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ABSTRACT 

Integration Strategy for Free-form Lithium-Ion Battery: Material, Design to 

System-level Applications 

Arwa Kutbee 

 

Power supply in any electronic system is a crucial necessity. Especially so in fully 

compliant personalized advanced healthcare electronic self-powered systems where we 

envision seamless integration of sensors and actuators with data management 

components in a single freeform platform to augment the quality of our healthcare, smart 

living and sustainable future. However, the status-quo energy storage (battery) options 

require packaging to protect the indwelling toxic materials against harsh physiological 

environment and vice versa, compromising its mechanical flexibility, conformability and 

wearability at the highest electrochemical performance. Therefore, clean and safe energy 

storage solutions for wearable and implantable electronics are needed to replace the 

commercially used unsafe lithium-ion batteries.  

This dissertation discusses a highly manufacturable integration strategy for a free-

form lithium-ion battery towards a genuine mechanically compliant wearable system. We 

sequentially start with the optimization process for the preparation of all solid-state 

material comprising a ‘’Lithium-free’’ lithium-ion microbattery with a focus on thin film 

texture optimization of the cathode material. State of the art complementary metal oxide 

semiconductor technology was used for the thin film based battery. Additionally, this 

thesis reports successful development of a transfer-less scheme for a flexible battery with 
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small footprint and free form factor in a high yield production process. The reliable 

process for the flexible lithium-ion battery achieves an enhanced energy density by three 

orders of magnitude compared to the available rigid ones.  

Interconnection and bonding procedures of the developed batteries are discussed for 

a reliable back end of line process flexible, stretchable and stackable modules. Special 

attention is paid to the advanced bonding, handling and packaging strategies of flexible 

batteries towards system-level applications.  

Finally, this work shows seamless integration of the developed battery module in an 

effective strategy to incorporate them into a complex architecture such as orthodontic 

domain in the human body. The developed optoelectronic system embedded in a 3D 

printed smart dental braces for enhanced enamel healthcare protection and overall 

healthcare cost reduction. These findings complement and provide power solution 

options in which flexibility of electronics is an added beneficial dimensionality to wearable 

biomedical and implantable devices.  
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1 REVIEW ON ENERGY TECHNOLOGY 

 Abstract 

In the Internet of Everything (IoE), physical and virtual things are interconnected into 

information network to smartize our everyday products and augment the quality of our 

daily lives. Yet a main inevitable outcome of the large number of sensors, actuators and 

ICs spread across countless industries at remote places will pose limitations on their 

powering technology, in which a simple wire-based connection to the power grid can't be 

possible. Therefore, supply, storage and transfer aspects of energy must be carefully 

considered in energy and power management IoE platform. Key enablers are local energy 

generation and storage, as well as transferring power wirelessly at the highest power 

efficiency and low-power IC consumption. Additionally, energy management systems 

must seamlessly disappear into products in order to invisibly "incognito-work" in 

potential IoE applications ranging from implantable medical, wearables and textiles. We 

review recent advances in energy storage solutions of diverse form factors such as 

flexible, stretchable, foldable, spring-like textiles and consider the amount of power 

consumption used by the Integrated circuit which must be drastically reduced and other 

research challenges that lie ahead. 

This chapter is prepared to be a submitted manuscript: 
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A. T. Kutbee, R. R. Bahabry, S. Shaikh, S. Khan, G. A. Torres Sevilla, M. M. Hussain, 

"Energy and power management of IoE", Energy Technology (Wiley-VCH), (Invited), 

Manuscript prepared 

 Introduction 

The internet of everything (IoE) is the most awaited titan era of today's web 

infrastructure which over span a wide spectrum of businesses: industry, infrastructure, 

home, automotive and personal wearable electronics to tackle pressing issues including: 

product management, smart cities, security, entertainment and healthcare with more 

than 50 billion devices connected to the internet and a shear projected economic growth 

value of $14.4 trillion by 2020. Recent advances in personal IoE is the new wave of 

wearable/implantable body sensory network (WIBSN) which rely heavily on flexible 

sensors, actuators and integrated circuits (ICs) to monitor, sense, compute and 

communicate daily environmental and human physiologies (e.g. the human's breath, 

brain, heart, sweat, movement etc.) for readily available data to doctors, databases and 

hospitals. The intuitive WIBSN notion[1] harnesses the benefits of replacing rigid 

traditional bulky electronics with smart flexible platforms[2] embedded into garments or 

patches to be worn or implanted into the human body; overcoming the physical 

boundaries between people, machine, time, place, service and network by bringing life 

into the non-living.  

Newly developed powering technologies have been a main key enabler in the rise 

of wearable and implantable IoE applications, especially with the notable growth of 
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monitoring, diagnosing and treating personal and medical devices that are in dire need of 

remote energy supply[3-5]. Consequently, direct power grid connection or localized 

energy sourcing (e.g. battery) might not be the only two powering solutions, as opposed 

to status quo rigid and bulky healthcare devices. This comes from the fact that many IoE 

based applications are fundamentally human-integrated techniques which conform on 

irregular body contours, asymmetric surfaces (e.g. body organs and joints) and soft 

tissues. Hence, size and form restrictions on powering solutions to fit tight movable 

spaces for the operational convenience to the wearer or the sheer infeasibility of wire 

connection in implantable scenarios becomes an inevitable reality. To solve this, several 

conformal, biocompatible rechargeable and non-rechargeable (primary) batteries have 

successfully been developed to substitute the conventional rigid form factor (e.g. coin 

cell, prismatic and cylindrical) of batteries [6, 7].  

These new generation of mechanically compliant batteries are particularly 

beneficial in consumer applications such as smart watches or phones. However, for other 

wearable and implantable applications, a full functional operation over several months or 

years is required. The dilemma comes from three main issues associated with batteries: 

first, long-lasting batteries are essentially larger in size. Thus, sacrificing the main 

advantage of free-form factor in favor of an increased battery volume. second, high cost 

and risk factors are associated with replacement procedures of primary batteries after 

they are depleted (e.g. surgical procedures for implantable peacemakers). Finally, 

rechargeable batteries require continued charging capabilities that are not always 
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present in implantable applications. To address these, energy harvesting technologies 

have been used to extract and generate power to prolong the battery life or even function 

as a sole power supply. Various ambient energy available from sunlight, radio-frequency 

waves or from living subject's body [8, 9] (e.g. body motion, joints friction, and periodic 

heart movement) can extend the lifetime of wearable and implantable devices. 

Consequently, a holistic approach to the IoE energy predicament might not be the ideal 

solution due to the wide range of implantable and wearable devices. Thus, an optimum 

energy solutions is based upon product longevity or lifespan, availability of environmental 

extractable energy, safety, system power demand, size and form factor.  

Research efforts on device-level considerations explore bendable batteries[7, 10], 

supercapacitors[11] and storage devices in general[6, 12]. Additionally, harvesting 

devices[9, 13] including solar cells[14-16], piezoelectric[17, 18] and triboelectric 

nanogenerators[19, 20] were studied in great detail by emphasizing the development of 

the material, structural[21], device fabrication and design optimizations for bendable 

flexible[6], stretchable[21, 22] and textile[23] platforms. The realization of fully compliant 

system-level demonstrations for energy and harvesting platforms with efficient power 

management are very important in the next generation IoE systems. Three main 

architectures of energy storage and harvesting devices. These main scenarios present 

future powering technology for wearable/implantable IoE applications depending on 

their storage, harvesting and power management variations. 
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1. Battery-powered bendable architecture: These type of devices rely on the 

concept of (store-use) notion in which a single battery is used to provide the 

necessary energy needed by the system. This type of powering solution with both 

primary and rechargeable variations offer a continuous operation lasting from 

hours, days and even years for consumer electronic such as patches, smart 

watches and phones.  

2. Harvester-powered bendable architecture: IoE devices that rely on nearby 

harvestable energy to direct usage in powering the electronic system, henceforth 

are based on the (harvest-use) concept. As an example, implantable cardiac/brain 

healthcare devices that utilizes the constant movement of biological energy and 

natural body movement. 

3. Self-powered bendable architecture: The third group of architectures is the 

epitome of both arrangements which are called self-powered devices. They rely 

on the concept of (harvest-store-use) which means that these devices harvests 

the energy and stores it for the on-demand future usages. It combine a 

rechargeable battery and an energy harvester to extract the ambient energy into 

usefully stored electrical energy (e.g. electronic-skin). 

Thus, we begin with understanding the main design criteria of different wearable 

and implantable platforms and efficient power utilization of the power-hungry 

subsystem. We provide a summary of the main basic power (battery-powered, 

harvester-powered and self-powered) architectures. In each architecture we provide 
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introductory background on the main building blocks including: mechanically 

compliant batteries, their operation principle, battery parameters followed by the 

recent advances lithium-ion battery and the usage of thin film battery technology.  

 Design criteria for self-powered IoE systems 

Opportunities in energy storage and harvesting technologies in wearable/implantable 

IoE devices are expected to combine the best of the two worlds: mechanical compliance 

and optimized power utilization to the subsystem components. Thus, bringing a new 

dimension to rigid and industrial-grade technologies. Figure 1.1 shows a block description 

of a complete self-powered (type3) wearable and implantable devices which consist of 

mainly two systems: the power consuming system and the power supply system. The 

power consuming electronics include the sensing subsystem to acquire data, the 

processing subsystem for local data processing and a wireless communication subsystem. 

On the other hand, the power supply system may consist of an energy storage and/or 

harvesting unit as well as a power management module. In the general case, the ambient 

energy (e.g. indoor light, solar light, temperature gradient, motion and electromotive 

energy) is harvested and regulated through a power management circuit and stored in an 

energy storage unit (e.g. battery, fuel cell). Since energy harvesting technologies often 

exhibit unpredictable behavior and efficiency discrepancies due to variations in 

environmental conditions (e.g. light intensity variation, frequency variability), the power 

management circuit is necessary to regulate the voltage over time fluctuations and alter 

the harvester's current-source like behavior to a stable voltage-source behavior. Different 
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energy storage, harvesting and management variations depend on the IoE application 

intended as shown in Table 1.1 

 

Figure 1.1 The main components of an IoE system 

 

Table 1.1 Powering architectures of IoE applications 

Recent research efforts in the past several years have been dedicated towards 

flexible, inexpensive, lightweight and safe energy storage and harvesting devices for (in-
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vivo and in-vitro) soft surfaces and intimate conformal integration to the human interface. 

Despite the big development of new materials, design and fabrication processes for 

emerging flexible, foldable, stretchable and textile single element storage and harvesting 

devices, a main gap lies in the approach to manage all of these elements together with a 

fully flexible power management module. Case studies of different IoE applications such 

as real-time health monitoring devices or neural mapping applications require large 

sampling rate with an approximated data generation of (1.8 MB/h) in the former and 

(4TB/h) in the latter case[24]. This places big burden on the energy efficient module that 

communicates and processes these data. Thus, power management holds key decision to 

efficient conversion of all powering architectures. 

We will overview the main challenging considerations of the power consumption by 

the sub-digital components to achieve low power performance and increase the lifetime 

of the wearable/implantable devices. We believe that the design of power optimizing 

hardware electronics and their intersection with newly developed free-form platform is 

one of the immediate and urgent research directions that needs to be addressed toward 

a fully compliant energy storage and harvesting IoE platforms. 

 Platform considerations 

Many human-integrated WIBSN devices are envisioned to be cordless or self-

powered to prevail for months or years. They must sustain large mechanical strains due 

to the asymmetric nature of the human body and the wide range of the dynamic motion 

of the human muscular entity including both in-plane (stretching, contracting) or out-of-
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plane deformations (flexing, bending, swelling, shrinking, and cramping). Additionally, 

power demand for each unique therapeutic or monitoring IoE product must match with 

its distinctive environmental constraints and functionality. Therefore, bendable platforms 

can be divided into four main sections depending on the mechanical deformations they 

undergo and the materials they utilize as shown in Figure 1.2. 

 

Figure 1.2 The different types of free-form energy storage devices 

Inherently flexible (e.g. PET, PDMS and PI) elastomers have been widely utilized. 

As these rubbers or elastomeric materials exhibit a high degree of viscoelasticity or 

reversible deformation. They can be ink-jetted, nanoimprinted, lithographically patterned 

for the fabrication of different flexible and stretchable devices. In order to achieve higher 

electrical conduction of such rubbers, different hybrid composites of 2D and 1D materials 
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such as CNT and graphene and molybdenum disulfide are embedded in the rubber matrix 

to use them as active materials in battery electrodes [25, 26]and supercapacitors[27-30].  

On the other hand, synthetic sponge-like substrates made of cellulose and 

polyester are an interesting type of the flexible substrates due to the inherent porosity 

which can be a main advantage in devices requiring large surface area electrodes to 

increase surface reactivity of the electrochemical reaction between the electrolyte and 

electrodes in batteries and supercapacitor applications. Active polymeric materials such 

as polyvinylidene fluoride [31] can also be synthesized to achieve sponge-like architecture 

which is also beneficial to increase the harvested electrical energy from surface 

oscillations by mechanical means in piezoelectric nanogenerator applications. Still a main 

challenges of plastic based substrates is the limitation on the maximum fabrication 

processes below the glass transitions temperature to maintain the integrity of plastics 

without any inelastic deformations. 

Compared to flexible plastic substrates that are relatively cheap (PET = 2 cents dm-

2, PI= 30 cents dm-2), the substantial lower price of paper (0.1 c cents dm-2) makes an 

attractive option for low cost and mass production [32]. Remarkably, commercial paper 

materials used as household items (wiping, packaging etc.) can be also utilized in the 

fabrication of complex sensory platform. Research efforts have shown the commercially 

manufactured (Post-IT note) based on non-uniform randomly ordered cellulose fibers and 

their utilization in advanced complex environmental[33] and health monitoring[34] 

applications. Another form of paper based on CNT coated paper can be used in 
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flexible[35], miura-folding origami[36](folded patterns) and kirigami [37] (cut and folded 

patterns). As opposed to the previously discussed synthetic methods, flexible inorganic 

rigid thin films which utilizes vacuum deposition and CMOS microfabrication technology 

are more of a generic approach with no limitations or restrictions on material 

combinations and their final destination flexible, foldable and stretchable substrates[38]. 

For example, conventional metal oxides, zirconate titanate (PZT) and thin films can be 

used easily to fabricate batteries[39], and piezoelectric triboelectric nanogenerators on 

the same common platform and even with other circuit components such as 

transistors[40], logic memories and devices[41]. Despite those advantages, a major 

hindrance in thin film approach is that it requires a rigid substrate single crystalline (100) 

Si substrate of a total thickness of (0.5 mm). According to the equation[42] ε=t/2r×100%, 

the radius of curvature (r) which a material experiences under mechanical strain ε is 

controlled by the material's thickness (t). Therefore, several approaches to remove this 

substrate using etching[43], exfoliation[44] laser ablation[45] and transfer printing[46] 

have allowed the realization of flexible energy storage and harvesting devices. Also 

packaging strategies for such substrates to push the thin film into a region with minimal 

induced stress on the active material of the device (~1% or less) is achieved by the usage 

of the mechanical neutral plane concept to estimate and the correct packaging of the thin 

film device in the polymer matrix. Stretchable materials and structures[41] as the case 

with flexible materials can utilize 1D and 2D materials embedded or articulated in 

stretchable structures: including buckled (planer and coplanar) waves, island-mesh 

geometries (2D sinusoidal serpentine patterns). These materials or structures have 
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allowed devices to go even beyond the limited flexible regime with an induced strain of 

≫ 1% . 

Textile platforms are a three-dimensional projection of stretchable structures that 

enable a spring-like behavior, thus, it abides perfectly to the simple Hook's law. Each 

stretchable fiber can be interwoven into a full textile. They exhibit a porous structure 

which allows the high mass loading via dipping of active materials in energy storage 

devices[47]. Such fibers are also used to get wire shaped storage and conversion devices 

from inorganic materials[48]. A summary of recent research efforts are summarized in 

Figure 1.3. 

Research efforts calls for finding ways to minimize the circuit power consumption 

to maintain the energy neutrality of WIBSN systems, longtime serviceability and 

operation times. Estimating the energy consumption or power requirements in these 

devices can be a daunting task as it is very much application-reliant. For the sensing 

module, the type, geometry and system complexity of sensors can affect significantly the 

amount of power consumed.  

For instance, capacitive-based sensors are expected to require less amount of 

power (1-10 μW) than resistive-based sensors (>10 μW). On the other hand, an increased 

number of sensors will increase the complexity of the read-out-circuitry and its processing 

power. Hence, one would expect that WSBN applications such as E-skin[5, 49] or brain 

machine interfacing with hundreds of sensor arrays to have larger energy demand due to 
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Figure 1.3 Summary of the main approaches for Free-form battery [36, 44, 46, 48, 50-53]  
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the increased energy demand for higher order polynomials that are performed by the 

readout circuitry to correlate the sensed-data into real-data (1-50 mW). On the other 

hand microprocessors based on low-cost CMOS technology have enabled a wide range of 

free-form flexible transistors. The main consuming part in these devices is the frequency 

of the switching activity and strategies for reducing the clock frequency could help in 

power reduction. In the communication subsystem, flexible based communication are 

mainly research focused on near field communication via inductive coupling or short 

distance RF. Challenges remain to inherent issue with coil design to increase inductance 

and quality factor and tune the transmission power to achieve larger distances: Among 

all the subsystems, communication wireless networks (e.g WI-Fi, Bluetooth and ZigBee) 

will need a few milliwatts for a 10-100 seconds of operation, thus they consume more 

energy on average than the processing and sensing subsystems.  

 Power management considerations 

Depending on the amount of energy harvested compared to the energy 

consumption, duty cycling and power management techniques can be used to adjust the 

storage or utilize the harvester powering option. These techniques are mainly used to 

regulate and reduce the power consumption of the digital subsystem. This is achieved by 

making the system alternate between sleep and wakeup modes to save energy (active 

mode of the system in which it senses and transmits data).  

𝐸𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝐸𝑠𝑙𝑒𝑒𝑝 + 𝐷𝐸𝑎𝑡𝑐𝑖𝑣𝑒 
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The sleep mode or standby status(𝐸𝑠𝑙𝑒𝑒𝑝) is often normally longer than the 

wakeup or active status 𝐸𝑎𝑐𝑡𝑖𝑣𝑒. Thus, the rate of duty cycling (𝐷) is directly linear to the 

sampling frequency, data transmission and processing. The decision on autonomous 

energy utilization during the duty cycles is different when considering (battery-powered 

architecture) compared to (harvester and self-powered architectures). This deterministic 

difference in power management strategies is based on the accounts of the dynamics of 

energy consuming system in case of battery-powered while more focus on the dynamics 

of the powering system itself is also accounted for in harvester-powered and self-

powered architectures.  

Although recent research efforts in wearable and implantable IoE devices still may 

not reach the same level of maturity in terms of power management techniques as in the 

case with WSNW such as adaptive duty cycling and harvesting-aware power management 

[54] due to limitations on the material and large scale integration strategies which are still 

missing in these approaches.  

 Battery powered system  

 Principle of operation  

Electrochemical energy storage is a concept discovered by Galvani in the 17th century. 

An electrochemical cell involves the transduction, storage and transportation of electrical 

energy from the simple chemical reaction between two substances. The electrical energy 

can be stored as a chemical energy (charging) and converted back to electrical energy 

when needed (discharging). The relatively cheap chemicals and their large reaction 
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energy (1 𝑒𝑉 = 96.4
𝑘𝐽

𝑚𝑜𝑙
) make electrochemical cells (e.g. supercapacitors, batteries, fuel 

cells) very attractive in real life applications. As can be seen from the Ragone plot 

(Figure 1.4), batteries exhibit high energy densities (large energy storage) and low power 

density (low charging and discharging times). Research efforts in the past few decades 

have aimed to push the battery limits towards high energy and power densities. In our 

discussion, we refer to a battery as the smallest packaged form an electrochemical cell 

can take, while a battery module consists of several cells connected in either in-series or 

in-parallel. 

 

Figure 1.4 Ragone plot of different electrochemical energy storage solutions 

A battery consists of an anode (where the oxidation half-reaction takes place), 

electrolyte and cathode (where reduction half-reaction takes place). Depending on the 

usage of an external loading circuit, a galvanic cell uses the spontaneous redox reaction 

to generate electricity with a Faradic current from the anode to the cathode. An 

electrolytic cell uses electricity to force the non-spontaneous chemical reaction to take 
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place. With this in mind, we can divide the battery types into two main types: primary 

batteries are non-rechargeable batteries that can only work as a galvanic cell. Primary 

batteries (similar to batteries in cars) utilize conversion electrodes (e.g. FeF3) which 

undergo a chemical reaction in which its structure is consumed. On the other hand, 

rechargeable batteries or secondary batteries can be used as both galvanic and 

electrolytic cells. They utilize intercalation electrodes (graphite, LiCoO2, LiFePO4) that 

function as a host structure for ionic species (e.g lithium ions).  

 

 Rechargeable battery parameters 

Figure 1.5 shows a generic case scenario of a rechargeable battery operating principle. 

The species being stored (Sz) in a host lattice (A: anode, C: cathode) undergoes the overall 

macroscopic redox reaction: 

 𝑆𝑧𝐴 + 𝐶 ↔  𝐴 +  𝑍𝑆+ +  𝐶 

During battery discharge, an oxidation reaction in the left-hand-side electrode 

(anode) (𝑆𝑧𝐴  𝑍𝑆+ +  𝑒 + 𝐴 ) where ionic species (ZS+) are released from the host and 

e’s are extracted by a resistive load. The electrolytes dissolve and transfer ZS+ ions to the 

R.H.S electrode while insulating electron flow. In the right-hand-side electrode, a 

reduction reaction (𝑍𝑆+ +  𝑒 + 𝐶  𝑆𝑧𝐶 ) occurs at the (cathode). In case of charging, 

an external power supply forces the electrons to transfer in the opposite direction, 
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causing an interchange in half cell reaction as the L.H.S electrode becomes a cathode and 

the L.H.S electrode becomes an anode. 

 

Figure 1.5 The operation principle of a rechargeable battery 

1.4.2.1 Potential 

The potential difference between half cells is correlated to the electromotive force 

driving the cell to reach equilibrium at standard conditions: ∆𝐺𝑜 = −𝑍𝐹𝐸𝑜, where: F: 

Faraday's constant, Z: number of electrons and E: cell potential 

 The voltage can be measured as the difference in the free energy of ionic species 

between the anode and cathode.  

∆𝐸 = 𝐸𝑅𝐻𝑆 − 𝐸𝐿𝐻𝑆 
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 Each half cell potential can be deduced from reduction reactions that are obtained 

with respect to a standard hydrogen electrode (SHE). Nevertheless, potential values in 

real case examples deviates from the standard value and follows potential plateaus with 

respect to variations of ionic concentration. The potential dependence on ionic 

concentration (more accurately activity), temperature of the oxidized and reduced 

species is generally governed by Nernst equation. 

In other words, the electrode potential is a measure of the extent in which the 

concentration of the species in a half cell differ from their equilibrium values. Thus, if the 

change in the concentration during charging and discharging can exceed the solubility 

limits of a specific electrode phase. If the ionic concentrations exceeds the solubility 

limits, it can have significant effect on the structural properties of the battery materials 

and produce unwanted phase changes which influences the overall cell potential. 

1.4.2.2 Capacity 

• The capacity of the battery is defined as the time integral of the current flow out 

of the battery from the beginning of the current flow (t=0) to a time when it 

reaches a specified cut-off voltage 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = ∫ 𝐼(𝑡)𝑑𝑡
𝑡𝑓

𝑡0

 

The capacity is specified in terms of ampere-hours and should be expressed in terms 

of a load current flow (t=0) to a time when it reaches a specified cut-off voltage.  
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Similar to the battery potential, the capacity is a material dependent property. The 

amount of charge Q that can be stored in an electrode material depends on the batteries 

volume V and the solubility limit CT of each electrode as follows:  

𝑄𝐴,𝐶 = 𝑍𝐹𝑉𝐶𝑇
𝐴,𝐶  

 Lithium-ion battery technologies 

 

Figure 1.6 Ragone plot for different battery technologies 

Different battery chemistry will provide different energy and power 

density specifications. Lithium ion technology is attractive because of its high 

energy density as shown in Figure 1.6. This comes from the fact that lithium is the 

most electropositive element (high voltage battery), and a light weight element 

(highest specific energy). Lithium ions are small for fast diffusion (high power).  
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 Thin film lithium-ion battery (LIB) 

 

Figure 1.7 Comparison between different form factors for LIB 

The advantage of thin film battery technology is that it allows to save space and 

increases the energy density as can be seen in Figure 1.7. Compared to wet battery cells 

which utilizes liquid electrolyte that needs an extra membrane to separate the cathode 

and anode and avoid any leakage. On the contrary, a solid electrolyte in a thin film battery 

is a structural component, which allows shorter ion travel distance between the 

electrodes. Another important advantage in utilizing all solid state materials is that there 

is very little risk in thermal runaway and thus, there is no need for extra packaging, and 

bulky power safety management and cooling system.  
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 Dissertation overview and Chapter organization 

In chapter 2 we have a closer look on the main materials used for a lithium-free LIB 

based on thin film deposition processes. We pay close attention on the LCO cathode 

morphological, electrical which are attributed to the preferred orientation of the cathode 

films. We follow this by showing the standard technique for the fabrication of LIB using 

CMOS process.  

In the chapter 3 we show an integration strategy for a flexible thin film battery with 

an anode as the current collector, referred to as ‘’Lithium-free’’ LIBs. The thin film based 

stack can withstand soldering temperatures (200 oC) and avoids the lithium metal 

dangers. Such a flexible LIB made from all solid state materials is attractive because it is 

safe to be implemented in medical applications. Our device first approach releases the 

stand alone thin film LIB stack by complete removal of the sacrificial Si (100) substrate 

using CMOS etching processes. The newly developed transfer scheme gives a flexible LIB 

with small footprint and free form factor with high yield production and ease of handling 

of fragile flexible samples. The battery showed an enhanced normalized capacity of 146 

µAh/cm2 at a rate 130 µA/cm2 (1C). 

In the chapter 4, we discuss the back end of line processes towards systems level 

applications which include handling, bonding and packaging of flexible LIB which can be 

utilized in different free-form configurations such as flexible modules based on PDMS, PI 

or stretchable and stackable modules. Additionally, our advanced wire bonding strategy 

present an important advancement with high yield production.  
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In the chapter 5, we approach flexible energy storage solutions in a way that is 

pragmatic, fast and well integrated with other components. Major challenge to integrate 

any traditional lithium based energy storage is their toxicity. Therefore, we have 

introduced non-toxic micro-scale flexible batteries to be used as on-demand power 

supply. Integration of near-infrared capability embedded in a personalized 3D printed 

semi-transparent braces. The optoelectronic system is based on integration strategy of 

light emitting diodes (LED) arrays. Such devices would not have been possible without an 

appropriate energy storage solution. Near-infrared light can be absorbed by bone cells to 

stimulate the bone regeneration for faster orthodontic treatment.   

Finally, chapter 6 summarizes the main conclusion of the dissertation and summarizes 

the main achievements.  Future plans are also discussed for self-powered systems.  
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2 MATERIAL FOR THIN FILM LIB 

 Abstract 

Miniaturization of sensors and electronic devices demands their integration with 

power sources of comparable sizes to feed them with energy. Thin film rechargeable 

microbatteries can be used to deliver low power and low current levels for various devices 

such as portable electronics and micro elecrto mechanical systems (MEMS).  

Many rechargeable thin film batteries features an intercalation cathode such as: TiS2, 

V2O5, LiMn2O4 and LiCoO2. Among those, LiCoO2 or simply LCO present one of the best 

cathodes with its large operating voltage and high cycle life. Another key requirement for 

cathode material is its high Li-ion diffusivity. Li-ion diffusion in the cathode can be 

influenced by the microstructural properties of the synthesized film. Several techniques 

have been used to prepare LCO such as: radio frequency (rf) magnetron sputtering, sol-

gel and pulsed laser deposition (PLD). LCO films deposited by rf sputtering have a 

rhombohedral structure with R3̅m space group if it is annealed at temperatures above 

400oC. The quality of the post annealed film depend on the substrate, thickness, rf power. 

In particular, thickness variation of the film exhibit strong degree of preferred orientation 

or texture discrepancy. Smaller thickness films exhibit unfavorable texturing known to 

slow Li-ion diffusion through the cathode lattice. Even though, larger cathode thicknesses 

were showing better Li-ion diffusion characteristics. These concerns hinder the 

fabrication of high performance thin film batteries with a total thickness of one micron. 
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An effort has been made in this work to deposit high quality rf sputtered LiCoO2 thin films 

of small thickness with favorable Li-ion diffusion characteristics. 

This chapter was published as an oral presentation as: 

Arwa Kutbee, Sally Ahmed, Joanna Nassar, Aftab Hussain, Muhammad Mustafa Hussain, 

“High Lithium ion diffusivity in rf sputtered LiCoO2 thin films for Microbatteries”, MRS 

Fall Meeting 2014, Boston, MA, USA 

 Introduction 

LCO is one of the most widely used cathode material in LIB because it exhibits 

favorable electrochemical characteristics such as large operating voltage and high cycle 

life. In the context of thin film LIB, LCO films can be deposited by plasma induced radio rf 

sputtering. The as-deposited films are amorphous and should be annealed at 

temperatures above 400 °C for crystallization and reduction of resistivity. The post 

annealed poly-crystalline films crystalizes in a rhombohedral layered hexagonal closed 

packed structure (R3̅m space group) with layers of closepacked oxygen ions separated by 

alternating layers of lithium and cobalt atoms (Figure 2.1)[55]. Due to this layered 

structure, only two-dimensional diffusion paths are available for lithium ions inside the 

lattice. Accordingly, If a LCO polycrystalline film is deposited in a strongly preferred 

orientation with respect to the substrate, differences in preferred orientation or texturing 

results in  variations in lithium ionic conductivity of a few orders of magnitude [55]. 

Texturing discrepancies are influenced by the choice of the substrate [56], annealing 
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temperature [57] and thickness of the film [55]. Smaller thickness films exhibit 

unfavorable texturing known to slow Li-ion diffusion through the cathode lattice while 

larger cathode thicknesses were showing better Li-ion diffusion characteristics [58, 59]. 

These observations hinder the fabrication of high performance thin film batteries with a 

total thickness of one micron [58]. This work focuses on the deposition of high quality rf 

sputtered LCO thin films of ultra-thin thicknesses with favorable Li-ion diffusion 

characteristics.  

 

Figure 2.1 Hexagonal lattice of rhombohedral LCO 

Bulk mono-crystalline Silicon (100) is the substrate of choice for the deposition of thin 

film LIB because of its low cost and prominence in electronics manufacturing 

complementary metal oxide semiconductor (CMOS), facilitating the integration of battery 

with other IC components. Unlike polymeric substrates, Si substrate with a high melting 

point (1000 °C), allows the realization of high performance crystalline LCO cathode films 

to by high temperature annealing conditions (>400 °C). Moreover, the small roughness in 
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Si of 30 Ao increases the probability of texturing of LCO films [55], resulting in higher 

lithium ion diffusion in the electrode as explained in chapter 2. Silicon (100) is also 

advantageous for dry etching processes to achieve flexible LIB as will be demonstrated in 

chapter 4.  

Before considering the battery stack, lithium batteries can be classified by the type of 

anode material used. Batteries comprising a metallic lithium anode are called ‘’Li-

batteries’’, batteries with a metal oxide anode are commonly called ‘’Li-ion’’ [59]. On the 

other hand, batteries with an anode the same as the current collector are referred to as 

‘’Lithium-free lithium ion batteries’’[60]. In this work, we are interested in Lithium-free 

LIB because it withstands soldering temperatures (200 oC) and it avoids the complexity 

and safety issues associated with the preparation and usage of reactive metallic lithium. 

We fabricate a one-micron thickness Li-free LIB and asses the performance of the battery.  

 Experimental  

 Cathode material deposition  

We deposit LCO films from a solid target using rf magnetron sputtering (Angstrom 

Sciences) on thermally oxidized Si wafers and on wafers further deposited by a 200 nm of 

Platinum current collector to mimic battery stack. The target (2 inch in diameter and 0.25 

mm in thickness) was sputtered in Ar/O2 mixture of a 3:1 ratio and a constant pressure of 

5 mtorr. A quartz crystal monitor positioned at the substrate plane with an automatic rf 

generator (approximately 90 watt rf power) was used to maintain the deposition at a 

constant rate of 0.2 Ao/s. Samples were annealed in MTI high-vacuum furnace with 
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continuous O2 flow in a temperature range from 500-700 oC for 2 hours. The ramping up 

to annealing temperature was done in a rate of 1o/min. The samples were left to ramp 

down and cool to room temperature. Surface morphology and fracture cross section 

images were obtained by using FEI Quanta 3D scanning electron microscopy (SEM) with 

an operating voltage of 5 kV. Burker D8 Discover was used to perform thin film X ray 

diffractometry (XRD) measurements in the 2-theta range from 15 to 65 degrees. For film 

deposited on current collector, minimization of overshadowing of thin film peaks from 

higher intensity signals of substrate and current collector is needed. Near Glancing 

Incidence XRD (GIXRD) was performed by fixing the angle of incidence of the X-ray 

generator with respect to the plane of sample at 3o and moving the detector with respect 

to the sample at a 2-theta angle. After making a background correction, matching of the 

films to the International Center for Diffraction Database (ICDD) was done to assess the 

crystanalitiy of the films and provide information on the texturing.  

 Battery fabrication 

Battery fabrication steps are explained in Figure 2.2. The battery stack is deposited on top 

of a thermally oxidized Si wafer. The materials chosen for our thin film battery are Ti 

adhesion layer and Pt cathode current collector by DC sputtering. Next 300 nm LCO of 

cathode material is deposited and annealed at 300 oC followed by the electrolyte LIPON 

deposition of 500 nm. Next, a 150 nm Ni is deposited by DC sputtering to serve as an  
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Figure 2.2 Fabrication flow of thin film LIB a) Ti/Pt current collector deposition of oxidized 

Si wafer b) LCO cathode deposition and patterning c) LIPON electrolyte deposition d) Ni 

current collector patterning and deposition e) protective layer paralyne f) etching of 

protective layer and LIPON to obtain vias 
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anode current collector followed by thermal evaporation of Paralyne serving as a 

protective layer with a thickness of one µm. Finally, etching of paralyne and LIPON is done 

to open vias for contacting Pt pads. Electrical characterization to assess the battery 

performance was done in Keithley SCS 4200. 

 

 Results and Discussion 

 Cathode material optimization  

Fracture-cross section and plan-view micrographs of LCO annealed films at 600 oC and 

700 oC are shown in Figure 2.3. Surface images of samples annealed at 600 oC shows a 

typical columnar growth that extends through the film with a grain size of about 20 nm. 

Fine cracks separates clusters of grains are probably caused by film shrinkage after 

annealing. Noting that the melting point for LCO is 1100 oC, films annealed at higher 

temperatures of 700 oC exhibit an increase in the grain growth where recrystallization 

takes place to form equiaxed grains as observed in (Figure 2.3 g-l),. The formation of such 

a microstructure is unsuitable for the fabrication of thin film battery due to the large 

roughness of the film. 
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Figure 2.3 SEM images of LCO films annealed at a-c) as deposited d-f) 600 oC, g-i) 650 oC 

and films annealed at d-f) 700 oC 
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XRD (Figure 2.4 ) show that none of the grains were oriented in the (003) orientation. 

Diffraction peaks were observed in the (101) and (104) orientations. The absence of the 

(003) means that none of the grains were aligned with its (003) plane parallel to the 

substrate, i.e., none had its c-axes aligned normal to the plane of the film.  

The same results (Figure 2.5) for films deposited on top of platinum current collector 

was verified by GIXRD measurements for samples annealed at 400 oC and 500 oC revealing 

only the presence of (101) and (104) peaks. Since texturing can be attributed to the 

tendency to minimize volume strain energy of the film [55].  

 

 

Figure 2.4 XRD of thin film LCO on SiO2/Si wafer a) as deposited film b) annealed at 600 

oC c) annealed at 700 oC  
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Figure 2.5 GIXRD of thin film LCO deposited on top of Pt current collector annealed at a) 

400 oC and b) 500 oC 

 

Figure 2.6 Sheet resistivity measurement of a LCO thin film with a thickness of (a) 300 nm 

and (b) 1 µm at different annealing temperatures  
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In order to verify the best annealing temperature and its effect with the LCO, we 

compare the case of the LCO film of a thickness of 300 nm and 1 µm and verify their sheet 

resistivity (Figure 2.6).  

The morphology of the film was examined during the different annealing 

temperatures from the range of 23oC to 500oC as for both thicknesses as shown in 

Figure 2.8. The images were obtained at different magnifications to assess the quality of 

the film and any formation of microcracks.  

Figure 2.7 show that columnar morphology of the as-deposited film to be around 500 

nm. As the annealing temperature increases, the particle size also increases. Evident 

formation of microcracks is present in the films heated above 400oC. On the other hand, 

the morphology of the thicker LCO film shows no significant change in the grain size. 

Similar to the thinner films, a 1 µm film heated film (Figure 2.8) above 400oC show 

microcrack formation which is attributed to stress between the film and the substrate 

during the annealing process.  

Therefore, irrespective of the film thickness, we attribute the change of the resistivity 

at different annealing temperatures to the morphological changes of the grains above 

room temperature and the drop in resistivity at higher temperatures to the formation of 

crack at temperatures above 400oC.  
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Figure 2.7 SEM images showing the morphology of a 300 nm LCO during different 

annealing deposition (a,b,c) as deposited, (d,e,f) 200oC, (g,h,i) 400 oC,  (j,k,l) 500 oC  
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Figure 2.8 SEM images showing the morphology of 1 µm LCO during different annealing 

deposition (a,b,c) as deposited, (d,e,f) 200oC, (g,h,i) 300 oC,  (j,k,l) 400 oC 
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We hypothesize that the slow ramping up and down process carried during the 

annealing step is responsible for the favorable (101) and (104) texturing. As shown in 

Figure 2.9, the (003) orientation restricts the lithium ion diffusion along grain boundary 

because Li ions are trapped within the stack. On the other hand, the desired (101), (104) 

Lithium ions are nearly perpendicular to the substrate. Therefore, lattice planes are 

almost parallel to direction of travel of the ions, leading to expected superior charging 

and discharging characteristics with flat profile. Therefore, we concluded that our method 

for deposition and annealing produces enhanced texturing for LCO RF magnetron 

sputtered film for the use in thin film microbatteries. 

 

 

 

Figure 2.9 Schematic of the preferred orientation of LCO grains with respect to the current 

flow in a LIB 
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Table 2.1 Summary of crystallographic orientation of LCO 

 Current collector optimization  

The adhesion properties of the current collector during the annealing process 

becomes a critical factor. We have investigated the Ti/Pt and Ti/Au as well as Cr/Au on 

different substrate as summarized in Table 2.2. Color changing in the gold-based current 

collectors can be attributed to the diffusion of Au to the substrate during the annealing 

processes.   

 

Table 2.2 The effect of annealing temperature on the current collector in LIB 
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 Thin film microbattery 

Thin film LIB with multiple sizes were obtained as shown in Figure 2.10 including thin 

film battery full stack. The battery characterization tested for the 1 mm × 1 mm cells 

showed potential profile for a lithium-free LIB versus capacity (Figure 2.11). The lithium-

free battery is assembled in its fully discharged state. Upon the first charge, the LCO 

cathode is oxidized (delithiated) into Li0.5CoO2, and Li+ ions start to migrate to the anode 

current collector. When the lithium ions reach the anode current collector, they are 

reduced, resulting in the deposition or the in-situ plating of lithium on the anode current 

collector. On the discharge step, the in-situ plated lithium is oxidized and consumed to 

reduce the Li0.5CoO2 back to LCO causing the lithiation of the cathode. Thus, the cell voltage 

indicates the electrochemical potential of lithium in the cathode material.  The capacity 

relates the extraction of 1 mol of lithium for every 2 mol of the transition metal oxide [60].  

LiCoO2  Li0.5CoO2 + 0.5 Li+ 

The discharge profile is not flat, since most of the capacity is being lost quickly. A better 

profile can be obtained by using a lower discharge rate to flatten the profile. Additionally, 

charging the battery to a larger charge cutoff voltage of 4.2 V can increase the capacity. 

Comparison of our work with other research efforts can be found in Table 2.3 
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Figure 2.10 Optical micrograph of microfabricated LIB and fracture cross section SEM 

image of thin film stack 

 
Figure 2.11 Charge/discharge electrochemical characteristics of a 1 mm x 1 mm cell 
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Table 2.3 Comparison of different microfabricated LIB battery 

 

 Conclusion  

In this work, we investigate different aspects of thin film-based all solid state based 

LIB. We develop a process for the preparation of good quality LiCoO2 with favorable 

texturing. The LCO film was prepared by RF magnetron. The effect of the electrical 

resistivity and preferred crystal orientation were investigated for different annealing 

temperatures. A crystalline (101) and (104) preferred texture was demonstrated for films 

annealed higher than 200oC. This preferred orientation is favorable for an increased 

lithium ion diffusivity in the 2D LCO matrix. Films annealed higher than 400oC develop 

cracks as observed from their surface morphology. Thus, they exhibit an increased 

resistivity. Finally we demonstrate the fabrication technique of an ultrathin film flexible 

LIB using lithography techniques.  
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3 FLEXIBLE THIN FILM LIB  

 Abstract 

Commercialization of wearable electronics requires miniaturized, flexible power 

sources. Lithium ion battery is a strong candidate as the next generation high 

performance flexible battery. The development of flexible materials for battery 

electrodes suffers from the limited material choices. In this work, we present a flexible 

inorganic lithium-ion battery with no restrictions on the materials used. The battery 

exhibit an enhanced normalized capacity of 146 Ah/cm2. 

This chapter was published as a conference paper:  

Arwa T Kutbee, Mohamed T. Ghoneim and Muhammad M. Hussain, “Flexible Lithium-

Ion Planer Thin film Battery”, 15th International Conference on Nanotechnology (IEEE 

NANO 2015), Rome, Italy, 27-30 July, 2015 

And was further extended as an invited journal paper:  

Arwa. T. Kutbee, Mohamed. T. Ghoneim, Sally. M. Ahmad, and Muhammad. M. 

Hussain, “Free-form Flexible Lithium-Ion Microbattery”, IEEE Transactions on 

Nanotechnology, Volume: 15, Issue: 3 (2016), DOI:10.1109/TNANO.2016.2537338 

And presented as a poster in  

http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=7466403
https://doi.org/10.1109/TNANO.2016.2537338
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Arwa. T. Kutbee and Muhammad. M. Hussain, “Flexible Li-Ion Microbattery for 

Wearable Electronics”, C3E Women in Clean Energy Symposium 2016, Stanford 

University, Stanford, CA, USA 31st May 2016  

The work also won the Best Poster Award on Electronic Materials, KAUST-NSF Research 

Conference on Electronic Materials, Devices and Systems for A Sustainable Future 2016  

 Introduction 

Flexible batteries are sought for the new era of wearables and IoE electronic systems. 

We envision a world where everything will be smart with embedded sensors, electronics 

and power sources for data exchange and communication through the World Wide Web. 

To realize such a world, we have expanded the application of electronics toward human, 

animal, plants, etc. However, conventional ionic and electronic devices are rigid and non-

conformal to the human body or skin, restricting their usage in a truly wearable platform. 

Recently, many researchers have reported on the fabrication of various flexible devices 

such as flexible LEDs [61], photovoltaics [62, 63], thermoelectric generators[64], and 

transistors [65]. Additionally, flexible super-capacitors [27-30, 47, 66-74] and batteries [6] 

have been developed as a main power source to sustain the usage of IoE devices. Among 

these, LIBs [75] offer large cycle life and high energy density, making them attractive for 

IoE and wearable electronics. However, commercialized LIBs of various form factors are 

not suitable for the next generation flexible batteries. Additionally, specific IoE 

applications targeted toward implantable medical devices impose other constrains on the 
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LIB technology such as non-toxicity, size miniaturization and integration with other circuit 

components.  

Recent advances in research are trying to push the form factor of lithium-ion 

technology towards free-form: flexible, thin, light weight, and small batteries. Two key 

strategies are demonstrated in the literature [6, 21, 22]. The first-strategy focuses on 

developing flexible materials for all electrochemical cell components comprising: current 

collectors, electrolyte, and electrodes. Flexible current collectors are necessary 

components to maintain structural stability and conduction with active materials such as: 

carbon nanotube (CNT) paper [35], graphene fiber [76], conductive paper [77], and 

textiles based on conductive carbon cloth [78]. On the other hand, electrolytes based on 

solid state [79, 80], gel polymer [81], and plastic crystal materials [82] were developed to 

replace liquid electrolytes that are prone to chemical leakage. Another development is 

targeted toward active materials, which are considered as the bottlenecks for high 

performance LIBs. These can be made from slurry-type conventional transition metal 

oxides, conductive carbon, or nano-structured materials such as CNT [83] and graphene 

[84]. However, composites of slurry-type metal oxides and nanostructured materials 

mixed homogenously promise higher capacity with improved flexibility [85].  

Materials investigation present a promising route for flexible batteries, but their 

widespread deployment for large-scale applications is limited to the synthesizing 

methods which are only restricted to a few pairs of anode and cathode materials with 
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specific structures. Additionally, their performance is not sufficient, requiring deeper 

understanding of the chemistries of the newly developed materials.  

A second-strategy focuses on inherently non-flexible materials of reduced thicknesses 

[86, 87], for decreasing the diffusion length needed for charge transport.  

Thin film batteries are prepared on conventional mono-crystalline Si to maintain its 

mechanical integrity. Nevertheless, the usage of the rigid Si substrate limits the potential 

of thin film LIB in flexible electronics. Efforts are dedicated to replace conventional rigid 

substrates with buckled polymers in order to obtain a flexible metallic collector [88]. 

However, plastics are incompatible with high thermal budget processes such as 

annealing. Specifically, in thin film batteries, metal oxide films of high storage capacity 

require annealing temperatures above 600 oC. Therefore, the usage of thermally stable 

sacrificial substrate and transferring the devices onto a final destination polymeric matrix 

has been developed using either a device last approach or a device first approach.  

In a device last approach, Rogers et al. fabricated a stretchable battery module with 

multiple pouch cells [46]. Although such a cell is a not considered as a thin film battery, it 

is prepared by microfabrication techniques on polymethylmethacrylate coated Si 

sacrificial substrates for the patterning and transferring of thin film current collector with 

two levels of serpentine structures for fractal design enabled stretching. A soft 

lithographic type casting method was done separately for the active slurry-based 

materials. The pouch cell was assembled on a final destination polymeric matrix in a 
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process known as transfer printing. The stretchable battery module was able to achieve 

>300% stretchability. However, the complexity associated with the transfer steps and 

aligning the device layers with respect to each other limits the miniaturization of the LIB.  

On the other hand, a device first approach to develop a flexible battery from an all 

solid state thin film battery was introduced by Kim et al. [44]. The processes exploits the 

exfoliation of a sacrificial mica substrate to release the already deposited battery stack 

from the underneath substrate. The problem associated with exfoliation is that it has low 

yield and is time consuming for large-scale applications. Additionally, the usage of a 

reactive metallic lithium as an anode is disadvantageous because of the complexity and 

safety issues associated with its preparation and usage. Specific bending radius, the 

material’s fracture strain induced by bending can be linearly decreased with thickness. 

Thin film deposition combined with microfabrication techniques have been implemented 

to obtain a wide range of high quality materials and pattern them into complex 

microstructures with sub-10 nm resolution. In the case of batteries based on thin films, 

solid state materials are intrinsically safe and ideal for CMOS integration. Each layer being 

a few microns in thickness. 

In this chapter, we present a new transfer etch back process for realizing a free-form 

flexible battery. The advantages of our approach is cost effectiveness, owing to its 

compatibility with CMOS dry etching processes, simplicity, high yield and reproducibility. 

Furthermore, our method includes transferring the LIB thin film stack on a plastic 

substrate before thinning. This novel transfer approach present a solution to handling 
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thin dies before and after thinning processes and helps preserve the integrity of the thin 

film LIB. A commercial battery was used to prototype the universality of our approach and 

its direct application to the available solid-state battery market.  

 Experimental 

 Flexing process 

A commercial LIB was used to demonstrate the versatility of our approach and its 

direct application to the available solid-state battery market. Using our device first 

approach, we convert thin film all-solid state LIB (EnerChip CBC 005 bare die, Cymbet, 

USA) with an area of 2.25 mm  1.7 mm and an overall thickness of 175 µm into a flexible 

free-form form LIB with a thickness of 30 µm as shown in .Figure 3.1. A close look into the 

active materials in the LIB battery using EDX in STEM analysis is shown in Figure 3.2. The 

STEM EDS spectra from regions near LiPON/LiCoO2 interface show Co and O signals from 

LiCoO2.  Darker band (pt2) at top of LiCoO2 has slightly more C than lower regions (pt1) of 

the layer. In the LiPON region (pt3) shows signals from P, O, and C, with weak N signal.  

This material was found to be very beam-sensitive. 

Unlike semiconductor-based devices, the Si substrate in a thin film battery is not an 

active material and has no role besides supporting the battery stack during deposition. 

Therefore, complete removal of the substrate will allow the battery to achieve its thinnest 

possible state with the maximum flexibility. Our device first approach, combines the 

benefits of Polydimethylsiloxane (PDMS) handler substrate in Figure 3.3. a, and the gentle 

dry etching of the backside of the Si substrate as summarized in Figure 3.3 (b-f). It is to be 
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noted that the Si does not need to be mono-crystalline silicon. For low cost production 

we can use amorphous and poly-crystalline silicon too.  

 

 

Figure 3.1 Schematic of a bare die LIB built on a Si substrate with a total thickness of 75 

µm and the corresponding SEM cross section image of the LIB stack prior to flexing The 

thickness of the flexible LIB of 30 µm includes the total thickness of the protective layers 

and active materials of the LIB without the Si substrate.  
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Figure 3.2 STEM analysis of LIPON/LCO interface. (1) LCO cathode, (2) Interface region (3) 

LIPON electrolyte 

 

The first step is the preparation of a PDMS handler substrate. The PDMS substrate 

consists of two PDMS layers. For the first PDMS layer, we started with a thermally oxidized 

Si wafer. The wafer was sputter coated with a gold (Au) layer of 100 nm and a cobalt (Co) 

of 10 nm as an adhesion layer. This wafer provided the necessary surface for the 

preparation of the PDMS handler substrate. When PDMS was poured on the Au-coated 

wafer, the poor adhesion properties between PDMS and Au, permitted easy retrieval of 

the PDMS from the wafer surface without any surface functionalization methods. The 

PDMS was prepared in a 10:1 mixing ratio (base to cross-linker).  
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Figure 3.3 Process flow for obtaining a flexible thin film lithium ion battery a) PDMS 

spinning on Au/Si substrate b) second PDMS thin layer spinning c) Die transfer on PDMS 

substrate d) etching of back side of the die via XeF2 vapor etchant  
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Bubble removal by degassing the mixture in vacuum was done to obtain a PDMS with 

better elasticity. The PDMS was spun coated with 500 rpm for 30 s, cured on a hotplate 

at 150 oC for 10 minutes. The PDMS handler substrate of a thickness of 100 µm was 

punched to 8 mm disks. The second layer of PDMS handler substrate was created on top 

of the cured PDMS disks with a thickness of 10 µm by spinning at 1500 rpm for 30 s. After 

the completion of spinning, the LIB die was placed in an inverted position on top of the 

PDMS thin layer shown in Figure 3.3, (b). The non-cured PDMS matrix encapsulating the 

inverted die was left to cure at room temperature. In this stage, the curing at room 

temperature for 24 hours was done to avoid any unwanted thermal expansions of the 

PDMS and exposing the LIB to any temperatures that can crystalize the solid state 

amorphous electrolyte. This PDMS based transfer method did not need any type of glue 

for handling the device before or after thinning. Additionally, usage of PDMS instead of 

photoresists as hard mask avoided exposing the device to any solvents required to 

remove them, which could have damaged the polymeric protection layer in the LIB. 

 
The second step was carried by selectively etching the Si back surface using a plasma-

less: Xactic Xenon difluoride (XeF2) release etch system in Figure 3.3 (c). XeF2 vapor phase 

etchant is used extensively for bulk Si micromachining to construct micro 

elctromechanical systems (MEMS) due to its isotropic etching with high etching rates. It 

is known that XeF2 vapor phase molecules adsorb on the Si surface to form a desorbing 

product molecule SiF4 in the gas phase following the primary reaction [89]: 
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2 XeF2 (g) + Si (s) → 2 Xe (g) + SiF4 (g) 

 Since XeF2 dry etching is highly isotropic, the PDMS encapsulating layer acted as a 

hard mask, preventing any unwanted side wall etching. The samples were laid flat on top 

of an aluminum foil in the etching chamber. The automated XeF2 etching program 

consisted of multiple controlled number of cycles. Each cycle comprised a venting step 

for 10 s and an etching step for 30 s. The etching was carried out at room temperature 

and a XeF2 pressure of 4 Torr. The complete consumption of the backside Si as shown in 

Figure 3.3(e) was obtained with 50 and sometimes at 75 cycles for a total etching time of 

~36 min-50 min. After all the etching was completed, the battery was peeled off from the 

fragile PDMS layer shown in Figure 3.3(f). A standalone thin film robust stack was 

obtained with a thickness of 30 µm.  

 Material investigation 

 SEM surface image is obtained to characterize the Si surface and evaluate the etching 

rate during and after etching using FEI Quanta 3D with an operating voltage of 5 kV. A 

granular surface structure as confirmed from SEM images with an average grain size of 50 

µm and a roughness of 10 µm was observed before complete etching of Si via XeF2 

Figure 3.4 In this work, we continued etching of Si to allow the complete removal of all 

surface roughness, revealing the bottom-insulating layer of SiO2 as shown in Figure 3.4 (a-

f). The SiO2 insulating layer acts as a stopping layer to prevent further XeF2 etching to take 

place in other parts of the stack due to the large selectivity of XeF2 etching of Si to SiO2.  
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Figure 3.4 SEM image of XeF2 etched Si surface a)-c) for 30 min e), f) for 40 min etching 

 Electrical setup  

Galvanostatic testing of the battery with a pad size of 30 µm was carried out using a 

semi probe station and a Keithley (SCS) 4200 semiconductor characterization system. 

An automated battery cycling program (Figure 3.5 ) was done to characterize the 

battery in the SCS 4200. The source measure unit in the SCS 4200 can be configured as 

source for sourcing power (voltage) and as a sink for dissipating power. Depending on the 

polarity of the voltage and current (same polarity for sourcing and opposite polarity for 

sinking). We will be using the Constant Voltage Source/Sink Mode since it can easily sets 

the boundary conditions of the voltage (charge and discharge limits). The current of the 

voltage source is limited to a safe charging rate (using compliance). As the battery 

becomes fully charged, the current will decrease until it reaches zero or near zero.  
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Figure 3.5 Electrical setup for characterization of LIB 

Two interactive test module (ITM) were created individually for battery charging and 

discharging. A programmable voltage source supplies a fixed voltage that’s equivalent to 

the voltage rating of the battery.  

At the start of the test, the battery voltage is less than the voltage output setting of 

the Model 2450. As a result, this voltage difference drives a current that is immediately 

limited to the user-defined current limit. When in current limit, the SMU is acting as a 

constant current source until it reaches the programmed voltage level. As the battery 

becomes fully charged, the current will decrease until it reaches zero or near zero. To 

prevent safety hazards or damage to the battery, care must be taken not to overcharge 
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the battery. The sampling time (2 s) at 3000 sampling number was chosen to allow for the 

constant voltage charging followed by a constant current charging mode when the 

voltage limit 4.2 V is reached. In the case of discharging a battery, the SMU instrument 

operates as a sink because it is dissipating power rather than sourcing it. The voltage 

source of the model is set to a lower level than the battery voltage. The current limit sets 

the discharge rate. When the output is enabled, the current from the battery flows into 

the HI terminal of the SMU. As a result, the current readings will be negative. The 

discharge current should stay constant until the battery voltage decreases to the voltage 

source setting.  

A constant current was used to charge/discharge the battery by setting a current 

compliance at the desired level. A voltage limit is programmed for charging up to 4.2 V 

and discharging down to 3 V in order to avoid overcharging/over discharging the battery, 

which causes unwanted structural changes and phase transformation of cathode material 

in the LIB, preventing it from further cyclic behavior. 

 Results and Discussion  

 Surface evolution during flexing 

A standalone all thin film lithium-ion battery can be readily thinned down to achieve 

flexibility. The elimination of any dead volume from both the substrate and encapsulation 

contributions achieves the highest energy stored in a volume. The lithium-ion battery (Fig. 

2a, left panel) consists of an active battery stack built on bulk monocrystalline (100) silicon 

(Si) substrate, which serves as a sacrificial host layer supporting the thin film stack during 
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complementary metal oxide semiconductor (CMOS) process handling. Complete removal 

of Si substrate from the battery’s back (Figure 3.6,a left panel) results into a standalone 

robust but physically flexible active stack (30 µm total thickness) (Figure 3.6,a middle 

pane, comprising of an insulation layer of silicon dioxide (SiO2), a thick cathode current 

collector of aluminum (Al), a lithium cobalt oxide (LCO) cathode as the main source of 

lithium ions, a glass-like solid state lithium phosphorous oxynitride (LIPON), titanium (Ti) 

as the anode current collector and lastly hermetically sealed top protective layers 

(Figure 3.6,a right panel). Each individual battery with an active area of 2.25 mm × 1.7 mm 

micro-cell, deploys a “lithium-free” lithium ion battery construction[60] in which the 

anode plays the same role as the current collector, avoiding the dangers associated with 

reactive lithium metal. Such small size cells are attractive for miniaturized implantable 

flexible systems. XeF2 dry etching is the ideal etchant for Si because it etches isotropically 

(i.e. independent of the crystal orientation) and resolves chemical, thermal and 

mechanical compatibility considerations with battery materials. In order to effectively 

terminate the etching process, the surface roughness is monitored via atomic force 

microscopy (AFM), as it appears in Figure 3.6 (b). We find at the end of the 50th cycle that 

the battery back surface morphology is flat with absence of any surface roughness. At the 

end of the 75th cycle complete over etching occurs without affecting the active battery. 

This indicates the complete consumption of all the Si with only Silicon Oxide (SiO2) and 

Aluminum (Al) remaining as the bottom layers due to its very high selectivity (1000:1) to 

XeF2 gas when compared to Si. The complete etching by the end of the 50th cycle is 

obtained for a total etching time of 36 minutes, at an etch rate of 67 nm/s.  
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Figure 3.6 Flexing process for a flexible lithium-ion battery (a) SEM images of a bulk 

thin-film Si-supported battery (left panel; 175 m total thickness) compared to thinned 

flexible battery with complete removal of Si support (middle panel; 30 m total 

thickness). Cross section SEM image of the flexible thinned battery components made 

from all solid-state materials (right panel; lithium-free anode battery configuration). (b) 

Progressive Si back surface evolution of the battery undergoing selective dry etching as 

observed in a 15 X 10 m2 AFM mapped region of the battery's backside at zero etching 

cycles (left panel; roughness from wafer grinding), and with completed etching at 50 

cycles (right side panel; flat surface and complete Si consumption). 
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Figure 3.7 SEM micrographs of surface evolution of Si substrate by XeF2 etching process 

of the backside of the LIB to obtain a flexible LIB. (a) and (b) Si surface before etching 

shows typical grinding grooves. (c) and (f) granular morphology of XeF2 etched Si surface 

after 30 etching cycles. (e) and (d) complete removal of Si from the backside of LIB after 

75 etching cycles. 

 

A high performance flexible and free-form LIB was obtained with good robustness 

having a final thickness of about 30 µm. The battery stack is standing alone with complete 

removal of Si underlying substrate. The surface evolution was studied with SEM images 

(Figure 3.7). SEM surface images were obtained to characterize the Si surface in three 

stages: (1) before etching, (2) after the completion of 30 etching cycles, and (3) after the 

completion of 75 etching cycles. In the first stage, the surface of the bare die [shown in 
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Figure 3.7(a, b)] shows a grind scratch profile with 0.2 µm wide strips. The grooving results 

from grinding a standard Si wafer with a 500 m into a thickness of 175 m. Continued 

grinding below 100 m results in mechanical stresses and wafer bowing. Therefore, dry 

back etching via a XeF2 gas and a PDMS based transfer method is a much gentler process 

with a higher yield. 

The surface morphology of an etched sample at 30 cycles shows a granular surface 

structure as a result of pitting corrosion was observed in Figure 3.7 (c). The pits with 

circular geometry have an average diameter of 50 m. The Si surface roughness is ranging 

from a few microns to tens of microns with a porous microstructure as observed in 

Figure 3.7 (d). XeF2 etching is a known dry etchant for bulk Si micromachining. The etching 

mechanism of Si via XeF2 vapor phase molecules is the dissolution of the gas into Flourine 

(F) and Xenon (Xe). The fluorine atoms adsorb on the Si surface and reacts chemically with 

the Si to form a desorbing SiF4 as a gaseous molecule. Presence of microenvironments of 

this chemical process on the Si surface results in the formation of pits. Regions around 

the pits are more immune to corrosion than the active region inside the pits. 

Continued etching results in the complete removal of the surface roughness shown in 

Figure 3.7 (d, e). The Si present in the back side is consumed completely after 50 minutes 

of etching. Thus, SEM images confirms that the etching stops due to the presence of the 

SiO2 insulating layer, which is highly selective to XeF2.  
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Figure 3.8 Etching efficiency calculation through determination of the total etched volume 

using optical profiler measured across different etching cycles  

 

Thickness reduction along different cycles observed using Zygo profiler gives the value 

of the consumed etched volume plotted against the number of the etching cycles 

(Figure 3.8). The Si substrate with an atomic weight 𝑊and 𝜌 atomic density is etched in a 

plasma-less XeF2 of 560 cm3 expansion chamber in room temperature at a 4 Torr 

expansion pressure, according to the relation 2 𝑋𝑒𝐹2(𝑔) + 𝑆𝑖𝑠 → 𝑆𝑖𝐹4(𝑔) + 2𝑋𝑒𝑔. For the 

estimation of the etching efficiency, the theoretical total volume consumed per etching 

cycle in a gas etcher can be calculated using the following: 𝑉𝑡ℎ𝑒𝑜 = (
1

2
) (

𝑃𝑐ℎ𝑉𝑐ℎ𝑊)

𝜌𝑅𝑇
) where 

𝑝𝑐ℎ is the chamber pressure, 𝑉𝑐ℎ the expansion chamber volume at temperature 𝑇. The 

actual experimental value of the etched Si volume deviates from the theoretical value by 



78 
 

accounting for the total etching cycles 𝑁 and etching efficiency 𝜂 of the chamber, which 

can vary between a value of 0 and 1 to indicate the amount of XeF2 molecules used 

effectively in the reaction, following the relation: 𝑉𝑒𝑥𝑝 = 𝜂 𝑁 𝑉𝑡ℎ𝑒𝑜. This corresponded to 

an etching efficiency of 0.18.  

 

 

Figure 3.9 Confirmation of Si removal from the battery’s backside using reflectometer 

mapping of Silicon (top panel) and (bottom panel) elemental linear scan EDS analysis with 

the corresponding HAADF-STEM image (inset image).  
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Reflectometer measurements of the backside confirmed the removal of the Si from 

the backside. Also, the flexible battery’s back surface was analyzed using high annular 

dark field scanning tunneling transmission electron microscopy (HAADF-STEM) and a 

linear elemental energy dispersive spectroscopy (EDS) analysis. Figure 3.9, (top panel) 

shows two contrasts for the last layers in the stack of a flexible battery belonging to Al 

and SiO2. This indeed confirms the complete consumption of the Si substrate with 

sufficient protection of the battery active materials during dry etching.  

 

 

Figure 3.10 Optical micrograph of flexible thin film LIB 



80 
 
Our flexing process for thin film based micro-batteries (Figure 3.10) achieves two 

major objectives: (a) utilization of mature and reliable CMOS process[44] with 90% yield 

and repeated electrochemical measurements on multiple devices. 

 Electrochemical characterization 

The battery characterization showed the typical potential profile for a lithium-free LIB 

with a LiCoO2 cathode. The LIB being a secondary battery is rechargeable because it relies 

on an intercalation mechanism for Li ion insertion/extraction from the LiCoO2 lattice 

which presents the only source for Li ions. On the other hand, the lithium-free LIB anode 

is the same as the current collector. Therefore, the battery is free from the presence of 

metallic lithium at the anode and is assembled in a fully discharge state. During the 

battery’s first charge, the LiCoO2 cathode is oxidized (delithiated) into Li0.5CoO2, and Li+ 

ions start to migrate to the anode current collector where they are reduced. 

As a result, Li is deposited on the anode current collector in a process known as ‘’in-

situ’’ plating. On the discharge step, the in-situ plated lithium is oxidized and Li ions 

transport back the LiCoO2 lattice. The cell voltage indicates the electrochemical potential 

of lithium in the cathode material with respect to a lithium reference. The capacity relates 

the extraction of 1 mol of lithium for every 2 mol of the transition metal oxide.  
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Figure 3.11 Galvanostatic charge/discharge characteristics for a 1.7 mm × 2.25 mm LIB 

cells with three states: bulk, flexible with no bending and flexible with a 5 mm bending 

radius obtained at the (a) 1st and (b) 50th cycles. Current density is 130 µA/cm2 in both 

charge and discharge cycle 

Galvanostatic testing of the battery was carried out using a Keithley 4200 SCS. The 

battery cycled for 50 times with the same rating for charge and discharge of 130 µA/cm2. 

In order to study the mechanical robustness of the free-form LIB, comparison of the 

electrochemical performance of the LIB was done in three states: (1) Bulk state with a 

thin film battery on a Si substrate. (2) Flex state stands for a flat standalone thin film stack 

of the LIB with complete removal of the Si substrate. (3) Flex with 5 mm bending state 

was done by characterizing the battery on a nonconductive bended curvature with a 

radius of 5 mm.   

 

(a) (b)
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Figure 3.12 Cycling stability of a LIB: (a) charging and (b) discharge capacity retention 

during 50 galvanostatic charge/discharge cycles. (c) Coulombic efficiency of LIB. All cells 

were cycled between 3 and 4.2 V at a constant charged/discharged current density 

(=1C/1C).  

 

(a)

(b)

(c)
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The electrochemical data for the different states at the first charge/discharge cycle 

[shown in Figure 3.11 (a)] shows a comparable behavior for all the cells with a charging 

capacity of 180 Ah and a discharge capacity of 147 Ah/cm2. The discharge was 

completed in one hour, i.e. 1C rating. The discharge voltage profile for all the batteries at 

different states exhibit a flat voltage profile, indicating small cell dependence on the cell’s 

state of charge in the voltage plateau from 4.2 to 3 V.  

A similar voltage profile [shown in Figure 3.11 (b)] can be observed for the batteries 

after 50 charge/discharge cycles. However, an 18% discharge capacity drop is observed 

between the 1st and the 50th charge cycle, giving a drop of capacity from a value of 147 

Ah/cm2 to 127 Ah/cm2. To understand this, cycling retention data for both charge and 

discharge cycles was obtained for all battery states as summarized in Figure 3.12 (a, b). 

As can be seen in Figure 3.12 (a) the drop of capacity is related to the drop of charge 

capacity after the first charge, while the discharge capacity retention stays stable after 

the first charge cycle shown in Figure 3.12 (b). The drop in charge capacity after the 1st 

cycle can be attributed to the formation of solid-state interface on the electrolyte and the 

irreversible lithium intercalation onto the anode current collector.  

Nevertheless, the free form flexible battery showed good discharge capacity retention 

upon cycling as observed in Figure 3.12 (b). It is interesting to notice that a slightly better 

capacity retention was observed for the flexible battery in the flexible state with 5 mm 

bending radius. Kim et al. observed an opposite result with an unfavorable behavior for 

battery retention upon cycling during bending. The unfavorable behavior was correlated 
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to the material stress. Variation in results may be attributed to the difference in chemical 

composition of the stack and the utilization of PDMS encapsulation by Kim et al. [44]. 

Additionally, according to our results and recent findings found by density functional 

theory (DFT) [90], the capacity for a LIB with a LiCoO2 cathode can be enhanced upon 

bending if a stress is applied in a direction along the C-axis of the LiCoO2 rhombohedral 

lattice.  

The coulombic efficiency was calculated by measuring the ratio of number of charges 

entering the battery to the number of charges leaving the battery. The coulombic 

efficiency for the batteries at different bending states was approximately 97% at the 50th 

cycle. 

The resultant volumetric energy density (200 mWh/cm3) achieved in this work gives 

one of the highest values ever reported for a thin film all solid-state micro-battery as 

summarized in Figure 3.13 and Table 3.1 The advantage of our work in comparison with 

others is influenced by the packaging type and substrate at different C-ratings. The 

respective C-rate is defined as the reciprocal of the discharge time in hours. 
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Figure 3.13 Comparison with literature data. Volumetric energy density as the thickness 

of solid state batteries decreases. 

 

Table 3.1 The advantage of our work in comparison with others is influenced by the 

packaging type and substrate at different C-ratings. The respective C-rate is defined as 

the reciprocal of the discharge time in hours.  
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 Conclusion 

In this work we show a flexible thin film microbattery for wearable electronics. Our 

newly developed transfer scheme using CMOS technology gives a flexible battery with a 

cell size (1.7 mm × 2.25 mm) and thickness (30 µm). Our process is generic for its 

utilization of conventional Si substrate. The transfer-less approach of cells on polymer 

substrate before etching results in high yield production and ease of handling fragile 

flexible samples. Comparison between a flexible and rigid LIB showed comparable 

electrochemical performance.  

The flexible battery shows the highest energy density around 200 mWh/cm3 reported 

in the literature for thin film micro batteries with a normalized capacity of 146 µAh/cm2 

at a rate 130 µA/cm2 (1C). 
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4 PROCESS MODULES TO INTEGRATED FLEXIBLE LIB  

 Abstract 

Next generation IoE devices will require large scale integrated circuits via 

interconnection, handling and packaging of integrated flexible heterogeneous IC 

components such as batteries, circuits, communications, and sensors on one common 

platform. These back-end processes are essential components for electrical 

functionalization for signal processing and mechanical protection from external 

environment. In this chapter we demonstrate advanced wire-bonding and flip-chip 

techniques for bond on flex technology for flexible battery. We show that this technology 

can not only be used for wiring and interconnection of multiples battery modules but also 

can achieve stretchable and stackable battery modules from the same components.  

Handling of thin dies and packaging are also addressed for reproducible and widespread 

applications.  

 

 Introduction 

An integral part in any IoE system is the system integration of all it's hardware 

components such as power supply, communication, microprocesseros and data storage.  
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Figure 4.1 Flexible battery with various modules concept. A single flexible used in (a) 

flexible module (b) Stretchable module and (c) 3D stacking module   

 

In recent years,  rapid research interest focused on the development of flexible 

electronic, ionic and photonic devices such as transistors[40, 87], logic devices[91], 

sensors[33, 34], solar cells, thermoelectric[92], and batteries[39]. However, these 

advances are mainly concerned with front-end-of-line (FEOL) processes to achieve 

individual flexible entities or unit cells, allowing only for on-wafer integration 

opportunities. This means that integration of completely flexible IC is still not a possibility 

due to the dissimilarity of flexible and free-form materials e.g. 1D, 2D, thin films and 

variations in their device technologies e.g. synthesis and state-of-the-art CMOS 

microfabrication techniques. Henceforth, flexible devices handling, interconnection and 
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multichip assembly, and packaging as back-end-of-line processes (BEOL) is a requirement 

towards system level IoE application.  

Traditionally, BEOL processes, similar to the ones used in smartphones and tablets are 

carried using multichip assembly to increase the integration density of the continuously 

decreased system footprint which could meet performance requirements of the 

microsystem. Incorporated technologies in BOEL include: wire bonding, flipchip 

technologies, ball-grid assembly and via-hole formation using an interposer in multi-chip 

stacking assembly. However, these strategies should be carefully revisited and altered to 

match the ever-changing form factor and reconfiguration of flexible, stretchable and 

stackable platforms. We envision a system that achieves different module variations such 

as flexible, stretchable and stackable from the same unit cell entity, namely a single 

flexible chip LIB as shown in Figure 4.1.  

Here we show a transfer-less approach towards a multi-platform battery module 

using advanced wire bonding techniques. In fact, the flexible chip and flexible board 

optimization for suitable wirebonding process can be critical as thinned bare die chips and 

the polymeric nature of the flexible circuit board both present a main challenge for 

bonding techniques.  Our work successfully achieve die-to-circuit interconnection by 

bond-then-flex approach for the former case and special interconnection optimization for 

the latter case.   
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 Methods 

  Fabrication techniques 

Flexible and stretchable circuit boards were made using CMOS microfabrication 

techniques. For the samples based on PDMS substrate, an aluminum tape is placed on 

the cured PDMS matrix.  

For other flexible and stretchable circuit boards based on PI, LEdit tanner was used as 

a CAD program for the mask design.  Both interconnection module designs were printed 

on the same quartz mask with a Heidelberg direct laser mask writer of a resolution of 3 

µm.  A PI film (HD Microsystems PI 2611) was prepared by spin coating at 2000 rpm for 

30 sec with a ramp of 1500 rpm on a Si (100) wafer. The curing was done at a hotplate 

with set at 90oC for 90 sec and another 150oC. for 90 sec. Final curing is done by 

programming the hot plate to ramp from 150oC to 300oC with a ramp of 240oC, the curing 

continuous for 30 min at 300oC. The film was left to cool down at room temperature. The 

next step is to deposition of 600 nm aluminum hard mask for patterning the PI. The Al 

deposition was done in an ion beam assisted sputter Denton Explorer for 2600 sec. An 

ECI30217 positive PR spun at 3000 rpm for 30 sec to get a PR of 4 µm.  (EVG 6200) with a 

200 broadband UV exposure MIF developer combined with a contact aligner (EVG 6200) 

with a 200 broadband UV exposure.  An aluminum chemical etchant was used to pattern 

the metal. After PR stripping, RIE chamber (Oxford Instruments) was used to etch the PI. 

Next step is to remove the Al hard mask. To create the metal interconnection, a 2 minute 

plasma treatment the PI surface in RIE is done to enhance the metal deposition on the 

https://louisville.edu/micronano/files/documents/standard-operating-procedures/hd-microsystems-polyimide-pi-2611
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soft PI surface.  A 10 nm Ti followed by a 200 nm Au layer were deposited as a seed layer 

using (ESC sputter system, ATC2000). PR patterning with the  ECI30217 positive PR was 

used to define areas for further Cu electroplating. A 2-3 µm Cu layer was electroplated 

using Surface Finishing Technologies with a current of for 30 minutes. Finally after PR 

stripping, the Au seed layer is further etched in an RIE chamber.    

CBC 005 bare die rigid LIB were placed on the interconnection with an underneath 

dissolvable epoxy. 2X2 assembly of the LIB bare-die on the circuit board in a standard wire 

bonding tool (526 manual wedge bonder with analog control) was used for chip 

interconnection with flexible circuit board. The tool utilizes an aluminum wire done at 

room temperature. The Al wire bonding relies primarily on the forces of friction between 

the pure metals that are pressed and pushed against each other for wielding. A transducer 

generate the ultrasonic oscillation to exert pressure for wielding. The Al wire wedge bond 

connection used in the standard wedge to wedge configuration.   

After wire bonding is done, XeF2 etch system was used to etch the Si die for further 

flexing.    

 Material and Electrical Characterization  

Quanta 3D dual beam FIB/SEM was used for material investigation of the wire bonded 

sample. Galvanostatic testing of the battery was carried out using a Semi probe station 

and a Keithley (SCS) 4200 semiconductor characterization system. 
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 Results and discussion 

 Stress analysis and substrate investigation 

In order to appreciate the effect of the packaging technology on flexible devices, we 

look first on the impact of the thickness reduction on the overall mechanical stability of a 

flexible battery compared to its rigid counterpart. Figure 4.2 shows comparative finite 

element analysis (FEA) of a bulk and flexible battery material stacks relates the thickness 

to the applied stress for a 10 mm bending.  

 

 

Figure 4.2 FEA of bulk and flexible battery under 10 mm bending showing simulated less 

strain simulated values for flexible battery without Si than the bulk battery with Si 
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Figure 4.3 Comparison of normalized stress values of bulk and flexible battery materials 

and table shows main parameters used in the simulation 
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The thickness of a flexible battery without silicon is around 30 µm, we definitely 

expect to get lower strain value (~0.19%, 5 times less) than with silicon. Estimated values 

of the strain for each material in the stack assess the material integrity within the elastic 

limit as shown in Figure 4.3.  

As for packaging strategy and interconnection modules, we show using FEA 

simulation analysis the placement of the mechanical neutral plane for different battery 

configurations as shown in Figure 4.4. The flexible LIB module consisting of the two 

flexible battery with a thickness of 38 µm. The mechanical neural plane is located in the 

middle of each configuration. Tensile stress in the outer side counter-balances the 

compressive stress that exists in the inner side. These stresses balance each other to 

create a mechanical neutral plane. Three main configurations were studied for the 

location of the mechanical neutral plane for a unified bending radius of 10 mm. The first 

configuration is the side by side configuration. In this configuration, two flexible batteries 

separated by a distance of 0.5 cm are placed on a common flexible PET substrate with a 

thickness of 50 µm experience minimal stress values. For the second configuration, two 

stacked LIB are experience much more stress values. In the convex mode (Figure 4.4, c) 

the top battery experiences tensile strain while the bottom battery experiences 

compressive strain. The whole situation reverses in the concave mode shown in 

(Figure 4.4, d).  Finally, when the sample is capped in the middle of the PDMS sheet the 

LIB is observed to lie in exactly in the mechanical neutral plane, which means that any 

type of concave or convex bending that exists does not affect the mechanical stability of 
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the battery during bending. This analysis gives a qualitative understanding in each 

packaging scenario.  

 

Figure 4.4 FEA analysis of the flexible LIB modules. Flexible LIB of two LIB on a 50 µm PET 

flexible substrate in (a) concave and (b) convex mode. The two batteries stacked on top 

of each other in the (c) concave and (d) convex modes. (e) flexible LIB stacked with 500 

µm PDMS layer from the top and bottom.   
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 Bonding, transfer and handling of thin film dies 

Thin chips present main challenges for the first level integration for die handling 

and the attachment to the flexible circuit board. This comes from the fact that thinned 

bare dies might exhibit brittleness and fragility. Therefore, transfer of these thin films 

from a carrier substrate and their attachment and detachment steps become very critical.  

As the first level of the die attachment to the flexible circuit board, die assembling 

by picking up the die and placing it on the target position on the flexible circuit board. 

There are two main modes for die assembling or placement, either the die is placed in the 

(active side up) or flipped 180o to the (active side down) position. Flipchip bonding 

technique is a known technique used to attach the bare die to the flexible PCB in the 

(active side down) position.  On the other hand wire bonding utilizes the (active side up) 

position to attach the die to other circuit components. The bonding tool smashes the wire 

into the bond pad via the application of an ultrasonic energy[93].  

Due to the extreme fragility of the thinned die renders processes unstable. In the 

former case of flipchip bonding, the mechanical stability of the thinned dies might be 

compromised during handling and packaging. 
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Figure 4.5 Challenge of bonding the flexible LIB using SMD techniques. (a) Optical image 

of rigid battery before flexing. (b) battery pad and relative to a probe. (c) optical image of 

a flexible LIB (d) Schematic of the battery dimensions before flexing (e) flexible LIB exhibit 

a very thin Al pad with a back contact pad size to 100 μm diameter and thickness 8 µm.   
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Micro crack formation which may lead to chip breakage can result from the pressure 

based pick and place processes needed in flipchip mounting[94]. For wire bonding, 

thickness reduction results in unsuccessful bonding procedures due the dissipation of the 

ultrasonic energy on the flexible bare die[95].   

When considering the case of our rigid battery Figure 4.5a,b compared to the 

flexible battery Figure 4.5,c, a main challenge lies in the pad size, and thickness. As shown 

in Figure 4.5 d and e, rigid battery pads have a thickness of 175 µm while the flexible pads 

only have a thickness of 8 µm. This small thickness present a main challenge for wire 

bonding techniques due to the instability of the pad and would damage the pad due to 

the mechanical strength of the wire bonding technique.  

Smaller pad size (100 µm) present a main challenge in alignment procedures for 

flipchip bonding techniques as well as the total thickness of 30 µm of the flexible battery, 

as shown in Figure 4.6. Additionally, one of the main challenges in flexible thinned chip is 

the post-thinning process handling as these bare die samples become even more fragile 

and tend to fracture during the different interconnecting and packaging steps.  

Introduction of pad bumps may enhance the bonding. However, these bumps may 

act like local mechanical stress points that makes the die more prone to fracture during 

placement. 
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(a) 

 

(b) 

 

(c) 

 

 

Figure 4.6 Challenges in Flipchip technology for flexible LIB (a) Stencil for silver epoxy and 

it's profile. (b) Comparison between Flipchip technology for bulk and flex LIB 

interconnected to Al wire on PET substrate. (c) Die alignment to the circuit and bowing of 

the chip after flexing prevents good bonding procedure.  
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Other methods for flexible chips interconnection proposed by Kim et. al. show the 

transfer of thin die and assembling via an anisotropic conductive film with simultaneous 

roll transfer and interconnection [96]. However, one of the main challenges in AFC based 

interconnection are alignment issues and the need for highly concentrated pressure on 

the electrode bumps to provide sufficient contact area between the particles and the 

bump, allowing for proper electrical interconnection. Additionally this strategies are 

limited to flexible electronics regime and won't allow for other modules such as 3D 

stacking and stretchable electronics.  

Therefore, we look closely to revisit the concept of wire bonding for thinned dies. 

The utilization of our bond then flex approach for the interconnection procedure as 

explained in the methods section. Our approach eliminates the risk of fracture during the 

different stages of BEOL processes which includes: handling, assembling, bonding and 

packaging.   

The LIB battery can be picked up as a surface mount device (SMD) using manual or 

automatic assembling and placed directly on a flexible PCB. The bonding procedure is 

carried using an Al wedge bonding as shown in Figure 4.7.  

 Unlike expensive Au wire bonding, Al wire bonding offers a more advantageous route 

for advanced wire bonding on flexible substrates. Also, the process temperature of 

aluminum wire bonding at room temperature is more advantageous than a minimum of 
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120oC typically needed for Au wire bonding. This is critical when using polymeric 

substrate. 

 

 

 

Figure 4.7 Wire bonding on flexible bare die LIB. SEM images (Tilt angle T=0) of the battery 

with both (a) the battery thinned battery with an Al bonded wire (b-c) zoomed in images 

of the bondable battery. Images at T=10 angle (d-f) shows the extreme thinness of the 

bondable LIB ~ 8 μm.  
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Since solid state batteries should also not be heated for over as such temperatures 

may result in the crystallization of the amorphous electrolyte layer LIPON, causing a 

degradation in the LIB performance. The quality of the bonded flexible LIB is further 

examined (Figure 4.7).  

It is worth mentioning that the fragile battery pad of 8 µm shows good roubstness to 

effectively be bonded to the Al wire. Such advantage cannot be obtained by directly 

bonding to the flexible chip as this pad will be prone to breakage during the abriasive 

nature of the bonding.  

The bonded battery were investigated during different current ratings in Table 4.1 

Performance of the LIB at different current ratings is shown in Figure 4.8. For all voltages 

except at 3.8 V, a nonlinear dependence between the capacity and the current is found.  

 

Table 4.1 Performance of the LIB at different current ratings 
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Figure 4.8 The single flexible bonded LIB under different current ratings. (a) The discharge 

time measured during different discharge current. (b) The normalized capacity as a 

function of discharge current.  

 

As shown in  Figure 4.9, we observe the attachment of the flexible LIB module 

charectrization of six bonded flexible LIB on top of a flexible substrate.  This allows an 

increament in the battery capacity module for the parallel connection.  

The rigid samples are placed on a PDMS on Au deposited carrier wafer for effective 

retrival of the PDMS from the wafer due to the poor adhesion between Au and PDMS. 

The batteries are bonded when the batteries are in their rigid state as shown if Figure 4.9 

left after the batteries are flexed they are packaged with an additional PDMS layer and 

retrieved finally from the substrate, as shown in Figure 4.9, right.  
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The electrochemical charge/discharge profile of the 1X6 flexible battery module is 

obtained as shown in Figure 4.10 at a 1C cuurent density of 130 A/cm2. The obtained 

discharged capacity of the 1X6 flex battery module on PDMS is around 1400 Ah/cm2. 

 

  

Figure 4.9 Flexible LIB of bonded on top of a PDMS in parallel configuration before (left) 

and after flexing, packaging and releasing (right) 

 

 

Figure 4.10 Flexible battery module charge and discharge characteristics during the 1st 

charge and discharge cycle 
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Figure 4.11 Flexible and stretchable and stackable LIB (a) Al wire bonding on electroplated 

Cu on PI. (b) Al wire bonding on a flexible LIB pads (c) fabricated wafer with both flexible 

and stretchable LIB modules (d) a 2X2 flexible LIB (e) a 2X2 stretchable LIB module (f) a 

stackable LIB module  
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We finally show the applicability of this method for PI-based susbtrates as shown in 

Figure 4.11(a) by the use of thick electroplated copper interconnection on the PI. 

The electrplated Cu.   

 Conclusion 

In this chapter we discussed the BEOL processes from the perspective of flexible 

electronics including: handling, bonding and packaging processes. These processes are 

extremely important in the context of solid state LIB as the high annealing temperature 

during the fabrication process of the LIB, prevent the monolithic integration of these 

batteries with other circuit components. We show that handling of thin film LIB dies is 

extremely critical during BEOL processes and therefore, the post thinning processes after 

handling and interconnecting, increases the yield production of BEOL. Advanced wire-

bonding was the method of choice for bonding on flexible technology for flexible LIB on 

polymeric substrates. These advances are extremely important when considering other 

stretchable and stackable configurations.  
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5 SYSTEM LEVEL APPLICATION: SMART DENTAL BRACE 

 Abstract 

To augment the quality of our life, fully compliant personalized advanced healthcare 

electronic system is pivotal. One of the major requirements to implement such systems 

is a physically flexible high performance biocompatible energy storage (battery). 

However, the status-quo options do not match all of these attributes simultaneously and 

we also lack in an effective integration strategy to integrate them in complex architecture 

such as orthodontic domain in human body. Here we show, a physically compliant lithium 

ion micro-battery (236 g) with an unprecedented volumetric energy (the ratio of energy 

to device geometrical size) of 200 mWh/cm3 after 120 cycles of continuous operation.  

Our results of 90 % viability test confirmed the battery's biocompatibility. We also show 

seamless integration of the developed battery in an optoelectronic system embedded in 

a 3D printed smart dental brace. We foresee the resultant orthodontic system as a 

personalized advanced healthcare application which could serve in faster bone 

regeneration and enhanced enamel healthcare protection and subsequently reducing the 

overall healthcare cost.  

This chapter was published as a journal article in  

A. T. Kutbee, R. R. Bahabry, K. O. Alamoudi, M. T. Ghoneim, M. D. Cordero, A. S. 

Almuslem, A. Gumus, E. M. Diallo, J. M. Nassar, A. M. Hussain, N. M. Khachab, M. M. 

Hussain, “Flexible And Biocompatible High Performance Solid-State Micro-Battery For 
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Implantable Orthodontic System”, Nature Flexible Electronics (npj), (2017), Accepted 

and In press 

The work was also presented as the 3rd Prize winner in the Falling Walls 2016, KAUST 

and a finalist in the Falling Walls 2016, Berlin, with the title: Breaking the Walls of Long-

term Orthodontic treatment. https://vimeo.com/191239088 

 Introduction  

Smart interfacing between various biological organs such as skin[3, 4, 97], heart[98], 

brain[99] etc. with high performance electronics is critical to pave the way for 

personalized advanced healthcare (both wearable and implantable) devices[100, 101]. In 

addition, disruptive technologies such as complex orthodontic architecture require 

conformable and flexible human-machine interfaces to the complex curvature of the 

human dental arch (> 10 mm). Such smart interfacing is generally directed toward trends 

in diminishing the implanted device's size and weight to less than 2% of the human body's 

weight, as well as, harnessing the benefits of heterogeneous integration of high 

performance inorganic mechanically conformable, flexible electronic components and 

low modulus soft compliant substrates. Such an essential component is a reliable energy 

storage solution – battery per se, which remain the major contributor to the overall 

weight and size of any implantable and wearable devices e.g. cardiac peacemakers[102], 

hearing aids[103], and neuro-stimulators[104].  

https://vimeo.com/191239088
https://vimeo.com/191239088
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Figure 5.1 Flexible, non-cytotoxic battery concept (a) Non-cytotoxic flexible battery is a 

key enabler for an integrated intra-oral phototherapeutic device that fits in conformable 

manner onto the human dental arch. (b) Optical images of an intra-oral implantable 

device that relies on millimeter-sized flexible, biocompatible lithium ion battery as a rapid 

powering solution.  

 

The typical form factor of such batteries is limited to a rigid encapsulation and proper 

insulation from corrosive toxic materials that are exacerbated to the patient's comfort or 

lack of physical compliance. On the contrary, recent research efforts establish an 

impressive alternatives to commercially available cells with flexible and stretchable 

batteries[6, 7, 21, 22, 35-37, 46, 50, 73, 105-109]. Nevertheless, such advances do not 

address the major necessities for implantable devices, especially in orthodontic dental 

implantations which generally require: smaller footprint, lightness, high bio-compatibility, 

and finally integration strategy with other circuit components. Here we show, a high yield, 
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transfer-less method to achieve a bio-compatible, flexible, high-performance solid-state, 

micro-battery for wearable and implantable device electronics, specifically with an 

example potentially disruptive for orthodontics applications. The developed flexible 

lithium-ion battery exhibits an unprecedented volumetric energy density of 200 

mWh/cm3, a lightweight structure with 236 µg for each microcell (2.25 mm × 1.7 mm), 

mechanical stability during 120 cycles of operation. In parallel, the utilization of all-solid-

state battery materials is a key feature in bio-compatibility and thermal endurance up to 

90 oC temperatures. Then we show a pragmatic and highly effective integration strategy 

for an optoelectronic system developed from chip-scale battery module with die level 

near infrared light emitting diode (NIR-LED) arrays (a turn-on voltage of 1.8 V, 640 nm 

wavelength) and then embedded in a 3D printed dental brace for a wearable 

phototherapy device (Figure 5.1). We envision this system to provide a groundwork for 

accelerated phototherapy using smart dental devices, aiming to preserve the aesthetics, 

added functionality, patient convenience and lowering overall dental healthcare cost. 

 Methods  

 Etching and transfer-less technique 

The transfer-less process starts with the preparation of PDMS 

(polydimethylsiloxane) carrier substrate via a 10:1 mixing ratio of (base-to-cross linker) 

followed by spin coating with 500 rpm for 30 seconds, baked on a hot plate, 120 oC for 10 

minutes. The bulk battery (EnerChip CBC 005 bare die, Cymbet, USA) is flipped on the 
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PDMS carrier substrate directly. The surface of PDMS provides good van der waals stiction 

with the sample and top surface protection during the etching process.  

 

 Electrical, thermal and mechanical testing of the battery 

 
A Semi probe and a Cascade probe stations (with thermal chuck) combined with a 

programmable Keithley semiconductor characterization system (SCS) 4200 with a 

source/sink capability to monitor both voltage and current. The program was used for 

galvantostatic testing with a cutoff voltage of 3.9-3 V was used to study charge/discharge 

characteristics and cycling behavior and temperature stability for the bulk and flexible 

batteries. A glass bending curvature serves for bending study.  

 

 Material investigation 

A bulk sample is cleaved and its Si back surface is removed using our process. The 

sample is mounted onto a cylindrical SEM holder to investigate the strain effect on the 

microstructure. Cross section TEM sample is prepared using mechanical grinding and 

precision ion polishing system (PIPS) with an angle of 3o and ion beam gun at 5 KeV at 

room temperature to reach electron transparency. The sample was analysed using 

S/TEM, Titan (G2 80–300 CT, FEI company).  

 

 Cell viability Tests 

The Human Embryonic Kidney (HEK 293) cells (ATCC, USA) were cultured in Eagle’s 

Minimal Essential Medium (EMEM) high glucose Dulbecco’s modified Eagle medium 
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(DMEM) (Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, 

USA) and 1% penicillin-streptomycin (Invitrogen, USA) at 37 C in a 5% CO2 humidified 

atmosphere. The cells were detached and collected for further counting and plating. 

Batteries were sterilized with ethanol prior plating. In 6-well plates, batteries were placed 

and cells were seeded at a density of 5×104 /well. The cells were stained with live/dead 

assay (Invitrogen, USA) for 30 min allowed testing for cell viability at day 1, 3, and 5 (green: 

live, red: dead). Cells were observed with Stereo microscope (SMZ25, Nikon Instruments).  

To confirm the light and fluorescence microscope data, a colorimetric CCK-8 assay was 

performed. Batteries were sterilized with 70% ethanol prior placing inside a 96 well plate. 

HEK cells were seeded at a density of 9×103 /well. After 72 h incubation at 37 oC, 100 μL 

of CCK8 solution in RPMI media were added to each well and incubated for 4 h in 

darkness. The absorbance values were measured at 590 nm using the xMark™ microplate 

absorbance spectrophotometer.  

 

 Smart dental brace system 

Fabrication steps are illustrated in Figure 5.2. Interconnections were patterned using 

1.06 μm ytterbium-doped fiber laser (PLS6MW Multi-Wavelength Laser Platform, 

Universal Laser Systems) on a polyethylene terephthalate(PET) aluminum metallized film 

with a 0.023 mm thickness.  Fine placer femto die bonder was used to bond the batteries 

and SMD LED (Vishay Semiconductors) with dimensions of 1.6 mm x 0.8 mm x 0.6 mm 

with a wavelength of 628 nm. A conductive silver epoxy (Electron Microscopy Sciences) 

bond these components to the interconnection pads via laser prepared stencile. Zygo 
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profiler assessed the geometry of the bonding structures. Orthodontic brace uses 3D SLA 

printer of Clear Resin 1L (GPCL02) resolution used was 100 µm and a pool heated at 35 

oC.  

 

Figure 5.2 Flexible lithium ion battery fabrication flow and it’s integration strategy in 

orthodontic application. Flexing steps and further integration of flexible LIB in 3D printed 

brace  
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 Results and discussion 

 Electrochemical characterization of strained LIB  

A standalone all thin film lithium-ion battery can be readily thinned down to achieve 

flexibility. The elimination of any dead volume from both the substrate and encapsulation 

contributions achieves the highest energy stored in a volume. The lithium-ion battery 

consists of an active battery stack built on bulk monocrystalline (100) silicon (Si) substrate, 

which serves as a sacrificial host layer supporting the thin film stack during 

complementary metal oxide semiconductor (CMOS) process handling.  

Comparable flat voltage profile exhibited in both original bulk battery and the flexible 

version is observed during galvanostatic testing in the voltage plateau between 3V to 

4.2V, even after 120 charging/discharging cycles. For the 1st cycle as shown in Figure 5.3 

(a), the nominal voltage of the battery is 3.9 V with a discharge capacity of 146 Ah/cm2 

at a current density of 130 A/cm2 (discharge current of 5A). Different current ratings 

(2C) 235A/cm2, (1C) 130A/cm2 and (0.5C) 68 A/cm2, gives a variation in the 

discharging capacity of 148 Ah/cm2, 146 Ah/cm2 and 135 Ah/cm2, respectively. This is 

due to internal losses from polarization and mass diffusion limitations as observed for 

other current ratings (Figure 5.3, b).  
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Figure 5.3 Electrochemical properties of the battery. (a) Galvanostatic charging and 

discharging of bulk (blue) and flexible battery (red) in the 1st and 120th cycle at room 

temperature and 1C current rating. (b) Current rating. Electrochemical behavior of a 

flexible lithium ion micro-battery discharged at different current ratings in the voltage 

plateau from 4.2 to 3 V (c) Discharge capacity and calculated coulombic efficiency over 

120 cycles during charge and discharge cycles for bulk (blue) and flexible battery (red) 

with a limiting charge voltage at 4.2 V and a discharge cut-off voltage at 3 V (d) Capacity 

retention under various current ratings 1C, 2C and 0.5C respectively at room temperature 

for a flexible battery under two conditions; (red) flat with no bending and (green) under 

2.5 mm bending. 
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The discharging capacities and calculated columbic efficiency of the battery during 

120 cycles shows a capacity retention up to 70%. The main drop is observed (Figure 5.3, 

c) during the 2st charging cycle compared to the 1st charging cycle which is attributed to 

the intercalation mechanism of lithium-free lithium ion battery described by the redox 

reaction LCO  Li0.5CoO2 + 0.5 Li. During the first charge, lithium ion leaves the LCO lattice 

and deposits on the Al cathode current collector. Yet, not all lithium ions will be available 

for subsequent intercalation reactions and a considerable amount will remain as a 

deposited lithium on the current collector. Whereas, the stable yet slight drop in the 

columbic efficiency is mainly due to the formation of solid-state interface during further 

cycling. It is worth mentioning that all the characterization done is without any packaging 

consideration in order to demonstrate the highest volumetric energy at ambient 

conditions. A difference in capacity between flexible batteries under no bending and 

under bending in general favors the performance of the battery bent under 2 mm bending 

radius as seen in Figure 5.3 (d) even at different current ratings. 

 

 Structural properties of the strained LIB 

LIB must conform to the curvature of the human dental arch (> 10 mm) without 

compromising functionality (Figure 5.4, a). Experimental verification of the strain effect 

on a flexible battery in bent states (Figure 5.4, d-f). A radius of 1 mm is considered as the 

worst case scenario of operation.  
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Figure 5.4 Mechanical properties of the battery. (a) Minimum bending radius required for 

orthodontic applications. (b) Battery under bending optical image and (c) cross section 

SEM image of flexible battery under 1 mm bending radius. (d-f) Zoomed-in photo of 

fracture-free active cathode battery material showing absence of micro-cracks. SEM cross 

section images of the flexible battery bent on a SEM cylindrical holder. Zoomed-in images 

shows good contact at interfaces of the active materials of the battery.  
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Figure 5.5 Mechanical properties of the active cathode material in a thin film LIB at two 

different bending radii. (a-c) R=6.5 mm, (d-f) R=2 mm.  

 

No observed effect on the microstructure of the stack or formation of micro-cracks, 

specifically to the active LCO cathode material and contact between active battery 

materials as seen in Figure 5.4, b,c .Detailed observation of LCO active material in two 

bending cases R= 6.5 mm, 2 mm (Figure 5.5) at different points of strain (P1: at the battery 

edge, P2 at the middle of the battery) shows no effect on the integrity of the material.  

To verify the correlation between electrochemical and mechanical properties of the 

LIB, namely the slight increment in capacity, we must notice that the capacity in a thin 

film battery generally depend on the diffusion barrier and morphology of LCO layer as 

discussed in detail in chapter 2.  
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LCO cathode material examined with selected area diffraction pattern transmission 

electron microscopy (SADP-TEM) image (Figure 5.6) shows the presence of polycrystalline 

rings, which is an expected microstructure in LCO films prepared using rf sputtering. LCO 

is a rhombohedral (symmetry group, R3̅m) two-dimensional structure with a hexagonal 

lattice consisting of layers of closely packed oxygen atoms separated by alternating layers 

of lithium and cobalt. Rotational average and radial intensity profile, with dominant peaks 

identified dominant texturing is (0 0 3) planes approximately ±70 degrees from growth 

direction and (1 0 4) planes approx. ± 90 degrees from growth direction are analyzed in 

detail in Figure 5.6. The two-dimensional structure in LCO thin films offers only two-

diffusion paths for Li ion intercalation. In the (1 0 4) orientation, lithium ions are nearly 

perpendicular to the substrate. Therefore, lattice planes are almost parallel to direction 

of travel of the ions. Leading to expected superior charging and discharging characteristics 

with flat profile. Examining the (0 0 3) orientation, restricts lithium ions. In this orientation 

lithium ions cannot intercalate easily and lithium ion diffusion across such grains is only 

restricted along grain boundary because Li ions are trapped within the stack. Diffusion 

barrier considerations is another factor to facilitate diffusion for the (0 0 3) oriented 

grains. Fanghua et al. density functional calculations (DFT) have concluded the effect of 

LCO strain in the reduction of the lithium diffusion coefficient as reproduced in Table 5.1 

[90]. Since tensile strain reduces the barrier due to large interlayer and in-plane spacing, 

facilitating the movement of lithium ions along the c-axis.  
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Figure 5.6 TEM diffraction pattern image of LCO cathode material exhibiting preferred 

orientation or texturing and assigned from EDS radial intensity profile with peak 

assignment. Crystal structure of LCO and correlating texturing with lithium ion diffusion 

shows that (1 0 4) orientation exhibit higher diffusivity yet strain along the C-axis may 

increase diffusivity in (0 0 3) oriented crystals. 
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Table 5.1 DFT calculations of the strain effect on the diffusion coefficient [91] 

 

 

Figure 5.7 FEA one dimensional model results for the voltage profile versus capacity at 

different  

FEA studies of a one dimensional model using Comsol was used to verify the effect of 

the strain on the electrochemical properties of the battery as shown in Figure 5.7. From 

the simulation we can observe the strong dependency of the capacity on the diffusion 

coefficient of the LCO cathode material.  
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For the compressive strain in the LCO material, a significant decrease in the capacity 

is observed from the simulation data. While tensile strain with higher diffusion coefficient 

values increased than the flat case with no strain. However, the capacity increment is very 

comparable to the flat case and less severe than the case of compressive strain.  

These facts can explain the effect of both crystal orientation and diffusion barrier 

effect for strained and no strained batteries as our flexible battery under bent state shows 

a slightly larger capacity than its flat condition.  

 Biocompatibility testing for flexible battery 

Any implantable device must be tested for toxicity before usage. In that regard, cell 

culturing is one of the main methods to test bio-compatibility[110]. HEK cell culture 

grown on batteries over days showed healthy proliferation behavior. Based on light and 

fluorescence imaging, low number of cells was attached to the battery surface on first day 

of incubation (Figure 5.8 a, d); however, after 3 (Figure 5.8 b,e) and 5 days (Figure 5.8, c,f) 

of incubation, more healthy colonies were strongly adhere with high coverage (stained in 

green). On the other hand, dead cells (stained in red) are present in a low coverage on 

the surface. The dramatic increase in cell number over days indicates the bio-

compatibility of the battery surface. Furthermore, the cell viability test (CCK8) in 

(Figure 5.8, g) showed a high percentage of HEK viable cells reaching to approximately 

90% when incubated with the battery. Clearly, the two different cell viability assays depict 

the safety profile of the test battery, which confirms its bio-compatibility property.  
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Figure 5.8. Progressive HEK 293 cellular growth on the top surface of the non-cytotoxic 

battery identified by conventional optical and fluorescent microscope images recorded at 

different times: (a,d) Day 1, (b,e) Day 3, and (c,f) Day 5. Left panels (a-c) shows optical 

microscope images; right panels  (d-f) shows fluorescence microscope images). Large 

green stains corresponds to the growing number of living cells compared to the trivial red 

stains corresponding to dead cells. (g) CCK8 cell viability assay compares cell culture 

density on the flexible battery with a control group after 5 days of testing which confirms 

the biocompatibility of the flexible lithium ion battery  
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 Temperature effect on the operation of the flexible LIB 

Since the normal body temperature is around 37 oC, the battery previously tested at 

room temp must be retested at elevated temperatures to check its stability inside the 

human body environment. Electrochemical performance of the battery at elevated 

temperatures was done (Figure 5.9) to identify its safe usage. Temperature behavior of 

multiple batteries was examined on the first charge to isolate the effect coming from 

degradation of the batteries during cycling. The capacity observed to increase almost 

linearly as the temperature increases. This is normally attributed to the increased 

diffusion of lithium ions as the temperature increases. 

 

Figure 5.9 Temperature effect on the operation of the flexible biocompatible battery 

compares the normalized discharge capacity at the first discharge cycle recorded for 
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multiple flexible batteries heated at a designated temperature. The battery capacity 

increases with higher temperature as the battery's internal resistance decreases. Thermal 

images of the battery are obtained during different temperatures. 

 Smart dental braces system 

For decades, dental braces are used as a main functional modality in the field of 

Orthodontics and tooth correction. By exerting pressure, a dental brace induces bone 

regeneration (bone breakage and redepositing). However, such process takes months to 

years, raising the healthcare cost and discomfort to the patients. New advances in 

panoramic X-ray imaging, intra-oral imaging scanners[111] and biocompatible dental 

materials[110, 112], allows to digitize the manufacturing of personalized dental braces 

via 3D printing. Also, we took advantage of near-infrared light therapy that provided 

clinical and biological[113, 114] benefits over invasive surgical procedures[115, 116]. 

These devices can enhance bone regeneration and reduces the time period and overall 

costs for the therapy as it relies on photo-bio-modulator and osteginic cell stimulator. 

Bulky external equipment that are available utilizes near-infrared light sources or LED 

arrays, a programmable controller and a power supply or a battery[117, 118]. The battery 

placement is typically outside of the oral cavity because it is toxic and mismatches with 

the mechanical compliant nature of such a system. This hinders the conformal fitting of 

an integrated light therapy device leading to patient discomfort, repeated treatment 

sessions, and light exposure inaccuracy to the targeted region. Therefore, we need an 

integration strategy embedding flexible electronic components with flexible battery as a 
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means of power supply. Specially, in which the overall system has to conform to the 

complex curvature of the human dental arch (> 10 mm) without compromising 

functionality while keeping the cost down. Our flexile biocompatible lithium ion battery 

can be transferred on polyethylene terephthalate (PET) and interconnected via aluminum 

engraved interconnections to create a battery module as shown in Figure 5.10.. Flip-chip 

technology, stencil printing allowed placement of the components and assessment of the 

quality of the bonding is done as explained in chapter 4. The battery module exhibit 

minimal strain while most of the stress is experienced by the PET film.  

 

Figure 5.10 mask design and 3D-printed brace dimensions.  Dimensions of interconnects 

measured with respect to an artificial teeth model and 3D printed brace. 
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The next step is integration of die level infrared LED with a turn-on voltage of 1.8 V, 640 

nm arrays as characterized in Figure 5.11. On each individual tooth, a battery supplies 

power to two near infrared LEDs that are connected in series (Figure 5.12) 

 

 

Figure 5.11 LED characteristics. Current voltage characteristic curve for a NIR LED with a 

turn on voltage of 1.8 V.  

 

 Other battery/LED modules distanced according to tooth placement can be 

connected in parallel. This allows localized and personalized exposure to tooth region. As 

a, covered with lightweight batteries and near-infrared light emitting diodes in. The 

device illustrated in Figure 5.13 can be used for biological cell stimulation of growth 
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needed for bone remodeling, pertaining the timing of the treatment, the age of the 

patient and the type of tooth movement and/or desired skeletal changes.  

 

 

Figure 5.12 Smart dental brace system (a) Flexible battery module bonded to aluminum 

interconnects on PET substrate and its integration with chip-scale LEDs. (b) The device is 

embedded in a 3D printed brace with battery and LED module repeated per each teeth. 

(c) Top view of smart dental brace from the outside (left) and inside (right) with packaged 

red light therapy module. 
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Figure 5.13 (a) schematic showing the smart dental brace components: near-infrared LEDs 

integrated with flexible batteries and interconnected on a soft PET substrate. The whole 

device is embedded in semi-transparent 3D printed brace, (b) Flexible battery powering 

near-infrared two LEDs connected in series (c) Image of the smart dental brace device on 

artificial teeth. 

 

Major challenge to integrate any traditional lithium based energy storage is their 

toxicity in conjunction with mechanical flexibility. This is attributed to the need of bulky 

packaging for encapsulating toxic battery materials. Therefore, we have introduced non-

toxic micro-scale flexible batteries to be used as on-demand power supply for implantable 
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devices. We have developed a thin, soft optoelectronic system and its seamless 

integration with 3D printed materials for a low-cost personalized smart dental brace 

(Figure 5.13).  

A more advanced steps by integrating near-infrared capability embedded in a 

personalized 3D printed semi-transparent braces. Smart dental brace relies on two main 

functionalities: firstly, a customizable, personalized and semitransparent brace, which 

provides required external loading to stimulate healthy rebuilding of bone structures. 

secondly, a miniaturized, soft, biocompatible optoelectronic system for an intraoral 

(conformable on the mouth) near-infrared light therapy which allows rapid, temporally 

specific control of osteogenic cell activity via targeted exposure and light-sensitive 

proteins present in bone cells. The combination of both strategies in one single platform 

provides affordable, multi-functionality dental braces. Such capability enhances the bone 

regeneration significantly and reduces the overall cost and discomfort. 

Future work includes integration of compliant soft-substrate based LEDs and 

miniaturized ICs with enhanced wireless capability for smart gadget based remote control 

for cleaning and therapy. 

 Conclusion 

A physically compliant high performance biocompatible energy storage (battery) is a 

critical need for any personalized advanced healthcare used in wearable and implantable 

electronic system. Here we have investigated the main process optimizations for 
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preferred texturing of preferred oriented polycrystalline cathode material in the LIB and 

its profound impact on the diffusivity. We also have shown a millimeter scale (2.5 mm × 

1.7 mm) micro (236 g) lithium ion based thin film battery with flexibility (bending radius 

down to 1 cm) and biocompatibility. Then we demonstrated a reliable integration strategy 

to integrate such battery modules in flexible, stretchable, and stackable arrays via 

advanced our bond-then-flex process interconnection scheme. Finally, these flexible 

modules can be integrated in a 3D printed encapsulation with near-infrared LEDs for a 

smart dental braces system. Integrating red light LEDs with battery, we show enhanced 

bone regeneration will be possible in intimate manner to expedite bracing period and 

thus providing the user with much needed convenience and lower dental care cost. We 

find this is a unique example for personalize advanced healthcare application. 
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6 Future directions 

We have demonstrated some development in the flexible LIB materials, design and 

system level applications.  

In terms of material and fabrication development, our next goal is to address 

scalability of the fabricated LIBs to achieve transparency. Transparent thin film LIBs with 

added flexibility are both mainly advantageous characteristics in consumer electronic 

which can be deposited on lithographically patterned meshes to be used in touch screens.  

Another aspect we are interested in is to study in more depth the effect of the strain 

on the flexible LIB. This will be addressed via careful design of experiments so that we 

could control and isolate strain of the LCO material which experience pure compressive 

and tensile stress. DFT and FEA methods will be used to investigate the phenomena 

relating the strain with other battery electrochemical characteristics.   

Additionally, we are working on the integration of the batteries on the stretchable 

and stackable interconnection modules with increased strethability. Geometrical design 

of the interconnection may allow stretchable and stackable modules together.  

Finally, for system level application we are planning to integrate this LIB with other 

harvesters such as solar cells and wireless charging capability for self-powered system.  

The project will tackle designing a wireless charging system that is conformal to the 

battery. Power management issues will be addressed. At the end, this wireless receiver 

charging system will be stacked or integrated with the flexible lithium-ion battery, solar 
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cells and other circuit components. The proposed power supply of the switch matrix patch 

eliminates the need to recharge the power supply through main cables and construct an 

electronic system that is completely flexible and wireless for free-form self-powered 

systems. 
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