooled down at a rate of 5 °C/minute 

and the bonded wafers were taken out.  

• Kapton® carrier wafer debonding 

The bonded wafers were heated at 190 ○C on the hotplate. Application of a shear force helped to 

debond the Kapton® carrier wafer using the thermal release property of HT 10.10. The released wafer was 

cleaned in WaferBOND® remover.  

• Etching sidewall polyimide to open the bond pads 

Trion DRIE tool was used to etch the bond pad area covered by HD4110 sidewall. The same etch 

chemicals and process conditions were used in this step as used in the previous step to etch Kapton®. Full 

etching of the HD4110 was complete within an hour. Figure 6-6 shows a completely etched bond pad 

location. Figure 6-7 is the SEM image of the final device with the Kapton® superstrate cut and folded up 

Cavity 

Bond pads 

1000 μm 

500 µm 
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Figure 6-7 Complete etching of the sidewall polyimide 

 

 

Figure 6-8. Kapton® lifted-off to observe the encapsulated accelerometer 

to reveal the underlying cavity and accelerometer A720. The encapsulated accelerometers were peeled off 

using a sharp cutting tool and utilizing PI2611 underneath the substrate as low bond strength adhesive. 

The Kapton® superstrate as well as the polyimide substrate of the accelerometers are 50 µm thick, thus 

ensuring the devices are on a plane of minimal stress when bent. 

 

500 µm 
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6.4 Stress simulation 

The stress level on different layers was simulated using CoventorWare®. It was observed that the 

maximum von Mises stress at all the device layers is below the yield strength of the layer material. Figure 

6-9 shows A960 bent down to 2.5 cm ROC. The maximum layer stresses for the Au seed layer, Ni 

springs, HD 4110 sidewall and the Kapton® superstrate are 285 MPa, 312 MPa, 21 MPa and 13 MPa, 

 

Figure 6-9 Accelerometer A960 bent down to 2.5 cm ROC. Z-axis is exaggerated 4 times. 

  

  
Figure 6-10 Maximum layer stress of (a) Au seed layer, (b) Ni springs, (c) HD 4110 sidewall and (d) Kapton® 

superstrate of A960. ROC = 2.5 cm. 

(a)  (b)  

(c)  

(d)  

1000 µm 

100 µm 100 µm 

1000 µm 1000 µm 
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Table 6-1 Sensitivity comparison among the accelerometers on surfaces of different ROCs before and after 

encapsulation 

 

Devices 

Sensitivity (fF/g) 

Flat  

surface 

ROC of curved surface 

3.8 cm 2.5 cm 2 cm 

 Before After Before After Before After Before After 

A640 146 157 138 143 136 140 135 139 

A720 165 171 159 167 152 164 150 163 

A960 187 195 175 181 169 179 168 174 

 

respectively as shown in Figure 6-10, while the yield strengths of these layers are 400 MPa [231], 330-

450 MPa [269], [270], 200 MPa [271] and 231 MPa [272], respectively. The simulated stress levels for 

the same ROC, before encapsulation of A960 were 207 MPa in the Au seed layer and 187 MPa in the Ni 

springs. The von Mises stress in the proof mass remained well below 1 MPa in all cases for the ROC of 

2.5 cm. 

6.5 Characterization 

Upon completion of the fabrication of the accelerometers on a flexible substrate, experimental 

characterization was carried out before encapsulation. The results are published in [124]. The same 

accelerometers encapsulated through the procedure above were characterized again. Sensitivity, noise and 

flexibility of the encapsulated accelerometers were compared to those before encapsulation. The results 

are summarized in Table 6-1. The setup in [125] was utilized for the characterization of the encapsulated 

accelerometers. The accelerometers were initially wire bonded inside a flat package and placed on a 

Controlled Vibration ED-10 shaker. The shaker was connected with Crown DSi 1000 power amplifier 

controlled by a LFG 1300S function generator. Irvine Sensors MS 3110 interface circuit was coupled 

with the device to convert the capacitance change into voltage and later the signal was filtered by 

Stanford Research Systems SR560 low noise amplifier. The final output was observed in an oscilloscope. 

A reference accelerometer 2260-100 from Silicon Designs was also attached on the shaker for calibration 

purposes.  
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6.5.1 Sensitivity 

Figure 6-11 shows the change in capacitance of the encapsulated accelerometers when 

characterized on a flat surface along with the results on a curved PVC surface. The frequencies of 

vibration for A640, A720 and A960 were 1050 Hz, 1010 Hz and 800 Hz respectively, corresponding to 

their resonance frequencies of vibration after encapsulation [124].  

6.5.2 Flexibility performance 

 To perform the flexibility test, the same encapsulated accelerometers were removed from the flat 

package and directly mounted on a PVC pipe with ROC of 3.8, 2.5 and 2.0 cm. Responses from A640, 

A720 and A960 mounted on curved surfaces are depicted in Figures 6-11 (a), (b) and (c), respectively. In 

all the four cases of ROC ranging from 2.0 cm to infinity, the response is linear with minimal hysteresis.  

 A 3-axis contour plot for sensitivity of encapsulated accelerometers A640, A720 and A960 are 

shown in Figures 6-12 (a), (b) and (c) respectively against frequency and ROC. The contour plots for the 

same accelerometers before encapsulation are in Figures 6-12 (d), (e) and (f). The percentage degradation 

of sensitivity for encapsulated accelerometers A640, A720 and A960 when mounted on 2 cm ROC 

surface compared to the flat surface results are 11%, 5%, and 11%, respectively which is attributed to the 

non-uniformity between the electrodes. 

6.5.3 Noise performance 

Noise power spectrum of the output signal was observed in Agilent 35670A signal analyzer. 

Figure 6-13 shows the power spectral density of each of the accelerometers with the time domain output 

in inset. The noise floor was detected to be as low as 10 µV/√Hz and the signal power is approximately 2 

orders of magnitude higher than the noise floor in all cases. Power spectrum when the shaker is off and 

when the device is off the shaker but the shaker is on overlap with the noise floor when the shaker is on. 

The calculated Brownian noise level for A640, A720 and A960 are 1.71 µV/√Hz, 1.94 µV/√Hz and 2.14 

µV/√Hz respectively. The noise contribution from the MS3110 readout circuit and the low noise amplifier 
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Figure 6-11 Capacitance change of the accelerometers at their resonant frequencies: (a) A640 at 1050 Hz, 

(b) A720 at 1010 Hz and (c) A960 at 800 Hz when subjected to acceleration. Accelerometers were 

mounted both on flat and curved surfaces with ROC = 3.8 cm, 2.5 cm and 2 cm. 
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SR560 were also calculated to be 4.0 µV/√Hz and 12.87 nV/√Hz [273]. Comparison of the contributions 

among the noise sources leads to the readout circuitry as the most dominating source of noise while 

Brownian motion of the accelerometers have less significant portion in the total noise. Based on these 

figures, Brownian noise equivalent acceleration measurement capability is computed to be 10-15 µg/Hz. 

The noise perfromance did not exhibit any change with ROC. 

6.6 Effect of encapsulation on accelerometers 

Table 6-1 shows the sensitivity for the three accelerometers in all four scenarios before and after 

the encapsulation. The highest sensitivity of 195 fF/g was obtained for the encapsulated A960. This is to 

be expected as the largest accelerometer has the highest proof mass. As can be seen in Figure 6-12, there 

is a slight shift in the resonant frequencies, but well within variation from device to device. The 

sensitivity has increased 3-9 % with encapsulation, depending on the device type.  

The flexibility has improved with encapsulation as per original design. When the accelerometers 

are subjected to bending before encapsulation, maximum stress develops on the top surface holding the 

devices. In the case of encapsulated accelerometers, however, the superstrate is under tension, while the 

substrate is under compression. At the neutral plane of the stack lies a low stress plane which experiences 

minimal strain. If the stiffness of the device layer in the middle is negligible, then the accelerometers can 

be made to lie on a plane of no strain as long as the following expression  𝑌𝑠𝑑𝑠
2 = 𝑌𝑒𝑑𝑒

2 is valid [41]. 

Here, the subscript e refers to the encapsulation while the subscript s refers to the substrate. Y is the 

Young’s or tensile modulus and d is the thickness of the layer. In our case, since both the substrate and 

the encapsulating superstrate are polyimides, an optimal design would require the substrate and 

superstrate thicknesses to be the same, (~50 µm), which was part of the design. The noise performance 

has not changed with encapsulation 
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Figure 6-12 Contour plot for sensitivity of accelerometers (a) A640, (b) A720 and (c) A960 after encapsulation (d) A640, (e) 

A720 and (f) A960 before encapsulation against frequency and radius of curvature of the surface the device was mounted. 

Flat surface is denoted by ROC = . The vibration frequency at which the maximum sensitivity is observed is marked for 

each case.  

f = 1050 Hz 
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Figure 6-13 Noise spectrum of the accelerometers (a) A640, (b) A720 and (c) A960 plotted with the 

environmental noise when the shaker is turned off and when the shaker is on but the device is off the shaker. 

The time domain responses of the accelerometers are shown in inset. Also shown are the Brownian noise and 

the read-out circuitry noise. The peaks are observed at 1050 Hz, 1010 Hz and 800 Hz for A640, A720 and 

A960 respectively, corresponding to shaker vibration frequency for each case. 
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6.7 Summary 

 MEMS capacitive accelerometers of three varied sizes were fabricated on a flexible substrate and 

vacuum-packaged with a polyimide superstrate. The measured sensitivities of the accelerometers vary 

between 157 fF/g and 195 fF/g on a flat surface and between 139 fF/g and 174 fF/g when curved down to 

2 cm radius of curvature. Brownian noise equivalent acceleration measurement capability was 10 µg/Hz. 

The resonant frequencies of the accelerometers range from 800 to 1050 Hz.  The encapsulation process 

was found to improve the accelerometer response. Exhibiting excellent performance down to 2 cm radius 

of curvature, these self-packaged accelerometers may be conformably mounted on a curved surface, 

including prosthetic and robotic extremities with small ROCs, to aid in their motion.  
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Chapter 7 

Ultra-thin AlN cantilevers on flexible substrate 

7.1 Introduction 

Excellent piezoelectric properties and very good compatibility with CMOS process have made 

AlN a very promising material for piezoelectric sensor. Less investigation of piezoelectric property was 

done on AlN than on PZT and ZnO films. Their temperature/humidity stability and higher signal-to-noise 

ratio are more attractive than other piezoelectric materials [274]. In general, piezoelectric materials with a 

higher Curie temperature possess a lower piezoelectric coefficient [275]. Lead zirconium titanate (PZT) 

has Curie temperature and piezoelectric coefficient of 250 oC and 410 pC/N [275], respectively.  The 

maximum process temperature of AlN is 1150 oC and its piezoelectric coefficient is 5.5 pC/N [275]. ZnO 

has a piezoelectric coefficient of 12.4 pC/N [275]. A good balance between the maximum process 

temperature and large piezoelectricity in a material is difficult to achieve. Until now, there is no 

piezoelectric material that simultaneously possess these two desired characteristics [275]. 

7.2 Review of the state-of-the-art for AlN cantilevers 

 Micro cantilever structures are the most simplified among other sensor structures and offer an 

excellent platform for sensing at micro and nano scale. This simplicity in design and fabrication make 

them to be commonly employed as biomedical [276], mechanical [277], chemical [278] and electrical 

[279] transducers. AlN cantilevers as a pressure sensor were reported in several works. Surface 

micromachined ultra-thin AlN pressure sensor with a dimension of 60 µm × 12 µm × 0.3 µm was 

fabricated on a Si substrate [6] with Ti electrodes. The AlN layer, sandwiched between the Ti electrodes, 

was deposited by sputtering at 300 ○C. The output voltage from the cantilevers varied between 3.69×10-5 

V to 4.48×10-4 V. Effect of annealing temperature on the AlN thin film was studied by Gillinger et al. In 

their work [280], 100 nm and 500 nm AlN thin films were reported to demonstrate similar stress when 
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annealed up to 600 ○C, separately in an N2 and O2 environment. The c-axis orientation of the AlN film 

was stable up to 1000 ○C, except in one case when annealed in O2 atmosphere. At that high temperature, 

AlN film gets oxidized and forms an amorphous microstructure. Another surface micromachining process 

to fabricate AlN micro-cantilever, was reported in [281] where SiO2 was used as a sacrificial layer and 

AlN was deposited at temperature < 400 ○C. Isotropic etching technique was used to release the sacrificial 

layer followed by freeze-drying process. Cr was utilized as the electrodes and the thickness of the 

cantilever was 2 µm. Molybdenum (Mo) can also serve as an electrode for an AlN cantilever as 

demonstrated in [282]. A 900 nm thick AlN layer, sandwiched between two Mo electrodes having 

thickness of 120 nm each, was deposited using DC sputtering technique at an elevated temperature of 120 

○C. Cantilevers may suffer from initial bending due to tensile stress developed at the surface. The bending 

can be modified by changing the residual stress from tensile to compressive by reducing the DC 

sputtering power [283] [284]. This offers the opportunity to fabricate cantilevers without bending which 

is also adopted in [6]. The 500 µm long AlN cantilever was bent upward instead of downward by 

lowering the sputtering power. Kapton® sheet was utilized by Petroni et al. [285] as a flexible substrate 

for AlN cantilever structures deposited at 250-300 ○C. The cantilevers were patterned and suspended 

using O2 plasma etching of the polyimide sacrificial layer. Larger AlN cantilevers with dimensions of 

1500 µm × 1000 µm × 2 µm, fabricated by Tomimatsu et al. [286], demonstrated a sensitivity of 8.2 

mV/Pa.  

Bulk micromachining technology was deployed for fabrication of thinner AlN cantilevers down 

to 50 nm [287]. Cantilevers with Pt electrodes were used for high resolution gas detection. Si substrate 

was isotropically etched by XeF2 and the cantilevers were released. 

In this work, ultra-thin 60 µm × 12 µm AlN cantilevers with a thickness of 250 nm were formed 

on a flexible polyimide substrate using sputter deposition at room temperature. Ti layer, used as the 

electrode, was deposited using e-beam evaporation. Lift-off technique was utilized to pattern the 

cantilevers and O2 plasma ashing to remove the sacrificial polyimide layer. After ashing, the cantilevers 



96 
 

 

Figure 7-1 Process flow for AlN cantilever fabrication 

were annealed at 380 ○C to increase the piezoelectric response of AlN. The measured sensitivity of the 

cantilevers varied between 1.90 × 10-4 V/kPa and 2.04 × 10-4 V/kPa. The cantilevers also demonstrated 

excellent responses to sinusoidal changes of incoming pressure. The frequency of the pressure was varied 

between 3 Hz and 15 Hz. 

7.3 Design 

The pressure detection range was aimed in between 100 kPa and 1 MPa which covers various 

tactile pressures from everyday human interactions. Tactile pressure from the contact of a glove ranges 

from 100 kPa to 325 kPa [288]. Pressure on the finger is between 100 kPa - 800 kPa [289] while grasping 

a cylinder and 50 kPa - 900 kPa while working with screwdriver [302]. The pressure from a hand fist 

punch of human is 500 kPa [290]. Simulations were completed in CoventorWare® software to measure 

the pressure limit as well as the maximum stress at each layer. 

Figure 7-1 shows the process flow for AlN cantilever fabrication. A 50 μm thick flexible 

substrate and 0.5 μm thick Si3N4 insulation layer were first deposited on a Si wafer following the same 

fabrication steps of a MEMS capacitive flexible accelerometer. Ti was used as the bottom electrode in the 

process flow. Ti, Al or Pt can also be utilized as the bottom electrode. However, Ti was chosen for the 

following reasons: 
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Figure 7-3 Cantilever solid model in CoventorWare® 

 

Figure 7-2 Cantilever layout in CoventorWare® 
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• Pt is more expensive than Al or Ti 

• Pt and Ti have comparable lattice mismatch of 5% with AlN [291] 

• Al has lattice mismatch of 23% with AlN [7] 

• Ti can reduce the stress near film surface because of its similar CTE to that of AlN [292] 

The thickness of Ti was set at 0.2 μm. X-ray diffraction (XRD) analysis [293] showed that 

thinner electrode thickness (< 0.2 µm) results in wider full width at half maximum (FWHM) of XRD 

peak located at the diffraction angle of the film material. Since the crystallinity of AlN strongly depends 

on the crystal orientation of the underlying bottom electrode [294], the thickness of 0.2 µm for bottom 

electrode was chosen to make it highly c-axis oriented with a smaller FWHM value. Afterwards, a 2 μm 

thick sacrificial polyimide was patterned on Ti to form the islands on top of which the cantilevers will be 

suspended. The step was followed by the deposition of another 0.2 μm Ti and 0.25 μm AlN. AlN was 

sputtered at room temperature. After sputtering the AlN layer, the top Ti electrode was deposited which 

has a thickness of 0.2 μm too. Once the sacrificial layer is removed, the tri-layer stack of Ti-AlN-Ti 

becomes suspended. A patch of 10 μm × 10 μm was also defined on top the cantilever tip in the very last 

step of the process flow. The layout of the cantilever and the solid model built from the process flow are 

graphically shown in Figure 7-2 and Figure 7-3, respectively.   

7.4 Simulation 

Once the process flow is prepared, a solid model was built in CoventorWare®. A series of loads 

varying between 100 kPa to 1MPa were applied on the patch. The simulated displacement data is plotted 

against applied pressure in Figure 7-4. The slope of the curve indicates 2.32 μm of cantilever movement 

per 100 kPa applied pressure. For the applied pressure of 850 kPa, a displacement of 2.0 μm was 

observed. Since the sacrificial layer thickness is 2.0 µm, this limits the maximum applicable pressure on 
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Figure 7-5 Simulated displacement upon application of 850 kPa pressure on cantilever tip. The tip displaced 2 

μm downward which is equal to the sacrificial layer thickness. 

 

Figure 7-4 Simulated displacement vs pressure plot of the 60 µm × 12 µm× 0.25 µm cantilever 
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the cantilever to 850 kPa. The displacement of the cantilever is graphically illustrated in Figure 7-5 for the 

applied pressure of 850 kPa. A further stress simulation was performed to ensure the stability of the 

structure under such pressure. Figure 7-6 shows the stress in the tri-layer of Ti-AlN-Ti stack. The stress at 

the bottom and top Ti layers is 120 MPa and 110 MPa, respectively whereas the stress at the AlN layer is 

63 MPa. The yield strength of Ti and AlN are 800 MPa [295] and 300 MPa [296], respectively.            

 

60 µm 
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Figure 7-6 Simulated stress at (a) bottom Ti (b) top Ti and (c) AlN layer 

7.5 Fabrication 

The AlN cantilevers were fabricated on a flexible polyimide substrate. The same polyimide was 

utilized to form the substrate of the first project on MEMS accelerometer. Once the flexible substrate is 

formed, the following fabrication steps were followed. 

• Contact layer deposition 

200 nm thick Ti was sputtered using the home-built sputtering tool at room temperature. 

Sputtering pressure was set at 3.5 mTorr and power at 200 W to deposit Ti for 6.5 minutes.  

• Sacrificial layer deposition and patterning 

The polyimide used for sacrificial layer deposition is HD4104 which is the same polyimide used 

for deposition of the sacrificial layer in the project of flexible MEMS accelerometer. The same spin 

coating, developing and curing steps were followed to form this patterned polyimide. 
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Figure 7-7 Connection pads are defined after developing the NR9-1500PY photoresist 

 

Figure 7-8 Cantilever locations are defined and ready for the tri-layer deposition 

• Connection pad  and cantilever locations patterning  

NR9-1500PY was spin coated in a two-step process. The resist was spin-coated at 500 rpm (100 

rpm/second) for 5 seconds followed by 3000 rpm (800 rpm/second) for 40 seconds. It was then baked at 

150 °C for 60 seconds and exposed in aligner for 14 seconds. Post bake was completed at 100 °C for 60 

seconds and finally developed in RD6 developer for 10 seconds to define the connection pads as shown in 

Figure 7-7. Figure 7-8 shows the cantilever location ready for the tri-layer deposition.  

• Bottom electrode deposition 

The bottom electrode was deposited utilizing the similar process of the first layer of Ti 

deposition. The thickness of bottom Ti is also 200 nm. Ti got deposited everywhere on the wafer as 

shown in Figure 7-9. 

100 µm 

50 µm 
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Figure 7-9 Bottom Ti layer deposition 

 

Figure 7-10 AlN and top Ti layer deposition 

• Piezoelectric layer deposition 

AJA sputtering tool was utilized to sputter 250 nm thick AlN at room temperature for 150 

minutes. The sputtering pressure was set at 3.5 mTorr and power at 200 W. The chamber environment 

was composed of Ar and N2.  

• Top electrode deposition 

The top electrode was also processed in the analogous way the bottom one was deposited. The 

electrode thickness was 200 nm. Figure 7-10 shows the patterns after the Ti-AlN-Ti tri layer deposition. 

50 µm 

50 µm 
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Figure 7-12 SEM images of completely ashed cantilevers 

  
Figure 7-11 Tri layer lift-off 

• Lift-off, ashing and annealing 

The wafer was immersed in 1165 resist stripper and put in ultrasonic bath for lift-off. After the tri 

layer lift-off as shown in Figure 7-11, the wafer was put in Diener asher to remove the sacrificial layer 

and suspend the cantilever. The ashing process required 12 hours (Figure 7-12). The cantilevers were bent 

up after ashing due to the stress built up on the surfaces.  Finally, the cantilevers were annealed by placing 

the wafer at 380○ C for 2.5 hours in N2 environment.  

50 µm 50 µm 
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Figure 7-13 Results of the EDX analysis done on the fabricated cantilever 

7.6 EDX and XRD 

Once the fabrication of the cantilevers was complete, EDX was done on several cantilevers to 

detect the composition of the components. EDX result as shown in Figure 7-13 indicates the presence of 

AlN and Ti in the cantilever. The atomic ratio between Al:N:Si:Ti is 39.84: 47.42:8.56:4.18.  

Later XRD was done on the cantilevers to detect the crystal orientation of the piezoelectric layer. 

Figure 7-14 shows the peak of AlN positioned at 36.54° and Ti peak at 38.51°. Several works on AlN thin 

film showed XRD peak at 36.02° [297], 36.10° [298] and 36° [294]. Ti peak was observed at 38.35° in 

[10]. The measured values of peak position of both AlN and Ti are very close to the literature values.  

10 µm 
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Figure 7-15 Block diagram of the measurement setup 

 

Figure 7-14 XRD on AlN cantilever revealing crystal orientation of AlN along 36.54° and Ti along 38.51°. 

7.7 Characterization 

7.7.1 Setup 

 The completely fabricated AlN cantilevers were characterized using the measurement setup 

shown in Figure 7-15. The signal generator LFG 1300S was connected with the PZT E665 controller 

which drives the nanopositioner. The load cell displays the applied force on the cantilever in grams. 

Micromanipulator probe model 7B-5 with a radius of 5 μm was used to apply a vertical force on the AlN 

cantilever. The applied pressure was calculated from the cross-sectional area of the probe and the applied 
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Figure 7-16 PZT E-665 front panel displaying the required voltage for 2 µm displacement 

force reading from the load cell readout display. The response from the cantilever was fed to a SR560 low 

noise amplifier and finally to an Agilent 35670A signal analyzer. 

  Before starting the characterization, zero-point adjustment in E-665 PZT controller was 

completed. This calibration ensures the full travel range of the nanopositioner. The generated signal from 

the signal generator was amplified 10 times and was displayed in the front panel of the E-665 PZT 

controller The DC voltage amplified by the PZT E-665 controller for 2 µm displacement was 6.13 V as 

shown in Figure 7-16. Therefore, 0.613 V of input voltage into the PZT 665 controller results in 2 µm 

displacement. With a probe of 5 µm tip radius, the minimum resolution of applied pressure was calculated 

to be 103 kPa.  

7.7.2 Sensitivity 

For sensitivity analysis, various amounts of pressure were applied and the corresponding output 

voltages from the cantilevers were calculated. Figure 7-17 shows the output voltages vs displacements of 

three cantilevers of same size whereas, Figure 7-18 displays output voltages vs applied pressures for the 

same cantilevers. The sensitivities were calculated from the slope of the output voltage vs pressure curve. 

The calculated sensitivities were 2.04 × 10-4 V/kPa, 1.90 × 10-4 V/kPa and 1.98 × 10-4 V/kPa. 

 

 

 

 

 



107 
 

  
Figure 7-17 Cantilever output voltage plotted against 

cantilever displacement 
Figure 7-18 Cantilever output voltage plotted 

against applied pressure on cantilever 
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Figure 7-19 (a) Input voltage at the frequency of 3 Hz to E-665 PZT and (b) output voltage at the frequency of 3 

Hz from cantilever 
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Figure 7-20 Power spectral density of the output voltage from Figure. 7-19 (b) 
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7.7.3 Frequency response 

Sinusoidal voltages with amplitude of 0.613 V were applied with a frequency range between 3 Hz 

and 15 Hz. The output voltages from the cantilever at those frequencies were also measured. Figure 7-19 

(a) and (b) show the sinusoidal input and the corresponding output at 3 Hz from the cantilever, 

respectively. 

 The power spectral density of the output voltage at 3 Hz is shown in Figure 7-20. A peak at 3 Hz 

and harmonics with smaller amplitude were observed but no low frequency noise was found. The output 

voltages from the cantilever for input voltages at 5 Hz, 8 Hz, 10 Hz and 15 Hz are shown in Figure 7-21. 
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Figure 7-21 Output voltages from the cantilever for the input voltages of (a) 5 Hz, (b) 8 Hz, (c) 10 Hz and 

(d) 15 Hz 
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In all the cases, the output followed the incoming vibrations. The peak value of the output voltage from 

the cantilever dropped when the input vibration is at 15 Hz as shown in Table 7-1. The output at 15 Hz is 

a little distorted as well. For the ultra-thin AlN layer, the dipoles can quickly change the direction of 

polarization is response to the incoming vibration at 10 Hz or below. At higher frequency, the dipoles 

therefore do not get enough time to rearrange. Typically, the frequency of the activities performed by 

human motions is less than 5 Hz [299]. The excellent low frequency responses from the cantilevers make 

them suitable for tactile sensing and pressure measurement from everyday human activities.      
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7.8 Summary 

This Chapter provided the details of design, fabrication and characterization of ultra-thin AlN 

cantilever on flexible substrate. The AlN was deposited at room temperature and annealed after ashing the 

sacrificial layer. The glass transition temperature of the flexible substrate (400 °C) was the highest 

processing temperature. The annealing temperature in the final step of the fabrication was therefore set at 

380 °C. XRD on the annealed cantilevers showed perfect orientation angle of the dipoles of the 

piezoelectric layer as well as the contact layer. The sensitivity of the cantilever was measured to be 2.04 × 

10-4 V/kPa for the cantilever size of 60 µm × 12 µm × 0.25 µm. This work has demonstrated that for 

ultra-thin AlN cantilevers, annealing can be done after suspending the cantilevers and retain the 

piezoelectric property at the same time. 

 

 

 

 

 

 

 

 

Table 7-1 Comparison among peak output voltages from the cantilever at different frequencies 

Frequency (Hz) Peak output voltage (V) 

3 2.31 × 10-4 V 

5 2.24 × 10-4 V 

8 2.04 × 10-4 V 

10 1.98 × 10-4 V 

15 1.92 × 10-5 V 
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Chapter 8 

Conclusion 

8.1 Choice of flexible substrate 

MEMS researchers have developed microsensors over the past few decades, for a variety of 

sensing applications including inertial force, temperature, pressure, chemical species and radiation. 

Introduction of flexibility in MEMS devices has enhanced their features by adding the capability to bend 

which is not realizable with the rigid counterparts. Wearable devices are often required to be mounted on 

curved surfaces like human body. Utilizing flexible polyimides as a substrate can help with bendability of 

MEMS devices. Low  𝑇𝑔 exhibited by many polyimides was one of the main drawbacks of previous 

fabrication processes for flexible substrates. Moreover, releasing the substrate using liquid solvents like 

acetone or methanol was common. Liquid solvents lead to stiction in miniature MEMS devices.  To 

overcome these limitations, a polyimide having a high  𝑇𝑔 and a process of dry ashing are essential. In this 

work, design, fabrication and characterization of MEMS capacitive accelerometers on a flexible 

polyimide are presented. A low adhesion strength release layer PI2611 was used under the substrate that 

eliminated the solvent requirement to release the substrate. It also possesses a low CTE value, very close 

to that of Si. As a flexible substrate, PI5878G was chosen considering the factors including  𝑇𝑔 and CTE. 

High 𝑇𝑔 (> 400 °C) and low CTE (20 ppm/°C) make PI5878G a very attractive polyimide for the 

fabrication of flexible accelerometers.  

8.2 Novel design of flexible accelerometers 

Design of the accelerometers was completed in CoventorWare® software. Capacitance 

simulations were done in CoSolveEM module and other simulations including stress and modal analyses, 

pull-in studies were completed in MemMech module.  A novel UV-LIGA fabrication technique was 

developed to realize a thicker proof-mass (8 µm) compared to the spring (3 µm), thus decoupling the two 

important parameters: the stiffness and the proof-mass to achieve higher sensitivity. Optimization of 
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thicknesses of the spring and the proof mass, perforations and sacrificial layer were done to have the 

highest sensitivity and desired resonant frequency. 

Accelerometers of three different sizes, tuned to frequencies ranging from 600 Hz to 1100 Hz, 

were fabricated. The perforated proof mass of the accelerometers aided the ashing process of the 

sacrificial polyimide. The perforations also reduce the damping force. The largest device, having the area 

of 960 µm × 960 µm, showed a sensitivity of 187 fF/g with an SNR of at least 100:1 when characterized 

at its resonance frequency of 800 Hz. The applied acceleration was ±4 g in addition to gravitation.   

8.3 Flexible packaging of accelerometers 

The MEMS capacitive micro accelerometers designed and fabricated in this work on flexible 

substrates were later packaged by a Kapton® superstrate. Kapton® was chosen because of several 

beneficial factors including similar 𝑇𝑔 and CTE compared to substrate PI5878G, low outgassing in 

vacuum, high tensile strength and chemical inertness to numerous solvents. To form the sidewall between 

the substrate and the superstrate, HD4110 polyimide was utilized since its  𝑇𝑔 and CTE values are close to 

those of PI5878G and Kapton®.  

All three types of accelerometers were characterized after encapsulation. The performance of the 

accelerometers was enhanced after packaging which is attributed to the fact that packaging creates a 

neutral stress plane in between the substrate and the superstrate and the accelerometers were placed close 

to that plane. After packaging, the largest accelerometer A960 demonstrated a sensitivity of 195 fF/g at its 

resonant frequency of 800 Hz. The characterization results from other accelerometers and a comparative 

study of sensitivity of all the three sizes of accelerometers before and after encapsulation are detailed. 

8.4 AlN tactile sensors 

 Cantilever based AlN pressure sensors with a capability of detecting pressure from 100 kPa to 

850 kPa were fabricated and characterized as part of the final project.  The details of fabrication and 
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characterization process are described. The AlN cantilevers sandwiched between two Ti electrodes 

demonstrated excellent crystal orientation along 36.54°. The cantilevers were fabricated on a flexible 

PI5878G polyimide which limited the maximum annealing temperature at 400 °C. These surface 

micromachined AlN cantilevers demonstrated a sensitivity ranging from 1.90 × 10-4 V/kPa to 2.04 × 10-4 

V/kPa. 

8.5 Applications 

Flexible accelerometers fabricated in this work introduce several potential applications. The 

major advantages of the process demonstrated here are the bendability of the device, lightweight, low 

profile and low fabrication cost. The devices fabricated by double UV-LIGA process demonstrated six-

fold increase in sensitivity compared to the state-of-the-art currently available. The accelerometers were 

characterized after bending down to 2.0 cm ROC. Therefore, these devices can be easily mounted on 

robotic or prosthetic fingertips. The possible applications of the encapsulated flexible MEMS capacitive 

accelerometer are: 

▪ To provide feedback to the wearer of a prosthetic component for motion control 

▪ To maintain and control robotic motion to ensure safety of human co-workers 

▪ Nonintrusive measurement of exercise parameters on clothing (wearables) 

▪ Integrated measurement system for physical therapy 

▪ Navigation in defense and commercial aviation 

▪ Control and stabilize unmanned vehicles by accurate inertial sensing 

▪ Air bag deployment system and game controllers 

AlN pressure sensors, on the other hand, can be used for tactile pressure sensing from human 

gloves, press by index finger or pressure from the grasping of a cylinder.    
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Figure A-1 Layout for A640 (a) bottom electrode, (b) bond pad, (c) sacrificial layer, (d) Au seed layer 

Appendix A 

Accelerometer mask layouts 

A.1 Introduction 

 Accelerometers of three different geometries were designed in this work. CoventorWare® 

requires a process flow and a layout to build a solid model. Here, mask layout of A640 is presented. 

A.2 Mask layouts 

 After defining the process flow, the mask layout is prepared in CoventorWare® software. A total 
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Figure A-1 (continued) Layout for A640 (e) 1st Ni layer (f) 2nd Ni layer (g) cavity 

of 6 masks were used to design the accelerometers. The mask layouts are provided below. For Au seed 

layer and for 1st Ni layer, same mask was used. These layouts were converted to Graphic Data System 

(GDS) file and provided to the mask suppliers. 

A.3 Summary 

 The layout files of the accelerometers were created to build the solid model and subsequently 

perform the simulations. 

 



116 
 

 

Figure B-1 Mesher settings for splitting planes 

Appendix B 

CoSolveEM settings for accelerometer capacitance simulation 

B.1 Introduction 

 Simulations including capacitance change, modal analysis and stress study were performed on the 

three different sizes of accelerometers. The simulation settings are provided in this Appendix. 

B.2 CoSolveEM settings 

 CoSolveEM is an individual module of CoventorWare® that has the capability of 

electromechanical analysis. MemElectro provides the electrostatic analysis, and MemMech provides the 

mechanical analysis. CoSolveEM uses an iterative procedure to maintain consistency between the two 

solutions. It checks the mechanical deformation for applied electrostatic force and direct towards 

convergence for a given set of settings. In this work, electrostatic force was applied between the 

electrodes and acceleration was applied on the proof mass. The combined effect is simulated in 

CoSolveEM module. 
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Figure B-3 (a) Solid model of quarter size of accelerometer A640 and (b) after generating mesh  

 

Figure B-2 Mesher settings for the accelerometers 

 

Figures B-1 and B-2 show the mesh settings for the splitting planes and accelerometer solid 

model respectively. Planes can only be meshed with surface mesh type. Smaller 3-node triangles element 

was selected over quadrilateral element. Delaunay algorithm is the only available one for triangular 

element. It requires the satisfaction of the criterion that no node may be contained by the circumcircle of 
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Figure B-4 CoSolveEM settings 

any other triangle. Extruded brick meshing was applied to the whole accelerometer including the proof 

mass, the springs and the anchors. This mesh type automatically reduces the element size wherever it 

finds an interface. For example, at the interface between the proof mass and the springs, two layers of 

different thicknesses are connected. Extruded brick scheme makes quadrilateral meshes and then extrudes 

the meshes in the given extruded direction to form hexahedral bricks. Figure B-3 shows a quarter size of 

the solid model (a) before meshing and (b) after meshing. Split and merge algorithm was selected because 

it splits the quadrilaterals and merges them to produce the finest quality of mesh. Parabolic element order 

ensures that there is always three nodes alone each mesh edge for greater accuracy than linear element 

which produces two nodes per mesh edge.     

 The simulation settings in CoSolveEM, MemMech and MemElectro are displayed in Figures B-4, 

B-5 and B-6 respectively. Since a small DC voltage is applied between the proof mass and the bottom 

electrode later, single step DC analysis was selected with accelerated coupling algorithm for faster 

convergence. The tolerance of displacement was set at 0.001 μm. CoSolveEM iterates the electrostatic 

and mechanical solutions until the difference between every corresponding pair of elements of the two 

displacement vectors, at the current iteration and the previous, is less than this setting. Maximum iteration 

of 32 or higher value result in same displacement of the proof mass. That is why the maximum iteration 

was set at 32. 
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Figure B-5 MemMech settings 

 

Figure B-6 MemElectro settings 

 To include the geometric nonlinearity in the analysis, the analysis option was set as nonlinear as 

shown in the MemMech settings in Figure B-5. MemElectro setting (Figure B-6) includes electrostatics 

analysis with the option of force on conductor parts since acceleration is applied of the proof mass. 

 The boundary conditions are applied afterwards. CoSolveEM requires a potential difference 

between the electrodes for capacitance simulation.  Figure B-7 shows that a small DC voltage of 50 mV 

was applied to the proof mass whereas the bottom electrode was grounded.  
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Figure B-7 50 mV applied to the proof mass with respect to the bottom electrode 

 

Figure B-8 The bottom suface of the anchor is fixed in all direction in SurfaceBCs settings box  

 

Figure B-9 Acceleration applied on the proof mass in VolumeBCs settings box  

 The surface and volume boundary conditions are presented in Figures B-8 and B-9 respectively. 

The bottom surface of the anchor was fixed in all direction and acceleration was applied on the proof 

mass. 

B.3 Summary 

 The simulation settings in CoSolveEM have been described in this Appendix. CoSolveEM 

requires sufficient meshing for convergence and as well the boundary conditions for electrostatic and 

mechanical simulations. 
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Appendix C 

Modal and pull-in simulation settings for accelerometers 

C.1 Introduction 

 Modal simulation was carried out to find the resonant frequency and displacements at other 

modal frequencies. The pull-in analysis is also required to determine the applicable electrostatic force 

limit. The simulation settings for modal and pull-in analyses are shown in this Appendix. 

C.2 Modal analysis settings 

 A total of 6 modes was selected as shown in the MemMech settings box as shown in 

Figure C-1. The Lanczos solution method was selected for faster convergence for a non-linear system. 

C.3 Pull-in analysis settings 

CosolveEM module was utilized to perform the pull-in analysis. The analysis option is shown in 

Figure C-2. Pull-in detection was selected for the analysis with relaxation iteration method. This method 

 

Figure C-1 MemMech settings for modal analysis 
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requires less computational resources and parametric tuning than Newton’s method. Newton’s method is 

only recommended for the rare cases when the relaxation method solver fails to converge. 

The voltage was initiated from 10 V and the maximum limit was set at 40 V. The simulator will 

apply 10 V initially and find out whether this is the pull-in voltage or not. If not, it will increase 1 V in 

each step and redo the simulation again. Once the pull-in voltage is reached, it will stop. These settings 

are shown in Figure C-3.  

 

Figure C-2 CoSolveEM settings for pull-in analysis. 

 

 

 

Figure C-3 Voltage trajectory settings box 
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C.4 Summary 

 The simulation settings for the modal and pull-in analysis have been described in this Appendix. Modal 

analysis is essential to determine the resonant frequency and confirm the movement of a structure in desired 

direction. For capacitive accelerometers, limiting the applied voltage below the pull-in voltage is necessary. Pull-in 

analysis helps to find out the pull-in point.    
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Appendix D 

Simulation settings for bending of accelerometers 

D.1 Introduction 

 The substrates of the accelerometers were bent to check the flexibility. This Appendix provides 

the simulation settings for bending the substrates. 

D.2 Simulation settings 

 Figure D-1 shows the cross section of the solid model of A960 encapsulated by Kapton® 

superstrate. To simulate the bending, one end of the substrate as kept fixed and displacement was applied 

at the other end. In both ends, the surfaces include the polyimide substrate, the insulator, the sidewall and 

the Kapton® superstrate. Figures D-2 and D-3 displays the applied surface and volume boundary 

conditions. 

 

Figure D-1 Cross section of the solid model of A960 showing the fixed surfaces and the direction of applied 

displacement. Z-axis exaggerated 10 times. 
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 Once the simulation was completed, the displacement and stress at different layers were viewed 

in Visualizer as shown in Figure D-4 (a) and (b) respectively. 

D.3 Summary 

 Stress at all layers upon bending must be below the yield strength. Therefore, stress simulation is 

essential to check the level of stress. This Appendix describes the required simulation settings.  

 

Figure D-2 Boundary conditions in SurfaceBCs settings box 

 

Figure D-3 Acceleration applied in VolumeBCs settings box 

  
 

Figure D-4 (a) Displacement and (b) stress in visualizer 
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Figure E-1 (a) A960 bent down to 2.5 cm ROC and (b) the bottom electrode coming closer to the proof mass 

Appendix E 

Calculations of ROC 

E.1 Introduction 

 The accelerometers were bent by applying displacement at one end and fixing the other end in all 

direction as described in Appendix C. Here, the calculations of determining the ROC from the bent proof 

mass is discussed. 

E.2 Determining ROC 

 Figure E-1 shows accelerometer A960 bent when displacement is applied at one end. The bottom 

electrode comes very close to the proof mass so that both parts are almost touching each other. Once the 

structure is bent, 𝑥 and 𝑦 coordinated from the simulation were extracted. The radius of curvature was 

determined from Eq. (E-1) [300] 

𝑅 = [1 + (𝑦′(𝑥))2]3 2⁄ |𝑦′′(𝑥)|⁄         (E-1) 
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Figure E-2 ROC calculation (a) without Kapton® and (b) with Kapton® 
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where, 𝑥 and 𝑦 are the coordinate values,  𝑦′ and 𝑦′′ are the first and second derivative of the function 

that defines the curvature. The function was obtained by curve fitting on the simulated points. Two 

different sets of points were extracted; one with Kapton® and one without Kapton®. Figures D-2 and D-3 

show the fitted curve for the two cases. Utilizing Eq. (D-1), the calculated ROCs in both cases are 

determined at 2.5 cm. Figure E-2 (a) and (b) show the curvature of the substrate before encapsulation and 

after encapsulation respectively.  

E.3 Summary 

 The minimum ROC of the accelerometer was calculated to be 2.5 cm when the bottom electrode 

almost touches the proof mass. This indicates the minimum bendable ROC for the accelerometers when it 

can still stay functional.  
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Appendix F 

AlN pressure sensor simulation settings 

F.1 Introduction 

 Simulation was carried out to determine the maximum applicable load on the cantilevers. This 

Appendix describes the required simulation settings.  

F.2 Simulation settings 

 Figure F-1 shows the mesher settings for the solid model of the cantilever. Since the cantilever is 

a rectilinear structure without a complex interface, Manhattan bricks were selected as the mesh type. 

Smaller mesh was applied in z-direction to confirm the availability of sufficient segments in z-direction.  

 

Figure F-1 Fixing the anchor of the cantilever in all directions and applying pressure on the cantilever tip 
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 The solid model after meshing is shown in Figure F-2. MemMech surface boundary conditions 

are displayed is Figure F-3. After simulation, the displacement as well as the stress was observed in the 

Visualizer. 

F.3 Summary 

 This Appendix has described the MemMech simulation settings for AlN cantilever. Upon 

bending of the cantilever, the stresses at different layers were observed. 

 

 

 

 

 

Figure F-3 Fixing the anchor of the cantilever in all directions and applying pressure on the cantilever tip 

 

Figure F-2 Solid model after meshing. Z-axis exaggerated 5 times. 
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