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ABSTRACT 

Solid-state Memory on Flexible Silicon for Future Electronic Applications 

Mohamed Tarek Ghoneim 

 Advancements in electronics research triggered a vision of a more connected 

world, touching new unprecedented fields to improve the quality of our lives. This vision 

has been fueled by electronic giants showcasing flexible displays for the first time in 

consumer electronics symposiums. Since then, the scientific and research communities 

partook on exploring possibilities for making flexible electronics. Decades of research 

have revealed many routes to flexible electronics, lots of opportunities and challenges. In 

this work, we focus on our contributions towards realizing a complimentary approach to 

flexible inorganic high performance electronic memories on silicon. This approach 

provides a straight forward method for capitalizing on the existing well-established 

semiconductor infrastructure, standard processes and procedures, and collective 

knowledge. Ultimately, we focus on understanding the reliability and functionality 

anomalies in flexible electronics and flexible solid state memory built using the flexible 

silicon platform. The results of the presented studies show that: (i) flexible devices 

fabricated using etch-protect-release approach (with trenches included in the active area) 

exhibit ~19% lower safe operating voltage compared to their bulk counterparts, (ii) they 

can withstand prolonged bending duration (static stress) but are prone to failure under 

dynamic stress as in repeated bending and re-flattening, (iii) flexible 3D FinFETs exhibit 

~10% variation in key properties when exposed to out-of-plane bending stress and out-of-

plane stress does not resemble the well-studied in-plane stress used in strain engineering, 
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(iv) resistive memories can be achieved on flexible silicon and their basic resistive 

property is preserved but other memory functionalities (retention, endurance, speed, 

memory window) requires further investigations, (v) flexible silicon based PZT 

ferroelectric capacitors exhibit record polarization, capacitance, and endurance (1 billion 

write-erase cycles) values for flexible FeRAMs, uncompromised retention ability under 

varying dynamic stress, and a minimum bending radius of 5 mm, and (vi) the combined 

effect of 225 °C, 260 MPa tensile stress, 55% humidity under ambient conditions (21% 

oxygen), led to 48% reduction in switching coercive fields, 45% reduction in remnant 

polarization, an expected increase of 22% in relative permittivity and normalized 

capacitance, and reduced memory window (20% difference between switching and non-

switching currents at 225 °C).  
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Chapter 1 Introduction and Review on Physically Flexible Nonvolatile Memory  

 Solid-state memory is an essential component of the digital age. With 

advancements in healthcare technology and the Internet of Things (IoT), the demand for 

ultra-dense, ultra-low-power memory is increasing. In this chapter, we present a 

comprehensive perspective on the most notable approaches to the fabrication of 

physically flexible memory devices. With the future goal of replacing traditional 

mechanical hard disks with solid-state storage devices, a fully flexible electronic system 

will need two basic devices: transistors and nonvolatile memory. Transistors are used for 

logic operations and gating memory arrays, while nonvolatile memory (NVM) devices 

are required for storing information in the main memory and cache storage. Since the 

highest density of transistors and storage structures is manifested in memories, the focus 

of this chapter is flexible NVM. Flexible NVM components are discussed in terms of 

their functionality, performance metrics, and reliability aspects, all of which are critical 

components for NVM technology to be part of mainstream consumer electronics, IoT, 

and advanced healthcare devices. 

 This Chapter briefly outlines the operating principles, common nonvolatile 

memory architectures of different NVM cells and technologies, and a literature review of 

the flexible NVM research area and highlights the most common approaches for making 

flexible NVM. The material presented is published as: 

 Ghoneim, M.T.; Hussain, M.M. Review on Physically Flexible Nonvolatile Memory 

for Internet of Everything Electronics. Electronics 2015, 4, 424-479. 
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 Chapter 2 and 3 demonstrate the reliability studies of flexible high-κ/metal gate 

devices, including flexible MOSCAPs and flexible FinFETs on silicon. These chapters 

represent our contribution in showing the first key element in NVM cells which is the 

select/access transistor. We first study the electrical and mechanical reliability aspects of 

a flexible version of a simple metal-oxide-semiconductor structure then move forward to 

undertake the performance analysis of high performance flexible non-planar 3D FinFET 

CMOS. These two chapters are published as:  

 Ghoneim, M.T.; Rojas, J.P.; Young, C.D.; Bersuker, G.; Hussain, M.M. Electrical 

Analysis of High Dielectric Constant Insulator and Metal Gate Metal Oxide 

Semiconductor Capacitors on Flexible Bulk Mono-Crystalline Silicon. IEEE Trans. 

Rel. 2015, 64, 579-585. 

 Ghoneim, M.T.; Kutbee, A.; Nasseri, F.G.; Bersuker, G.; Hussain, M.M. Mechanical 

anomaly impact on metal-oxide-semiconductor capacitors on flexible silicon 

fabric. Appl. Phys. Lett. 2014, 104, 234104. 

 Ghoneim, M.T.; Alfaraj, N.; Torres-Sevilla, G.A.; Fahad, H.M.; Hussain, M.M. Out-

of-Plane Strain Effects on Physically Flexible FinFET CMOS. IEEE Trans. Electron 

Devices, 2016, 1-8. 

 Torres-Sevilla, G.A.;* Ghoneim, M.T.;* Fahad, H.;* Rojas, J.P.; Hussain, A.M.; 

Hussain, M.M. Flexible nanoscale high-performance FinFETs. ACS Nano 2014, 8, 

9850-9856. [* Equal Contributions] 

 Chapters 4 and 5 represent the second main component of NVM which is the 

storage elements. Chapter 4 demonstrates a flexible resistive memory device 

(memristor—storage element in ReRAM) on flexible silicon and chapter 5 demonstrates 
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flexible ferroelectric capacitors (storage element in FeRAM) on silicon. The presented 

work in these two chapters has been published as: 

 Ghoneim, M.T.; Zidan, M.A.; Salama, K.N.; Hussain, M.M. Towards 

neuromorphic electronics: Memristors on foldable silicon fabric. Microelectron. 

J. 2014, 45, 1392-1395. 

 Ghoneim, M.T.; Zidan, M.A.; Alnassar, M.Y.; Hanna, A.N.; Kosel, J.; Salama, 

K.N.; Hussain, M.M. Thin PZT‐Based Ferroelectric Capacitors on Flexible 

Silicon for Nonvolatile Memory Applications. Adv. Electron. Mater. 2015, 1, 

1500045. 

 Ghoneim, M.T.; Hussain, M.M., 2015. Study of harsh environment operation of 

flexible ferroelectric memory integrated with PZT and silicon fabric. Appl. Phys. 

Lett. 2015, 107, 052904. 

 Finally, chapter 6 provides useful insights based on the learnt lessons from our 

research pursuits and outlines future directions towards achieving fully flexible NVM 

modules and systems for IoT and wearable electronic applications. 

1.1. NVM Operating Principles 

 Similar to how we define the human brain’s ability to memorize as the ability to 

remember useful information over long- and short-term durations, electronic memories 

have the ability to retain stored information over various durations. An electronic 

memory that is able to retain information over short periods of time (milliseconds) is 

identified as a volatile memory. In this case, when the power goes off, information stored 

in the volatile memory is lost. On the contrary, an electronic memory that is able to store 

information over long periods of time (~10 years is the industry standard) is called a 



20 
 

nonvolatile memory (NVM). NVMs can retain information even when no power is 

supplied. There are five major classes of NVMs [1]: resistive random access memory 

(ReRAM) also referred to as memristor [2-5], ferroelectric RAM (FeRAM), [6] magnetic 

RAM (MRAM) [7, 8], phase change RAM (PCRAM) [9, 10], and flash memory (floating 

gate (FG) and charge trapping (CT)) [11, 12, 13]. Other technologies, such as nano-

electromechanical (NEM) NVMs [14, 15] and molecular based NVMs [16] exist but they 

are not mainstream. Table  1.1.1 summarizes the principles of operation of the leading 

NVM technologies and indicates which technologies have already been demonstrated in a 

flexible form. Note that the terms ‘floating gate’ and ‘charge-trapping flash’ are used 

interchangeably in recent literature. In Table  1.1.1, the distinguishing property is whether 

the charge-trapping layer is a conductor or an insulator, although both conducting and 

insulating layers (with or without embedded NPs and QDs) trap charges; nanoparticles 

(NP) embedded in an insulator for charge trapping are also considered FG-Flash.  

 

Table 1.1.1: Operation Principles of Common NVM 

NVM Type Operation Principle Flexed 

ReRAM (Memristor)  

A resistive oxide is sandwiched between two 

metallic layers. The resistance of the oxide 

changes with applied “set” and “reset” 

voltage pulses. A high-resistance state 

corresponds to “0” and a low-resistance state 

corresponds to “1.” 

Yes 
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FeRAM 

 

A ferroelectric material has two possible 

polarization states inherent from its 

crystalline structure. Applying write/erase 

voltage pulse switches for positive to 

negative polarization states, corresponding to 

“0” or “1.” 

Yes 

MRAM 

 

Spintronic devices such as magnetic 

tunneling junctions are composed of a fixed 

(“pinned”) magnetic moment layer, a 

tunneling barrier (oxide), and a free layer. 

Current flowing in nearby lines is expected 

to magnetize the free layer. If the free layer 

magnetic moment is parallel to that of the 

pinned layer, the device is “ON” and the 

resistance across the structure is low. If the 

free layer is magnetized such that its 

magnetic moment is anti-parallel to the 

pinned layer, the device is “OFF” and the 

structure will be in high-resistance state. 

No 

PCRAM 

Current or laser pulses are applied to change 

the phase of a material from crystalline (low 

Yes 
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resistance) to amorphous (high resistance) 

and vice versa at a localized space, which 

changes the material’s electrical and optical 

properties. Short pulses above the melting 

temperature are needed to make the change 

from the crystalline to the amorphous phase, 

while longer pulses below the melting 

temperature are required to restore the 

crystalline order of the material. 

Flash 

 

FG 

FG flash has the same structure as a 

field effect transistor (FET) except 

that its gate dielectric is split into 

three layers. The first is tunneling 

oxide, the second is an embedded 

conductor layer (i.e., doped 

polysilicon or embedded quantum 

dots (QDs) or metallic nanoparticles 

(NPs)) floating gate, and the third is a 

blocking oxide. When a programming 

voltage is applied, carriers tunnel 

from the channel to the floating gate. 

This results in a shift of the threshold 

Yes 
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voltage of the transistor 

corresponding to “1.” A reverse bias 

is applied during the erase operation 

to move the charges back into the 

channel.  

CT 

The charge trap flash replaces the 

floating gate with a conductor layer 

that has an insulting layer (i.e., silicon 

nitride). The most common structures 

are the SONOS (Polysilicon-oxide-

nitride-oxide-silicon) and the TANOS 

(titanium-alumina-nitride-oxide-

silicon). 

Yes 

NEM-NVM 

 

A nano-electromechanical switch is 

fabricated such that (i) upon applying a 

programming electrical signal, its pull-in 

voltage shifts when operated at a designed 

switching voltage or (ii) it has a free moving 

cantilever that has bistable physical states 

affecting its electrical properties. 

No 
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Molecular Based NVM 

 

A bistable molecule can be switched from a 

low-conductance state (“0”) to a high-

conductance state “1” by applying brief bias 

voltage pulses to switch the state through 

oxidation and translation of the molecular 

structure between the two stable states.  

No 

1.2. NVM Architectures 

 NVM architectures are an important element in memory design that can be 

classified into three main categories: the 1T, where the memory cell is composed of a 

single transistor (‘T’ stands for transistor); the 1T1C or 1T1R, where the memory cell is 

composed of an access/select transistor and a nonvolatile storage structure (‘C’ stands for 

capacitor and ‘R’ stands for resistor); and the 2T2C (two transistors and two capacitors 

per memory bit) [1, 17, 18]. Other variations of these main architectures [17, 19] and 

different arrangements, such as the 1T2C, have also been reported [20-22]. Furthermore, 

there are differences in the way memory cells are connected to each other. For instance, 

NOR-type flash and NAND-type flash memories both have a 1T architecture but 

different cell connections [23]. Also, there is the crossbars configuration in which each 

memory cell is connected to four neighboring cells [6]. Figure  1.2.1 shows the schematic 

arrangements of the three main architectures, NOR and NAND flash arrangements, and 

the crossbars configuration.  
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Figure 1.2.1: Architectures of NVM 

1.3. Literature Review 

 Recent advancements in flexible electronics research will enable novel 

applications ranging from stylish flexible gadgets for real-time monitoring of health-

related vital signs to novel biological applications such as electronic skin [23-33]. Critical 

advances have been made in recent years that rely on organic materials as active elements 

because of their inherent flexibility. Mainstream approaches to capitalize on naturally 

flexible substrates like polymers can be categorized into (i) all-organic systems, where 

both devices (specifically active materials) and substrates are made up of organic 

materials [34-40] or inkjet- and screen-printed in thin layers onto paper and organic 
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substrates [41-44] and (ii) hybrid systems, where inorganic electronic devices are 

transferred onto an organic substrate using transfer printing and other transfer techniques 

[45-53], laser lift-off transfer [54], and low-temperature direct deposition of inorganic 

devices on plastic organic substrates [55-58]. Other approaches use silicon-on-insulator 

(SOI) substrates, and controlled spalling technology to peel-off thin semiconductor layers 

[59-61]. In addition, a complementary transfer-free approach has recently been 

introduced, where thinning down the inorganic substrate through traditional, standard 

fabrication processes improves the flexibility of the substrate [62-67].  

 These approaches are all geared towards achieving fully flexible electronic 

systems. The three main components in any electronic system are (1) processing units, 

(2) the main memory, and (3) storage. Processing units perform logic operations through 

transistor logic, while the main memory performs temporary short-term storage (cache) 

with a quick access feature, also known as primary storage or random access memory 

(RAM), through access transistors and capacitors that store charges. Storage refers to the 

long-term retention of information, traditionally implemented using hard disks. However, 

at present, a shift towards other NVM types in a solid-state drive (SSD) format for 

supporting faster performance and higher integration densities within strict area 

constraints is taking place. Hence, the main electronic devices required to build an 

electronic system are transistors, capacitors, and NVM devices. Emerging NVM such as 

resistive random access memory (ReRAM), flash memory, phase change RAM 

(PCRAM), and ferroelectric random access memories (FeRAMs) have the benefits of fast 

switching, low-operation voltage, and ultra-large-scale-integration (ULSI) densities. 

These attractive qualities not only make them a favorable option for replacing magnetic 
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hard disks but also for replacing quick access, volatile, and dynamic RAM. This means 

that future electronic systems will require combinations of only two essential devices: 

transistors and NVM devices.  

 An objective assessment of the discussed mainstream and complementary 

approaches to flexible electronics must focus on their ability to provide high-

performance, reliable NVM devices with ULSI density transistors. In this section, we 

present the mainstream NVM architectures and technologies with a special focus on most 

up-to-date techniques for producing flexible NVM devices.  

 Every memory cell consists of a gating device for access/select that is usually 

implemented using a transistor. Hence, memory arrays are where the largest number of 

transistors exist in an electronic system, a consequence of their ULSI density and low 

cost/bit ($/bit). Furthermore, with the continuous reduction in $/bit of NVMs and the 

higher switching speeds between memory states (‘0’ to ‘1’ or vice versa) of emerging 

NVM technologies, replacing volatile random access memory and magnetic hard disks 

with faster SSDs made up of transistors and NVM structures becomes feasible. Here, the 

progress made over the past few years in three prominent types of flexible NVM 

technologies is discussed: (i) resistive, (ii) ferroelectric, (iii) phase change, and (iv) 

charge-trapping NVMs. In addition, the reliability aspects of the devices reported are 

discussed and an assessment for emerging technologies that provides useful insights 

towards their potential for commercialization is also provided. Figure  1.3.1 briefly 

positions the focus of this review in context of flexible electronics research.  
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Figure 1.3.1: Chart highlighting the focus of the review. 

 As of today variety of materials have been used to build NVM devices. For 

example, NMVs based on; (i) embedded 0-dimensional gold nanoparticles (NPs) [68-72], 

black phosphorous quantum dots (QDs) [73], and silicon QDs [74], (ii) 1-dimensional 

zinc oxide (ZnO) nanowires [75], silicon (Si) nanowires [76], and carbon nanotubes 

(CNTs) [77-79], and (iii) 2-dimensional graphene [80-82], graphene oxide [83-89], 

molybdenum disulfide (MoS2) [90, 91], zinc oxide (ZnO) [75], and hydrated tungsten tri-

oxide (WO3.H2O) nano-sheet [51] have already been reported.  

 Although, these and other similar reports have focused on discrete memory 

devices or cells, academic researchers and semiconductor industries have reported 

macroelectronics (large area electronics) focusing on mainly artificial skin [92-94] and 

display technology where memory has not been an integrated built-in module. Sony 
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reported a rollable organic light emitting diode (OLED) based display in 2010 [95]. 

Samsung in the consumer electronics show (CES) 2011 and, later, LG and Nokia 

demonstrated a flexible display prototype [96]. However, the futuristic vision of the IoT 

where everything is connected, communicating, and making real-time decisions with 

artificial intelligence, with the associated emerging markets of big data analysis and 

machine-to-machine (M2M) technologies, would require more than flexible displays. The 

steep increase in the number of sensors from few millions in 2007 to billions of devices 

in 2013 is expected to persist, reaching the trillion sensor devices mark by 2023 due to 

the impact of IoT [97]. These sensors will be integrated in smart cards and RFIDs, 

vehicular technologies, buildings, infrastructures, healthcare, smart energy, factories, and 

supply chain management [97-99], as well as on humans for improving regular day to 

day experience [100]. To achieve such functionalities and fulfill the futuristic vision, IoT 

devices will require: (i) increased intra-node processing for real-time decision making, 

(ii) robustness to environmental variations (reliability), (iii) ultra-low power operation, 

(iv) ultra-high density integrated NVM and (v) smart antennas for wireless 

communications [101-105]. In addition, IoT devices should be physically flexible to 

enable wider adaptation in wearable forms and conforming to curvilinear structures in 

various forms.  

 To this end, integrated device manufacturers (IDMs) have already demonstrated 

devices designed to meet the IoT requirements. In 2014, Aitken et al. identified the 65 nm 

CMOS technology as the most suitable IoT chip process based on wafer cost and die area 

analysis [106]. In 2015, Yamamoto et al. demonstrated a novel gate stack in 65 nm 

CMOS technology for ultra-low leakage devices [102], Ueki et al. from Renesas 
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Electronics Corporation developed a low power 2 Mb ReRAM macro in 90 nm CMOS 

technology [107], Whatmough et al. implemented a 0.6 volts transceiver in 65 nm CMOS 

technology [108], and Yamauchi et al. developed an embedded flash memory in vehicle 

control systems for IoT applications [99]. Furthermore, Hitachi researchers have studied 

how to profit from IoT for 10 years and used big data analysis to introduce the wearable 

happiness meter to unravel the link between physical motion and happiness [100]. 

Tanakamaru et al. introduced privacy protection solid state storage (PP-SSS) for what 

they called, “the right to be forgotten,” where data is physically and automatically broken 

hardware-wise to co-op with anticipated security and privacy issues in the IoT era [109].  

These are all great milestones in providing useful insights of what the future holds with 

the IoT revolution.  

 Based on the existing progress and current status, it is evident that while IoT 

devices are required to attain physical flexibility, they still have to rely on CMOS 

technology while pushing for ultra-low power consumption, ultra-low leakage currents, 

improved reliability, and ultra large scale co-integration of NVMs, CPUs, and antennas. 

Flexible antennas have been studied for decades and will not be discussed in this section 

[110-115]. As aforementioned, NVM modules require information storage elements and 

select access transistors; therefore, a NVM perspective of the flexible electronics arena 

provides a comprehensive overview of the basic elements needed for implementing all 

electronic systems, including systems suitable for IoT applications. 
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1.3.1. All Organic Systems 

 Most organic electronics use a variety of polymeric semiconductors as channel 

materials, polymeric ferroelectrics for nonvolatile storage, and thick, durable insulating 

polymers to support the flexible substrate. Figure  1.3.1.1a shows a representative 

structure for an all-organic deposited NVM that uses a quinoidal oligothiophene 

derivative (QQT(CN)4) as the organic channel material and a polyvinilidene-co-

trifluoroethylene (PVDF-TrFE) as the ferroelectric material; Figure  1.3.1.1b shows an 

inkjet-printed organic inverter on a plastic substrate. Compared to inorganic silicon 

electronics, the all-organic approach is more challenging with respect to the performance 

of organic materials, especially as transistor channel materials. The highest reported 

mobility for most organic channel materials is more than 20 times lower than silicon 

[116-119], with the exception of 43 cm
2
/V.s peak hole saturation mobility reported by 

Yongbo Yuan et al. in 2014 [120]: this translates into lower performance. Furthermore, 

organic electronics have yet to match the reliability of inorganic electronics nor can they 

compare in thermal stability [121]. To capitalize on the low-cost benefits of an all-

organic system, there is a need to integrate polymeric dielectrics because they typically 

have low dielectric constants compared to the semiconductor industry’s high-κ dielectrics 

and, in most cases, are even lower than that of SiO2 [122]. Although it is a challenge to 

achieve the high capacitance values required for high-performance electronic devices 

using all-organic materials, there are also benefits from their use such as extremely high 

flexibility and conformal abilities. Currently, flexible organic electronic research has 

already gained solid grounds in commercial applications like active-matrix organic light-
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emitting diode (AMOLED) displays [123].  Therefore, organic electronics show true 

potential for further expansion and enhanced maturity in macroelectronics. 

 

Figure 1.3.1.1: a) Schematic representation of the devices and molecular structure of the 

organic semiconductor QQT(CN)4 and the ferroelectric PVDF-TrFE. Reprinted by 

permission from Macmillan Publishers Ltd: Nature Communications [35], copyright 

(2014), b) schematic of an all-inkjet-printed inverter using two p -type OTFTs (top) and 

diagrams of the PS brush treatment procedure on the PVP gate dielectric and Ag S/D 

electrodes (bottom). Reprinted with permission from [43]. Copyright © 2013  WILEY-

VCH Verlag GmbH & Co. 

1.3.2. Hybrid Systems 

 Hybrid systems use both organic and inorganic materials, making them conducive 

to a wider spectrum of techniques with greater versatility. Figure  1.3.2.1 is an illustrative 

summary of available flexible hybrid techniques. In transfer printing, a molded polymer 

is used as a stamp that can be functionalized with desired materials and then printed onto 

a different substrate. Figure  1.3.2.1aa shows the three modes of transfer printing by John 

Rogers’s group at the University of Illinois at Urbana-Champaign [45]. Figure  1.3.2.1bb 

shows a representative generic transfer technique, where devices are fabricated on a 

specific rigid substrate and then transferred to one that is flexible (a banknote in this 



33 
 

case). A specific type of transfer is the laser lift-off by Keon Jae Lee’s group at the Korea 

Advanced Institute of Science and Technology (KAIST), where a laser shot is used to 

etch a sacrificial layer to release the device for transfer (Figure  1.3.2.1c) [54]. 

Figure  1.3.2.1d shows a resistive memory structure made up of room-temperature-

sputtered and e-beam-evaporated materials on a flexible substrate [55]. The mainstream 

hybrid transfer approach achieves high performance by transferring high-performance 

inorganic devices onto an organic substrate for flexibility; however, it adds extra 

nonconventional transfer steps and suffers low yields. Although this is mitigated by the 

direct-deposition-on-plastic-substrates approach, using plastic adds temperature 

restrictions to the fabrication process. As a result, it is a challenge to produce high-quality 

films such as atomic-layer-deposited high-κ dielectrics that usually require temperatures 

above 300°C. And finally, because the different solvents used for patterning and 

photolithography should not affect the flexible organic substrate, there are limitations to 

suitable plastic material choices. 

 The spalling technique uses stressor layers to initiate fracture-modes in SOI and 

semiconductor substrates. In 2012, Banarjee et al. reported on the exfoliation of thin-film 

transistors from prefabricated bulk wafers using the spalling technique [124]. In the same 

year, Shahrejerdi et al. reported having performed, at room temperature, controlled 

spalling of full SOI wafer circuitry and successfully transferred the surface layer to a 

flexible plastic substrate [59, 125]. The authors deposited a nickel (Ni) stressor layer that 

abruptly discontinued near one edge of the wafer where a crack in the mono-crystalline 

silicon (Si) was initiated by an applied force [126, 127]. However, before the force is 

applied, polyimide tape is added to support the flexible peeled fabric-bearing ultra-thin 
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body devices (Figure  1.3.2.2). This approach has also been reported for single crystals of 

germanium (Ge) and gallium arsenide (GaAs) [60, 128]. Another spalling approach was 

used by Bellanger and Serra where Si (100) foils were peeled off from the bulk substrate 

[61]. The challenges faced by the spalling technique are two fold: first, extra deposition 

and complex tuning of a stressor material with a specific thickness followed by etching 

are required and second, once the crack has been initiated, the peeling-off process 

requires high dexterity that is not suitable for mass production. 

 

 

  

a) 
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Figure 1.3.2.1: a) Schematic illustrations of three basic modes for transfer printing. 

Reprinted with permission from [45]. Copyright © 2012 WILEY-VCH Verlag GmbH 

& Co., b) schematic diagram of the fabrication procedures for the freestanding OFETs 

using modified water-floatation method. Reprinted with permission from [52]. 

Copyright © 2013 WILEY-VCH Verlag GmbH & Co., c) schematic illustrations of 

the process for fabricating flexible crossbar-structured memory on a plastic substrate 

via the laser lift-off transfer method. Reprinted with permission from [54]. Copyright 

© 2014 WILEY-VCH Verlag GmbH & Co., d) schematic illustration of the cells in 

the conducting-interlayer SiOx memory device sputtered at room temperature. 

Reprinted with permission from [55]. Copyright © 2014 WILEY-VCH Verlag GmbH 

& Co. 



36 
 

 

Figure 1.3.2.2: Schematic illustration of the controlled spalling process used for 

removing the prefabricated devices and circuits from the rigid silicon handle wafer. The 

inset schematically shows the device architecture for the ultra-thin body transistors with 

raised source/drain regions. Reprinted with permission from [59]. Copyright (2012) 

American Chemical Society. 

1.3.3. Flexible Silicon Systems 

 The complementary transfer-free approach uses a fundamental inverse 

proportionality between the material’s thickness (t) and its flexibility.  Equation 1 shows 

the relation between the deflection ‘δ’ occurring in a material, with flexural modulus 

“EFlexural”, thickness ‘t,’ length ‘L’ and width ‘w,’ due to an applied force ‘F.’ EFlexural is a 

material property. Therefore, for specific ‘L’ and ‘w,’ a material with lower thickness ‘t’ 

would experience larger deflections ‘δ’ due to the same applied force ‘F’ (i.e. it becomes 

more flexible). Hence, we transform traditional, rigid electronic devices on economical Si 

(100) wafers into new, flexible devices by sufficiently reducing the thickness of the 

host’s substrate.  

𝛿 =
𝐹𝐿3

 4𝐸𝐹𝑙𝑒𝑥𝑢𝑟𝑎𝑙𝒘𝒕𝟑   (1) 
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This approach provides a pragmatic solution to the aforementioned critical challenges by 

copying the associated perks of high performance, reliability, ULSI density, and the low 

cost of inorganic silicon-based electronics to the flexible arena via a transformed version 

of traditional devices. Moreover, the silicon industry has capitalized on monolithic 

integration over the past few decades and because of its core competitive advantages, it 

has grown into a huge market. Hence, preserving monolithic integration by using Si as a 

flexible substrate further improves this flexing approach. Figure  1.3.3.1 lists the different 

silicon-flexing techniques [62, 66, 67]. The scanning electron microscope image in 

Figure  1.3.3.1b illustrates the added advantage of extra device active area, which may be 

available in the form of conformal deposition of device layers through release trenches 

(holes) [129]. The etch-protect-release approach incurs some lost area, which is 

compensated by the potential reliability associated with the relatively novel air-gap 

shallow trench isolation (STI) technology [130]. On the other hand, remaining portions of 

the wafer can be recycled after chemical mechanical polishing and the holes network has 

a self-cooling effect, acting as air cooling channels for heat dissipation [131]. 

 Although, conceptually the soft back-etching process (Figure  1.3.3.1c) is similar 

to the traditional back-grinding technique, there are considerable differences. For 

example, the soft back etch is a simple and delicate process compared to the complex and 

abrasive nature associated with the induced scratches, crystal defects, and the formation 

of stresses that take place during back grinding [132]. Furthermore, using the soft back 

etch requires no chemical mechanical polishing and leaves no residual stress on the 

substrate unlike the machining stress caused during back grinding [133-135]. Finally, 
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back grinding to thinner substrates causes subsurface damage [135] and shallow surface 

cracks [134]. 

 

 

Figure 1.3.3.1: a) Device first approach illustration where the devices are fabricated in a 

traditional fashion, then, protected using photoresist (PR). The PR is then patterned and 

the pattern is transferred to the field oxide (FOX) layer then to the Si substrate. Using the 

spacer technique, a highly conformal atomic layer deposition (ALD) spacer is deposited 

for sidewalls. Finally, the dies are put in a reactive chamber containing XeF2 gas for 

isotropic Si when the etching regions merge, the top flexible portion of Si (100) 

containing the devices can be safely released, b) device last approach illustration where 

flexible silicon fabric is first released then devices are built. Adapted with permission 

from [129]. Copyright © 2014 WILEY-VCH Verlag GmbH & Co., c) illustration of the 

soft-etch back approach where the traditional dies containing devices are covered with 

PR for protection, then, the die is flipped upside down and etched using DRIE to the 

desired thickness. Adapted with permission from [67]. Copyright (2014) American 

Chemical Society. 
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 Fracture strength is a property that applies to all techniques because it determines 

the overall mechanical stability of an ultra-thin flexible electronic system [136]. To 

assess the fracture strength of a substrate, the most common method is the three-point 

bending test [137]. For Si thicknesses greater than 100 μm, the linear elastic bending 

beam theory provides an accurate estimation of fracture strength [138,139]; however, 

thinner substrates produce a nonlinear deflection-load relationship that is used to estimate 

fracture strength (Figure  1.3.3.2). This is caused by the large deflection of the thin silicon 

substrate resulting from horizontal forces at the supporting bearings; to account for this 

nonlinearity, in 2015 Liu et al. introduced the large deflection theory of beam [137]. This 

relationship provides important insights for theoretical limitations of flexible silicon 

thinner than 100 μm. Furthermore, based on the application’s required bending radius, the 

thickness of the flexible silicon substrate must be adjusted such that the applied stress 

(stress=Young’s modulus x strain (ɛ), where nominal strain is defined as 

ɛnominal=(thickness (t))⁄((2 x bending radius (r))) is lower than the fracture stress (fracture 

stress of thin Si substrates is higher than that of thicker substrates). For instance, [137] 

shows that for a 50-μm thick silicon substrate, the fracture stress is ~ 1.1 GPa. At the 

lowest estimate for Si (100), the Young’s modulus is 128 GPa [140]; hence, the minimum 

bending radius that would cause fracture stress for a 50-μm thick flexible silicon substrate 

is ~ 3 mm and decreases with decreasing thicknesses. Therefore, a vanilla flexible silicon 

substrate that is 50-μm thick or less with a bending radius of > 3 mm will safely operate 

below the fracture stress level. We would like to point out that these results are for a bare 

silicon (100) substrate with no additive layers or patterns for devices. Therefore, based on 

the properties of the material, thickness of the substrate, and the bending radius necessary 
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for a specific application, the most suitable approach and material system can be 

determined. Noteworthy, the nominal strain is only a nominal value; whereas, the actual 

stress value depends on the modulus of elasticity of specific constituent material stacks.  

 

 As identified by the International Technology Roadmap for Semiconductors 

(ITRS) 2013 Emerging Research Devices report, the main challenge will be to identify 

replacement technologies for static RAM and flash as they approach their physical limits 

[141]. Replacements must provide electrically accessible, high-speed, high-density, low-

power NVMs that meet the reliability requirements for the desired devices including 

surviving high temperatures. It will be important to identify and address other reliability 

Figure 1.3.3.2: Deflection versus applied load plot for various 

thicknesses of flexible substrates, dotted lines showing non-linear 

analytical solution for 30 and 40 µm thick substrates and linear 

analytical solution for 100 µm thick substrates. Adapted courtesy of 

Prof. YongAn Huang, Huazhong University of Science and 

Technology, China. 
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issues early in the development process. The temperature requirement for flexible, 

inorganic silicon-based NVM devices is a given because the materials used will have 

already survived the high thermal budgets required for the deposition of high-quality thin 

films used in complementary metal oxide semiconductor (CMOS) technology and 

subsequent front-end-of-line processing anneals. Due to the advancements in lithography, 

properties of a flexible inorganic NVM also rely on high integration density. 

 Challenges common to both organic and inorganic material systems toward their 

application in future electronics, including IoT devices include (i) attaining high speeds, 

(ii) being suitable for low-power devices, and (iii) identifying and assessing the reliability 

issues that arise when devices are flexed beyond the standard studied stresses in planar 

substrates. In addition, organic electronics must also achieve temperature stability and 

satisfactory integration density. The forthcoming sections of the dissertation focus on our 

contributions in advancing the status quo of the flexible silicon system approach as a 

feasible solution for future flexible IoT and wearable memories and electronic systems.  
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Chapter 2 Reliability of Flexible High-k/Metal Gate Devices 

 In this chapter, we study the electrical and mechanical reliability of high- κ Al2O3 

gate stacks by conducting accelerated tests on the metal-oxide-semiconductor capacitor 

structure and monitoring its response.  

 First, we report on the electrical study of the high-κ/metal gate metal oxide 

semiconductor capacitors (MOSCAPs) on a flexible ultra-thin (25 μm) silicon fabric 

which is peeled off using a CMOS compatible process from a standard bulk mono-

crystalline (100) silicon substrate. A lifetime projection is extracted using statistical 

analysis of the ramping voltage (Vramp) breakdown and time dependent dielectric 

breakdown (TDDB) data. Then, we study the effect of mechanical stress on the devices’ 

electrical behavior. 

2.1. Device Fabrication 

 Our process is standard complementary metal oxide semiconductor (CMOS) 

compatible and generic to any pre-fabricated as well as post-fabricated devices [1-9]. 

Three uniquely distinguishable features of this process are (i) usage of the most 

conventional and commercially widely available low-cost bulk mono-crystalline silicon 

substrate, (ii) ultra-large-scale-integration density and high thermal budget compatibility, 

and (iii) cost effectiveness including recyclability of the same wafer for multiple 

production cycles. Although the process and its effectiveness to transform varieties of 

silicon electronics (metal-oxide-semiconductor capacitors and transistors, thermoelectric 

generators, micro-lithium ion battery, laterally actuated micro-electro-mechanical 

systems based thermal actuator, etc.) into a flexible, semi-transparent one have been 

chronicled in various publications in the past, just a brief introduction is presented here. 
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We start with any substrate or chip where the devices are already fabricated retaining the 

intended performance-energy-cost effectiveness, ultra-large scale-integration density, and 

high thermal budget processes as required. The p-type, 4-inch silicon substrate used in 

this work is lightly doped with boron. The gate stacks in the MOSCAPs are deposited 

with an atomic layer deposited (ALD) 10 nm aluminum oxide (Al2O3) high-κ dielectric, 

and a 20 nm tantalum nitride (TaN) metal gate. Aluminum (Al) is used as a contact metal 

(Figure  2.1.1 parts a through f). Then, we lithographically pattern the resist to expose the 

areas where the release holes are to be formed. With reactive ion etching (RIE), we make 

trenches through the interlayer dielectric (ILD) layers to expose the silicon substrate. 

Next, we perform a selective (to oxide or other insulating layers used in ILD) deep 

reactive ion etching (DRIE) to make trenches in the silicon (Figure  2.1.1g). Subsequently, 

we form a vertical sidewall to especially cover the silicon sidewalls (of the trenches). 

Next, we use a xenon di-fluoride (XeF2) based isotropic etching process to form caves 

inside the silicon. When the wall between adjacent caves is etched, the top portion of the 

silicon substrate with the pre-fabricated devices detaches, releasing a flexible silicon 

fabric (Figure  2.1.1h). In the present experiment, the fabric is 25 μm thick and has an area 

of 6 cm
2
 (Figure  2.1.2).   
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Figure 2.1.1: Main fabrication steps of MOSCAPs on flexible silicon. 

 

Figure 2.1.2: Digital photo of the actual fabricated MOSCAPs on flexible ultra-thin 

Si fabric. 

2.2. Electrical Characterization 

 Fabricated MOSCAPs were characterized using capacitance voltage (C-V) 

measurements at low and high frequencies. We also extracted the parasitic capacitances. 

The C-V curves were collected using an E4980A Precision LCR Meter (Agilent 

Technologies), with a 30 mV small AC signal superimposed on a direct current (DC) 

voltage bias. Figure  2.2.1 shows the normalized capacitance of the flexible and inflexible 

devices, with flexible devices having a smaller effective area as there are 25 holes of the 

radius of 5 μm (i.e. 80% of total area) through the gate stack of each flexible device. The 
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figure shows common C-V behavior in terms of accumulation (<–2V), depletion (–2V 

+2V), and inversion (> +2V) regions, as well as a reduction in inversion capacitance due 

to the minority carriers’ inability to follow the AC signal at higher frequencies.  

 

Figure 2.2.1: Normalized C-V curves for flexible and inflexible MOSCAPs at 

different frequencies. 

 Although the frequency response in both types of devices is similar, the features 

in accumulation differ due to a difference in the properties of the inflexible silicon bulk 

and the ultra-thin fabric of the released flexible silicon. We can infer that, due to a poor 

contact between the bottom chuck and thin silicon fabric, the released device is more 

sensitive to the C-V frequency. There is an overall degradation in the normalized 

capacitance ranging from 30% at 1 KHz to 50% at 100 KHz, and a failure to operate at 1 

MHz. It is also observable that, whereas the accumulation (below ~ –2V) charge of 

flexible devices has a lower value, and is more dispersed relative to bulk devices, the 

behavior is reversed in the inversion region (above ~ +2V) where the capacitance values 
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of flexible devices are slightly higher than their bulk counterparts. This result implies that 

the generated traps and defects due to the release trenches have a net negative polarity. 

This negative polarity imposes a frequency limitation on our flexible devices associated 

with the drop in capacitance value as frequency increases. This result can be explained by 

the difference in the nature of our flexible silicon fabric compared to that of bulk silicon. 

The substrate is lightly doped, i.e. its resistivity is 11-20 Ω.cm, and a limited number of 

free carriers are available. In the inversion region, because of the limited amount of free 

charges in the lightly doped substrate and its relatively high resistivity, the ability of 

charges to follow-up the fast changing voltage decreases. This inability of charges to 

respond is evident in the C-V curves from the drop in inversion capacitance maximum as 

the frequency of the voltage signal increases. In flexible silicon, the available carriers are 

not only limited by the light doping level but also the limited supply of free carriers at the 

poor contact between the bottom chuck and the silicon fabric. This limitation amplifies 

the drop in capacitance phenomenon, that the accumulation mode maximum capacitance 

is also degraded as voltage signal frequency increases.  The relative drop between 

flexible and inflexible capacitance is 30% at 1 KHz, and 50% at 100 KHz. This poor 

contact can be attributed to the non-planar bottom of the silicon fabric resulting from the 

isotropic etching release step (Figure  2.2.2). Still, this limitation can be overcome by 

using a silicon-on-insulator (SOI) type substrate where the non-planar bottom formation 

will be inhibited by the presence of a ceiling buried oxide (BOX) layer, or an all front 

contact scheme can eliminate the problem but at the cost of more real estate. The 

frequency dispersion can also result from high interface defect density (Dit). Equation (1) 

shows how Dit is calculated. 
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𝐷𝑖𝑡 =
𝐶𝑜𝑥

𝑞2  (
𝐶𝑙𝑓

𝐶𝑜𝑥−𝐶𝑙𝑓
−

𝐶ℎ𝑓

𝐶𝑜𝑥−𝐶ℎ𝑓
)   (1) 

 Using the oxide capacitance in the accumulation region (𝐶𝑜𝑥) and the 

capacitances in the inversion region at the lowest and highest available frequencies 

(𝐶𝑙𝑓 and 𝐶ℎ𝑓, respectively), we find that Dit for flexible devices is 3.8 x 10
11

 cm
-2

eV
-1

. For 

bulk inflexible devices, Dit is 1.6 x 10
11

 cm
-2

eV
-1

. Therefore, the interface defects density 

for flexible devices is ~137% higher than that of the inflexible ones. This result can be 

attributed to the structural features associated with the presence of a network of release 

holes.  

 

Figure 2.2.2: The scanning electron microscope image of the thin silicon fabric 

showing the scallops at the bottom of the structures, which might be caused by the 

release processing step. 

 To solve this dilemma, capacitance was corrected for series resistance (𝑅𝑠𝑒𝑟𝑖𝑒𝑠). 

The plot in Figure  2.2.1 is for capacitance measurement using the parallel equivalent 
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circuit model (Cp) with a dissipation factor (D). The conductance (Gp) is calculated using 

(2), and 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 is calculated using (3) [10]. 

𝐺𝑝 = 𝐷𝜔𝐶𝑝  (2) 

𝑅𝑠𝑒𝑟𝑖𝑒𝑠 =
[

𝐺𝑝

𝜔𝐶𝑝
]

2

[1+ [
𝐺𝑝

𝜔𝐶𝑝
]

2

]𝐺𝑝

  (3) 

𝑅𝑠𝑒𝑟𝑖𝑒𝑠 was calculated using (3) at different frequencies (𝜔 = 2𝜋𝑓). The results of 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 

at -5 V (deep accumulation) are shown in Table  2.2.1. The higher values of 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 for 

flexible devices are attributed to the non-planar bottom shown in Figure  2.2.2. 

Figure  2.2.3 shows the modified version of the C-V plot after accounting for series 

resistance. Although there is observable improvement in the frequency dispersion, it can 

be deduced that the remaining dispersion is due to intrinsic properties of the high-κ Al2O3 

rather than extrinsic factors.  

Table 2.2.1: Series resistance values for released and bulk devices at different small 

signal excitation frequencies 

Frequency 1 kHz 10 kHz 100 kHz 1 MHz 

𝑅𝑠𝑒𝑟𝑖𝑒𝑠 (released) 321 kΩ 57 kΩ 37 kΩ 26 kΩ 

𝑅𝑠𝑒𝑟𝑖𝑒𝑠 (bulk) 91 kΩ 16 kΩ 2 kΩ 1 kΩ 
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Figure 2.2.3: Normalized C-V curves for flexible and inflexible devices corrected for 

series resistance. 

 Dummy MOSCAPs with 300 nm thermal SiO2 dielectric are used to extract 

parasitic capacitance (capacitance due to the external cables and connections that does 

not pertain to the actual device). If we examine dummy MOSCAPs fabricated on the 

same wafer with released and unreleased devices (Figure  2.2.4, corrected for series 

resistance), we observe that there is almost no frequency dispersion in the unreleased 

dummy MOSCAPs. The Si-SiO2 interface has very low defect density for thermal oxide, 

and as a result, there is no frequency dispersion. On the other hand, we notice that the 

released dummy devices exhibit frequency dispersion. Excluding the series resistance 

effect and the SiO2 interfacial defects (based on the non-dispersed unreleased dummy 

devices), we can attribute this dispersion to the etching holes covered with Al2O3 

sidewalls in the active area of the devices leading to the introduction of significant 

defects in the oxide. Therefore the high-κ Al2O3 has a high defect density, leading to mild 

dispersion in unreleased actual MOSCAPs as shown in Figure  2.2.3, and calculated in 
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previous Dit calculations, while the presence of release holes and Al2O3 spacers 

introduces significant defects in dummy MOSCAPs (Figure  2.2.4). Finally, both the 

defective high-κ Al2O3 and the release holes introduced defects lead to severer 

dispersion, as shown in released MOSCAPs (Figure  2.2.3) and Dit calculations. However, 

today’s technology might be more forgiving on this shortcoming thanks to today’s 10s or 

100s of nanometers technology nodes, as then the release  trenches do not need to go 

through the active areas. Hence, these results can be more of a guideline for our release 

process than a frequency imposed limitation because, without holes in active areas, Dit is 

only mandated by the material system and fabrication processes which can be optimized 

without interfering with our release process. 

 

Figure 2.2.4: Normalized C-V curves for flexible and inflexible dummy MOSCAPs 

at different frequencies. 

2.3. Electrical Reliability Analysis 

 Reliability analysis was done by executing the Vramp test on 20 devices with 200 

mV increments. Vbd was then determined as the median value which coincided with the 
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value of most occurrences. After determining Vbd, TDDB measurements were done at 

three different stress voltages (±200 mV incremented to 85% of Vbd). However, using 

85% of Vbd for flexible devices resulted in immediate breakdown in 10s of seconds; 

hence, the values have been reduced to 72% for flexible devices. Each constant stress 

voltage was applied to 10 devices to construct a single line on a Weibull distribution 

(𝑙𝑛 (− 𝑙𝑛(1 − 𝐹)) versus time plot, where F is the fraction of the device number, arranged 

in ascending order with respect to time-to-breakdown (tbd), divided by the total number of 

measured devices at the same stress voltage. From the Weibull plot, the value of tbd 

corresponding to F = 0.63 (𝑙 𝑛(− 𝑙𝑛(1 − 𝐹)) = 0)  is extracted for lifetime projections. 

 In the Vramp breakdown measurements, devices were subjected to incremental 

increases in gate voltage until the dielectric breakdown (determined as greater than an 

order of magnitude leakage current increase) occurs (Figure  2.3.1). The inset shows a 

histogram for extracting the average value of most occurrences. This value is carried 

forward to be used as a stress voltage in the constant voltage stress (CVS) measurements 

in the TDDB study. The actual voltage drop across the gate dielectric is actually lower 

than the applied voltage because some voltage is dropped across the bottom chuck and 

lightly doped p-type substrate. To quantify this drop for the purpose of obtaining accurate 

reliability projections, we calculate the built-in voltage drop (Vbi). 

𝑉𝑏𝑖 = 𝜑𝑚 −  𝜑𝑝−𝑠𝑖  (4) 

𝜑𝑚 is the work function of the metal-stainless steel in volts (~4.7 V [11]), and 𝜑𝑝−𝑠𝑖   is 

the work function of the p-type silicon in volts (2.194 V), calculated using (5), and (6). 

𝐸𝐹𝑉,𝑝−𝑠𝑖 = −𝐾𝐵𝑇 𝑥 𝑙𝑛 (
𝑝

𝑁𝑣
 )  (5) 
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𝑞𝜑𝑝−𝑠𝑖 = 𝑞𝜒𝑠𝑖 + 𝐸𝑔,𝑠𝑖 − 𝐸𝐹𝑉,𝑝−𝑠𝑖  (6) 

The difference between the Fermi level energy and the valence band energy of p-type 

silicon (𝐸𝐹𝑉,𝑝−𝑠𝑖 ~0.296 eV) is calculated using the background thermal energy (𝐾𝐵𝑇~  

0.026 eV at 300 k), the Boron doping concentration (𝑝~ 2.2 x 10
14

 cm
-3

 [12]), and the 

valence band effective density of states (𝑁𝑣~3.1 x 10
19

cm
-3

 [13]). The work function of 

the p-doped silicon then reduces to simple addition between the electron affinity of Si 

(𝑞𝜒𝑠𝑖 ~1.39 eV), the forbidden band gap of Si (𝐸𝑔,𝑠𝑖~1.1 eV), and 𝐸𝐹𝑉,𝑝−𝑠𝑖 calculated in 

(5). Using (6) to calculate 𝜑𝑝−𝑠𝑖  , and plugging the result into (4), gives Vbi of ~ 2.5 V. In 

Figure  2.3.1, we observe that, until 0-7 volts, there is no physical damage in the material 

as evident by all the appended sweeps for 0-3, 0-5, 0-6 volts following the same slope 

patterns. Then, at the 0-8 volts sweep, we see the wear out phase leading to breakdown 

characterized by a very steep slope, until reaching a set current compliance limit. The 

subsequent 0-9 volt sweep confirms that the material was indeed permanently damaged 

(hard breakdown) because the initial current value at 0.1V is very high while the current 

exhibits Ohmic-like behavior.  

 Under a continuous stress, a random creation of defects contributing to the 

electron transport through the dielectric occurs, culminating in the run-away defect 

generation process [14]. At this stage, a permanent conductive path between the top 

electrode and bottom semiconductor through the dielectric is formed. The average 

applied voltage at which breakdown occurs is 9.43 V for released devices compared to 9 

V for unreleased (corresponding to an effective E-filed of 6.93 MV/cm, and 6.50 MV/cm 
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on the dielectric in released, and unreleased devices, respectively after deducting Vbi at 

the backside contact). 

 TDDB and lifetime projections are then carried out. Figure  2.3.2a shows TDDB 

data for flexible devices at different CVS values. Clearly, as the stress voltage increases, 

the initial leakage current increases, and tbd decreases significantly. The observed 

decrease in the leakage current during the initial stress time period is due to the 

continuous trapping of injected electrons in the high-κ film [15]. 

 Similar measurements have been performed on 10 released devices, and the 

Weibull distribution plot [Figure  2.3.2b] was constructed to extract the 63% tbd value to 

be used in lifetime projections [Figure  2.3.2c]. From the linear fit (based on the electric 

field driven primary degradation mode ) in Figure  2.3.2b, the safe operating voltage 

(VSafe) for released devices would be <5V, which is acceptable for most integrated 

circuits as technology scaling is heading in the direction of reducing supply voltages to 1 

V and lower. Similarly, Figure  2.3.3 parts (a) through (c) represent an example of (a) the 

TDDB plot for the unreleased devices stressed at 7.8 V, 7.65 V, and 7.45 V; (b) the 

corresponding Weibull distribution plot for the tbd extraction; and (c) lifetime projections. 
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Figure 2.3.1: The current-voltage dependencies for the subsequent applied Vramp 

measurements with a 1V increment. Inset: the histogram of Vbd values obtained on 

tested devices. 

 These plots show that the unreleased devices pass the ten years benchmark at <6 

V (exceeding the released devices by 1V). However, the lightly doped wafer had a 

resistivity in the range of 11-20 Ω.cm. Because the devices are back gated, there is a 

voltage drop across the Si bulk. This lost voltage is 20 times higher for the unreleased 

devices compared to the released ones because the bulk silicon is 500 μm thick compared 

to 25 μm of the released fabric. Hence, although the stress voltage is higher for 

unreleased devices, a higher portion of the applied voltage drops in the silicon bulk, 

resulting in a much lower stress voltage applied to the gate stack (detailed calculations 

provided in next paragraphs). 
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Figure 2.3.2: a) Sample constant stress voltages (CVS) measurements performed on 

flexible devices, b) corresponding Weibull distributions, and c) lifetime projection plot. 
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Figure 2.3.3: a) Constant stress voltages (CVS) measurements on unreleased inflexible 

devices, b) corresponding Weibull distributions, and C) lifetime projections plot. 
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 Overall, the actual voltage stressing the dielectric in the released device case is 

higher than that for unreleased counterparts due to the larger voltage drop across the 

lightly doped Si bulk. Moreover, the employed extrapolation model for lifetime 

projection uses a conservative linear on a semi-log scale fitting, comparing to the power-

law model (lifetime α V
-n

) fitting which would lead to a significantly higher lifetime for 

the same operational voltage [16]. Note that, in both cases, the range of the used stressing 

voltage values might be too narrow comparing to the intercept at the ten years benchmark 

voltage value [16-19].  The selection of stress voltages is done based on practical 

considerations; they are chosen to result in a breakdown around a few thousand seconds, 

then further readings at +/- 200 mV increments are taken. 

 Although the above reliability analysis allows us to make certain conclusions 

regarding the difference between the flexible and inflexible MOSCAPs, a closer look at 

the dielectric reliability irrespective of the probing setup would enable discerning the 

variation in the dielectric physical properties due to the flexing process. To achieve that 

result, we define the effective voltage (𝑉𝑒𝑓𝑓) as the voltage across the dielectric, which 

can be calculated using a simple voltage divider (7), while the MOSCAP can be modelled 

as in Figure  2.3.4.  

𝑉𝑒𝑓𝑓 = (𝑉𝑎𝑝𝑝 − 𝑉𝑏𝑖)𝑥 
𝑅𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝑅𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 +  𝑅𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐵𝑜𝑑𝑦
 (7) 

where 𝑉𝑎𝑝𝑝 is the actual applied back gate voltage, 𝑉𝑏𝑖 is the built-in voltage drop at the 

metal chuck and the p-type Si interface due to the difference between the work function 

of the metal and the electron affinity of the p-type Si, 𝑅𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 is the resistance of the 

dielectric, and 𝑅𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐵𝑜𝑑𝑦 is the resistance of the Si bulk. 
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𝑅𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝜌𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑥 
𝑡𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝐴𝐷𝑒𝑣𝑖𝑐𝑒
 (8) 

𝑅𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐵𝑜𝑑𝑦 = 𝜌𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐵𝑜𝑑𝑦 𝑥 
𝑡𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐵𝑜𝑑𝑦

𝐴𝐷𝑒𝑣𝑖𝑐𝑒
 (9) 

where 𝜌 and 𝑡 are  the resistivity in Ω.cm, and thickness of the corresponding materials, 

respectively. 𝜌𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐~ 10
14

 Ω.cm for Al2O3, 𝜌𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐵𝑜𝑑𝑦~15.5 Ω.cm for lightly doped 

p-type Si, 𝐴𝐷𝑒𝑣𝑖𝑐𝑒 is device area (which does not contribute in effective voltage 

calculation), 𝑡𝐷𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 10 nm, and 𝑡𝑆𝑖𝑙𝑖𝑐𝑜𝑛 𝐵𝑜𝑑𝑦 = 500 µm and 25 µm for the inflexible 

and flexible MOSCAPs, respectively. Plugging these values into (7) through (9), we find 

that the effective voltage across the flexible and inflexible devices is 99.99% of the 

applied voltage. This happens because of the negligible resistance of the Si body 

compared to that of the much higher dielectric resistance. Therefore, the series resistance 

effect due to changes in the Si thickness can be safely neglected. 

 

Figure 2.3.4: Modelling of back gated MOSCAPs in terms of series resistances. 
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2.4. Mechanical Reliability Analysis 

 Next, we studied the impact of mechanical stress on the high-κ/metal-oxide-

semiconductor capacitors built on flexible silicon (100) fabric. The mechanical tests 

include studying the effect of bending radius up to 5 mm minimum bending radius with 

respect to breakdown voltage and leakage current of the devices. We also report the 

effect of continuous mechanical stress on the breakdown voltage over extended periods 

of times. Specifically, we study the effect of external mechanical strain at different 

bending radii and time of strain at specific bending angles on the breakdown voltage of 

the flexible MOSCAP devices. This is especially important since in many biomedical 

applications, for example, to monitor vital signs of body organs, the flexible devices are 

actually bent most of the time. 

 Figure  2.4.1 shows the variation in the average breakdown voltage with different 

bending radius corresponding to varying a nominal strain (ɛnominal = t/2R, t is the substrate 

thickness and R is the bending radius), the inset depicts the bending measurements test 

structures. The five x ten millimeter-squared silicon piece hosting MOSCAPs (100x100 

μm
2
 – 250 x 250 μm

2 
areas) was fitted on top of the curved structures, with devices facing 

upwards, and fixed from edges using Kapton tape. The plot shows that the average 

breakdown voltage increases with the increased applied strain, reaching a 200% increase 

at ɛnominal of 0.25%. This was observed in the past too as self-healing property of Al2O3 

[20] where Al2O3 thin films exhibit lower leakage currents on subsequent sweeps and 

explained by an electrical anneal phenomenon. In our case, more stressed bonds (due to 

higher strain at lower bending radius) initially pass higher currents leading to a similar 

electrical annealing step which heals the device and makes it less prone to breakdown. 
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Figure 2.4.1: Average breakdown voltage of MOSCAPs versus bending radius. 

  

 Another important indication of the reliability of flexible devices is the leakage 

current, which have been monitored during the extended periods of time. Figure  2.4.2 

shows the leakage current in flexible MOSCAPs at different stress voltages, as a 

percentage of the average breakdown voltage, over a time period of 6 days (5 x 10
5
 s) 

while being bent at 5 mm bending radius (ɛnominal = 0.25%). The trend shown in this plot 

indicates that the devices can safely operate at 75-85% of their breakdown voltage for 

little more than a day. The observed leakage current decrease over stress time is 

attributed to the significant charge trapping which is especially more prominent in Al2O3 

high-κ dielectric. On the other hand operation at 95% of breakdown voltage shows an 

order of magnitude increase in leakage current which is indicative of a permanently 

damaged dielectric in TDDB test. 
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Figure 2.4.2: Leakage current versus time corresponding to different values of 

constant stress voltages. 

 Further mechanical assessment is performed to determine the durability of these 

devices when tampered mechanically. This is done by monitoring the breakdown voltage 

value of the devices after a number of bending cycles at the minimum bending radius of 5 

mm corresponding to a 0.25% nominal strain. The bending steps were done manually to 

simulate a real environment where the devices are exposed to physical unbalanced 

perturbation due to an expanding heart, for instance.  

 Figure  2.4.3 shows the resulting breakdown voltage versus the number of bending 

manual cycles showing around 12% decrease in breakdown voltage after 50 cycles and 

complete failure after 100 cycles, This imposes a limitation on these flexible MOSCAPs 

as they cannot withstand multiple flexing and de-flexing cycles making them unsuitable 

for applications where frequent bending at 5 mm bending radius is required.  
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Figure 2.4.3: Breakdown voltage as a function of bending cycles. Inset: the samples 

are extended using the Kapton tape from both edges to enable manual bending of 

the sample at the center of the bending structure. 

2.5. Conclusion 

 In summary, the released devices show acceptable operational voltages below 5 V 

compared to 6.2 V for bulk unreleased devices (degradation of ~ 19%). However, such 

magnitude of the operational voltage makes the degradation non-significant as today 

integrated circuits pursue operation voltages of around 1V to minimize power 

consumption. Moreover, calculations performed to assess the series resistance, due to 

substrate thickness differences between flexible (25 µm) and bulk (500 µm) stacks for 

back gated MOSCAPs, show negligible difference. Finally, the frequency response 

degradation of the flexible MOSCAPs is attributed to both a poor contact between the 

scalloped silicon fabric and the bottom electrode, and higher defects at the interface 

between holes and device active area hindering the ability of carriers to respond at higher 

frequencies. In addition, the devices can withstand higher voltages when bent at smaller 

bending radii (up to 5mm) for a small time, survive extended time periods under 

continuous mechanical stress, although can be exposed only to a limited number of 
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bending cycles. Hence, they are more suitable for applications where flexible devices are 

bent for long duration (static mechanical stress) than ones where continuous 

stressing/relaxing cycles repeatedly occur (dynamic stress), like when wrapped around a 

joint. 
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Chapter 3 Performance Analysis of High Performance Flexible Non-planar 3D 

FinFET CMOS 

 In this chapter, we present a comprehensive electrical performance assessment of 

hafnium silicate (HfSiOx) high-κ dielectric and titanium nitride (TiN) metal gate 

integrated FinFET-based complementary─metal─oxide semiconductor (CMOS) on 

flexible silicon-on-insulator (SOI). The devices were fabricated using state-of-the-art 

CMOS technology and then transformed into flexible form by using a CMOS-compatible 

mask-less deep reactive-ion etching (DRIE) technique. Mechanical out-of-plane stresses 

(compressive and tensile) were applied along and across the transistor channel lengths 

through bending ranging from 0.5 to 5 cm radii for n-type and p-type FinFETs. Electrical 

measurements were carried out before (for reference) and after flexing, and all flexing 

(bending) measurements were taken in the actual flexed (bent) state to avoid relaxation 

and stress recovery. The results show that global stress from substrate bending affects the 

devices in different ways compared to the well-studied uniaxial/biaxial localized strain. It 

is dependent on the type of channel charge carriers, the orientation of the bending axis, 

and the physical gate length of the device. We therefore outline useful insights on the 

suitability of flexible FinFETs for future free-form electronic applications. 

 The Internet of Everything (IoE) envisions connection of living beings (e.g. 

humans, plants, animals, and birds) and objects to the cloud where vital signs, activity 

rates, and other aspects of daily life can be monitored and analyzed to inform decisions 

and improve lifestyles. In that sense, IoE devices require close proximity to human body, 

fast decision making capability, and low heat dissipation. They must have low power 

consumption (dynamic and static), high performance, and flexibility. Subthreshold swing 
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(SS) is a critical parameter to this end because it affects the switching speed of a 

transistor and its dynamic power consumption. Planar CMOS-based technology exhibits 

a theoretical limit of 60 mV/decade on the achievable SS (𝑆𝑆 = 𝑉𝑇  (1 +
𝐶𝐷

𝐶𝑂𝑋
) ln(10), 

where 𝑉𝑇 is thermal voltage (25 mV @300 K), 𝐶𝐷 and 𝐶𝑂𝑋 are the depletion and oxide 

capacitances, respectively, when 𝐶𝑂𝑋∞). On the other hand, tunnel FinFETs have been 

demonstrated with < 60 mV/decade SS [1]. 

 The nonplanar 3D architecture of a FinFET device also enables low-power 

operation and further scaling, to cope with Moore’s law [2, 3]. The FinFET devices are 

already commercially available at higher technology nodes (22 and 14 nm). The 

international technology roadmap for semiconductors (ITRS) predicts that the physical 

gate length requirement is 7 nm by 2025 [4]. Although such state-of-the-art CMOS 

electronics exhibit unparalleled advantages, they are rigid which raises a significant 

mismatch with non-uniform body contour and asymmetric skin surfaces of living being. 

Therefore, they need to be of free form – physically flexible and stretchable. 

3.1. Device Fabrication and Characterization 

 To build state-of-the-art FinFETs, we used SOI substrates with a 90 nm SOI layer 

and a gate first approach. The fins were patterned using deep ultraviolet lithography to 

achieve sub-70 nm features, followed by an anisotropic reactive ion vertical etch of 

silicon to achieve a 90 nm fin height. The gate stack were then formed by successive 

atomic layer depositions (ALD) of 4 nm hafnium silicate (HfSiOx) gate dielectric layers 

and 10 nm of TiN gate metal material. After the nitride (Si3N4) spacer formation, we 

carried out ion implantation of the source and drain regions followed by a salicidation 
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process using nickel silicide (NiSi) and aluminum silicide (AlSi) metallization to 

guarantee high-quality (Ohmic contacts between the metal contacts and transistor 

terminals.. Then we carried out activation anneal of the dopants at 1000 ºC for 10 

seconds. We studied devices with physical gate lengths that varied from 90 nm to 10 µm. 

A summary of the main fabrication steps is depicted with a cross-section showing fin 

internal structure in Figure  3.1.1(a-c). 

 

Figure 3.1.1: Fabrication flow (a-f) and characterization setup (g) of flexible 

FinFET. 

  The fabricated devices were then protected from the top side using ECI 

327 positive-tone photoresist. Then we flipped the protected devices upside down on a 

carrier wafer to etch the back side. Figure  3.1.1(d-f) show the main flexing steps, 

illustrating how a DRIE etch using SiF6 and C4F8 at −20 ºC is used to transform the 



83 
 

sample bulk from rigid form into a 50-μm-thick flexible fabric that houses the fabricated 

devices. We used a Keithley 4200-SCS Semiconductor Characterization System on a 

manual SemiProbe probe station, as well as custom-designed curved aluminum surfaces 

for device characterization (Figure  3.1.1(g)), the sample was placed with devices side 

facing upwards (away from the custom-designed aluminum structures contact) for 

probing. Bending was done along the fins (i.e., where the bending axis is parallel to the 

line connecting source and drain) and across the fins (i.e., where the bending axis is 

perpendicular to the fin length).  

3.2. Silicon’sBendingAbilityandLimitations 

 Fracture strength determines the overall mechanical stability of a flexible system. 

The three-point bending test is widely used to assess the fracture strength of a substrate. 

For silicon thicknesses below 100 μm, the linear elastic bending beam theory cannot 

provide an accurate estimation of fracture strength because thin substrates produce a 

nonlinear deflection-load relationship, due to the large deflection of the thin silicon 

substrate resulting from horizontal forces at the supporting bearings, that is used to 

estimate fracture strength[5]. In 2015, Liu et al. introduced the large deflection theory of 

beam to account for this nonlinearity [6]. This provides important insights for theoretical 

limitations of flexible silicon thinner than 100 μm. Furthermore, based on the 

application’s required bending radius, the thickness of the flexible material substrate (this 

analysis holds for isotropic materials for simplicity or if the effect is dominantly 

expressed for a specific plane. However, silicon is anisotropic and the stress is related to 

the strain by the elasticity matrix which is a 4
th

 ranked tensor and is used in finite element 
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simulations in the following section) must be adjusted such that the applied stress is 

determined as 

𝜎 = 𝑌ɛ                        (1) 

where 𝜎 is the stress in Pascals, Y is Young’s modulus, and ɛ is the nominal strain, which 

can be calculated as 

      ɛ𝑛𝑜𝑚𝑖𝑛𝑎𝑙 =
𝑡

2𝑅
     (2) 

where 𝑡 is the substrate thickness and 𝑅 is the bending radius. 

 The applied stress must be lower than the fracture stress. Reference [6] showed 

that for a 50-μm-thick silicon fabric, the fracture stress is about 1.1 GPa. Substituting a 

(100) silicon Young’s modulus of 128 GPa [7] in Equation (1), the and resulting strain 

value from Equation (2), we obtain a minimum bending radius for the 50-μm-thick 

flexible silicon fabric of approximately 3 mm, which decreases with a decreasing 

thickness. Therefore, a plain flexible silicon substrate that is 50-μm-thick or less with a 

bending radius of more than 3 mm will safely operate below the fracture stress level. We 

emphasize that these results are for a bare silicon substrate with no additive layers or 

patterns for devices. Therefore, based on the material’s properties, substrate’s thickness, 

and the bending radius necessary for a specific application, we can determine the most 

suitable approach and material system for fabricating a thin substrate. Noteworthy, 

silicon is an anisotropic material and its stress/strain relation is described by an eleasticity 

matrix not a simple value for Young’s Modulus (as used in the example of a specific 

plane (100) of interest). Nonetheless, These results identify important boundary 
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limitations and guarantee that a bending of 0.5 cm is reasonably far from fracture stress 

regime. In most cases where flexible electronics are required to wrap around curvilinear 

objects, such as covering a fingertip or an arm, a bending radius of 3 mm would suffice. 

Moreover, continuing to reduce the substrate’s thickness is another option that would 

enable us to decrease the bending radii and achieve a similar nominal strain 

corresponding to stress values below the fracture limit. Nonetheless, polymeric 

electronics exhibit better flexibility and might be a more feasible option for extreme 

applications that require folding of the substrate. Sekitani et al. demonstrated ultra-

flexibility using polymeric substrates and pentacene semiconductor-based organic-thin-

film transistors (OTFT) that can bent at 100 µm radius for open applications [8]. 

3.3. Effect of Bending Axis Orientation, Stress Type, Carrier Type on FinFET 

Performance 

 Empirical analysis of the effects of bending direction and bending axis orientation 

on the dimensions of the fins, representing the channels that carriers travel through, 

should provide useful insights into the feasibility of the integration of state-of-the-art 

CMOS devices into the aforementioned emerging applications. By using silicon’s 

Young’s modulus (128 GPa for (100) silicon), we can relate the (100) silicon Poisson’s 

ratio of 0.17 [9] to the change in dimension through the following basic equation  

𝑣 ≈
∆𝐿′

∆𝐿
  (3) 

where ∆𝐿′ is transverse strain and ∆L is the axial strain, as shown in Figure  3.3.1(a). 

Figure  3.3.1(b) shows the finite element method (FEM) simulation results for surface 

tensile and compressive stresses, anticipating that compressive stress has a greater impact 
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on device behavior (nearly doubling applied stress at the surface containing the devices), 

while illustrating the two bending conditions (across and along the channel). Figure  3.3.2 

shows the effect of compressive and tensile stresses on the saturation transfer I━V 

characteristics of a sub-micron physical gate length (Lg) n-type (Figure  3.3.2(a-b)) and p-

type (Figure  3.3.2(c-d)) FinFET for out-of-plane bending at radii of ±5 cm, 

corresponding to a 0.05% nominal strain in both cases. The measurements confirm that 

compressive stress always has a more pronounced effect for both devices━for different 

channel carriers types and for both bending axes (i.e., along and across the channel). We 

note the change of bending dimensions analysis by the output I━V characteristics 

curves, which showcase the pattern on a linear scale (Figure  3.3.2(e-f)). Based on 

changes in the fin/channel dimensions depicted in Figure  3.3.1(a), the pattern is expected. 

However, this pattern was not meticulously followed in the case of along-the-channel 

bending, indicating that the variation is better explained as an anomaly in behavior within 

a specific variation range than a consistent trend.  

 Localized strain enhancement in CMOS transistors has been extensively studied 

for decades [10], and with the assumption that different carriers will respond to stress 

differently. Wesler et al. used energy band diagrams to explain the different responses to 

stress with respect to carrier types [11]. For instance, in the suggested SiO2/Si/Si0.7Ge0.3 

strained structure, a barrier hole well in the valence band corresponds to a surface 

electron well in the conduction band. The strained silicon surface energy band structure is 

similar to the bent FinFETs case, where the stress gradient along the silicon thickness due 

to bending induces a strain effect, rather than the SiGe layer, influencing the effective 

masses (m
*
) of charge carriers due to the deformations in the constrained/stretched energy 
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(E) bands (𝑚∗𝛼 (
𝑑2𝐸

𝑑𝐾2
)−1, where K is proportional to crystal momentum). However, due to 

band bending in different directions, tensile and compressive strains should form 

different barrier and surface well structures, depending on carrier type. This affects the 

transport properties especially at the edges of the channel (or fins) where lateral stress 

values are relatively higher and extra surface and barrier wells for carriers are likely to 

form. Oppositely charged free carriers behave differently depending on the bending axis 

(Figure  3.3.2). Further FEM analysis, as represented by Figure  3.3.3(a), shows a three-

dimensional stress distribution in a fin bent across the channel and along the channel. 

Comparing the two stress profiles, it is clear that bending across the channel leads to 

different stress distribution than bending along the channel. As can be deduced from the 

results shown in Figure  3.3.2, electrons are more sensitive to stress when the channel is 

bent along its length, while holes are more sensitive when the bending axis is 

perpendicular to the channel length. Because CMOS-based technology utilizes both n- 

and p-type field-effect transistors (FETs) on the same wafer, the assessed degradation 

should be the worst-case scenario for both of the two channel types. Furthermore, 

localized stress due to SiGe source and drain has historically been used to strain the 

channel and enhance mobility. On the other hand, a dissimilar effect takes place in this 

study. This is because empirical stress imposed by out-of-plane bending causes a 

different stress distribution profile and different magnitudes compared to localized stress 

when both are exposed to same strain values. The inset in Figure  3.3.3(b) shows the 

calculation of the displacement required for specific strain and the resulting stress profiles 

for out-of-plane and in-plane stressed at the same strain values. Figure 3.3.3(c) shows the 

simulation setup and the values of the stiffness matric for accounting for silicon 
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anisotropy. The simulated fin was rotated 45 degrees in the XY plane to align the fin 

plane with the (110) plane while the wafer plane is (001). Using equations (1-2), the 

stress regime for 0.5 to 5 cm bending radii is 80 to 800 MPa, corresponding to an 

intermediate stress range relatively lower than that used in strained silicon to engineer 

mobility enhancements [12]. Still there were cases of mobility enhancements for long-

channel devices flexed along the channel, but due to the complexity of the testing setup 

and sources of variation while contacting the devices, the conclusion would be an 

anomaly within ±5% for short-channel devices. Other key switching properties are 

summarized in Table  3.3.1. 

Table 3.3.1: Key switching properties of FinFETs under out-of-plane stress 

Extracted Parameter Method % change 

Subthreshold Swing (SS) 
𝑆𝑆 = min (

∆𝑉𝐺𝑆

log(𝐼𝐷𝑆1/𝐼𝐷𝑆2)
) 

~10% 

Threshold Voltage (VTH) 𝑉𝑡ℎ = 𝐼𝑑𝑠/𝑔𝑚 − 𝑉𝐺𝑆|@ max 𝑔𝑚 ~10% 

Drain Induced Barrier 

Lowering (DIBL) 

𝐷𝐼𝐵𝐿 =
𝑉𝑇𝐻,𝑠𝑎𝑡 − 𝑉𝑇𝐻,𝑙𝑖𝑛

𝑉𝐷𝐷 − 𝑉𝐷𝑆,𝑙𝑜𝑤
 

±50% 

Maximum 

Transconductance (𝒈𝒎) 

𝑔𝑚 =
𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆
 

-40% 
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Figure 3.3.1: Illustrations on changes in fin dimensions (a), and FEM simulations 

for Von Mises stress distribution (b). 
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Figure 3.3.2: Transfer (a-d) and output (e-f) plots of FinFETs of various dimensions 

under varied stress conditions and bending axes 
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Figure 3.3.3: FEM stress profile for along  and across the channel bending (a), in-

plane/out-of- plane stress (b), and crystallographic orientation and bending simulation 

setup and the stiffness matrix used in simulations (c). 

 

 The large variation in the drain-induced barrier lowering (DIBL) implies that the 

devices suffered from significant threshold voltage (VTH) shifts when functioning in the 

saturation regime. An increment under compressive stress implies that the device suffers 

higher leakage currents due to a relatively larger reduction in VTH. A decrease in DIBL 

under tensile stress would lead to a device with relatively larger VTH than designed, and, 

consequently, lower overdrive voltage (VDD–VTH, where VDD is the supply voltage) and 

on-state currents (ION). The decrease in the peak transconductance (gm) would degrade the 

performance of a transistor device while operating as an amplifier, because the gain of an 

amplifier is proportional to the transconductance of the device. Ideally, ICs are designed 

to tolerate 10% deviation in circuit parameters. Therefore, for anomalies greater than 

10%, serious considerations are essential when integrating such high-performance 

devices in flexible ICs that are intended to function properly under various bending 

conditions. This can be mitigated by redundant compensation elements to adjust the 

parameters. Current design for yield in deep-submicron technologies already uses similar 

techniques to comply with 3σ and 6σ standards (σ measures variability), accommodating 

process variations for extremely scaled emerging nodes. For instance, adding a backup 

transistor connected in parallel when needed to enhance the circuit current as the original 

transistor experiences increased VTH and lower current. The observed trend for increased 

gate leakage with bending can be utilized to sense the leakage current and determine the 

corresponding parameter deviation, allowing us to make dynamic decisions to engage 

added components and correct the deviation effect.  
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To extract the effective mobility (µeff), we use the following equation 

µ𝑒𝑓𝑓 =
𝑔𝑑𝐿𝑔

𝑊𝑄𝑛
          (4) 

where 𝑔𝑑 is the drain conductance, 𝑄𝑛 is the mobile charge density in the channel, and 𝑊 

is the channel width. Figure  3.3.4 depicts the extracted effective mobility values versus 

LG for tensile and compressive bent n- and p-type FinFETs. Conclusively, FinFETs with 

longer LG exhibited higher deviations from the unbent benchmark, for both majority 

carrier and applied stress types. For instance, n-type a representative FinFET showed a 

deviation of 13% for an LG of 10 µm, compared to a 2.3% deviation for LG of 110 nm. 

Similarly, a representative p-type FinFET had a 90% deviation for LG of 10 µm and 2.7% 

deviation for LG of 250 nm. Although the long-channel p-type FinFET exhibited a 90% 

deviation in its effective mobility, their functionality is still attested as a switch, as 

evidenced in Figure  3.3.4(c). Under both applied stress types, the on-to-off current ratio 

(ION/IOFF) was about 10
3
 with low gate leakage. 
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Figure 3.3.4: Mobility vs. gate length (a-b) and functional device with 90% mobility 

change (c).    

 

 In ultra-large scale integration (ULSI), the flowing drain current in the on-state 

(ION) and the off-state (IOFF) are critical properties of every device. Depending on the 

magnitudes of ION, VDD, and gate capacitance (CG ≈ oxide capacitance (COX)), the 

intrinsic delay (td) of the device is determined (𝑡𝑑 = 𝐶𝑉𝐷𝐷/𝐼𝑂𝑁). Figure  3.3.5(a) shows 

the variation on the gate delay with the ION/IOFF ratio for a representative p-type FinFET 

device The higher the ION, the faster the circuit, because the total capacitance of the 
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circuit, including parasitic, is proportional to the time constant (τ), which affects the 

speed at which the circuit can operate. 

The ultimate goal of strain engineering is to increase ION through mobility enhancements. 

A FET current is given by  

𝐼𝑑𝑠 =
𝑊𝐶𝑂𝑋 𝜇𝑒𝑓𝑓

𝐿𝐺
[𝑉𝐷𝑆(𝑉𝐺𝑆 − 𝑉𝑇𝐻) −

𝑉𝐷𝑆
2

2
]   (5) 

ION corresponds to the saturation current (ISAT) when VDS ≥ VGS−VTH and is approximately 

(discarding short channel modulation effect) given as 

𝐼𝑂𝑁 =
𝑊𝐶𝑂𝑋 𝜇𝑒𝑓𝑓

2𝐿𝐺
(𝑉𝐺𝑆 − 𝑉𝑇𝐻)2         (6) 

For a representative short-channel p-type FinFET (where LG is less than 250 nm), the 

change in ION is less than 1% under both tensile (1.5 cm bending radius) and compressive 

stress (−3 cm bending radius), as shown in Figure  3.3.6(a). This is justified by the 

insignificant deviations in  𝜇𝑒𝑓𝑓 and VTH while other parameters are physical. Even for a 

long-channel p-type FinFET device (LG = 10 μm)—where the change in calculated  𝜇𝑒𝑓𝑓 

is was about 90%—the changes in ISAT were –2.4% for tensile stress and –1.5% for 

compressive stress (both at 2.25 cm bending radius), at VDS = VGS = –1.5 V. The extreme 

variation in  𝜇𝑒𝑓𝑓 did not translate into current variation—although the change in VTH 

while operating in the saturation regime (extracted using the Ghibaudo method for short-

channel devices, i.e. the intercept with VGS axis from IDS/√gm,sat vs. VGS plot [13]) is less 

than 8% in worst-case compressive stress, and less than 1% for tensile stress (at 2.25 cm 

bending radii). Hence the calculated mobilities do not reflect actual degradation, which is 

attributed to the susceptibility of the measurement used for mobility calculations to noise, 
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namely the strong dependence of mobility on gd which is measured at very low drain 

voltages (between 25 and 50 mV).  

 The integrity of the gate oxide in scaled CMOS-based devices is another critical 

issue. Scaling compromises the reliability and physical limits of the best available oxide 

in terms of interface quality and defect density. Therefore, high-κ dielectrics have been 

used to replace SiO2. The FinFETs in this work utilize a few nanometers of HfSiOx high-

κ dielectric layers. A consistent trend of increasing gate leakage between the gate 

terminal and the source of a FinFET has been observed, especially under tensile stress for 

a representative short-channel 250 nm p-type FinFET (Figure  3.3.5(b-c)). This is in line 

with previous observations by Choi et al. on the reduction in the work function of TiN 

due to tensile out-of-plane bending which reduces the Gate/Oxide barrier height causing 

higher leakage currents [14]. This does not affect the functionality of the device due to 

the orders of magnitudes difference between IDS versus VDS, as depicted in 

Figure  3.3.5(d). Nonetheless, we found that FinFET devices with various dimensions had 

still been functioning after long bending durations (about one year), as depicted in 

Figure  3.3.6.  
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Figure 3.3.5: Gate delay (a) and leakage trends (b-c) for a 250 nm p-type FinFET with 

the transfer plot shown in (d). 
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Figure 3.3.6: Transfer plots for short and long channel FinFETs bent for 12 months at 

0.5 cm bending radius (a-d). 

 The presence of leakage currents is a major issue in deep-submicron technologies 

[15]. IOFF is highly dependent on VTH, dielectric integrity, and operation temperature. 

Device operation dependency on temperature was not studied in this work. IOFF is 

inversely proportional to an exponential function in VTH (𝐼𝑂𝐹𝐹𝛼 𝑒(𝑉𝐺𝑆−𝑉𝑇𝐻)). Therefore, 

leakage current is strongly affected by shifts in VTH and might require circuit correction 

(although the variation in our case is within 10%). The degradation in dielectric integrity 

is evident from the increasing gate leakage with increasing bending radius. Tensile stress 

increased a maximum of three times at 0.5 cm bending radius along the channel. This 

means that in a battery-operated IoE system, where the device is in standby mode most of 

the time and leakage power dominates, the useful time before a re-charge is required will 
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be reduced at least three times. The effect is not direct due to the existing positive 

feedback loop between flowing current and temperature. The higher currents increase the 

temperature. The relation between the temperature and the semiconductor band gap is 

given by the Varshni’s equation 

                      𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝑇2

𝑇−𝛽
   (7) 

where 𝐸𝑔 is the band gap in eV, T is the temperature, and 𝛽 is a material property. This in 

turn reduces the VTH, and consequently, increases the current further. This feedback loop 

is a common cause of thermal runaway failures in ICs. Therefore, a 3× increment in IOFF 

can translate to severer effects and requires closer studies at the circuit level to prevent 

the potential for eventual failures during the useful lifetime of an electronic system.  

At the device level, still no observable degradation in switching behavior under various 

bending conditions is present. The gate leakage is 1000× less than the drain currents (i.e. 

ION will not be significantly affected by this mild increase in leakage, and functionality is 

preserved). 

3.4. Residual Stress vs. Effective Stress 

 In microcrystalline silicon transistors, Dong et al. showed the effect of bending of 

flexible TFTs [9]. All measurements were taken in the flat position after the sample had 

been exposed to various bending stress types and various durations. We anticipate this 

work to be an important milestone in assessing out-of-plane stress effects on transistor 

characteristics. However, the work focused on residual stress rather than real-time actual 

stress measurements. Residual mechanical stress is the stress that remains in the material 

after mechanical deforming. If the material is originally flat and bending occurs within 
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the elastic region, then, re-flattening the material leaves no residual mechanical stress. 

This explains the minor deviations in the transfer and output I━V curves concerning the 

effect on source-to-drain currents and gate leakage. Similarly, stress recovery and self-

healing properties are widely used concepts in reliability physics, drawing the cutline 

between an electrically stressed and post-stressed device. We have previously shown a 

self-healing property in metal─oxide─semiconductor capacitors (MOSCAPs) subjected 

to mechanical stresses through electrical annealing by passing current [16]. The same 

study shows that for silicon based CMOS dynamic stress (successive bending and 

flattening) has severe effect on the reliability of the structure. Hence, they are more 

suitable for bent static structures than dynamic ones. Accelerated ramping voltage (Vramp) 

analysis, time dependent dielectric breakdown (TDDB), and bias temperature instability 

(BTI) tests used in assessing devices’ useful projected lifetime employ various stress 

methods in which relaxation time has a strong effect on the measurements. For instance, 

one of the challenges in the reliability assessment of high-κ dielectrics, including HfSiOx, 

is the accuracy of the BTI test composed of stress-measure-stress cycles to track the shift 

in VTH due to the relaxation/recovery of degradation when stress is removed in the 

measurement step [17]. Figure  3.4.1 shows the transfer I━V characteristics curves of 

long- and short-channel n- and p-type FinFET devices before and after applying stress. 

Evidently, the variation does not reflect the significant deviations experienced under 

effective stress as previously depicted in Figure  3.3.2, because of the absence of residual 

mechanical stress. The results of the flexible microcrystalline silicon TFT show that 

devices can be folded for storage then unfolded when needed, recovering their 

characteristics after being re-flattened [9]. In their work, Dong et al. used 150-nm-thick 
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silicon nitride (Si3N4) as a gate insulator. Although Si3N4 was shown to exhibit high trap 

densities, which is expected to worsen with bending due to increased dielectric stress, it 

was shown that relaxation/recovery time decreased as the Si3N4 thickness increases [18], 

thus manifesting the durability of the Si3N4 TFTs when re-flattened. This work shows that 

this conclusion can be extended to scaled high-performance high-κ dielectric FinFETs 

that use thin (4-nm–thick) HfSiO gate insulators.  

 

Figure 3.4.1: Transfer plots for re-flattened n-type (a) and p-type (b) FinFETs. 

3.5. Conclusion 

 We have presented a comprehensive analysis on varying flexed (bent) states of 

flexible high-performance FinFET CMOS. This also helps avoiding stress recovery when 

re-flattened. Nonetheless, due to the sensitivity of the measurements, an extra source of 

variation (i.e. contact resistance) is added. As previously mentioned, the outlined 

percentage variations are ultimately useful for the actual systems applications, whether it 

is through flexible ICs for IoT, IoE, or wearable electronics. The results show that most 

variations are restricted to ±10%, which is similar to the process variations range in deep-

submicron technologies where possible mitigation solutions are already practiced. 

Moreover, it provides insight into the degree of variation in device characteristics when 
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they are bent, which complements previous work and shows that variations can be 

mitigated to render the devices suitable for performing while bent as well as when 

flattened. This work presents the possibility of adding the flexing ability to industry-

grade FinFETs without sacrificing functionality and highlights the various effects that 

out-of-plane bending has on these devices. 

 This concludes the first part of the dissertation concerned with the demonstration 

of field-effect transistors (gating structures for memory arrays) on flexible Silicon. The 

second part focuses on storage devices.  
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Chapter 4 Flexible Memristor 

 Moving to storage elements, we demonstrated for the first time memristive 

devices fabricated on bulk monocrystalline silicon (100) which is next transformed into a 

flexible thin sheet of silicon fabric with all the pre-fabricated devices. This process 

preserves the ultra-high integration density advantage unachievable on other flexible 

substrates. 

 Memristors have attracted lots of interest in the scientific community since their 

inception followed by long sought experimental demonstration [1, 2]. They offer an 

alternative intriguing option to complementary metal oxide semiconductor (CMOS) 

based flash non-volatile memory (NVM) which is approaching scaling limits. For 

instance, based ITRS report of 2012 flash memory ½ pitch should reach 10 nm by 2020 

[3]. Cross bars resistive RAMs with 10 nm x 10 nm cell size have already been reported 

in IEDM, 2011 [4]. Additionally it can also be a complementary option for volatile 

memory like dynamic random access memory (DRAM). The simple structure of 

memristive devices and facile fabrication enables its scaling down to regimes beyond 

state-of-the-art CMOS technology. In addition, there are proposed techniques to replace 

the extra gating transistor for memristive cells [5].  This makes memristors an excellent 

candidate to act as synapses in neuromorphic circuits. It has been experimentally 

demonstrated that CMOS neurons and memristor synapses in crossbars configuration can 

support synaptic functions [6]. While memristive devices can serve as analogous 

components of brain neurons. The brain cortex itself is folded enabling ultra-compact 

integration. Therefore, exploring memristive devices on foldable platform is an important 

and timely step towards future electronic applications. 
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 To this end, several approaches have been followed mostly focused on building 

memristive devices from organic materials on organic flexible substrates [7], or building 

inorganic memristive devices on flexible organic substrates at low temperatures [8, 9]. 

Although these approaches are key steps forward, some key fundamental challenges exist 

with these approaches especially due to the incorporation of organic material systems. 

For instance, organic materials are less thermally stable for practical operation than 

inorganic materials, and their processing does not allow the high integration density 

achievable in current silicon based semiconductor technology [10-13]. Although having 

the inorganic memristor on an organic substrate is an important step forward, it still faces 

the thermal budget limitation which affects the performance of the devices. A third 

approach is building inorganic electronics on inorganic substrates that are flexible. In 

previous works, we reported the successful integration of various devices on flexible thin 

Si (100) fabric [14-17]. This approach enables making the conventional optimized 

devices and material systems to be transformed into flexible structures without sacrificing 

integration density or imposing thermal limitations. Indeed, capitalizing on the ultra-high 

density inherent in the Si industry is essential for matching the compactness and 

computation efficiency of the brain. 

4.1. Device Fabrication 

 The memristor material system (Al, TaN and Al2O3), deposition and patterning 

processes (sputtering and ALD) are standard CMOS processes. The maximum 

temperature required for our releasing step is 300°C which is relatively low and can be 

done before or after device fabrication based on the followed flexing approach (“device 

first” or “device last”). Hence, we preserve the desired characteristics of bulk devices, 
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such as high integration density and film quality while adding the flexibility feature to the 

memristors. Our transformation processes can be achieved through two approaches. The 

first is the “device first” approach (details can be found in [12]). The second is the 

“device last” approach implemented for this study. The process utilizes a 300 nm 

thermally grown SiO2 on Si (100) 4’’ wafers for devices isolation, Figure  4.1.1a. The 

oxide layer is then patterned using photolithographic techniques (ECI 3027 positive 

photoresist, 200 mJ/cm
2
 exposure dose and Metal Free AZ 726 developer) to have 10 µm 

diameter holes with 20 µm pitch, followed by a deep reactive ion etching (DRIE) using 

the Bosch process of successive SF6 etching and C4F8 deposition cycles for smooth 

sidewalls up to 25 µm depth, Figure  4.1.1b. Then a spacer formation process is carried 

out using conformal atomic layer deposition (ALD) of 50 nm Al2O3 at 300°C using O2 

plasma and a consecutive directional reactive ion etch (RIE) in CHF3 that removes the 

spacer from vertical surfaces leaving the sidewalls protection intact (not shown). Finally, 

the sample is placed in a XeF2 reaction chamber where isotropic etching of Si takes place 

at the bottom of the deep hole network to peel off a thin Si (100) fabric that is flexible up 

to a bending radius of 10 mm (0.125% nominal strain, ɛnominal= t/2R, where t is the 

substrate thickness and R is the bending radius). In our process we released a 3 x 4 cm
2
 

area of the 4’’ wafer for flexible memristive devices while the rest hosted the bulk 

devices for a comparative analysis. The devices were built using 200 nm sputtered Al 

common bottom electrode (Figure  4.1.2a) then an ALD stack of 20 nm TaN/ 10 nm 

Al2O3/ 20 nm TaN without breaking the vacuum, followed by another 200 nm sputtered 

Al for top contact, Figure  4.1.2b. The TaN layer is there to prevent the Al ions from 

diffusing into the dielectric and preserve the quality of the top surface of ALD Al2O3 
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from physical damage during top Al electrode sputtering process. The devices were 100 x 

100 µm
2
 (a motor neuron is 100 µm in diameter).  

 Figure  4.1.3 shows a digital image of the fabricated foldable devices after cutting 

the anchored edges and releasing the fabric from the bulk wafer. The thin fabric and 

network of release holes both contribute to the flexibility of the fabric, which in this case 

reached 1 cm bending radius. The relation between the flexibility (a measure of the 

tendency of a material to bend) and the thickness of the fabric is inversely proportional. 

Therefore, as the thickness of the fabric decreases, the bendability increases significantly. 

A previous study on holes effect on bendability can be found in [11] where an increase of 

64% in bendability due to release holes has been demonstrated. 

 

 

Figure 4.1.1: Peeling off a thin flexible Si fabric from bulk Si (100); a) thermal oxidation 

to grow 300 nm  SiO2 on Si, b) patterning and etching deep trenches in SiO2 and Si bulk 

(~25 um deep) followed by a spacer formation step to protect trenches sidewalls (not 

shown), c) peeling thin Si (100) sheet using XeF2 isotropic etch at the bottom of the 

trenches. 
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Figure 4.1.2: Memristor fabrication; first, the peeled Si fabric (Figure  4.1.1) is sputtered 

with 200 nm of Al acting as common bottom contact electrode (a), Then, the sample with 

Al bottom electrode on top is inserted into an ALD reaction chamber where 20 nm TaN/ 

10 nm Al2O3/ 20 nm TaN are deposited without breaking the vacuum, afterwards, using 

photolithographic techniques and ECI 3027 photoresist, the active areas of the devices 

are protected and the stack is etched using RIE followed by subsequent removal of PR in 

Acetone (b). 

 

Figure 4.1.3: Digital image of actual fabricated memristors on flexible Si fabric (25 μm 

thick) (left). It is to be noted there is no support platform to hold or to handle the released 

silicon fabric. Scanning electron microscope image of device and platform stack (right). 

4.2. Device Characterization 

 Basic IV characterization of 10 flexible/foldable and 10 bulk/inflexible devices 

was performed on a Keithley 4200 SCS. All fabricated memristors had a common bottom 

Al electrode while the patterned top electrode identified the device under test. 
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Figure  4.2.1 shows the hysteresis properties of the average values for ten bulk and ten 

foldable devices. The high switching voltages are attributed to the high quality of ALD 

Al2O3 and the conduction mechanism dependence on a soft breakdown phenomenon and 

in turn they effect a lower ROFF/RON ratio (R=V/I, hence, breakdown currents occurring at 

higher voltages result in higher RON while ROFF is relatively unchanged leading to a lower 

ROFF/RON). Another factor contributing to the low ROFF/RON ratio is the nature of 

breakdown in high-κ dielectrics. The breakdown occurs in phases. First, a soft-

breakdown (reversible) occurs, then, by increasing the applied electrical stress a hard-

breakdown follows (permanent physical damage). Since memristive effect rises due to a 

soft-breakdown phenomenon, it is very critical to do the voltage sweeps in a suitable 

range that would suffice to cause a soft-breakdown but would not provide enough stress 

for a hard-breakdown. This borderline is practically difficult to achieve. The closer the 

sweeping range to this borderline, the higher the ROFF/RON ratio because RON gets much 

smaller with severer soft-breakdown; whereas, ROFF is almost unchanged as long as no 

physical hard-breakdown occurs. Therefore, the ROFF/RON ratio becomes more of an 

optimization problem that deviates from the main reporting of this study (i.e. reporting a 

facile process for making foldable memristive devices on silicon fabric with preserved 

memristive properties). The results indicate that there is no significant deviation in device 

properties due to the flexing step. Furthermore, these results are for devices the size of a 

motor neuron, which is much bigger than a synapse. Scaling these devices to nanoscale 

lateral dimensions would enable low power operation. In addition, scaling down would 

provide a safer mode operation for our process as the release holes (separated by 10 µm) 

do not have to pass through the devices’ structures anymore. This is because the reported 
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devices have a network of holes passing through the devices’ active layers as we make 

the 10 µm holes separated by 10 µm while devices are 100 x 100 µm
2
, while making 

devices that are few nanometers x few nanometers would enable stacking multiple 

devices in between the holes with no holes passing through. This means that the devices 

can show more similarity in terms of physical structure to regular bulk devices. 

 

Figure 4.2.1: Basic IV hysteresis properties of foldable vs. bulk memristors 

 Furthermore, the devices were bent at different bending radii to assess the 

variability in performance while bent. Figure  4.2.2 shows the IV hysteresis curves for 

four different bending radii corresponding to a varying nominal strain of 0.042–0.125%. 

The superimposed curves show consistent functionality with varying width of the 

hysteresis loop, especially on the positive side. To quantify this difference, the value of 

high resistance state (HRS) and low resistance state (LRS) were measured and plotted 

against bending radius (Figure  4.2.3). The measurements are based on the simple average 
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of four overlapping cycles (Figure  4.2.4 shows overlapping last few cycles for a 

representative device) of the same device to ensure consistency. The conclusion to be 

drawn from Figure  4.2.2 and Figure  4.2.3 is that bending induces variations in ROFF/high 

resistance state (HRS) and RON/low resistance state (LRS) values. The trend depicted in 

Figure  4.2.3 is not based on statistical analysis rather single devices with multiple 

sweeps. The observed trend is that LRS (RON) increases at lower bending radius and HRS 

(ROFF) decreases, resulting in an overall degradation in the HRS/LRS ratio. This would 

impose limitations on the achievable bending of the flexible devices and would be an 

important issue for further investigations. Although several models have been extensively 

used [18–20], there is a need to develop new models to account for flexible devices as 

presented in this paper.  

 

Figure 4.2.2: IV hysteresis loops for memristive devices at different bending radii. 
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Figure 4.2.3: Variation of RON (left) and ROFF/RON ratio (right) as a function of 

bending radius. 

 

Figure 4.2.4: Overlapping cycles for a representative device. 
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4.3. Conclusion 

 The results show that the basic memristive IV properties of these devices match 

that of their bulk counterparts with no significant deviation. Further investigations are 

recommended on the effect of bending on the HRS/LRS ratio and possible mitigations. 

We believe our process offers a pragmatic step towards densely integrated memristive 

systems, structurally capable of mimicking our biological neuromorphic systems.  
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Chapter 5 Flexible FeRAM 

 Nanoscale transistors and ferroelectric capacitors are essential for ultra-large-

scale-integration (ULSI) memories. The relatively simple metal-ferroelectric-metal 

structure of ferroelectric capacitors makes it relatively easy to fabricate and scale down 

(similar to metal-insulator-metal capacitors-MIMCAPs, and metal-resistive material-

metal memristors). Analogous to MIMCAPs ability to store information as charge in a 

capacitor for volatile DRAM, and Memristors ability to store its bi-stable resistance 

information for non-volatile memory (NVM), ferroelectric capacitors bi-stable 

polarization states provide useful information for NVM applications. Due to the massive 

market of memory technology, volume manufacturing using CMOS process already 

offers significantly practical low-cost memory solution. Therefore, through a transfer-less 

process, we show a flexible version of a silicon based NVM ferroelectric capacitors using 

a 280 nm thick lead zirconium titanate (PZT). 

 Memory arrays have the largest number of transistors in an electronic system due 

to their high integration density. Typically, a unit memory cell (bit) consists of a storage 

device and a select transistor. A lead zirconium titanate (PZT) based ferroelectric 

memory storage device can switch in the pico seconds regime [1,2]. However, the actual 

memory speed is usually much slower than what can be realized due to the impedance of 

the drive and sense circuitry (i.e. transistors and word/bit lines capacitances)[3]. Hence, 

using polymer based transistors that have at least 20-40 times lower mobility (~10-12 

cm
2
/V.s) [4-6] compared to silicon (~200-400 cm

2
/V.s) [7]  is a key area of improvement, 

not to mention the effect on processor speeds. The main advantage of FeRAM compared 

to other non-volatile memory technologies is its low cost per bit, a dominant factor in the 
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memory market. In addition, FeRAM combines the advantages of NVM with a much 

faster access time and lower operation voltage [8,9]. In addition, two main problems with 

the state-of-the-art redox memories (memristors) are endurance and variability; current 

FeRAMs are better in both aspects [10]. FeRAM can be embedded monolithically in 

CMOS logic level fabrication with minimal extra processing steps, designed masks, and 

the associated costs (commercially available in Texas Instruments’ microprocessors and 

Fujitsu’s RF tags [11-13]). There are different types of memory architectures utilizing 

ferroelectric capcitors such as 1T-1C (unit cell consists of 1 access transistor and 1 

storage ferroelectric capcitor), 2T-2C (unit cell stores data as two opposite values in two 

connected 1T-1C structures), and 1T (unit cell is a single transistor with ferroelectric 

material as gate insulator to access and store information as a shift in the transistor’s 

threshold voltage) [14]. PZT is the preferred ferroelectric material in FeRAM because of 

its excellent properties. Although high-performance and reliable PZT FeRAM are readily 

available on silicon, a flexible version has never been achieved [6, 15, 16]  and the 

crystallization bake required for PZT films (~700°C) which is much higher than widely 

used naturally flexible substartes like polymer, paper and fabric.  Furthermore, owing 

to the monolithic integration ability of FeRAM with CMOS circuitry, PZT capacitors can 

be integrated on top of CMOS Integrated Circuits (ICs) without degrading its 

functionality. It has been reported that silicon based NMOS ICs can withstand up to 875 

°C for 4 minutes without affecting its functionality [17];  therefore, the crystallization 

bake of PZT at 700 °C for 1 minute should not be an integration concern. Therefore, 

demonstration of a PZT based FeRAM on flexible silicon opens up a new area of 

innovation and technology transfer potential. 
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 In this chapter, the ferroelectric devices were fabricated using state-of-the-art 

CMOS processes (sputtering, photolithography, and reactive ion etching (RIE)). The PZT 

film was spun using sol-gel technique plus associated pyrolysis and crystallization bakes. 

We characterized the PZT film’s morphology using atmoic force microscopy (AFM). The 

crystallinity and dominant crystal orientation of the PZT film were extracted from a 

grazing incidence x-ray diffraction measurement (GI-XRD). The devices are then 

protected and an extra fabrication process of soft-backside etch [18] is performed to 

transform the 500 μm thick rigid and bulk silicon (100) substrate into a flexible 40 μm 

silicon with the pre-fabricated devices. Finally, the flexed devices are evaluated for key 

performance parameters at different bending radii corresponding to nominal strain values 

ranging from 0.04% (at 5 cm bending radius) to 0.4% (at 5 mm bending radius). The pre 

and post release state devices were characterized for electrical performance, like memory 

hysteresis, capacitance-voltage, current-voltage measurements, data retention, endurance, 

and imprint (the most critical for FeRAM failure) for different temperatures. Retention 

tests measure the ability of the FeRAM cell to retain the stored information over extended 

periods of time (>10 years). Endurance assessment provides information on the number 

of switching cycles (change of stored logic state between ‘0’ and ‘1’, write-erase cycles) 

that the memory cell can perform during its useful lifetime, and is strongly dependent on 

the operation frequency. The imprint phenomenon is critical in ferroelectric memory as it 

is the tendency of the memory cell to get stuck on a pre-stored state; in other words, one 

of the logic states becomes more preferred over the other. These critical aspects of NVM 

are thoroughly studied and compared with status-quo. 
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5.1. Device Fabrication 

Bulk PZT FeRAM Capacitors’ Fabrication:  

 Figure  5.1.1 highlights the main steps in fabrication for making bulk FeRAM 

ferroelectric capacitors. Figure  5.1.1a shows a bulk monocrystalline silicon (100) wafer 

with 300 nm of thermally grown SiO2. A bilayer of titanium (10 nm)/ platinum (100 nm) 

is then sputtered without breaking the vacuum (Figure  5.1.1). Titanium is for adhesion 

and platinum acts as the ferroelectric capacitor’s bottom electrode. Four layers of thin 

PZT (Pb1.1Zr0.48Ti0.52O3) film are then spin coated using sol-gel technique at 1500 rpm for 

35 seconds. After each spin, a pyrolysis bake step at 350°C for 8 minutes each is 

performed. For final PZT crystallization, rapid thermal annealing (RTA) step at 700 C for 

1 minute under Ar atmosphere is applied after the second and fourth layers  

(Figure  5.1.1c). Alternatively, RTA in oxygen atmosphere is recommended for improved 

results due to the correlation between PZT oxygen content and leakage current density 

[19]. The 4 spin coated PZT ceramic layers resulted in a 280 nm thick film. The top 

platinum electrode was then sputtered (Figure  5.1.1d) and patterned together with PZT 

film using positive tone photoresists (PR) ECI 3027 and a timed etch in a reactive ion 

etching (RIE) chamber maintaining a low power Ar plasma at low temperature (10°C) 

(Figure  5.1.1e,f). The ferroelectric capacitors in our study are squares with side lengths of 

100 µm, 150 µm, 200 µm, and 250 µm, scalable down to 0.1 µm
2 

(demonstrated in 2006 

[20]).
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Figure 5.1.1 Fabrication process flow of bulk FeRAM 

Transforming the Bulk Devices into Flexible FeRAM Capacitors: 

 The flexing approach followed in this work consists of a single extra processing 

step utilizing a deep reactive ion etching (DRIE). Figure  5.1.2 highlights the flexing 

process main steps. First the devices are protected using ECI 3027 PR (Figure  5.1.2a). 

Then, the sample is flipped upside down and etched in the DRIE chamber for few hours 

until the desired thickness is reached (Figure  5.1.2b). We have previously reported an 

alternative flexing approach (trench-protect-release-reuse) for making various flexible 

devices (metal/insulator/metal capacitors for DRAM [21-23], memristors for ReRAM 

[24], metal/oxide/semiconductor capacitors and field effect transistors [25-28], FinFET 

[29], and thermoelectric generators [30]) on a flexed silicon substrate. 
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Figure 5.1.2: Fabrication process flow for flexing the silicon substrate. (a-c): silicon 

substrate with pre-fabricated FeRAM devices undergoes soft etch back process (upside 

down) to thin down the substrate to achieve an ultra-thin version of flexible silicon with 

pre-fabricated devices (d). 

5.2. Device Characterization 

 Memory Properties of Bulk PZT FeRAM Capacitors:  

 The PZT film crystallinity is assessed through a GI-XRD measurement at 

incidence angle (ω) of 4° confirming polycrystalline nature with (110) as the prominent 

crystal orientation (Figure  5.2.1a). Figure  5.2.1b shows the morphology of the final PZT 

ceramic layers acquired from an intermittent mode AFM measurement of a 10 × 10 μm
2
 

area. The film had an average surface roughness (Ra) of 0.62 nm and root mean square 

roughness (Rrms) of 0.81 nm, with scattered pinholes of ~5-6 nm deep (Figure  5.2.1c 

shows the height profile at the dashed line in Figure  5.2.1b). The small surface roughness 

indicates a high quality smooth surface and consequently a good interface with the top 

platinum electrode. This formation of pinholes issue can be mitigated by surface pre-

treatment of the bottom electrode or alternative sputter deposition at elevated 

temperatures [31,32].
 
Figure  5.2.1d shows a scanning electron microscope image of the 

transformed 40 µm flexible bearing the FeRAM memory devices. 
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Figure 5.2.1: a) Grazing incidence X-ray diffraction (GI-XRD) of as deposited PZT thin 

film, b) atomic force microscopy (AFM) measurement, c) height profile of the dotted line 

in part (b), and d) scanning electron microscope (SEM) cross-section image depicting the 

thickness of the final fabric. 

 The electrical characterization measurements were performed on an aixACCT TF 

Analyzer 2000E which utilizes the feedback virtual ground method (Figure  5.2.2c, inset). 

This method ensures that although the cables capacitances are in place; they are 

electrically ineffective. Figure  5.2.2a shows the basic polarization vs. electric field 

behavior of the ferroelectric memory, exhibiting a positive remnant polarization (Pr+) of 

13.5 μC/cm
2
, a negative remnant polarization (Pr-) of -11.5 μC/cm

2
, and coercive electric 

fields (Ec) of 50 kV/cm and -60 kV/cm for Ec+ and Ec-, respectively. The higher remnant 

polarization values are desirable for facile detection of switching while reading memory 

cells and, thus, adding immunity to bit reading errors. The relatively low coercive electric 

fields are key enablers for low operation voltage FeRAM. The Pr+ state corresponds to a 
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digital memory bit “0” and Pr- corresponds to a “1.” In the actual FeRAM memory array, 

it is the difference between switching and non-switching currents that determines the 

state of the stored bit [33]. The post-fatigue plot shows the behavior of a representative 

device after suffering from consecutive switching cycles and dropping its remnant Pr 

values to ~20% of the pre-fatigue state. Fatigue is a phenomenon experienced by 

ferroelectric thin films when subjected to alternating switching pulses due to trapping of 

defects at the interfaces between ferroelectric/electrodes and grain boundaries of the 

polycrystalline film, resulting in loss of polarization [34].
 
Figure  5.2.2b shows the 

current-voltage behavior vs. time behavior for a positive up negative down (PUND) 

measurement when a ± 15 volts pulse of 100 µs duration is applied. Lower voltages down 

to 3 volts were also achieved. Lower operation voltages result in lower remnant 

polarization. In contrast, maximum operation voltage ensures that the collected fatigue, 

endurance, and retention data are at the highest possible degradation conditions. Hence, 

our results and analysis are based on the 15 volts maximum operation voltage for 

assessing the memory devices reliability aspects. In a FeRAM memory array, the 

resulting currents due to switching/non-switching is then passed to a sense resistor and 

converted into a voltage level that is then passed to a comparator circuitry to determine if 

the read state is a “0” or a “1” bit. The difference between the two voltage levels is 

referred to as the memory window. Thus, there is a proportionality relation between the 

difference in switching and non-switching currents and the memory window. To study 

the effect of the pulse width of the applied voltage signal on the memory window, the 

percentile lost in memory window due to the reduced pulse width (faster switching) is 

depicted in Figure  5.2.2c. Acceptable operation speed would be up to 0.5-1 μs at which 
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~15-20% of memory window is lost. The 0.5 μs represents the fastest switching time for 

polymer based FeRAMs. It is important to distinguish the ability of PZT to switch as a 

material in the pico seconds regime and the read/write speed of an actual memory array 

due to bit/word line capacitances and drive and sense circuitry delays (70 ns is the fastest 

reported) [35].  Figure  5.2.2d shows the capacitance-electric field measurement of the 

PZT ferroelectric capacitors, indicating maximum capacitance around Ec fields and lower 

values as electric field increases due to space-charge depletion near the PZT/electrode 

interface [36]. Figure  5.2.3 provides a simple polarization and capacitance behavior 

variation analysis in terms of cycle-to-cycle variability for ten consecutive cycles 

(Figure  5.2.3a,c) on the same device, and device-to-device variability for ten random 

devices (Figure  5.2.3b,d). The plots are for average values and the error bars represent the 

standard deviation, insets show the actual plots for the first and tenth cycles. 
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Figure 5.2.2: Representative plots for various ferroelectric memory properties; a) Basic 

polarization-electric field plot, b) current-voltage plot vs. time for memory window 

extraction, c) percentage loss of current memory window versus pulse width, inset 

showing the schematic of the virtual ground feedback method used for eliminating 

connection parasitics from actual device measurements, d) capacitance-electric field plot 

of ferroelectric memory 
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Figure 5.2.3: a) Cycle-to-cycle capacitance variation of ferroelectric memory, inset 

showing 1
st
 and 10

th
 cycles, b) device-to-device capacitance variation for 10 devices, c) 

cycle-to-cycle polarization variation, inset showing first and tenth cycles, d) device-to-

device polarization variation for 10 devices. 

 Reliability issues of FeRAM are, then, attested using imprint, endurance, and 

retention tests. Imprint is one of the most critical issues for FeRAM and its rate increases 

with temperature. Imprint is the tendency of the ferroelectric capacitance to maintain one 

state over the other when it stays in that state for long durations. Figure  5.2.4a shows the 

shift in the coercive voltage due to ferroelectric imprint at 125°C for different bias 

voltages. The elevated temperature is to amplify the imprint effect to be able to assess 

over short durations. Figure  5.2.4b shows the reversibility of the imprint phenomenon 

through applying a constant bias voltage for a brief amount of time to restore the perfect 
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symmetry of the device. Figure  5.2.4c shows the fatigue test results of the ferroelectric 

capacitors at different disturbance electric fields (Ec ~70 kV/cm, intermediate electric 

field (Eim) ~210 kV/cm, and saturation electric field (Esat) ~ 700 kV/cm) at a fatigue 

frequency of 20 kHz and hysteresis measurement at ± 10 V at 1 kHz. The devices lost 

~50% of Pr after 10
6
 switching cycles. These results depend heavily on the fatigue 

frequency that similar devices subjected to Eim can survive up to 10
9
 cycles (compared to 

10
3
-10

7
 for flash memories) [10] before losing 50% of their polarization at 1 MHz 

(Figure  5.2.4d). Figure  5.2.4e shows the stable value of non-volatile charges (dPsw) (i.e. 

the difference between switching, Psw, and non-switching, Pnsw, polarizations). Retention 

tests show that the cells can retain information for long durations at room temperature 

(25°C), fluctuations start to show up at 150°C, and at 200°C ~30% of Pr is lost 

(Figure  5.2.4f) (at room temperature the theoretical rentention would be infinite for our 

PZT FeRAM since 100% of the data is retained even after 10
5
 s, practically it should 

retain data for 10 years (best projected) — best demonstrated for FeRAM is 3 days (2.5 

x10
5
s)) [37].
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Figure 5.2.4: a) Fatigue test for ferroelectric capacitors at different disturbance signal’s 

amplitudes, b) fatigue test results at 1 MHz, c) non-volatile charges stability assessment 

as a function of switching cycles, d) retention measuremet at various temperatures, e) 

imprint test of ferroelectric capacitors at different bias voltages at 125°C, and f) restored 

symmetric behavior after applying a constant bias voltage to counteract the imprint 

effect.
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Memory Properties of Transformed Flexible PZT FeRAM Capacitors:  

 ULSI chips for data management require integrated circuits with areas in the cm
2
 

regime. Furthermore, roadmap wise, there are two main reasons why a flexible version of 

FeRAM is needed for future generations of flexible electronics. First, the future of 

flexible electronics as a vision extends to a fully flexible processing unit that can perform 

key computations. Hence, it is not the size of the FeRAM that is in question but rather the 

size of the micro-processor that has the embedded FeRAM. The size of state-of-the-art 

commercial processors is around  2.25 cm
2
 (22 nm technology). Monolithic integration 

ability is also a critical concern. In order to have high performance compact flexible 

electronic systems, we need all the main components including memory and logic blocks 

to be built on the same substrate which has to be flexible. Otherwise, the small memory 

module that is inflexible has to be connected to other blocks through bonding which 

imposes alignment challenges and adds unnecessarily bulky components to the system. 

To this end, flexible state-of-the-art FinFETs on silicon, using the same processes used in 

this work, have been reported [18], and this is the first time flexible non-volatile PZT 

ferroelectric capacitors on silicon are reported and fully characterized. Both are key 

enabler elements for fully flexible monolithically integrated electronic systems. The 

second main reason is application dependent, for instance a few mm
2
 area would not be 

necessary to flex when the application is a curved big TV screen but when the application 

is wrapping around a fingertip, then flexing becomes necessary. Status quo of FeRAM is 

that even low storage sized FeRAMs have cm scale dimensions (for instance, Fujitsu’s 

4MB FeRAM nonvoltaile memory MB85R4M2T is ~1.5 cm
2
 and Texas Instruments 
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embedded 128KB FeRAM Microcontrollers (MSP430FRxx FRAM) all have dimensions 

in excess of 1 cm). The flexible memory devices bearing silicon is 40 μm thick and the 

minimum bending radius achieved is 5 mm. Figure  5.2.5 summarizes the properties of the 

flexible memory devices. All plot lines are based on average values of seven new devices 

with error bars representing standard deviation. Evidently remnant polarization and 

capacitance mildly decrease as bending radius decreases (Figure  5.2.5a,b). This is due to 

the increased mechanical stress (nominal strain, ɛnominal = t/2R, where t is substrate 

thickness and R is the bending radius, i.e. at minimum bending radius of 0.5 cm, the 

devices experience 0.4% nominal strain). H. Zhu et al. showed that PZT remnant 

polarization decreases linearly with increased applied mechanical stress due to lattice 

distortions [38]. To mitigate the experienced nominal strain, a thinner substrate can be 

made. Thinner silicon is a possible optimization that would also reduce the minimum 

bending radius achievable due to the inverse proportionality between flexibility and 

substrate thickness. Figure  5.2.5c shows the fatigue variation for an array of devices at 5 

cm bending radius, confirming negligible variability. Hence, the fatigue improvement 

translated to ~15% increase in retained data after 10
10

 cycles in Figure  5.2.5d can be 

safely attributed to the increased bending rather than the device variability. The 

relationship between fatigue behavior and mechanical stress due to bending has not been 

explored for this work but these results suggest that the topic should be interesting for 

future investigation. 

 Finally, the flexible ferroelectric memory devices were tested after 100s of 

bending cycles at minimum bending radius (5 mm). Figure  5.2.5e,f show the polarization 

and capacitance plots after the 10
th

 and the 1000
th

 bending cycles, showing insignificant 



130 
 

performance deviations. The devices‘ retention ability was also preserved after 1300 

bending cycles at minimum bending radius (Figure  5.2.5g). 

 

Figure 5.2.5: a) Polarization, b) capacitance, and c) fatigue behavior variation at different 

bending radii ( lines represent averages of 7 devices with error bars representing standard 

deviation),  d) fatigue enhancement at minimum bending radius, e) basic hysteresis plot 

for polarization versus applied voltage after 1000 bending cycles at minimum radius (5 

mm), f) capacitance-voltage plot after 1000 bending cycles at minimum radius, and g) 

representative retention polarization plot of a device after 1300 bending cycles at 

minimum bending radius. 

 Overall, the flexible ferroelectric capacitors utilizing PZT on silicon exhibited (i) 

excellent flexibility, matching that of FeRAM built on naturally flexible polymeric 

substrates using organic molecules and inkjet methods [15,39];
 
 (ii) record capacitance 

and polarization values compared to other polymer based flexible FeRAMs; (iii) record 
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endurance for flexible FeRAM at 1MHz operation frequency; (iv) uncompromized 

retention capability even after 1300 bending cycles at 5 mm radius; (v) manufacturability 

due to usage of CMOS technology based silicon platform and commercial availability of 

PZT [40]. Furthermore, the thin PZT film reduces the coercive voltages required for 

switching the devices and the cost effectiveness of the process, and supports lateral 

dimensions‘ scaling for ULSI density ferroelectric memory. Table  5.2.1 summarizes the 

progress to date towards flexible FeRAMs over the past few years and the presented 

work. The shaded cells are for best reported values where this work stands out well 

except cell size which is limited due to our own lithographic capability. This is subject to 

further optimization as bulk inflexible PZT cells of 0.1 µm
2
 has been previously reported 

[20]. Furthermore, the better values for flexible PZT memory cells on platinum foil are 

first achieved on silicon. The last step in the reported fabrication flow was peeling-off the 

Pt/PZT stack from silicon substrate. Hence, the same process could be applied until the 

last step while replacing peeling off with soft-back etch of the silicon substrate leading to 

similar performance. The higher capacitance is desirable to stand out from memory array 

bit line capacitance. The lower the switching time, the higher the memory acceptable 

operation frequency. Due to the difference between silicon’s melting point (~1400°C) 

and that of most polymeric substrates (~200°C), this work‘s flexible ferroelectric memory 

on silicon can withstand much higher temperatures. Fatigue values are reported for the 

number of cycles at which the memory cell retains more than 50% of the its initial 

remnant polarization. The higher the disturbance frequency the lower the fatigue 

experienced by the material. Since PZT memory cells can function at 1 MHz (higher than 

acceptable operation frequencies for P(VDF-TrFE)), it survives 100 times more cycles 



132 
 

when unbent and 1000 times when bent at minimum bending radius (5 mm). PZT 

retention properties are well known ~infinity, as evident from the 0% data loss after ~10
5
 

s (Figure  5.2.5g). Owing to the robustness of silicon and associated processing techniques 

out of 50 tested devices, only two were initially short circuited. Indeed, PZT is expected 

to have higher switching currents given the fact that it has higher normalized polarization 

per unit area (i.e. more polarization charges) and fast switching ability (up to 10 ns). 

Since current is equal to the rate of change of charges with time; therefore, the more 

charges and fast switching time both contribute to much higher currents compared to 

organic FeRAMs. Nonetheless, PZT FeRAM is still desirable for low power applications 

because of the overall low switching energy requirement for write-erase cycles (down to 

200 fJ/bit) [52]. Our fabricated FeRAM  capacitors require ~20 nJ per write-erase 

operation. The lower switching currents renders FeRAM, in general, and PZT, 

specifically, suitable for low power non-volatile memory applications. Most interestingly, 

the minimum bending radius achieved on our 40 µm silicon was the lowest among all 

reported values for polymeric substrates since 2010. Furthermore, the devices survived 

after 1000 bending cycles at 5 mm bending radius with no observable performance 

deviation compared to 500 bending cycles highest reported for polymeric devices at 11 

mm radius. It is to be noted that although thicker PZT ceramic layers are desirable for 

lower leakage currents, larger domain size, and high remnant polarization; they are not 

economically feasible. For instance, sol-gel PZT solutions cost ~$100/ml. Standard flow 

is composed of 24 spin coatings to achieve a 2 μm thick PZT layer. For an industrial 8'' 

wafer, the cost per wafer using standard flow amounts to ~ $6 (0.06 ml for 2 μm thick 

PZT layer) just for the amount of PZT that remains on the wafer. Alternatively, we have 
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shown 4 ceramic layers of sol-gel PZT resulting in a 280 nm thin film PZT that exhibits 

excellent flexible ferroelectric memory performance compared to polymeric ferroelectric 

based memories for 14% of that cost. Furthermore, the PZT film has area of improvement 

in terms of removal of pinholes, annealing in an oxygen rich environment, or deposition 

of a passivation layer to prevent degradation. All stack patterning was done using timed 

etch in Ar plasma with no specific etching gases. To this end, our thin film PZT FeRAM 

memory opens up an opportunity to low cost batch fabrication of flexible, and yet, high 

performance non-volatile memory applications. Finally, the core value of utilizing 

silicon‘s flexing ability is the compatibility of the process for monolithic integration with 

CMOS electronics which is only possible for our flexible silicon based ferroelectric 

memory. Indeed, our focus is not reporting state-of-the-art FeRAM neither in terms of 

scaled dimensions nor best performance but rather, this work shows that state-of-the-art 

FeRAMs built on silicon can be made flexible using our processes without compromising 

functionality or reliability. For example, in 2013, Texas Instruments showed 180 nm 

FeRAM nodes using 70 nm thick metalorganic chemical vapor deposited (MOCVD) PZT 

with1.5 V operation voltage and >10
15

 write/read cycles.
54

 Worth mentioning, there are 

significant cost advantages using our sol-gel technique versus the expensive MOCVD 

technique; however, utilizing the results of this work and Texas Instruments‘ reported 

FeRAM, a flexible version of the 70 nm thick PZT based, 180 nm FeRAM, with 1.5 V 

operation voltage on silicon is feasible.  
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Table 5.2.1: Summary of research progress in flexible ferroelectric memory devices 

over the past few years. 

 

Reference This 

Work 

(2014)
 

M. Li et 

al. 

(2013)[4

1] 

U. S. 

Bhansali 

et al. 

(2013)[42

] 

 

Y. Song et 

al. 

(2012)[43] 

W. Y. 

Kim et al. 

(2012)[44

] 

Z. Zou et 

al. 

(2012)[4

5] 

Ferroelectric 

Material 

PZT P(VDF-

TrFE) 

P(VDF-

TrFE) 

P(VDF-

TrFE) and 

BaTiO3 

nanofiber 

P(VDF-

TrFE) 

PZT 

Flexible 

Substrate 

Silicon Organic Organic Organic Aluminu

m  

Foil 

Platinum 

Foil 

Transfer 

Required 

No No No No Yes Yes 

Pr (µC/cm
2
) 18 7 6.7 5 11 25.5 

Pmax (µC/cm
2
) 38 -- -- 9.3 18 60.8 

EC (MV/m) 6 120 55 37 83 5.49 

ESat (MV/m) 40 250 120 -- 120 20 

Capacitance(µ

C/cm
2
) 

4 -- 0.045 -- -- -- 

Speed (µs) 0.5  -- -- -- -- -- 

Temperature(°

C) 

>300 -- -- -- -- -- 

Fatigue 

(Retains >50% 

of Pr) 

10
9 

(unbent) 

>10
10

 

(bent) 

-- 10
5
 -- -- 10

7
 

Retention  >10 

years 

-- -- -- -- -- 

Cell Size 

(mm
2
) 

0.01-

0.0625  

0.059-

1.38 

-- -- 0.025  0.00785  

Yield >95% -- -- -- -- -- 

Minimum 

Bending 

Radius (mm) 

5 -- -- -- 6 -- 

Bending 

Cycles 

1000 @ 

5 mm 

radius 

-- -- -- 500 at 11 

mm radius 

-- 

Suitable for 

Monolithic 

Integration 

with CMOS 

Yes No No No No No 
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Reference M. A. 

Khan et al. 

(2012)[46] 

M. A. 

Khan et al. 

(2011)[47] 

S.-M. Yoon 

et al. 

(2011)[48] 

D. Mao 

et al. 

(2010)[

49] 

D. Mao 

et al. 

(2010)[50] 

D. Mao et 

al. 

(2010)[51

] 

Ferroelectric 

Material 

P(VDF-

TrFE) 

P(VDF-

TrFE) 

P(VDF-

TrFE) 

P(VDF-

TrFE) 

P(VDF-TrFE) P(VDF-

TrFE) 

Flexible Substrate Organic Organic Organic Organic Organic Organic 

Transfer Required No No No No No No 

Pr (µC/cm
2
) 7.4 7.5 9.1 7 7 7.4 

Pmax (µC/cm
2
) 9 -- -- 8.5 8 8.5 

EC (MV/m) -- 60 52.2 -- -- 50 

ESat (MV/m) -- -- 120 75 140 95 

Capacitance(µC/c

m
2
) 

0.065 -- -- 0.15 -- 0.062 

Speed (µs) 10,000 -- -- 10 -- -- 

Temperature(°C) -- -- -- 100 -- -- 

Fatigue 

(Retains >50% of 

Pr) 

10
6
 10

6 
-- -- 10

6
 -- 

Retention  -- -- -- -- -- -- 

Cell Size (mm
2
) -- -- 0.000625-

0.04 

-- -- 0.03-0.25  

Yield -- -- -- -- -- -- 

Minimum 

Bending Radius 

(mm) 

-- -- 6.5 -- -- -- 

Bending Cycles -- -- -- -- -- -- 

Suitable for 

Monolithic 

Integration with 

CMOS 

No No No No No No 
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5.3. Harsh Environment Analysis 

 Recently the potential application of lead zirconium titanate (PZT) in high-

temperature harsh environments has gained interest. Owing to the material’s high Curie 

temperature (TC~390°C) [53], Lead Pb
+2

 based piezoelectric sensors and actuators are 

desirable in petrochemical deep oil well drilling, automotive fuel injectors, and aerospace 

monitoring of deep space probes applications [53-57]. Actual PZT sensors suitable for 

high-temperature high-pressure environments have already been reported [56]. Although 

PZT exhibits ferroelectric as well as piezoelectric properties [58-62], utilizing its 

ferroelectric properties in high temperature applications has not been equally explored. 

Various PZT thin film optimizations and scaling down of device dimensions have already 

been studied as PZT is the most widely used material in today’s commercial FeRAM 

[11,12,20]. Previous studies have been done on the reliability of PZT based ferroelectric 

memories under high temperatures up to 350 K (177 °C) [63]. Today, harsh environments 

require electronics that can collectively function above 200°C, withstand high pressures, 

and fight corrosive environments (O2, and H2O vapor rich) [54]. It has been reported that 

PZT (52/48--PbZr0.52Ti0.48O3) loses up to 45% of its polarization on applying 1.5 GPa 

mechanical compression whereas PZT (95/5-- PbZr0.95Ti0.05O3) can get totally 

depolarized (dysfunctional) [64]. This necessitates the study of the combined effect of 

high-temperature and high-pressure combined, if the devices are to be functioning in such 

harsh environments. Moreover, there is an increased demand for automation and 

deployment of robotic systems in harsh environments such as off-shore oil and gas rigs 

[65] which can heavily benefit from the introduction of a flexible high density memory 

module. A fully flexible electronic system that can affix and conform to any non-planar 
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surface needs an integrated flexible memory for several critical functions, such as 

programming and data storage [66, 67]. Continuous data transmission to cloud from 

various nodal system deployed in a cyber-physical system will require excessive amount 

of power and centralized processing and storage of data will cause more power 

consumption and will expose the data to potential vulnerability through cyber security 

challenges. Therefore, in-situ data processing storage and transmission of only filtered 

critical data are better options for efficient information and energy management. Thus, 

built-in data processing unit and memory components are going to be integral parts for 

such electronic systems. All tests were carried out at 1.25 cm bending radius state 

(bending upward) under ambient conditions (a gas mixture of 78% nitrogen, 21% 

oxygen, and ~1% argon). 

 The ultra-thin flexible ferroelectric memory array was bent on a 2.5 cm diameter 

metallic cylinder stub brought in contact with a thermal chuck (Figure  5.3.1(a) inset). All 

measurements were taken using aixACCT TF Analyzer 2000E utilizing the feedback 

virtual ground method in which connection cables’ capacitances are electrically inactive. 

The temperature was varied in steps of 50 °C from room temperature at 25 °C up to 225 

°C under ambient conditions. This wide temperature range covers the targeted 

harsh/extreme environment applications: (i) oil and gas industry’s deep well drilling 

temperature requirements are similar to inside a combustion engine in hot weather ~200 

°C
 
[55, 68, 69];

 
(ii) a space craft on a mission to Mercury’s temperature requirements are 

175 °C and NASA’s extreme temperature electronics program has testing facilities for up 

to 250 °C [70]; and (iii) moreover, silicon is limited in electronic performance to below 

250 °C (thermal insulating packaging techniques can let devices survive higher external 
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temperatures) [71]. To overcome that, using silicon carbide or gallium nitride as base 

platform for future applications can open up new paradigm of memory devices. The bent 

devices experienced a constant high-pressure of 260 MPa (operation pressure in deep 

wells~20,000 psi [55] which is equivalent to 138 MPa), resulting from the tensile stress 

due to bending the ferroelectric memory devices at 1.25 cm bending radius throughout 

the measurements. Although the substrates mechanical flexibility allowed a bending 

radius down to even 0.5 cm [72], the anomaly in retention behavior at this radius at room 

temperature did not allow for a lower curvature measurement. The tests were carried out 

under ambient conditions with typical humidity (55%) level in Saudi Arabia (it is to be 

noted that harsh environments have humidity levels ranging from 10- 100%) [69]. 

Figure  5.3.1 shows the cycle-to-cycle variation of polarization vs. voltage bias (a) and 

capacitance vs. voltage bias (b) for 10 consecutive cycles, at 1 KHz frequency. The error 

bars represent standard deviation (~2.5% for polarization values between Pr and 

saturation polarization (Pmax) and ~1.7% for capacitance values). Hence, same device is 

characterized at different temperatures except for retention and fatigue tests at 25 °C and 

225 °C due to the destructive nature of the measurement.  
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Figure 5.3.1: Cycle-to-cycle variation in polarization of the memory devices (a), inset 

showing the physical set-up utilizing a 2.5 cm diameter metallic stub, and capacitance (b) 

behavior of flexible ferroelectric PZT memory capacitors. 

 The flexible PZT ferroelectric capacitors function as the storage element in 

FeRAM, where the two possible polarization states of the devices correspond to a binary 

value (“0” or “1”). Therefore, it is critical to have two distinguishable polarization states 

with sufficient charges. Figure  5.3.2 shows the polarization vs. applied voltage 

(Figure  5.3.2(a)), the change in Pr+/Pr- and Vc+/Vc- (Figure  5.3.2(b)), and the change in 

Pmax+/Pmax- (Figure  5.3.2(c)) at different temperatures. One of the most critical reliability 

aspects of FeRAM is imprint, which is the device preference to stick to specific memory 

state and is worsened by high temperatures. The imprint property is usually manifested as 

a shift in the coercive voltages shifting the hysteresis plot laterally and increasing one of 

the polarization state at the expense of the other [73]. However, the plots show that 

although Vc+ decreased with temperature; Vc- did not increase with an equivalent amount. 

In addition, there is a similar decrease in Pr+ and Pr- values which in case of imprint 

should have compensated each other. Finally, the reduction in Pmax values confirms that 

the observed trend is due to the combined thermal and mechanical stress the devices are 
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exhibiting, not imprint phenomenon. As temperature increases, the ability of interfacial 

traps at the PZT/electrodes interface are more able to respond to high frequency 

alternating small signals; hence, they do not contribute anymore to the hysteric behavior 

of the devices [63]. This explains the observed anomaly in the behavior of coercive 

electric fields: initially, the devices had interfacial traps concentrated at the interface 

between the top Pt electrode and the PZT thin film due to the exposure of PZT to ambient 

during the transfer from the RTP to the sputtering step. This also happens after sputtering 

the bottom Pt electrode and before spinning PZT but Pt, as an inert metal, is much more 

durable and resistant to contaminants than PZT. For instance, it has been reported that the 

properties of PZT films are intensely sensitive to vapor H2O in air [74]. This means that 

the interface at the PZT/top electrode has significant traps and defects introduced during 

the process compared to the bottom electrode/PZT interface. The decrease in Vc+ with 

temperature indicates that these traps have a net negative polarity, possibly due to 

adsorbed water or hydrogenous species [75]. For the same reason (more charges/traps are 

able to respond to the varying AC small signal), capacitance increases as temperature 

increases (Figure  5.3.3(a and b)) [63]. The increase in relative permittivity (ɛr) at low 

electric fields (coercive field) with temperature for PZT below the Curie temperature has 

already been reported up to 85 °C [76]. Here, we extend this regime up to 225 °C, noting 

that ɛr starts to saturate as we get closer to TC. Table  5.3.1 summarizes the anomalies in 

basic performance metrics of the flexible ferroelectric devices at maximum temperature, 

and constant tensile high pressure. The results show that the memory devices can still 

function properly when the maximum percentile change is a decrease in Vc+ which means 

that when the devices operate at high temperatures, the required electric field to switch 
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the polarization decreases (lower power operation). Since circuit designers tolerate 

behavior variation within 10% of electronic components, these memories should be used 

for a specific operation temperature as in the wide range (25–225 °C), the change is less 

than 10%. Nevertheless, if the devices are designed for the high coercive switching fields 

at lower temperature, they would still function in the dynamic range up to higher 

temperatures as required switching fields is lower, and the requirement is satisfied. The 

caveat would be making sure that the read voltage does not switch the device causing 

erroneous readout, which is an optimization issue. The other most affected parameter is 

the 45% decrease in remnant polarization (from 14 to 7.5 μC/cm
2
). Although this is a 

significant degradation; it should not affect the functionality. Actually, most of the 

reported functional polymer based flexible FeRAMs over the past five years fall within 

the 7-8 μC/cm
2
 Pr range at room temperature [41,46,48,49,77-81]. Figure  5.3.3(c) depicts 

the reduction in memory window as a function of increased temperature. Figure  5.3.4 

represents memory window extraction plots. The memory window is defined as the ratio 

of switching current (Isw) and non-switching current (Insw). For the reported devices, peak 

switching and non-switching currents were 2 mA and 1 mA, respectively. For memory 

array operations, the resulting currents due to switching/non-switching is passed to a 

sense resistor, converted into a voltage level, and passed to a comparator circuitry to 

determine if the read state is a “0” or a “1” bit. Although the shrinkage in memory 

window is severe, still 20% higher switching currents at 225 °C can be distinguished with 

a sensitive sense circuitry. Based on the above results, memory window proves the 

limiting case for higher temperature operations because once the switching and non-
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switching current are non-distinguishable to the sense circuitry, the memory device 

functionality fails. 
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Figure 5.3.2: Polarization hysteresis plots vs. voltage bias (a), change in coercive voltage 

and remnant polarization (b), and decrease in saturation polarization (c) at wide range of 

temperatures. 
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Figure 5.3.3: Capacitance–voltage plot (a), maximum capacitance and relative 

permittivity (b), and memory window plotted as a function of temperature (c). 
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Figure 5.3.4: Memory window calculations from voltage–current vs. time plots at 

different temperatures (a-c). 



146 
 

Table 5.3.1: Percentage change in ferroelectric properties of PZT memory under 

harsh conditions 

Performance Metric 

% Change at 

225 °C and 260 

MPa 

Remnant Polarization (Pr+) - 45 

Remnant Polarization (Pr-) - 35 

Coercive Voltage (Vc+) - 48 

Coercive Voltage (Vc-) - 8 

Saturation Polarization (Pmax ±) - 15 

Maximum Capacitance 22 

Relative Permittivity 22 

   

 Figure  5.3.5(a) shows the data retention ability for the memory devices 

uncompromised at highest temperature. The retention ability indicates how long (without 

consuming power) the storage memory cell can retain the stored data (bit) accurately. 

Reported values for FeRAM and industry standard for non-volatile memories is 10 years. 

Retention measurement was executed by applying ±15 volts write/ read pulse, pulse 

duration is 50 μs and read frequnecy is 1 KHz. Another important memory property is 

fatigue. Fatigue measurements indicate how many switching cycles (read/write cycles) 

can a memory cell undertake before it fatigues. An acceptable indication of the functional 

number of cycles is when Pr+/- values lose 50% of thier initial values. Figure  5.3.5(b) 

shows the fatigue behavior at 1 MHz disturbance signals (common operation frequency 

for commercially available FeRAM) of the bent memory devices at 25 °C and 225 °C 

indicating its ability to switch up to 10
9 

cycles at elevated temperatures.  
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Figure 5.3.5: Retention (a) and fatigue (b) tests of flexible bent ferroelectric PZT 

memory at room temperature and 225 °C. 

 In addition to the flexible PZT memory’s ability to retain more than 50% of its 

basic properties and an uncompromised fatigue and retention behavior under high-

temperature and high-pressure conditions; PZT ferroelectric non-volatile memories are 

intrinsically radiation hard. It has been previously reported that PZT thin film non-

volatile memory can with-stand up to 10
15

 neutron/cm
2
 dose while retaining 90% of their 

initial switching charge
 
[82]. Furthermore, PZT non-volatile memories are not the factor 

limiting hardness level in CMOS electronics but rather silicon [83]. Therefore, PZT based 

non-volatile memories have an intrinsic edge for applications inside nuclear reactors, 

inter and extra space missions, and nuclear warfare applications.  

5.4. Conclusion 

 Ultra-thin version of the inorganic thin films can provide exciting flexibility while 

retaining the advantageous attributes inherent in the state-of-the-art electronics. From that 

perspective, we have shown a pragmatic CMOS based approach to transform thin PZT 

based FeRAM on silicon into a flexible FeRAM. Although many optimization 

opportunities exist the demonstrated device show exciting performance specially in 
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flexible state namely: (i) record polarization, capacitance, and endurance (1 billion write-

erase cycles) values for flexible FeRAMs, (ii) uncompromised retention ability under 

varying dynamic stress, and (iii) a minimum bending radius of 5 mm. The combined 

effect of 225 °C, 260 MPa tensile stress due to bending at 1.25 cm radius, and 55% 

humidity under ambient conditions (21% oxygen), led to a maximum 48% reduction in 

switching coercive fields, 45% reduction in remnant polarization, and an expected 

increase of 22% in relative permittivity and normalized capacitance. Although the 

devices showed uncompromised data retention and fatigue properties under harsh 

conditions, the reduced memory window (20% difference between switching and non-

switching currents at 225 °C) requires sensitive sense circuitry for proper functionality 

and is the limiting factor preventing operation at higher temperatures. 

5.5. References 

[1] Li, J.; Nagaraj, B.; Liang, H.; Cao, W.; Lee, C.H.; Ramesh, R. Ultrafast 

polarization switching in thin-film ferroelectrics. Appl. Phys. Let. 2004, 84, 1174-1176. 

 

[2] Larsen, P.; Kampschoer, G.; van der Mark, M.; Klee, M. Ultrafast polarization 

switching of lead zirconate titanate thin films. In Applications of Ferroelectrics, 1992. 

ISAF'92., Proceedings of the Eighth IEEE International Symposium on 1992, 217-224. 

 

[3] Patel, R.; Ipek, E.; Friedman, E.G. 2T–1R STT-MRAM memory cells for 

enhanced on/off current ratio. Microelectron. J. 2014, 45, 133-143. 

 

[4] Li, J.; Zhao, Y.; Tan, H.S.; Guo, Y.; Di, C.-A.; Yu, G.; Liu, Y.; Lin, M.; Lim, 

S.H.; Zhou, Y. A stable solution-processed polymer semiconductor with record high-

mobility for printed transistors. Sci. Rep. 2012, 2, 754. 

 

[5] Kang, I.; Yun, H.-J.; Chung, D.S.; Kwon, S.-K.; Kim, Y.-H. Record high hole 

mobility in polymer semiconductors via side-chain engineering. Journal of the American 

Chemical Society 2013, 135, 14896-14899. 

 

[6] Caraveo-Frescas, J.; Khan, M.; Alshareef, H.N. Polymer ferroelectric field-effect 

memory device with SnO channel layer exhibits record hole mobility. Sci. Rep. 2014, 4. 

 

[7] Mizuno, T.; Takagi, S.; Sugiyama, N.; Satake, H.; Kurobe, A.; Toriumi, A. 

Electron and hole mobility enhancement in strained-Si MOSFET's on SiGe-on-insulator 



149 
 

substrates fabricated by SIMOX technology. IEEE Electron Device Letters 2000, 21, 

230-232. 

 

[8] Shannigrahi, S.; Jang, H.M. Fatigue-free lead zirconate titanate-based capacitors 

for nonvolatile memories. Appl. Phys. Lett. 2001, 79, 1051-1053. 

 

[9]  Nagel, N.; Bruchhaus, R.; Hornik, K.; Egger, U.; Zhuang, H.; Joachim, H.-O.; 

Rohr, T.; Beitel, G.; Ozaki, T.; Kunishima, I. New highly scalable 3 dimensional chain 

FeRAM cell with vertical capacitor. In Digest of Technical Papers on  VLSI Technology, 

2004, 146-147. 

 

[10] Waser, R.; Dittmann, R.; Staikov, G.; Szot, K. Redox‐based resistive switching 

memories–nanoionic mechanisms, prospects, and challenges. Adv. Mater. 2009, 21, 

2632-2663. 

 

[11] Derbenwick, G. F.; Kamp, D.A.; Philpy, S. C.; Isaacson, A. F. Celis 

Semiconductor Corporation 2000. 

 

[12] Eshita, T.; Wang, W.; Nakamura, K.; Mihara, S.; Saito, H.; Hikosaka, Y.; Inoue, 

K.; Kawashima, S.; Yamaguchi, H.; Nomura, K. Int. Symp. Appl. Ferroelectr. Int. Symp. 

Piezoresponse Force Microsc. Nanoscale Phenom. Polar Mater. USA 2014. 

 

[13] Evans, J. Embedding FeRAM, www.eetimes.com, accessed: Dec, 2014. 

 

[14] Lee, S.Y.; Kim, H.H.; Jung, D.J.; Song, Y.J.; Jang, N.W.; Choi, M.K.; Jeori, B.K.; 

Lee, Y.T.; Lee, K.M.; Joo, S.H.; Park, S.O.; Kim, K.  In Symp. VLSI Technol., Dig. 

Tech. Pap., USA 2001.  

 

[15] Han, S.T.; Zhou, Y.; Roy, V. Towards the Development of Flexible Non‐Volatile 

Memories. Adv. Mater. 2013, 25, 5425-5449. 

 

[16]  Khan, M.A.; Bhansali, U.S.; Almadhoun, M.N.; Odeh, I.N.; Cha, D.; Alshareef, 

H.N. High‐Performance Ferroelectric Memory Based on Phase‐Separated Films of 

Polymer Blends. Adv. Funct. Mater. 2014, 24, 1372-1381. 

 

[17]  Tseng, Y.-C.; Xuan, P.; Javey, A.; Malloy, R.; Wang, Q.; Bokor, J.; Dai, H. 

Monolithic integration of carbon nanotube devices with silicon MOS technology. Nano 

Lett. 2004, 4, 123-127. 

 

[18] Torres Sevilla, G.A.; Ghoneim, M.T.; Fahad, H.; Rojas, J.P.; Hussain, A.M.; 

Hussain, M.M. Flexible nanoscale high-performance FinFETs. ACS Nano 2014, 8, 9850-

9856.  

 

[19]  Ayguavives, F.; Agius, B.; EaKim, B.; Vickridge, I. Oxygen transport during 

annealing of Pb (Zr, Ti) O 3 thin films in O 2 gas and its effect on their conductivity. J. 

Mater. Res. 2001, 16, 3005-3008. 



150 
 

 

[20]  Hidaka, O.; Ozaki, T.; Kanaya, H.; Kumura, Y.; Shimojo, Y.; Shuto, S.; Yamada, 

Y.; Yahashi, K.; Yamakawa, K.; Yamazaki, S. High Density and High Reliability Chain 

FeRAM with Damage-robust MOCVD-PZT Capacitor with SrRuO3/IrO2 Top Electrode 

for 64Mb and Beyond. 2006 Symposium on VLSI Technology, 2006. Digest of 

Technical Papers. 126-127. 

 

[21] Rojas, J.P.; Ghoneim, M.T.; Young, C.D.; Hussain, M.M. Flexible High-/Metal 

Gate Metal/Insulator/Metal Capacitors on Silicon (100) Fabric. IEEE Trans. Electron 

Devices 2013, 60, 3305-3309. 

 

[22] Ghoneim, M.T.; Rojas, J.P.; Hussain, A.M.; Hussain, M.M. Additive advantage in 

characteristics of MIMCAPs on flexible silicon (100) fabric with release‐first process. 

Physica Status Solidi (RRL)-Rapid Res. Lett. 2014, 8, 163-166. 

 

[23] Rojas, J.P.; Hussain, M.M. Flexible semi‐transparent silicon (100) fabric with 

high‐k/metal gate devices. physica status solidi (RRL)-Rapid Res. Lett. 2013, 7, 187-191.  

 

[24] Ghoneim, M.T.; Zidan, M.A.; Salama, K.N.; Hussain, M.M. Towards 

neuromorphic electronics: Memristors on foldable silicon fabric. Microelectron. J. 2014, 

45, 1392-1395. 

 

[25] Ghoneim, M.; Kutbee, A.; Nasseri, F.G.; Bersuker, G.; Hussain, M.M. 

Mechanical anomaly impact on metal-oxide-semiconductor capacitors on flexible silicon 

fabric. Appl. Phys. Lett. 2014, 104, 234104. 

 

[26] Rojas, J.P.; Sevilla, G.T.; Hussain, M.M. Structural and electrical characteristics 

of high-k/metal gate metal oxide semiconductor capacitors fabricated on flexible, semi-

transparent silicon (100) fabric. Appl. Phys. Lett. 2013, 102, 064102. 

 

[27]  Ghoneim, M.T.; Rojas, J.P.; Young, C.D.; Bersuker, G.; Hussain, M.M. Electrical 

Analysis of High Dielectric Constant Insulator and Metal Gate Metal Oxide 

Semiconductor Capacitors on Flexible Bulk Mono-Crystalline Silicon. IEEE Trans. Rel. 

2015, 64, 579-585.  

 

[28] Rojas, J.P.; Sevilla, G.A.T.; Hussain, M.M. Can we build a truly high 

performance computer which is flexible and transparent? Sci. Rep. 2013, 3. 

 

[29] Sevilla, G.A.T.; Rojas, J.P.; Fahad, H.M.; Hussain, A.M.; Ghanem, R.; Smith, 

C.E.; Hussain, M.M. Field‐Effect Transistors: Flexible and Transparent Silicon‐on‐
Polymer Based Sub‐20 nm Non‐planar 3D FinFET for Brain‐Architecture Inspired 

Computation (Adv. Mater. 18/2014). Adv. Mater. 2014, 26, 2765-2765. 

 

[30] Sevilla, G.A.T.; Inayat, S.B.; Rojas, J.P.; Hussain, A.M.; Hussain, M.M. Flexible 

and Semi‐Transparent Thermoelectric Energy Harvesters from Low Cost Bulk Silicon 

(100). Small 2013, 9, 3916-3921. 



151 
 

[31]  Endo, A.; Kawashima, N.; Takeuchi, S.; Ishikawa, M.; Kurosawa, M. 

Modification of deposition process of piezoelectric polycrystalline film by hydrothermal 

method-Improvement of the deposition process by pre-treatment using hydrogen 

peroxide. MRS Proc. 2005, 872, J1-3. 

 

[32] Tsuchiya, K.; Kitagawa, T.; Nakamachi, E. Development of RF magnetron 

sputtering method to fabricate PZT thin film actuator. Precision Eng. 2003, 27, 258-264. 

 

[33] Shannigrahi, S.; Jang, H.M. Fatigue-free lead zirconate titanate-based capacitors 

for nonvolatile memories. Appl. Phys. Lett. 2001, 79, 1051-1053. 

 

[34]  Yoo, I.-K.; Desu, S. Mechanism of fatigue in ferroelectric thin films. Physica 

Status Solidi (a) 1992, 133, 565-573. 

 

[35] Takashima, D. Overview of ferams: Trends and perspectives. Non-Volatile 

Memory Technology Symposium (NVMTS), 2011 11th Annual, 1-6. 

 

[36] Pandey, S.; James, A.; Raman, R.; Chatterjee, S.; Goyal, A.; Prakash, C.; Goel, T. 

Structural, ferroelectric and optical properties of PZT thin films. Physica B: Cond. Matt. 

2005, 369, 135-142. 

 

[37] ITRS report 2013, emerging research memory devices-projected and 

demonstrated parameters. 

 

[38] Zhu, H.; Chu, D.; Fleck, N.; Rowley, S.; Saxena, S. Polarization change in 

ferroelectric thin film capacitors under external stress. J. Appl. Phys. 2009, 105, 061609. 

 

[39] Ng, T.N.; Russo, B.; Krusor, B.; Kist, R.; Arias, A.C. Organic inkjet-patterned 

memory array based on ferroelectric field-effect transistors. Org. Electron. 2011, 12, 

2012-2018. 

 

[40]  Kerckhof, S.; Standaert, F.-X.; Peeters, E. Smart Card Research and Advanced 

Applications, Springer International Publishing 2014. 

 

[41] Li, M.; Katsouras, I.; Asadi, K.; Blom, P.W.; de Leeuw, D.M. Low voltage 

extrinsic switching of ferroelectric δ-PVDF ultra-thin films. Appl. Phys. Lett. 2013, 103, 

072903. 

 

[42] Bhansali, U.S.; Khan, M.A.; Alshareef, H.N. Organic ferroelectric memory 

devices with inkjet-printed polymer electrodes on flexible substrates. Microelectron. Eng. 

2013, 105, 68-73. 

 

[43] Song, Y.; Shen, Y.; Liu, H.; Lin, Y.; Li, M.; Nan, C.-W. Enhanced dielectric and 

ferroelectric properties induced by dopamine-modified BaTiO 3 nanofibers in flexible 

poly (vinylidene fluoride-trifluoroethylene) nanocomposites. J. Mater. Chem. 2012, 22, 

8063-8068. 



152 
 

 

[44] Kim, W.Y.; Lee, H.C. Stable ferroelectric poly (vinylidene fluoride-

trifluoroethylene) film for flexible nonvolatile memory application. IEEE Electron 

Device Lett. 2012, 33, 260-262. 

 

[45] Zuo, Z.; Chen, B.; Zhan, Q.-f.; Liu, Y.; Yang, H.; Li, Z.; Xu, G.; Li, R.-W. 

Preparation and ferroelectric properties of freestanding Pb (Zr, Ti) O3 thin membranes. J. 

Phys. D: Appl. Phys. 2012, 45, 185302. 

 

[46] Khan, M.; Bhansali, U.S.; Zhang, X.; Saleh, M.M.; Odeh, I.; Alshareef, H.N. 

Doped polymer electrodes for high performance ferroelectric capacitors on plastic 

substrates. Appl. Phys. Lett. 2012, 101, 143303. 

 

[47] Khan, M.A.; Bhansali, U.S.; Alshareef, H.N. Fabrication and characterization of 

all-polymer, transparent ferroelectric capacitors on flexible substrates. Org. Electron. 

2011, 12, 2225-2229. 

 

[48] Yoon, S.-M.; Jung, S.-W.; Yang, S.; Park, S.-H.K.; Yu, B.-G.; Ishiwara, H. 

Bending characteristics of ferroelectric poly (vinylidene fluoride trifluoroethylene) 

capacitors fabricated on flexible polyethylene naphthalate substrate. Curr. Appl. Phys. 

2011, 11, S219-S224. 

 

[49] Mao, D.; Mejia, I.; Stiegler, H.; Gnade, B.; Quevedo-Lopez, M. Polarization 

behavior of poly (vinylidene fluoride-trifluoroethylene) copolymer ferroelectric thin film 

capacitors for nonvolatile memory application in flexible electronics. J. Appl. Phys. 2010, 

108, 094102. 

 

[50] Mao, D.; Mejia, I.; Stiegler, H.; Gnade, B.; Quevedo-Lopez, M. Fatigue 

characteristics of poly (vinylidene fluoride-trifluoroethylene) copolymer ferroelectric thin 

film capacitors for flexible electronics memory applications. Org. Electron. 2011, 12, 

1298-1303. 

 

[51] Mao, D.; Quevedo-Lopez, M.; Stiegler, H.; Gnade, B.E.; Alshareef, H.N. 

Optimization of poly (vinylidene fluoride-trifluoroethylene) films as non-volatile 

memory for flexible electronics. Org. Electron. 2010, 11, 925-932. 

 

[52] Shiga, H.; Takashima, D.; Shiratake, S.-i.; Hoya, K.; Miyakawa, T.; Ogiwara, R.; 

Fukuda, R.; Takizawa, R.; Hatsuda, K.; Matsuoka, F.; Nagadomi, Y.; Hashimoto, D.; 

Nishimura, H.; Hioka, T.; Dohmae, S. A 1.6GB/s DDR2 128Mb Chain FeRAM  with 

Scalable Octal Bitline and Sensing Schemes. In Technical Report of IEICE. ICD 2009, 

109, 1-6. 

 

[53]  Ansell, T.Y.; Cann, D.P.; Sapper, E.; Rödel, J. Thermal Depolarization in the 

High‐Temperature Ternary Piezoelectric System PbxTiO3–BiyScO3–zBi (Ni1/2Ti1/2) O3. 

J. Am. Ceram. Soc. 2015, 98, 455-463. 

 



153 
 

[54]  Amalu, E.; Ekere, N.; Bhatti, R. In Int. Conf. Adap. Sc. Tech., Accra, Ghana, Jan. 

2009, pp. 146-153. 

 

[55]  Ohadi, M.; Qi, J. Thermal management of harsh-environment electronics. In 

Twentieth Annual IEEE Semiconductor Thermal Measurement and Management 

Symposium, 2004. 231-240. 

 

[56]  Asadnia, M.; Kottapalli, A.; Miao, J.; Randles, A.; Sabbagh, A.; Kropelnicki, P.; 

Tsai, J. High temperature characterization of PZT (0.52/0.48) thin-film pressure sensors. 

J. Micromech. Microeng. 2013, 24, 015017. 

 

[57]  Chen, J.; Cheng, J.; Dong, S. Review on high temperature piezoelectric ceramics 

and actuators based on BiScO 3–PbTiO 3 solid solutions. J. Adv. Dielect. 2014, 4, 

1430002. 

 

[58]  Fu, Y.; Fu, G.; Li, M.; Jia, D.; Jia, Y.; Liu, B. Investigation of Pt/Pb (Zr0. 2Ti0. 8) 

O3/Ti-Al-O/Si heterostructure as metal/ferroelectric/insulator/semiconductor. Appl. Phys. 

Lett. 2014, 104, 041903. 

 

[59]  Verma, R.M.; Rao, A.; Singh, B. Electrical characterization of the metal 

ferroelectric oxide semiconductor and metal ferroelectric nitride semiconductor gate 

stacks for ferroelectric field effect transistors. Appl. Phys. Lett. 2014, 104, 092907. 

 

[60]  Lim, Y.T.; Son, J.Y.; Shin, Y.-H. Domain switching of fatigued ferroelectric thin 

films. Appl. Phys. Lett. 2014, 104, 192902. 

 

[61]  Khan, A.I.; Yu, P.; Trassin, M.; Lee, M.J.; You, L.; Salahuddin, S. The effects of 

strain relaxation on the dielectric properties of epitaxial ferroelectric Pb (Zr0.2Ti0.8) TiO3 

thin films. Appl. Phys. Lett. 2014, 105, 022903. 

 

[62]  Lou, X.; Zhang, H.; Luo, Z.; Zhang, F.; Liu, Y.; Liu, Q.; Fang, A.; Dkhil, B.; 

Zhang, M.; Ren, X. Effect of polarization fatigue on the Rayleigh coefficients of 

ferroelectric lead zirconate titanate thin films: Experimental evidence and implications. 

Appl. Phys. Lett. 2014, 105, 102907. 

 

[63]  Pintilie, L.; Dragoi, C.; Radu, R.; Costinoaia, A.; Stancu, V.; Pintilie, I. 

Temperature induced change in the hysteretic behavior of the capacitance-voltage 

characteristics of Pt–ZnO–Pb (Zr0.2Ti0.8) O3–Pt heterostructures. Appl. Phys. Lett. 2010, 

96, 012903. 

 

[64]  Shkuratov, S.I.; Baird, J.; Antipov, V.G.; Talantsev, E.F.; Jo, H.R.; Valadez, J.C.; 

Lynch, C.S. Depolarization mechanisms of PbZr0.52Ti0.48O3 and PbZr0. 95Ti0.05O3 poled 

ferroelectrics under high strain rate loading. Appl. Phys. Lett. 2014, 104, 212901. 

 



154 
 

[65]  Stavinoha, S.; Chen, H.; Walker, M.; Zhang, B.; Fuhlbrigge, T. Challenges of 

robotics and automation in offshore oil&gas industry. IEEE 4th Ann.l Int. Conf. Cyber 

Tech. Autom Contr. Intel. Sys. (CYBER), 2014, 557-562. 

 

[66]  Lien, D.-H.; Kao, Z.-K.; Huang, T.-H.; Liao, Y.-C.; Lee, S.-C.; He, J.-H. All-

printed paper memory. ACS nano 2014, 8, 7613-7619. 

 

[67]  Lien, D.-H.; Kuo, Z.-K.; Huang, T.-H.; Liao, Y.-C.; Lee, S.-C.; He, H. Paper 

memory by all printing technology. In 2014 Symp. VLSI Tech. (VLSI-Technology): 

Dig.Tech. Papers, 1-2. 

 

[68]  Baldwin, C. Optical fiber sensing in the oil and gas industry: overcoming 

challenges. In OFS2014 23rd International Conference on Optical Fiber Sensors 2014, 

9157C9154-9157C9154-9154. 

 

[69]  Udrea, F.; Ali, S.Z.; Brezeanu, M.; Dumitru, V.; Buiu, O.; Poenaru, I.; 

Chowdhury, M.; De Luca, A.; Gardner, J. SOI sensing technologies for harsh 

environment. CAS 2012 (International Semiconductor Conference), 3-10. 

 

[70]  Patterson, R.L.; Hammoud, A.; Elbuluk, M. Electronic components for use in 

extreme temperature aerospace applications. 2008. 

 

[71]  Mehregany, M.; Zorman, C.A.; Rajan, N.; Wu, C.H. Silicon carbide MEMS for 

harsh environments. IEEE Proc. 1998, 86, 1594-1609. 

 

[72]  Torres Sevilla, G.A.; Ghoneim, M.T.; Fahad, H.; Rojas, J.P.; Hussain, A.M.; 

Hussain, M.M. Flexible nanoscale high-performance FinFETs. ACS Nano 2014, 8, 9850-

9856. 

 

[73]  Inoue, N.; Hayashi, Y. Effect of imprint on operation and reliability of 

ferroelectric random access memory (FeRAM). IEEE Trans. Electron Devices 2001, 48, 

2266-2272. 

 

[74]  Baniecki, J.; Cross, J.; Tsukada, M.; Watanabe, J. H2O vapor-induced leakage 

degradation of Pb (Zr, Ti) O3 thin-film capacitors with Pt and IrO2 electrodes. Appl. Phys. 

Let. 2002, 81, 3837-3839. 

 

[75]  Zhang, J.; Webster, J. Wiley encyclopedia of electrical and electronics 

engineering. John Wiley & Sons, Inc 1999. 

 

[76]  Wolf, R.; Trolier-McKinstry, S. Temperature dependence of the piezoelectric 

response in lead zirconate titanate films. J. Appl. Phys. 2004, 95, 1397-1406. 

 

[77]  Han, S.T.; Zhou, Y.; Roy, V. Towards the Development of Flexible Non‐Volatile 

Memories. Adv. Mater. 2013, 25, 5425-5449. 

 



155 
 

[78]  Bhansali, U.S.; Khan, M.A.; Alshareef, H.N. Organic ferroelectric memory 

devices with inkjet-printed polymer electrodes on flexible substrates. Microelectron. Eng. 

2013, 105, 68-73. 

 

[79]  Song, Y.; Shen, Y.; Liu, H.; Lin, Y.; Li, M.; Nan, C.-W. Enhanced dielectric and 

ferroelectric properties induced by dopamine-modified BaTiO3 nanofibers in flexible 

poly (vinylidene fluoride-trifluoroethylene) nanocomposites. J. Mater. Chem. 2012, 22, 

8063-8068. 

 

[80]  Hwang, S.K.; Min, S.Y.; Bae, I.; Cho, S.M.; Kim, K.L.; Lee, T.W.; Park, C. Non‐
Volatile Ferroelectric Memory with Position‐Addressable Polymer Semiconducting 

Nanowire. Small 2014, 10, 1976-1984. 

 

[81]  Reeder, J.; Kaltenbrunner, M.; Ware, T.; Arreaga‐Salas, D.; Avendano‐Bolivar, 

A.; Yokota, T.; Inoue, Y.; Sekino, M.; Voit, W.; Sekitani, T. Mechanically adaptive 

organic transistors for implantable electronics. Adv. Mater. 2014, 26, 4967-4973. 

 

[82]  Moore, R.; Benedetto, J.; McGarrity, J.; McLean, F. Neutron irradiation effects on 

PZT thin films for nonvolatile-memory applications. IEEE Trans. Nucl. Sci. 1991, 38, 

1078-1082. 

 

[83]  Coic, Y.; Musseau, O.; Leray, J. A study of radiation vulnerability of ferroelectric 

material and devices. IEEE Trans. Nucl. Sci. 1994, 41, 495-502.  



156 
 

Chapter 6 Conclusion 

6.1. Status Quo  

 

 The presented work demonstrated the potential of transforming traditional high 

performance nonvolatile memory devices into flexible form. The necessary elements for 

building memory arrays have been separately demonstrated and their reliability has been 

assessed. The major findings can be summarized in: 

 Flexible devices fabricated using etch-protect-release approach (with trenches 

included in the active area) exhibit ~19% lower safe operating voltage 

compared to their bulk counterparts. This is attributed to the added interfacial 

defects due to the altering of the active area. This can be mitigated by designing 

the release holes network such that it overlaps unused space and/or scaling the 

devices’ active areas.  

 Flexible silicon devices can withstand prolonged bending duration (static stress) 

but are prone to failure under dynamic stress as in repeated bending and re-

flattening. This suggests they are more suitable for applications where the 

curvature does not change as in wrapping around an arm wrist or a finger than 

around a body or mechanical joint. 

 Flexible 3D FinFETs exhibit ~10% variation in key properties when exposed to 

out-of-plane bending stress. Circuit techniques already exist to comply with 

similar variability due to different component tolerances and process variations. 

Hence, circuit designers can include the extra variation into consideration to 

embrace the effect of bending.  
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 Out-of-plane stress does not resemble the well-studied in-plane stress used in 

strain engineering, in terms of both absolute values and stress distribution. This 

consequently leads to different effects that depend on carrier type, crystal 

orientation, and type of the stress. 

 Resistive memories can be achieved on flexible silicon and their basic resistive 

property is preserved. Nonetheless, deeper analysis and assessment of key 

memory properties is required for a conclusive result. 

 Flexible silicon based PZT ferroelectric capacitors exhibit record polarization, 

capacitance, and endurance (1 billion write-erase cycles) values for flexible 

FeRAMs, uncompromised retention ability under varying dynamic stress, and a 

minimum bending radius of 5 mm. This makes flexible PZT capacitors on 

silicon a feasible candidate for high performance flexible nonvolatile memories. 

 Flexible PZT ferroelectric capacitors can withstand harsh environments required 

for oil industry and space application (due to the excellent radiation hardness of 

PZT). Exhibiting the combined effect of 225 °C, 260 MPa tensile stress, 55% 

humidity under ambient conditions (21% oxygen), leads to 48% reduction in 

switching coercive fields, 45% reduction in remnant polarization, an increase of 

22% in relative permittivity and normalized capacitance, and reduced memory 

window (20% difference between switching and non-switching currents at 225 

°C). This sets the limits for operation temperature in harsh environments as a 

shrinking memory window requires a more sensitive circuit for correct readout 

and increases the chances of erroneous readings which can be fatal in sensitive 

applications. 
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6.2.  Future Directions 

 

 Demonstrating the essential elements functionality is the first step towards a fully 

flexible NVM module. The next step is using the collective knowledge from these 

experiments and results and putting the elements together in an actual memory array. 

This can be a straightforward step or other key issues can come into play such as the 

parasitic capacitances of bit/word/plate lines and the variation of resistance and how it 

might affect the overall functionality of the array. Our group is currently investigating 

these issues by transforming a commercial grade FeRAM into flexible form and 

monitoring its read/write ability. 

 We believe that FeRAM would be a suitable candidate for flexible NVM because 

of its superior endurance compared to flash memories, good retention, fast read/write, 

and low operation voltage as the technology is already mature. On the other hand, 

memristors are still in the infancy phase and there are critical issues related to variability, 

forming, and reliability that are being investigated.  

 3D FinFETs and high-κ gate stacks have pushed the limits of scaling and adopting 

them in flexible electronics should add the flexibility feature without interrupting the 

scaling trends. Overall, adopting the CMOS technology and silicon as a flexible 

substrates provides an alternative direction of preserving the state-of-the-art electronic 

devices properties while adding the flexibility feature, given the limitations on bending 

radius which implies that polymer based electronics and silicon based flexible electronics 

can complement each other as each can serve a niche. Flexible silicon electronics are 

more suitable when performance is valued over flexibility and polymer based electronics 



159 
 

are more suitable when flexibility is valued over performance. This can also open an 

opportunity for hybrid integration of various modules to achieve optimal systems which 

can make use of the Lego concept for connecting and assembling various electronic 

modules at the package and the die level [1]. 

 Another common issue with all flexible electronics, especially memory modules 

because of the high integration densities, is heat dissipation and thermal management. 

The portable nature of new electronics requires them to be light weight, flexible, and 

reasonably sized. Therefore, using the traditional bulky heat sinks to increase the surface 

area is no longer an option. This limits the available surface area for heat dissipation and 

thus allowable the power of the circuits. Moreover, there is no longer a dedicated fan for 

forced convection to push the hot air and increase the cooling efficiency; now, it is still 

air. Finally, the most stringent requirement is for wearable electronics where although the 

electronics can function at higher temperatures reliably, the human skin cannot with stand 

the temperature comfortably. This limits the maximum temperature to around 37 °C. All 

these suggest that thermal management will require lots of innovative technologies and 

solutions to overcome the imposed limitations so that we can still enjoy the 

functionalities we enjoy in today’s bulky electronics but in wearable and flexible forms. 

 To this end, we have briefly studied the effect on thermal cooling for the flexible 

silicon substrate versus traditional bulk [2]. The next step would be manipulating the 

release holes and testing their dimensions and aspect ratios to render them effective in 

exposing more area for free convection. Also innovative techniques such as micro 

fabricated heat sinks that have high surface to volume ratio for light weight and small 

size while exposing more area for heat dissipation are worth investigating [3]. Evidently, 
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the future of flexible electronics is still green and as scientists and researchers keep 

pushing the limits new applications and directions will unfold for further pursuits for the 

overall benefit of improving the quality of our lives. 

Useful Applications Based on the Reported Results  

 Although flexible electronics is still in the developmental stages; few commercial 

products already hit the market. For instance, in 2013 LG and Samsung introduced 

organic light emitting diode (OLED) based flexible television displays. Nonetheless, the 

real vision for flexible electronics is still futuristic where real full systems such as 

computing devices (ex: mobiles, electronic tablets, and computers), can be made flexible 

and lightweight to the extent that one can roll them/wear them conveniently.   

 Other startups, such as the UK based FlexEnable, are already utilizing the organic 

transistors technology and advertising flexible smart phones, X-ray detectors, and flexible 

fingerprint sensors. The applications range from roll-able mobile phones to door handles 

that can detect who is opening the door for security purposes.  

Storage devices and transistors are at the heart of all electronic systems to store and 

process data and generate useful information. Therefore, researching how these specific 

devices behave with flexing and bending pushes forward flexible electronic systems 

technologies collectively. Current approaches include building flexible thin film 

transistors (TFTs) using organic/oxides/amorphous silicon channel materials that are 

fabricated at low temperatures on an organic flexible substrate. The motilities reported 

for these devices are at least an order of magnitude lower than that of traditional 

monocrystalline silicon. This means any electronic device capitalizing on these TFTs will 
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be ten times slower than the traditional devices we enjoy today. Still, adding the excellent 

flexibility feature of these materials is a great advantage and an important step forward. 

In this thesis, we have demonstrated the potential of our pragmatic approach for 

building flexible versions of state-of-the-art storage devices and high-performance 

transistors (high- к FinFETs that are commercially used in today’s Intel’s higher 

technology nodes microprocessors). The conclusions drawn demonstrate the potential of 

the approach and provide effective guidelines for system designers to utilize today’s high 

performance electronics in flexible form as a new library cell among other flexible 

electronics technology alternatives. One example to demonstrate the need for flexible 

high-performance devices is in automotive applications where autonomous cars are not a 

far-fetched goal anymore. For autonomous driving to happen, enormous amounts of data 

need to be stored and processed in a reliable fast manner related to road conditions, traffic 

analysis, navigation routes, and avoiding fatal accidents that can happen in a split of a 

second. To realize this scenario we need today’s bulky rigid but high performance 

reliable electronics. This would impose extra requirements in terms of space and location 

of the electronic system modules which is already tight for the inside of a traditional 

automobile with limited interior space and all the curved stylish structures designed for 

comfort and safety. On the other hand, the conformal flexible organic electronics solve 

the area challenge as they can fit on the inside curved structures but their reliability and 

performance pose a more serious challenge. Fortunately, an alternative route exists 

midway based on the demonstrated studies in this work. That is transforming today’s 

electronic to gain the flexibility feature given special care is given to account for the 

reported anomalies and trends with bending. This way, we can reap the benefits of high-
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performance and reliable operation while adding acceptable flexibility. Indeed, the 

alternative routes will also have their niche applications where acceptable reliability and 

performance are required along with excellent flexibility, such as in flexible displays.   

Furthermore, there is the emerging IoT vision where trillions of sensors and devices 

will be connected and communicating with the cloud for information storage and 

computing, exchanging and analyzing “big data.” This big data would require gigantic 

storage capacities. Hence, being able to conform to curved surface on our bodies, plants 

or nonliving structures would be essential to sense/monitor and store information for later 

transmission and exchange with the cloud. Data transmission is an energy intensive 

process due to the power requirements for amplification; hence, the less frequent the 

better, especially for IoT devices which would be battery operated. This adds a bigger 

storage capacity requirement so store information over longer time durations until the 

next transmission interval. Integration density and monolithic integration are two perks of 

today’s silicon based non-volatile memories (for example: flash drives are commercially 

available in tens of GBs in the area of a finger nail), which is not the case with organic 

materials based chips and devices. This is an example of another niche application where 

capitalizing on flexed version of today’s high integration density and suited for 

monolithic integration inorganic memories on silicon, as demonstrated and studied 

herein, would be advantageous.     
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