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Abstract 

 
Thin films are layers of materials with thicknesses ranging from sub-nanometers to several 

micrometers. Like a mirror which is made using thin film silver coatings on glass or plastic to form 

reflective interface, thin films are widely incorporated in daily used products. In engineering, thin 

films are attractive because of their exceptional materials properties that are ideal for a wide range 

of applications. Thin films can also change the intrinsic properties of bulk materials. For instance, 

multiferroic materials and superlattices create two dimensional states and can form quantum 

confinement. At micro-scale, thin films are extremely difficult to handle because of the delicacy 

of the films that can easily break or tear apart with slight mechanical deformations. Therefore, 

microfabrication of thin films has long been a challenge in most fields. In this thesis report, 

conventional microfabrication techniques are modified to fabricate high-performance thin film 

electronics devices on flexible and stretchable substrate. Moreover, the techniques used for 

fabricating such devices are implemented to create thin film scaffolds that can benefit stem cell 

replacement therapy. 

Thin film transistors used in printed electronics are often beneficial for applications where 

spatially arrayed format of devices is required or for flexible and stretchable electronics where 

devices can withstand deformations. They occupy less space, and their fabrication requires less 

materials, hence inexpensive. However, microfabrication of thin-film electronic devices was 

limited to materials with low-temperature processes, such as organic semiconductors and 

amorphous/polycrystalline inorganic films, which possess low intrinsic mobility and are only 

usable for certain low-speed applications. For typical electronics applications, single-crystalline 

inorganic semiconductors are utilized, owing to their excellent intrinsic properties that enable high-

speed operations like digital computing and high-frequency operations like wireless 
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communication. Thus, flexible and stretchable electronics that need such advanced operations 

would require single-crystalline materials in thin film formats; however, such advanced materials 

are rigid in nature and are often manufactured in bulk wafers. Conventional microfabrication does 

not allow the processing of inorganic materials in thin film format due to many harsh conditions 

associated with the processes. Furthermore, the mechanical properties and processing conditions 

of other electronic components, such as the metal interconnects, inductors, and capacitors must 

match to those of active thin film electronic devices for the fabrication of fully functioning 

integrated circuit in thin formats. Numerous challenges arise especially for electronics that need 

high-frequency operation as the surrounding environment comes into effect as electromagnetic 

interference. Chapter 2 summarizes the challenges addressed and new strategies developed for 

fabricating high-frequency active and passive components on flexible or stretchable substrates, 

followed by reports on fabricating high-frequency stretchable transmission lines and flexible 

antenna on Chapters 3 and 4, respectively. These newly developed flexible and stretchable 

electronic components possess state-of-the-art performance and the combined efforts would lead 

to flexible and stretchable electronics capable of wireless communications using purely thin film 

components. 

Thin film electronics are not only advantageous for creating flexible and stretchable 

electronics, but also for tremendously reducing the amount of inorganic materials used for 

electronics manufacture. Because the process involves the removal of the bulk semiconductor 

substrate, the substrate may be substituted with ecofriendly materials. The removed bulk 

semiconductor can be used for regrowth of active layers, which reduces the materials usage again. 

In Chapter 5, a complete set of novel materials, designs, and strategies for high-performance green 

electronics using modified microfabrication techniques and thin film components is reviewed, 
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followed by the demonstration of paper-based thin-film electronics with state-of-the-art 

performance in Chapter 6. 

Thin films are also widely incorporated in biological devices as scaffolds or drug delivery 

films for minimally invasive transplant therapy or optimal control of drug delivery. Advances in 

biomaterials gave promising therapeutic options for many diseases that could not be cured with 

existing medical techniques. For instance, the development of hydrogels has paved the way for 

transplantable scaffolds with 3-D growth of cells and tissues. Development of dissolvable 

polymers has also played important role for delivering drugs and as substrates for bioresorbable 

medical electronics. While materials science in thin films has evolved immensely, manipulating 

the structures on such films for scaffolding has been limited as most manufacturing tools do not 

offer resolutions that are required for cell templates. Advanced fabrication tools that can pattern 

complex structures in micro-scale are generally incompatible with soft materials like elastomers 

and films. Nevertheless, following similar approaches to fabricate flexible and stretchable 

electronics with thin films, conventional microfabrication methods can be modified to allow 

incorporation of microstructures on soft materials. In chapter 7, a micro-structured scaffold that is 

manufactured using microfabrication technology is presented. Oriented growth of retinal stem 

cells that could not be achieved with existing scaffolds demonstrated in the chapter shows 

promising technology for fabricating scaffolds for various parts of the body. 
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CHAPTER 1  
Introduction 

                                    
1.1. Towards high-speed wireless communication with flexible and stretchable electronics 

The evolution of electronics from large industrial computers to light-weight portable devices 

has incredibly facilitated our daily pursuits and comforted our lives with multifunctional 

capabilities offered in lightweight, durable, and comfortable designs. Next generation designs of 

such electronics are leaning toward flexible and stretchable formats, which have already been 

successful in a wide variety of applications, such as medical devices, displays, solar cells, and 

biodegradable electronics [1-6]. A task left in transitioning such unusual format electronics into 

commercial products is to develop sophisticated wireless and high-speed communication systems 

in these ultrathin forms, which are crucial and often required for most applications. As an example, 

wireless capability in medical devices adds a great benefit of being able to monitor and treat 

remotely, eliminating threats to patients from tangled electrical wires and allowing cost-effective, 

continuous monitoring for medical practitioners. Since high-speed systems require electronic 

components with relatively high-performance, it is unavoidable to use hard inorganic 

semiconductors with exceptional intrinsic electrical properties. 

Recent progress in flexible or stretchable electronics presents a route to creating high 

performance semiconductor electronics in forms that enable conformal contact to curvilinear 

surfaces, such as skin. Utilizing the fact that any material becomes flexible if it is thin enough, like 

a flexible sheet of paper made out of bulky wood, bending of high performance inorganic materials, 

such as silicon (Si), became realizable by thinning them down to the nanometer scale [7], thus 

called a nanomembrane (NM). Moreover, due to their excellent biocompatibility, many inorganic 
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materials can be used to make implantable electronics to cure and sense diseases [8]. To create 

such electronics, a new class of electronics manufacturing technique called the ‘transfer printing’ 

process is utilized, which transfers an exfoliated sheet of ultrathin inorganic material to a different 

substrate. This method enables placement of electronics on nearly any type of substrate, including 

but not limited to rubber, plastic, fabric, and glass [9]. The most appealing feature about this 

approach is that the majority of the manufacturing processes involves conventional fabrication 

technology, which already has a mature, established commercial infrastructure, thereby 

accelerating time towards commercialization and practical applications. This not only preserves 

the high-performance characteristics, but also makes the chip flexible or stretchable, depending on 

the material of the target substrate. 

Introduction of such technology has already reshaped the rigid and conventional electronics 

into thin flexible devices that can stretch, bend, and twist seamlessly with the human body [10]. 

One of the promising applications of such electronics that could not be addressed with 

conventional technology includes advanced thin film biomedical devices, especially implantable 

and wearable medical electronics. As the ability to provide wireless powering or data transfer 

capabilities is highly desirable for many clinical applications, efforts have been made to overcome 

the challenges that constrain the development of implantable or wearable wireless electronics. 

Because high-performance components are generally required for radio frequency (RF) electronics 

that enable wireless transmission, challenges such as the difficulty of designing a RF circuit in a 

time dynamic media of organs and the limitation of high-temperature manufacturing processes 

required to fabricate high-performance devices have been solved using ‘transfer printing’ 

technology. These combined efforts of fabricating flexible active and passive RF components are 

presented in Chapter 2. 
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The materials and processes for fabricating high-performance stretchable electronics generally 

share similar schemes used for flexible electronics. Flexible electronics are easily transformed into 

stretchable electronics, as stretchable electronics are formed with a mesh of flexible thin film 

components interconnected with serpentine traces of metal on a rubber sheet like 

polydimethylsiloxane (PDMS) and Ecoflex® . These metal traces are stretched whereas the thin 

film devices are minimally affected by strain. Different from low frequency or direct current (DC) 

electronics, however, the dimensions of metal traces in microwave electronics must be carefully 

considered and treated as transmission lines to reduce RF loss. An effort to achieve such a 

stretchable transmission line is introduced in Chapter 3, which may be used to connect the 

microwave flexible components presented in Chapter 2 for circuit completion.  

The last essential component of wireless circuitry is the antenna. Antennas for far-field 

wireless communication differ from those used for near-field systems in that they achieve longer 

ranges, where the working distance is much greater than the diameter of the device. Once the 

radiated RF energy from the transmitting antenna reaches the electronic devices, it must be 

received by the receiving antenna for powering. Among all other components for far-field systems, 

the antenna is the most difficult component to design as it is always application- and situation-

specific due to the diverse types of surrounding media in the body. In wearable applications, the 

design criteria become less complex as the direction of the incoming electromagnetic (EM) waves 

do not have to go through any biological media, so any antenna in the flexible or stretchable format 

maybe suitable. Implantable antennas also follow similar rules, but are far more complicated in 

terms of its design. To make things even more challenging, the area for the antenna is extremely 

limited for implanted antennas. For instance, the thickness of the antenna must be kept ultrathin 

and confined in a small area for it to have no adverse effects on the surrounding tissues. While 
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designers have the choice to minimize the antenna size by increasing the operating frequency, the 

penetration depth of EM waves in biological tissues decreases with increasing frequency [11]. 

There are also restrictions on using certain frequency bands for bioelectronics, like the ISM bands 

set by the Federal Communications Commission (FCC), which poses another challenge for 

designers [12]. In Chapter 4, a simple and cost-effective design approach for fabricating WLAN 

frequency compatible flexible antenna for implantable application is presented. 

 

1.2. High-performance green flexible electronics 

Another major advantage of utilizing the ‘transfer printing’ technology into fabricating high-

performance inorganic semiconductor thin film devices is the ability to re-use the growth substrate, 

which can solve significant environmental pollution from electronic-waste. Rapid technological 

advances and mass proliferation have shortened the lifetime of electronics and have led to faster 

electronic waste accumulation as users discard relatively new electronics that are only a couple of 

years old for even newer versions [13]. Since the fabrication processes have not changed much, 

the speed of accumulation will continue to increase if no changes are made at the manufacturing 

level. Sometimes, the electronic devices also contain large amounts of hazardous materials that are 

capable of seeping into the environment, causing damage that can cost millions of dollars to reverse. 

New materials and manufacturing processes to reduce the amount of accumulated e-waste by 

inventing so called ‘green’ electronics were proposed to minimize such a serious environmental 

threat [6, 14-16]. These combined efforts reduced the use of non-biodegradable plastics or toxic 

materials like lead, mercury, and arsenic that may be present in cases, batteries, electronic circuits, 

and displays. For electronic circuits, there have been efforts to replace the printed circuit boards 

(PCB), which provide support for the integrated circuits and electrical interconnects, with 
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biodegradable materials such as paper and organic boards [16]. Novel pure additive technologies 

to process such biodegradable PCBs, such as 3-D printing, inkjet printing, and screen printing, 

have been developed to eliminate any wet processes that might damage the biodegradable PCBs. 

These extensive efforts have contributed to saving the environment for future electronics; however, 

at the electronic chip (i.e., integrated circuit) level, conventional components wer still being 

utilized. 

Although it is difficult to replace the conventional materials used to make electronic chips 

because they already have mature commercial infrastructures, many types of biodegradable semi-

conductors and substrates based on organic materials have been introduced to replace current 

wafer-based inorganic chips [14, 15, 17, 18]. However, for such new findings to be practical, the 

performances of new green electronic devices must be comparable to the state-of-the-art devices 

currently used in consumer electronics. Since most organic materials are biodegradable in nature, 

organic semiconductors have been printed on biodegradable substrates for potential green 

electronic chips. Proposed organic-based green electronics have shown promising and outstanding 

results suitable for many low speed and DC applications. However, for high-speed integrated 

circuits and microwave/RF applications, the low carrier mobilities of organic materials indicate 

their inadequacy in replacing conventional inorganic semiconductors, which are generally consi-

dered non-biodegradable [19]. 

It should be mentioned that in a conventional semiconductor chip, the active region comprises 

the very top thin layer, whereas the rest of the material on the bottom is merely a substrate that 

supports the active layer, typically comprising less than 1% of the entire semiconductor wafer [6, 

20]. Novel techniques to shave off the top active layer from the wafer to transfer it to more 

ecofriendly and cost-effective foreign substrates have been progressively developed. This has 
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allowed bottom host wafers to be used for possible active layer re-growth. Furthermore, common 

semiconductor materials such as Si were found to dissolve, enabling fully degradable electronic 

chips. These combined efforts for fabricating such high-performance green electronic devices, are 

reviewed and discussed in Chapter 5. The fundamental inorganic materials, such as 

semiconductors, metals, and insulators, which together can form high-performance components, 

are also summarized. In addition, numerous types of green substrates suitable for integrating thin 

film semiconductor devices are reviewed. Finally, an introduction to high-performance green 

flexible electronics on biodegradable cellulose nanofibril paper is presented in Chapter 6, which 

demonstrates a full set of electronic components, including digital and analog circuits in an 

ecofriendly design. 

 

1.3. Micro-structured thin film scaffolds 

Polymer thin films made using synthetic materials are used to evaluate, treat, or replace any 

tissue or organs of the body and range widely in biomedical applications from tissue engineering 

to drug delivery [21]. Although various techniques to design and fabricate scaffolds with 

microstructures for cell replacement therapy have been introduced in the past, most were 

developed to produce randomized array or simple structures with relatively low resolution [22-24]. 

In microfabrication of electronics, desired patterns can precisely be structured on processing 

wafers via numerous types of etching techniques. This similar process can be combined with soft 

lithography which allows molding in nanoscale resolution to manufacture scaffolds with complex 

3-D micro-structures [25]. Cell replacement therapy that requires specific alignment of cells, such 

as the photoreceptor cell, a type of cell that captures light inside the retina, would largely benefit 

from this thin film scaffolds with microstructures. Death of photoreceptor cells as a result of retinal 
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degenerative diseases is the leading cause of blindness and treatment options are highly limited as 

these cells do not regenerate. There are many retinal diseases and injuries that would benefit from 

cell replacements. Numerous studies have demonstrated that bolus injection of photoreceptor (PR) 

cells can partially restore vision in animals with retinal disease. Nevertheless, bolus injection of 

cells lacks organized delivery of cells due to random alignments of the photoreceptors upon 

injection. Because retina is a thin membrane consisting of sophisticated light detection system 

attached to the back of the inner eye, biocompatible scaffolds with ultrathin structure are only 

allowed for transplants to allow seamless contact with the curvilinear sub-retinal surface. 

Latest developments such as the ultrathin implantable microfluidic neural systems are enabled 

by the development of unconventional techniques to create polymer-based complex structures in 

ultrathin format which can be implanted inside the body without adverse clinical effects [26]. In 

addition, materials science developments associated with biocompatible materials with stable 

mechanical properties that are suitable for long-term implantations have created a myriad of 

opportunities in the field. Nevertheless, combining such technology with stem cell research is in 

its early stage, especially in understanding or developing the human retinal systems. To better 

mimic native retinal tissues for investigating clinically translatable techniques, a uniquely designed 

polymer membrane is developed to study the growth behavior of photoreceptors. Using mixtures 

of reactive ion etch, precisely patterned microstructures are formed on the scaffold that can capture 

and guide photoreceptor cells to grow with perfect alignment, which is demonstrated in Chapter 7. 
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CHAPTER 2  
High-speed flexible electronic active and passive devices 

                                    
 

Electronic systems built on flexible plastic films and stretchable rubber sheets have attracted 

new applications in many emerging fields. Integration of high-speed electronics such as 

microwave power amplifiers and switches can extend the applications even further with wireless 

capabilities. As such, flexible and stretchable microwave electronics represent opportunities for 

future electronics where remote capabilities are desired. Here, advances in numerous types of 

microelectronic devices used for fast, flexible and stretchable electronic devices, as well as flexible 

and stretchable passive elements and circuitries are reviewed. Key components, such as the thin-

film transistor, inductors and capacitors, are fabricated and analyzed as well. 

 

2.1. Introduction 

With near-field systems, powering a biomedical device via remote power transfer can be 

achieved by either inductive or capacitive coupling. Because near-field systems utilize non-

radiative fields (magnetic fields in inductive components and electric fields in capacitive 

components), where the energy stays within a short distance of the transmitter, the fields will not 

be able to couple to the receiver if it is not within the range [1-3]. The range of the fields depends 

on the size and shape of the transmitter; moreover, the fields also decrease exponentially with 

distance. In applications that require wireless power transfer over a long distance, inductive or 

capacitive coupling mechanism cannot be utilized, as the coils must greatly exceed in size. 

Therefore, far-field systems that utilize radiative fields must be used. In order for the power to be 
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transmitted over a long distance, integrated circuits operating at microwave frequencies, together 

with far-field antenna, must be used for amplification and transmission. Difficulties and numerous 

challenges arise when trying to design a microwave circuit in an ultrathin format and also on or 

inside a time-dynamic media. There are two major challenges that must be overcome for the 

successful operation of far-field wireless systems. First, the environment must be composed of 

invariable, solid materials. The far-field wireless system is based on electromagnetic (EM) wave 

propagation, where the EM waves travel between two transceivers in a medium or many media to 

transfer electric power or data. Propagation of EM waves depends on the dielectric properties of 

the medium. Thus, RF engineers design wireless circuits with consideration of the dielectric 

properties of every surrounding material. Organs, tissues, and blood are dynamic and do not have 

fixed material properties; instead, it varies by conditions such as temperature and age. Therefore, 

this proposes a primary design challenge in making a biomedical device with wireless system. 

Second, wireless systems must operate at high  power since the far-field transmitted power 

decreases rapidly with increasing distance. In a radio frequency (RF) system, highly performing 

active and passive devices, such as transistors, diodes, capacitors, and inductors are needed to 

operate at a  certain allowed frequency like the Industrial Scientific Medical (ISM) bands. 

Nevertheless, fabrication of high-performance devices is especially challenging on biocompatible 

polymers, due to the constraints in using high-temperature processes generally required for 

fabricating high-performance electronics. Finally, all the individual key components (active 

devices, passive devices ,  and antennas) required for building the wireless system must be 

combined carefully in order to transmit wireless signals efficiently. To effectively transmit and 

receive signals over a long distance, a microwave power amplifier is necessary at the transmitting 

end in order to amplify the power to compensate for energy loss over the long distance. At the 
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receiving end, a microwave rectifier is typically connected to the receiving antenna to convert the 

incoming high-frequency alternating signal into direct currents. On either side, individual 

components such as the transistor, diode, capacitor and inductor, must be able to perform at 

relatively high, yet allowed frequencies. 

 

2.2. High-speed active devices 

New materials and processes to create high-speed electronic devices and circuits using thin-

film materials have developed continuously to enable microwave applications such as wireless 

communication for flexible and stretchable electronics [4, 5]. Building the ultrathin radio-

frequency (RF) active components requires advanced engineering and careful design procedures, 

since they must impose specific requirements: (i) possess high carrier mobility, (ii) integrable on 

foreign substrates, and (iii) mechanically flexible with minimum performance changes [6]. In 

addition, there are requirements to build microwave integrated circuits, such as amplifiers and 

switches, which are (1) high power/unit width for compact and ease of matching, (2) high voltage 

operation for reduction in step down, (3) high linearity for optimum band allocation, (4) high 

frequency for large band width, (5) high efficiency for low power consumption, (6) low noise for 

high dynamic range receiver, (7) low temperature operation for reliable and reduced cooling, and 

(8) technology leverage for low cost. While every known semiconductor material can be a 

candidate and has its own uniqueness and tradeoffs with another, engineering the fabrication 

process and structure of the device is the key to a successful RF active component, especially for 

flexible and stretchable electronics. For instance, microwave devices are principally difficult to 

fabricate on foreign substrates, due to the small feature sizes and high-temperature processes 
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required for high-performance, compared with devices operating at low frequencies or direct-

current (DC) levels. Moreover, RF passive components, such as inductors, capacitors and 

transmission lines are as equally important as the active ones, which together form a complete 

microwave integrated circuit [7]. 

It should be noted that both the cut-off frequency (fT) and maximum oscillation frequency 

(fmax) are important characteristics of figure of merits in an RF transistor. fT is the frequency where 

the short-circuit current gain (|h21|) of RF transistors goes to unity when it is biased as a common-

emitter or common-source configuration. fmax is the frequency where the unilateral gain (U) of RF 

transistors goes to unity. For high-speed analog and digital circuits, the cut-off frequency is used 

to evaluate the switching speeds of the devices. Maximum oscillation frequency is more significant 

for microwave integrated circuits that are typically used as amplifiers. As an example, equations 

that are used to estimate the relationship between power consumption and fmax of a metal-oxide-

semiconductor field-effect transistor (MOSFET), is provided below: 
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By plotting gm versus ln (ID), power consumption at lower fmax can be estimated. In general, 

simultaneously achieving both high fT and fmax is important for RF electronics. In addition, fT and 

fmax should be approximately greater than the desired operating circuit frequency by 5 fold. 

The key development history of the microwave electronic components on flexible or 
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stretchable substrates are summarized in Figure 2.1. Important components, such as transistors, 

diodes, inductors, capacitors and transmission lines, required to form microwave integrated 

circuits are summarized in the timeline. In each development, the choice of material, technical 

difference, and the RF figure of merits are described. Organic electronics were among the earliest 

developments for flexible electronics [8]. The ease of fabrication, mechanical flexibility, and low 

cost make organic semiconductors a decent choice for active devices. Nevertheless, the poor 

intrinsic mobility of the organic materials is generally inadequate for high-frequency electronics. 

Single-crystalline inorganic semiconductors are the most favorable options that satisfy the high 

mobility criteria. With the development of transferrable silicon (Si) nanomembranes, the highly 

abundant material with decent mobility that is widely incorporated into modern complementary 

metal–oxide–semiconductor (CMOS) chips [9] was utilized to create flexible transistors operating 

 
 

Figure 2.1. Development history of high-frequency flexible and stretchable microelectronics. In 

each development, the choice of material, technical difference, and the RF figure of merits are 

described, as well as the corresponding reference. 
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at high-frequencies [10-17]. Followed by this first development, advanced fabrication techniques 

and engineering, such as strain-sharing channels and high-performance doping, were implemented 

to manipulate the mobility of the material, maximize the performance and enhance the high-

frequency responses of the transistors [13, 15]. High-frequency devices using materials with 

superior mobility, such as compound materials, 1-dimensional (1-D) or 2-dimensional (2-D) 

materials in thin-film formats, were introduced later to overcome limitations of Si. Record speeds 

were achieved using these materials as shown in Figure 2.1; however, the techniques used to 

fabricate many of these compound devices are relatively expensive and difficult to manufacture, 

and the development stage for 2-D materials fabrication is still young and immature to be utilized 

in a microwave circuit. As there exists more difficult challenges in designing a microwave 

integrated circuit, it is important to develop devices that can be reproduced with uniform 

performance parameters using materials that already have a mature fabrication infrastructure. 

A high-speed transistor made using Si is by far the most cost-effective and easily reproducible 

 

 
 

Figure 2.2. (a) Optical microscopy image of high-frequency flexible MOSFET with 500 nm gate 

length. (b) Photograph of the ultrathin flexible MOSFET. 
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method to obtain a device with high frequency response. Using standard microfabrication approach 

combined with transfer printing method, a high-speed Si-based MOSFET on ultrathin polyimide 

film was demonstrated. The fabrication of ultrathin Si MOSFET began by growing screen oxide 

on a p-type (260 nm) silicon-on-insulator (SOI) wafer, followed by photolithography to expose 

ion-implantation sites. A Phosphorous based ion implantation was conducted with 25 eV energy, 

5×1015 dose, and 7° tilt, which was activated at 900 °C in N2 ambient. The ion implanted Si NM 

was released from the SOI wafer by etching micro-holes to expose the buried oxide layer and 

expedite the release process. Meanwhile, a handling substrate was prepared by coating and curing 

of poly(methyl methacrylate) (PMMA) and polyimide PI on a clean Si wafer, where the released 

Si NM was transfer printed onto. On this carrying wafer, standard MOSFET fabrication was carried 

out using 30 nm of Al2O3 as gate insulator on a 500 nm channel. An optical image of the completed 

transistor is shown in Figure 2.2a. Finally, another PI layer was coated and patterned on the 

MOSFET to passivate the device and the substrate was immersed in boiling acetone to remove 

PMMA and release the entire flexible film. Figure 2.2b shows a photograph of the released device. 

Figure 2.3 shows the transfer curve and current versus voltage of the measured transistor. Figure 

 

 
 

Figure 2.3. (a) Measured transfer curve and (b) current-voltage curve of the high-frequency 

flexible MOSFET. 
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2.4 shows the measured current gain (H21) and power gain (Gmax) of the MOSFET, where the fT 

was 2.38 GHz and the fmax was 12.47 GHz. Despite using deposited gate oxide, the frequency 

responses of the device were exceptional, compared to devices presented in the past. This is 

attributed to the reduced gate channel length and carefully controlled ion implantation. We expect 

that these figure-of-merits will further improve by utilizing high-quality insulators with advanced 

deposition techniques, such as atomic layer deposition. 

 

2.3. High-Speed Passive Devices 

Together with the active devices, passive devices, such as inductors and capacitors are 

essential components for fast, flexible, and stretchable electronics. In conventional microwave 

circuits like the monolithic microwave integrated circuit (MMIC), the metal layers for all the 

components, such as spiral patterns for inductors, plates for the capacitors, matching lines for 

transmission lines etc. are simultaneously deposited on a single substrate, which minimizes design 

and fabrication process errors. To mimic this MMIC technique, every component must be designed, 

fabricated, and analyzed individually on the target substrate, since microwave components tend to 

 

 
 

Figure 2.4. Measured frequency response characteristics of the high-frequency flexible MOSFET. 
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be heavily affected by the dielectric, electrical, and mechanical properties of the underlying 

substrate. For instance, a capacitor with a capacitance of 10 pF at 2 GHz operating on a silicon 

substrate will likely have different capacitance at 2 GHz on a PI substrate. This is the same for 

every microwave component, posing a substantial challenge for high-frequency flexible 

electronics. Several important factors must be optimized to design a spiral inductor that has large 

inductance with a high quality (Q) factor, such as the type of substrate, the number of turns, the 

spacing between the conducting lines, and the width of the lines. By calculating the self-inductance 

 
 

Figure 2.5. Measured 4.5 turns spiral inductors with 4.5 turns, 20 μm line width, and 4 μm line 

space (a) L values and (b) Q values as a function of frequency under flat and various bending 

states.  Measured (c) capacitance values and (d) Q values of an 88 × 88 μm2 MIM capacitor as 

a function of frequency under flat and bending conditions. 
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and mutual inductance, the inductance value and the Q factor of an inductor can be obtained. In 

addition, because the capacitance of a parallel plate capacitor is reliant on the overlap area of two 

plates, the dielectric properties, and the dielectric thickness, these parameters should be optimized 

for a reasonable size, required capacitance, and enough Q factor. With careful selection of materials 

and design, we have fabricated high-performance flexible inductor and capacitor on plastic 

substrates [18]. 

Spiral inductors require precise photolithography for determined spacing in between the metal 

lines. Capacitors are generally implemented between interconnected metal layers using dielectrics 

deposited at high-temperatures. To demonstrate these on a flexible substrate, mechanically robust 

inductors and capacitors were fabricated on a polyethylene terephthalate (PET) film, which is one 

of the most commonly used plastic substrate in flexible electronics [19]. The first high-speed 

flexible inductors and capacitors showed a high-frequency response with mechanical robustness 

under the bending test. However, the self-resonance frequency (fres) of these inductors and 

capacitors were limited to 8 GHz. Optimizing the design and utilizing high-K dielectrics, we have 

improved the same components that are compatible up to X-band (8 to 12 GHz) operation with a 

good flexibility [18]. The fres of inductors showed 12.3 GHz and the of the capacitors showed 25.1 

GHz using TiO2 as the dielectric material between the capacitor plates, as presented in Figure 2.5.  

In the process of developing a thin-film polymer adhesive that would allow easy bonding of 

electronic devices onto plastic substrates, we have analyzed the dielectric properties of the polymer 

to investigate its potential as high-K dielectrics for flexible electronics [20]. This ultraviolet (UV) 

curable adhesive can be coated in ultrathin films that are as thin as 150 nm. To define the dielectric 

properties of the adhesive in the radio frequency (RF) range, a simple metal-insulator-metal (MIM) 

capacitor (40 × 200 µm) was fabricated. The processing of MIM capacitor began with uniform 
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deposition of bottom metal plate (Cr/Au = 10/400 nm) on a high-resistivity (~8000 Ω) (111) bulk 

wafer with 830 nm of thermally grown SiO2 for reduction of substrate coupling and RF losses. 

Adhesive was then spin-coated at 1500 rpm for 30 seconds (820 nm), followed by UV beam 

exposure and hard baking for complete curing. Top metal plate (Cr/Au = 10/ 500 nm) was 

deposited on top of the cured adhesive followed by a photolithography process to pattern and etch-

back the top metal plate. This top metal pattern was further used as a hard mask to define the 

adhesive insulator using reactive ion etching procedure (Unaxis 790). The bottom plate was also 

photo-defined using etch-back procedure. A thick layer of SU-8 resist was then patterned to form 

via holes and isolation for the top and bottom electrodes followed by metal interconnect deposition 

with lift off technique to form ground-signal-ground (GSG) probing pads for RF probing. Figure 

2.6 shows an image of the completed MIM capacitor and the lumped element circuit model 

consisting of the main capacitance of the MIM capacitor (CMIM), parasitic substrate capacitance 

(CAD), the series resistances (RVIA) which describe the dielectric losses, and the lead inductances 

 

 
 

Figure 2.6. (a) Optical microscope image of MIM capacitor with Au electrodes and Adhesive 

dielectric. (b) Equivalent circuit model and its de-embedded circuit. The lumped elements are 

matched and de-embedded from measured S-parameters of the capacitor using ADS. 
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(LVIA) associated with the equivalent circuit.  

Figure 2.7 shows the extracted properties from measured parameters. The RF characteristics 

of the fabricated MIM capacitor were measured using Agilent E8364A performance network 

analyzer. Capacitance and the dielectric properties were analyzed from the extraction of scattering 

(S) parameters of the capacitor. The de-embedded values of the capacitor’s equivalent circuits were 

optimized against the measured two-port S-parameters in Agilent Advanced Design System (ADS) 

software. Here, the simulated result yield a good agreement with the measured values, as shown 

in Figure 2.7a. Using simple relationship between the capacitance and the dielectric constant of 

the insulator,  

  

where, , the relative permittivity (εr) was extracted. Figure 2.7b 

shows that the εr averaged around ~5 in frequencies between 0 and 8 GHz, where the frequency 

𝐶𝑀𝐼𝑀 =
𝜀0𝜀𝑟𝐴

𝑡
 

𝜀0 = 8.8542 × 10−12𝐹 ∙ 𝑚−1 

 

 
 

Figure 2.7. (a) Capacitance as a function of frequency. De-embedded and measured results are 

shown in black and red lines, respectively. (b) Measured relative permittivity (εr) of adhesive as a 

function of frequency. Linear εr ~ 5 is observed in the 0 to 8 GHz frequency range. 
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range had linear capacitance. Compared to the dielectric constants of most polymer based dielectric 

materials that typically range between 2 and 3, the results obtained here shows its superior 

advantages over others for use in polymer based RF circuits, where passive elements utilizing this 

material may be designed much smaller to obtain high capacitance and inductance.  

 

2.4. Conclusion 

The flexible active and passive devices presented in this section share common fabrication 

techniques that make their processes compatible with each other. Thus, such devices can be 

integrated together into a circuit to create various microwave electronics such as power amplifiers, 

low noise amplifiers and mixers in flexible and stretchable forms. The choice for semiconductor 

materials is important because the intrinsic electrical properties directly contribute to the output 

performances of the fabricated transistors. At the same time, process and design parameters 

determine the operating frequency and power level. Scaling of microwave transistors and reducing 

the gate length to sub-micrometers can greatly improve fT, whereas parasitic components, such as 

short-channel effects and parasitic resistances must be carefully controlled and reduced in order to 

maximize fmax. Thus, the techniques used to fabricate the transistors can further be optimized to 

improve fT and fmax on flexible substrates. The substrate is another component of RF electronics 

that affects its performance. As an example, the flexible InAs transistor introduced in [21] resulted 

in degraded RF performances on PI substrate with fT of 105 GHz and fmax of 22.9 GHz compared 

to the transistor fabricated on a SiO2 substrate with fT of 165.5 GHz and fmax of 45.4 GHz. 

Characteristics such as dielectric and thermal properties of the substrate affect the device 

performance. An ideal substrate is highly resistive and possess low loss tangent and high dielectric 

constant. Moreover, the substrate’s high thermal conductivity prevents device overheating and low 
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loss tangent ensures suppressed RF loss. Such effects are often misanalysed during the design and 

RF circuits go through subsequent matchings and redesigns. Common substrates used for flexible 

and stretchable electronics in this summary were PI, PET, PEN, and Ecoflex® . These substrates, 

whether it is flexible or stretchable, possess low dielectric constant, low thermal conductivity, and 

high loss tangent compared to state-of-the-art substrates found in conventional RF chips. Although 

such poor conditions negatively affect the RF electronics performance, the sacrifice must be made 

as this is typically true for flexible and stretchable materials. Continuous efforts are being made to 

improve each of these characteristics in plastic or rubber materials to offer a more suitable substrate. 

Meanwhile, the device aspect of flexible and stretchable microwave electronics is rapidly 

improving. 

Another important passive component is the transmission line which will be used to connect 

the abovementioned components. In a typical monolithic microwave integrated circuit, high speed 

signals flow via transmission lines that are in the form of micro-strips. Because micro-strips cannot 

be utilized in flexible or stretchable electronics due to the thickness of the substrate, different 

types of transmission lines must be adapted to make the circuit flexible and/or stretchable. In the 

following section, a novel type of stretchable transmission line that minimizes RF loss is presented. 
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CHAPTER 3  
Stretchable twisted‐pair transmission lines for microwave 

frequency wearable electronics 

                                    
Stretchable electrical interconnects based on serpentines combined with elastic materials are 

utilized in various classes of wearable electronics. However, such interconnects are primarily for 

direct current or low-frequency signals and incompatible with microwave electronics that enable 

wireless communication. In this paper, design and fabrication procedures are described for 

stretchable transmission line capable of delivering microwave signals. The stretchable 

transmission line has twisted-pair design integrated into thin-film serpentine microstructure to 

minimize electromagnetic interference, such that the line’s performance is minimally affected by 

the environment in close proximity, allowing its use in thin-film bioelectronics, such as the 

epidermal electronic system. Detailed analysis, simulations, and experimental results show that 

the stretchable transmission line has negligible changes in performance when stretched and is 

operable on skin through suppressed radiated emission achieved with the twisted-pair geometry. 

Furthermore, stretchable microwave low-pass filter and band-stop filter are demonstrated using 

the twisted-pair structure to show the feasibility of the transmission lines as stretchable passive 

components. These concepts form the basic elements used in the design of stretchable microwave 

components, circuits, and subsystems performing important radio frequency functionalities, which 

can apply to many types of stretchable bioelectronics for radio transmitters and receivers.  

 

3.1. Introduction 

The remarkable mechanical properties of stretchable electrical interconnects in serpentine 
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shapes have enabled the integration of high-performance electronic devices in a myriad of 

applications [1]. In particular, the unique design and integration have led to the most advanced 

type of wearable electronics, the so-called "epidermal electronic system" (EES) that match the 

physical properties to the epidermis for conformal relief on its surface [2]. Together with state-of-

the-art performance inorganic semiconductor devices, serpentine type interconnects have 

transformed rigid- and flat-based electronics into highly stretchable EES, ranging from various 

types of epidermal sensors to photonic devices [3-8]. Further developments for low modulus 

responses to large deformations and high durability of stretchable interconnects utilized different 

types of serpentine designs such as the self-similar serpentines [9, 10], fractal-inspired designs 

[11], nanomesh structures [12], and bio-inspired triangular and spiral designs [13, 14]. Moreover, 

materials and techniques have evolved to enhance the stretchability and conformality of the 

interconnects and to ease the fabrication steps of integrating the electronics onto skin [15-21]. 

However, studies on the stretchable interconnects were limited to designs primarily for electrical 

operation at direct current (DC) signals or alternating current (AC) signals at very low frequency, 

where the interconnects only utilize a single conductor line. As the frequency of the operating AC 

signals rises to radio frequency (RF) level (i.e. multi-gigahertz), electromagnetic waves of the 

signals must be considered in the design to prevent the loss along the conductor distance. It should 

be noted that in most mobile electronics, including cell phones and wearable gadgets that use 

wireless communication systems, high-frequency integrated circuits are essential to perform 

various RF functionalities, such as microwave mixing, power amplification, low-noise 

amplification, and high-frequency switching [22, 23]. As the next 5th generation (i.e. 5G) mobile 

network, which is expected to launch in 2020, reportedly aiming at millimeter wave bands (3 to 

300 GHz) and as wearable electronics market rapidly increases, transmission lines operating at 
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microwave frequencies practical for future EES are highly desired [24, 25]. 

This report presents design and fabrication of high-frequency interconnects with low RF and 

radiation losses for EES. Because high-frequency signals also carry electromagnetic wave with 

short wavelengths, transmission lines that use two conductors, where one is considered a ground 

become necessary. Two important RF characteristics of the scattering (S-) parameters define the 

performance of the transmission lines: insertion loss is the loss of power that results from an 

inserted device; return loss is the loss of power in the signal returned or reflected. To create near-

lossless transmission lines, lower insertion loss and higher return loss in magnitude are desired. A 

few groups have presented on the high-frequency stretchable interconnects in the past: Huyghe et 

al. utilized the coplanar waveguide (CPW) design, where two ground conductors run in parallel 

on both sides of the signal conductor that has serpentine shape [26]; Jeon et al. utilized the 

differential design, where the two conductors, signal and ground, run in parallel that has zigzag 

shape [27]. Nonetheless, these CPW and differential lines are not suitable for EES at microwave 

frequencies, due to the large sizes (400 µm and 640 µm in line width, respectively) and RF 

performances that are only operable up to 3 GHz and 1 GHz, respectively. Here, we demonstrate 

stretchable transmission lines using novel designs having superior high-frequency lossless 

characteristics and that are sufficiently small (25 µm in line width) to be integrated with active 

components, such as the high-frequency flexible transistors and diodes [28-32]. 

 

3.2. Design and fabrication of stretchable twisted-pair transmission line 

The ultrathin structure of EES requires designs for RF transmission lines that are immune to 

external noise for minimal interference with the skin. In Figure 3.1, we present a unique type of 

wearable stretchable transmission line that can operate at microwave frequencies with extremely 
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low level of loss by integrating twisted-pair geometry into the "horseshoe" shaped serpentine 

structures. Inspired by the twisted-pair cabling from the telephone cables where the two conducting 

wires are twisted together (Figure 3.1a), this balanced pair is well-known to cancel out 

electromagnetic interference (EMI) from external sources [33]. The twisted-pair geometry for 

signal and ground is mimicked into thin-film format by utilizing two-segmented metal blocks in 

dual-layer construct, crisscrossing each other with multiple via-holes as shown in Figure 3.1b. 

 
 

Figure 3.1. The concept of twisted-pair-based stretchable transmission line. (a) Photograph of a 

twisted-pair electrical cable, where signal and ground wires are intertwined. (b) Schematic 

illustration of the twisted-pair-based stretchable transmission line. The twisted-pair geometry for 

signal and ground is formed by utilizing two-segmented metal blocks in dual-layer construct, 

crisscrossing each other with multiple via-holes. 
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Figure 3.2. The fabrication process and photograph images of the twisted-pair-based stretchable 

transmission line. (a)-(f) Schematic illustration of the fabrication process along with optical 

microscopy (OM), scanning electron microscopy (SEM), or photograph images. (a) Blocks of gold 

microstructure with fingers on both sides are deposited on a polyimide-coated Si (OM image shown 

on the left), (b) followed by coating a layer of polyimide and opening via-holes with 60° sidewall 

slope on the fingers (false-colored SEM image of the via-holes shown on the right). (c) Blocks of 

gold microstructure with fingers on opposite side to those of the first layer are deposited (false-

colored SEM image shown on the right), (d) and encapsulated with polyimide and defined into 

serpentine shape (OM image shown on the left). (e) The transmission line is delaminated from the 

Si substrate using a water-soluble cellulose tape (photograph shown on the left), (f) and transfer 

printed onto a silicone elastomer substrate. It is soaked in water to dissolve the tape (photograph 

shown on the right). 
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Figure 3.2 shows the schematic illustration, along with scanning electron microscopy (SEM) 

or optical microscopy (OM) images, of the fabrication process for twisted-pair-based stretchable 

transmission line. On a polyimide-coated Si substrate, multiple blocks of metal (Au) structure with 

fingers on each side were deposited along the serpentine shape (Figure 3.2a), followed by opening 

polyimide-based via-holes on all the fingers (Figure 3.2b). Slanted side wall of the via-holes was 

created by isotropic etching to ensure perfect connection between the two layers and to minimize 

resistance. Another layer of metal structures with fingers on opposite side of that of the first metal 

blocks was deposited to create twisted-pair geometry (Figure 3.2c). The transmission line was 

defined by etching into serpentine shapes (Figure 3.2d) and was delaminated from the Si substrate 

using water-soluble cellulose tape (Figure 3.2e), followed by transfer printing the line onto a 

modified silicone (Ecoflex) substrate and dissolving the tape with water (Figure 3.2f). The twisted-

pair stretchable transmission line was designed to have characteristic impedance of 50 ohms for 

compatible integration with other RF components. Polyimide was used as the encapsulating and 

dielectric spacer material due to enhanced mechanical stability of the line and favorable RF 

characteristics, featuring low RF loss tangent (tan δ = 0.006) with a dielectric constant of 3 at 

microwave frequencies [34, 35]. Furthermore, modified silicone (Ecoflex) was used as the 

substrate, which is a suitable biocompatible elastomer for many EES, as it can be casted in ultrathin 

sheets and can conformally attach to the skin [2, 16]. It is also a suitable elastomer for RF 

electronics as it features relatively low RF loss tangent (tan δ = 0.01) with a dielectric constant of 

2.5 at microwave frequencies [36]. Figure 3.3a shows the camera image of the stretchable 

transmission line array laminated on the back of hand. The transmission line can withstand the 

strain and stress due to the deformations of the skin as shown in the stretched, compressed, and 

pressed images in Figure 3.3b, 3.3c, and 3.3d, respectively. 
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3.3. Properties of stretchable twisted-pair transmission line 

To demonstrate the advantages of our twisted-pair-based stretchable transmission line, it is 

compared with conventional single layer transmission line, in terms of RF loss, radiation 

confinement and mechanical stability via simulations, as presented in Figure 3.4, where the top 

and bottom rows show the results of the single layer line and the twisted-pair-based line, 

respectively. For each line, the total length was fixed to 960 µm and all other dimensions were 

optimized for RF loss characteristics. For the twisted-pair-based line, the width was fixed to 25 

µm and the conductor thickness, via-hole size, and dielectric spacer thickness were optimized to 

be 1 µm, 150 µm2, and 5 µm, respectively. Detailed simulation comparisons against variants of the 

addressed optimization parameters for twisted-pair-based line are presented in Figure 3.5. In 

Figure 3.4a, schematic illustrations presenting the structures of the single layer line and twisted-

 
 

Figure 3.3. (a) Photograph image of the stretchable transmission line array laminated on the back 

of hand. Images of the array (b) stretched, (c) compressed, (d) and pressed on the back of hand. 
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pair-based line used for each simulation are shown. Figure 3.4b shows simulated S-parameters 

from 0 to 40 GHz for each transmission line.  Because RF transmission line must be accompanied 

 

 
 

Figure 3.4 Comparisons of the twisted-pair-based transmission line against single layer line via 

scattering (S-) parameters, radiation confinement, and mechanical simulations. Top and bottom 

rows show calculated results of the single layer and twisted-pair, respectively. (a) Schematic 

illustration of the single layer line (top) and twisted-pair-based line (bottom). Inset images show 

the dimension details of the lines. (b) Simulated high-frequency S-parameters for single layer line 

(top) and twisted-pair-based line (bottom). Single layer line is simulated with a ground conductor 

parallel to the signal conductor for separation distances of 1, 3, 5, and 10 µm. Magnified plots of 

S21 as a function of frequency are shown in the insets for the twisted-pair-based line. (c) Radiation 

confinement calculations showing electric field distribution at 40 GHz for single layer line (top) 

and twisted-pair-based line (bottom). Single layer line is simulated with a ground conductor 

parallel to the signal conductor for separation distances of 1, 3, 5, and 10 µm. (d) Finite element 

analysis showing equivalent von Mises stress distribution in the serpentine structures with 1 N of 

tensile force applied on single layer line (d = 3 µm) (top) and twisted-pair-based line (bottom). 

Inset images show the metal structures embedded in the polyimide. 
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with a ground conductor, the conventional single conductor line is not capable of transmitting 

signals, but is simply a radiator (antenna) at high-frequencies, as demonstrated by Hussain et al 

[37]. The simplest way to remedy the high RF loss (radiation) of the single line wires for possible 

RF signal transmission is to parallel it with another conductor at a small distance. Such paralleled 

conductors can be considered as differential transmission lines (i.e. ground running parallel to the 

signal). Simulations were performed on the simple transmission lines in terms of separation 

distance variants (d = 1, 3, 5, and 10 µm) between signal and ground that have 11 µm in width. As 

presented, the insertion loss and return loss showed acceptable performance at high-frequencies 

only when the two conductors were as close as 1 µm, whereas the lines became too lossy with over 

3 µm of separation distance. The twisted-pair-based transmission lines showed superior 

performance with low insertion loss (only -1.14 dB at 40 GHz) and high return loss up to 40 GHz, 

which are attributed to the excellent confinement of the high-frequency waves in the structures. 

Figure 3.4c shows the cross-section view of electric field calculations at 40 GHz for each line type. 

Unlike microwave transmission lines in conventional chips, the radiation confinement can be 

especially critical for EES as the electronics are in close proximity with the skin that may induce 

interference. Therefore, structures with low level of radiation with minimal EMI is desired. For a 

differential line, the fields are well-confined for a 1 µm separation (note: the conductor thickness 

is also 1 µm), but the fields deviate out severely as the separation distance increases. In contrast, 

the fields in the twisted-pair-based line were well-confined within the structure with smooth 

deviation around the line. This well-confined behavior of the electric fields is attributed to the 

suppressed radiated emission from the reduced loop area formed between signal and ground 

conductors in the balanced twisted-pair structure [33]. Furthermore, to demonstrate the mechanical 

stability, a finite element method was used to calculate the von Mises stress of each structure 
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encapsulated with polyimide as shown in Figure 3.4d. With equivalent tensile force applied in each 

line, more stress was observed at the edge of the serpentine in the single layer line than those of 

 

 
 

Figure 3.5. Comparisons of simulated scattering (S-) parameters against variants of optimization 

parameters for twisted-pair-based stretchable transmission line. (a) Simulated S21 and (b) 

simulated S11 against frequency for conductor (signal and ground) thickness variation. Both losses 

are enhanced with increasing thickness and saturate at 1 µm. Optimal signal thickness is 1 µm. 

(c) Simulated S21 and (d) simulated S11 against frequency for via-hole size variation. Both losses 

are enhanced with increasing size and saturate at 150 µm2. Optimal via-hole size is 150 µm2. (e) 

Simulated S21 and (f) simulated S11 against frequency for dielectric spacing thickness variation. 

Both losses are enhanced with increasing thickness. Optimal spacing thickness is 5 µm, as thicker 

lines are incompatible with thin-film fabrication process. 
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twisted-pair-based line. In fact, mechanical studies on stretchable interconnects suggest multi-layer 

over multiple interconnects in a single layer [38, 39]. For instance, previous studies demonstrated 

that dual-layer stretchable interconnects exhibited less changes in electrical performance than dual 

in-plane stretchable interconnects in responding to elongations. Moreover, the dual-layer 

stretchable interconnects had three orders of magnitude longer elongation life cycles than the in-

plane ones [38]. Thus, for a transmission line that always require two conductors (signal and 

ground), use of single layered structure would be unfavorable in terms of mechanical stability. 

Experimental results of the fabricated twisted-pair-based stretchable transmission line are 

presented in Figure 3.6. Precise conductor dimensions and spacings that carry signals with minimal 

reflections and power losses implemented into fabrication process achieved the best possible 

performance of the lines and matched results with simulation as presented in Figure 3.6a. Electrical 

characterization on the transmission lines with four different lengths demonstrates the feasibility 

of short and long transmission lines at high-frequencies. They were defined by the number of 

serpentine turns within the line as optically shown in Figure 3.6b; for instance, the line with two 

turns has two “horseshoe” shaped serpentine structures. Clearly, the DC resistance increases with 

line length (Figure 3.6c) and more insertion loss (Figure 3.6d), due to resistive and dielectric loss, 

was present in longer lines. The resistive loss of the conductor must be kept as low as possible 

since it attributes to RF insertion loss. Therefore, with a fixed total line width of 25 µm, the twisted-

pair-based line generally has a lower resistive loss than single layer line since the twisted-pair line 

has a larger conductor area resulting from its dual layer construct. The maximum line width of 

each (signal or ground) conductor in a single layer transmission line was 12 µm (1 µm spacing). 

Figure 3.7 shows the measured DC resistance of single layer lines with three different widths (i.e., 

10, 11, and 12 µm) were higher than the resistance of the twisted-pair-based line for all four line 
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lengths measured. Changes in return loss (Figure 3.6e) followed a similar trend of increasing loss 

with increasing length up to ~10 GHz, but started to lose trend as the frequency rises, due to the 

 
 

Figure 3.6. Electrical characterization of the twisted-pair-based stretchable transmission line. (a) 

Simulated (dotted) and measured (solid) scattering (S-) parameters of the transmission line with 

two turns of serpentine shape plotted against frequency. (b) Optical microscopy (OM) images of 

the stretchable transmission lines with different lengths. Four lines with 2, 4, 6, and 8 turns of 

serpentine are shown from top to bottom. (c) DC resistance measured for signal and ground 

conductors plotted for the four lines with different number of turns. (d) Measured S21 and (e) S11 

of the four lines with different number of turns plotted against frequency. (f) Measured S21 and (g) 

S11 of the stretchable transmission line with two turns of serpentine at 0%, 20%, 25%, and 35% 

elongation plotted against frequency. (h) S21 and S11 at 15 GHz for different cycles of stretching to 

35% elongation. (i) OM images of the stretchable transmission line with two turns of serpentine 

at 0%, 20%, 25%, and 35% elongation. 
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mismatch losses at high-frequencies. Regardless of the trend, all of the twisted-pair-based 

transmission lines exhibited good lossless characteristics at high-frequencies. Measurement pads 

designed to minimize radiation loss and to fit with ground-signal-ground (G-S-G) RF probes 

induced negligible loss to the transmission lines, as presented in Figure 3.8. In order to investigate 

the effects during elongation, the twisted-pair-based line with two turns were measured at different 

points of elongation (0%, 20%, 25%, and 35%) as presented in Figure 3.6f-i. RF measurements 

under stretched conditions were performed on a modified probe station with the stretcher mounted, 

as shown in Figure 3.9. Negligible increases in insertion loss were observed, as shown in Figure 

3.6f, which are attributed to the slight increase in the electrical resistance due to strain. Also, 

negligible performance change in return loss (Figure 3.6g) characteristics were observed during 

elongation. The S-parameters of the transmission line were invariant even after 100 cycles of 35% 

elongation (Figure 3.6h). OM images of the measured transmission line at different points of 

 
 

Figure 3.7. Comparisons between the DC resistance for single layer lines with different widths 

and twisted-pair-based line. (a) Schematic illustration of a single layer line showing the width of 

a conductor that was measured. (b) The DC resistance measured for single layer lines with 

different widths (i.e., 10, 11, and 12 µm), and twisted-pair-based line as a function of the number 

of turns. 
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elongation are presented in Figure 3.6i. At 40% elongation, a physical breaking occurred as 

presented in Figure 3.10. 

 
 

Figure 3.8. Effects of the measurement pad on the performance of twisted-pair-based stretchable 

transmission line. (a) Optical microscopy image (top) showing the stretchable transmission line 

with ground-signal-ground measurement pads on both sides. Scanning electron microscopy image 

(bottom) of the via-holes in the pads connecting the grounds. (b) Scattering parameters simulation 

of the line shown in (a) compared against the line without the pads. 

 

 
 

Figure 3.9. RF measurement setup of the stretchable transmission line, with stretcher mounted on 

a modified RF probe station. 
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3.4. Stretchable twisted-pair microwave filters 

In most microwave circuits, RF filters are used to attenuate or transmit signals at certain 

frequency bands. To demonstrate the practicality of the twisted-pair-based stretchable transmission 

line as such passive components, microwave filters are demonstrated and presented in Figure 3.11. 

Despite the complex geometry of the twisted-pair, filters can be created by treating the 

transmission line as distributed element component, which allows relatively straightforward 

approach of fabricating filters. Instead of adding short lengths of matching stubs as in conventional 

microstrip-based filters, blocks of twisted-pairs in serpentine form were added to the sides of the 

transmission line to generate resonance at stop or pass frequencies. As a result, two commonly 

used filters, the low-pass filter and the band-stop filter, were achieved as tapped edge-couple filter 

structure. For the low-pass filter shown in Figure 3.11a, each stub length was 575 µm. As presented 

in Figure 3.11b, it exhibited a wide band low-pass characteristic where the 3 dB cut-off frequency 

 
 

Figure 3.10. Optical microscopy image showing physical breakdown of the twisted-pair-based 

stretchable transmission line at 40% elongation. 
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was 9.9 GHz, with a relatively flat band and low insertion loss between 11.6 GHz (-3.5 dB) and 

 
 

Figure 3.11. Stretchable high-frequency filters based on twisted-pair structure. (a) Optical 

microscopy (OM) image of the twisted-pair-based stretchable low-pass filter. (b) Scattering (S-) 

parameters of the stretchable low-pass filter at 0%, 20%, 25%, and 35% elongation plotted against 

frequency. (c) Group delay of the stretchable low-pass filter plotted against frequency. (d) OM 

image of the twisted-pair-based stretchable band-stop filter. (e) S-parameters of the stretchable 

band-stop filter at 0%, 20%, 25%, and 35% elongation plotted against frequency. (f) Group delay 

of the stretchable band-stop filter plotted against frequency. (g) Simulated surface current density 

distribution in the stretchable low-pass filter at 1 GHz (pass) and 40 GHz (stop). (h) Simulated 

surface current density distribution in the stretchable band-stop filter at 1 GHz (pass), 18 GHz 

(stop), and 40 GHz (pass). Color bar on the right is for both (g) and (h). (i) Photograph image of 

the stretchable filters laminated and stretched on the back of hand. 
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15 GHz (-3.74 dB). Relatively consistent group delay responses were observed in the flat pass-

band, as presented in Figure 3.11c. The center frequency of the band-stop filter with 1.45 mm in 

stub length (Figure 3.11d) was 18.2 GHz and its return loss was -3.59 dB, as presented in Figure 

3.11e. The stop bandwidth was between 12.5 GHz (-6.61 dB) and 25 GHz (-6.57 dB). The group 

delay in Figure 3.11f exhibited a uniform and flat response of approximately 27.5 ps in the stop 

band, which represents good robustness against signal distortion. Both filters exhibited slight 

performance changes under stretched (0%, 20%, 25%, and 35% elongations) conditions, as 

presented in Figure 3.11b and 3.11e. Surface current density distributions in the low-pass filter and 

the band-stop filter at pass- and stop-band frequencies provide clear view of the current 

 

 
 

Figure 3.12. (a) Computer-aided design (CAD) showing the equivalent structure of the low-pass 

filter used for surface current density calculation in Figure 3.11g. (b) Simulated scattering (S-) 

parameters of the low-pass filter shown in (a). (c) CAD showing the equivalent structure of the 

band-stop filter used for surface current density calculation in Figure 3.11h. (b) Simulated S-

parameters of the band-stop filter shown in (c). 
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concentrations as presented in Figure 3.11g and 3.11h, respectively. The calculated S-parameters 

of the equivalent designs used for the current distribution calculations are presented in Figure 3.12. 

The ability to create stretchable filters which operate at high-frequencies demonstrate the 

 

 
 

Figure 3.13. Stretchable twisted-pair-based transmission line and filters tested on glass and skin. 

(a) Photograph image showing the measurement setup of stretchable transmission line on a glass 

slide and (b) on skin. (c) Measured S21 and (d) S11 of the stretchable transmission line with two 

turns on glass substrate and porcine skin plotted against frequency. (e) Measured scattering (S-) 

parameters of the stretchable low-pass filter on glass substrate and porcine skin plotted against 

frequency. (f) Measured S-parameters of the stretchable band-stop filter on glass substrate and 

porcine skin plotted against frequency. 
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feasibility of the twisted-pair-based stretchable transmission lines in microwave integrated circuits 

for wearable electronics. Figure 3.11i shows a set of twisted-pair-based stretchable filters 

laminated and stretched on the back of hand. 

 

3.5. Stretchable twisted-pair transmission line and filters on skin 

As presented in Figure 3.6 and 3.11, stretchable high-frequency transmission line and filters 

were built and tested successfully by utilizing the twisted-pair geometry. The negligible 

performance changes due to physical elongations have shown the practicality of such interconnects 

in potential high-frequency stretchable electronic systems. Furthermore, the twisted-pair geometry 

should also suppress radiated emission and minimize interference with external noise, which 

would allow its operation without significant performance changes on unusual surfaces, such as 

the skin. To prove that the transmission line and filters can perform the same on skin, they were 

measured on a porcine skin sample mounted onto the RF probe station, as shown in Figure 3.13. 

Porcine tissues were examined to best mimic the electrical properties of the human tissues at 

microwave frequencies. For instance, the permittivity, εr and the conductivity, σ of the porcine skin 

at 2.4 GHz are 38 and 1.46 S/m, respectively, which match closely to that of the human skin where 

εr and σ are 40 and 1.6 S/m, respectively [40]. For comparison, the devices were measured on a 

glass slide, as shown in Figure 3.13a and re-measured on a porcine skin, as shown in Figure 3.13b. 

The measured S-parameters on skin were compared with the measured results on a glass substrate. 

As presented in Figure 3.13c and 3.13d, there were no significant changes in terms of insertion 

and return losses for a line with two turns measured on glass and skin. The stretchable low-pass 

filter and band-stop filter also showed negligible performance changes when measured on porcine 

skin, as shown in Figure 3.13e and 3.13f, respectively. 
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3.6. Experimental section 

Fabrication of wearable twisted-pair-based stretchable transmission line: On a temporary Si 

substrate, a thin layer of polymethyl methacrylate (950 PMMA A2, Microchem, 60 nm) was spin 

casted as a sacrificial polymer, followed by hard baking at 180 °C for 3 min. A layer of polyimide 

(PI, Sigma-Aldrich, 5 µm) was spin casted two times at 2,500 rpm for 60 s, followed by soft baking 

at 150 °C for 4 min and hard baking at 350 °C under N2 (4 Torr) ambient for 3 h. Blocks of metals 

with fingers that form the lower signal and ground conductors were deposited (Ti/Au = 10/1,000 

nm) using an electron-beam evaporator via a photoresist (AZ5214E) lift-off process, followed by 

spin casting and baking another layer of PI (5 µm) on top, to form the dielectric spacer. A hard 

mask (Cu = 100 nm) was deposited to expose the via-holes, using a positive resist (S1813) based 

lift-off process for precision alignment of the holes. Isotropic reactive ion plasma etching (RIE, 

CF4/O2 = 2/80 sccm, pressure = 75 mTorr, power = 100 W) of the PI for 2 min opens the via-holes 

with side wall angle of 60°. Second metal layer (Ti/Au = 10/1,000 nm) of blocks with fingers on 

opposite sides to that of the first, was deposited using a lift-off process, followed by final 

passivation with PI (5 µm). Hard mask was formed with Cu (100 nm) by electron-beam evaporator 

via a lift-off process, followed by anisotropic reactive ion plasma etching (RIE, O2 = 80 sccm, 

pressure = 150 mTorr, power = 200 W) of PI (total 15 µm) for 4 h, to define the serpentine shape 

of the line. The twisted-pair-based stretchable transmission lines on the temporary substrate were 

boiled in acetone at 200 °C for 30 min to remove the underlying sacrificial layer (PMMA). A 

water-soluble cellulose tape (3M) was laminated on the dried transmission lines and carefully 

picked up from the temporary substrate. A thin layer of oxide (Ti/SiO2 = 5/50 nm) was deposited 

on the backside of the transmission line. Stretchable modified silicone (Ecoflex 00-30, Smooth-

On Inc.) for the substrate was prepared by mixing (part A:part B = 1:1) and spin casting on Si 
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substrate at 500 rpm for 60 s, followed by curing at room temperature for 6 h. The fully cured 

Ecoflex was exposed with UV/ozone (UV-1, Samco, O2 = 0.5 L/min) for 1 min, followed by 

immediate lamination of the cellulose tape with stretchable transmission line on the Ecoflex 

substrate. 1 h after the lamination, a strong covalent bond formed between the Ecoflex and oxide, 

which was immersed in water for 30 min to dissolve the tape. 

Measurement and analysis: DC resistance of the stretchable transmission lines were measured 

using HP 4155B Semiconductor Parameter Analyzer. An Agilent E8364A PNA Series Network 

Analyzer was used to measure the S-parameter of the stretchable transmission lines with the 

measurement set-up calibrated to the Infinity G-S-G probe tips with 150 µm pitch using a standard 

Short-Open-Load-Thru (SOLT) calibration kit. The S-parameters obtained from the RF 

measurements were analyzed using the Advanced Design System (ADS) software. The RF 

characteristics and the radiation characteristics of the stretchable transmission lines were simulated 

using the Ansys High Frequency Structural Simulator (HFSS) software and the mechanical finite 

element method (FEM) simulations were performed using the COMSOL multiphysics modeling 

software. 

 

3.7. Conclusion 

In summary, the results presented here establish the design and fabrication techniques 

for stretchable transmission lines that operate at microwave frequencies, which are suitable as 

interconnects in EES requiring high-speed wireless communication capabilities. Miniaturized 

stretchable transmission line utilizing twisted-pair designs that has low RF and radiation loss were 

demonstrated and analyzed. Furthermore, stretchable microwave low-pass filter and band-stop 

filter were demonstrated using twisted-pair structures to show the feasibility of the twisted-pair-
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based transmission lines as passive components. While not demonstrated in this work, this type of 

line is also applicable for high-speed digital circuits where the data rate is extremely high that 

require minimized interference from external noise. Integration of such transmission lines with 

active devices, such as transistors and diodes to build microwave integrated circuits in the form of 

EES remains one of the future challenges. Together with already-developed EES that can perform 

various types of clinical sensing, such high-performance transmission lines in stretchable format 

will provide opportunities for safe and remote monitoring of patients, through the development of 

high-speed wireless communication systems. It is expected that the wireless capabilities 

represented by such transmission lines would make their biomedical and many other applications 

fully compatible with the need of the forthcoming internet of things. A complete RF electronic 

device for wireless communication would also consist of antennas to transmit or receive signals. 

Numerous types of flexible and stretchable antennas incorporating interesting designs and 

materials have been demonstrated. Antenna designs are highly application-based as the factors 

from the surrounding environment are considered for maximized antenna gain. Interconnecting 

the antenna with proper conductor design in flexible or stretchable format will be critical for a 

successful integration with the devices and circuits. In the following section, a simple technique 

to fabricate flexible antenna is presented. 
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CHAPTER 4  
A compact parylene-coated WLAN flexible antenna for 

implantable electronics 

                                    
This chapter presents a compact planar flexible antenna designed for wireless local area 

network (WLAN) using simple microfabrication techniques that are compatible with existing 

state-of-the-art flexible electronic devices. The antenna is fully insulated with biocompatible 

Parylene C film, which shows a cost-effective and highly feasible approach to making flexible 

antennas for implantable applications. Coating of ultrathin Parylene C film has shown negligible 

effects on the return loss and the radiation patterns of the antennas. The characteristics of the 

proposed antenna have also shown negligible change under different bending conditions. The 

original WLAN antenna working in air was successfully tuned to operate under implanted 

condition at 2.4 GHz by tuning the length of the radiator. The measured results showed that the 

tuned implantable antenna is suitable for integration with flexible and implantable electronics. 

 

4.1. Introduction 

Recent advancements in flexible electronics have been seeking towards bio-integrated 

electronics which match with curvilinear surfaces of skin, organs, and tissues for accurate 

measurements and safe use in patients [1]. However, many of the existing approaches either lack 

the ability to communicate wirelessly or use near field communication systems (NFC) to power 

the devices from a very short distance, which limits fully implantable systems to certain clinical 

applications [2]. 

Flexible antennas operating in wireless local area network (WLAN) can provide a route to 

creating high speed wireless data transmission systems that can be combined with other flexible 
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devices to transmit and receive signals in a myriad of applications. Antenna designs utilizing novel 

materials and techniques have been demonstrated in flexible forms [3-7]. Also, several kinds of 

implantable antennas, which are operating in the Medical Implant Communications Service (MICS) 

or the Industrial, Scientific, and Medical (ISM) bands have been proposed in [8]. However, many 

of the antennas were incompatible with existing flexible electronic devices, or limited by rigid 

substrates that were too thick to be integrated in the body. Moreover, most of the reports use tissue 

mimicking gels as their design parameters, but such approach does not prove that the antennas 

may be used in practical applications, as different types of tissues have large range in their 

electrical properties. In this paper, we present a simple approach to make implantable, yet compact 

and flexible monopole antenna consisting of meandered strips and a coupling patch, fabricated on 

a thin polyimide substrate. The antenna was first designed to operate in air and tuned at later stage 

after studying the effects when implanted under a porcine skin. The variations of the S11 and the 

radiation gains of the flexible dual band (2.4 and 5.8 GHz) WLAN antenna were investigated and 

used to tune the antenna that can operate under implanted conditions at 2.4 GHz. 2.4 GHz was 

targeted due to the ability to create compact antennas and long-range capability out of many 

license-free frequency bands. Thus, an implantable antenna operating at such frequency will be 

attractive to many researchers and industries. 

 

4.2. Antenna design 

The geometry and dimensions of our proposed antenna in air are shown in Figure 4.1. The 

flexible antenna was composed of polyimide sandwiched between two metal layers (top and 

bottom layers). The two metal ground strips were connected via six metallized holes with a 

diameter of 0.6 mm, which is shown in Figure 4.1a and 4.1b. A 50 Ohms microstrip line with the 
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width of 0.28 mm was used as the feeding structure on the polyimide substrate which has the 

dielectric constant of 3.5, loss tangent of 0.003, and substrate thickness of 127 μm [9]. 

As shown in Figure 4.1, the presented antenna consisted of a U-shape strip and an open strip. 

The U-shape strip controls the lower WLAN operating band 2.4–2.484 GHz, while the open strip 

controls the upper WLAN operating band 5.15–5.875 GHz. The width of the low impedance line 

connected between the microstrip feed line and the monopole antenna (560 μm) and the distance 

 
 

Figure 4.1. Geometry and dimensions of designed antenna (dimensions in mm)  (a) top layer, (b)  

bottom layer and (c) cross view. 
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between the U-shape and the ground strip (250 μm) were tuned to get better voltage standing wave 

ratio (VSWR).  

The dimensions of the antenna can be significantly reduced through adding a capacitive load 

to the antenna [10], which can be accomplished by utilizing the thin polyimide substrate. The 

overlaid part of the backside rectangular coupling patch and the top rectangular patch was used as 

a loaded capacitor to reduce the size of the antenna. The capacitance between the metal strip on 

the top layer and the rectangular patch on the bottom layer was calculated to be 4.2 pF. 

 

4.3. Antenna fabrication 

Figure 4.2 describes the fabrication steps for building flexible WLAN antenna with schematic 

illustrations. The 127 µm thick polyimide film (Dupont Kapton HN) was cut using ultra-violet 

 
 

Figure 4.2. Fabrication process of the antenna. (a) Laminate pre-cut Kapton film on temporary 

substrate, (b) deposit and etch-back copper for coupling patch, (c) de-laminate and flip transfer 

on to different temporary substrate and (d) deposit and etch-back copper to complete fabrication. 

 



59 

laser (A-laser, FCT Assembly Inc.) to define the rectangular device shape and via-holes with 

accurate dimensions. Figure 4.2a shows the lamination of pre-cut polyimide film on a temporary 

polydimethylsiloxane (PDMS) coated glass substrate, which allowed utilization of the flat wafer 

based conventional micro-fabrication processing. 1 µm thick layer of copper was sputtered 

(Denton Discovery 24 RF/DC Sputter) thoroughly on the oxygen-plasma treated film, followed by 

copper etch-back process to form the square patch and ground plane of the antenna [Figure 4.2b]. 

The plasma treatment enhanced the adhesion between copper and the film. The isotropic sputtering 

of copper also coated the via-holes thoroughly. The patterned film was then delaminated and 

flipped transferred onto a different PDMS coated glass substrate for antenna patterning [Figure 

4.2c]. Finally, the circuit pattern on the top layer of the antenna was formed with another sputtered 

copper etch-back process via photolithography [Figure 4.2d]. The completed antenna was then 

delaminated from the temporary glass substrate and an SMA connector (132255 end launch jack, 

Amphenol Connex) was soldered on to the device for measurement, as shown in Figure 4.3. With 

the SMA connector protected, a 10 µm thick Parylene C was coated using a chemical vapor 

deposition (CVD) process. Parylene C is a good biocompatible material to be used to isolate the 

 

 
 

Figure 4.3. Photographs of the fabricated antenna after Parylene C coating (left) and under 

bending condition (right). 
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component from air or body fluid. The Parylene C coated antenna can be used as a promising 

implantable antenna which has a barrier layer to minimize oxygen contamination [11]. 

 

4.4. Antenna performance 

The return loss, radiation patterns and gains of the antenna were measured in the Satimo 

spherical near field measurement system. Additionally, measured return loss and bandwidth of the 

antenna were compared with those of the simulated results. The effect of 10 µm Parylene C coating 

on the return loss of the proposed antenna is shown in Figure 4.4. There was little change of return 

loss when the antenna was coated with 10 µm of Parylene C layer as the dielectric constant of 

Parylene C (2.95) is close to the dielectric constant of polyimide (3.5) and the thickness of the 

Parylene C coating layer was very small compared to the thickness of the polyimide substrate. 

Figure 4.5 shows the measured radiation patterns for the operation bands of the coated antenna in 

 
 

Figure 4.4. Simulated and measured S11 of the antenna in air (free space) before coating and the 

same antenna coated with Parylene C. 
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the Satimo spherical near field measurement system. Omnidirectional properties of the patterns 

observed in the XY-plane confirm the monopole-like behavior of the antenna. The 2.4 and 5.8 GHz 

associated measured maximum radiation gains were -5.4 and 3.8 dBi, respectively. 

The effects of bending on the return loss and the radiation performance of the antenna are also 

shown by measuring the antenna bent over polystyrene foam cylinders with diameters of 40 mm, 

33 mm, and 25 mm. While the resonance frequency shift and return loss as a result of the bending 

was negligible as shown in Figure 4.6, noticeable change in the radiation patterns was observed as 

shown in Figure 4.7, which is attributed to the slight directional change of the antennas. 

 

  

 
 

Figure 4.5. Measured and simulated radiation patterns in air (free space) in XY- and YZ-planes 

at 2.4 and 5.8 GHz: (a) XY-plane at 2.4 GHz. (b) YZ-plane at 2.4 GHz.  (c) XY-plane at 5.8 GHz. 

(d) YZ-plane at 5.8 GHz. 
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Figure 4.6. Comparison of the S11 of the flat antenna and the same antenna bent on foam cylinders 

with different diameters. 

 

 
 

Figure 4.7. Comparison of the radiation pattern of the flat antenna and the same antenna bent on 

the different cylinders at 2.4 GHz and 5.8 GHz (a) XY-plane at 2.4 GHz. (b) YZ-plane at 2.4 GHz. 

(c) XY-plane at 5.8 GHz. (d) YZ-plane at 5.8 GHz. 
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4.5. Implantable antenna 

Numerous measurement environments such as skin mimicking gel were developed in recent 

years. However the properties of the gel did not match well with the permittivity and conductivity 

of the real skin. Recently, porcine tissues were confirmed to best mimic the electrical properties 

of the human tissues at microwave frequencies. The permittivity, εr and the conductivity, σ of the 

porcine skin at 2.4 GHz are 38 and 1.46 S/m, respectively, which match closely to that of the 

human skin where εr and σ are 40 and 1.6 S/m, respectively [12]. 

To effectively tune our implantable antenna, we first studied the effects of the antenna 

performance when it was implanted as-is, as shown in Figure 4.8, where it was embedded under 

the porcine skin with a thickness of 1.4 mm, width of 63 mm, and length of 56 mm. Then, the S-

parameters and the radiation patterns were measured to investigate the effects. As presented in 

Figure 4.9, we observed shifting of the operating frequency as well as significant drop in the 

radiation gains. The reasons for the operating frequency shift to lower frequency under the skin 

before tuning are attributed to the higher dielectric constant and the electrical conductivity of the 

pork tissue than that of the air [13]. Without tuning, the measured maximum radiation gains of the 

 

 
 

Figure 4.8. Measurement setup for the antenna under the skin. 
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antenna under the skin was -12.9 dBi. Such poor maximum gain of the antenna under the skin is 

attributed to the high electrical conductivity which has adverse effect on the gain of the antenna. 

Finally, combined with the properties of the skin obtained from [12] and measurement analysis of 

the antenna under skin, the antenna was tuned via simulation. As a result, to increase the gain and 

shift the operating frequency back to WLAN frequency, the U-shape radiator which controls the 

lower frequency band was shortened as shown in Figure 4.10. The newly tuned antenna was 

 
 

Figure 4.9. Comparison of S11 of the antenna in air, and embedded in skin before and after tuning. 

Comparison of the radiation patterns measured in air, implanted under skin and simulated under 

skin before tuning at 2.4 GHz in (b) XY-plane and (c) YZ-plane. 
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fabricated utilizing same approach presented in Figure 4.2. Figure 4.11 compares the measured 

and simulated results of the antenna before and after tuning. The measured S11 and maximum 

radiation gain of the tuned antenna under the skin has improved to -18.8 dB and 0.8 dBi, 

respectively at 2.4 GHz. While not demonstrated here, similar approach may also be used to tune 

the upper 5.8 GHz frequency, which shifted to lower frequency under implanted condition. 

 

4.6. Conclusion 

In this paper, a flexible Parylene C coated antenna with good electrical performance in WLAN 

frequency has been presented. The measured results have shown that the Parylene C coating and 

bending have negligible effects in the antenna performance. Furthermore, we have demonstrated 

fine tuning of the WLAN antenna for implantable applications. As the electrical parameters that 

vary among different types of tissues and animals propose challenges to designing antennas in (b) (c) 

 
 

Figure 4.10. Geometry and dimensions of tuned antenna (dimensions in mm). 
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such media, this technique presents a simple approach in fabricating an implantable antenna. Study 

of the effect and impact from radiation and specific absorption rate (SAR) on the body remains 

one of the future tasks. The successful design migration from an antenna originally designed for 

operating in air to an implantable antenna can give some instructive hints for designing implantable 

antennas which could be transformed from numerous kinds of existing antennas which were 

 
 

Figure 4.11. (a) Comparison of measured and simulated S11 of the antenna embedded in skin 

before and after tuning. Comparison of the radiation patterns of the antenna measured implanted 

under skin before and after tuning and simulated after tuning at 2.4 GHz in (b) XY-plane and (c) 

YZ-plane. 
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designed to operate in air. 
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CHAPTER 5  
 (Review) High-performance green semiconductor devices: 

Materials, designs, and fabrication 

                                    
From large industrial computers to non-portable home appliances and finally to light-weight 

portable gadgets, the rapid evolution of electronics has facilitated our daily pursuits and increased 

our life comforts. However, these rapid advances have led to a significant decrease in the lifetime 

of consumer electronics. The serious environmental threat that comes from electronic waste not 

only involves materials like plastics and heavy metals, but also includes toxic materials like 

mercury, cadmium, arsenic, and lead, which can leak into the ground and contaminate the water 

we drink, the food we eat, and the animals that live around us. Furthermore, most electronics are 

comprised of non-renewable, non-biodegradable, and potentially toxic materials. Difficulties in 

recycling the increasing amount of electronic waste could eventually lead to permanent 

environmental pollution. As such, discarded electronics that can naturally degrade over time would 

reduce recycling challenges and minimize their threat to the environment.  

This review provides a snapshot of the current developments and challenges of green 

electronics at the semiconductor device level. It looks at the developments that have been made in 

an effort to help reduce the accumulation of electronic waste by utilizing unconventional, 

biodegradable materials as components. While many semiconductors are classified as non-

biodegradable, a few biodegradable semiconducting materials exist and are used as electrical 

components. This review begins with a discussion of biodegradable materials for electronics, 

followed by designs and processes for the manufacturing of green electronics using different 

techniques and designs. In the later sections of the review, various examples of biodegradable 
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electrical components, such as sensors, circuits, and batteries, that together can form a functional 

electronic device, are discussed and new applications using green electronics are reviewed. 

 

5.1. Materials 

An ideal green electronic chip would degrade at a controlled and reasonable rate relative to 

the lifetime of the chip, without generating biodegradable waste that has adverse effects on the 

environment. This would significantly reduce the accumulation of persistent solid waste and 

decrease the demand for e-waste landfill space. A working electronic chip is an integrated circuit 

consisting of multiple device components like diodes, transistors, inductors, and capacitors using 

electronic grade materials including semiconductors, metals, and insulators. These are typically 

based on inorganic materials and have dominated the electronics industry due to their excellent 

electrical and mechanical properties that provide great reliability, robustness, and performance. 

Inorganic materials are generally considered non-biodegradable because natural decomposition 

takes a very long time. However, a class of biodegradable and harmless inorganic materials exists 

which may be combined in various ways to create high-performance green electronic chips. 

 

Inorganic Semiconductors 

Inorganic semiconductors are known for their invariant physical and electrical properties that 

provide everlasting lifetimes for transistors and diodes in modern reliable electronic gadgets. 

Recent studies in dissolvable electronics have found completely the opposite behavior of these 

unchanging characteristics and revealed the transient behavior of some of the most commonly used 

inorganic semiconductors, such as Si, Ge, and ZnO. These materials were demonstrated to dissolve 

slowly over time and totally disappear in aqueous solution, groundwater, or biofluids [1-3]. In a 
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relatively short period of time, a fully functional integrated circuit based on such resorbable 

 
 

Figure 5.1. Experimental studies of transient electronic materials and devices and corresponding 

theoretical analysis. (a) Atomic force microscope topographical images of a Si NM (initial 

dimensions: 3 mm ×  3 mm ×  70 nm) at various stages of hydrolysis in PBS at 37°C; adapted from 

[4]. Reprinted with permission from AAAS. (b) Series of AFM topographical images of SiGe (3 μm 

× 3 μm × 30 nm) at different stages of hydrolysis in a buffer solution (pH 10) at physiological 

temperature (37 °C) after day 0 (top left), day 8 (top right), and day 16 (bottom right), respectively; 

adapted with permission from [2]. Copyright (2015) American Chemical Society. (c) SEM images 

of an individual ZnO wire that has interacted with deionized water of pH ≈ 4.5–5.0. (i) Low-

magnification SEM image of the ZnO wire. (ii, iii) High-magnification SEM images taken from the 

rectangular area B in (i) before and after interacting with deionized water, respectively. (iv) High-

magnification image of the rectangular area D in (i) after about 30 min interaction; adapted from 

[3]. John Wiley & Sons. ©  2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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semiconductors can disappear by hydrolysis in a well-controlled manner without generating toxic 

materials [4]. This is enabled by employing ultrathin sheets of inorganic semiconductors as the 

active materials. Whereas integrated circuits in relatively thick wafer dies (a small block of 

semiconductor) for conventional electronics would take several hundred years to fully dissolve 

(hence non-biodegradable), the dissolution process can be facilitated down to several days by 

utilizing semiconductors in the form of nanomembranes or nanowires. In Figure 5.1, the images 

of several nanoscale semiconductors, including Si nanomembranes, SiGe nanomembranes, and 

ZnO nanowires, in water-based solutions are shown at various dissolution stages. All of the 

semiconductors disappeared within a short time period. For instance, a block of Si nanomembrane 

(3 μm × 3 μm × 70 nm) completely dissolved in a phosphate buffer solution (PBS; pH of 7.4) 

within 12 days. Similar dissolution behaviors were observed for the other abovementioned 

semiconductors as well. The dissolution chemistry of these bioresorbable semiconductors are 

summarized below. 

For Si: 

Si + 4H2O → Si(OH)4(aq) + 2H2 

For Ge: 

Ge + O2(aq) + H2O → H2GeO3(aq) 

For ZnO: 

ZnO(s) + 2 OH–→ ZnO2 
2– + H2O. 

In all cases, the transient behavior of the inorganic materials heavily depended on the pH level 

and the temperature of the aqueous solution. Si dissolved at a faster rate with an increasing pH 

level. Also, the dissolution was faster at 37 °C compared to room temperature, suggesting that 

materials dissolve more rapidly at higher temperatures. The hydrolysis analysis showed varied 
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dissolution rates for different crystalline structures of materials as well. For instance, 

polycrystalline-Si dissolved at a slower rate than amorphous-Si, where the reduced density in a-Si 

expedited diffusion. The important take away in such dissolvable semiconductors is that they can 

all be dissolved in a well-defined time frame in a controlled fashion without generating toxic 

byproducts that affect the environment. By controlling the size of the nanocrystals, engineers can 

precisely control the lifetime of electronics. Such efforts would help reduce the amount of 

accumulated e-waste by allowing electronics to self-destruct and disappear after the suggested 

period of usage time.  

 

Metals 

Metals in electronics serve to connect the components from device to device to form an 

integrated circuit, as well as passive components like spiral inductors and transmission lines. In 

most electronics, non-biodegradable materials like gold, platinum, lead, and copper are used as 

electrical traces. Average home electronics contain several milligrams of such metals, which can 

accumulate extremely fast when multiplied across thousands of units and burden the environment 

as e-waste [5, 6]. While the key to minimizing this is to properly recycle and extract such metals 

before discarding, it is nearly impossible to do for the skyrocketing number of electronics 

discarded daily. For green electronics fabrication, it is important to seek biodegradable metals as 

counterparts. Before such massive e-waste significantly threatened the environment, 

biodegradable metals were investigated mostly for biomedical implants like cardiovascular 

applications. Most commonly used metals in such applications are Fe, Mg, and their alloys, which 

adapt to the human body and eventually dissolve over time [7]. The focus of biodegradable metals 

has been mainly on reducing the immune response from the contact tissues and minimizing the 
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corrosion of metallic biomaterials, rather than on the electrical properties [8]. An ideal metal for 

electronics would possess high carrier mobility, low resistance, high thermal conductivity, 

excellent mechanical properties, and corrosion resistance to maximize the performance and 

reliability of the integrated circuit. For biodegradable metals, the changes in electrical properties 

as the metals degrade are the most important parameters to consider. To investigate the ideal metals 

for dissolvable electronics, Yin et al. analyzed a list of biodegradable metals for electronics 

applications [9]. These metals included Mg, AZ31B Mg alloy, Zn, Fe, W, and Mo, which can all 

dissolve in an aqueous solution in a well-controlled manner. Changes in electrical properties were 

 
 

Figure 5.2. (a) Geometry of an n-channel MOSFET, with a top view optical micrograph in the 

inset; (b)–(f) functional degradation of n-channel MOSFETs, as evaluated through measurements 

of the drain current (Id) as a function of gate voltage (Vg) for a drain bias (Vd) of 0.2 V, with 

transient metal contacts: Mg, AZ31B Mg alloy, Zn, W, and Mo; adapted from [9]. John Wiley & 

Sons. ©  2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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measured and represented as electrical dissolution rates (EDR), which converted changes in 

electrical resistance to an effective thickness h, according to R = R0h0/h (where R0 and h0 are the 

initial electric resistance and initial thickness, respectively). As these dissolvable metals, along 

with dissolvable electronic components, are useful for implantable applications as well, the study 

also focused on the EDR behavior at body temperature. Per this study, (i) Mg, AZ31B Mg alloy, 

and Zn had EDRs that were much higher than those of W, Mo, and Fe; (ii) the EDRs of Mg, Mg 

alloy, and Zn increased in salt solutions; and (iii) the EDRs increased with body temperature 

(between RT and 37 °C) for W, Mo, and Fe, but not significantly for Mg, AZ31B Mg alloy, and 

Zn. Finally, these dissolvable metals were tested on a thin film MOSFET as electrical contacts as 

shown in Figure 5.2. As a result, transistors with Mg, AZ31B alloy, and Zn contacts ceased 

function within 8 hours, and those with W and Mo contacts ceased function after 12 hours and 25 

hours, respectively. This study established significant guidelines for metals towards maximizing 

the performances of green electronics that disappear. Further studies of such interconnects for high-

speed applications would assure that such metals can also be used for microwave frequency 

electronics, which are essential for wireless mobile electronics.  

 

Insulators 

Hydrolysis also occurs in common dielectric materials, such as silicon oxides (SiOx), silicon 

nitrides (SiNx), and magnesium oxides (MgO) [4, 10]. These dielectrics have widespread usage in 

electronic devices for gate and interlayer dielectrics and passivation layers, as they are 

thermodynamically stable in contact with Si. For Si-based MOSFETs, silicon dioxide (SiO2) is the 

preferred material as it is used to produce high-performance devices that incorporate gate 

dielectrics formed by thermal oxidation. These thermally grown oxides yield exceptional interface 
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qualities between silicon and the oxide, and they have a lower defect density than any other known 

gate dielectrics for Si-based MOSFETs [11, 12]. Nitrides are also appealing for high-performance 

devices as they can induce stress to uniaxially strain the channels in MOSFETs for mobility 

enhancement. Although it is less appealing as a dielectric, MgO is also a good candidate for gate 

dielectrics due to its sharp interface with Si, as well as its high-κ and wide bandgap for low leakage 

[13]. Studies of dissolution kinetics on these dielectric materials suggest that these too can dissolve 

in aqueous solutions, following the same trend as the abovementioned inorganic semiconductors 

 
 

Figure 5.3. Measurements of changes in resistance of Mg traces (≈300 nm thick) encapsulated 

with different materials and thicknesses while immersed in deionized (DI) water at room 

temperature. A single layer of PECVD SiO2 (black, 1 μm), PECVD-LF Si3N4 (red, 1 μm), and ALD 

SiO2 (orange, 20 nm), a double layer of PECVD SiO2/PECVD-LF Si3N4 (blue, 500/500 nm), 

PECVD SiO2/ALD SiO2 (magenta, 500/20 nm), PECVD-LF Si3N4/ALD SiO2 (purple, 500/20 nm), 

and a triple layer of PECVD SiO2/PECVD-LF Si3N4 (Cyan, 200/200/200/200/100/ 100 nm) were 

used for the encapsulation; adapted from [10]. John Wiley & Sons. ©  2013 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 
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and metals. The dissolution rate was the fastest for MgO, followed by plasma-enhanced chemical-

vapor-deposited SiO2 and Si3N4. The dissolution rate for SiO2 and Si3N4 depended heavily on the 

method of deposition. Figure 5.3 summarizes the dissolution rate curves of all three materials by 

comparing the changes in resistance of Mg traces encapsulated in different materials and 

thicknesses.  

A complete set of biodegradable electronics-grade inorganic materials that dissolve in aqueous 

solutions have been reviewed, suggesting that high-performance electronic devices that can fully 

dissolve over time can be fabricated using the materials summarized in this section. This set of 

materials can be mixed and optimized to yield important devices, such as diodes, transistors, 

capacitors, and inductors, all of which form the basis of fully dissolvable green electronics [14]. 

While biodegradable semiconductors, metals, and insulators are suitable for fully dissolving zero-

waste consumer electronics, other high-performance non-dissolving or toxic semiconductors like 

GaAs, GaN, and InP must be used to create high-speed and high-power circuits. As it is 

unavoidable to use such semiconductors, designs that use a minimal amount of semiconductor 

materials can be beneficial for reducing the accumulated waste and also save material costs. For 

instance, the elimination of the bottom handling wafer by transfer printing thin film high-speed or 

high-power transistors and diodes onto a biodegradable substrate would greatly help minimize 

environmental pollution. 

 

5.2. Substrates 

Integrated circuit fabrication undergoes many microfabrication process steps involving 

extreme conditions such as high-temperature doping and oxidation, strong acidic and basic 

solutions-based chemical treatments, and high-speed stream of plasma etching, as well as dicing 
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and packaging. These abrasive processes require semiconductor chips to have sufficiently thick 

supporting substrates, defined by the mechanical strength of the material, to prevent them from 

cracking during handling. The thickness of the substrate can range from tens to hundreds of 

microns, whereas the thickness of the top active layer only ranges from sub-microns to a couple 

of microns. In most cases, the substrate is the same material as the active layer and is considered 

waste from an environmental standpoint. Replacing such non-biodegradable substrates with 

biodegradable and ecofriendly materials would, therefore, enormously decrease the amount of 

semiconductor material used in the integrated circuit. In this section, various types of substrates 

used for green electronic chips are reviewed. While choosing the most ecofriendly substrate is the 

key, it is also important to consider the electrical and mechanical characteristics, which should 

minimally affect the performance of the electrical components printed on top.  

 

Silk 

Silk film has been used as a substrate for dissolvable electronics because it is mechanically 

flexible and robust, biocompatible, and bioresorbable [4, 14-17]. It is also appealing as the 

dissolution process can be controlled at a programmable rate and is compatible with aqueous 

processing [18, 19]. Silkworm silk is largely used in silk thin film substrates. In a silk fibroin-

based film manufacturing process developed by Perry et al., the purification of Bombyx mori 

cocoons was achieved by boiling the cocoons in an aqueous solution of sodium carbonate [19]. 

After rinsing and drying, the remaining fibroin was dissolved in lithium bromide solution, which 

was later removed by a subsequent dialysis process. Centrifugation and microfiltration were used 

to produce 8-10% silk fibroin with high quality and stability. Casting the solution on a flat substrate 

and drying it in air could yield uniform silk films. These films are excellent substrates for 
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implantable and dissolvable electronics as the decomposition of the material demonstrated as 

transplanted scaffolds has been proven to be biocompatible for tissues and nerves [20]. 

 
 

Figure 5.4. (a) Ultrathin Si devices on a flexible silk substrate; reprinted from [15]. With the 

permission of AIP publishing. (b) Image of an electrode array with a mesh design on a dissolvable 

silk substrate. The arrows indicate struts in the mesh that help stabilize the Au interconnects after 

dissolution of the silk. The inset illustrates the high degree of conformal contact that can be 

achieved on the brain model once the silk substrate has been dissolved; adapted by permission 

from Macmillan Publishers Ltd: [Nature Materials] [17]. Copyright (2010). (c) Image of a device 

that includes transistors, diodes, inductors, capacitors, and resistors, with interconnects and 

interlayer dielectrics, all on a thin silk substrate; adapted from [4]. Reprinted with permission 

from AAAS. Images of the dissolution process of an implanted device on a silk substrate in mice 

(d) before implantation, (e) shortly after implantation, and (f) two weeks after implantation; 

reprinted from [15], with the permission of AIP Publishing. 
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Figure 5.4a–c shows examples of simple electronic devices built on silk film, such as Si 

transistors, electrophysiological recording electrodes, and dissolvable electronic systems [4, 15, 

17]. The degradation process of the silk film is also demonstrated as shown in Figure 5.4d–f, where 

Si devices encapsulated with polyimide on silk film were implanted in mice and evaluated after 

several days. Figure 5.4d shows the device before implantation, Figure 5.4e shows the device  

shortly after implantation, and Figure 5.4f shows the complete dissolution of silk with only the 

devices remaining after two weeks. This process consists of the dissolution of silk in water and 

proteolytic degradation that is completely biocompatible to the contact tissues [21]. Moreover, the 

dissolution rate can be controlled by changing the drying rate of Bombyx mori silk solutions [22], 

by reducing β-sheet content [23], and by treating the film with ethanol [17]. Their excellent 

degradation capability and biocompatibility make silk-based electronics promising candidates for 

green electronics. Further electrical analysis of the films for high-performance electronics 

applications, such as electrical breakdown and dielectric and microwave loss properties, are 

desirable for reliable electronics operations. 

 

Cellulose and Paper 

Cellulose nanofiber (CNF) film has attracted great attention due to its biodegradable nature 

and large abundancy and has been used in flexible electronics as a substrate for degradable 

applications [24-26]. Derived from natural fibers such as woods and plants, CNF films can be 

made like plastic films and have excellent mechanical properties and high transparencies. Unlike 

plastics, however, these films can be discarded without sophisticated recycling processes as fungi 

will eat away the fibers. CNF film is first produced from wood, degraded via a fungal 

biodegradation process on disposal, and sent back to the woods without adverse environmental 
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effects. Numerous methods to produce such biodegradable cellulose nanofiber films have been 

demonstrated. For instance, Nogi et al. reported optically transparent nanofiber paper [27]. They 

started by removing lignin and hemicelluloses in wood flour, followed by grounding the wood 

flour in a water-swollen condition. Freeze-drying and mechanically compressing under vacuum 

were used to obtain the sheet of nanofiber paper without air and voids. To make the sheet 

transparent, different methods were tested, such as polishing using emery paper, laminating 

optically transparent plastics, depositing transparent resins, and drawing transparent patterns on 

the paper. The obtained cellulose nanofiber paper is highly transparent and foldable as shown in 

Figure 5.5a. Different approaches were also used to produce transparent cellulose films by Yang 

et al. [28]. Dried cellulose was first dispersed in pre-cooled NaOH/urea/ZnO aqueous solution 

followed by degassing via centrifuging. To obtain the transparent films, the dope was casted on a 

 
 

Figure 5.5. Cellulose nanofiber papers. (a) An oven-dried cellulose nanofiber sheet that is as 

foldable as conventional paper; adapted from [27]. John Wiley & Sons. Copyright ©  2009 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim. (b) A photograph of cellulose film regenerated from 

NaOH/urea/zincate solution (left) and an SEM image of the surface (right); adapted from [28]. 

(2011) ©  Springer Science+Business Media B.V. 2011. With permission of Springer. 
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glass plate and coagulated with a H2SO4 aqueous solution. Finally, the films were washed with 

water, followed by air-drying. Optical and scanning electron microscope (SEM) images of the 

transparent cellulose film are shown in Figure 5.5b. 

 

Polymers 

Biodegradable polymers like poly lactic-co-glycolic acid (PLGA), a copolymer of poly lactic 

acid (PLA) and poly glycolic acid (PGA), PLA, polycaprolactone (PCL), and poly(1,8-octanediol-

co-citrate) (POC) have also been used as substrates for inorganic semiconductor devices [29, 30]. 

These substrates have been a common choice for biodegradable organic electronics, drug release 

carriers, and implantable tissue engineering scaffolds [31-37]. The ability to integrate high-

performance electronics with such commonly used biodegradable polymers could expand the 

capabilities of such applications. PLGA has been one of the most popular biodegradable polymers 

as its properties, such as dissolution rate and hydrophobicity, can be tuned by varying the ratio 

between PLA and PGA. Nevertheless, PLGA likes to swell in moisture and can cause fracture and 

disintegration of the printed electronics, which can lead to malfunctioning of the device at any 

time. PCL is also preferred as it is relatively easy to cast and shape. Also, as one of the earliest 

biodegradable polymers studied, it is widely available from commercial markets. Different from 

other polymers, POC is an elastomer that can stretch with strains up to 30% with a linear elastic 

mechanical response [30]. This could yield biodegradable stretchable electronics using inorganic 

electronic device layouts with device islands connected by serpentine or noncoplanar mesh 

interconnects [38]. Optical images of inorganic semiconductor devices fabricated on PLGA, PCL, 

PLA, and POC are shown in Figure 5.6. 
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Thus, different classes of biodegradable materials exist which can be used to build 

biodegradable electronic systems. Basic substrate property requirements for high-performance 

electronics using inorganic materials include a smooth surface roughness, good mechanical 

strength, low thermal expansion, good thermal stability, and process capability to withstand 

solvents, acids, base, water, etc. RF electronics would demand additional requirements, such as 

 
 

Figure 5.6. Transient electronic systems on biodegradable polymers. (a) Photograph of an array 

of transient CMOS inverters on a thin PLGA substrate wrapped onto a cylindrical glass rod, with 

a magnified image in the inset. (b) Image of a transient device on a PCL substrate, in a bent 

configuration. (c) An array of transient CMOS inverters on a PLA substrate; adapted from [29]. 

John Wiley & Sons. ©  2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) An array of 

transient CMOS inverters interconnected in a filamentary serpentine (FS) mesh on a POC 

substrate; adapted with permission from [30]. Copyright (2015) American Chemical Society. 
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low RF loss, high dielectric κ, high breakdown, and high thermal conductivity. Typically, a 

biodegradable substrate does not possess all of these requirements, and this poses limitations in 

performance for the devices despite using inorganic semiconductors as active materials. 

Continuous material science efforts are being made to meet such requirements and to generate a 

substrate that will be perfect for green electronics. With available green device layers and 

substrates, different combinations of high-performance green electronic chips can be built. 

 

5.3. Design and Fabrication of High-Performance Green Electronics 

In this section, fabrication process steps toward building various green electronic chips that 

either degrade fully or partially are discussed. The generic fabrication process of obtaining single-

crystal semiconductor thin films begins with selective wet etching of the sacrificial layers 

underneath the nanomembrane on the host wafer. For instance, a freestanding Si nanomembrane 

is obtained from a silicon-on-insulator (SOI) wafer by removing the buried oxide (BOX) layer 

using concentrated hydrofluoric acids (HF). Obtaining thin-films of other semiconductors 

generally follows a similar process where Ge thin film is obtained from a GeOI wafer, and a GaAs 

thin film is obtained from GaAs grown on a sacrificial AlGaAs layer. This unique process not only 

yields rigid host wafers capable of active layer re-growth, but also high-performance single crystal 

semiconductor thin films that are mechanically flexible for operational features unavailable with 

bulk materials, as the extremely small thicknesses of nanomembranes compared to bulk materials 

allow flexural rigidities that are many orders lower [39]. The disadvantage of this process is that 

any material vulnerable to sacrificial layer etchant is unavailable for use. Thermally grown SiO2, 

which is an excellent dielectric insulator for Si, cannot be utilized as it would etch away in HF 

solution during the sacrificial layer undercut. Moreover, thermally growing SiO2 after the release 
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induces significant mechanical stress on the nanomembranes. Dielectrics deposited using chemical 

 

 
 

Figure 5.7. (a) Process for generating multilayer stacks of silicon NMs from a bulk wafer by 

anisotropic etching. Patterned features of etch resist (gold) on the structured sidewalls of vertically 

etched trenches allow access of an anisotropic wet chemical etchant only to certain regions of the 

silicon. (b) Epitaxial multilayer assembly of GaAs and aluminum arsenide (AlAs) grown on a GaAs 

wafer. Etching vertically through the thickness of the stack, and then immersing the structure in 

hydrofluoric acid, leads to the selective removal of the AlAs layers. Complete undercut etching 

releases large numbers of GaAs NMs. (c) Release of a silicon NM from a SOI wafer. Etching 

vertically through the top silicon layer exposes the underlying SiO2 layer, allowing its removal by 

etching in hydrofluoric acid; adapted by permission from Macmillan Publishers Ltd: [Nature] 

[39], Copyright (2011). 
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vapor deposition, evaporated deposition, or atomic layer deposition are instead substituted for 

insulators and passivation layers. Novel approaches to overcome this have also been proposed, 

where high-performance thin film MO  SFETs utilizing thermal oxides and (100) oriented thin Si 

were fabricated on SOIs that have supporting wafers with (111) orientation. This allows for the 

release of top thin films using tetramethyl ammonium hydroxide (TMAH) solutions for anisotropic 

wet etching of the bottom supporting substrate, instead of using HF solutions to undercut etch the 

BOX layer [11, 16]. Other developing techniques include xenon difluoride (XeF2) gas-based 

isotropic etching for the release of top films from bulk Si wafers. These common processes are 

summarized using the schematic illustrations in Figure 5.7, all of which may be applied to produce 

high-performance semiconductor thin films for green electronic chips. 

Such released thin film semiconductor layers may be subsequently transfer printed onto 

foreign substrates. Elastomeric stamps made using commercially available polydimethylsiloxane 

(PDMS) rubber have adhesion forces that lead to conformal contact with solid objects, which are 

used to pick up semiconductor thin films. These picked-up films are either transfer printed on a 

dry surface using kinetic control of adhesion or on an adhesive coated substrate [40]. Common 

flexible substrates for non-biodegradable applications are plastic films that can withstand 

moderately high processing temperatures (~300 °C) and chemical solutions like photoresists, 

solvents, acids, and bases, allowing post-transfer microfabrication process steps like photo-

lithography, deposition, and etching. Different from generic flexible electronics fabrication, 

however, further microfabrication processing of the transferred semiconductor thin films on 

biodegradable substrates is highly limited, as they are typically vulnerable to high-temperatures 

and wet chemicals.  

The first demonstration of Si transistors on a biodegradable substrate was fabricated on a thin 
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sheet of polyimide carrier substrate and transferred to a silk film, as shown in Figure 5.8 [15]. First, 

a releasable polyimide layer was laid on a temporary Si substrate using poly(methyl methacrylate) 

(PMMA) as the sacrificial layer. Such a format allows for planar conventional microfabrication 

processes to complete the Si transistor fabrication. Finally, the sacrificial PMMA layer was 

 

 
 

Figure 5.8. Schematic diagram (left), corresponding high resolution image (right), and micro-

scope image (inset) of (a) ultrathin devices on a carrier wafer, (b) devices lifted onto the surface 

of a PDMS stamp, and (c) process for transfer printing onto a silk film cast on a silicon wafer. (d) 

Schematic diagram of transfer printing onto a freestanding silk film (left) and dissolution (right); 

reprinted from [15], with the permission of AIP Publishing. 
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dissolved in boiling acetone to release the top transistors packaged in polyimide and transfer 

printed onto a silk substrate using a large slab of elastomer stamp. From the transfer characteristics 

and IV characteristics of the Si transistors on silk thin film before and after dissolution, the 

extracted electron mobility and threshold voltage changed from ~500 cm2/Vs and ~0.2 V to ~440 

cm2/Vs and ~0.5 V before and after dissolution of the silk thin film, respectively. The on/off ratio 

remained as ~104 after dissolution of the silk thin film substrate. The modest change in 

performance shows the possibility of combining implantable biomedical devices with high 

performance flexible electronics. 

Several methods were developed to minimize post-transfer processing steps and create fully 

biodegradable electronics by removing the polyimide layer. In one example using silk as the 

substrate, a high resolution shadow mask was adapted to eliminate photolithography steps. Metals 

and dielectrics were deposited on transfer-printed Si nanomembrane blocks through patterned 

stencil masks to complete the integrated circuit [4]. A photograph of the transient Si transistor and 

diode, along with a Mg-based simple circuit fabricated using this method, are shown in Figure 

5.4c. 

To yield a more complex circuit based on high-performance CMOS, photolithography 

processes are inevitable. Similar to the polyimide carrier substrate method, the entire circuitry was 

fabricated on a temporary diluted polyimide substrate, followed by picking the entire circuit using 

a large slab of elastomeric stamp. Removing the thin supporting polyimide using reactive ion 

etching prior to transfer printing the circuit onto biodegradable substrates yielded the transfer of 

high-performance circuitry consisting of only biodegradable materials [29]. This entire process is 

described in Figure 5.9. Since steps like deposition, etching, and lithographic patterning associated 

with fabrication of the electronic components are separated from the biodegradable substrates, 
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transient electronic devices fabricated this way can be printed onto nearly any type of 

biodegradable substrate, whether it is highly susceptible to temperature, moisture, or solvents. 

In another report on green electronics, partially biodegradable (99%) electronics chips that 

have comparable performances to state-of-the-art electronics were reported. Fabricating such high-

performance devices requires compound semiconductors and process steps with extreme 

conditions. GaAs-based microwave electronic circuits, along with Si-based digital circuits, were 

 
 

Figure 5.9. (a) Schematic illustrations of key processes for fabricating transient complementary 

metal-oxide semiconductors (CMOS) on a carrier substrate (upper left). Defining a mesh type 

structure allows dissolution of the PMMA layer in boiling acetone at 90 °C to release the entire 

device (upper middle). Retrieving the released device onto a PDMS stamp (right, image of the 

device on PDMS in the inset) allows exposure and removal of the bottom layer of D-PI by reactive 

ion etching. Transfer printing onto a PLGA substrate (lower middle), and RIE etching of the top 

D-PI, completes the process (lower left); adapted from [29] John Wiley & Sons. ©  2014 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim. 
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fabricated on a thin sheet of polyimide substrate and the completed circuitries were transfer printed 

onto biodegradable CNF substrates. GaAs-based transistors and Si-based transistors were transfer 

printed onto polyimide carrier substrates using elastomer stamps, followed by photolithography-

based deposition and etching to add passive components and to complete the circuitry. A final 

passivation layer based on polyimide was spin-casted and cured to prevent toxic materials like 

arsenic from leaking out and also to prevent oxidation. And by removing the sacrificial PMMA 

layer beneath the packaged device, the released device could be printed onto a CNF substrate, with 

polymer adhesive in between for permanent bonding. The high-performance electronic devices 

fabricated using this technique included RF GaAs HBT, RF rectifier, and Si nanomembrane-based 

digital circuits on biodegradable CNF substrates [6]. The reported RF GaAs HBT could achieve a 

fmax of 6.9 GHz and a fT of 37.5 GHz, and a full bridge rectifier based on a RF GaAs Schottky 

diode could achieve 2.43 mW of DC output power when input RF power was 21 dBm at 5.8 GHz, 

all on CNF paper. These reported transistors and circuits are adequate for wireless applications at 

microwave frequency range. 

 

5.4. High-Performance Green Optoelectronics, Sensors, and Power Supplies 

Similar techniques used for fabricating integrated circuits can be applied to create other 

electronic devices, such as optoelectronics, sensors, and power supplies. These are important 

electronic components that will benefit in performance from using inorganic semiconductors 

instead of organic ones. 

 

Transient Optoelectronics 

Various optoelectronic devices, such as solar cells and photodetectors for transient and 
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biodegradable applications, have been reported [4]. As described in Figure 5.10, solar cells and 

photodetectors were fabricated using the same materials and fabrication processes as that of the 

transient transistors and inverters described in [4]. With this approach, a biodegradable solar cell 

could achieve a fill factor of 66% and power conversion efficiencies of around 3% calculated from 

 

 
 

Figure 5.10. Transient optoelectronics. (a) Image of solar cells that use ~3 µm thick bars of Si and 

Mg interconnects. (b) Current density and power measured from a representative device as a 

function of voltage when illuminated using light from a solar simulator. (c) An addressable array 

of Si NM photodetectors with blocking diodes. Mg serves as contact and interconnection electrodes 

and MgO as the dielectric. (d) Image of the letter ‘I’ obtained using a passive matrix, 8 × 8 array 

of transient photodetectors, operated in a mode in which the object is scanned and a collection of 

recorded images is combined to improve the effective resolution. Inset shows the original object 

pattern; adapted from [4]. Reprinted with permission from AAAS. 
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the measured current density and output power. Also, a relatively clear image could be obtained 

using a transient array of photodetectors, as shown in Figure 5.10d. A Mg-based biodegradable 

circuit on a silk substrate utilizing a wireless RF power scavenger circuit to turn on a commercial 

LED was demonstrated as shown in Figure 5.11a [14]. Here, an input power of 8.5 mW was used 

to drive the LED. Also, a wirelessly powered blue LED on transient printed circuit boards using a 

RF power harvesting unit was demonstrated as shown in Figure 5.11b [41]. 

 

Bioresorbable Sensors 

Sensors are one of the most important parts in biomedical systems. Several different types of 

biodegradable and transient sensors based on inorganic materials have been reported to measure 

different biological signals [4, 29, 30, 42, 43]. For instance, simple strain gauges based on Si 

 

 
 

Figure 5.11. Transient wireless scavengers. (a) Image of a full wave rectifying system powered 

wirelessly with an RF transmitter and a Mg receiving antenna; adapted from [14]. John Wiley & 

Sons. ©  2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) A transient RF power 

harvesting circuit with a meander loop antenna formed using a screen-printed W paste. The blue 

LED attached to the antenna demonstrates wireless power harvesting with a half-wave 

rectification circuit; adapted from [41]. John Wiley & Sons. ©  2014 WILEY-VCH Verlag GmbH 

& Co. KGaA, Weinheim. 
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resistors, temperature sensors based on Si diodes, and Mg resistors on silk film were fabricated 

using the same technique described for transient transistors and diodes as shown in Figure 5.12a–

c. The strain gauge achieved gauge factors of ~40, which is comparable to those of conventional 

devices. The Si diode-based temperature sensors showed a voltage–temperature slope of ~ –2.23 

mV/°C and the Mg-based temperature sensors showed a resistance increasing slope of ~ –0.14 

Ω/°C, both of which are useful for the accurate measurement of temperatures.  

More advanced types of implantable sensors in bioresorbable formats to record neural signals 

were also demonstrated [42, 43]. One novel multifunctional device combined mechanical, physical, 

and chemical sensors in a bioresorbable format by printing the nanomembrane electronics on 

PLGA [42]. Furthermore, the device was bonded to a rigid silicon substrate with nanopores so that 

it could be inserted deep inside the brain to measure various signals. The nanoporous structure of 

silicon and the bioresorbable materials used for the sensors allowed complete dissolution of the 
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device at a controlled rate. Figure 5.12d shows a schematic illustration and photograph of the 

multifunctional sensor and its dissolution capability, respectively. Another bioresorbable device 

developed for micro-electrocorticography utilizing advanced inorganic materials was 

demonstrated as well [43]. Figure 5.12e shows an image of a 4-channel bioresorbable electrode 

array on the cortical surface of a rat’s left hemisphere that recorded sleep spindle activity. These 

Si nanomembrane electrodes and SiO2 encapsulating layer were fabricated on a degradable PLGA 

substrate. These bioresorbable electrodes have demonstrated their ability to capture intracortical 

and subdermal physiological activity and dissolve after a controlled period of time. 

Figure 5.12. Transient sensors. (a) Image of strain sensors based on Si NM resistors (left). Experi-

mental (symbol) and analytical (line) results of the fractional change in resistance of a silicon 

resistor as a function of applied tensile (red) and compressive strain (blue) (right). (b) Image of a 

temperature sensors based on Si NM diodes (left). Voltages applied to a temperature sensor to 

yield an output current of 10 µA at different temperatures (right). (c) Image of a temperature sensor 

that use Mg resistors, Mg interconnects, and MgO as an interlayer dielectric (left). Measured 

dependence of the resistance of a Mg temperature sensor on temperature (right); adapted from 

[4]. Reprinted with permission from AAAS. (d) Schematic illustration of a biodegradable pressure 

sensor. Images collected at several stages of accelerated dissolution upon insertion into an 

aqueous buffer solution (right); adapted by permission from Macmillan Publishers Ltd: [Nature] 

[42], copyright (2016). (e) Photograph of bioresorbable electrode array placed on the cortical 

surface of a rat (left). Sleep spindles recorded by a bioresorbable electrode and a commercial 

stainless steel microwire electrode as a (right); adapted by permission from Macmillan Publishers 

Ltd: [Nature Materials] [43], copyright (2016). 
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Biodegradable Power Supplies 

Power supplies are an important part of electronic systems, particularly for biomedical devices. 

For biodegradable green electronics, adding a power supply would eliminate the need for external 

 
 

Figure 5.13. Transient power supplies. (a) Schematic fabrication process of a biodegradable 

battery (left) and the capacity and power of a Mg-Fe device at different currents; reprinted from 

[44]. Copyright (2016), with permission from Elsevier. (b) Dissolution of the battery pack that 

consists of four Mg-Mo cells in series. Inset shows the battery powered operation of a red LED; 

adapted from [45]. John Wiley & Sons. ©  2014 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (c) Schematic fabrication process of a biodegradable nanogenerator (left), output 

voltage (middle), and current density (right) of the composite nanogenerator with 30 wt% 

KNN:Mn nanoparticles; reprinted from [46]. Copyright (2015), with permission from Elsevier. 
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wires. Power supply systems that enable the wireless function of electronic devices include 

wireless scavengers, batteries, and nanogenerators. These supply systems were also demonstrated 

in biodegradable formats [14, 44-46]. RF power scavengers that can receive power wirelessly have 

shown the capability to convert RF power at 950 MHz to turn on an LED, which was reviewed 

with optoelectronics [14]. RF power around 17.3 dBm (54 mW) was wirelessly received by an Mg 

antenna connected to an RF power scavenger circuit and 8.3 mW was used to turn on the LED 

with a power converting efficiency of 15.7%. This demonstration is shown in Figure 5.11.  

Edupuganti et al. reported a Mg-based biodegradable battery with a maximum power of 67 

μW and a capacity of 5.2 mAh [44]. The fabrication starts from forming a Mg spiral anode using 

laser micromachining followed by placing the Mg spiral onto a silicon wafer coated with chitosan 

which works as a biodegradable substrate, as described in Figure 5.13a. An Fe cathode was 

sputtered through a laser micromachined mask of Mg foil onto the substrate. The demonstrated 

size and power level of this biodegradable battery are suitable for low-power transient systems. 

Yin et al. demonstrated another biodegradable primary battery using Mg foils as anodes, metal 

foils based on Fe, W, or Mo as cathodes, and polyanhydrides as packages [45]. The battery showed 

a capacity of ~2.4 mAh with a 1 cm2 active area, 50 μm thick Mg foil, and 8 μm thick Mo foil. 

Figure 5.13b shows the dissolution process of the battery, from which we find the package dissolve 

first, leaving only the Mg and Mo foils after 11 days. 

Biodegradable piezoelectric composite nanogenerators based on silk fibroin were demon-

strated as well [46]. As shown in Figure 5.13c, after obtaining the silk solution from the cocoon, a 

mixture of polyvinylpyrrolidone (PVP) Ag nanowires were poured into the solution, followed by 

adding prepared biocompatible ferroelectric nanoparticles into it. The solution was spin-casted 

onto an ITO/PET substrate which served as the bottom electrode and another ITO/PET film was 
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placed on top of the composite serving as the top electrode. The thin film type nanogenerator 

achieved a maximum output voltage of 2.2 V and current densities of 0.12 μA/cm2 with 30 wt% 

K0.5Na0.5Nb0.995Mn0.005O3 (KNN:Mn) nanoparticles, as shown in Figure 5.13c. By adding glycerol 

into the composite, the degradation of the composite was controllable. These nanogenerators are 

suitable for powering implantable devices that require low power. 

Like the reviewed optoelectronics, sensors, and power supplies, inorganic materials are found 

in most types of high-performance electronic components. Using different combinations of 

biodegradable inorganic materials, it is expected that nearly all types of electronic components to 

complete an electronic device, such as a cell phone, can be achieved.  

 

5.5. Conclusion 

We have reviewed and summarized a set of materials, chip designs, and fabrication processes 

for making high-performance green electronics. From transistors and diodes to sensors and 

nanogenerators, electronic components have been demonstrated in fully or partially biodegradable 

formats. These combined demonstrations will lead to a massive reduction in e-waste and reduce 

the necessity for sophisticated and expensive recycling processes. Furthermore, the focus of this 

review was to distinguish biodegradable electronics based on inorganic semiconductors from other 

biodegradable electronics to emphasize the recent progress towards high-performance green 

electronics. As conventional electronics benefit from high carrier mobilities of inorganic 

semiconductors, green electronics must be fabricated using the same or comparable materials, with 

minimal changes in the fabrication procedures, with high reliability, and without a significant cost 

increase. These criteria are essential to address the serious environmental threat that mankind faces 

today due to the massive amounts of e-waste created daily. While biodegradable integrated circuit 



98 

fabrication methods were summarized in detail, the content covered in this review may be further 

extended without substantial changes to manufacture other electronic components like 

optoelectronics, sensors, and power supplies. Combined with other efforts to produce green 

components for electronics, such as displays and cases, next generation consumer electronics 

should be more ecofriendly.  
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CHAPTER 6  
High-performance green flexible electronics based on 

biodegradable cellulose nanofibril paper 

                                   
Today’s consumer electronics, such as cell phones, tablets and other portable electronic 

devices, are typically made of non-renewable, non-biodegradable, and sometimes potentially toxic 

(for example, gallium arsenide) materials. These consumer electronics are frequently upgraded or 

discarded, leading to serious environmental contamination. Thus, electronic systems consisting of 

renewable and biodegradable materials and minimal amount of potentially toxic materials are 

desirable. Here we report high performance flexible microwave and digital electronics that 

consume the smallest amount of potentially toxic materials on biobased, biodegradable, and 

flexible cellulose nanofibril papers. Furthermore, we demonstrate gallium arsenide microwave 

devices, the consumer wireless workhorse, in a transferrable thin-film form. Successful fabrication 

of key electrical components on the flexible cellulose nanofibril paper with comparable 

performance to their rigid counterparts and clear demonstration of fungal biodegradation of the 

cellulose nanofibril-based electronics suggest that it is feasible to fabricate high performance 

flexible electronics using ecofriendly materials. 

 

6.1. Introduction 

Consumer electronics, particularly portable electronics, such as smart phones, tablets etc. 

together with their supported Big Data industry have helped sustain the economic growth in the 

majority part of today’s world. However, rapid technological advances have led to a significant 

decrease in the lifetime of the consumer electronics and also rapid consumption of non-renewable 
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natural resources. On average, cell phones are used for less than 18 months and computers are used 

for less than three years before being replaced [1, 2]. In fact, in 2007, it was estimated that over 

426,000 cellphones (most of them were still functional) and 112,000 computers were discarded 

every day in the U.S., totaling 3.2 million tons of electronic waste generated per year [3, 4]. These 

discarded electronics increase the demand for landfill space and may also cause some serious 

environmental concerns [4-7]. Thus, the use of biodegradable materials in electronics can reduce 

the accumulation of persistent solid waste, thereby benefiting our living environment. Moreover, 

today’s chips in portable electronic devices are made at large amount yet unnecessary consumption 

of precious materials. In a typical semiconductor electronic chip, the active region comprised in 

the top thin layer is only a small portion of the chip, whereas the bottom substrate that holds the 

chip consists of more than 99% of the semiconductor materials [8]. In microwave chips for wireless 

functions, besides the waste of the bottom substrate, only a tiny fraction of the lateral chip area is 

used for the needed active transistors/diodes with the rest being used only for carrying other non-

active components. Some toxic semiconductor materials like gallium arsenide (GaAs) [9, 10] are 

widely used in high speed communication devices, such as cell phones and tablets, and can lead 

to a significant amount of hazardous materials and high cost in applications that require sparse 

areal coverage, such as monolithic microwave integrated circuits (MMIC). In order to minimize 

the usage of semiconductors, fully formed electronic devices can be fabricated on a sacrificial 

material in a dense array format, where each micro-scale device can be released and transfer 

printed onto any type of substrate, including biodegradable flexible substrates. The feasibility of 

such an approach has been demonstrated in several reports, where devices are fabricated on a wafer 

that enables deterministic assembly of individual devices on foreign substrates via the transfer 

printing process [11-14]. Utilizing this technique, the handling substrate is no longer necessary and 
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the substrate can be re-used for further growth of active layers upon the depletion of all devices. 

This is especially useful in GaAs based electronics where the chemical extraction of GaAs from 

discarded waste is prohibitively expensive and dangerous due to the presence of Arsenic [9, 10]. 

To obtain degradable capabilities, new materials that are non-toxic and biodegradable in nature, 

such as paper, silk, and a number of synthetic polymers, have been explored as electronic substrates 

[15-19]. Many groups have reported electronics on paper by depositing organic semiconductors, 

but while the concept is very interesting in that it is flexible and degradable, the performance of 

such electronics falls behind the requirements of state-of-the-art electronics [20-22]. Another 

promising approach developed by Hwang et al. was to use biodegradable silk combined with high 

performance inorganic semiconductors [17, 19]. Despite their excellent degradation capability, 

biocompatibility, and performance, silk-based electronics are highly vulnerable to water and 

solvents. In addition, the suitability of silk for microwave applications is unknown. It should also 

be noted that only silicon (Si)-based electronics were demonstrated on biodegradable silk substrate. 

However, Si has a low mobility compared to GaAs, which limits its use in microwave electronics. 

Cellulose nanofibril (CNF) is an ecofriendly material as it is completely derived from wood [23, 

24]. With its high transparency [25, 26] and flexibility [27], as well as desirable electrical 

properties [28], CNF is an ideal candidate as an alternative and ecofriendly substrate for electronics. 

A number of groups have reported on CNF-based electronics [29-32]. However, whether the 

biodegradable CNF substrate exhibits suitable radio frequency (RF) properties for microwave 

based consumer electronics applications has been unknown. 

In the following, we explore the microwave applications of CNF and demonstrate high 

performance electronics that are comparable to existing state-of-the-art electronics, including 

process-complicated GaAs-based microwave level electronics where the operating frequency is 
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beyond gigahertz, as well as Si-based digital electronics, on CNF substrates. Fungal 

biodegradation of these CNF-based electronics, for the purpose of cycling degraded CNF back to 

forestry as fertilizer, was also carried out to show the decaying process over time. While transfer 
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printing techniques and CNF paper are used to realize various high-performance flexible 

electronics in this work, what is described is a new, much more sustainable, green electronic chip 

concept to address the societal impact of today’s economically important yet environmentally 

unsustainable consumer electronics, based on the important properties that were discovered from 

CNF.  

 

6.2. Cellulose nanofibril film and its characteristics 

Figure 6.1a presents a likely life cycle of the CNF film where the film is first made from CNFs 

extracted from the woods, degraded via a fungal biodegradation process upon disposal, and sent 

back to the woods without adverse environmental effects. Electronic systems based on such 

Figure 6.1. Introduction to cellulose nanofibril (CNF) paper and its basic characteristics as a 

substrate for electronics (a) An illustration of a likely life cycle of the bioased and biodegradable 

CNF paper. First, cellulose nanofibrils (CNFs) extracted from the woods is made into CNF paper. 

The CNF paper can be degraded via fungal biodegradation and sent back to the woods without 

adverse environmental effects. (b) The transmittance curve over a visible spectrum. Blue and red 

curves show the transmittance of 80 µm and 200 µm thick CNF films, respectively. (c) A 

thermogravimetric (TGA) plot showing the weight change of the CNF film as a function of 

temperature, along with the first derivative (DTG) of the curve. The film remains stable up to 

213 °C. (d) The electrical breakdown characteristics of CNF film. Current is measured while high 

voltage is applied on both sides of the film. (e) Radio frequency characteristics of the CNF film. 

Dielectric constant (red) and loss tangent (blue) are measured in the frequency range of 0 to 10 

GHz using a microstrip waveguide. 
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material could significantly facilitate recycling and management of waste streams. Thus, the 

ecofriendly wood-based CNF substrate is clearly an ideal substitution for electronics that exist 

today. However, pure CNF film is vulnerable to water [33]. To address this issue, we coated the 

pure CNF film with a bisphenol A-based epoxy resin. As shown in Figure 6.2, the epoxy coating 

increased the contact angle of the CNF film from 28.4° to 74.6°,  thereby making the CNF film 

much more hydrophobic. This treatment allowed for easier handling of the CNF substrate and 

offered better manufacturing capabilities. Epoxy is a type of thermoset plastic commonly used in 

electronics packaging materials (e.g., electronic molding compounds as well as underfills) due to 

its ease of handling, desirable materials properties, and relatively low cost. The epoxy coating can 

also enhance the mechanical properties of the CNF film. Figure 6.1b–e introduces the unique 

material properties of epoxy-coated CNF films. As shown in Figure 6.1b, the CNF film was 

 
 

Figure 6.2. Comparison of the contact angles of a water droplet on a pure CNF film and an epoxy-

coated CNF film. The contact angle was (a) 28.4° for the pure CNF paper at t = 1 s and (b) 74.6° 

for the epoxy-coated CNF paper at t = 1 s. 
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transparent, thus making it ideal for certain applications. The transmittance was over 80% for an 

80 µm thick CNF film and 60% for a 220 µm thick CNF film over the visible spectrum. Figure 

6.1c presents thermogravimetric analysis (TGA) data showing the weight loss of the epoxy-coated 

CNF film as a function of temperature as well as the first derivative (DTG). There were three peaks 

 

 
 

Figure 6.3. (a) The differential scanning calorimetry (DSC) curve of the epoxy coated CNF film 

obtained during the second heating cycle. (b) Load-deflection test of the epoxy-coated CNF film 

using a dynamic mechanical analyzer. Measurement set-up for testing the load-deflection. (c) 

Measured load force in relation to deflection distance during loading (red) and unloading (blue). 

The film is reversible back to its flat state after unloading. 
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in the DTG curve, with the first (213 °C) and third (270 °C) peak corresponding to the 

decomposition of the CNF and epoxy process, respectively. The middle peak observed at 310 °C 

was attributed to the overlapping of the CNF and epoxy decomposition peaks. The glass transition 

temperature (Tg) of the film was measured at 72.8 °C (Figure 6.3a), which was similar to that of 

polyethylene terephthalate (PET) film, a commonly used substrate for flexible electronics. In 

addition, the CNF film was strong and flexible enough to allow reversible bending as shown in 

Figure 6.3b–c. The flexural modulus of the epoxy-coated CNF film was calculated to be 2.5 GPa, 

which is comparable to that of PET (1.5 to 2.8 GPa) [34-36]. The electrical properties of the CNF 

film were also appealing for use with electronics. As presented in Figure 6.1d, the CNF film did 

not undergo an electrical breakdown, even at very high voltages (e.g., 1100 V), which is far beyond 

the requirement for consumer electronics. Furthermore, because the dielectric and RF properties 

of the substrate are major aspects to be considered in designing a RF circuit, the RF loss and 

dielectric constant were extracted using a microstrip waveguide and analyzed at high frequencies. 

In the frequency range from 0 to 10 GHz, the dielectric constant ranged from 2.58 to 2.69, and the 

loss tangent ranged from 0.0302 to 0.0415, as presented in Figure 6.1e. The above 

characterizations for the first time unveiled the suitability of CNF for high-frequency microwave 

applications. While the dielectric constant and RF loss values were comparable to those of PET 

film, the biodegradability property of CNF makes it a superior candidate over PET for addressing 

the abovementioned environmental impact.  

 

6.3. Fabrication process of GaAs devices on CNF substrates 

Compared to devices operating at low frequencies (~MHz) or direct current (DC) levels, 

microwave (~GHz) devices are especially difficult to fabricate on foreign substrates, due to the 
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small feature sizes and high temperature processes required for high performance. Here, we present, 

for the first time, methods to fabricate microwave GaAs-based devices on foreign substrates, 

namely the CNF substrate in this case. It should be noted that today’s majority portable gadgets 

(>85% in cell phones) with wireless communication functions employ GaAs-based microwave 

devices for their superior high-frequency operation and power handling capabilities. Figure 6.4a 

outlines the procedure for manufacturing GaInP/GaAs heterojunction bipolar transistors (HBTs) 

 

 

 

Figure 6.4. The fabrication process for deterministic assembly of GaAs devices on CNF paper. 

Schematic illustration of the fabrication process of GaInP/GaAs HBTs on a CNF substrate. The 

HBTs are fabricated on a sacrificial layer grown on a GaAs substrate and released with protective 

anchors made of photoresists. Each HBT is picked up using a PDMS micro-stamp and printed onto 

a temporary Si substrate with polyimide as the adhesive. After RF interconnect metallization, the 

devices are released from the temporary substrate and printed onto a CNF substrate using a PDMS 

stamp. 
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on a CNF substrate via schematic illustrations. Thin heterojunction epitaxial layers in stacks of n-

cap layer (GaAs:Si)/ n-emitter layer (GaInP:Si)/ p-base layer (GaAs:C)/ n-collector layer 

(GaAs:Si)/ n-sub-collector layer (GaAs:Si) were grown on a 500 nm thick sacrificial layer 

 

 

Figure 6.5. Illustration of the fabrication steps of GaInP/GaAs HBT via a sequence of optical 

images. (a) Emitter metal is deposited on a GaAs cap layer. (b) Emitter layer is plasma etched and 

base metal is deposited. (c) After base mesa etching, the collector metal is deposited. (d) Isolation 

of the HBT is done by plasma etching. (e) Protective anchor patterning on the HBT. (f) HBT is 

picked up using a PDMS stamp. The image shows the backside of the HBT. 
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(Al0.96Ga0.04As) on a GaAs wafer. The fabrication process began by following conventional 

procedures to fabricate the HBTs (Figure 6.5), followed by protective anchor patterning using a 

photoresist (PR). This will protect the devices and allow the devices to be tethered to the substrate 

after etching away the underlying sacrificial layer using a diluted hydrofluoric acid (HF) solution. 

Van der Waals contact with a soft elastomer stamp made of polydimethylsiloxane (PDMS) to the 

device breaks the anchors on all four sides and easily picks up a single device. The devices are 

transfer printed in deterministic assembly onto a temporary Si substrate using ultrathin polyimide 

(PI, ~1 µm) as an adhesive, followed by ground–signal–ground (G–S–G) RF interconnect 

metallization. Polyimide is an excellent material for GaAs-based devices not only as an adhesive, 

but also as a passivating material that can suppress the high surface states of GaAs and prevent 

leakage current [37]. Devices are then released from the temporary substrate and printed onto a 

CNF substrate using a PDMS stamp (Figure 6.6). Figures 6.7a-c present optical microscopy 

images of fully formed HBTs on a GaAs substrate that are ready to be picked up. As shown in 

 

 

 

Figure 6.6. A sequence of optical images demonstrating the transfer process of microwave 

electronics on a CNF substrate. Here, the transfer process of passive elements is shown as an 

example. The passive elements are fabricated on a temporary Si substrate (left), picked up using a 

PDMS stamp (middle), and then transfer printed onto a CNF substrate (right). 
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Figure 6.7a, an array of 1,500 releasable HBTs on a 5 × 6 mm2 GaAs substrate can be fabricated. 

The image in Figure 6.7d presents an array of HBTs on a CNF substrate wrapped around a tree 

stick demonstrating the high flexibility of these electronics. 

 

6.4. Analysis of the influence of GaAs on the environment 

The Environmental Protection Agency (EPA) has set the Arsenic standard for drinking water 

at 10 parts-per-billion (ppb) [38], i.e., 10 µg L-1. Compared to a typical GaAs MMIC, which only 

consists of a few HBTs on a large substrate, this pick-and-place method greatly reduces the usage 

of expensive and hazardous semiconductor materials. Figure 6.7e presents a quantitative analysis 

on the amount of Arsenic present in the corresponding device/transistor due to the usage of GaAs 

that may lead to adverse environmental impact. Also shown in Figure 6.7e is the amount of water 

calculated according to the EPA standard based on the amount of arsenic present in these 

devices/transistors. This analysis shows that a significant amount of clean water can be saved or 
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preserved using our deterministic assembly approach in making the GaAs-based electronics. The 

weight of Arsenic was obtained by converting the measured volume of from either conventional 

GaAs chip or our printed HBTs to weight. As an example, a conventional miniature GaAs HBT 

based MMIC with 40 HBTs on a 1.15 × 0.75 mm2 large and 100 µm thick substrate [39], was used 

as a reference for the comparison. Moreover, our single GaAs HBT with a volume of 5.04 × 10-6 

mm3 was used. Assuming that there are six GaAs HBT-based MMIC chips in a typical cell phone, 

approximately 138 L of water is required at minimum to meet the standards, whereas, the same 

cell phone using our approach only requires 0.32 L of water. For a single conventional chip with 

40 HBTs, 22.9 L of water is required, whereas only 0.054 L is required for the 40 HBTs fabricated 

Figure 6.7. GaAs devices on CNF paper and quantitative analysis on the influence of GaAs to the 

environment. (a) An optical microscopy image showing 1,500 releasable HBTs in a dense array 

format on a 5 ×  6 mm2 size GaAs substrate. Scale bar, 2 mm. (b) A magnified image of the array. 

Scale bar, 200 µm. (c) An optical image showing a single releasable HBT that is tethered to the 

substrate with photoresist anchors. Scale bar, 30 µm. (d) A photograph of an array of HBTs on a 

CNF substrate wrapped around a tree stick with a ~3 mm radius. (e) Comparison chart showing 

the amount of the arsenic corresponding to each type of device/transistor listed as well as the 

amount of water calculated according to the EPA standard based on the quantity of the arsenic 

present in these devices/transistors. For a single conventional cell phone, approximately 138 L of 

water is required to satisfy the EPA standard, whereas only 0.32 L is required using our approach. 

Additionally, 23 L is required for a single conventional chip with 40 HBTs, while only 0.054 L is 

required for the same number of HBTs with our approach. One HBT only requires 0.0013 L of 

water. 
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using our method. This approach is even more advantageous where only a few HBTs are required. 

For instance, a single conventional chip with 40 HBTs and 20 HBTs would have similar weight 

because they are typically built on a similarly sized substrate; however, 20 HBTs printed using our 

approach would weigh exactly half of the 40 HBTs. In fact, a single printed HBT only requires 

0.0013 L of water to meet the EPA standard for drinking water.  

 

6.5. Microwave GaAs electronic devices on CNF substrates 

Figures 6.8c–e show the electrical properties of a single finger (2 × 20 µm2) non-self-aligned 

HBT on a CNF substrate, which is optically shown in Figures 6.8a and 3b. The inset image of 

Figure 6.8c shows an optical microscopy image of the device that was measured. The Gummel 
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plot presented in Figure 6.8c reflects collector and base electric current, IC and IB, against base-

emitter voltage, VBE with zero VBC bias. The common-emitter current gain curve under zero VBC 

bias is shown in green in Figure 6.8c, which indicates that the beta (β) had its maximum value of 

14.49 at a VBE of 1.86 V. Under an extreme bending condition (i.e., at a bending radius of 2.5 mm), 

the maximum beta value decreased slightly to 13.64 (Figure 6.9). The IC vs. VCE curve is presented 

in Figure 6.8d. The positive VCEOFFSET value of 0.14 V is due to the single heterojunction structure 

of our HBT where the offset comes from the difference in bandgap between the emitter (GaInP) 

and the base (GaAs). The decaying collector current observed as VCE was increased at high base 

current is attributed to poor thermal dissipation as the thermal conductivity of the underlying CNF 

substrate (κ = 1.0 W m-1 K-1) [40] was lower than that of a typical GaAs substrate (κ = 56 W m-1 

K-1) [41]. The RF performances of the HBT were analyzed from the measured scattering (S-) 

Figure 6.8. Microwave active GaAs electronic devices on CNF paper. (a) Photograph of an array 

of HBTs on a CNF substrate put on a tree leaf. (b) Magnified photograph of the array. (c) Gummel 

plot and Beta plot showing the maximum DC gain of the HBT. The maximum beta is 14.49. The 

inset optical image shows one of the HBTs in the array that was measured and characterized. (d) 

IC vs. VCE plot of the HBT plotted at 0.5 mA steps of IB. (e) Current gain (H21) and power gain 

(GMAX) as a function of frequency, with a collector voltage bias of 2 V and a base current bias of 2 

mA. (f) Current versus voltage plot of the Schottky diode on a CNF substrate. The red curve shows 

the logarithmic scale and the blue curve shows the linear scale. The inset optical image shows the 

diode transferred onto a CNF substrate with G–S–G interconnects. (g) Measured S11 (red) and S21 

(blue) plotted against frequency under a forward current bias of 10 mA. (h) Measured S11 (red) 

and S21 (blue) plotted against frequency under a reverse voltage bias of –0.5 V. 
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parameters from 0.045 to 50 GHz (Figure 6.10). Open and short patterns of the probing pads on 

the CNF substrate were used to subtract the effect of parasitic inductances and capacitances of the 

pad. Figure 6.8e presents the current gain (H21) and power gain (GMAX) against frequency for the 

 
 

Figure 6.9. Effect of bending on the Beta gain of GaAs HBT. (a) Measurement set-up for testing 

the GaAs HBT under bending. (b) Comparison of the Beta plot for GaAs HBT when the CNF 

substrate was flat (red) or bent (with a radius of curvature of 2.5 mm) (blue). 

 

 

 
 

Figure 6.10. Measured S-parameters of the HBT on a CNF substrate with (a) S12 (blue) and S21 

(red) plotted on a polar plot, and (b) S11 (red) and S22 (blue) plotted on a Smith chart. 
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device under a bias of VC = 2 V and IB = 2 mA. A high cut-off frequency (fT) of 37.5 GHz and a 

maximum oscillation frequency (fmax) of 6.9 GHz were obtained. The relatively low fmax of 6.9 

GHz was attributed to the non-self-aligned structure of the HBT where large emitter-base spacing 

(2 µm) introduced high base resistance, causing the fmax to drop [42]. These outstanding RF results 

further prove the suitability of CNF for microwave applications. Although we observed a decay of 

current at increasing voltages due to the relatively low thermal conductivity of the CNF film, the 

frequency responses of the HBT were sufficiently high to be used as practical amplifiers in mobile 

devices where the cellular frequency is in the range of 800 to 2500 MHz. By incorporating 

materials with high thermal conductivities, such as boron nitride or diamond nanoparticles into the 

CNF film, the device performance can be further improved. 

Schottky diodes based on GaAs are commonly used in high speed communication systems as 

mixers and rectifiers. Same fabrication techniques with minor changes, as described in Figure 6.4 

can be implemented to fabricate high performance Schottky diodes. Similar to the HBTs, nearly 

1,200 Schottky diodes with high yield can be fabricated on a 5 × 6 mm2 GaAs substrate. Figure 

6.8f (with an inset image showing the measured diode) presents the DC performance of the diode 

measured on a CNF substrate, where an ideal Schottky behavior with a low turn on voltage of 0.7 

V was obtained. A logarithmic plot (shown in red) of the data shows a good ideality factor of 1.058. 

Figures 6.8g and 6.8h present the measured S-parameters of the diode at forward bias and reverse 

bias, respectively (polar plots and Smith charts are shown in Figure 6.11). At a forward current 

bias of 10 mA (V = 740.6 mV), the insertion loss (S21) was only −1 dB at 20 GHz, making it 

suitable for RF applications. At a reverse voltage bias of −0.5 V (I = −414.1 pA), the insertion loss 

(S21) reached −2 dB at 4.3 GHz. The low resistance obtained under reverse bias at high frequencies 

shows that these diodes can perform with high switching speeds in microwave circuits. 
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Passive elements are crucial components that are used for various purposes, such as RF chokes 

and impedance matching networks in RF circuits. To demonstrate the full capability of the CNF 

substrate for microwave circuit application, simple metal–insulator–metal (MIM) capacitors and 

 
 

Figure 6.11. Measured S-parameters of the Schottky diode on a CNF substrate. Figure (a) shows 

S21 plotted on a polar plot while (b) shows S11 plotted on a Smith chart under forward bias. Figure 

(c) shows S21 plotted on a polar plot while (d) shows S11 plotted on a Smith chart under reverse 

bias. 
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spiral inductors were fabricated on a CNF substrate. Figure 6.12a presents the structure of the two 

passive elements on a CNF substrate with schematic illustrations. Bottom inductor metal and MIM 

capacitors, with 200 nm of TiO2 as the dielectric material, were deposited on a releasable thin 

polyimide (PI, ~1 µm) sheet spin casted on a temporary Si substrate. Another polyimide layer 
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served as via holes during the subsequent metallization step for the G–S–G RF interconnects. The 

finished passive components were then released from the temporary substrate and transfer printed 

onto the CNF substrate. Figure 6.12b shows a photograph of the inductors and capacitors on a CNF 

substrate placed on a tree leaf. Figures 6.12c and 6.12d show the optical microscopy images of the 

measured inductor and capacitor, respectively. Measured S-parameters are plotted in Figure 6.13. 

The inductance of the 4.5 turn inductor versus frequency is plotted in Figure 6.12e. The width of 

the metal line of this inductor was 10 µm and the spacing between the adjacent metal lines was 5 

µm. A constant inductance of ~6 nH was obtained up to ~8 GHz, with a self-resonant frequency 

(fres) of 15.1 GHz. A peak Q value of ~20 was obtained at 8 GHz as shown in the inset image of 

Figure 6.12e. Figure 6.12f plots capacitance against frequency for a 30 × 30 µm2 MIM capacitor 

with Q factor plotted in the inset image. A constant capacitance of ~1.3 pF was measured up to 6 

GHz, with a fres of 12.1 GHz. Such high Q and fres values obtained at a broad frequency range 

Figure 6.12. Microwave passive elements and integrated circuit on CNF paper. (a) An exploded 

view schematic illustration of the inductor and capacitor on a CNF substrate. (b) Array of 

inductors and capacitors on a CNF substrate put on a tree leaf. (c) Optical image of the measured 

4.5 turn inductor. Scale bar, 100 µm. (d) Optical image of the measured MIM capacitor. Scale bar, 

100 µm. (e) Inductance plotted against frequency with an inset plot showing the inductor Q factor 

as a function of frequency. (f) Capacitance plotted against frequency with an inset plot showing 

the capacitor Q factor as a function of frequency. (g) An optical microscopy image of a full bridge 

rectifier built on a CNF paper. Here, the microwave Schottky diodes and an MIM capacitor were 

integrated. Scale bar, 50 µm. (h) Measured rectified DC output power of the rectifier while 

applying RF input power from 10 dBm to 21 dBm at 5.8 GHz. 

 



124 

suggest that these inductors and capacitors are applicable for high speed RF integrated circuits, in 

conjunction with the microwave devices, on CNF substrates. To evaluate the printed microwave 

devices on a CNF substrate in an application, four microwave GaAs-based Schottky diodes and an 

MIM capacitor were combined into a simple integrated circuit to form a full bridge rectifier, as 

optically shown in Figure 6.12g with its circuit diagram shown in 6.14. The rectification behavior 

of RF-to-DC conversion at 5.8 GHz is shown in Figure 6.12h. This frequency is one of the popular 

 
 

Figure 6.13. (a) Measured S11 (red) and S21 (blue) of the inductor on CNF plotted on a Smith chart. 

(b) Measured S11 (red) and S21 (blue) of the capacitor on CNF plotted on a Smith chart. 

 

 

 
 

Figure 6.14. Circuit diagram of the rectifier built on a CNF film 
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frequencies in wireless local area network (WLAN), commonly used in high speed Wi-Fi systems. 

As shown in the plot, the rectifier can rectify a 21 dBm input signal to an output power of 2.43 

mW. The ability to rectify such high frequency signals can be attributed to the excellent electron 

mobility of GaAs and the low turn-on voltage of the Schottky diodes. With an appropriate 

matching network, the rectification ratio is expected to increase drastically by enhancing the 

reflection loss of the circuit. S11 of the rectifier is shown in Figure 6.15. 

 

6.6. Silicon-based digital electronics on CNF substrates 

In addition to microwave electronics that allow wireless communication for mobile electronic 

devices, digital circuits are also important components that are dominant in most electronic devices 

as microprocessors and controllers. Figure 6.16 summarizes a set of digital logic circuitries on a 

CNF substrate using Si-based complementary metal–oxide–semiconductor (CMOS) devices. 

Figure 6.16a shows the completed digital circuits on a CNF substrate, which includes ‘universal’ 

 
 

Figure 6.15. Measured S11 of the rectifier at the RF input port plotted on a Smith chart. 
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logic gates (Inverter, NOR gate, and NAND gate) and a full adder. The fabrication was done by 

separately printing Si nanomembrane-based p-type metal–oxide–semiconductor field-effect 

transistors (MOSFETs) and n-type MOSFETs onto a polyimide-coated temporary Si substrate, 

followed by deposition of gate oxides and metal interconnects for making CMOS-based digital 
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circuits. Figure 6.16b presents the current–voltage characteristics of the p-type MOSFET (left) and 

n-type MOSFET (right). Figure 6.16c shows an optical image of the CMOS inverter. As presented 

in Figure 6.16d, the inverter exhibits a good input and output relationship. A further modelling of 

these CMOS transistors established NOR and NAND logic gates, which are optically shown in 

Figures 6.16e and 6.16g, respectively. The input and output relationships of the NOR and NAND 

gates are shown in Figures 6.16f and 6.16h, respectively. The inputs and outputs can be seen as 

well-defined “0”s and “1”s. All of these components can be used together to yield a simple 

integrated circuit on a CNF substrate. As an example, a full adder, which is highly scalable and 

useful in many cascaded circuits, was designed and fabricated on a CNF substrate, as optically 

shown in Figure 6.16i. This full adder is a mirror full adder, which consisted of 28 transistors with 

4 of them used for inverter construction. As presented in Figure 6.16j, the two single bit outputs 

(SUM and Carry Out) had a 0.2 ms switching delay when responding to the three single bit inputs 

(Input A, Input B, and Carry In). This made the full adder work at a frequency of up to 5 kHz.  

 

Figure 6.16. Digital electronics on CNF paper. (a) A photograph of CNF paper with digital 

electronics. (b) ID versus VD plot of a p-type MOSFET (left) and an n-type MOSFET (right) at VG 

steps of 1 V. (c) An optical microscopy image of an inverter. (d) Input–output characteristics of the 

inverter. (e) An optical microscopy image of a NAND gate. (f) Input–output characteristics of the 

NAND gate. (g) An optical microscopy image of a NOR gate. (h) Input–output characteristics of 

the NOR gate. (i) An optical microscopy image of a full adder. The adder consists of 28 transistors. 

(j) Characteristics of the full adder: Input A, Input B, Carry In, Sum, and Carry Out are shown in 

descending order. 

 



128 

6.7. Fungal biodegradation tests of the CNF-based electronics 

As presented in Figures 6.4 to 6.16, all types of electronic systems required for building an 

electronic device can be realized on a CNF paper. To prove the concept of biodegrading electronic 

devices and to close the cycling loop that is shown in Figure 6.1a, one of the electronics that we 

have presented here was subjected to a fungal degradation test. Figure 6.17 summarizes a sequence 

of fungal degradation tests on CNF-based electronic devices. First, two different types of decay 

fungi, brown rot fungus Postia placenta and white rot fungus Phanerochaete chrysosporium, were 

considered and tested on the pure CNF substrate and on the epoxy-coated CNF substrate, without 

any electronics printed on them. Figure 6.17a presents the average weight loss percentages of these 

CNF-based films after 28 days. For each degradation test, five identical samples were degraded 

under the same conditions. Pure CNF samples showed a larger average weight loss (Postia 

placenta: 19.20%, Phanerochaete chrysosporium: 35.20%) compared to the epoxy-coated samples. 

While Postia placenta induced a slower degradation rate for pure CNF film, it caused a faster 

degradation for the epoxy-coated CNF film (Postia placenta: 9.96%, Phanerochaete 

chrysosporium: 6.60%) in comparison with Phanerochaete chrysosporium. Therefore, Postia 

placenta was chosen as the decaying agent for our CNF-based electronics that consisted of the 

epoxy-coated CNF film. The amount of epoxy in the epoxy-coated CNF film was 9.6% by weight. 

Figure 6.17b shows the weight loss result of digital electronics on CNF substrates after Postia 

placenta decaying for 84 days. Four replicas were made, and on average, the weight loss 

percentage was 12.25%, with a standard deviation of 5.43%, suggesting that the CNF film will 

fully degrade after an extended period of time. Figure 6.17c-e shows the images of the decaying 

process of an epoxy-coated CNF substrate with digital electronics against Postia placenta. Photos 

were taken after 6 hours, 10 days, 18 days, and 60 days as shown in Figures 6.17c and 6.17d. As 
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presented in Figure 6.17e, the fungi started to partially cover the sample after 10 days, and fully 

covered the sample after 60 days. Once degraded, the leftover electronics portion, which is 

 
 

Figure 6.17. Fungal biodegradation tests of the CNF-based electronics. (a) Fungal 

biodegradation tests of two types of CNF films. The left two bars show the percent weight loss for 

uncoated pure CNF films. The right two bars show percent weight loss for epoxy coated CNF films. 

The tests suggest that Postia placenta degrades the uncoated CNF films slower than 

Phanerochaete chrysosporium; however, Postia placenta degrades the epoxy coated CNF films 

faster than Phanerochaete chrysosporium. (b) Fungal biodegradation tests of digital electronics 

printed on top of the epoxy coated CNF films. Four samples were degraded with Postia placenta. 

(c) A series of photographs taken at 6 hours, 10 days, 18 days, and 60 days after starting the 

degradation process. (d) A series of magnified photographs of the CNF-based electronics during 

the degradation process. (e) Tilted view photograph of the CNF-based electronics after 10 days 

and 60 days of degradation. The fungus fully covers the film after 60 days. 
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encapsulated in polyimide, can be collected to be further decomposed and recycled. Although 

polyimide can deteriorate with certain fungi, the degradation process is extremely slow compared 

to CNF, and because polyimide is generally non-permeable to water or solvents, it can be used to 

protect against any leakage of materials to the environment [43]. 

 

6.8. Experimental Section 

Preparation of CNF paper: The tetramethylpiperidine-1-oxy (TEMPO) oxidized CNFs were 

refined in a microfluidizer processor (Microfluidics, Newton, MA), followed by filtering 

(Millipore Corporation, USA) under air pressure (0.55 MPa) with polytetrafluoroethylene (PTFE) 

membranes that have 0.1 µm pore sizes. Subsequently, the filter cake was separated from the 

membrane and sandwiched between layers of waxy coated paper, filter paper, and caul plates at 

room temperature for drying, followed by further drying in an oven at 60 °C for several hours. The 

dried CNF film was then coated with a bisphenol A based epoxy resin (Dow Chemical Company, 

56:24:24 mixture of low viscosity epoxy resin, flexible epoxy resin, and amine-based curing agent) 

and pressed at 130 °C for ten minutes under a pressure of 100 psi. 

Characterization of CNF paper: A contact angle goniometer (OCA 15/20, Future Digital 

Scientific Corp., USA) was used for the water contact angle measurements at ambient temperature. 

The volume of the water droplet was fixed at 4.0 μL, and the contact angle was determined 1 s 

after the water droplet was deposited on the surface of the CNF film. Three point flexural tests 

were conducted using a dynamic mechanical analyzer (DMA, TA Instruments RSA III, USA). 

Rectangular epoxy-coated CNF film (with a length of 40 mm, a width of 13 mm, and a thickness 

of 0.2 mm) was used for the flexural tests. The maximum flexural deflection was set at 5 mm for 

the tests. To measure transmittance, CNF film with a thickness of either 80 µm or 200 µm was 
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loaded onto a spectrophotometer (5000 UV-Vis-NIR, Cary). The system was set to transmission 

mode and the transmittance was recorded every 1 nm throughout the spectrum from 400 nm to 800 

nm. The thermal stability of the epoxy coated CNF films were characterized via thermogravimetric 

analysis (TGA) using a TGA/Q50 thermal analyzer (TA Instruments, DE USA). Approximately 

10 mg of the CNF films were heated from 30 to 600 °C at a heating rate of 10 °C min-1 in an N2 

atmosphere. Differential scanning calorimetry (DSC) was performed in an N2 atmosphere using a 

DSC thermal analyzer (Auto Q20, TA Instruments) from 0 to 160 °C at a heating rate of 5 °C min-

1 and a N2 flow rate of 20 mL min-1. The sample (~8.0 mg) was stored in a sealed aluminum pan. 

To measure the electrical breakdown characteristics, metal (Ti/Au, 10/200 nm) was evaporated on 

both sides of a 200 µm thick CNF film via a shadow mask, with a pad of 300 µm in diameter. High 

voltage was applied using a voltage source (2410 High-Voltage Source Meter, Keithley) through 

standard DC probing while the current was monitored. To measure the dielectric constant and loss 

tangent, the microstrip transmission line-approximation-method was used. A square CNF film with 

an area of 17.64 cm2 was attached with a copper film as the ground on the back side, and a 6 mm 

wide copper tape as the transmission line on the center of the top side. S-parameters were collected 

through the SMA connectors as the RF signal was transmitted through the microstrip transmission 

line. The dielectric constant and loss tangent of the CNF film were then extracted according to the 

small signal circuit approximation. 

Fabrication of high speed GaAs HBTs: The fabrication process began by depositing emitter 

finger metals (Pd/Ge/Au, 30/40/200 nm) using an electron-beam evaporator via a photoresist 

(AZ5214) lift-off process, followed by inductively coupled plasma etching (ICP-RIE, BCl3/Ar = 

10/5 sccm, pressure = 2 mTorr, plasma power = 50 W, inductor power = 500 W) of the cap and 

emitter layer. Another photoresist lift-off process to deposit base metal fingers (Ti/Pt/Au = 
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10/30/200 nm) and ICP-RIE etching using SiO2 (800 nm) as a hard mask were carried out next to 

etch the sub-collector layer. After depositing collector metal fingers (Pd/Ge/Au = 30/40/200 nm), 

the sample was annealed at 450 °C for 30 seconds in ambient forming gas (H2/N2 = 5/95%) in a 

rapid thermal anneal (RTA) system for ohmic contact formation. Isolation of individual devices 

was done using ICP-RIE to etch the sub-collector layer and the underlying sacrificial layer. 

Protective anchors were patterned by spin casting a thick (~7.0 µm) photoresist layer (Megaposit 

SPR220, Rohm and Haas Electronic Materials) at 4000 rpm for 30 seconds, soft baked at 110 °C 

for 120 seconds, exposed to ultra-violet light at a dose of 500 mJ cm-2, developed (MF-24A) for 

120 seconds, and hard baked at 110 °C for 10 minutes. The AlGaAs sacrificial layer was undercut 

etched using diluted HF (1:100 = deionized water: 49% HF) for 3 hours. 

Fabrication of GaAs Schottky diodes: A hard mask of SiO2 (800 nm) was deposited via a lift-

off process, followed by ICP-RIE etching of an n– GaAs layer to reach an n+ GaAs layer. Cathode 

metal (Pd/Ge/Au = 30/40/200 nm) was deposited next via a lift-off process and annealed in RTA 

(same conditions as the HBT RTA process) for ohmic contact formation. A Schottky metal 

(Ti/Pt/Au = 10/30/200 nm) was deposited on an n– GaAs layer for anode contact, followed by an 

ICP-RIE isolation process, patterning of the protective anchor, and sacrificial layer etching using 

the same procedures used for HBTs. 

Preparation of the micro-stamp: A pattern of negative photoresist (SU8 50, Microchem, 100 

µm) on a Si substrate was prepared for PDMS (Slygard 184, Dow Corning, 10:1 mixture of pre-

polymer to curing agent) molding of an 80 × 80 µm2 elastomer micro-stamp for selective transfer 

printing of the devices. 

Fabrication of GaAs devices on a temporary substrate: On a Si substrate, a thin layer of 

sacrificial polymer, i.e., polymethyl methacrylate (950 PMMA A2, Microchem, 60 nm) was spin 



133 

casted, followed by hard baking at 180 °C for 3 minutes. A thin sheet of polyimide (PI, Sigma-

Aldrich, ~1 µm) was spin casted at 5500 rpm for 60 seconds on the top, followed by soft bake at 

80 °C for 25 seconds to create adhesion. Using a micro-stamp mounted on a modified mask aligner 

(MJB-3 aligner, Karl Suss), an HBT or a Schottky diode was transfer printed on the polyimide 

adhesive and hard baked at 130 °C for 3 minutes. A quick spray of acetone removed the protective 

anchor on the device, but left the polyimide undamaged. Another thin sheet of polyimide (~1 µm) 

was spin casted, followed by soft bake at 150 °C for 5 minutes and hard bake at 300 °C for 1 hour 

in a vacuum oven. Copper (100 nm) was deposited using an electron-beam evaporator with a lift-

off process to serve as a hard mask to open via holes for the device contacts, followed by reactive 

ion plasma etching (RIE, CF4/O2 = 2/40 sccm, pressure = 300 mTorr, power = 200 W) of polyimide 

and wet etching of a copper mask (Copper Etch APS-100). G–S–G RF pads (Ti/Cu/Ti/Au = 

10/1800/10/200 nm) were deposited via a lift-off process for DC and RF characterization of the 

devices. 

Fabrication of passive devices on a temporary substrate: On a Si substrate with a PMMA 

sacrificial layer and a thin sheet of polyimide, a bottom inductor metal and capacitor metal (Ti/Au 

= 10/300 nm) were deposited via a lift-off process. Photolithography patterning on the bottom 

capacitor metal defined the capacitor size, where the dielectric material (TiO2 = 200 nm) and top 

capacitor metal (Ti/Au = 10/300 nm) were deposited. With polyimide (~1 µm) spin casted, copper 

(100 nm) served as a hard mask to open via holes for a top spiral inductor metal and a G–S–G 

interconnect (Ti/Cu/Ti/Au = 10/1800/10/200 nm) deposited via a lift-off process. 

Fabrication of microwave rectifier on a temporary substrate: Both Schottky diodes and MIM 

capacitors were integrated together by utilizing the same fabrication processes described above for 

these two types of devices. 
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Fabrication of digital electronics on a temporary substrate: n-type and p-type active regions 

for CMOS were prepared separately on the p-type (4 × 1015 cm-3) and n-type (5 × 1014 cm-3) silicon-

on-insulator (SOI) wafers. Before ion implantation, 20 nm of thermal oxides (Tystar Oxidation 

Furnace) were grown on both n- and p-type SOIs for screen oxides. Uniform ion implantation was 

followed to slightly raise the doping concentration of the active region to minimize channel 

resistances and adjust the threshold voltage of the MOSFET. A short period of thermal annealing 

in a furnace was applied to recover the defects generated from implantation and activate the 

dopants. Heavy ion implantation was applied on the photolithography pre-defined source and drain 

region. After a second thermal annealing in the furnace, active regions on the SOI wafers were 

isolated using reactive plasma etching (Unaxis 790). The SOI wafers were then placed in a diluted 

HF (1:10) solution to etch the sacrificial buried oxide layer and release the membrane. Polyimide 

(~1 µm) was spin casted and cured on a 60 nm thick PMMA-coated Si wafer. A soft bake of 1 min 

at 100 °C dried out the solvent while maintaining the adhesive surface. Individually released 

membranes from each type of the SOIs were aligned and transferred separately onto the polyimide 

using a PDMS stamp mounted on a modified mask aligner, followed by hard bake at 300 °C for 1 

hour in a vacuum oven. A standard source/drain metal pad, dielectric layer, via hole openings, and 

gate process for CMOS fabrication were processed on a temporary substrate. A second polyimide 

layer was coated on the surface for passivation and protection followed by via hole etching for the 

measurement pads.  

Transfer printing electronics on a CNF substrate: The polyimide encapsulated devices (HBT, 

Schottky diode, inductor and capacitor, and digital electronics) on temporary Si substrates were 

boiled in acetone at 200 °C for two hours to remove the underlying sacrificial layer (PMMA). A 

large PDMS elastomer stamp was used to transfer print the finished devices onto the CNF substrate 
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with a thin layer of polymer (SU8 2000.5, Microchem, 500 nm) as the adhesive layer to ensure 

good bonding between the CNF substrate and the transferred devices. 

Measurement and analysis: An Agilent N5225A PNA Network Analyzer was used to measure 

the S-parameter of the microstrip transmission line based on a CNF film. For the devices, the DC 

measurements were performed using an HP 4155B Semiconductor Parameter Analyzer, and RF 

measurements were performed using an Agilent E8364A PNA Series Network Analyzer. The 

measurement setup of the network analyzer was calibrated to the G–S–G probe tips using a 

standard Short-Open-Load-Thru (SOLT) calibration kit. HP 8350B Sweep Oscillator and 83592B 

RF Plug-in systems were used to provide RF power to the rectifier. The DC output signals were 

measured using a Rigol DS1102E oscilloscope with a 10 ohm resistor as the load. The S-

parameters obtained from the RF measurements were analyzed using the Advanced Design System 

(ADS) software. 

Fungal biodegradation tests of CNF-based electronics: To prepare for a fungal degradation 

test, the two decay fungi, Postia placenta (Fr.) M.Lars. and Lomb. (MAD 698) and Phanerochyte 

chrysosporium (ME461) were grown and maintained on 2% malt agar (DifCo, Detroit, MI) in petri 

dishes (15 × 100 mm). Inoculum was incubated at 27 °C in a 70% relative humidity (RH) room 

for 2 weeks to obtain confluent growth on petri dishes. Meanwhile, the CNF films or CNF-based 

electronics went through a 24 hour cleaning process in a propylene gas chamber. The cleaned 

samples were then laid on agar plates containing the confluent fungal growth according to 

American Wood Preserver’s Association E-10-06 standard. Evaluations were observed at 6 hours, 

10 days, 18 days, and 60 days for fungal growth on specimens; photographic records were obtained. 

Photographs were taken at time zero as a control. 

Weight loss determination of degraded CNF substrate: Pure CNF and epoxy coated CNF 
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substrate specimens either with or without electronics were preconditioned in a 27°C, 65% RH 

conditioning room for two weeks. The weights were measured and recorded as the initial weight. 

Thereafter, specimens were loaded in petri dishes, allowing fungal growth and degradation in a 

27°C, 70% RH room. At the end of 84 days (28 days for samples without electronics), specimens 

were harvested, fungal mycelia was brushed off, air dried for 48 hours, and reconditioned for 14 

days. Weights were then measured and recorded as post degradation weight. Weight losses were 

then calculated and determined. 

 

6.9. Conclusion 

In summary, the feasibility of a sustainable, green chip concept that is applicable in both 

microwave and digital electronics, by strategically combining the minimum use of expensive, 

environmentally toxic semiconductor materials and the employment of microwave compatible, 

biodegradable CNF as substitutional substrates, was established. The demonstrated excellent 

performance GaAs-based HBTs and Schottky diodes, passive inductors and capacitors, and Si-

based CMOS digital devices, “universal” logic gates and integrated full adders on CNF substrates, 

which are essential components in most typical electronic systems, share common fabrication 

techniques that can be easily integrated together. The combination of all of these thin-film form 

components into large scale integrated circuits on CNF substrates would provide ways to make 

many types of fully functional and ecofriendly electronics that could help reduce the accumulation 

of the massive amounts of persistent electronic waste disposed of daily and dramatically reduce 

the consumption of non-renewable natural resource. At the system level, there have been on-going 

efforts to reduce the use of toxic materials like lead, mercury, and arsenic that may be present in 

components such as batteries and displays [44-46]. These combined efforts will lead to a new 
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generation of more ecofriendly electronics. 
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CHAPTER 7  
Micro-structured photoreceptor scaffolds for modeling and 

therapeutic applications 

                                   
Photoreceptors are the gatekeepers of vision, and they capture photons and transduce them 

into electro-chemical signals to be processed within the retina and visual centers of the brain. 

Blinding disorders of the outer retina involve dysfunction and often degeneration of the 

photoreceptors, as occurs in many forms of retinitis pigmentosa. One broadly applicable treatment 

strategy would be to replace photoreceptors, which are highly polarized, specialized cell types with 

apical outer segments containing light sensing photopigments and basal axon terminals. Here, we 

present novel and robust techniques to create polymer-based, complex structures in an ultrathin, 

implantable format. A uniquely designed polymer membrane was developed to study seeding, 

survival and polarization of human stem cell-derived photoreceptors. The biocompatible film was 

created using polydimethylsiloxane (PDMS) and patterned with an array of unique through-holes 

to allow photoreceptor axon egress. The ability to create such micro-scale structures allows 

individual photoreceptors to be placed in a reservoir in a dense array format and provides the 

necessary cellular and structural cues for photoreceptor polarization. Once placed, the 

photoreceptors start to extend axons with appropriate synaptic markers through the vertical micro-

scale through-holes, placing them in an optimal position for subretinal transplantation. The 

findings from these experiments provide a foundation for improving photoreceptor-based models 

and strategies for generating and delivering implantable patch grafts of human photoreceptors for 

the treatment of multiple blinding disorders. 
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7.1. Introduction 

No treatment options exist for most patients with blinding disorders of the outer retina, 

particularly at advanced stages of disease. Recent advances in human pluripotent stem cell (hPSC) 

technology may offer promising replacement therapy for such patients, including those with 

retinitis pigmentosa (RP) and age-related macular degeneration (AMD), both of which involve the 

loss of either photoreceptor (PR) cells alone or in combination with retinal pigment epithelium 

(RPE) cells [1-3]. hPSCs are stem cells that can differentiate into any cell in the body, including 

retinal cells. Although clinical trial of replacement therapy for hPSC-derived RPE is already 

underway, replacement of PR that is ultimately responsible for abovementioned disorders remains 

untested. Inside the thin layer of retina, regularly and densely spaced PRs are vertically oriented 

towards the cornea to sense light that is coming in through the corneal lens. For patients with 

damaged PR, bolus injection of these cells provides little benefit to restoring vision. Experimental 

studies of transplanted cells indicated survival and integration of injected PR in the rat subretinal 

space, but significant cell reflux from the subretinal space and appearance of disorganized masses 

of transplanted cells were observed. Most of all, PRs will not polarize or form specialized 

processes such as outer segments on a 2-D surface, but will do so in limited fashion when grown 

as 3-D structures [4]. To overcome this challenge, we generated a 3-D, micro-patterned, and 

biocompatible scaffold that mimics the outer retinal structure, which can guide the growth of PR 

in vitro and be transplanted with oriented PRs. The biocompatible film based on 

polydimethylsiloxane (PDMS) [5, 6], patterned with an array of cell capturing reservoirs and 

through-holes was prepared. Figure 7.1 shows the cross section view of the scaffold where the top 

half-spherical reservoir was used to contain PRs and bottom through-holes were used to guide the 

cell growth. The ability to create micro-scale structures allowed individual PR to be placed in a 
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reservoir in a dense array format. Culturing PRs in this format provided the necessary cellular and 

structural cues for PR polarization. Once placed, the PRs started to grow their endings towards the 

vertical micro-scale through-holes. These polarized PRs can then be poised for transplantation (i.e. 

outer segments at one end and axon terminals at the other). 

 

7.2. Fabrication and evaluation of micro-structured scaffold 

The fabrication process flow of the micro-structured retinal scaffold is described via schematic 

illustrations in Figure 7.2. Array dimensions were chosen such that each reservoir captures one to 

several cells and each through-hole allows the cells to grow their endings through and prevent cells 

from sagging down. Detailed dimensions of the scaffold are presented in Figure 7.3. Scaffolds 

were generated by patterning arrays of micro-scale circular patterns on a silicon (Si) wafer via a 

photolithography process, followed by combination of isotropic and anisotropic reactive ion 

etching. Using a single photoresist mask, the upper reservoir region was created first with an 

 
 

Figure 7.1. Schematic illustration of the micro-structured scaffold capable of capturing 

photoreceptor cells in the upper reservoir and guiding their growth of endings towards the 

through-holes. 
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isotropic etching process and the cylindrical vertical hole was then created using an anisotropic 

Bosch process. After the etched Si wafer was cleaned thoroughly with organic solvents and plasma 

ashing, it was coated with a thin layer of Teflon to generate hydrophobic surface condition. Once 

 
 

Figure 7.2. Schematic illustration for fabricating micro-structured scaffold using microfabrication 

techniques combined with soft molding. 

 

 

 
 

Figure 7.3. Cross-section view schematic illustration of the micro-structured scaffold showing the 

detailed dimensions 
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the Si surface was treated to become super-hydrophobic, a thin layer (~30 µm) of hard (h)-PDMS 

was spin-casted and cured. h-PDMS was prepared by mixing and degassing 3.4 g of vinyl PDMS 

prepolymer (VDT-731, Gelest Corp.), 18 µL of a Pt catalyst (platinum-divinyltetramethyl-

disiloxane complex, SIP6831.2LC, Gelest Corp.), and 50 µL of modulator (2,4,6,8-Tetramethyl-

2,4,6,8-tetravinylcyclotetrasiloxane, Sigma-Aldrich). A hydrosilane prepolymer (HMS-301, 

Gelest Corp.) was introduced to the mixture before coating onto the Si wafer, which hardened the 

h-PDMS slowly [7]. Next, a thick layer (~3 mm) of soft (s)-PDMS was poured and cured to allow 

easier handling during delamination. The s-PDMS used for this study was Dow Corning’s Sylgard 

184, a silicone elastomer largely favored for medical implants. Here, the h-PDMS prevents the 

 

 
 

Figure 7.4. Process diagram of fabricating micro-structured scaffold. 
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molded structures from deforming, buckling, or collapsing, while the thick s-PDMS acts to support 

the thin layer of h-PDMS. Careful delamination of the hybrid PDMS from the etched Si wafer led 

to a robust secondary mold for creating scaffolds. Subsequently, the hybrid PDMS mold was 

further treated with self-assembled monolayer (SAM) of silane using vacuum evaporation to 

prepare for molding. Treating the surface of the mold with judiciously selected silane prevented 

the ultrathin scaffold from bonding to the mold. Thereafter, a Si wafer was pressed on the mold, 

where a drop of s-PDMS was filled with capillary force and cured in an oven. This would form the 

structure of thin-film scaffold. Once the s-PDMS was fully cured, the resulting thin s-PDMS-based 

scaffold was delaminated carefully from the mold. A schematic diagram describing the process 

flow of the fabrication process is presented in Figure 7.4.  

The scaffold was evaluated for biocompatibility with various measures, including optical, 

mechanical, and thermal evaluations. It is impossible to evaluate the micro-structures of the 

scaffold using optical microscopes, so scanning electron microscopes (SEM) were used to evaluate 

the structures and check the defects that may have resulted from external particles. SEM images 

of the top, bottom, and cross-section view of the resulting PDMS scaffold are presented in Figures 

7.5a, 7.5b, and 7.5c respectively. Because the eye is in spherical geometry, the transplantable 

 

 
 

Figure 7.5. Scanning electron microscope images of the micro-structured scaffold showing (a) 

top-view, (b) cross-section view, and (c) bottom-view. 
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scaffold must be flexible and stretchable in order to contact seamlessly to the curvilinear sub-

retinal surface. Therefore, tensile stress was measured on the thin film scaffold as shown in Figure 

7.6. The mechanical Modulus of the scaffold was measured to be 1.49 MPa, which is significantly 

lower than that of bulk PDMS film due to empty spaces laid across the scaffold and is a suitable 

modulus for transplantation. Finally, cell seeding requires absolutely sterile substrate, which is 

often achieved by long ethanol soaking and/or high-temperature autoclaving process. Autoclave 

alone is a common method of sterilization for medical devices for clinical use. Our scaffold did 

not deform or change in anyway after standard ethanol soaking and autoclave procedure were 

applied, as presented in Figure 7.7. Approved scaffolds after the evaluations were mounted on a 

transwell for in vitro cell seeding and growth. 

 

 
 

Figure 7.6. Tensile stress vs. tensile strain curve measured for PDMS micro-structured scaffold. 
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7.3. Cell preparation and seeding on scaffold 

We have generated and purified hPSC-derived optic vesicle (OV) structures that consist of a 

pure population of retinal progenitor cells (RPCs) [4, 8-10]. Figures 7.8a-f show the images of this 

preparation process, where a high yield of PR precursors was observed at day 80. Briefly, between 

days 20-30, OVs were mechanically selected based upon their distinct morphology (Figure 7.8a 

and 7.8c), including a phase bright ring and pseudostratified epithelium. At this stage, all RPCs 

were positive for VSX2, a specific marker of this cell type (Figure 7.8d). To monitor PR production 

in live cultures, we used a Cone Rod Homeobox (CRX) reporter line that expresses the fluorophore 

tdTomato at all stages of PR differentiation [11]. Following differentiation, RPCs gave rise to all 

 
 

Figure 7.7. Scanning electron microscope images comparing the micro-structured scaffold before 

and after the autoclave process. (a) compares the top surface and (b) compares the bottom surface 

of the scaffold. 
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neural retinal cell types, including 50%-80% PRs that also co-express the PR marker RCRVN 

(Figures 7.8e and 7.8f). For experiments, PR precursors (80 days of differentiation) were used as 

 
 

Figure 7.8. Cell preparation and seeding on scaffold. Live tracking of photoreceptor production 

with optic vesicle (OV) at (a) day 30 and at (b) day 80. (c) At day 80, the OV expresses fluorophore 

tdTomato using Cone Rod Homeobox (CRX) reporter line. (d) Image of the OV where the retinal 

progenitor cells (RPC) were positive for VSX2 at day 80. (e) RPCs gave rise to all neural retinal 

cell types, (f) including 50%-80% PRs that also co-express the PR marker RCRVN at day 80. (g)-

(i) Top view mages showing successful cell culture on the scaffold. 
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this stage of PR differentiation has been shown to have the highest degree of integration in mouse 

allografts. Precursors are more plastic than fully differentiated PRs, and are more likely to integrate 

into the host. Single cells were obtained by dissociating OVs with papain. Such carefully generated 

PRs were then seeded onto the scaffold. Calcein labeling showed good cell survival at one week 

post plating (Figure 7.8g-i).  

 

7.4. Post seeding results 

The unique half sphere design of the wells provided excellent initial cell capture, however a 

substrate for the cells to form junctional complexes with was vital for cell adherence. For cell 

adhesion enhancement, laminin was chosen as an adhesion promoting polymer to encourage good 

binding of PRs to the scaffold. Wettability control becomes necessary at such micro-scale 

structures, due to the water-repellency effect that would leave bubbles on each reservoir without 

any surface treatment [12, 13]. In addition, because PDMS will present hydrophobic surface after 

hardening, it is essential to modify the surface chemistry so that polar solvents, like water and cell 

containing media will adhere well and wet the surface. Adding silanol (SiOH) groups to the surface 

can alter the surface chemistry, which can be achieved by either exposing ultraviolet light with 

ozone (UVO) or by activating via plasma oxidation. Figure 7.9 shows fluorescent imaging of the 

seeded cells and compares the plating conditions. For all three conditions, laminin was coated 

before cell seeding. Without any treatment, poor cell culturing was observed as the laminin itself 

could not be coated uniformly, as shown in Figure 7.9a. Under 2 min of UVO treatment, there was 

slight improvement in laminin adhesion, but the cells did not adhere well to the surface, as shown 

in Figure 7.9b. In contrast, a brief oxygen plasma (15 sec) activated the surface of the PDMS-

based scaffold and ensured thorough coating of laminin and uniform culturing of cells, as shown 
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in Figure 7.9c. While UVO is an excellent method to activate or clean a surface and introduce 

hydrophilic treatment, it is less aggressive (in terms of terminating CH3 groups) and slower than 

plasma oxidation. Moreover, the surface treated PDMS scaffolds were sterilized for 24 hours in 

ethanol solution, followed by high-temperature autoclaving process. As a result, the poor 

laminin/cell adhesion for UVO treated scaffold is attributed to the loss of hydrophilicity after the 

sterilization processes, whereas the stronger plasma treated scaffold could maintain hydrophilicity 

even after the sterilization process was completed. As seen from the comparison, without surface 

activation, laminin did not adhere well to the scaffold, resulting in a loss of most of the seeded 

cells.  

Figure 7.10 shows the polarization of cells in the scaffold. Single plane confocal images were 

taken 9 days post seeding from different angles to observe the cell density. A high-density of cells 

was observed from the top view. Imaging the cells at the level of wells, it is clear that the cells 

have been captured into an array format. Bottom view confirms the cells have not sagged down 

and escaped through the vertical through-holes, and confirms the extension of axonal processes 

down the through-holes. A seeding density of 1.8 × 104 mm2 was deemed optimal for cell capture. 

 
 

Figure 7.9. Comparison images showing the cell culture density with different surface conditions 

of the PDMS scaffold. Calcein labeling of the seeded scaffold with (a) no treatment, (b) ultraviolet 

light and ozone treatment, and (c) oxygen plasma treatment. 
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Figure 7.10a shows 3-D top and bottom views of the scaffold. These images demonstrate axon 

extension through the micro-c hannels of the scaffold. Many of the axons were primed for synapse 

formation as shown by the expression of VGLUT1 at the axon tips (Figure 7.10b-d). Phalloidin 

 
 

Figure 7.10. Images showing the polarization of seeded cells on the micro-structured scaffold. (a) 

3-D top and bottom views of the scaffold with seeded cells. (b)-(d) Cross-section view of the seeded 

cells showing the axons primed for synapse formation via the expression of VGLUT1 at the axon 

tips. (e),(f) Phalloidin labels cytoskeleton F-actin thin filaments that are present in PR axon 

terminals. (g) Transmission electron microscope image of the seeded scaffold showing the 

generation of mitochondria rich outer segments along the apical surface of the scaffold (h),(i) 

Scanning electron microscope images of the bottom of the scaffold showing the axon extending out 

of the through-holes. (j) Cross-section view of the seeded cells after 3 months. 

 



155 

labels cytoskeleton F-actin thin filaments that are present in PR axon terminals (Figure 7.10e and 

7.10f). Transmission electron microscope (TEM) analysis shows the generation of mitochondria 

rich outer segments along the apical surface of the scaffold (Figure 7.10g), while scanning electron 

microscope (SEM) demonstrates axon extension out of the through-holes (Figure 7.10h-i). 

Importantly, PRs can survive long-term (3 months) on scaffold in vitro, as shown following three 

months of culture in Figure 7.10j. Furthermore, PR differentiation can occur in vitro on the 

scaffolds, as shown by rod-specific NR2E3 expression (Figure 7.10j). 

 
 

Figure 7.11. Image of the transplanted scaffold with seeded cells in a rat, taken at 2 weeks post 

transplantation. Dotted line shows the position of the scaffold. 
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Initial transplantations of the scaffold alone into the rat retina suggests tolerability of the 

scaffold in the subretinal space of WT rats (Figure 7.11). The scaffold can be inserted into the rat 

subretinal space and had minimal impact on the host retina. Some glial activation was noted with 

GFAP labeling, however no thick glial scar was noted around the transplant at 2 weeks. Some host 

PR disruption was noted in the WT retina (RCVRN labeling), however second order neurons were 

intact (GOa). Further testing is underway to evaluate transplantation of PR seeded scaffolds in 

degenerate rat models. 

 

7.5. Conclusion 

A scaffold that promotes PR organization and is biocompatible and readily transplantable into 

the subretinal space is achieved using cutting edge microfabrication techniques. This PR scaffold 

constitute the first product capable of organized PR delivery and replacement. The findings 

achieved from the experiments establish important advances in the behavior of retinal cells that 

could not be understood before and aid in modelling the tissue-level retinal structure for future 

implantable artificial systems. In addition, the utilization of microelectronics manufacturing 

techniques that can create complex structures in micro- and nano-scale was highly advantageous 

for fabrication of scaffolds that mimic the structure of biological tissues or organs. Further 

combinations of diverse microfabrication techniques with biocompatible thin films would allow 

building of complex geometries in biomedical transplants for other parts of the body which were 

difficult to achieve with conventional strategies. 
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CHAPTER 8  
Conclusion  

                                   
In this thesis report, novel materials, designs and strategies were combined with conventional 

microfabrication technology to enable unusual fabrication of thin films, including thin film-based 

high-performance flexible and stretchable electronics, biodegradable electronics, and micro-

structured scaffolds. With rapid advancements in information and health technology, conferring 

wearability and implantability is essential to enhance diverse types of scientific and technological 

applications. This allows conformal contact to surfaces with complex curvilinear topography and 

texture, like our skin and organs, offering biomedical engineering in the most non-invasive manner. 

On the electronics field, flexible and stretchable electronics have developed tremendously over the 

past decade. Especially, the performances have improved to reach those of state-of-the-art 

electronics; however, the development of high-frequency components, circuits and systems is still 

in its early stage as presented in Chapters 2 to 4. Promising enhancements led to achieve high-

frequency flexible and stretchable electronics by utilizing various classes of materials. Another 

potential challenge expected as the electronics industry continues to develop is the demand of 

higher frequency operation. The restrictions in the number of bandwidths in wireless 

communication frequencies and bandwidth caps due to heavy usages make wireless service 

providers to demand even higher frequency operations. Only a handful of frequency bands are 

approved by the Federal Communications Commission (FCC) to be used in biomedical 

applications, in which the flexible and stretchable electronics are the most advantageous. 

Eventually, flexible and stretchable microwave electronics will be required to operate at extremely 

high-frequencies (EHF). Since high-speed devices consume much less power when operating well 
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below their fT and fmax, devices with higher frequency responses are greatly desired. Such operation 

would not only enhance operation time in battery powered devices, but also generate less heat. 

These unfortunate facts pose additional challenges for high-frequency electronics engineers, 

requiring further improvements in device performance. Nevertheless, there is still plenty of room 

for performance improvements using novel materials and it will not be long before we can fully 

utilize the excellent electrical properties intrinsic to the materials. In addition to performance 

enhancement, other concerns that rise in these mechanically flexible electronics include the 

varying performance due to bending and stretching. This is especially crucial for high-speed 

electronics, where a slight variation in frequency response can alter the matching of an entire 

circuit. Thus, methods to minimize this variance by reducing the modulus mechanics applied to 

the devices and circuits should simultaneously be developed, in order to use them in practical 

applications. Being more convenient, accurate and safe, than existing bioelectronics, there is no 

doubt that next generation biomedical devices will be in conformal format. 

In Chapters 5 and 6, the feasibility of green chip concept utilizing thin-film inorganic 

semiconductors, metals and insulators on biodegradable substrates are reviewed and demonstrated. 

Using wood derived cellulose nanofiber (CNF) as the substrate, high-performance electronic 

devices for both microwave and digital applications were fabricated in the same manner the 

flexible and stretchable electronics were fabricated. Electrical analysis on the CNF film used for 

the study showed that the film has suitable characteristics as substrates for high-performance 

electronics, in terms of thermal, mechanical and electrical properties. High-performance transistors 

and diodes using GaAs that have superior microwave-frequency operation were readily 

demonstrated on the CNF film, followed by Si-based logic devices for digital computing. Great 

amount of semiconductor materials could be saved by re-using the growth substrate after release. 
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With rapid technological advances leading to significant decrease in the lifetime of consumer 

electronics, such green chip technology with high-performance would be ideal replacement for 

future electronic chips where non-renewable resources are consumed. 

For decades, numerous strategies have been proposed to create elastic devices in all fields, 

including soft robotics, stretchable electronics, scaffolds, drug delivery systems, and rehabilitation 

devices. In Chapter 7, it was shown that advanced microfabrication tools can be utilized for 

patterning complex micro-structures on elastomers. Whereas the scaffold introduced in Chapter 7 

only consisted of the elastomer to guide the growth of photoreceptor cells, the methods and 

strategies presented in this thesis overall should allow the integration of thin film electronic 

components on the scaffold for further interesting studies. This would tremendously expand the 

applications of the scaffold; for instance, the cell growth behavior when electric fields are applied 

through attached electrodes could be completely different than without the electric fields. We can 

also print thin film electrodes or photodetectors on the scaffold to perform as various sensors after 

transplantation. As such, there are many encouraging future work to be tried by combining thin 

film elastomers and electronic devices. 

Only a few of such research progresses have made commercial impact. The most critical 

drawback of thin film devices in flexible or stretchable format is durability and reproducibility, as 

thin films are fragile and difficult to replicate. New tools specifically designed for thin film 

microfabrication are essential to surmount such drawbacks, but microfabrication tools are often 

time-consuming and cost-intensive to develop. To accelerate time towards commercialization, not 

only new strategies should be focused on, but also the industrial equipment for producing the 

devices should be developed for mass production. Nevertheless, big players in the industries are 

investing billions of dollars in to this area. For instance, Google Inc. has announced a wireless 
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contact lens that can monitor diabetes by sensing the glucose level of the tears. Although it is not 

fully comprised of thin film components (a tiny rigid chip is attached for electronic circuits), the 

smart contact lens also utilizes circular shape wireless antenna, which transmits clinical data to a 

mobile device for continuous monitoring. The lens has a tiny hole to allow tear to be collected by 

the system and with ultra-miniaturized integrated circuit-based wireless controller chip connected 

to the sensor, the contact lens is able to read glucose level every one second. It seems that the 

technology of such kind is already mature enough to be commercialized; but in order for this smart 

lens to be get access to market, it must go through rigorous reviews, tests, and surveys, to be proven 

for safety. As such, there are more steps on these research-to-product process, before we complete 

this paradigm shift of converting electronics and biomedical implants/transplants from rigid to 

flexible/stretchable formats. Once these steps are completed, we should start seeing them in local 

pharmacies and hospitals in the near future. 


