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ABSTRACT 
 

Towards Flexible Self-powered Micro-scale Integrated Systems 

Jhonathan Prieto Rojas 

Today’s information-centered world leads the ever-increasing consumer demand for 

more powerful, multifunctional portable devices. Additionally, recent developments on 

long-lasting energy sources and compliant, flexible systems, have introduced new 

required features to the portable devices industry. For example, wireless sensor networks 

are in urgent need of self-sustainable, easy-to-deploy, mobile platforms, wirelessly 

interconnected and accessible through a cloud computing system.  

The objective of my doctoral work is to develop integration strategies to effectively 

fabricate mechanically flexible, energy-independent systems, which could empower 

sensor networks for a great variety of new exciting applications.  

The first module, flexible electronics, can be achieved through several techniques and 

materials. Our main focus is to bring mechanical flexibility to the state-of-the-art high 

performing silicon-based electronics, with billions of ultra-low power, nano-sized 

transistors. Therefore, we have developed a low-cost batch fabrication process to 

transform standard, rigid, mono-crystalline silicon (100) wafer with devices, into a thin 

(5-20 µm), mechanically flexible, optically semi-transparent silicon fabric. Recycling of 

the remaining wafer is possible, enabling generation of multiple fabrics to ensure low-

cost and optimal utilization of the whole substrate. We have shown mono, amorphous 

and poly-crystalline silicon and silicon dioxide fabrics, featuring industry’s most 

advanced high-κ/metal-gate based capacitors and transistors. 
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The second module consists on the development of efficient energy scavenging systems. 

First, we have identified an innovative and relatively young technology, which can 

address at the same time two of the main concerns of human kind: water and energy. 

Microbial fuel cells (MFC) are capable of producing energy out the metabolism of 

bacteria while treating wastewater. We have developed two micro-liter MFC designs, one 

with carbon nanotubes (CNT)-based anode and the second with a more sustainable design 

and easy to implement. Power production ranges from 392 to 100 mW/m3 depending on 

design. Additionally we have explored a flexible thermoelectric generator (0.139 

µW/cm2) and a lithium-ion battery (~800 µAh/m2) for back-up energy generation and 

storage.  

Future work includes the implementation of a self-powered System-on-Package which 

gathers together energy generation, storage and consumption. Additionally we are 

working to demonstrate Complementary Metal-Oxide-Semiconductor (CMOS) circuitry 

on our flexible platform, as well as memory systems.  
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Chapter 1. INTRODUCTION 

 
1.1 Motivation and Dissertation Objective 

We live in a world oriented by the exchange of information. The ever-increasing 

consumer demand for more powerful, multifunctional portable devices has driven the 

ultra-fast technology growth that we observe nowadays. Additionally, recent 

developments on long-lasting energy sources and compliant, flexible and stretchable 

systems, have introduced a new requirement to the portable devices industry. For 

example, wireless sensor networks are in urgent need of self-sustainable, easy-to-deploy, 

mobile platforms, wirelessly interconnected and accessible through a cloud computing 

system. Applications range from sensing of our environment, food and water quality, to 

safety and health monitoring and many others. 

Therefore the objective of this dissertation research is to develop integration 

strategies to effectively fabricate mechanically flexible, energy-independent systems, 

which could empower sensor networks and other systems for a great variety of new and 

exciting applications. 

There are thus two main elements that make up this work. On the one hand, fully 

silicon-based flexible electronics as enabler of high performance flexible computation, 

and on the other hand, self-sustainable systems based on nano and microfabrication 

strategies to improve performance, power generation and storage. 

1.2 Dissertation Overview and Chapter Organization 

From the flexibility standpoint, we have to first realize that the level of 

complexity and ultra large scale of integration (ULSI) that exhibits nowadays’ electronics 

has only been possible through the exceptional advancement of silicon-based 
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technologies. Its semiconducting properties and abundance make silicon the best possible 

option to produce fast, cheap and long-battery-lasting electronic devices. The incredible 

processing capabilities of current silicon-based microprocessors (brain of every 

computer, smartphone, tablet, etc.) are only possible thanks to the extremely high level of 

integration that has been enabled through mature photolithographic techniques. Moore’s 

law has motivated engineers and scientist over almost 50 years, to keep shrinking the 

transistors inside of microprocessors to the point that nowadays’ fastest microprocessor 

exhibit devices as small as 22 nm (May 2011), thus falling under the definition of 

nanotechnology. As the miniaturization continues, only new and exciting developments 

in the nano-world will allow keeping the current exceptionally fast technological progress 

rate. 

Recently, a new paradigm and scientific goal for many has been to expand the 

rigid nature of modern electronics into a flexible, bendable and stretchable form, having 

the capability of adjusting its shape for novel and thrilling applications that was 

previously impossible. Being able to adopt rounded shapes will allow to e.g. genuinely 

integrate electronics into biology, which would represent a new milestone for medicine to 

enter into a new era of assisted intervention mediated by flexible electronics1,2,3,4.  

The question is how to bring the nanometric precision of the state-of-the-art 

silicon-based industry to the flexible electronics paradigm. Many examples can be found 

where researches have used different approaches and techniques, ranging from the use of 

organics, carbon nanotubes, graphene and 2D materials, to printing transfer technologies 

and spalling or exfoliation techniques. All these approaches, with their advantages and 

challenges, will be discussed further in chapter 2. 
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With this aim, our group has recently proposed and demonstrated an alternative, 

transforming the current rigid and opaque silicon substrate into a thin, flexible and 

semitransparent substrate while keeping the outstanding electrical behavior of silicon. 

The process starts with the regular choice for substrate in semiconductor industry, a 

cheap Si (100) wafer, which then goes through a series of standard complementary metal 

oxide semiconductor (CMOS) processes to fabricate nanoscaled transistors with ultra-

high density and performance. A final step is to peel off a thin layer from the top of the 

wafer where the devices were fabricated. This peel off process relies on standard 

microfabrication techniques and has the advantage of leaving the remaining of the wafer 

to be reused after a polishing process, thus appealing from a cost perspective5,6,7.   

The first logic demonstration, which will be depicted in chapter 3, consisted on 

the fabrication of metal oxide semiconductor capacitors (MOSCAP), fundamental 

building blocks for CMOS technology, which help us showing that even large-sized 

devices can be released through our process8,9. Next, in chapter 4 will be shown how we 

realized for the first time a full electrical reliability study on metal insulator metal 

capacitors (MIMCAP), an important step for the development of flexible memories10.  

The next step to be discussed in chapter 5 and with the motto “can we build a 

truly high performance computer which is flexible and transparent?” is the demonstration 

of fast and reliable metal oxide semiconductor field effect transistors (MOSFET)11.  

What is even more noteworthy and at the same time moving on to the second 

section, self-sustainable systems, our procedure can be extended not only to logic devices 

but also applications in energy harvesting and storage devices. Therefore, chapter 6 will 

show the development of a mechanically flexible thermoelectric energy generator 
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(TEG)12. Then, in the same chapter, a thin film based lithium ion battery on the flexible 

silicon platform is described6.  

Going further into the energy-related section, the self-powered systems, it is first 

important to acknowledge that one of the most pressing global concerns nowadays is 

water. In addition, among all the known technologies to purify water, excessive amount 

of power is consistently consumed. Thus, energy and water will always be linked 

together. Recently, an innovative technology has been developed to tackle both concerns: 

A microbial fuel cell (MFC) is capable of producing energy out the metabolism of 

bacteria while treating wastewater13. Thus, we have adopted MFC technology to address 

both fronts, relying on wastewater treatment and reuse, while making energy-independent 

(self-powered) portable devices like sensor networks. Therefore, the development of a 

micro-liter MFC will be described in chapter 7, which features carbon nanotubes (CNTs) 

as anode and nickel silicide as contact for improved power generation14. 

Chapter 8 will show our effort to achieve a simpler, commercially viable design, 

which can be used as ideal rapid-testing platform for macro-MFC technology 

development in massive-scale energy generation and water purification. To illustrate the 

usefulness of this technique we have performed a fuel experiment, where we compare the 

power generation from acetate solution (standard food for bacteria) with an everyday 

available fuel, black tea. 

Finally, Chapter 9 will summarize the main achievements and results of the 

dissertation work and then discuss future plans for both flexibility and energy-

independent systems.   
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Chapter 2. Introducing a Mechanically Flexible and Semitransparent Mono-

crystalline Silicon (100) Fabric For High Performance Applications 

Abstract 

In today’s traditional electronics like in computers or in mobile phones, billions of 

high performance, ultra-low power devices are neatly integrated in extremely compact 

areas on rigid and brittle but low-cost bulk mono-crystalline silicon (100) wafers. Ninety 

percent of global electronics are made up of silicon. Therefore, we have developed a 

generic low-cost regenerative batch fabrication process to transform such wafers full of 

devices into thin (>5 µm), mechanically flexible, optically semi-transparent silicon fabric 

with devices; then recycling the remaining wafer to generate multiple silicon fabric with 

chips and devices ensuring low-cost and optimal utilization of the whole substrate. We 

show mono, amorphous and poly-crystalline silicon and silicon dioxide fabric – all from 

low-cost bulk silicon (100) wafers with semiconductor industry’s most advanced high-

κ/metal gate stack based high performance, ultra-low power capacitors and field effect 

transistors to emphasize the effectiveness and versatility of this process to transform the 

traditional electronics into a flexible and semi-transparent platform for multi-purpose 

applications. 

This chapter was published as: 

Rojas, J. P.; Syed, A.; Hussain, M. M. In Mechanically flexible optically transparent 

porous mono-crystalline silicon substrate, Micro Electro Mechanical Systems (MEMS), 

2012 IEEE 25th International Conference on, Jan. 29 -Feb. 2; 2012; pp 281-284. * 

                                                
* © 2012 IEEE. Reprinted, with permission, from Rojas, J. P.; Syed, A.; Hussain, M. M. In Mechanically 
flexible optically transparent porous mono-crystalline silicon substrate, Micro Electro Mechanical Systems 
(MEMS), 2012 IEEE 25th International Conference on, Jan. 29 2012-Feb. 2 2012; 2012; pp 281-284. 
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Rojas, J. P.; Torres Sevilla, G. A.; Ghoneim, M. T.; Bin Inayat, S.; Ahmed, S.; Hussain, 

A.; Hussain, M. M., Transformational Silicon Electronics. ACS Nano 2014, 8 (2), 1468-

1474.† 

With excerpts from: 
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2.1 Introduction  

 Our today’s information technology centered life is credited to silicon based high 

performance digital electronics, specifically transistors. Continued scaling of device 

dimensions and ultra-large-scale-integration of billions of devices in tiny areas has made 

it possible. However, one competing challenge is to achieve high performance and longer 

battery lifetime to enable ultra-mobile computation. The rapid expansion of silicon 

technology is also fueled by semiconductor industry’s highly reliable manufacturing 
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process and its cost effectiveness, which starts with the substrate price. Therefore, ultra-

mobile computation rapid dissemination will take place when we will have high 

performance and multi-tasking capable small and ultra-light-weight affordable 

computation gadgets with ultra-high-capacity memory, bright resolution displays and 

extra-long battery lifetime. Additional game changer will be flexibility and transparency 

for wide deployment of such gadgets. In general, flexible and transparent electronics is a 

growing market which is expanding rapidly and whose scientific interest has increased 

exponentially in the recent years. Yet an elusive goal is to achieve truly high performance 

flexible and transparent computation devices in a cost-effective manner. 

 Mono-crystalline silicon is the most widely used substrate for its unique 

semiconductor and mechanical properties. Even though it has suitable mechanical 

properties, matured and cost-effective process fabrication technologies, its use as a 

flexible porous material for membrane technology is uncommon15. At the same time, 

leveraging its unique material properties, tremendous progress in semiconductor 

technology has stimulated the growth of today’s information age. Looking forward, 

stretchable and easily deployable silicon based integrated circuits (ICs) will facilitate the 

development of many new technologies in the areas of implantable biomedical 

applications, renewable energy, sensors, smart cards, among many others16. 

2.2 Status Quo 

 Different kinds of approaches have been explored but this lofty goal is still to be 

attained. On one side, low cost and flexible organic materials have already proved their 

resourcefulness, being the leading option for commercial flexible LED screens17,18. 

However, their fundamentally moderate electrical mobility limits their application in 
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electronics devices capable of competing against today’s most advanced silicon-based 

devices. As an example, recent high performance organic semiconductors report 

mobilities in the order of 10-1 cm2/V-s, which are only 4% the values for inorganic 

materials19,20. Furthermore, they are not compatible with high-thermal budget processes, 

usually used during the fabrication of electronics devices. Recently very high mobility in 

the order of 103 cm2/V-s have been reported with aligned arrays of single-wall carbon 

nanotubes (SWCNTs) and by using atomic crystal structure graphene21,22. Medium-scale 

integrated circuits have also been demonstrated with more modest, yet competitive values 

in the order of 10 cm2/V-s by using SWCNT random networks with solution deposition 

techniques23. Although these results are encouraging, the integration level demanded by 

the high performance computing in portable devices, which features the most advanced 

silicon-based transistors with billion devices and nano-sized architecture, is at this stage 

not feasible with this kind of techniques. Recent rise in two dimensional atomic crystal 

structure materials like graphene, molybdenum disulfide (MoS2), etc. show exciting 

material properties for electronic and other applications24,25. However, their growth, 

universal coverage, uniformity, correct band gap for logic applications, shows the need of 

a lot of work to be done before their plausible insertion into technology node for even 

inorganic substrate.  Additionally graphene is a low band gap semi-metallic film, which 

does not show on/off behavior thus its application is more inclined towards radio-

frequency (RF) applications.  

In recent years several efforts have been made to combine the excellent electrical 

performance of silicon with the mechanical flexibility and support of polymer-based 

materials26,27,28,29,30. Thin film transistors have been fabricated using mono-crystalline 
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silicon nano-ribbons or micro/nano-membranes, also known as micro-structured silicon 

(ms-Si), usually released from silicon-on-insulator (SOI) or silicon (111) or (110) 

substrates31,32,33. Polymeric materials such as polymide (PI), polyurethane (PU), 

polyethylene terephthalate (PET) or polydimethylsiloxane (PDMS) then serve as flexible 

mechanical support for the transfer of µs-Si sheets. After the transfer process, transistors 

are built by different printing technologies and circuitry of different complexity can be 

achieved34. Inarguably and logically these innovations are directed towards energy and 

bio-integrated electronics. For the rapid expansion of high-performance ultra-mobile 

computation SOI substrates are expensive options compared to the most common silicon 

(100). Silicon (111), on the other hand, is not only expensive but also presents higher 

defect density35,36, and with silicon (110), even though its wet-chemical-based release 

method might represent a cheaper approach, the performance achieved, specially for 

electron transport mobility, is still far from expectations33. In spite of the relatively high 

complexity achievable through this technology, the extremely high resolution needed for 

nano-metric alignment, a customary task in semiconductor manufacturing, represents a 

major threshold for this technology to reach the ultra-large-scale-integration (ULSI) 

density required in today’s portable electronic devices industry. Finally high thermal 

budget processes are routine and well-established practice during fabrication of 

complementary metal-oxide-semiconductor (CMOS) technologies. For example, it allows 

threshold voltage tuning and removal of trapped charges in the dielectric. Unfortunately 

polymeric substrates are intolerant to such temperature treatment. An alternative 

approach for flexible electronics manufacturing consists on fully fabrication of devices 

on silicon substrates followed by the use of specific processing methodologies to thin 
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down the substrate’s thickness and achieve bendability. Polishing or grinding the 

backside of the wafer is one of the most common thinning technologies used routinely in 

today’s industry, however grinding to a few tens of micrometers in thickness, needed for 

good bendability, produces substrate damage and non-uniformity, thus reducing the yield, 

not to mention the waste of material removed during the process. Recently, a new 

technique has been developed to produce thin substrates out of standard wafers by 

exfoliation or spalling processing37,38. A nickel layer is deposited on top of passivated 

devices, building up stresses on the substrate which leads to a fracture at a specific depth, 

mainly determined by amount of stress, so a thin top portion of the wafer can be 

controllably peeled off. Ultra-thin body silicon on insulator (UTB-SOI) has been used 

with this technique to achieve very thin thickness and high performance, but it comes 

with the very high cost of such substrate and process, limited bendability and opaqueness 

in nature. Another methodology has been explored where initially a porous silicon double 

layer is formed with two-steps anodic etching allowing the bottom less-denser layer to be 

removed after a high-thermal budget process. This way, a released porous silicon 

membrane is created that hangs on top of the substrate. Epitaxial silicon is then grown on 

top where devices can be fabricated as done on an ordinary wafer. Finally the released 

areas can be peeled off from the substrate and be transferred into a plastic carrier 

substitute substrate39,40. Even though integrated circuits of high complexity has been 

demonstrated with this technique, moderate bendability, opaqueness, limited throughput 

and less economically attractive procedures, such as ultra-expensive UTSOI substrate, 

silicon epitaxy and unconventional micro-fabrication processes like anodic etching, 

detours its compatibility with main-stream silicon foundry. It is to be noted technically it 
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is much easier to have a buffered layered substrate (like in SOI or separation 

by implantation of oxygen, SIMOX) as it is simpler to etch off that buffer layer to release 

the top portion as flexible platform but the substrate cost and disposal of that after one 

time use of the substrate is not an attractive proposition for mainstream semiconductor 

industries to actively think about using flexible electronics for consumer electronics with 

huge market potential. The driving force has always been performance per cost both from 

the manufacturers’ and the consumers’ perspective. A final alternative is to work directly 

with commercially available ultra-thin silicon wafers. However, they are almost five 

times more pricy than standard bulk wafers, have higher defects and extreme fragility 

makes them really hard to handle and almost impossible to work with in a typical 

cleanroom environment. 

 Finally, the previously described techniques and processes are summarized and 

compared in Appendix Table A1.1. 

2.3 General Process Description 

 As we decrease the thickness of any silicon piece, the flexural rigidity decreases; 

defined as the force couple required to bend a non-rigid structure to a unit curvature, and 

therefore the flexibility increases41. This is the principle of our process, which starts with 

the regular choice for substrate in semiconductor industry, a cheap Si (100) wafer. The 

substrate then goes through a series of standard complementary metal oxide 

semiconductor (CMOS) processes to fabricate nano-scaled transistors with ultra-high 

density and performance. A final step is to peel off a thin layer from the top of the wafer 

where the devices were fabricated. This peel off process relies on standard 

microfabrication techniques to first create holes into the substrate by deep reactive ion 



 31 

etching (DRIE), then deposit a resilient protective layer, one atomic layer at a time, 

through atomic layer deposition (ALD), a nanotechnology technique by definition. Next 

selective etching exposes the silicon at the bottom of the deep trenches, so it can be 

removed by isotropic XeF2-based etching. Once enough material is removed to form a 

continuous, buried void, the top portion of the wafer can be released from the substrate 

and become a flexible host for high performance electronics. This method also has the 

advantage of leaving the remaining of the wafer to be reused after a chemical mechanical 

polishing (CMP) process, as will be discussed later on, thus appealing from a cost 

perspective.   

 This process might resemble the single-crystal reactive etching and metallization 

(SCREAM) technique42, which is used in micro electromechanical systems (MEMS) to 

release cantilever-like structures with high aspect ratios and thus it has a clearly different 

application from our. In addition, previous works43 have been used to form buried micro-

channels with a similar approach to the one described here. However, different methods 

were used and the channels were intended for microfluidic application such as improving 

electronic chip cooling. 

2.3.1 Fabrication Process Description and Results 

 First of all, it is important to note that our generic process can be extended to 

different materials others than mono-crystalline silicon. Thus it can be pursued in three 

ways depending upon the selectivity of the material to be released with respect to a 

silicon (100) carrier wafer. 
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Figure 2.1 Fabrication process flow of different material fabrics 
(a) Silicon dioxide fabric, including digital photographs of a 18 cm2 silicon dioxide 
membrane before (step 4) and after (step 5) release from the carries wafer, and (b) 
Polycrystalline/amorphous silicon fabric, including digital photographs of 9 cm2 
amorphous and poly-silicon fabrics before (step 5) and after (step 6) release from the 
carrier wafer. 
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 In first place, materials such as silicon dioxide (SiO2), which are selective to 

silicon, can be directly deposited on top of the carrier wafer. In our case we first 

deposited 3.5 µm of SiO2 using plasma enhanced chemical vapor deposition (PECVD) 

(66 nm/min, 300 °C, 20 WRF, 1000 mTorr, 6 sccm SiH4, 850 sccm N2O, 163 sccm N2) 

(Figure 2.1a, step 2). Next, we etched pores through photolithography and reactive ion 

etching (RIE) (15 minutes, 1500 WICP, 100 WRF, 10 mTorr, 40 sccm C4F8, 5 sccm O2), 

which serve as etch holes (Figure 2.1a, step 3), so the silicon below the oxide is removed 

releasing the top membrane. As stated, XeF2 (4.5 Torr, 30cycles, 60 seconds/cycle) is 

used to selectively etch the silicon without affecting the oxide (Figure 2.1a, step 4). Other 

materials such silicon nitride (Si3N4), aluminum oxide (Al2O3) and the like, can use this 

approach to form released membrane-like thin films. This shows the unique versatility of 

the process for formation of flexible dielectric of both low and high-κ permittivity.  

 The second approach refers to materials that cannot be selectively etched with 

respect to silicon. Such is the case of polycrystalline silicon and amorphous silicon. In 

these cases, an additional layer is introduced, a sacrificial layer, which will be removed in 

order to release the upper layer. In a sense we are generating a virtual silicon-on-insulator 

(SOI) wafer where the buried oxide represents the sacrificial layer. Thus, the process 

consists on deposition of 200 nm of SiO2 (66 nm/min, 300 °C, 20 WRF, 1000 mTorr, 6 

sccm SiH4, 850 sccm N2O, 163 sccm N2) (Figure 2.1b, step 2) followed by 3 mm of 

polycrystalline (37 nm/min, 650 °C, 10 WRF, 1000 mTorr, 50 sccm SiH4, 450 sccm Ar) or 

amorphous silicon (42 nm/min, 250 °C, 20 WRF, 800 mTorr, 30 sccm SiH4, 475 sccm Ar) 

(Figure 2.1b, step 3). Both depositions are done through a plasma enhanced chemical 

vapor deposition (PECVD) system. Next, we etched pores or etch-holes through the top 
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layer (by photolithography and RIE- 1500 WICP, 100 WRF, 10 mTorr, 15 sccm SF6, 5 

sccm O2) (Figure 2.1b, step 4) and then an isotropic etchant  (vapor hydrofluoric acid at 

40 °C for 10 minutes) is used to remove the buried oxide layer releasing the membrane 

on top (Figure 2.1b, step 5).  

 We would like to point out the fact that all the pores, or etch-holes, are defined 

lithographically to achieve specific densities and micrometric dimensions in a 

controllable and regular fashion with mass production capabilities. Thickness can be 

easily defined by controlling the amount of material deposited or the depth of the 

channels etched into the substrate in the case of mono-crystalline silicon. 

We have reproducibly fabricated amorphous silicon, poly-crystalline and mono-

crystalline silicon as well as silicon dioxide fabrics with a pore size of 5 µm regularly 

separated by 5 µm spacing between them, 5–20 µm in thickness and sizes from 9 to 18 

cm2. Figure 2.1a shows a piece of SiO2 before and after peel-off from the carrier wafer. 

As can be appreciated form the figure, the film exhibits semi-transparency and flexibility. 

On the other hand, Figure 2.1b shows both amorphous and polycrystalline silicon 

membranes with dimensions of 3 cm by 3 cm and 3 µm of thickness. An important point 

to clarify is that stress can be built up during the deposition of the films, and so it can 

produce the films to roll up after release. To overcome this issue an annealing step at a 

temperature, which depends on the specific material, is required. For example, in the case 

of SiO2, it has been found that an annealing at 950°C for 30 seconds can help to release 

most of the stresses44. 

 The third case refers to mono-crystalline silicon itself. As mentioned previously, 

this carries the greatest potential to develop new strategies for flexible electronics 
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advancement thanks to the ideal properties of silicon. Below we find the different steps 

used to peel-off a ~20 µm thick silicon fabric.  

 
Figure 2.2 Fabrication process flow and 3D schematics of flexible mono-crystalline 
silicon (100) fabric. 
(Description of each step is on the main text) 

 

 We used a lightly doped P-type 4” Silicon wafer with crystal orientation (100) 

and resistivity of 5-25 Ω-cm as starting substrate. Figure 2.2 illustrates the fabrication 

process flow. In the beginning, we performed a thermal oxidation at atmospheric pressure 

and at 1000°C using dry oxidation (O2 flow rate: 3000 sccm for 15 minutes), then wet 

oxidation (O2 flow rate: 200 sccm for 26 minutes), second dry oxidation (O2 flow rate: 

3000 sccm for 15 minutes) and finally anneal (N2 flow rate: 5000 sccm for 20 minutes) to 

grow a layer of 400 nm of SiO2 (Figure 2.2A). At the end of the oxidation, we performed 

a N2 (5000 sccm) anneal for 20 minutes in the same furnace. This silicon oxide layer was 

used as a hard mask for subsequent processes. Next, we spin-coated photo resist (From 

MicroChemicals™, 4 ml ECI 3027, 1750 rpm for 30 seconds, soft-bake: 100°C for 60 

© 2012 IEEE 
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seconds) to a thickness of 4µm and then patterned it. It was followed by an anisotropic 

Reactive Ion Etching (RIE) (ICP Power: 2000 Watts, RF Power: 100 Watts, Pressure: 10 

mTorr, C4F8 flow rate: 40 sccm, O2 flow rate: 5 sccm) in order to pattern the oxide hard 

mask (Figure 2.2B). After patterning the SiO2 hard mask, we removed the resist with 

Acetone (for 3 minutes) followed by a Piranha cleaning (H2O2:H2SO4 = 1:2 at room 

temperature for 8 minutes). Then we applied a BOSCH process (Power: 1750 Watts, SF6 

flow rate: 150 sccm, C4F8 flow rate: 100 sccm) to anisotropically etch vertical channels to 

a specific depth (Figure 2.2C).  

 Now, to protect the lateral silicon loss, the inside walls of the generated channels 

needed to be covered with a protective layer and then the bottom had to be cleared, so we 

could have exclusive access to the inner segment of the wafer (nearly similar to vertical 

sidewall or spacer formation in standard CMOS technology).  

We have developed furnace based SiO2 and ALD based Al2O3 formed spacers. 

Furnace oxide is robust but suitable only with materials that can withstand high thermal 

budget processing. We typically use furnace oxide for a release-first/device-second kind 

of approach; a fast device implementation scheme where we first release the sample 

while there are not thermally restrictive materials and then deposit and pattern thin film 

stacks to build the devices. The challenge with this approach is the non-uniformity of 

photoresist coating due to the wavy nature of the released sample, which can translate 

into non-uniformity during the etching process. Normally a thicker photoresist helps to 

improve this issue. We have used this approach to fabricate metal-oxide-semiconductor 

capacitors (MOSCAPs) and metal-insulator-metal capacitors (MIMCAPs), which will be 

described in future sections.  
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Figure 2.3 PECVD-based spacers after release showing several defects 
 

For low temperature process compatible devices we use ALD-based Al2O3 

spacers, where the thermal budget is relatively smaller than that of furnace oxidation. Our 

ALD Al2O3 process can be carried out at temperatures between 150 °C and 250 °C. Thus, 

we use this process with a device-first/release-last scheme, where we have the advantage 

of a precise alignment between holes and devices. Metal-oxide-semiconductor capacitors 

(MOSCAPs) and field effect transistors (MOSFETs) have been demonstrated though this 

scheme. PECVD based oxide was also evaluated since it is performed at relatively low 

temperatures (250 °C), however, due to its not very conformal nature and defect density 

it was not a suitable option for spacers’ formation (Figure 2.3). 
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Figure 2.4 SEM pictures of thermal oxide based spacers.  
It is observed the successful removal of the oxide layer at the bottom of the channels after 
directional dry etch. The walls of the channels remain protected by the new oxide spacers 
 
 
 In Figure 2.4 we show thermal oxidation based wall-protection. Therefore, after 

cleaning the wafer, we carried out a second thermal oxidation (dry: 3000 sccm of O2 for 

15 minutes –wet: 3000 sccm of O2 for 23 minutes –dry: 3000 sccm of O2 for 15 minutes –

anneal: 5000 sccm of N2 for 20 minutes) under atmospheric pressure at 1000°C to 

produce a layer of 300 nm silicon oxide (SiO2) inside the channels (Figure 2.2D). A 

highly directional RIE, at a low pressure and high power (ICP Power: 1000 Watts, RF 

Power: 100 Watts, Pressure: 3 mTorr, SF6 flow rate: 20 sccm, Ar flow rate: 5 sccm), 

cleared the bottom of the channels leaving oxide vertical spacers on the walls as 

protection for the following silicon etching (Figure 2.2E, Figure 2.4).  

© 2012 IEEE 
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 Taking advantage of the isotropic profile of the XeF2-based etching (Pulsed flow, 

4.5 Torr, 45-60cycles, 60 seconds/cycle), we started to etch silicon from the bottom of the 

channels both vertically and laterally, inside the wafer, thus creating internal caves 

(Figure 2.2F, G). 

 

Figure 2.5 Cross-sectional schematic and SEM image of a released silicon fabric 
Top schematic shows the general mathematical dimensions for a released silicon piece. 
Bottom SEM image shows the cross-section of a silicon piece just before release. 
 

 We observed an appreciable reduction in the etching rate, which can be explained 

due to the longer time it takes for the gas to enter the small channels and reach the 

exposed Si at the bottom.  Eventually the generated caves connect with each other 

allowing the peeling-off of the top thin layer of the substrate. Figure 2.5 shows the wafer 

just before the caves completely inter-connect. 

© 2012 IEEE 
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 In this process, the final thickness of the resulting substrate is defined by the 

depth of the vertical channel minus the section of the silicon that was vertically etched 

upwards (From Figure 2.5A, T=D-U).  Moreover, it is possible to control the amount of 

consumed silicon during the process by adjusting channel width and separation.  Long 

separation and small channel width will result in a greater amount of consumed silicon, 

as well as longer isotropic etching time needed for the caves to connect.  

 

Figure 2.6 Silicon etch rates by XeF2 in different directions.  
This graph is useful to determine the design of the experiment for silicon release process. 
 

 As the vertical etch rate of the XeF2 is higher than the horizontal etch rate, the 

height of the lost silicon internal layer is given by the following expression: H=½S×R; 

where S is the separation between channels and R is the ratio between vertical and 

horizontal etch rates. In this experiment R was found to be around 1.35.  On the other 

hand, as one would expect, the opening size of the channels influences the etch rate and, 

© 2012 IEEE 
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as can be seen in Figure 2.6, the etching rate increases exponentially with the increase of 

channel width.  

 

Figure 2.7 SEM image (tilted view) of a patterned silicon fabric (before XeF2 based 
isotropic etch) 
The inset figure shows the effective area for hosting functional devices, the patterned 
holes in the oxide and the isotropic etch coverage. (Insert schematic is not drawn to the 
scale, thus in reality, the isotropic etch coverage will ensure complete overlapping and 
release). 
 

 In practice, one should select the dimension and separation of the channels 

depending on the pattern and layout of the functional devices already on the wafer.  

To verify its potential role for hosting pre-fabricated, post high thermal budget process 

electronics, we show in Figure 2.7, that using our current process, an effective area of 25 

µm2 is available.  Today’s advanced static random access memory (6T-SRAM) cells in 

microprocessors are integrated within 0.021 µm2 45.  Thus, high performance logic and 

memory devices can be accommodated in our flexible, transparent, porous silicon 

substrate. 

© 2012 IEEE 
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Figure 2.8 Different photographs of released samples showing flexibility and 
semitransparency 
(A) Digital photograph (and SEM image in inset) of small and mechanically flexible 
silicon strip released from the wafer with 5 µm thickness.  (B) SEM image of a partially 
bended released Si piece after processing.  (C) Digital photograph of large silicon piece 
with dimensions 6 cm x 3 cm and thickness of 20 µm prior to release from substrate.  (D, 
E) Digital photographs of the same piece after release showing high mechanical 
flexibility and (F) optical see-through transparency. 
 
 Figure 2.8A shows a released piece of flexible silicon with dimensions of 100 µm 

x 7 mm x 5 µm (width x length x thickness). Figure 2.8C, D, E show a bigger piece, 6 cm 

x 3 cm of area with thickness around 20 µm.  The piece not only exhibits great 

© 2012 IEEE 
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mechanical flexibility but also shows optical see-through semitransparency (Figure 2.8F) 

due to the holes formed during the processing (Figure 2.2F, H).  Here, a channel width 

and separation of 5 µm was selected.  These dimensions yielded a loss of around 20% of 

the surface area and around 4% of the total volume loss compared with the original 

volume of the wafer piece.  Increasing the separation between channels can decrease 

surface loss.  For a released silicon piece with channel width of 10 µm and separation of 

40 µm, there would be a surface area loss of around 3%, while the volume loss would 

increase only to around 10%. 

2.3.2 Cost Effectiveness and Recyclability 

 Regarding the release process, due to its properties, qualities and price, XeF2-

based etching acts as an ideal method for the release of our sensitive samples. First of all, 

thanks to its chemical nature; it doesn’t require ion bombardment or an external energy 

source, it exhibits a high selectivity to diverse dielectrics, metals and polymers used in 

traditional integrated circuits processing, making it easy to integrate for post-CMOS 

micromachining. Furthermore it doesn’t require high temperature and it is possible to 

achieve very fast etch rates46.  

 On the other hand, XeF2-based etching turns out to be an interesting solution 

pricewise. In order to release a 6 cm by 3 cm silicon fabric, about just 2 grams of XeF2 

are consumed (100 cycles, 30 sec/cycle). If we consider that the cost of XeF2 is about $8 

per gram (Pelchem SOC Ltd); which is comparable to the cost of xenon gas itself, then 

we are only adding $0.88 per cm2 released to the final cost. In fact, if xenon gas is 

reclaimed from the exhaust, most of the cost of the XeF2 used during etching could be 

recovered47. 
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 Alternatively, wet etchant options are available and although they might look 

attractive from a cost perspective, handling and post-cleaning would be a pressing 

concern during the release process due to the sensitivity of the samples. Moreover an 

appropriate wall protection would need to be developed and optimized according to the 

etchant’s selectivity.  

 

Figure 2.9 Full 4” Si wafer released and recyclability results  
(a) Substrate after release processing, (b) full released 4” wafer with a thickness of 18 µm 
and (c) substrate after CMP 
 

 Since performance per cost has driven the Moore’s Law based traditional silicon 

electronics, therefore the same metric will also drive the growth of flexible electronics. 

Therefore, we have paid extra attention to ensure reuse of the remaining silicon wafer 
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when the top layer is released (detached) from the bottom substrate. One problem that 

does arise with XeF2 is that the etched surface becomes rough due to the isotropic 

property of this process. Using our process, we have been able to release for the first time 

a complete 4’’ mechanically flexible mono-crystalline silicon layer as shown in Figure 

2.9b. The remaining substrate has a rough surface and in order to be reused it had to be 

polished using chemical mechanical planarization (CMP). The obtained results can be 

seen in Figure 2.9a, c. The thickness reduction of the substrate was measure to be 75 µm 

obtaining at the end of the peeling process and planarization a wafer with a thickness of 

425 µm. At this rate and depending of the processes to be carried out in the recycled 

wafer we expect that the substrate can be reused at least 5 times for device batch 

fabrication. It is to be noted that special care is required to fabricate devices as well as 

CMP for the last two fabrics of a traditional silicon wafer, which is typically 0.5 mm 

thick. Laterally from each fabric we have an area loss of 16% due to trenching (please 

note that the trenches are made in unused areas of a chip). However, with five to six 

fabric formation from each 0.5 mm thick wafer, we effectively achieve five extra wafers 

lowering the cost dramatically. The rise of silicon electronics is driven by the integration 

density (directly benefitting enhancing multi-tasking capability of integrated circuits) 

which essentially corroborates to bit (information/data unit)/cost and because of this 

ultra-large-scale-integration (ULSI) density, plastic or any other electronics cannot 

compete in context of bit/cost. 
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Chapter 3. Metal-Oxide-Semiconductor Capacitors on Flexible and 

Semitransparent Silicon (100) Fabric 

Abstract 

In this chapter there will be two examples that clearly differentiate the two 

methods described in section 2.3.1, release-first/device-last and device-first/release-last. 

In both cases high-κ/metal gate stack based metal–oxide–semiconductor capacitor 

devices are monolithically fabricated on a mechanically flexible, optically 

semitransparent and high thermal budget compatible silicon fabric. For the first case, the 

silicon (100) fabric (6 cm x 3 cm x 20 µm) is first released and then capacitors are 

patterned on top, being a rapid implementation method. Electrical characterization 

showed uncompromising performance of post release devices and mechanical 

characterization showed extraordinary flexibility (minimum bending radius of 1 cm). The 

second case consisted of capacitors fabricated on industry’s most widely used low-cost 

bulk mono-crystalline silicon (100) wafer and then released as a continuous (1.5 cm x 3 

cm x 25 µm), flexible (bending curvature of 133 m-1), and semitransparent fabric. This is 

the first ever demonstration with this set of materials which allows full degree of freedom 

to fabricate nanoelectronics devices using state-of-the-art CMOS compatible processes 

and then to utilize them in an unprecedented way for wide deployment over nearly any 

kind of shape and architecture surfaces.  

This chapter was published as: 



 47 

(Section 3.1) Rojas, J. P.; Hussain, M. M., Flexible semi-transparent silicon (100) fabric 

with high-κ/metal gate devices. physica status solidi (RRL) – Rapid Research Letters 

2013, 7 (3), 187-191.** 

(Section 3.2) Rojas, J. P.; Sevilla, G. T.; Hussain, M. M., Structural and electrical 

characteristics of high-κ/metal gate metal oxide semiconductor capacitors fabricated on 

flexible, semi-transparent silicon (100) fabric. Applied Physics Letters 2013, 102 (6), 

064102-064102-4.†† 

 
3.1 Introduction to Metal-Oxide-Semiconductor Capacitors 

CMOS technology has evolved from the study and deep understanding of the 

metal-oxide-semiconductor (MOS) structure. This structure consists of a stack of a 

conducting gate electrode placed on a thin dielectric layer on top of a semiconducting 

substrate. Conventionally and for many years, this stack was made of heavily doped poly-

crystalline silicon (acting as metal) on silicon dioxide grown on a silicon wafer. Starting 

from 2007, industry started to migrate to a high-κ/metal gate structure trying to solve the 

ever-increasing leakage problem due to the extremely thin silicon dioxide layer. A higher 

dielectric constant allowed the use of a thicker layer to lower down the leakage current 

without compromising the gate capacitance.  

MOS capacitors are important tools for characterization and testing of materials 

and different electrical parameters, such effective oxide thickness (EOT), Flatband 

                                                
** Reprinted with permission from Rojas, J. P.; Hussain, M. M., Flexible semi-transparent silicon (100) 
fabric with high-κ/metal gate devices. physica status solidi (RRL) – Rapid Research Letters 2013, 7 (3), 
187-191. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
†† Reprinted with permission from Rojas, J. P.; Sevilla, G. T.; Hussain, M. M., Structural and electrical 
characteristics of high-κ/metal gate metal oxide semiconductor capacitors fabricated on flexible, semi-
transparent silicon (100) fabric. Applied Physics Letters 2013, 102 (6), 064102-064102-4. Copyright 2013, 
AIP Publishing LLC. 
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voltage, doping density, carrier lifetime, among others that directly influence device 

performance.  

A MOS capacitor is able to modulate the distribution of charges in the 

semiconductor by varying the voltage applied to the metal gate48. If the voltage surpasses 

a certain threshold, a high concentration of oppositely charge carriers will create an 

inversion layer next to the interface between the dielectric and the semiconductor, which 

is the principle of operation in a MOS field effect transistor device. Figure 3.1a-d shows 

the energy-band diagrams under different bias conditions for ideal p-type MOS capacitor 

and Figure 3.1e shows the capacitance-voltage curves for low and high frequency.  

 
Figure 3.1 Energy band diagrams and capacitance-voltage (C-V) characteristics of a 
p-type MOSCAP with ideal zero flatband voltage. 
a)-d) P-type capacitors under different bias conditions, e)  C-V curves for low and high 
frequency response assuming Vfb = 0. 
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From the figure it is important to define two main parameters, the oxide 

capacitance, Cox and the flatband voltage, Vfb. At accumulation, excess majority carriers 

accumulate at the surface attracted by the voltage bias. Therefore the MOSCAP acts like 

a parallel plate capacitor and the equivalent capacitance can be approximated to Cox. On 

the other hand, we can define the flatband voltage as the gate voltage at which there is no 

charge and hence no electric field across the dielectric. At the same time the conduction 

and valence bands flatten out and therefore the name. 

 
3.2 Flexible Semitransparent Silicon (100) Fabric with High-κ/Metal Gate 

MOSCAPs Fabricated with Release-First/Device-Last Approach 

 
3.2.1 Introduction 

In this section we show a continuous, mechanically flexible, optically semi-

transparent silicon fabric (6 cm x 3 cm x 20 µm) on industry’s most preferred choice of 

bulk silicon (100) with large-scale monolithic integration of 10,000 high-κ/metal gate 

stack based MOSCAP devices. The method used was a release-first/device-last approach. 

The demonstrated process relies on conventional deposition and etching techniques that 

represent the simplest and at the same time least invasive mechanism reported yet to 

produce thin flexible Si sheets. The remaining wafer is then made reusable by chemical 

mechanical polishing. We chose MOSCAP as they are not only fundamental building 

blocks for CMOS and micro electromechanical systems (MEMS) technology but also are 

one of the largest devices in their families. Successful release of thousands of fabricated 

devices on 18 cm2 silicon fabric shows the unique effectiveness of our generic process to 

implement it for large-scale integration of nanoelectronics based complex circuitries. 
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Therefore, this demonstration is the first pragmatic step to realize truly high performance 

device based gadgets on flexible platform in a cost effective way. 

3.2.2 Results and Discussion 

We started with a p-type lightly doped (resistivity of 10-20 Ω-cm) 4” silicon 

wafer and crystal orientation (100), which are the most widely used, vastly studied and 

fairly low-cost substrates for semiconductor device fabrication. Up to the best of our 

knowledge, this work is the first ever demonstration (2013) to use silicon (100) as a 

flexible platform to host high-κ/metal gate devices without compromising its integrity.  

At first we performed thermal oxidation at 1100°C by dry oxidation, then wet oxidation, 

next dry oxidation and finally an annealing step in nitrogen environment to grow a layer 

of 400 nm of SiO2 (Figure 3.2a).  

 
Figure 3.2  3D schematic depicting the fabrication process flow of high-κ/metal gate 
MOSCAPs on flexible silicon platform.  
(SEM and TEM images of some critical steps and the high-κ/metal gate stack from the 
fabricated MOSCAP devices are included.) 
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Thermal oxidation provides the rigidity in the grown SiO2 which will be able to 

survive the subsequent etch processes. Next, we spin-coated photoresist (From 

MicroChemicals™, 4 ml ECI 3027) to a thickness of 4 µm and then patterned it. The 

thickness of the photoresist is critical as it will go through several dry etch processes and 

should not be consumed before the final etch process is done and the vertical channels are 

completely open. The photoresist pattern step was followed by an anisotropic reactive ion 

etching (RIE) in order to pattern the oxide hard mask. Then we applied a BOSCH process 

to anisotropically etch vertical channels to a specific depth (Figure 3.2b). Since BOSCH 

process may form a wavy vertical architecture in the trench, we need to optimize the 

process as much as possible to reduce the wave nature. This depends on the plasma 

physics as well as the trench depth. 

Next, in order to avoid the lateral silicon loss, a second thermal oxidation was 

carried out, in a similar way described before, to produce a layer of 300 nm of silicon 

dioxide (SiO2) inside the channels. This oxide sidewall will act as a vertical wall to 

inhibit any chemical reaction induced by the subsequent isotropic etch. A highly 

directional RIE, at a low pressure and high power, cleared the bottom of the channels 

leaving oxide vertical spacers on the walls as protection from the subsequent isotropic 

silicon etching (Figure 3.2c). Then we performed an isotropic XeF2-based etching 

(Pulsed flow), to remove the silicon from the inner portion of the substrate, forming caves 

which when interconnecting with other eventually release the top portion of the substrate 

(Figure 3.2d). In the described process we create the platform so the top portion of the 

substrates can be released anytime. It is important as in some of the device processes, a 

high thermal budget processing associated with thermal oxidation may not be possible as 
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well as in some thermal oxidation process furnaces do not allow any other materials 

rather than un-doped silicon to mitigate any potential contamination issue. 

Our release process consists of the formation of etch-holes followed by selective 

isotropic etching; similar to the release process commonly used in MEMS processes 

where a sacrificial layer is removed to free the top layer which we term as silicon fabric. 

However, in our case no sacrificial layer is needed but rather we use a hard top mask to 

shield the top surface (where the devices are located) and a spacer-like protection 

technique to protect the holes integrity from the chemical effect of the subsequent 

releasing isotropic-etching step. The spacer formation is a critical step achieved through 

thermal oxidation and a very directional reactive ion etching (RIE). The detailed 

description can be found in the previous section of this document. 

To carry out the large-scale integration of high-κ/metal gate technology based 

devices, we chose metal-oxide-semiconductor-capacitors (MOSCAPs) for multitude of 

reasons. First, MOSCAP devices are large in size – hence their seamless fabrication and 

yielding electrical characteristics prove that our technique is capable of carrying out 

large-scale integration of much smaller devices like CMOS based complex circuitries. 

Secondly, MOSCAP architectures are commonly used in MEMS devices. Therefore, 

demonstration of MOSCAP devices also show that the reported process can be used for 

monolithic integration of CMOS and MEMS devices into functioning integrated systems. 

Additionally, after release, the remaining host substrate is usable after a chemical-

mechanical polishing (CMP) for next batch of device fabrication. 

To begin the process of device fabrication, we removed the oxide hard mask in 

diluted hydrofluoric acid (DHF) (Figure 3.2e). We exposed the wafer to vapor 
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hydrofluoric acid (VHF) for 30 seconds before we used an atomic layer deposition 

system (Oxford Instruments Flex-Al) to deposit a 5 nm layer of Al2O3 as dielectric. 

Afterwards a 20 nm layer of TiN as metal gate and a 200 nm Al film as contact metal 

were deposited by sputtering deposition. Photoresist was once more spin-coated to 

pattern the gate stack (Figure 3.2f).  

 

Figure 3.3 Digital photographs of silicon (100) fabric with devices showing flexibility 
and semitransparency 
a) Digital photograph of released piece with integrated devices showing high flexibility 
(Inset: substrate rolled up around a pen). b) Bending curvature radius of 1 cm and it is to 
be noted that the silicon fabric piece is neither broken nor rolled-up after release. c) 
Digital photograph of the released piece showing semi-transparency (LED screen with 
KAUST logo in the background). 

 

Since the released piece is hanging on top of the host substrate and because of its 

flexible nature and presence of the micro-sized holes, some uniformity issues might be 
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encountered during the photoresist spin coating. Nevertheless, optimization of individual 

photolithography steps can reduce this effect and the desired features are not ultimately 

significantly affected. Next, a RIE recipe in several steps is used to pattern the gate stack 

(chemistry based on Cl2, BCl3, CHF3 and Ar) (Figure 3.2g). A final annealing step was 

performed for 10 minutes at 450°C and 200 sccm of forming gas (N2/H2), yielding 

working capacitors ready for characterization. 

 

Figure 3.4 Electrical characterization of MOSCAPs on Si (100) fabric. 
a) C-V Characteristic plot at 100 kHz of released (with holes) vs. non-released samples 
(without holes), showing minimum effect of the additional processing related to release. 
b) C-V characteristics of released sample for different frequencies, showing normal 
behavior. c) C-V characteristic showing almost no hysteresis effect. d) J-V characteristics 
on accumulation representing the low gate density current leakage achieved with high-κ 
dielectric (absolute voltage values). 
 
 

After the device fabrication, the released piece was peeled-off from the host 

substrate with functioning square and circular MOSCAPs with sizes ranging from 2 mm 
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down to 5 µm. The resulting piece features a size of 18 cm2 (6 cm × 3 cm), the largest 

ever in this kind, and thickness of ~20 µm. This suggests a thickness reduction to around 

4% of the original substrate thickness and a remaining ~450 µm thick wafer to be reused. 

Figure 3.3a shows the degree of bending of the resulting substrate. We have achieved a 

minimum bending radius of R= 1 cm or a maximum curvature (K) of 100 m-1 (Figure 

3.3b). It is to be noted that due to the pores created during the first part of the processing, 

we are able to partially see through the substrate making it semitransparent (Figure 3.3c).  

For electrical characterization, an E4980A Agilent LCR meter and probe station 

was used to obtain the capacitance-voltage (C-V) characteristics with a back-bias 

configuration. Figure 3.4a shows the capacitance-voltage (C-V) characteristics plot at 100 

KHz of pre and post released pieces, featuring a maximum normalized capacitance of 

1200 nF cm-2. Dielectric thickness (tHigh-κ) can be back calculated from this maximum 

capacitance in accumulation (Cmax) and is given by the following equation: 

tHigh−K = A ⋅
εHigh−K
Cmax               (1) 

Where A is area and εHigh-κ is the permittivity of the high-κ dielectric (9.1 times the 

permittivity of free space (ε0) for Al2O3). After calculation the average thickness was 

found to be 6.65 nm, which corresponds to an effective oxide thickness (EOT) of 2.85 nm 

and it is in accordance with the expected dielectric thickness after ALD deposition. This 

EOT also corresponds to actual physical thickness of Al2O3 and the interfacial oxide due 

to TiN deposition related oxygen release. As can be observed, there is no apparent change 

in characteristics between non-released and released samples, indicating a minimum 

effect of the additional processing related to the release technique and the presence of 

holes. Figure 3.4b and c also shows the frequency response and hysteresis of the post-
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released samples. Naturally, hysteresis has little effect as expected after the forming gas 

annealing step. Figure 3.4d shows the current density-voltage (J-V) characteristics of the 

Al2O3 gate dielectric. The very low leakage density current, about 4 mA/cm2 at Vg = -1V, 

indicates good quality of the deposited films.   

 
Figure 3.5 Flat band voltage versus EOT  
Different capacitors with various areas and location along the released substrate were 
measured. Results show minimal process effect due to release process. 
 

Finally, Figure 3.5 shows the Vfb-EOT for several measurements of different 

capacitors with various areas and location along the released substrate. The figure shows 

a rather uniform flat band voltage distribution at -0.1V, although EOT scatters a little 

from around 2 to 5 nm, which indicates some non-uniformity in the dielectric film or 

presence of non-uniform thin native oxide along the substrate.  

These results show the demonstrated process viability for large-scale integration 

of advanced semiconductor devices. Challenges remain still in the Backend-of-Line 

(BEOL) process implementation. Since the substrate can be bumpy after release, 

polishing steps involved during BEOL would be affected in uniformity or even get to 

damage the thin substrate. A way around this issue is to leave the release process to the 
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very end, after metallization stage. In such case, spacers formed through thermal 

oxidation should be replaced by alternative deposition methods with lower thermal 

budget and adequate conformity such atomic layer deposition (ALD). 

An additional point to consider is the presence itself of holes and the effective 

area taken from the substrate. Nevertheless, it is to be noted that even though the metal 

pads and interconnects have holes on them, it does not represent any detrimental of the 

electrical performance as demonstrated through the results. The solution lies then in how 

to efficiently use the available area between holes to place the devices. 

3.2.3 Conclusions 

We have reported batch processing of mechanically flexible silicon fabric with 

integrated high-κ/metal gate metal–oxide–semiconductor capacitors (MOSCAPs) from 

low cost bulk silicon (100) wafer. The resulting devices show outstanding electrical 

performance, extraordinary mechanical flexibility and optical transparency, 

demonstrating a simple pragmatic path towards fully flexible and semi-transparent 

computers with high performance data processing capability on ultra-mobile devices. 

 

3.3 Structural and Electrical Characteristics of High-κ/Metal Gate MOSCAPs 

Fabricated with Device-First/Release-Last Approach on Flexible and 

Semitransparent Silicon (100) Fabric 

3.3.1 Introduction 

In this section we report a generic process where we fabricate thousands of 

MOSCAPs with aluminum oxide high-κ gate dielectric and tantalum nitride metal gate on 

industry’s most widely used bulk silicon (100) wafers followed by a hybrid anisotropic-
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isotropic reactive ion etch (RIE) based processes to release the top portion of the silicon 

with the already fabricated devices. In contrast with last section, a device-first/release-last 

approach was used to fabricate these devices. The released silicon fabric (1.5 cm x 3 cm x 

25 µm) is mechanically flexible and optically semi-transparent. The fabricated capacitors 

display outstanding mechanical flexibility, consistent electrical performance and optical 

semi-transparency – an important step towards monolithic integration of micro-

electromechanical systems (MEMS) and electronics on flexible platform. Typically 

capacitor structure is used in many capacitive MEMS devices like cantilevers and such. 

Additionally, it is a unique step for realization of mechanically flexible high performance 

computers.  

On the previous section, thermal oxide spacers protected the sidewalls of the etch 

holes while an isotropic etching released a 20 µm thick large area flexible silicon fabric. 

However and as mentioned previously, this high thermal budget process is not suitable 

for MEMS integration on backend-of-line (BEOL). On the other hand, plasma-enhanced 

chemical-vapor-deposition (PECVD) oxide was shown to have pinholes and defects. 

Therefore, we have implemented atomic layer deposition (ALD) based highly conformal, 

defect-free spacers at lower temperatures (200 °C). Our process differentiates from the 

standard release process used in several MEMS technologies where a sacrificial layer is 

used to release the top layer. Instead we devised a way to protect the etch holes to achieve 

the same objective but avoiding the need of a sacrificial layer. 

3.3.2 Results and Discussion 

Figure 3.6 depicts the summarized fabrication flow, which can be separated into 

two stages. First, we build high-κ/metal-gate capacitors in three basic steps: (i) deposition 
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of 5 nm aluminum oxide (Al2O3) by ALD as high-κ gate dielectric, (ii) deposition of 10 

nm tantalum nitride (TaN) and 200 nm of aluminum (Al) deposition by ALD and 

sputtering respectively, as metal gates and (iii) wet etch based gate-stack (Al2O3/TaN) 

etch using standard cleaning agent 1 (SC-1 = a composition of deionized water, hydrogen 

peroxide and ammonium hydroxide at room temperature) to form the MOSCAPs using 

photolithography means. 

 
Figure 3.6. Summarized fabrication flow for high-κ/metal gate MOSCAPs on silicon 
fabric.  
Stage I: (a) Thermal oxidation of 300 nm to create mesa followed by lithographic pattern, 
reactive ion etching of thermal oxide followed by resist removal by ashing and acetone 
cleans; (b) gate stack deposition using ALD of Al2O3 high-κ gate dielectric and TaN 
followed by sputtering based Al deposition; and (c) gate stack etch using wet etching. 
Stage II: DRIE, ALD-based Al2O3 spacer formation followed by XeF2 isotropic etch 
based Si fabric release with high-κ/metal gate MOSCAPs. 
 

Next we deposit photoresist followed by patterning by contact aligner to open up 

areas where there is no MOSCAPs. Silicon deep reactive ion etching (DRIE) using 
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BOSCH process followed photoresist patterning. Then we removed the resist by ash 

followed by acetone based cleaning. Next, we apply our ALD-spacers-based technique to 

release a thin portion of the silicon substrate where the devices are located. This 

technique consists of depositing ALD Al2O3 and then performing a very directional 

reactive ion etching (RIE), with an Ar/CHF3 based chemistry, to remove the film from all 

lateral surfaces and leaving vertical spacers protecting the sidewalls of the etch holes. 

Since, aluminum (Al) is a low thermal budget material therefore ALD based Al2O3 as 

spacer for the subsequent processes was the optimal choice compared to thermal oxide or 

PECVD oxide which is prone to have more defects. Afterwards, a XeF2 based isotropic 

etchant removed the silicon from the bottom-inner portion of the substrate and freed the 

top silicon layer with the already fabricated devices. Its thickness can be effectively 

controlled by the depth of the etch holes. Our choice of complementary metal-oxide-

semiconductor (CMOS) compatible capacitors with industry’s most advanced gate-stacks 

is much larger (compatible to average size of MEMS device) than state-of-the-art 

transistors. Hence their successful release clearly indicates the demonstrated method’s 

functionality for integrating millions of truly high performance devices on flexible 

silicon.  

The fabricated 25 µm thick piece was 1.5 cm x 3 cm, hosting 10.000 capacitors of 

different sizes (Figure 3.7a). We also show the silicon fabric with devices wrapping 

around a finger (Figure 3.7b). The minimum bending radius achieved was 0.75 cm (~ a 

maximum curvature of 133.3 m-1) (Figure 3.7c). The sample also displays semi-

transparency (Figure 3.7d).  
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Figure 3.7  SEM images and digital photographs of flexible and semitransparent 
MOSCAPs on Si (100) fabric. 
(a) Scanning electron microscopic (SEM) images of top, cross-section, and bottom view 
of a released sample. The top view shows the capacitors’ geometries (blue), the bottom 
shows ALD-spacers regularity, and the cross-section shows thickness uniformity; (b) 
released sample wrapped around a finger, displaying great flexibility; (c) minimum 
bending radius before fracture; (d) semi-transparent sample covering portion of a LED 
screen with KAUST logo. 
 
 

We have also determined through finite-element simulation that due to the etch 

holes created during the release process, there is a 64% increase in the total displacement 

due to a certain load, compared with a solid sample without holes and same thickness, 

demonstrating thus a great improvement in bending ability (Figure 3.8).  

 
Figure 3.8. Finite element simulation of the total displacement under a load of 10N  
(Pieces are 480 µm x 480 µm x 20 µm). 
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We used an E4980A Agilent LCR meter and probe station to obtain the 

capacitance-voltage (C-V) characteristics with a back-bias configuration. Capacitance-

voltage (C-V) characteristics at 100 kHz show the effective oxide thickness (EOT) of 3.7 

nm, a flat-band voltage (VFB) of -0.2 V (Figure 4a), no hysteresis effect (inset) and small 

leakage current of 0.5 mA/cm2 at 1V shows good quality high-κ dielectric deposition and 

its sustained integrity to reduce leakage (Figure 4b) – an unyielding electrical behavior by 

the extra-processing for release. We also conducted our measurements while bending the 

silicon fabric and did not see any noticeable discrepancy in their electrical characteristics. 

 
Figure 3.9 Measured CV characteristics and leakage current density  
(a) CV plot (Inset: hysteresis plot) and (b) leakage current (absolute values of voltage)  

 

To understand the impact of flexible nature of the silicon fabric on the device 

performance, we have performed a separate study on uniformity as it mainly depends on 

the high-κ/metal gate deposition uniformity done by ALD. The further processing 

involved during the release technique does not affect the under-layers (high-κ/metal 

gate), which are protected by the contact metal (aluminum).  

 



 63 

 
Figure 3.10 Dielectric uniformity and deflection calculation 

(a) Study of effective oxide thickness (EOT) histogram of several capacitors showing 

great uniformity over a sample. (b) Schematic of bended sample at maximum bending 

radius (0.75 cm).  

 

Additional electrical characterization shows a fairly uniform EOT over different 

points in the wafer (Figure 3.10a).  We could not perform an electrical characterization 

with respect to bending radius because of the requirement of backside contact in the 

fabricated devices. On the other hand, by inspecting the geometry of the problem, we can 

infer there should not be any significant change in the C-V characteristics since any 

individual capacitor does not deflect significantly. To illustrate this statement, we can 

take the biggest capacitor on the substrate, a 100 µm by 100 µm square capacitor, at the 

maximum bending radius of the complete sample (0.75 cm). This capacitor would only 

deform about 0.166 µm, which is not representative compared to the complete length of 

the capacitor and, therefore, we would not expect any appreciable change in the 

capacitor’s behavior (Figure 3.10b). Any smaller capacitor at any other bending radius 

would deflect even less and its behavior compared to the un-bended state should not 

change significantly. However, on a separate study performed on a front side only contact 

device (Chapter 5), we did not observe any significant performance variation due to 

bending or the release itself. 
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3.3.3 Conclusions 

By using state-of-the-art CMOS compatible micro-fabrication processes, we 

demonstrate thousands of yielding capacitors (comparable to many generic MEMS 

devices and advanced MOSFETs) on bulk silicon (100) and then release them as a 

flexible silicon fabric (large as 4.5 cm2) with already fabricated devices. We envision this 

as the first steps towards high performance flexible systems incorporating MEMS and 

electronics. 
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Chapter 4. Towards flexible memories: Flexible High-κ/Metal Gate 

Metal/Insulator/Metal Capacitors (MIMCAPs) on Silicon (100) Fabric 

 

Abstract 

 Implementation of memory on bendable substrates is an important step towards a 

complete and fully developed notion of mechanically flexible computational systems. In 

this paper we have demonstrated a simple fabrication flow to build Metal-Insulator-Metal 

capacitors (MIMCAPs), key components of dynamic random access memory (DRAM), 

on a mechanically flexible silicon (100) fabric. We rely on standard micro-fabrication 

processes to release a thin sheet of bendable silicon (area: 18 cm2; thickness: 25 µm) in 

an inexpensive and reliable way (release-first/device-last). On such platform we 

fabricated and characterized the devices showing mechanical robustness (minimum 

bending radius of 10 mm at an applied strain of 83.33 % and nominal strain of 0.125 %) 

and consistent electrical behavior regardless of the applied mechanical stress. 

Furthermore, and for the first time, we performed reliability study indicating no 

significant difference in performance and showing an improvement in lifetime 

projections. 

This chapter was published as: 

Rojas, J. P.; Ghoneim, M. T.; Young, C. D.; Hussain, M. M., Flexible High-κ/Metal Gate 

Metal/Insulator/Metal Capacitors on Silicon (100) Fabric. Electron Devices, IEEE 

Transactions on 2013, 60 (10), 3305-3309.‡‡ 

 
                                                
‡‡ © 2013 IEEE. Reprinted, with permission, from Rojas, J. P.; Ghoneim, M. T.; Young, C. D.; Hussain, 
M. M., Flexible High-κ/Metal Gate Metal/Insulator/Metal Capacitors on Silicon (100) Fabric. Electron 
Devices, IEEE Transactions on 2013, 60 (10), 3305-3309. 
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4.1 Introduction 

Dynamic random access memory (DRAM) is a key component in any modern 

electronic gadget. Their performance is closely associated to their ability to store and 

retain charges, which is directly related to a high storage capacitor and low leakage 

current. That leads to the need of large areas to integrate capacitors to store the 

information. In order to optimize the real estate usage, metal/insulator/metal capacitor 

(MIMCAP) is a great alternative to achieve higher capacitances per unit area without 

compromising leakage current. The technology roadmap for 65 nm-node DRAM and 

below suggests the introduction of MIM structures and high-k materials as solution to 

overcome the scaling-trend related challenges in semiconductor technologies49. 

Implementation of memories on bendable substrates is an important step towards 

a complete and fully developed notion of mechanically flexible computational systems. 

At the same time, to expand the horizon of emerging flexible electronics, which 

potentially will draw more consumer attention, several efforts and different approaches 

have been made to achieve a bendable and reliable memory system. On one side, 

polymer-based devices can attain excellent flexibility but there is still a lot of room for 

improvement in their performance compared with to the state-of-the-art semiconductor 

technologies based memory devices50,51,52. Moreover, temperature stability limitations of 

organic and polymeric materials will always restrain the use of certain materials, 

techniques and applications requiring higher thermal budgets. Still, exciting 

advancements have been attained through transfer printing techniques of inorganic 

semiconductor materials for device implementation onto plastic substrates. Using such 

techniques, it is possible to take advantage of both components, the outstanding electrical 
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performance from semiconductors and the reliable mechanical stability of plastics53,54,55. 

Recently, S. Kim et. al. have demonstrated a memristive-based flexible memory array 

through the aforementioned approach56. They achieved functional random access 

memory operations without electrical interference. Nevertheless, the ultra-high-density 

and circuit complexity needed for high performance applications; currently achieved 

through meticulous alignment and patterning techniques for nano-metric dimensions, is 

yet to be reached by transfer techniques. Therefore, it is natural next step to advance the 

present trend in flexible electronics championed by J. Rogers et. al. by expanding it to the 

most conventional silicon (100) substrate which is also popular as more economical 

substrate than silicon-on-insulator (SOI) or silicon (111) substrates.    

Other recent implementations based on silicon consist of the deposition of a 

“releaser” thin film on an already processed wafer, thus creating a stress mismatching, 

and then peel-off by mechanical force. SRAM functionality has been demonstrated 

through this technique, along with CMOS devices57. However, the use of expensive 

substrates, such as ultrathin body silicon on insulator (UTB-SOI), and the fact that the 

remaining wafer after release is not used further, makes it an expensive option. 

Additionally, they have limited bendability, transparency and potential damage 

probability related to the peel-off process, like other demonstrations that depend on 

mechanical approaches, such as back grinding.  

MIMCAP devices on flexible platform have been previously reported by 

employing organic and graphene oxide based materials58,59,60. Good bendability (10-20 

mm minimum bending radius) and robust electrical behavior are demonstrated. However, 

as mentioned before, incompatibility with several processes normally used in industry’s 
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ultra-scaled electronics, hinders their implementation for high-performance and harsh-

environment applications.  

We have previously demonstrated the fabrication and characterization of Metal 

Oxide Semiconductor Capacitors (MOSCAPs) on flexible silicon (100) substrate 

(Chapter 2). To extend our study and prepare our platform for memory technologies, we 

report in this chapter a simple fabrication processing of MIMCAPs with aluminum oxide 

(Al2O3) as high-k dielectric and tantalum nitride (TaN) as metal electrodes on flexible 

and semi-transparent silicon (100) fabric (release-first/device-last). The techniques and 

set of materials is completely compatible with industry’s complementary metal oxide 

semiconductor (CMOS) technology. 

The dimensions of the silicon fabric are quite large, 6 cm x 3 cm x 25 µm, 

allowing the allocation of several hundreds of capacitors. We compared reliability and 

electrical data from devices fabricated on flexible silicon fabric to devices fabricated on 

conventional silicon and found only slight variations.  Up to the best of our knowledge 

this is the first time reliability analysis is performed on flexible silicon based devices.  

Excellent mechanical flexibility, optical semi-transparency and reliable electrical 

behavior represent the pragmatic step towards the achievement of high performance 

flexible memory and computation. As of today the most advanced memory devices are 

fabricated on silicon since form factor (F2) is considered one of the key factors for ultra-

high density memory. Ultra-large-scale-integration (ULSI) is carried out on silicon using 

semiconductor industry’s advanced high-resolution lithographic tool. Therefore, it is 

critical to initiate research and development to transform existing silicon (100) based 

devices and circuits into flexible ones. 
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4.2 Fabrication Process Description 

Capacitors were fabricated on a flexible silicon (100) fabric.  The first part of the 

fabrication involves making the flexible silicon (100) fabric. We started with a highly 

doped 4” silicon (100) wafer and performed thermal oxidation to produce 400 nm of 

SiO2. A highly doped wafer was chosen since we planned to improve back contact during 

probing. Next, we proceeded with oxide patterning to form etching holes (Figure 4.1a). 

This was followed by deep reactive ion etching (DRIE) to create vertical channels to a 

specific depth that will determine the final thickness of the flexible substrate. Then, we 

formed oxide spacer-like protection for the sidewalls of the vertical channels using 

thermal oxide and a very anisotropic RIE (Figure 4.1b). XeF2 gas was used to 

isotropically etch the silicon underneath the channels thus releasing a thin sheet of silicon 

(Figure 4.1c).  

 
Figure 4.1 Fabrication summary of MIMCAPs on flexible silicon (100) fabric. 

© 2013 IEEE 
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The second part of the fabrication involves making the capacitors on the flexible 

silicon fabric. Initially, the protective oxide layers were removed with buffered oxide 

etchant (BOE). Next, we used an atomic layer deposition (ALD) system, which produces 

great quality films with high thickness accuracy, to deposit 20 nm of TaN, as bottom 

electrode, followed by 10 nm of Al2O3, as high-k dielectric, and a second 20 nm of TaN 

as top electrode. A final 200 nm aluminum layer was deposited by sputtering to form the 

top metal contact. Finally, photolithography and reactive ion etching (RIE) was used to 

define the capacitors geometries (Figure 4.1d). Photoresist (PR) spin coating is especially 

delicate due to the wavy nature of the released flexible silicon sheet. Non-uniformity in 

the PR thickness might lead to uneven etching results during the aluminum metal 

patterning. 

4.3 Mechanical and Electrical Characterization 

For mechanical characterization, we bent our sample to a minimum bending 

radius of 10 mm (maximum curvature of ~133.3 m-1) (Figure 4.2a) demonstrating high 

flexibility for an inorganic material, even being as flexible as previous organic 

demonstrations55,56. 

 
Figure 4.2 Digital photographs of MIMCAPs on Si (100)fabric displaying flexibility 
and semitransparency 
a) Flexed silicon fabric with MIMCAPs showing a minimum bending radius of 1 cm. b) 
Sample on top of a LED screen showing semi-transparency 

© 2013 IEEE 
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Defining dL as the horizontal displacement needed to achieve a specific bending 

radius and L as the initial length of the sample, we can estimate the applied strain from 

the expression61, 

.        (1) 

At the same time, defining t as the sample’s thickness and R as the bending 

radius, we can extract the nominal strain on top of the sample from  

.        (2) 

(Details on how to derive equation (2) can be found in the Appendix A3.2). 

Applying (1) we obtain an applied strain of 83.33 % and from (2) we get a nominal strain 

of 0.125 % for a minimum bending radius of 10 mm. 

Additionally, we showed semi-transparency; an effect produced due to the holes 

used for the release process (Figure 4.2b). We have estimated the average light 

transmittance with a spectrophotometer in the visible spectrum as 2.24 % (Fig. 4b). Even 

though it is a modest value, the merit goes to fact that silicon is intrinsically an opaque 

material unlike other inorganic materials such as zinc oxide, indium tin oxide (ITO), etc. 

 
Figure 4.3 Electrical characterization of MIMCAPs on flexible Si (100) fabric 
a) Normalized capacitance vs. voltage plot. (Inset: Histogram of EOT variation over 18 
cm2 sample). b) Normalized current density leakage at room temperature.  

εAPPLIED =
dL
L

εNOMINAL =
t
2R
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For electrical characterization, we measured the capacitance-voltage (C-V) 

characteristics using a probe station and LCR meter (bottom-substrate-biasing). Figure 

4.3a shows the C-V characteristics at 100 kHz indicating good linearity and an average 

dielectric thickness of 11.7 nm (Inset in Figure 4.3a).  

Thickness of the high-κ dielectric can be easily extracted from the parallel-plate 

capacitor equation and is given by 

,        (3) 

where tHK is the thickness, A is the area, εhigh-κ is the permittivity of the high-κ 

dielectric (we used a relative permittivity of 9.1 for Al2O3), and C is the measured 

capacitance. 

Additionally, we have measured the current density leakage (Figure 4.3b) 

showing a value of 4x10-6 A/cm2 at -3 V, indicating a good quality of the Al2O3 dielectric 

film.  

 
Figure 4.4 Capacitance dependence on bending radii and light transmittance 
a) Variation of normalized capacitance under different bending radii (Inset: Photograph 
of sample being measured while bent at 5 cm). b) Light transmittance in the visible 
spectrum. 

 

tHK =
A ⋅εhigh−k

C
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Finally, we measured the C-V curves at different bending radii, results shown in 

Figure 4.4a. From the figure we cannot infer any trending change in electrical behavior 

but there is a small deviation in the values of around ±15%, which can be associated to 

the accuracy of the measurements itself. 

4.4 Reliability Study 

We have studied the reliability of MIMCAP devices built on the released flexible 

silicon fabric in comparison to MIMCAP devices built on unreleased silicon fabricated in 

the same run and on the same Si (100) wafer to minimize process variations (only certain 

area of the wafer was released prior to MIMCAP formation, so in a single wafer we have 

both, unreleased and released capacitors). The major physical difference between 

released and unreleased devices is the presence of release holes (area loss per run is 16%, 

however since we can recycle the remaining wafer by chemical mechanical polishing up 

to 5 times, we reduce the cost and loss). 

 
Figure 4.5 Electrical reliability study 

© 2013 IEEE 
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a) Vramp breakdown voltage analysis of released and unreleased MIMCAPs (error bars 
represent standard deviation for 6 devices) showing a 10 % decrease in breakdown 
voltage for released MIMCAPs. b) Representative data of time dependent dielectric 
breakdown (TDDB) on released and unreleased MIMCAPs at 83% below the ramped 
breakdown voltage (8.65 V and 9.66 V, respectively). c) Lifetime projections of released 
and unreleased MIMCAPs showing an improvement of the released devices lifetime over 
unreleased for operational voltages lower than 8.2 V, while both devices exceed the 10 
years lifetime at operational voltages lower than 7 V. (d) C–V plots show the behavior of 
the MIMCAP devices under voltage sweep from −5 to 5 V at different frequencies. 

 

Our focus is to study the reliability behavior of flexible devices including: ramped 

voltage (Vramp), breakdown voltage (Vbd) and time dependent dielectric breakdown 

(TDDB). We are able to compare reliability behavior of the flexible devices (released) to 

non-flexible devices (unreleased). We show in Figure 4.5a, the ramped breakdown 

voltage analysis of several released versus unreleased devices (10.4 V and 11.6 V, 

respectively). The plot shows a ~10 % reduction in Vbd, which can be attributed to the 

reduced effective area of the released MIMCAP plates due to the presence of release 

holes (~16% of area reduction is due to release holes in flexible MIMCAPs). This leads 

to higher current densities that occur early on, and allows breakdown to take place at a 

lower electric field. This complies with previous ramping voltage analysis done on 

porous materials where our holes would be pores at the micro scale. It has been 

previously shown that porous materials would have a reduced breakdown voltage due to 

defects at the pores (voids or undesired bonds) that can be modeled as pre-existing 

defects at zero time62.  

TDDB analysis (Figure 4.5b) at 83% of Vramp breakdown voltage (Vbd) shows that 

released devices survive longer than unreleased devices, which explains their longer 

lifetime projections (Figure 4.5c). The 83% of Vbd was chosen as the initial stress 
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condition such that time-to-breakdown was not too short nor too long, thereby allowing a 

range of voltages to be selected for lifetime projections. Therefore, it should be noted that 

the TDDB plot (Figure 4.5b) is representative for the different samples, and that is why 

released devices last longer due to the lower applied stress voltage (8.65 V in case of the 

released devices and 9.66 V for unreleased). Furthermore, released MIMCAPs 

outperform unreleased ones in terms of lifetime projections as depicted in Figure 4.5c. 

This can be deduced from the near 3 times higher absolute negative slope of released 

devices’ lifetime fit. Lifetime of memory devices is a crucial parameter and has to hit the 

benchmark of 10 years at operational voltage. Evidently, both devices safely pass the 

benchmark at operational voltage < 7 V. Contrary to the expected lifetime projection 

decline, our lifetime projection analysis shows that the released (flexible) devices pass 

the 10 years benchmark at a higher voltage compared to that of the unreleased devices. 

This can be explained by the possibility of the trench holes acting as heat mitigation 

voids through which the heat dissipated by the device can escape. This in turn would 

reduce the injection of hot carriers through the dielectric, i.e. electrons with sufficient 

kinetic energy to break through the dielectric energy barrier. This hypothesis is supported 

by the empirical observation of an increase in the time- to- breakdown such that at 

voltages below ~8V (intersection of the 2 lines) the released devices survive longer than 

their unreleased counterparts. This subsequently affects the slope of the best fit and leads 

to higher acceptable voltages for a projected 10 years lifetime. It is worth mentioning that 

the linear fit is a conservative version of the lifetime projections that was used to drive 

the point home that released devices are as reliable (if not better) than their unreleased 

counterparts. Other lifetime projection methods include non-linear fits that would 
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intercept the 10 years benchmark at a much higher voltage compared to the used linear 

fit. It is also to be noted that typically for lifetime projections, the stress voltages used are 

usually within a very narrow window and the 200 mV step is common63,64,65,66. This is 

especially true as we can observe from the experimental points that the time to 

breakdown increases significantly due to minor increment in voltage. Therefore, the three 

points suffice for the lifetime projection as any TDDB test at mildly lower voltages will 

take unreasonably extended time to breakdown while any voltages slightly above the 

included range would breakdown almost instantly. Finally, our projection can still be 

considered as safe as the linear fitting is a conservative E-model (linear on a semi-log 

scale) compared to the power-law model (lifetime α V-n) fitting which would lead to 

significantly higher lifetimes for same operational voltage66. Hence, our preliminary 

reliability study demonstrates that the released (flexible) devices like the unreleased 

devices would pass the 10 years benchmark at reasonable operational voltages. 

Finally, we also show the impact of trenches from the perspective of C-V 

measurements between released and unreleased MIMCAPs. The C-V plots show the 

behavior of the MIMCAP devices under voltage sweep from -5 to 5 V at different 

frequencies (Figure 4.5d). Evidently, as the frequency increases, the normalized 

capacitance per unit planar area decreases due to the inability of the charges to follow the 

voltage changes and consequently inability to contribute to the measured capacitance. 

The normalized capacitances are measured per unit planar area for fair comparison, i.e. 

the released MIMCAPs were treated as 100 µm x 100 µm plates neglecting the reduced 

effective area due to the presence of the release holes which underestimates their 

normalized capacitance but is necessary for fair comparison as this area is lost on the 
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wafer during trench formation process and should be accounted for when comparing 

utilizing wafer real estate. However, this can be mitigated by the fact that the released 

sample is only 25 µm thick and that we can recycle the wafer. 

4.5 Conclusions 

MIM capacitors represent an important component of DRAM memories and their 

implementation on a flexible platform is a key step towards truly high performance 

memory applications for flexible computation. In this paper, we have shown a simple 

batch fabrication process relying on standard micro-fabrication techniques to build 

MIMCAPs on a substantially large flexible and semi-transparent silicon (100) fabric (18 

cm2). We did not observe any meaningful variation in electrical performance due to the 

radius at which the sample is bent, which suggests robustness and consistent behavior 

regardless of the applied mechanical strain (up to 83.33%). Moreover, our reliability 

study suggests no significant difference in performance of flexible versus non-flexible 

MIMCAPs and in fact indicates an interesting improvement in lifetime projections. 

  



 78 

Chapter 5. Highly Flexible and Semitransparent p-Type High-κ/Metal Gate 

Field-Effect-Transistors Fabricated on Silicon (100) Fabric 

 
Abstract  

State-of-the art computers need high performance transistors, which consume 

ultra-low power resulting in longer battery lifetime. Billions of transistors are integrated 

neatly using matured silicon fabrication process to maintain the performance per cost 

advantage. In that context, low-cost mono-crystalline bulk silicon (100) based high 

performance transistors are considered as the heart of today’s computers. One limitation 

is silicon’s rigidity and brittleness. In this chapter we show a generic batch process to 

convert high performance silicon electronics into a flexible and semi-transparent 

technology while retaining its performance, process compatibility, integration density and 

cost. We demonstrate high-κ/metal gate stack based p-type metal oxide semiconductor 

field effect transistors on 4 inch silicon fabric released from bulk silicon (100) wafers 

with subthreshold swing of 80 mV/dec and on/off ratio of near 104 within 10% device 

uniformity with a minimum bending radius of 5 mm and an average transmittance of 

~7% in the visible spectrum. 

This chapter was published as: 

Rojas, J. P.; Torres Sevilla, G. A.; Hussain, M. M., Can We Build a Truly High 

Performance Computer Which is Flexible and Transparent? Sci. Rep. 2013, 3.§§ 

 

5.1 Introduction 

Many exciting applications have been demonstrated and pursued in the area of 
                                                
§§ Licensed under Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported license. 
http://creativecommons.org/licenses/by-nc-nd/3.0 
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flexible electronics. In that realm, we show a process which uniquely distinguishes itself 

to offer the most pragmatic path for a truly high performance computer which is flexible 

and semitransparent by using semiconductor industries’ first choice: low-cost bulk mono-

crystalline silicon (100) wafer, advanced high-κ/metal gate stacks, uncompromising 

lithographic resolution, and conventional batch fabrication to extend the digital era to 

ultra-mobile digital age by converting modern silicon electronics into flexible and 

transparent one. The electrical superiority of inorganic semiconducting materials and the 

maturity of the semiconductor process technology make silicon the first choice to host 

high-performing transistors, and provide at the same time a mechanically robust support. 

We have chosen p-type transistors since they have been less studied and usually show 

lower current generation than n-MOSFETs, demonstrating thus the ability of our 

processes and set of materials to perform well even with more challenging devices. In 

addition p-type MOSFETs are larger in size and by successfully demonstrating them we 

show that our process can integrate both the large as well as the smaller size devices. The 

fabricated transistors feature the most novel selection of materials, high-κ/metal gate-

stack, currently being used in semiconductor industry to overcome ultra-scaling issues 

related to unwanted leakage-induced excessive power dissipation, introduced due to 

short-channel and quantum effects. Electrical characterization of our devices (gate length 

of 8 µm and width of only 5 µm) shows a subthreshold swing of 80 mV/dec and Ion/Ioff 

ratio of near 104. The successfully released silicon fabric has an area of 3.75 cm2 (2.5 cm 

x 1.5 cm), a thickness of ~15 µm and is capable of achieving bending radius as small as 5 

mm (0.17 % strain). Moreover, the fabric also displays semitransparency with an average 

transmittance of ~7% in the visible spectrum.  
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5.1.1 Introduction to Metal-Oxide-Semiconductor Transistors 

Ever since 1947 with the first demonstration of a working transistor, it has been 

an exciting and incredibly fast growing path towards high performance and energy 

efficient electronic systems. Nowadays, metal-oxide-semiconductor transistors are the 

building blocks of all digital devices. Basically it is possible to switch between on and off 

state by applying a bias condition to the gate. Depending on this condition there are three 

different operation modes: subthreshold, linear and saturation. For bias smaller than a 

certain threshold voltage, there will be only some small leakage current between 

terminals (source and drain) and we say the transistor is switched off. Once the gate 

voltage surpasses the threshold, a conduction path is generated under the gate (channel) 

through which current can flow from source to drain and therefore the transistor is 

switched on. Once the transistor is on, if the voltage of the drain is greater than in the 

gate, the flowing current saturates and will no longer increase with a higher drain bias. 

Figure 5.1 depicts the Id-Vd characteristics for different gate voltages showing all modes 

of operation.  

 

Figure 5.1 Id-Vd characteristics of a MOSFET with operation modes. 
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5.2 Fabrication Process Description 

The fabrication of p-type MOSFETs relies solely on standard micro-fabrication 

techniques and it is completely compatible with CMOS processing.  

 
Figure 5.2 Fabrication process flow of p-type MOSFET on Si (100) fabric. 
(Detailed description is in the main text.) 

 

Figure 5.2 depicts the basic steps to fabricate transistors. First, isolation of devices 

is realized through trench formation on a silicon dioxide (SiO2) layer denoted from now 



 82 

on as the active area (Figure 5.2a). Next high-κ/metal gate stack is deposited by atomic 

layer deposition (ALD) at 300 °C. Ultra-thin, uniform and high quality films are 

conformally deposited. A research-level photolithography process followed by reactive 

ion etching (RIE) is used to pattern the deposited films with resolution capabilities down 

to 5 µm (Figure 5.2b). Much more complex, industry-level systems could ideally be used 

for this purpose with the possibility to attain feature sizes of tens of nanometers, thus 

greatly increasing the performance. The next step consists on the ion implantation (I/I) of 

dopants to form source and drain regions in the active area. Photoresist (PR) on top of the 

gate stack acts as protective layer of the very thin films during the implantation. After PR 

removal, rapid thermal process (RTP) is used at a very high temperature (950 °C for 30 

seconds) to electrically activate the dopants, moving impurities from interstitial to 

substitutional lattice sites, and to recrystallize any amorphization damage resulted after 

implantation. A fast temperature ramp-up and down is needed to avoid unwanted 

impurities diffusion. Before metal contact formation and in order to reduce the contact 

resistance with silicon, we performed a self-aligned silicidation process to form nickel 

silicide (NiSi) in the source/drain regions, accomplishing thus a very low ohmic contact 

(Figure 5.2c). Nickel is selected over other materials due to its very low sheet resistance 

when silicided (around 6 Ω/☐) and since it can be formed at relatively low temperatures 

(450 °C). Since long channel devices were fabricated for the present report, nickel 

diffusion into the channel does not represent a concern and a single-step salicidation 

process can be used. Nickel is first deposited with sputtering followed by rapid thermal 

anneal (RTA) to form the silicide only in such areas where the nickel film is in direct 

contact with silicon, thus denominated as a self-aligned process. The excess nickel is then 
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removed with sulfuric peroxide mixture (SPM). Aluminum sputtering, photolithographic 

patterning and chlorine-based RIE processing creates the gate and source/drain contacts 

(Figure 5.2d). At this point, holes are formed in the contact pads to aid the future hole-

formation over the entire sample area that will be released from the bulk silicon wafer. In 

order to provide protection of the active area and gate stack from the forthcoming xenon 

di-fluoride (XeF2) etching, Al2O3 is deposited by ALD on top of all the devices (Figure 

5.2e). A final photolithographic step is performed to generate etching holes that will be 

used for the release process. RIE of Al2O3 and field oxide (FOX) layers (Figure 5.2f) is 

followed by BOSCH processing, a kind of deep reactive ion etching (DRIE), to create 

straight channels into the silicon substrate with a depth of around 30 mm (Figure 5.2g). 

Spacer-like sidewall scheme, accomplished through low temperature ALD deposition 

(250 °C) and a very anisotropic RIE process, is used to protect the sidewalls of the silicon 

channels (Figure 5.2h). Finally, a thin silicon fabric is released on a xenon di-fluoride 

(XeF2)-based etching system by isotropically removing the silicon from the inner portion 

of the substrate (Figure 5.2i). At this point, the thin silicon fabric has been released from 

the bulk substrate resulting in an extremely flexible platform with semi-transparent 

property due to etch holes. The remaining bulk substrate after release can be reused after 

performing chemical mechanical planarization (CMP) to flatten the profile left by the 

isotropic etching property of XeF2. An additional important final procedure consist on 

forming gas annealing (FGA) of the released sample at 400 °C for 5 minutes. This will 

help to remove trapped charges in the dielectric, which can directly affect the device’s 

performance.  

(Further details on methods and materials can be found in Appendix 2) 
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Figure 5.3 Scanning electron microscopy images of representative fabrication steps. 
(a) Transistor layout after DRIE process showing hole distribution and depth. (Inset: 
Channel area zoomed-in). (b) ALD-based Al2O3 spacer after XeF2 etching showing 
isotropic profile. (c) Released ~15 µm silicon fabric after completed XeF2-based release. 

 

Figure 5.3 shows scanning electron microscope (SEM) images of representative 

steps during the fabrication process including the layout of a single transistor (Figure 

5.3a). The thickness of the sample is 17.5 µm, which is determined by the depth of the 

trenches done by DRIE minus the amount of silicon isotropically etched upwards during 

the XeF2-based release. Additionally, as can be appreciated from the figure, 10 µm holes, 

separated by 10 µm, are covering the whole layout. The presence of these holes 

represents in fact an effective area loss of 25.6 %, however since the substrate can be 

reused to fabricate more layers with devices, the loss can be balanced with the possibility 

of producing up to 5 more thin fabrics from one single substrate as previously discussed.  
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The only design constraint given by the presence of holes is the fact that if we want to 

avoid having holes through our active area, the maximum allowed channel width is 

restricted to be less than the distance between holes (10 µm with this design). In the case 

of ultra-scaled integrated circuits though, transistor’s dimensions are way smaller and this 

would not represent an actual constraint. 

5.3 Electrical Characterization 

In order to study the main characteristics of our MOSFETs we measured the I-V 

characteristics in both the subthreshold and linear regions (I-V characteristics were 

measured with a semiconductor parameter analyzer (Keithley 4200-SCS) attached to a 

probe station (Cascade)).  

 
Figure 5.4  Electrical performance of a representative device on a released fabric  
(L = 8 µm, W = 5 µm) (a) ID–VG transfer characteristics in logarithmic scale (Inset: Gate 
leakage density current). (b) ID–VG transfer characteristics in linear scale. (c) ID–VD 
curves of same transistor. 

 
The results are shown in Figure 5.4 for a representative device. The current at 

saturation with VGS = -2 V is -4.4 mA/mm for VDS = -2 V and -0.3 mA/mm for VDS = -

100 mV. Ion/Ioff ratio is 3.7 decades and the gate leakage is as small as 70 mA/cm2 at VGS 

= -1 V. 

To start the electrical characterization, we have first determined the threshold 

voltage by the linear extrapolation method67, as it is an important parameter required to 
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calculate other parameters such as mobility. Taking the ID-VG characteristics at low VDS, 

ensuring operation in the linear region, the threshold voltage is calculated from, 

Vth=VGS_0 -
VDS
2          (1) 

Where, VGS_0 is the voltage intercept of the extrapolated linear region in the ID-VG 

curve. From equation (1) and Figure 5.4b we get a threshold voltage of -0.44 V. Another 

important parameter in the MOSFET characterization is the mobility, which directly 

influences the performance of the device. Effective mobility can be extrapolated from the 

I-V characteristics in the linear region. At low drain voltages, mobility can be estimated 

from67, 

 
µeff =  L

W
gd

Cox  (VGS -VT  )        (2) 

Where, Cox is the oxide capacitance, W and L are the channel width and length 

respectively, VGS and VT are the gate and threshold voltages, respectively and gd is the 

drain conductance given by, 

 
gd=

∂ID
∂VDS          (3) 

Drain conductance can be extracted from the slope in the drain output 

characteristics, given by the ID-VD curves (Figure 5.4c), at low VDS. Cox was measured 

separately and details can be found in the Appendix A4.1. From equation (3) we 

estimated then the effective mobility to be 43 cm2/V-s. In this case this mobility 

represents the hole-mobility as we have a p-type MOSFET device.  

Finally, subthreshold swing, also known as inverse subthreshold slope (S), can be easily 

extracted from the slope in the ID-VG curve with logarithmic scale. From Figure 5.4a, S = 
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80 mV/dec, a neat value to indicate ultra-fast switching. 

All together the results here reported showed competitive values (Appendix Table 

A3.1), even though there is still a lot of room for improvement. The parameters reflect 

mainly the capabilities of the research facilities and the available material set. The use of 

a much more optimized fabrication facility, such as an industrial semiconductor foundry, 

would certainly result in highly performance devices37,38,39,40. Some important 

improvements for future devices are currently being explored. First, the isolation scheme 

can be drastically improved by implementing shallow trench isolation (STI) in the design. 

A multiple implantation scheme will not only allow the implementation of 

complementary logic but will also allow better threshold voltage adjustment, among 

others. Gate spacers can also be included for protection during implantation and 

salicidation. Even more relevant, scaling-down of the main features will also highly 

increase current generation and performance in general. 

 
Figure 5.5  Electrical performance comparison of a device before and after release.  
(L = 9 µm, W = 5 µm) (a) ID–VG transfer characteristics in logarithmic scale. (b) ID–VG 
transfer characteristics in linear scale. (c) Gate leakage density current. 

 

In order to have a better understanding of the implications associated with the 

release method and the related sub-processes, we have compared the electrical 

performance of a sample before and after release processing. Figure 5.5 compares the ID-

VG transfer characteristics in the saturation and subthreshold regime of the same 
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transistor before and after release. As can be observed there is a small current reduction, 

around 2.6%, in the saturation region of the transistor (Figure 5.5b). In fact, due to the 

presence of strained oxide on top the silicon for insulation of devices, there is a small 

residual strain which can contribute to the reduction in current and other parameters, as 

will be discussed in the upcoming section. The increase in Ioff current, up to one decade, 

from ~30 pA/mm to ~300 pA/mm, can be related to the reduced substrate thickness, 

which makes the sample more susceptible to noise or thermal excitation allowing more 

off-state leakage. Gate leakage current for unreleased and released samples is shown in 

Figure 5.5c. We observed a small increase in leakage although it does not represent a 

significant difference. Additionally we have extracted the threshold voltage (Vth) and the 

subthreshold swing (S) from both released and unreleased samples. The threshold voltage 

in the released sample showed a reduction around 7 %, most likely related to the current 

reduction, from -0.48 V in the unreleased sample to -0.45 V in the released one. The 

subthreshold swing, on the other hand, showed an insignificant change, increasing from 

75.24 mV/dec in the unreleased sample to 80.3 mV/dec in the released one, representing 

a 6.7 % increase. In summary, besides the off-current, less than 10 % variation in main 

parameters results from the additional processing related to the release method. This can 

be attributed to the residual strain as a result of the oxide and other deposited layers on 

the fabric. On the other hand, even though the Ioff current, and therefore Ion/ Ioff ratio, are 

significantly affected, the values remain at an acceptable and competitive level. 



 89 

5.4 Mechanical Study 

 
Figure 5.6 Mechanical characterization study 
(a) Silicon fabric bended at minimum bending radius of 5 mm. (b) Nominal strain 
dependence on bending radii. 

 

Mechanical characterization started with the measurement of the minimum 

bending radius of the sample (Figure 5.6a). Higher bendability is possible thanks to the 

presence of holes as previously demonstrated with an increase in bendability up to 64% 

compared with a sample without holes (as shown in Figure 3.8). A bending radius of 5 

mm was achieved with 66% applied strain (estimated as dL/L, where L is the initial 

length of the sample and dL is the horizontal displacement done to achieve such specific 

radius)61. We have also calculated the nominal strain at the top surface of the fabric where 

the transistors are located. The nominal strain can be obtained from, 

 
εnom  =  t

2R
 
         (4) 

Where, t is the thickness of the fabric and R is the bending radius. (Details on how 

to derive equation (4) can be found in the Appendix A4.2). As can be appreciated, the 

strain depends inversely on the radius (Figure 5.6b). At 5 mm bending radius, the sample 

is thus subject to a nominal tensile strain of 0.174 % in longitudinal direction with the 
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transistor’s channel. As mentioned previously, after the release process the sample was 

already under a small residual strain. In order to calculate this value we first need to 

determine the nominal radius at which the sample is bended after release. An 

approximate method can be used for this purpose, where the bending radius is calculated 

by68, 

 
R=  L2

π 2h0

 
         (5) 

Where, h0 is the deflection of the substrate in the z direction at the center of the 

sample. Equation (5) gives a value of 69.2 mm for h0 = 1.3 mm. Now, by using equation 

(4) we obtained a residual strain of 0.0126 % (Figure 5.6b). It is also of our interest to 

know the effect of the bending radius, or nominal strain, in the electrical behavior of the 

transistors. With this aim, we have measured different important parameters that 

characterize our devices at different bending radii (10, 15, 20, 30 and 50 mm, or their 

equivalent in nominal strain as in Figure 5.6b).  

As illustration, the setup for the characterization of a transistor at a bending radius 

of 15 mm is shown Figure 5.7a (For this study we designed metal plates with specific 

bending radius where we attached the samples and then performed electrical 

characterization). Figure 5.7b shows the behavior of the off-current and on-current in 

saturation region under different strain levels. At the maximum measured strain, Ion 

reduces less than 9 % whereas Ioff increases around 15 %. As can be observed the 

increase in strain is related to a reduction in on state current, which was also observed on 

the sample after release due to the residual strain.  
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Figure 5.7 Bendability dependence of electrical properties of the transistor.  
(a) Electrical measurement setup of a silicon fabric at 15 mm bending radius. (b) Ion and 
Ioff behavior under different strain conditions. (c) Vth and S behavior under different 
strain conditions. (c) Effective mobility versus gate voltage curves for several strain 
conditions. 

 

Following the procedures described earlier, we have calculated the values for 

threshold voltage (Vth), subthreshold swing (S) and effective mobility (µeff). Figure 5.7c 

shows a minor increase for both Vth and S of around 2 %. On the other hand, variation in 

mobility versus gate voltage (equation (2)) for different strain conditions is shown in 

Figure 5.7d. There is a small reduction of mobility with higher strain (~8 %), which is 

more evident at gate voltages closer to Vth. Overall, these results demonstrate the 

operation of the transistors under stressful conditions with only minimal changes in 

electrical performance. Additionally, the results concur with previous studies on 
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stress/strain influence on electrical performance of MOSFET devices, where longitudinal 

tensile stress produces a reduction in drain saturation current and effective mobility, and 

no appreciable change in threshold voltage69.   

5.5 Optical Characterization 

An interesting consequence of having holes etched through the whole substrate is 

the apparent notion of semi-transparency in a solid opaque material such silicon (Figure 

5.8a).  

 
Figure 5.8 Optical characterization  
(a) Silicon fabric with devices (delimited with dashed lines) on top of LED screen 
showing semi-transparency. (b) Light transmittance versus wavelength in the visible 
range (Inset: Silicon fabric with devices (delimited with dashed lines) showing diffraction 
and separation of light into its components as with a diffraction grating). 

 

The reason why this happens is that light can pass through the densely packed 

holes allowing us to discern what is behind the sample. Optical transmittance in the 

visible range of the spectrum is shown in Figure 5.8b (measured with a 

spectrophotometer (Thermo scientific, 300 Evolution UV-Vis)). The holes represent and 

empty area of about 25 % of the whole sample, nevertheless only an average of 7 % of 

light gets transmitted. Inset in Figure 5.8b helps to elucidate this behavior. Light gets 
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diffracted and is dispersed into its components similar as with a compact disc. This 

behavior is characteristic of a diffraction grating in which the light is diffracted 

depending upon the spacing of the grating and the wavelength of the light70. This is also 

the reason why some wavelengths get transmitted more than others in Figure 5.8b. 

(Optical transmittance measurements supplement found in Appendix A4.3) 

5.6 Conclusion 

The presented results demonstrate not only competitive electrical behavior but 

also outstanding bendability and modest degree of transparency, pointing out the fact that 

we rely only on inorganic material like silicon. Furthermore, our process allows reusing 

the same substrate to produce several thin substrates of functioning devices by chemical 

mechanical polishing of remaining wafers when the one layers is peeled and released, 

indicating an economical advantage. We believe this opens up the possibility of 

producing high performance applications, in a cost effective and simple manner, for the 

expanding market of transparent, flexible electronics. 
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Chapter 6. Flexible and Semitransparent Thermoelectric Energy Harvesters and 

Lithium Ion Battery Energy Storage from Low Cost Bulk Silicon (100) 

Abstract 

Flexible and semi-transparent high performance thermoelectric energy 

harvesters were fabricated on low cost bulk mono-crystalline silicon (100) wafers. The 

released silicon is only 3.6% as thick as bulk silicon reducing the thermal loss 

significantly and generating nearly 30% more output power than unpeeled harvesters. 

This generic batch processing is a pragmatic way of transforming traditional silicon 

circuitry for extremely deformable high-performance integrated electronics.  

On a separate study, a thin film based lithium ion battery on the flexible silicon 

platform is described, showing a final storing capacitance of ~800 µAh/m2 and a bending 

radius that can go down to 0.84 cm (1.18% nominal strain). 

This Chapter was published as: 

Sevilla, G. A. T.; Inayat, S. B.; Rojas, J. P.; Hussain, A. M.; Hussain, M. M., Flexible and 

Semi-Transparent Thermoelectric Energy Harvesters from Low Cost Bulk Silicon (100). 

Small 2013, 9 (23), 3916-3921.*** 

With an excerpt from: 

Sevilla, G. T.; Rojas, J. P.; Ahmed, S.; Hussain, A.; Bin Inayat, S.; Hussain, M. M. In 

Silicon fabric for multi-functional applications, Transducers & Eurosensors XXVII: The 

17th International Conference on, 16-20 June 2013; pp 2636-2639.††† 

                                                
*** Reprinted with permission from Sevilla, G. A. T.; Inayat, S. B.; Rojas, J. P.; Hussain, A. M.; Hussain, 
M. M., Flexible and Semi-Transparent Thermoelectric Energy Harvesters from Low Cost Bulk Silicon 
(100). Small 2013, 9 (23), 3916-3921. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim 
††† © 2013 IEEE. Reprinted, with permission, from Sevilla, G. T.; Rojas, J. P.; Ahmed, S.; Hussain, A.; Bin 
Inayat, S.; Hussain, M. M. In Silicon fabric for multi-functional applications, Transducers & Eurosensors 
XXVII: The 17th International Conference on, 16-20 June 2013; pp 2636-2639. 



 95 

6.1 Thermoelectric Energy Harvesters on Flexible and Semitransparent Low 

Cost Silicon (100) Fabric 

6.1.1 Introduction 

Silicon electronics are at the heart of today's digital world. Silicon based micro-

fabrication technology has unparalleled performance, cost, and yield advantages. 

However, silicon is brittle and cannot be used for many healthcare and electronic 

applications. Most living organs are intrinsically of irregular shapes and thus medical 

electronics intended for implantation on host features such as eyeballs or ears need to be 

flexible71. Therefore, exploration for a low-cost, simple solution using plastic as substrate 

and organic materials to fabricate flexible electronics, like displays and sensors, is on the 

rise72,73,74,75. The basic challenges associated with flexible electronics compared to 

precision silicon technology are high thermal budget process incompatibility and 

inherently low electron mobility76. These two major challenges hinder their potential to 

integrate high performance devices on a traditional plastic based flexible platform. With 

increased world population and concerns about health care, it is important to develop 

technologies which will be integrated in a benign way to humans or garments capable of 

collecting and transmitting necessary real-time data to address issues like seizure, heart 

attacks, etc77. This means high performance silicon-based transistors require to be 

implemented on flexible platforms. Simultaneously, such systems would require ultralow 

power consumption sourced conveniently from the surrounding environment. 

Thermoelectric energy harvesters (generators or TEGs) are one of the most pragmatic 

options to serve as a mobile power source78. Some micrometer-sized TEGs are even 

commercially available79,80,81. A few efforts have been made to fabricate them on flexible 
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substrates like polymide sheet and SU-8 based polymers82,83,84,85. Major challenges with 

these materials are (i) their low melting point making them incompatible for high 

temperature operation; (ii) their incompatibility for thick film deposition using 

electrochemical deposition and iii) due to low thermal conductivity (<1 W/mK), the 

temperature cannot drop across the thermocouples. Energy harvesters like TEGs have not 

been demonstrated on flexible silicon substrates although they have superior potential to 

flexible metallic foil or plastic for mass manufacturing of miniaturized devices and for 

heterogeneous integration on matured CMOS platform for on-chip power generation. 

Although ultrathin silicon wafers are commercially available, as of today their usage is 

limited to 100 mm and 150 mm wafers for sensor fabrication. Some challenges include: 

(i) extra-ordinary care required to handle such ultra-thin substrates which are prone to 

extreme brittleness; (ii) high thermal budget process induced straining related buckling of 

the wafers; (iii) incompatibility to perform multiple high-resolution lithography on such 

wafers; (iv) although greatly improved, still unmatchable to the micro-roughness and 

total thickness variation of those of double-sided polished and haze-free wafers. Also, to 

manufacture such wafers, regular silicon wafers are back grinded causing wastage of a 

regular wafer (making it expensive). We show utilization of traditional micro-fabrication 

to fabricate micro-TEGs on widely used low cost bulk mono-crystalline silicon (100) 

followed by a generic batch process to peel them off along with the silicon substrate 

resulting in mechanically flexible devices that show nearly 30 times more power 

generation than TEGs located on a solid silicon substrate. Additionally, we show that the 

fabricated TEGs are extremely bendable, semi-transparent, that the remaining wafer is 

reusable, and that the generic process flow has future potential in high-performance 
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integrated electronic systems on flexible silicon.  

6.1.1.1 Introduction to Thermoelectric Effect  

Taking advantage of the thermoelectric effect, we can make use of the 

temperature differences and generate an electric voltage. This same concept applies to 

temperature sensing where the voltage measured can be translated into changes of 

temperature. Similarly, by controlling the applied voltage it is possible to adjust the 

temperature of an object.  

There are three different physical phenomena that are involved in the 

thermoelectric effect. More specifically we will deal with the one known as Seebeck 

effect, which describes the generation of electric current and voltage from temperature 

differences. It was observed that a gradient in temperature between the junctions of two 

different metals generate an electromotive field Eemf and a magnetic field, given that the 

metals respond differently to the temperature difference.86 This distinctive response can 

be characterized by the Seebeck coefficient, 𝛼!" (junction between material A and B as 

shown in figure 6.1a) 

𝛼!" =
!
!!

         (1) 

Where V is the generated voltage at a certain gradient in temperature ∆T. Figure 

6.1b depicts this behavior for a junction of two semiconductors with different doping 

conditions configured as a thermoelectric generator. 
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Figure 6.1 Thermoelectric effect schematics  
a) Simple thermocouple consisting of a junction between material A and B. b) Seebeck 
effect working on a thermoelectric generator consisting of a junction of two materials 
with different Seebeck coefficients. 

 

6.1.2 Fabrication Process Description 

We started our fabrication process with a standard 4” p-type silicon (100) wafer 

(Figure 6.2), followed by 300 nm of silicon oxide grown using thermal oxidation. We 

chose prominent thermoelectric materials Bi2Te3 (n-type alloy) and Sb2Te3 (p-type alloy) 

with measured Seebeck coefficients −37 µV/K and 240 µV/K, respectively at 314 K. The 

figure-of-merit (FOM) of a TEG is given by the following equation87 

𝐹𝑂𝑀 = !!

!"
𝑇          (2) 

Where, α is the Seebeck coefficient of the composing material of the 

thermopile, λ, and ρ are the thermal conductivity in W/mK and resistivity in Ω-m, 

respectively. Assuming a thermal conductivity of 1.7 W/mK, we deduce the expected 

FOM from our material sets is 0.110 K−1 for Bi2Te3 and 0.016 K−1 for Sb2Te3. We 

deposited both of these materials (0.7-µm thick) using an ultralow power (52 W) 

sputtering based physical vapor deposition (PVD) process to ensure high quality films.  
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Figure 6.2  Fabrication flow of thermoelectric energy harvester on flexible (100) 
silicon fabric 
a) Silicon substrate and subsequent oxidation. b) A lithography process is performed to 
deposit sputtering based physical vapor deposition (PVD) Bi2Te3 in the patterned location 
followed by acetone based photoresist removal. c) A second lithography process is 
performed to deposit sputtering based PVD Sb2Te3 in the patterned location followed by 
acetone based photoresist removal. d) Atomic layer deposition (ALD) based Al2O3 is 
then deposited and a third lithography process is done to expose each adjacent ends of the 
n and p-type thermoelectric couples for contact formation. e) A fourth lithography and 
lift-off process is used to deposit Ti/Al as contact metal. f) After the standard acetone 
based photoresist removal, final lithography is performed to make holes through the 
Al2O3 and underlying SiO2 to create trenches inside the substrate silicon using anisotropic 
deep reactive ion etching. g) Then a XeF2 based isotropic etch is performed to create 
trenches in such a way that they connect with each other and disconnect the upper portion 
of the substrate with devices from the bottom portion. h) Finally, the upper portion of the 
silicon with integrated devices is peeled off leaving the bottom portion for reuse. The top 
portion is thin enough to be mechanically flexible and semi-transparent because of the 
presence of holes etched for peeling it off. 
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Since evaporation-based material alloys have larger variability in their 

stoichiometry and therefore thermoelectric properties, sputtering as-purchased targets 

provided better material properties. We chose an in-plane design for thermocouple 

formations to achieve higher length to width ratio. This design provides longer distance 

between the hot side and the cold side compared to the parallel plane (substrate) design 

where the thermocouple length is restricted by the deposition conditions and the film 

thickness is limited to 100 µm or less. Additionally, it is also possible to achieve more 

thermocouples per unit area, which directly translates into higher output power and 

voltage. Next, we used two steps lithography through an acetone based lift-off process to 

integrate the dissimilar thermocouples on the SiO2. We then deposited atomic layer 

deposition (ALD) based aluminum oxide (Al2O3) to prevent the thermoelectric materials 

from being etched away during subsequent processing. Subsequently, we performed a 

third lithography step to remove Al2O3 with reactive ion etching (RIE), leaving the 

contact areas exposed. Using a fourth lithography step and the same lift-off process, we 

deposited titanium/aluminum (Ti/Al) as contact materials using PVD sputtering. In order 

to release the fabricated arrays of TEGs, we performed a final lithography step to make 

holes (in between the thermocouples) through Al2O3 and underlying SiO2 using RIE 

process (Figure 6.3a).  
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Figure 6.3  Scanning electron microscopy (SEM) images of fabricated 
thermoelectric energy harvesters on silicon. 
a) The image shows various components of the thermoelectric energy harvester including 
the series of alternate n and p-type thermocouples Bi2Te3, Sb2Te3, Ti/Al contact pads. 
The thermocouples have high aspect ratio as they are 2-cm long, 4 µm wide and 0.7- µ m 
thick. This SEM image also shows the holes precisely positioned between the 
thermocouples and through the contact pads. Each hole is 5 µm in diameter. b) This tilted 
SEM image captures the cross sectional view of the flexible silicon with thermoelectric 
energy harvesters just before detaching it from the bottom substrate. The peeled silicon 
thickness is 18 µm. Bulk silicon is typically 0.5 mm thick. From this SEM image we can 
see that approximately 55 µm is used (including the detachment gap between the peeled 
silicon and the bottom left over bulk substrate). Therefore, nearly 8 slices of flexible 
silicon with integrated electronics can be produced from one bulk silicon wafer recuing 
the cost effectively. 
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We then etched a trench into the silicon substrate using sulfur hexafluoride (SF6) 

based anisotropic deep reactive ion etch process. This process was followed by a thin 

layer of Al2O3 deposition which was selectively etched only from the lateral region 

leaving a vertical sidewall attached to the thermocouples, SiO2 and silicon wall. Next, we 

performed a xenon difluoride (XeF2) based isotropic RIE to connect adjacent trenches, 

effectively releasing the upper portion of the substrate with the devices from the bottom 

bulk portion of the silicon substrate (Figure 6.3b). In this way, we peeled off flexible and 

semi-transparent silicon pieces of 2 cm long, 1.5 cm wide and 18 µm thick with 63 

thermocouples (Figure 6.4a,b). This generic process can easily peel off the entire 

substrate if required leaving the remaining substrate to be reused after a chemical 

mechanical polish (CMP) step. 

(A more detailed description on methods and materials can be found in Appendix 5) 

 
Figure 6.4 Flexibility and transparency from peeled silicon integrated with 
thermoelectric energy harvesters 
a) Image of a peeled-off 2 cm x 1.5 cm mono-crystalline silicon (100) piece of 18- µ m 
thickness with 63 integrated thermoelectric couples for energy harvesting on a wrist skin. 
b) Extreme bending of the same piece around a plastic ball pen. c) In addition to bending 
we also show the durability of the sample by wrapping the same piece on a finger–
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proving its effectiveness for wearable medical electronics. Presence of various films like 
silicon oxide, aluminum oxide, bismuth telluride, antimony telluride, titanium and 
aluminum are not contributing significantly to exert enough stress to deform the peeled 
silicon piece. d) One of the interesting aspects of the peeled silicon is it is not rolling over 
when it is placed freely on the smoothly flat surface of a LED based torch. e) When the 
torch is ON, the lights are visible through the peeled silicon integrated with device 
showing its semi-transparent nature due to the hole creation to perform the peel off 
operation. 

 
6.1.3 Thermoelectric Characterization and Discussion 

To measure the electrical performance of the fabricated device we first 

characterized the thermoelectric materials (the Seebeck coefficient values are mentioned 

earlier). Thermoelectric characterization of the materials used as thermocouples of the 

generator was carried out using a separate test set up. 1-µm-thick films of Sb2Te3 and 

Bi2Te3 were deposited on a glass slide followed by 20 nm/200 nm sputtered films of 

Ti/Au serving as a set of probing electrodes and a serpentine heater. A custom-built 

shadow mask was used to form the probing electrodes and heater patterns. Same 

sputtering conditions were replicated for the deposition of the films as used for depositing 

the thermoelectric legs of the generators. The glass slide was wire bonded for error free 

probing and was placed on two adjacent copper plates. The first copper plate was aligned 

exactly below the left side inner electrode and rested on a hot plate for heating the 

sample. The second copper plate was aligned exactly below the right side inner electrodes 

and was placed on a heat sink. This arrangement ensured that a uniform temperature 

gradient was created between the two inner electrodes. Seebeck voltage was measured 

across the two inner electrodes for different temperature gradients as the hot plate was 

ramped up in small intervals. A constant current was driven through the outer electrodes 

and corresponding voltage drop across the two inner electrodes was measured to obtain 
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the electrical resistivity of the thermoelectric thin films. We found a resistivity of 638 

µΩ-m for Sb2Te3 and 2.22 µΩ-m for Bi2Te3 at 304 K. The power factors were found to be 

9.02 × 10−2 mW/K2m for Sb2Te3 and 0.6 mW/K2m for Bi2Te3. 

 

Figure 6.5 Flexible thermoelectric energy harvester’s characteristics comparison 
a) The output voltage is an important characteristic of a thermoelectric generator. The 
output potential is seven times higher in peeled flexible silicon sample due to lower 
thermal conductivity from the presence of holes etched to perform peel off operation. 
Phonon transport disruption happens at the etched hole edges (similar to grain boundaries 
and incoherent grains in poly-crystalline films). The lower thermal conductivity helps 
maintain higher temperature difference and hence a higher output voltage is observed. At 
a 20 K temperature difference, we observe 35 mV of output voltage, which can be 
boosted up more with dc-dc converter. b) The output power from the peeled flexible 
sample is nearly 30 times higher than the unpeeled sample located on the solid silicon 
substrate. This result corresponds to the output voltage obtained from these devices. The 
present data is better than the previous two demonstrations of TEGs on flexible platform. 
More optimization is required in context of thermoelectric materials property 
improvement, design iteration and such. 
 
 

We tested the peeled and unpeeled TEGs keeping the cold end at room 

temperature while the hot end temperature was raised in short intervals from 298 K to 

318 K. The open circuit voltage was measured using a Keithley multimeter and two 

micro-probes. The flexible peeled TEGs produced nearly 6 times higher voltage than the 

unpeeled ones (Figure 6.5a). This is because the bulk silicon substrate with larger cross 
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sectional area (9 × 10−6 m2) loses most of its heat to the outside environment. On the 

other hand, flexible peeled TEGs with low thermal conductivity SiO2 have a lower cross 

sectional area (543 × 10−9 m2), reducing losses. The average open circuit voltage per 

thermocouple of the peeled TEGs was found to be 555 × 10−3 mV while the average 

output voltage per thermocouple for unpeeled TEGs was 104 × 10−3 mV. A maximum 

output power density of 0.139 mW/cm2 was achieved for pealed TEGs at a ΔT of 20 K 

(nearly 30 times larger than unpeeled devices) (Figure 6.5b). One of the major reasons is, 

unlike the original silicon substrate, flexible silicon has holes so the heat can conduct 

between two temperature zones using only a fraction of the original fully solid substrate 

and thus maintaining higher temperature difference in the TEGs. This value is also larger 

than previous demonstrations on polymide sheet and on SU-8 mold83,84. It can also be 

seen that the power curve for bulk silicon substrate is linear while the curve for peeled-

off substrate is exponential; the reason for this is that the thermal losses in a bulk silicon 

substrate are linear due to its flat surface in the back of the substrate and the contact 

between the heat source and the mentioned surface. In the case of the thin, flexible 

substrate, the heat losses cannot be modeled in a linear fashion due to two properties of 

the substrate: i) the etch holes created for peel-off introduces more cross sectional area 

for heat losses and ii) the irregular surface (scallop-shape) in the back of the thin 

substrate makes it difficult for the substrate to be in perfect contact with the heat source. 

Although a greater area is introduced for heat losses in the case of peeled-off substrate, 

the total heat loss in the flexible substrate is considerably reduced due to the reduction in 

the thickness (nearly 30 times thinner than the original bulk substrate) and thus the total 

generated power is considerably increased. 
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It is to be noted that although silicon has high thermal conductivity of 140 W/mK, 

in terms of the heat flux, it is only used to transport the waste heat from the source to the 

buffer layer (silicon dioxide with a low thermal conductivity of 1.3 W/mK). The heat is 

collected in this low thermal conductivity buffer layer and hence the temperature gradient 

can be kept unaffected by the silicon thermal conductivity. Moreover, our reported 

internal resistance could have been significantly improved by eliminating chamber 

contamination and system limitations in operating pressure of the sputtering tool. 

In order to test the performance of the generators when they are flexed some 

experiments were carried first to calculate the radius at which the thermopiles start to 

break. The TEGs were flexed using compression at both ends while measuring the 

resistance. When one of the thermopiles break, the resistance will increase to extremely 

high values since all of the stacks are connected in series. The radius at which the 

thermopiles break was found to be 0.75 cm.  

 

Figure 6.6 Flexible thermoelectric generator’s characteristics while bent 
a) Voltage generation for TEGs flexed with applied force parallel to the thermopiles. b) 
Voltage generation for TEGs flexed with applied force perpendicular to the thermopiles. 
In both occasions, no significant difference is observed between the unbent and the bent 
condition, showing the effectiveness of the processes and fabricated devices on flexible 
silicon fabric. Inset: elliptical shape of substrate when bent and reference circle for radius 
calculation. The results found for the curvature radius at which the structure breaks are 
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1.04 cm for forces parallel to the thermopile and 0.3 cm for forces perpendicular to the 
thermopiles. In both cases, the failure mechanism was extensive deflection due to 
compressive forces. 
 
 

A custom-built test bench was used for electrical testing of the thermoelectric 

generators. The test bench comprises of a pair of closely spaced metal plates, with 

temperature of each plate controlled by a separate temperature controller. Peeled and 

unpeeled TEGs were fixed across the two plates using Kapton tape in order to prevent 

displacement during testing and ensure contact between the heat source and the TEG. 

Two micro-probes connected to a Keithley multimeter were landed on top of the two end 

contacts of the TEG. The first plate was set at room temperature and the second plate 

temperature was raised in small intervals while the temperature on the two ends of the 

active device was continuously measured with a pair of K type thermocouples. 

We selected a radius of 0.7 cm to test the voltage generation of the TEGs when 

flexed. Figure 6.6a shows the data for voltage generation from the TEG at a curvature 

radius of 0.7 cm when the force is parallel to the thermopiles. The performance was also 

tested for forces applied perpendicular to the thermopiles; in this case the break happens 

on the substrate before the thermopiles. The TEG was flexed to a radius of 0.2 cm and the 

voltage generation was tested. The obtained results can be seen in Figure 6.6b. Finally, 

the curvature radius at which the substrate breaks was obtained using numerical methods 

techniques since the bending of the structure does not make a perfect circle but an ellipse. 

Figure 6.6a (inset) shows the bending of the structure and a circumscribed circle, which is 

taken as reference to obtain the curvature radius. The results found for the curvature 

radius at which the structure breaks are 1.04 cm for forces parallel to the thermopile and 
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0.3 cm for forces perpendicular to the thermopiles. In both cases, the failure mechanism 

was extensive deflection due to compressive forces. 

6.1.4 Conclusions 

Future work includes the use of thermal annealing processes to increase 

thermoelectric properties of the film and improve contact resistance85. The generator 

design could be optimized to accommodate a higher number of thermocouples in the 

same area using advanced lithography and more cost effective fabrication process like 

screen printing and thus increase the efficiency of the fabricated TEG88. We are presently 

at the preliminary phase of development for a unique process to eliminate the scalloped 

nature of the etch interface and to peel off ultrathin silicon (presently it is limited to 5 µm 

which can be stretched out further with more sophisticated process optimization). 

However, it is to be noted that the present applications pursued do not require such 

ultrathin films. 

The presented results show a pragmatic approach to achieve high performance 

integrated electronic systems, including thermoelectric energy harvesters, onto flexible 

silicon substrates. With our approach, we can build devices using well-established silicon 

technology to avoid compromising performance and then transfer them using simple 

micro-fabrication processes which enables batch processing of peeled off flexible silicon 

of various thicknesses. These processes are not expensive, do not require expensive 

substrates and do not damage the devices. Additionally, the unused bulk bottom portion 

of the silicon wafer is available for further use. Although the process seems simple and 

common, it is novel and uniquely used for the first time for the demonstrated purposes. 
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We foresee more exciting applications in flexible electronics rooted from this generic 

process. 

 

6.2 Lithium Ion Battery on Flexible and Semitransparent Low Cost Silicon (100) 

Fabric 

6.2.1 Introduction 

A battery is an electrochemical cell, which consists of an electrolyte solution or 

compound sandwiched by a positive and a negative electrode (both sources of chemical 

reactions). The electrolyte contains dissociated salts, which enable ion transfer between 

the two electrodes. Once these electrodes are connected externally, chemical reactions 

produce and liberate electrons that enable current to power the connected device. The 

amount of electrical energy that a battery is able to deliver is a function of the cell 

potential (V) and capacity (Ah/kg), both of which are linked directly to the chemistry of 

the system. If we look at the power density per unit volume (or mass), the best energy 

storage device currently available is the lithium ion battery (LiB).  

 

Figure 6.7 Principle of work of a Li ion battery. 
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The motivation for using a battery technology based on Li metal as anode relied 

initially on the fact that Li is the most electropositive as well as the lightest metal, thus 

facilitating the design of storage systems with high energy density. The operation of a 

thin film battery is depicted in Figure 6.7. Very simply, when the battery is allowed to 

discharge, Li+ ions migrates from the anode to the cathode film by diffusing through the 

solid electrolyte. When the anode and cathode reactions are reversible, as for an 

intercalation compound or alloy, the battery can be recharged by reversing the current. 

The difference in the electrochemical potential of the lithium determines the cell 

voltage89. 

The microfabrication of a Li ion battery has been previously demonstrated by 

West et al90. It was shown that despite the significant difficulties associated with the 

microfabrication and testing of all solid state Li micro-batteries, including water 

sensitivity of the cathode, anode, and electrolyte, such cells are feasible and potential 

solutions for analogous commercial, aerospace, military applications, among others.  
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6.2.2 Fabrication Process Description 

 
Figure 6.8 Fabrication process flow of a LiB on flexible Si (100) fabric 
(Description of each step can be found in the main text) 

 

The fabrication of a solid-state lithium ion battery was done on a released silicon 

fabric and is schematically shown in Figure 6.8. As can be seen, a release-first/device-last 

approach was used. Additionally, in this process wet processing was avoided by using 

shadow masks to define the patterns of each layer. Photolithography was not used 

because the silicon fabric contained many etch holes which might introduce 

contaminations and difficulty in the drying process. In addition, the cathode and 

electrolyte are sensitive to water.  

On a released 25 µm thick Si fabric, a 400 nm insulating layer of low stress Si3N4 

was deposited using plasma enhanced chemical vapor deposition (PECVD) (Figure 6.8a). 

The first shadow mask was used to define the areas of the cathode current collector. A 20 

nm thick Ti adhesion layer was deposited using sputtering followed by 200 nm of 

© 2013 IEEE 
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platinum, which acts as the cathode current collector (Figure 6.8b). The second shadow 

mask was then placed on top of the wafer to define the areas of the cathode, LiCoO2. It 

was deposited by sputtering a LiCoO2 target in O2 and Ar ambient followed by annealing 

at 500 °C for 1hour to increase its grain size and improve its capacity (Figure 6.8c). Then, 

the mask defining the electrolyte was placed on the wafer. The solid electrolyte film 

(lithium phosphorus oxynitride - LiPON) is then prepared by sputtering Li3PO4 in N2 

ambient to a thickness of 400 nm (Figure 6.8d). Without breaking vacuum, a 150 nm Ni 

blocking anode film is subsequently deposited (Figure 6.8e) (to protect the solid 

electrolyte film from reaction with ambient moisture during removal from the sputter 

chamber and further steps). After that, an encapsulation layer of parylene was deposited 

on the wafer to protect the electrolyte from humidity. The parylene was then etched to 

open vias to access the upper and lower current collectors using reactive ion etching 

(RIE) (Figure 6.8f). 

6.2.3 Mechanical and Electrical Characterization 

The fabricated all-solid stated lithium ion battery (LiB) shows good flexibility 

with a bending radius that can go down to 0.84 cm as shown in Figure 6.9. The residual 

strain and bending radius can be obtained from the following equations61, 

         (1) 

𝑅 = !

!! !"
!   !

!!!!
!"!

        (2) 

Where t is the substrate thickness, R is bending radius and L is the original length 

without bending. Using equations (1) and (2), the residual strain was calculated to be 

0.29%. After bending down to a radius of 0.84 cm, the strain increased to 1.18%. 

εnom  =  t
2R
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Figure 6.9  Mechanical characterization of lithium ion battery on flexible Si (100) 
fabric 
 

Additionally we performed a charging capacity measurement at 4 µA with a 

semiconductor parameter analyzer (Keithley 4200-SCS) attached to a probe station, 

getting ~800 µAh/m2 in an unbent state (Figure 6.10). 

 
Figure 6.10  Charging capacity of flexible lithium ion battery 
 
 The expected capacity was nevertheless larger and thus there is still room for 

further improvement and optimization. For example, an airtighter storage and better 

protection of the Li3PO4 target from humidity are required.  

© 2013 IEEE 
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6.2.4 Conclusion 

We have successfully extended the range of applications of our flexible, 

semitransparent silicon (100) platform, integrating an energy storage system, which could 

be used to back up the energy generated or harvested from a self-powered system with 

potential applications in medicine as flexible health monitors or in energy-independent 

sensor networks. We demonstrated excellent flexibility (minimum bending radius of 0.84 

cm) although charging capacity can still be improved through material and process 

optimization. 
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Chapter 7. Vertically Grown Multiwalled Carbon Nanotube Anode and Nickel 

Silicide Integrated High Performance Microsized (1.25 µL) Microbial Fuel Cell 

Abstract 

Microbial fuel cells (MFCs) are an environmentally friendly method for water 

purification and self-sustained electricity generation using microorganisms. Microsized 

MFCs can also be a useful power source for lab-on-a-chip and similar integrated devices. 

We fabricated a 1.25 µL microsized MFC containing an anode of vertically aligned, 

forest type multiwalled carbon nanotubes (MWCNTs) with a nickel silicide (NiSi) 

contact area that produced 197 mA/m2 of current density and 392 mW/m3 of power 

density. The MWCNTs increased the anode surface-to-volume ratio, which improved the 

ability of the microorganisms to couple and transfer electrons to the anode. The use of 

nickel silicide also helped to boost the output current by providing a low resistance 

contact area to more efficiently shuttle electrons from the anode out of the device. 

This chapter was published as: 

Mink, J. E.§; Rojas, J. P.§; Logan, B. E.; Hussain, M. M., Vertically Grown Multiwalled 

Carbon Nanotube Anode and Nickel Silicide Integrated High Performance Microsized 

(1.25 µL) Microbial Fuel Cell. Nano Letters 2012, 12 (2), 791-795.‡‡‡ §§§ 

                                                
§ These authors contributed equally to this work. 
‡‡‡ Reproduced with permission from Mink, J.E.; Rojas, J.P.; Logan, B.E.; Hussain, M.M. 
Vertically Grown Multi-walled Carbon Nanotube Anode And Nickel Silicide Integrated High Performance 
Microsized (1.25 µL) Microbial Fuel Cell. Nano Lett. 2012, 12, 791-795. Copyright 2012 American 
Chemical Society. 
§§§ Also published as Chapter 2, Mink, J.E. Development of Micro-sized Microbial Fuel Cells as Ultra-Low 
Power Generators Using Nano-engineered Materials and Sustainable Designs. PhD Dissertation. King 
Abdullah University of Science and Technology, 2013.  
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7.1 Introduction 

Microbial fuel cells (MFCs) are an innovative method for generating power that 

can also be used for treating wastewaters13,91,92. Milli- to microliter scale MFCs provide a 

unique on-chip power source that could be used at a remote location or in lab-on-a-chip 

applications making external power sources or refined chemicals 

unnecessary93. Microsized MFCs can also be used for rapid screening of electrode 

materials and electrochemically active microbes93,94. Microsized MFCs offer high surface 

area-to-volume ratios, short electrode distances, and fast response times. Many 

nanomaterials are electrically conductive and biocompatible with microorganisms. 

Microfabrication techniques can therefore not only be used for precise and inexpensive 

production of these devices but also allow for direct incorporation of advanced 

nanomaterials, like carbon nanotubes, into the reactor. 

7.2 Microbial Fuel Cells Background 

Although the concept of electrical current generation from bacteria has been 

known since the 1910s, only relatively recent developments in the area have allowed a 

better understanding of the complex processes involved in the energy generation by 

microorganisms, known as electrogenesis13. 

 
Figure 7.1  Schematic of basic components of a microbial fuel cell (MFC) 
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Generally speaking, a MFC is an innovative device for energy generation through 

bio-electrochemical reactions made by bacteria when decomposing organic matter under 

anaerobic conditions13,91,92. Wastewater is commonly used with the double purpose of 

water treatment, since the bacteria decompose the organic waste in the water, and to 

simultaneously produce electricity. 

Typically it consists of a two-compartment reactor that uses a membrane to form 

an anode and cathode chamber (Figure 7.1). In the anode, bacteria oxidize a substrate 

(fuel such as waste water) and through biological processes electrons and protons are 

generated. An external load electrically connects the anode and cathode electrodes so the 

generated electrons can go from anode to cathode. Protons travel through the membrane 

towards the cathode compartment to maintain the charge neutrality. Once in the cathode, 

an oxidizing agent (usually oxygen) consumes the generated electrons and protons. 

A major challenge with current macro-sized MFCs is their long response time to 

reach a steady state (from weeks to months) making it difficult to evaluate and optimize 

components or materials in a fast and efficient manner. Therefore, micro-sized MFCs 

have a two-fold objective: First, as an effective rapid screening vehicle of diverse 

conditions to continue the current technology expansion, and second, as an alternative 

power source for self-powered microsystems93,94. 

 
7.3 Materials and Methods 

7.3.1 Carbon Nanotube –based Anode 

The most versatile and frequently used anode materials are carbon-based. 

Different carbon forms have been used to increase surface areas and promote microbial 
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adhesion to the surface, including graphite95, carbon cloth96,97, carbon paper98, carbon 

foam99, and reticulated vitrified carbon100. Higher power production in MFCs is possible 

with increased surface area-to-volume ratios and novel anode designs99,100,101. For 

example, graphite fiber brushes have been used to increase surface-to-volume ratios but 

their use in microsized cells is difficult due to their bulky architecture101. Because of the 

unique electrical and structural properties of carbon nanotubes (CNTs), recent studies 

have included CNTs102,103,104 and CNT textiles105 in MFC anodes. Several other studies 

also use DC and AC electrochemical characterization of CNT-based electrodes, through 

cyclic voltammetry and electrochemical impedance spectroscopy (EIS), that show 

enhanced electrochemical properties compared with conventional 

materials106,107,108,109,110. 

 

 

Figure 7.2 3D Schematic and real images of the fabricated 1.25 µL MFC 
(a) Schematic (3D) of various components of the fabricated vertically stacked microbial 
fuel cell; (b) the digital image of the assembled microbial fuel cell in Plexiglas clamp 
showed sidewise it occupying 5 cm on each side; and (c) transmission electron 
microscopic (TEM) image of nickel silicide region on top of silicon. 
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In order to enhance current generation in an MFC, we developed an anode 

containing a vertically aligned forest of pure multiwalled carbon nanotubes (MWCNT) in 

a 1.25 µL reactor (Figure 7.2). The vertically aligned MWCNTs were grown with 

controlled and uniform shapes and sizes using vapor–liquid–solid (VLS) self-assembly 

processes and microfabrication techniques. The specific materials and methods used for 

assembly of the entire MFC are described in Appendix A6.1. The MWCNTs had a high 

surface area-to-volume ratio (66  000 cm–1 before functionalization) that was expected to 

be helpful for bacterial colonization, and a high electrical conductivity (resistance of 2.1 

mΩ-m for a single nanotube) to enhance transfer of electrons to the anode surface. Other 

possible biological advantages of the MWCNT surface included increased 

biocompatibility, chemical stability, catalytic activity, and resistance to 

decomposition105,111,112. Surface properties such as hydrophilicity, hydrophobicity, and 

functional groups can affect cell adhesion, growth, and metabolism. A functionalization 

process was performed on the CNTs in which they were cleaned in an acid treatment 

(nitric and sulfuric acids) to remove residual metal catalysts and other impurities. The 

acid treatment also has been found to improve cell adhesion by thickening the MWCNTs 

in an oxidation process that generates carboxylic groups in the walls and tips of the 

MWCNTs, and forms 3D structures using capillary tensile forces, which make the 

MWCNTs collapse onto each other113.  
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Figure 7.3 Scanning electron microscopic (SEM) images of CNT forest after growth 
and functionalization 
(a) Top view and (b) cross section at one edge of anode trench. 
 

After functionalization, the average height of the CNTs was 35 µm and their 

diameter ranged from 200 to 400 nm (Figure 7.3). An MFC electrode requires a contact 

area to measure the voltage generated. In macro scale MFC designs, a titanium or 

stainless steel wire is often pressed to the electrode to provide contact with the surface13. 

Here, we integrated a low resistance nickel silicide contact area onto the silicon surface 

so that the electrode contact point did not directly touch the anode. This method provided 

good electrical contact and avoided the need to make contact with the anode inside the 

solution chamber. The use of nickel silicide also enabled the entire fabrication process to 

be more state-of-the-art complementary metal oxide semiconductor (CMOS) compatible, 

allowing for rapid manufacturing and deployment as an on-chip power source. 

7.3.2 Fabrication Description 

The device was constructed using a highly doped silicon wafer in a specially 

designed microfabrication process (details and a summarized flowchart in Appendix 

A6.1). Since the process to fabricate the microsized MFC did not use any unconventional 
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or expensive materials (the MWCNTs were synthesized using nickel catalysts instead of 

conventionally used gold, for example), the use of CMOS compatible fabrication 

processes substantially decreased cost and fabrication times. 

 
Figure 7.4 SEM images of bacterial growth after operation 
a) Cross section view, (b) top view, and (c) zoomed top view show excellent 
compatibility with MWCNT and further colonialization for enhanced performance. 
Images are taken after operation showing the sustainable nature of CNTs in context of 
mechanical and longevity perspective. 
 
7.4 Characterization and Results 

7.4.1 Current Generation 

The MWCNT anode was tested for current and power generation using a mixed 

culture inoculum and a ferricyanide [Fe(CN)6]3 catholyte solution (see Appendix A6.2 for 

experimental and operational setup). MFCs were initially inoculated with wastewater 

then switched to an acetate nutrient medium after at least three stable cycles had 

occurred, indicating growth of a functioning biofilm on the anode (Figure 7.4). The anode 

chamber was operated in fed-batch mode, with fresh medium added when the current 
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decreased to <0.5 µA. The ferricyanide catholyte was continuously pumped through the 

cathodic chamber.  

 

Figure 7.5 Current generation vs. time plot and Polarization plot  
(a) Current generation vs. time plot showing a steady rise in current and short start-up 
time. Arrow marks show the acetate inoculation moment. (Data shown 15 hours after 
initial acetate introduction when stable cycles began). (b) Polarization plot of the 1.25 µL 
MFC. 
 

Current started to increase immediately after initial acetate introduction but 

showed stabilized cycles after the second acetate feed, approximately 15 hours later 

(Figure 7.5a). The current reached initial stable peaks of 2 µA within 5 hours after 

anolyte addition. Following acclimation, repeatable cycles of current generation were 

obtained that lasted between 10 and 13 hours. After only 1.7 days following the initial 

addition of the acetate medium, the maximum repeatable current was reached of 3 µA.  

7.4.2 Energy Loss and Internal Resistance 

The total energy loss in the system can be understood in terms of the different 

internal resistances as seen in the equation 

𝑉!"#$%" = 𝑂𝐶𝑉 − 𝐼𝑅!"# = 𝑂𝐶𝑉 − 𝐼(𝑅! + 𝑅! + 𝑅! + 𝑅!)    (1) 
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Where the internal resistance (Rint) consists of the sum of the anode (Ra), 

membrane (Rm), cathode (Rc), and electrolyte (Re) resistances. Minimizing these 

resistances provides higher power densities from the cell. The total internal resistance 

was estimated to be Rint = 25 kΩ, based on the slope of the linear section of the 

polarization curve13 (Figure 7.5b). This value is the same as that obtained based on the 

peak in the power density curve13. To compare the performance with a widely used MFC 

anode114, carbon cloth, we also set up 28 mL cube- MFCs (14 mL anode chamber) in 

which we tested the same size anode used in the 1.25 µL cell (25 mm2) compared to a 

carbon cloth anode cut to the same dimensions but with an effective surface area of 50 

mm2 since both sides are submersed in the liquid13. Power densities (normalized to the 

projected anode area) using CNT anode were 26% higher than those with the carbon 

cloth (CC) (Appendix A6.3). This result is consistent with previously published results 

that show improved performance with nano-engineered materials compared to carbon 

cloth105,115,116,117. 

The main resistances are expected to be due to the electrode over-potentials. The 

electrolyte or solution resistance can be estimated using Re = d/(AK), where d is the 

electrode distance (cm), A is the geometric area available for ionic species to pass (cm2), 

and K is the specific conductivity (Ω–1 cm–1) of the solution118. The proton diffusion 

distance was 0.018–0.019 cm based on the thickness of the membrane (177 µm according 

to the manufacturer) and the distance between the CNTs and the membrane (10 and 20 

µm, based on the height of the CNTs of 30–40 µm in a chamber with a depth of 50 µm). 

The solution had a conductivity of 0.01136 (Ω cm)−1, and the proton exchange membrane 

(PEM) area was 5 mm ×5 mm. Based on these values, Re = 6.4 Ω. Multiplying this 
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resistance by the maximum current achieved (4.43 µA) results in an estimated energy loss 

of only 28 µV for the electrolyte solution. Reported area resistances for the Nafion 117 

membrane are in the range of 0.09 to 0.35 Ω-cm13,114. Assuming the highest value for 

Nafion, the membrane resistance in the phosphate buffer solution is estimated to be Rm = 

1.4 Ω, or a loss of 6.20 µV for the membrane. Therefore, the combined losses due to the 

membrane and solution would be only 34.2 µV. This is negligible compared to the total 

energy loss at 134 mV (OCV 243–109 mV at the maximum power). Thus, the anodic and 

cathodic resistances were responsible for almost the entire 25 kΩ of internal resistance. 

Reducing the electrode resistances is therefore a goal for improvement of future designs. 

Part of an improved resistance design includes improving the contact area resistances. 

The resistance between the MWCNT anode and the NiSi contact area was more than 15 

times lower than the resistance to the silicon only contact area. Therefore, the integrated 

nickel silicide contact areas in our devices enabled higher maximum drive current output 

(197 mA/cm2 from 1.25 µL device) than that possible with regular silicon-only contact 

areas. 

7.4.3 Current and Power Densities 

The current and power densities produced in this device are compared with those 

obtained in previous microscale MFCs (Table 1). The achieved current density at 

maximum power of 3947 A/m3 was more than 3 times higher than the current density of 

the cell most similar to ours in size and architecture, Qian et al.’s 1.5 µL MFC119. The 

current density per area for our device was the highest yet attained by microsized 

MFCs94,119,120,121. 
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Table 1  Summary of the characteristics and performances of demonstrated 
microsized MFCs 
 

Anode Cathode 
PMax 

(mW/m²) 
PMax 

(W/m³) 

IMax @ 
PMax 

(mA/m²) 

IMax @ 
PMax 

(A/m³) 

Ref. 
 V 

(µL) 
Material 

(cm2) Inoculum/ Fuel Material Solution 

1.25 MWCNT 
(0.25) 

Mixed bacteria 
culture/ 
Acetate 

Carbon 
Cloth [Fe(CN)6]3 19.6 392 197 3947 This 

work 

1.5 Gold 
(0.15) 

Shewanella 
putrefacien/ 

Lactate 

Carbon 
Cloth [Fe(CN)6]3 1.5 15.3 130 1300 [119] 

4.5 Gold 
(2.25) 

Geobacter 
aceae- 

enriched/ 
Acetate + L-

Cysteine 

Gold [Fe(CN)6]3 47 2300 116 5777 [121] 

15 Gold 
(2.16) 

Saccharomyces 
cerevisiae/ 

Glucose 
Gold [Fe(CN)6]3 4 32.1 167 2400 [94] 

 

Current and power generation are affected by a variety of factors, including 

oxygen intrusion, inoculum, external resistance used to condition the MFC, and other 

factors13,93,121. Oxygen intrusion likely played a major role in decreasing the maximum 

power density and increasing the anode resistance. Oxygen penetration into the anode 

chamber can produce an abiotic reaction at the anode that can decrease the voltage. Choi 

et al.121 found that the open circuit voltage increased by 50% when adding l-cysteine (an 

oxygen scavenger) to the anode chamber. Thus, the use of an oxygen scavenger may be 

helpful in decreasing the anode resistance and improving current densities. Although we 

achieved the highest current density by area (by a factor of 2) compared to other 

microsized MFCs, our cell might further be improved through improvements in the 

bacterial community in the anode chamber. The 1.25 µL reactor is the smallest MFC 

tested so far with a mixed bacterial culture, with the next smallest at 2500 µL96. Watson 

et al.122 found that mixed cultures achieved higher power densities than pure Shewanella, 
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but Nevin et al.123 found that Geobacter sulfurreducens performed better than mixed 

culture. Thus, it might be possible to increase power using a pure culture of G. 

sulfurreducens. Reactor acclimation at other external resistances might also increase 

power densities. The MFC was tested using a 100 Ω resistor, which resulted in higher 

power densities than most of the previous microsized MFC tests119,120 where resistances 

of 15–40 kΩ were used. The use of a resistance more closely matched to the internal 

resistance, such as 20 kΩ for example, would increase power although the current density 

would be lower. 

7.4.4 Maximum Power and Applications 

The power produced by the 1.25 µL MFC is sufficient for low power applications. 

The MFC produced a maximum net power of nearly 500 nW, with a current and voltage 

of 4.43 mA and 109 mV (Figure 7.5b). If we consider a 50% efficient power supply in an 

on-chip module, then this is sufficient to run a 29.6 pW Phoenix processor124, integrated 

nanobiosensor125,126, or other ultra low power devices. In the past, biofuel cells using 

glucose127 or human plasma and S. cevevisiae123 for power generation have been 

demonstrated. However, they could be sustained for less than an hour. Other microsized 

demonstrations119,121 were only tested for a few days to prove that they worked. Our 

device was operated in fed batch mode for 25 days, proving that the materials and design 

can endure long-term use. 

7.5 Conclusions 

These results demonstrate that it is possible to microfabricate a microsized MFC 

on a silicon substrate with forest type vertically aligned 3 million multiwalled carbon 

nanotubes (MWCNTs) and nickel silicide (NiSi) contact base that can produce a high 
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current. Use of MWCNTs provided a very large surface-to-volume ratio, allowing for 

effective microbial interactions with the anode surface. The successful generation of 

power using the microsized MFC shows that the anode material has a good 

biocompatibility, and the design allows for state-of-the-art CMOS processes compatible 

with on-chip power generation. 
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Chapter 8. Simple 40 µL Microbial Fuel Cell for Rapid Benchmarking: 

Evaluation of Tea as Alternative Fuel and Series Array of Three-MFCs 

Abstract 

Microbial fuel cells have the leading advantage of producing energy while 

simultaneously treating water. In this chapter we present the development of a 40 µL 

microsized, air-cathode, membrane-less MFC, which we have used to evaluate the power 

generation potential from an everyday fuel, black tea. We found in an easy and fast way 

that tea can actually perform better than acetate in terms of power production, mainly due 

to its higher organic content. 

Additionally, from our simple design we have fabricated an array of three MFCs 

in series connection seeking higher voltage levels. Due to non-uniformities in assembly 

and feeding system however, the array suffered from voltage reversal effect, achieving a 

modest power density of  ~45mW/m3. 

Although still to be optimized, our design offers an easy alternative for rapid 

testing of MFC’s components, including materials, fuels and even more complex 

architectures as arrays.  

 

8.1 Introduction 

A Microbial Fuel Cell (MFC) represents an interesting and novel approach for 

energy generation by means of reuse of waste resources, becoming thus a strong 

alternative to power up self-sustainable systems especially at the micro/nanoscale. 

Moreover, a true water treatment technology should not be very energy intensive. 

Bacteria’s capability to produce and transfer electrons outside their body has been known 
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for nearly a century, but only recently it has been exploited for power production, with 

several orders of magnitude power density increase in less than a decade of investigation 

and has become the center of attention of many researchers due to their potential of 

generating direct electricity while simultaneously treating liquid waste, including 

domestic, medical (glucose), agricultural and industrial organic wastewater13. In order to 

continue the fast development of MFCs, a way to rapidly test new fuels, components and 

architectures is necessary. It is known that the size of the MFC highly influences the time 

response of the system93,128. For medium and large-scale cell (beyond mL) the time 

required to completing a full cycle can take from several days to weeks, whereas for the 

case of miniaturized cells (µL) this time reduces to only a few hours. Thanks to this fact, 

an effective testing vehicle for rapid development of MFCs can be created from 

microliter MFCs. We show a 40 µL microsized, air-cathode, membrane-less MFC, 

where, we have compared the power generation from black tea with acetate (standard 

food for bacteria). The results suggest that tea is not only an effective fuel for MFCs, but 

also that is able to provide more organic matter (rich with electrons) than standard fuels 

(1g/L acetate) for higher power generation.  

In addition, we formed a series array of three 40 µL cells with the aim of boosting 

the power generation by adding up the voltages generated by each cell. Such increment in 

voltage might be useful to reach required levels to, for example, charge a battery to its 

nominal voltage. Some recent examples of series arrays of milliliter- and microliter-scale 

MFCs have been already demonstrated showing increased power generation129,130,131. 

However, as will be shown later on, charge reversal effect challenges the implementation 

of series arrays or stacked designs, in which one or more cells could reverse its/their 
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polarity resulting in less power generated132. It turns out that if one of the cells cannot 

generate enough current or voltage compared to the other cells, given there is not 

sufficient “food” or microbial activity, it could go through voltage reversal. 

8.2 Materials and Methods 

Currently, several efforts are being performed to optimize MFC’s individual 

components and bring this technology to a commercialization phase. Nevertheless, many 

have opted for more complex materials and designs that, although it leads to an improved 

performance, it also makes it less commercially viable119,121. 

 

 

Figure 8.1 A 40 µL single chamber, membrane-less MFC containing a gold anode 
and air-cathode 
(a) Schematic and (b) digital photograph of the cell. 
 

We show a design focusing on three main premises (i) easy-to-implement, (ii) 

manufacturability (thinking towards a commercial implementation) and (iii) compact size 

(microliter volume). With this in mind, we have fabricated a 40 µL MFC containing a 

gold anode and air-cathode (Figure 8.1). The small size ensures a very fast response (only 

few hours instead of weeks in the case of bigger cells) and the air-cathode system 
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improves the performance of the MFC as well as decreases both its size and more 

importantly cost. The replacement of the cathode chamber via coated carbon cloth is a 

step forward to eliminate both the catholyte (which needs continues refill) and the 

membrane (typically very expensive). A standard MFC has two chambers, anode and 

cathode; in the anode the bacteria generates electrons that then are consumed in the 

cathode. Inside the cathode chamber, a catholyte solution is in charge of the 

reduction/oxidation reaction to consume the electrons. Many have opted for a catholyte 

(commonly ferricyanide) to increase the output voltage due to a higher potential of the 

reduction/oxidation reaction120. Nevertheless this scheme cannot be used in a practical 

cell for real applications due to the need of continuously replenishment of catholyte 

solution, which also gets consumed during the reactions. By adding a diffusion polymeric 

coating to the carbon cloth cathode, we can rely on the oxygen, readily available in the 

atmosphere, to play the role of the catholyte solution and thus saving the energy and 

material needed for the replenishment. The diffusion layer coated on the cathode reduces 

the amount of oxygen intrusion to the anode (oxygen inside the anode would steal the 

produced electrons and thus reduce current generation) and increase the operation time of 

the MFC, which at the same time maximizes the power output and Columbic Efficiency 

(CE)96. 

Additionally, our rapid analysis using microsized, air-cathode, membrane-less, 

single chamber MFC enables assessment of several components such as: (i) new food for 

bacteria: tea, coffee, yogurt or others, compared to standard fuels; (ii) novel efficient 

architecture that intensely change the internal resistance and increase the output energy 

densities such as increasing the electrode surface; (iii) different materials or coating films 
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for the electrodes; (iv) different bacterium or mix cultures. Finally, combining the 

optimized fuel, architecture, electrodes and bacteria on the macro-version reactor would 

lead to the most power generation. 

In order to assure a very simple design, easy to implement, we have chosen a very 

standard set of materials: gold anode, Plexiglas gasket and carbon cloth cathode 

(polymer-coated on one side). The fabrication of the individual components can be 

carried out in parallel. Figure 8.1 shows the components during fabrication and assembly 

for a single chamber MFC. Anode connectors were fabricated using microfabrication 

techniques to pattern gold on a silicon substrate. A copper wire is used to allow electrical 

access to the anode. Two pieces of Plexiglas are used to clamp the anode to form the 

chamber. Finally polymer-coated carbon cloth is glued on top of the Plexiglas to serve as 

the air-cathode.  

In a similar fashion we fabricated and assembled the series of three cells 

following the same steps described above (Figure 8.2).  

8.2.1 Fabrication Description 

A film of 100nm/10nm Au/Ti was sputtered on an oxidized silicon wafer (300nm 

SiO2) to form the anode(s) electrode by lift-off technique. A copper wire(s) is soldered on 

the sides of the gold contact to allow electrical access to the anode. Concurrently, the 

anode chamber was designed using CAD software to pattern two pieces of Plexiglas, 

which are used to clamp the Si substrate and form the chamber. Finally 

polytetrafluoroethylene (PTFE)-coated carbon cloth(s) is glued on top of the Plexiglas to 

serve as the air-cathode. Small diameter tubing was added to assist the feeding process. 
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(Two single cells and one 3-MFC series array were fabricated and assembled following 

the above procedure). 

 
Figure 8.2  Schematics and photograph of series array of 3 MFCs 
(a) Schematic, (b) 3D representation and (c) digital photograph of the series array. 
 
8.3 Characterization and Results 

8.3.1 Tea Experiment with Single MFCs 

We have performed a fuel experiment, where we compare the power generation 

from acetate solution (standard food for bacteria) with black tea. Acetate (1g/L) substrate 

is prepared with standard procedure. Tea is prepared by infusion of black tea (Yellow 

Label Tea – Lipton®) in hot water. The fuels are fed to the MFCs via a syringe connected 

to the tubing. The bacteria inoculum is obtained with local wastewater (Jeddah, KSA). 
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After 2 times inoculation with wastewater, the cell is switched to the specific fuel 

(MFC#1 with tea and MFC#2 with acetate). Voltage measurement is carried out every 20 

minutes with a data acquisition system (Keithley 2700 DMM with a M7708 board). 

Polarization curves were performed manually by changing the external load and 

measuring the resulting voltage for each resistor value (Starting with open circuit voltage 

(OCV) then from 55MΩ down to 11MΩ). 

 

Figure 8.3  Batch feeding “acetate vs. tea” experiment with 2 different cells  
(Load: 55MΩ) 
 

From Figure 8.3, it is evident that bacteria fed with tea produce almost 3 times 

more power than those fed with acetate. Two different cells were used and fed with the 

two fuels, #1 with tea and #2 with acetate. The use of two cells is important to account 

for differences in the assembly itself; one cell could be producing more power than the 

other due to characteristics of its own assembly (different internal resistance, slightly 

different materials, etc.) The next step is switching to the other fuel to compare power 

production: #1 decreased significantly when switched to acetate, whereas #2 jumped 

dramatically when switched to tea. When switched back to its original fuel, the power 

went back to the initial state. This test shows unequivocally that tea performs better. 
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Figure 8.4  Polarization curve performance comparison of acetate vs. Tea 

 

As second test, a polarization curve was extracted for each fuel (Figure 8.4) 

confirming the previous results. Additionally we could estimate the internal resistance to 

be around 50 MΩ.  High internal resistance is expected from miniature MFCs due small 

contact areas and losses within the electrolyte93. Although the air-cathode design should 

help eliminating the resistance from the membrane, in this case the very high ohmic 

losses are most likely due to the relatively long distance from anode to cathode electrodes.  

Finally, we used spectrophotometry to measure the chemical oxygen demand (COD) of 

each fuel to indirectly measure the amount of organic compounds in the sample. It helps 

us to understand why certain fuel might perform better than other. For acetate, we used a 

standard 1000 mg/L concentration, while the measurement for tea shows a concentration 

of 2850 mg/L. Therefore and for this specific case, a higher organics concentration in the 

tea sample led to almost 2 to 3 times higher power generation. However, it is to be noted 

that this might not be always the case and further biochemical testing is needed to 

elucidate more clues why a specific fuel performs better.  
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8.3.2 Characterization of 3-MFCs Series Array  

We performed a polarization curve for one cell, two cells and three cells, to show 

the evolution of the power generation (Figure 8.5a, b). Likewise we completed the 

current progression with time by batch feeding the cell with acetate every time the zero 

level was reached (Figure 8.5c). 

 
Figure 8.5  Polarization curves and current vs. time plot of the three-cell series 
array 
Polarization plot of (a) power and (b) density power generated by one, two and three 
cells. (c) Current generation vs. time plot showing a maximum current of ~3 µA (1kΩ 
load). 
 

As can be observed in Figure 8.5, even though the series connection should 

conventionally increase the power by adding the corresponding power generation of each 

cell, due to the voltage reversal effect mentioned previously, the power generated by unit 
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area from three cells is actually smaller than the one generated by a single cell. 

Furthermore, we noticed a high internal resistance given the fact that resistances also add 

up in a series circuit.  

We believe that since all three cells are fed through a single channel, the “food” 

and bacteria are not distributed uniformly, causing one cell to perform better than the rest 

and thus leading to the voltage reversal effect. Moreover, variations during fabrication 

and assembly of the cells might lead to different contact resistance, which could also 

contribute to the issue. Separate feeding channels should help solving this issue, although 

high internal resistance will always be an underlying problem. 

8.4 Conclusions 

We have presented a very simple miniature air-cathode MFC design, which have 

been employed to evaluate the use of tea as alternative fuel for MFCs. Power generation 

was not the strong point of the design due to its very high internal resistance and thus 

there is still plenty of room for optimization. Nevertheless the easy and fast experiment 

gave us the preliminary results to confidently say that energy could be efficiently 

extracted from the collection of our afternoon-tea’s leftovers. 

Moreover, we created a series array of three cells that although performed better 

in terms of energy generation compared to the single versions in the tea experiment, it 

was affected by voltage reversal due to non-uniformities in assembly and feeding system. 

Even though a series connection might be an interesting strategy to increase voltage 

levels, special care needs to be taken to carefully match all components of single cells 

and thus avoid voltage reversal. Even then, high internal resistance will be an inherent 

issue difficult to prevent.   
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Chapter 9. Summary and Future Directions 

9.1 Summary 

Flexible and transparent electronics is an emerging field for multipurpose 

applications. Bright resolution display, sensors, energy and bio-medical electronics have 

been successfully demonstrated predominantly on plastic or similar materials. 

Researchers have used organic molecules, transfer of nano-membranes, self-assembly, 

back grinding, porous silicon formation followed by epitaxial film growth, spalling by 

using stressor, using buffer sacrificial layers to demonstrate such applications. Multitude 

of substrates of various materials such as silicon-on-insulator (SOI), silicon (111), and 

III-V materials has been used. At the same time, growth of today’s electronics oriented 

world has been based on bulk silicon and its various formats: mono-crystalline (100), 

amorphous and poly-crystalline. Consequently we have developed a generic process to 

transform the rigid and brittle silicon based electronics into a flexible and transparent 

platform. Our generic batch fabrication process is low cost and based on standard 

microfabrication techniques to fabricate thin (> 5 µm), mechanically flexible, optically 

semitransparent silicon fabric with pre- or post-released devices without any thermal 

budget limitation. We have used the technique to demonstrate mono-crystalline silicon 

(100), amorphous and poly-crystalline silicon and silicon dioxide fabric. We have also 

shown a set of representative devices: (i) Metal-Oxide-Semiconductor capacitors 

(MOSCAP) featuring semiconductor industry’s most advanced high-κ/metal gate stack, 

showing not only remarkable flexibility but also practically unchanged electrical behavior 

after releasing of devices. (ii) Metal-Insulator-Metal capacitors (MIMCAP), key 

components of dynamic random access memories (DRAM), presenting a bending radius 
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independency and electrical reliability study that showed only insignificant variations in 

performance and an improvement in lifetime projection. (iii) Metal-Oxide-Semiconductor 

field effect transistors (MOSFETs) exhibiting a remarkable subthreshold swing of 80 

mV/dec (indicator of how quickly a transistor can switch between ON and OFF state), 

ON/OFF ratio of near 104, a minimum bending radius of 5 mm and an average light 

transmittance of ~7% in the visible spectrum. Moreover, the transistors feature the most 

advanced set of materials, high-κ/metal gate, currently used in commercial devices. The 

selection of these materials is critical to address the nano-scaling issues related to 

unwanted leakage-induced excessive power dissipation, introduced due to short-channel 

and quantum effects. 

Furthermore, in order to emphasize the effectiveness and versatility of our 

process, we have demonstrated a mechanically flexible thermoelectric energy generator 

(TEG) that shows nearly 30 times more power generation than a TEG located on a solid 

silicon substrate. The main reason is the presence of holes so the heat can conduct 

between two temperature zones using only a fraction of the original fully solid substrate 

and thus maintaining higher temperature difference in the TEGs. In addition, a thin film 

based lithium ion battery on the flexible silicon platform was fabricated, displaying a 

final storing capacitance of ~800 µAh/m2 and a bending radius that can go down to 0.84 

cm (1.18% nominal strain).  

Continuing the energy-related developments, we have adopted the microbial fuel 

cell (MFC) technology to address the water-energy nexus and its concerns. This 

technology is an innovative system for energy generation through bio-electrochemical 

reactions made by bacteria when decomposing organic matter, thus being able to treat 
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wastewater and produce electricity at the same time. 

We have first developed a microsized MFC aiming at alternative power sources 

for self-powered microsystems. Our 1.25 µL MFC contains a CNT-based anode to 

increase the surface area while keeping the biocompatibility and NiSi to reduce contact 

losses. We thus achieved 197 mA/m2 of current density and 392 mW/m3 of power 

density, which is already sufficient to run ultra-low power microprocessors, integrated 

nano-sensors and others. 

Next, we developed a 40 µL MFC with simplified design as an effective rapid 

screening vehicle of different conditions. It was first used to evaluate the performance of 

black tea as fuel, finding it to perform better than acetate in terms of power production, 

given that it has a higher organic content. Secondly, we fabricated a 3-MFCs series array 

to achieve higher voltage levels. However, we achieved a modest power density of  

~45mW/m3 due to voltage reversal effect, caused from non-uniformities in assembly and 

feeding system. Currently we are working to optimize such cells. 

Enabling world’s growing population with better accessibility to information 

sources (like cloud computation) need rapid expansion of affordable high performance, 

energy-independent, multi-functional and widely deployable systems (flexibility would 

be essential). On the one hand, our CMOS-compatible procedure to produce highly 

flexible inorganic electronics, allows the unique opportunity of using ULSI techniques 

with nanoscale architecture and state-of-the-art materials, thus enabling the development 

of a truly high performance flexible computation. On the other hand, we have offered 

diverse energy harvesting and storage strategies to enable the development of truly self-

powered integrated systems. Together, these two components will open up the path 
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towards a sea of possibilities, where nanotechnology-enabled, high performance, cost-

effective and simple, yet innovative implementations will help expanding the market of 

flexible, energy-independent and ultra-mobile electronics. 

9.2 Future Directions  

We have demonstrated some exciting developments on our flexible platform 

including logic and energy scavenging and storage devices. Continuing the current 

progress, the next step consists on the development of CMOS circuitry and memory 

systems. Implementation of STI, spacers, Vth adjustment and further scaling-down of 

critical features can significantly improve our devices’ performance and allow 

demonstration of more complex circuitry and electronic systems. 

At the same time we are also interested in an even more detailed characterization 

of our peeling process and the effect of the releasing-holes in the substrate. Some of the 

future studies will include (i) dynamics of the chemical-physical reactions taking place 

during the isotropic release process and finding out how the size of the holes is 

influencing this reaction; (ii) in-detail modeling and simulation of our flexible structure, 

including holes and scallops; (iii) comprehensive study to have a better understanding 

how heat dissipation, piezoelectric and piezoresistive effects, fringing capacitances and 

other parasitic phenomena can impact the device’s performance after release and during 

flexing of our samples. 

Furthermore, we are currently working with new and exciting techniques to 

demonstrate fully flexible and transparent Silicon-on-Polymer systems. First, we are 

exploring the versatility and compatibility of our silicon fabric transferred on polymer 

with various asymmetrical substrates (materials explored so far includes wood, plastic, 
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kapton, fabric, rock and vinyl). In addition, we have encountered a new milestone for 

future generation ultra-mobile computation by demonstrating the state-of-the-art non-

planar (3D) FinFET CMOS devices, featuring sub-100 nm. 

 Moving forward the development of more robust energy generation systems, we 

will focus our efforts to improve MFC’s power generation by optimization of 

architecture, cathode and microbial activity. At the same time, explore MFC’s potential 

as sensor, which would increase its range of applications and help to its further 

advancement.  

Finally, our long-term goal is to develop and implement a truly self-powered 

system, which we have envisioned as the “energy chip” and will be discussed in the 

following section. 

9.2.1 The Energy Chip  

Today’s world is centered upon the exchange of information. The recent cloud 

computation paradigm appears to aid the need for sharing distributed resources but it 

comes with higher requirement of data processing and high communication traffic. This 

is translated into higher power consumption. Depending upon the application and 

environment, microsized MFCs could be used as alternative power source to supply for 

the higher energy needed and avoid battery replacement, leveraging the implementation 

of self-sustainable integrated systems that support the concept of a cloud. Not only our 

everyday electronic gadgets are part of the cloud, but also many industrial systems are 

migrating to this scheme, including e.g. wireless sensor networks (WSN), which gives 

birth to a new technology known as Sensor Cloud133,134. Broad ranges of crucial 

applications that acquire and process information from the surrounding environment are 
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in urgent need of such sensor networks. Widely deployed sensors help monitoring our 

environment, safety, food and water quality, health and many others. Development of 

self-powered WSN or sensor clouds would further allow for applications on harsh 

environments, difficult-access areas, remote technologies, space, and exploration, where 

limited accessibility and need for portability require long-lasting, self-maintained 

systems.  

As early as 1992, the term “smart dust” was used for the first time, with the notion 

of a self-powered system capable of performing several tasks autonomously and self-

sustainably135. Ever since, many ideas and designs have been proposed, although most of 

them are only conceptual136,137,138 and we can only find a few practical demonstrations, 

although in most occasions they lack a robust energy storage system to collect enough 

energy for more complex and broader range applications. Youfan Hu et al139 showed a 

self-powered system with wireless data transmission achieving a power density of 

10mW/cm3 and data reception at a distance of 5 m. Nevertheless, an external capacitor 

was used and the stored energy is only enough for a single transmission. Like this, 

several more examples can be found where energy is store in capacitors138,140 or even 

supercapacitors141,142, although these solutions have the disadvantage of a lower energy 

density storage capability than batteries and a high self-discharge, which greatly restrain 

the final applications.   
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Figure 9.1  Representation of a comprehensive health monitor with Energy Chip 
implementation  
(System-on-Package approach using wire-bonding interconnections) 
 

 

Our concept of energy-independent system is based on the presence of an energy 

storage system that can guarantee a continuous power supply thus boosting up the 

communication range and allowing higher processing functionalities. From our current 

demonstrations, integration of a micro-sized MFC and a lithium ion battery would also 

require the incorporation of a power management system, given that the harvested power 

derived from ambient sources is typically low, intermittent and unregulated. Ultralow 

power DC/DC converters can be a great alternative for power management thanks to their 

very low voltage input and consumed current requirements. Then, the energy storage 

system, the lithium ion battery, will assist to store enough energy for the moments when 

the harvested source is not available. An additional energy scavenger, like TEG, could be 

also added as back-up charging system. 

The energy chip (Figure 9.1) could be implemented in several situations where 

small amount of energy are involved, e.g. a medical device or network of devices that 

need to be implanted into a patient. Such device has to be small in size and weight and 

fully integrate all necessary systems for sensing/monitoring, communication and energy-
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sufficient supply at all moments and for long periods of time. In case of an MFC-based 

system, energy could be harvested out of e.g. human plasma, as previously 

demonstrated94. An integrated TEG could serve as additional energy source and the LIB 

would store all this energy. Like this, we foresee such scheme has the potential to 

empower health-monitoring systems, among many other applications. 
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APPENDIX 

Appendix 1. Different Flexible Electronics Technologies Comparison 

 
Table A1.1  Comparison between different technologies to produce flexible 
electronics 
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Appendix 2. Detailed Flexible MOSFET Fabrication Process 

We started the fabrication with thermally oxidized (300 nm SiO2) lightly doped 

(10-20 Ω-cm) 4’’ n-type Si (100) wafer. The oxidation process takes place in a tube 

furnace at 1100 °C by dry oxidation (3000 sccm O2 for 15 min.) then wet oxidation (200 

sccm O2 for 26 min.), next dry oxidation (3000 sccm O2 for 15 min.) and finally an 

annealing step (5000 sccm N2 for 20 min.). Next, PR is coated and patterned 

(MicroChemicals©, 4ml ECI 3027, 4 µm: 1750 rpm for 30 seconds, soft-bake: 100 °C for 

60 seconds) so trenches were made in the silicon dioxide layer using RIE (1500 WICP, 

100 WRF, 10 mTorr, 40 sccm C4F8, 5 sccm O2). After the active area was prepared with 

RCA cleaning (SPM @ 120 °C for 10 min., SC1 @ 75 °C for 10 min., Diluted-HF @ RT 

for 30 seconds, SC2 @ 75 °C for 10 min. and Vapor HF @ 40 °C for 30 seconds) (SPM 

= H2SO4 / H2O2 – 4:1; SC1 = NH4OH / H2O2 / H2O – 1:1:20; SC2 = HCl / H2O2 / H2O – 

1:1:20), high-κ/metal gate stack was deposited by ALD at 300 °C (10nm Al2O3: 100 

cycles, Trimethyl Aluminium (TMA) dose = 15 ms, 80 mTorr, 3 seconds O2 plasma [15 

mTorr, 300W]; and 20nm TaN: 200 cycles, Tantalum (V) Trisdimethylamido t-

butylimide (TTAN) dose = 5 seconds, 80 mTorr, 4 seconds H2 plasma [15 mTorr, 

400W]). Next, PR was spin-coated (MicroChemicals©, 4ml AZ 1512, 1.4 µm: 3000 rpm 

for 30 seconds, soft-bake: 100 °C for 60 seconds) and patterned, followed by RIE (2000 

WICP, 50 WRF, 10 mTorr, 10 sccm SF6, 90 sccm CHF3) of the deposited films. Ion-

implantation (I/I) was performed at a dose of 5x1013 cm2 with BF2 at 10KeV. Next, PR 

was removed in acetone (5 min.) and SPM (120 °C for 5 min.), followed by RTP at 950 

°C for 30 seconds in Ar environment (200 sccm) for dopant activation. A fast diluted-HF 

dip was done for 15 seconds before nickel deposition by sputtering (20 nm, 400 W, 5 
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mTorr, 25 sccm Ar), followed by RTP (450 °C for 30 seconds in Ar: 200 sccm). Nickel 

excess is removed with SPM (120 °C for 5 min.). Next aluminum was sputtered (200 nm, 

500 W, 5 mTorr, 25 sccm Ar), followed by PR spin-coating and patterning 

(MicroChemicals©, 4ml AZ 1512, 1.4 µm: 3000 rpm for 30 seconds, soft-bake: 100 °C 

for 60 seconds). The aluminum was then etched in RIE (Step 1: 80 °C, 1500 WICP, 50 

WRF, 40 mTorr, 10 sccm Cl2, 40 sccm BCl3, 10 sccm Ar; Step 2: 80 °C, 1500 WICP, 150 

WRF, 20 mTorr, 40 sccm Cl2, 10 sccm BCl3; Step 3: 80 °C, 1500 WICP, 50 WRF, 40 

mTorr, 10 sccm Cl2, 30 sccm BCl3, 20 sccm Ar; Step 4: 80 °C, 150 WRF, 900 mTorr, 100 

sccm O2). PR was removed in acetone (5 min. in sonicator).  

Al2O3 was deposited by ALD (40nm: TMA for 15ms, H2Ovapor for 15ms, 400 

cycles at 250°C), as protection layer. Then, a final PR layer is coated  (MicroChemicals©, 

AZ 1512, 2 µm: 1750 rpm for 30 sec., soft-bake: 100 °C for 60 sec.) and RIE of 

aluminum oxide (1000 WICP, 100 WRF, 10 mTorr, 5 sccm Ar, 20 sccm CHF3) and silicon 

dioxide (1500 WICP, 100 WRF, 10 mTorr, 40 sccm C4F8, 5 sccm O2) is done. BOSCH 

process is performed (120 cycles at -20 °C; Etch step: 7 sec., 1300 WICP, 30 WRF, 35 

mTorr, 5 sccm C4F8, 120 sccm SF6; deposition step: 5 sec., 1300 WICP, 5 WRF, 35 mTorr, 

100 sccm C4F8, 5 sccm SF6) to form deep trenches (30 µm) into the substrate. Next, a 

second layer of Al2O3 is deposited by ALD (40 nm: TMA for 15 ms, H2Ovapor for 15ms, 

400 cycles at 250 °C) to protect the sidewalls of the trenches. In order to permit access 

for XeF2 etchant to the bottom of the trenches, directional RIE process is performed 

(1000 WICP, 100 WRF, 3 mTorr, 5 sccm Ar, 20 sccm CHF3), to remove the Al2O3 layer 

from the bottom of the deep trenches leaving the sidewalls protected. XeF2 etching (4.5 

Torr, 60 sec./cycle, 60cycles) is used to release a thin fabric by isotropically etching 
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silicon from the accessible portion of the bulk substrate in the bottom of the trenches. 

Finally, forming gas anneal (FGA) is performed (400 °C for 5 min. in Ar: 200 sccm). 
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Appendix 3. Transistor Performance Comparison 

Table A3.1 Transistor performance comparison between different technologies for 
flexible electronics development. 
 

Reference This work [37] [40] [31] [a] [32] [a] [33] [a] [23] [20] 

Technology 
Spacers + 

XeF2 release 
Exfoliation 

Epi-Si grown on 
Porous-Si 

Release from SOI 
+ transfer 

Release from 
bulk + 
transfer 

Release from 
bulk + transfer 

Soft-
lithography 
on plastic 

Organic 
semiconductor 

Substrate 
4" Si (100) 

n-type 
(10-20 Ω cm) 

8" Si (100) 
- 

4" Si (100) 
p-type 

(0.01-0.02 Ω cm) 

6" SOI 
p-type 

(13.5-22.5 Ω cm) 

Si (111) 
p-type 

(8-15 Ω cm) 

Si(110) 
p-type 

(7.5±0.6 Ω cm) 
- - 

Channel 
material 

Si (100) Si (100) n epi-Si  (100) µs – Si (100) µs – Si (111) µs – Si (110) SWCNT Tetracene 

Dielectric 
Al2O3 

(10 nm) 
SiO2 

(20 Å) 
- 

(40 nm) 
SANDs 

(~15 nm) 
SiO2 

(50 nm) 
SiO2 

(80 nm) 
HfO2 

(40 nm) 
Air gap 
(4.9 µm) 

Final 
thickness 

17 µm 25 µm 
1.5 µm (Si) + 

- (Plastic) 
150 nm (SOI) +  

70 µm (PI) 

0.8-11 µm 
(Si) + 1.2 µm 

(PI) 

~5 µm (Si) + 
10 µm (PU) + 
100 µm (PET) 

- 
(PI) 

- 
(PDMS) 

Gate length 
(L) [µm] 

8 0.15 4 7.5 20 30 50 - 100 100 - 200 

Channel 
width (W) 

[µm] 
5 10 100 100 80 180 200 330 [b] 

W/L Ratio 0.625 66.66 25 13.33 4 6 4 - 2 3.3 

ION 
[µA/µm] 

4.4 
(-2 VDS, -2 

VGS) 

150 
(-1 VDS, -1 

VGS) 

20 
(-3 VDS, -5 VGS) 

1 
(50 mVDS, 2 VGS) 

6.25 
(2.1 VDS, 3 

VGS) 

0.12 
(0.1 VDS, 10 

VGS) 

0.125 
(-5VDS, -

2VGS) 

0.0015 
(-10 VDS, -50 

VGS) 

IOFF 
[pA/µm] 

877 1000 ~ 0.01 ~ 0.1 ~25 ~1000 100 ~ 0.001 

ION/IOFF Ratio 
[decades] 

3.7 6 8 7 ~5.5 2 3 6 

Subthreshold 
swing (S) [c] 

[mV/dec] 
80 81 - 120 190 - 140 0.3 nF/cm2 

Hole Mobility 
[cm2/V-s] 

43 51 - 
680 

(electron-linear) 

400 
(electron-

linear) 

105 
(electron-

linear) 
70-80 

1.6 
(linear) 

Minimum 
bending 

radius [mm] 

5 
(0.17% strain) 

- - 
6.35 

(0.13% strain) 
- 

8 
(0.6% strain) 

5 - 

	  

[a] n-MOS device [b] Estimated [c] Performance Indicator: how low the operating voltage can be 
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Appendix 4. Supporting Information on Oxide Capacitance Measurement, Nominal 

Strain Measurement and Transparency Measurement 

A4.1  Oxide Capacitance Measurement 

In order to determine the normalized oxide capacitance (Cox) of the high-κ/metal 

gate stack, we have separately fabricated metal-oxide-semiconductor capacitors 

(MOSCAPs) with the same material stack and processes. Is to be noted that capacitors 

were not subject to the release process nor have releasing holes. 

Capacitance vs. voltage characteristics (C-V) were measured with a LCR meter 

(Agilent, E4980A) attached to a probe station, for several devices. Taking the capacitance 

value at saturation (Cmax) can give us a very good estimate of the capacitance due to the 

high-κ material (Cox). Figure A4.1 shows a histogram with the measured normalized 

capacitance. The measurements give an average capacitance of 1 µF/cm2, which 

represents an effective oxide thickness (EOT) of 3.43 nm. 

 
Figure A4.1. Histogram of normalized oxide capacitance for high-κ/metal gate 
stack. 
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A4.2  Nominal Strain on a Silicon Fabric 

Strain can be seen as the change or deformation between a stressful state over the 

normal state. Nominal strain or engineering strain is defined then as l-L/L, where L is the 

original length and l is the final length of the sample. Figure A4.2 shows the geometry of 

a strained sample with the definition of the dimensions.  

 
Figure A4.2 Definition of dimensions for a sample under strain. 

 

Taking this schematic as starting point we can derive the nominal tensile strain at 

the top surface of the sample where the devices are located.   
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Where t is the thickness of the fabric, R is the bending radius, θ is the angle of 

curvature and we also know that Rθ = L.  

 

A4.3  Transparency Measurements Supplement 

We have performed light transmittance measurements for two kinds of holes’ 

arrangements; first, an array of 5 µm holes separated by 5 µm and second, an array of 10 
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µm holes separated by 10 µm. The results can be appreciated in Figure A4.3. As expected 

the sample with bigger holes has higher transmittance from an average of 2 % in the 5 

µm holes to an average of 7 % in the 10 µm one. We also performed the same 

measurements from the back of the sample to account for the roughness created after 

XeF2 etching. As can be observed in the same figure, there is no apparent change in the 

transmittance due to the roughness.  

 
Figure A4.3. Light transmittance versus wavelength in the visible range for samples 
with different hole’s sizes. 
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Appendix 5. Flexible Thermoelectric Generator Fabrication Details 

To begin, RCA cleaning was performed on a p-type Si wafer to ensure cleanness 

before oxidation. 300 nm of SiO2 was grown on top of the wafer with (Dry-Wet-Dry) 

thermal oxidation. The wafer was cleaned with acetone and IPA and baked at 120 °C to 

remove any moisture. For the first photolithography, AZ-1512 photoresist was spun on 

the wafer at 3000 rpm, a ramp of 3000 rpm/s and a prebake step at 100 °C during 60 s to 

target a thickness of 1.4 um. The wafer was exposed in mask aligner with a constant dose 

of 44 mJ/cm2 to obtain the 2-cm long and 4-µm wide patterns for Bi2Te3. Develop was 

made using 726 MIF for 25 s. PR de-scum was completed in an RIE chamber with the 

following parameters: 50 sccm O2, 20 mTorr, 20 W ICP power, 350 RF power, 60 s time 

and 10 °C table temperature. After de-scum, NEXDEP 120 sputtering tool was used to 

deposit 0.7 µm of Bi2Te3 at 5 mTorr pressure, 10 sccm of Ar gas flow, 20 °C, 20 rpm 

substrate rotation and 34 W power. Note that the chamber pressure can be optimized for a 

slight increase in the resistance of the deposited Bi2Te3, accompanied by a corresponding 

increase in the Seebeck coefficient, which would provide an overall improvement in the 

power factor and hence enhance the performance of the generators. Next, the wafer was 

put in acetone for 12 h to lift-off the excess Bi2Te3 followed by 5 min ultrasonic cleaning 

to completely remove metal particles from the wafer. A second photolithography step 

was carried out on the wafer to obtain Sb2Te3 patterns (2-cm long and 4-µm wide) using 

the same photoresist, exposure, developer and PR de-scum parameters as the first 

lithography. After cleaning, NEXDEP 120 sputtering tool was used to deposit 0.7 µm of 

Sb2Te3using the same parameters as Bi2Te3 deposition. Excess Sb2Te3 was removed 

following the same lift-off process as Bi2Te3. Next, ALD was used to deposit 40 nm of 
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Al2O3 in order to protect thermoelectric materials from being etched during the release 

step. For the third photolithography step, the wafer was first placed into a HMDS 

chamber to improve PR adhesion to the wafer. Afterwards, a 4 µm layer of PR ECI 3027 

was spun onto the wafer with a speed of 1750 rpm, a ramp of 3000 rpm/s and a prebake 

step at 100 °C for 60 s. The wafer was exposed in mask aligner with a constant dose of 

200 mJ/cm2 to obtain the contact pads and interconnection patterns. Develop was made 

using 726 MIF developer for 60 s. PR cleaning was completed in RIE chamber using 

same parameters as previous steps. Without removing the wafer from the chamber, RIE 

was used to remove the Al2O3 layer from the contact areas using 30 sccm of CHF3, 5 

sccm of Ar, table temperature of 10 °C, pressure of 3 mTorr, ICP power of 100 W, RF 

power of 1000 W and time of 75 s. Then, the wafer was placed into a sputtering chamber 

where 40 nm of Ti were deposited in order to prevent diffusion of Al into TE materials. 

Without vacuum break, 300 nm of Al were sputtered on top of the wafer as contact 

material. Next, lift-off was performed using the same process as previous lift-off steps. 

The fourth photolithographic step used 4 µm of ECI3027 photo resist using the same 

parameters as in the third step. The wafer was exposed in mask aligner with a constant 

dose of 220 mJ/cm2, taking special care during alignment to pattern the etch holes for 

following release. Then the wafer was placed into RIE chamber were the 40 nm 

Al2O3 layer was removed from the hole areas using the same recipe described above. 

Without breaking vacuum, a second etch was performed using 30 sccm C4F8, 5 sccm Ar, 

10 °C table temperature, 100 ICP power, 1000 RF power, 10 mTorr pressure and time of 

105 s in order to remove SiO2 from the hole areas. Next, the wafer was placed into DRIE 

chamber where Si anisotropic etch was performed to target a depth of 40 µm. Then, the 
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wafer was taken for a second time into an ALD chamber where 40 nm of Al2O3 were 

deposited to create the release spacers. Then, RIE etch was performed to remove 

Al2O3 from the bottom of the trenches leaving the sidewalls protected for release. Finally, 

the wafer was taken into a XeF2 chamber using 100 cycles of 60 s at a pressure of 4.5 

Torr. 
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Appendix 6. Vertically Grown Multi-walled Carbon Nanotube Anode and Nickel 

Silicide Integrated High Performance Micro-sized (1.25 µL) Microbial Fuel Cell: 

Supplementary Information 

A6.1 Fabrication and Cell Assembly Details 

 

Figure A6.1. Summarized fabrication process flow 

 

The anode chamber and contact area were constructed on a 4” <100> P-type 

highly doped silicon wafer. First, we formed a nickel silicide contact path as a low 
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resistance contact area for the ohmic contact from the anode to the external load. A layer 

of Ni was then evaporated and patterned using a lift-off process (Figure A6.1a). The 

wafer was annealed to a temperature of 450°C for 30 seconds, forming a silicide with a 

low sheet resistance 6.8 Ω/□ (Figure A6.1b). Next, by using deep reactive ion etch 

(DRIE) process the 50 µm deep anode chamber was etched into the silicon over a 5 mm x 

5 mm area (Figure A6.1c). In order to prepare for CNT growth, first a Cr/Ni (200/65 nm) 

catalyst layer was sputtered and patterned using a lift-off process to be only inside the 

etched anode chamber (Figure A6.1d). Afterwards, the CNTs were grown at a 

temperature between 650°C to 700°C using a plasma enhanced chemical vapor 

deposition (PECVD) system, with acetylene (C2H2) and ammonia (NH3) as carbon source 

gases. By controlling the time, CNTs were grown to heights of 30 to 40 µm. The CNTs 

were functionalized in H2SO4 for 2 hours (Figure A6.1e). 

The cathode chamber was formed on a separate 4” Si wafer. SU8 photoresist was first 

patterned forming a mold, which was then replicated onto the PDMS by pouring a 

mixture of elastomer (Sylgard 184) and curing agent (10:1), and curing at room 

temperature for approximately 24 hours. The PDMS stamp was then peeled off and cut to 

the required size. The PEM (1cm x 1cm) was pretreated with boiling H2O2: H2O (35% 

w/w) for 1 hour, boiling water for 2 hours, boiling H2SO4: H2O (0.5 M) for 1 hour, and 

boiling water for 2 hours. 

A6.2 Experimental and Operational Setup 

Acetate media (1g/L) was fed to the anode chamber using two 500 µm diameter 

tubes placed on opposite sides of the anode chamber, on top of the silicon wafer, with one 

tube used for feeding the anode manually with a syringe and the second as outlet.  



 159 

 
Figure A6.2 Digital photograph of the experimental setup 

 
The membrane (Nafion 117) was placed on top of the anode chamber and glued 

(Al Fares Silicone G1200) for an anaerobic sealing. A 5 mm x 5 mm carbon cloth 

cathode (Fuel Cell Earth) was placed on top of the membrane with a string of carbon 

cloth protruding to be used as cathode contact. Tubes for the ferricyanide inlet and outlet 

were passed through the PDMS stamp horizontally to reach the cathode chamber. 

Ferricyanide was pumped (Fresenius Kabi Injectomat 50 mL syringe pump) continuously 

through the system at 0.1 mL/minute (Figure A6.2). The PDMS was then stacked on top 

of the carbon cloth so that tubes protruded from all 4 sides of the device, providing the 

inlets and outlets for the electrode chamber solutions. The MFC was held together by two 

Plexiglas pieces clamped on either side to reduce oxygen transfer into the assembly. A 

100 Ω resistor load was used in the circuit, with the copper wires attached to the silicided 

contact of the anode and carbon cloth cathode. The load is then connected to a Keithley 
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2700 DMM with a M7708 board to measure voltage every certain period of time. The 

current is obtained by dividing the measured voltage by the resistance.  

The polarization curves are obtained with a VMP3 potensiostat measuring voltage 

and current starting from the open circuit voltage (OCV) changing the impedance until 

reaching the short circuit current (SCI). The rate should be chosen carefully so the 

bacteria have enough time to adapt to the new output load condition and the readings are 

accurate.  

A6.3 Polarization Plot Comparing CNT-anode and CC- anode 

 
We realized a comparison between the CNT-based anode and a standard carbon 

cloth –based anode to show how the additional surface area available actually helps 

increasing the power generation (Figure A6.3). 

 

 
Figure A6.3 Polarization plot comparing MWCNT and carbon cloth (CC) anode 
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