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ABSTRACT

High Performance Electronics on Flexible Silicon
Galo Andres Torres Sevilla
Over the last few years, flexible electronic systems have gained increased attention
from researchers around the world because of their potential to create new
applications such as flexible displays, flexible energy harvesters, artificial skin, and
health monitoring systems that cannot be integrated with conventional wafer based
complementary metal oxide semiconductor processes. Most of the current efforts to
create flexible high performance devices are based on the use of organic
semiconductors. However, inherent material’s limitations make them unsuitable for
big data processing and high speed communications.
The objective of my doctoral dissertation is to develop integration processes that
allow the transformation of rigid high performance electronics into flexible ones
while maintaining their performance and cost. In this work, two different techniques
to transform inorganic complementary metal-oxide-semiconductor electronics into
flexible ones have been developed using industry compatible processes. Furthermore,
these techniques were used to realize flexible discrete devices and circuits which
include metal-oxide-semiconductor field-effect-transistors, the first demonstration of
flexible Fin-field-effect-transistors, and metal-oxide-semiconductors-based circuits.
Finally, this thesis presents a new technique to package, integrate, and interconnect
flexible high performance electronics using low cost additive manufacturing
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techniques such as 3D printing and inkjet printing. This thesis contains in depth
studies on electrical, mechanical, and thermal properties of the fabricated devices.
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Chapter 1
Introduction

1.1

Motivation and Dissertation Objective

For the last thirty years, flexible electronics systems and materials have gained
increased attention from scientific communities due to their potential to establish
new classes of applications such as lightweight flexible displays, wearable medical
diagnostic devices, flexible solar cells, and other portable consumer electronic
products that cannot be realized with conventional silicon-based fabrication
processes [1–4]. Additionally, the constantly increasing consumer demand for more
powerful, multifunctional, and long-lasting compact devices as we drive into the era
of Internet of Things (IoT) has introduced new requirements in the consumer
electronics industry. Applications that range from cloud computing to wearable
smart watches and environment sensing are some of the examples that result from
the ultra-fast technology growth that we see today. For these reasons, the
introduction of free form flexible electronics is the most logical step to satisfy future
consumer electronics’ needs.
Plastics, polymers, and organic materials have received the most research as
potential substrates for flexible electronics, however despite their advantages these
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materials still face many challenges. Due to plastic’s inherent mechanical flexibility
and low cost, polymeric substrates have become one of the most researched
platforms for flexible electronic systems [5–8]. However, in the case of organic based
flexible electronics, limited thermal budget imposes significant challenges that need
to be overcome in order to produce high-performance polymer-based electronics.
For example, today’s state of the art micro- and nano-electronics processes require
thermal budgets (i.e. oxidation, dopant diffusion, deposition processes, among
others) that far exceed the limits of plastic substrates. For this reason, polymer
based semiconductors have been developed in recent years due to their ease of
deposition and low temperature processing which fit within the boundaries of
organic substrates [9]. Also, plastic semiconductor-based electronics have the ability
to be fabricated in large areas without the need of complex deposition and etching
processes. Furthermore, organic semiconductors’ mechanical flexibility makes them
one of the most appealing choices for electronics where mechanical flexibility plays a
critical role in the integration of the system. For these reasons, thin-film organic
based transistors have already been successfully fabricated into various applications
such as displays [10–14] and low power sensors [15]. However, plastic semiconductor
materials usually exhibit far low electronic properties than state of the art inorganic
semiconductors, which hinder their potential for truly high-performance flexible
electronic systems. Since the late 90s, advances in one-dimensional materials (1D)
like carbon nanotubes [16, 17] and nanowire-based materials [18, 19] have produced
devices with unique properties and extremely scaled dimensions, which place them
among the most promising candidates to produce flexible high-performance
electronics. However, challenges in growth and precise positioning, together with
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the necessity of integrating them in large arrays due to their limited charge capacity
and low drive current, hinder their potential for area effective flexible electronics.
Recently, the introduction of graphene and other dichalcogenide-material-based
electronics have also shown exciting potential in the area of future high-performance
consumer electronics [20, 21]. Their atomic-scale bodies make them an ideal
candidate for flexible and transparent electronics. However, limitations in terms of
growth process uncertainty, semi-metallic electric characteristics, and restrictions in
contact formation prevent their application in high-performance electronics.
Single-crystal silicon is one of the most advanced and researched materials used in
conventional consumer electronics and optoelectronics. Advantages such as high
level of purity, low defect density, and a favorable cost/yield make silicon-based
semiconductors the preferred choice for fabrication of the most advanced electronic
components. In addition, careful control of doping concentrations and a high level
of surface smoothness make mono-crystalline silicon an ideal candidate for
high-performance thin-film transistors (TFT). For these reasons, in recent years,
research in the field of flexible electronics has evolved to include mono-crystalline
silicon-based nanometer-scale ribbons and membranes that can be used as building
blocks for complex, flexible, and high-performance circuitry. Nanomaterials that are
released from prime silicon substrates have the advantage of inheriting the
high-quality properties of their source wafers, which include advantageous electrical
characteristics. In 2004, the first approach to release nanoribbons (NRs) and
nanomembranes (NMs) from mono-crystalline silicon wafers was reported [22]. Since
then, significant advances in device performance, transfer yield, and flexibility of
fabricated devices and circuits have been demonstrated [23–29]. Such
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single-crystalline nanomaterials are usually prepared by selectively etching
underlying sacrificial layers or by utilizing anisotropic etching techniques on silicon
(111) wafers. These NRs and NMs can then be transferred to a host substrate,
usually plastic, by using elastomeric stamps. By performing multiple transfers in a
methodical way, a large network of distributed high-quality mono-crystalline silicon
can be realized on plastic substrates. Reported results confirm that flexible
electronic systems fabricated using this transfer technique exhibit 15 orders of
magnitude less mechanical stiffness compared to their source wafers and reveal high
electronic properties [30, 31]. Apart from the previously described method, different
alternative approaches to obtain mono-crystalline silicon-based flexible electronics
have been demonstrated over the last decade [32–36]. Among them, ChipfilmTM
technology [32, 33], which is based on releasing epitaxial grown high-quality
mono-crystalline silicon films from porous silicon source substrates, has shown to
complement currently established flexible silicon-based electronics by deploying
high-performance electronics while eliminating constraints inherent to back-grinding
processes [36]. Also, another method called spalling, which is built on discoveries
from the late 80s [37, 38], has shown it can produce high-performance
mono-crystalline silicon-based electronics. Spalling takes advantage of fracture
points created beneath the surface of brittle substrates when a tensile stress layer is
deposited on top of the substrate to release thin layers, usually in µm-scale,
containing pre-fabricated electronic devices [34, 35]. Results using this method have
produced true high-performance electronics with extremely scaled dimensions
without the need for complex processes while in a cost effective and simplified
manner.
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Therefore, the overall objective of my dissertation research is to propose and
develop integration strategies to construct complex electronics on flexible silicon
platforms, which could enable a step towards the integration of true
high-performance, low-power CMOS based devices that satisfy the constant growth
in the demand for powerful and easily deployable consumer electronics as well as
future IoT requirements. Furthermore, a secondary goal is to maintain or improve
the status quo of silicon-based electronics in terms of cost/yield and reliability of
discrete devices and integrated systems.

1.2

Dissertation Overview

This dissertation is organized into four main sections. Chapter two depicts the
design and development of two novel methods to fabricate mechanically flexible
silicon-based platforms. Chapter three consists of the design, fabrication, and
characterization of high-performance metal-oxide semiconductor field-effect
transistors (MOSFETs), and multi-gate field-effect transistors (MuGFETs or
FINFETs) on flexible silicon. Chapter four illustrates the fabrication,
characterization, and physics insight of high-performance CMOS circuit devices
under mechanical stress conditions. Finally chapter five demonstrates a novel
application of packaged zinc-oxide-based devices on mechanically flexible silicon
platforms in the area of Internet of Everything electronics.
• Chapter two includes the design, fabrication, and characterization of two
different methodologies to obtain mechanically flexible silicon-based platforms.
These platforms as shown in this chapter can be integrated in an autonomous
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way (i.e. without the need of transfer to host substrates) or can be transferred
and integrated onto different asymmetric surfaces. This chapter also presents
the advantages of the proposed methods and their respective constraints in
terms of very large scale integration (VLSI) of flexible electronics.
• Chapter three consists of the design and fabrication of several mechanically
flexible devices formed on thin silicon-based platforms. Devices include p- and
n-type MOSFETs and FINFETs. This chapter also depicts a comprehensive
study of device performance under different mechanical and thermal stress
conditions. Furthermore, it presents that the device and circuit capabilities
can be integrated in future wearable and implantable high-performance
consumer electronics.
• Chapter four describes the development and fabrication of completely flexible
CMOS-based circuits. This chapter also presents the importance of flexible
electronics in the area of wearable and implantable electronics.
• Chapter five shows the application of silicon soft back etching to transform
rigid high-performance thin-film electronics and sensors into flexible ones
without adding fabrication constraints and maintaining cost/yield advantage
of mature silicon nanofabrication industry. This chapter also presents the use
of emerging additive manufacturing techniques to produce high-performance
packaged and interconnected electronic devices. Electrical and mechanical
properties of packaged devices are presented in this chapter through various
characterizations.
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• Chapter six depicts a summary of all doctoral research works presented in
chapter two to chapter five. Additionally, chapter 6 presents a perspective of
future developments and application in the area of flexible electronics.
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Chapter 2
Methodologies to Fabricate Mechanically Flexible Mono-crystalline
Silicon Platforms

Silicon’s low cost and high yield advantages had made it the most widely used
material in today’s high-performance electronics. Ninety percent of our digital
centered world is made up of silicon-based electronics. The extreme maturity of
silicon semiconductor industry has driven technology to take giant leaps in the area
of portable electronics such as smartphones, laptops, and tablets. However, future
electronics will need to be compact, multifunctional, low-power and easily
deployable. For this reason, a large part of today’s electronics research is based on
exciting device architectures and materials that will allow future electronics to be
deployed in even more compact areas with greater sensing and computing
capabilities. In this chapter I present two different methodologies to develop
autonomous silicon-based mechanically flexible substrates from low cost
mono-crystalline (100) wafers. Additionally, this chapter details the advantages of
the proposed methods, as compared to state of the art materials used for today’s
flexible electronics, as well as their constraints in terms of scaling and system
integration.
This chapter contains excerpts from:
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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), 1468-1474.1
Sevilla, G. T.; Rojas, J. P.; Ahmed, S.; Hussain, A.; Bin Inayat, S.; Hussain, M. M.
In Silicon fabric for multi-functional applications, Solid-State Sensors, Actuators
and Microsystems (TRANSDUCERS & EUROSENSORS XXVII), 2013
Transducers & Eurosensors XXVII: The 17th International Conference on, 16-20
June 2013; 2013; pp 2636-2639.2
Torres Sevilla, G. A.; Ghoneim, M. T.; Fahad, H.; Rojas, J. P.; Hussain, A. M.;
Hussain, M. M. Flexible nanoscale high-performance FinFETs. ACS nano 2014, 8
(10), 9850-9856.3

2.1

Introduction

Silicon electronics are the heart of today’s digital world. They have unparalleled
performance, cost, and yield advantages, making silicon the preferred material for
high-performance electronics. Constant scaling of devices has made our digital
centered lives possible. Nowadays ultra large scale integration (ULSI) density makes
it possible to build billions of transistors in compact areas. However, ultra-mobile
1
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high-performance computation capabilities are yet to be achieved due to restrictions
in high-power consumption and system dimensions. In the near future, with the rise
of IoT, electronics will be data-relevant while sensors and actuator will need to be
integrated monolithically or heterogeneously in compact and light weight electronic
chips. By 2022, IoT is expected to connect 50 billion new electronic devices with a
conservative market growth of $14.4 trillion. This prediction can only be possible if
today’s silicon-based electronics can be physically adapted to different requirements
for future applications such as wearable, embedded, and implantable electronics.
However, silicon is limited by its rigidity and brittleness and cannot be used in its
current state in free-form (mechanically flexible and stretchable) electronics. If
silicon could be engineered as a suitable material for these new kind of electronics,
we could take advantage of already matured CMOS technology for future
applications. Furthermore, it could mean savings of trillions of dollars by avoiding
the need for new technologies capable of processing undeveloped new materials. For
this reason, the development of unique processing techniques capable of
transforming current high-performance rigid silicon-based electronics into malleable
ones will facilitate the deployment of many new technologies in the areas of
implantable biomedical applications, low-power high-performance electronics, and
wearable devices.
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2.2
2.2.1

Status Quo
Organic-based Substrates

In recent past, many different approaches have been made in the area of free-form
electronics. However, this lofty goal is still to be attained due to extensive needs in
material processing and fabrication capabilities. All the developed techniques can
be divided into two main groups, organic-based or inorganic-based flexible
substrates. On one side, low cost organic-based flexible substrates have already
shown themselves as the perfect candidate for low power electronics such as sensors
and LED displays [5–8]. However, their incompatibility with current state of the art
fabrication techniques, such as high-temperature deposition, hinders their potential
for application in systems with high computation capabilities. Recent developments
in organic substrates are based on improving the mechanical, optical, electrical,
thermal, and chemical properties of the materials in order to make them suitable for
high-performance electronics.
Mechanical Properties: One of the main properties to consider in the use of
polymer-based substrates for the fabrication of high-performance electronics is the
stiffness of the substrates. Organic-based substrates usually present a low Young’s
modulus, which makes them unsuitable for standard fabrication techniques. Also, as
the processing temperature increases, the stiffness of the substrate decreases. For
this reason, recent developments in polymeric materials [39, 40] have centered their
attention on improving the mechanical properties of the substrates by using
different processing techniques to produce semi-crystalline films. For example,
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poly(ethylene naphthalate) (PEN) films, used nowadays in the fabrication of
organic-based flexible displays, are nearly 12 times more rigid than previously used
amorphous polymeric substrates. This increased substrate stiffness has proven to be
beneficial in batch-based display manufacturing processes. Also, since the main
reasons for moving to plastic substrates is that they open up the possibility of
roll-to-roll processing and reduced fabrication costs, they need to have sufficient
stiffness in order to prevent unwanted deformation even after processing under
winding tension and high temperature conditions.
Optical and Electrical Properties: Flexible polymer-based substrates are commonly
used for the fabrication of bottom-emissive displays. For this reason, film clarity has
become one of the most important properties to consider during the development of
new organic substrates. Recent advancements [39, 40] have demonstrated a total
light transmission higher than 85% over the 400-800 nm wavelength range. Another
important property of the substrate is the dielectric constant as the required value
is application dependent. Therefore, recent research in polymer substrates has
established that they can be produced with a high range of values of dielectric
constant [41]. This allows plastic substrates to be used in a wide variety of
applications such as displays, RF circuits, and high-performance electronics.
Thermal Properties: Dimensional and thermal stability of plastic have been the two
main properties in the research of current state of the art organic-based substrates.
Thermal instability is one of the main hindrances for the use of plastic substrates in
high-performance electronics. Recent developments [39, 42–44] have shown that
organic substrates can be adapted to relatively high temperature processing with
minimum substrate expansion and shrinkage. In order to obtain better thermal
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properties, plastic substrates are prepare with a heat-stabilization processes in
which the internal strain in the film is relaxed by exposure to high temperature
while under minimum mechanical tension. By using this process, films have shown
dimensional reproducibility up to the temperature at which they are stabilized. For
example, PEN has demonstrated processing temperatures up to 220 °C [42]. Below
this temperature expansion and shrinkage of the substrate is in the order of 200 to
500 ppm. In addition to dimensional stability, another important factor that
dominates the research of organic substrates is the upper processing temperature of
the films. Studies [43, 44] have shown that the use of semi-crystalline organic
substrates eliminates the constraint of processing only up to glass transition
temperature and gives the ability to process the substrate up to a few degrees below
the film melting point; in the case of PEN the melting point is 263 °C.
Chemical Properties: A wide variety of solvents and chemicals are commonly used
during the fabrication of high-performance electronics. Amorphous polymers usually
present low solvent resistance and need to be protected with a hard coat resin in
order to prevent chemical damage. However, coating extra layers normally results in
reduction of the substrate surface quality. For this reason, recent advances [45] in
the field of organic substrates have shown that the use of PEN dramatically
increases the resistance of the substrates towards commonly used chemicals such as
NMP, IPA, acetone, methanol, THF, and ethyl acetate without the need for hard
coatings. At the same time, the use of semi-crystalline structure prevents substrate
damage by reducing moisture absorbance which would normally create unwanted
film expansion or shrinkage and hence decrease dimensional reproducibility.
As discussed in this section, there are multiple properties that need to be taken into
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account during the use of polymer substrates for the fabrication of high-performance
electronics. Many different studies have shown that these properties can be tuned to
accommodate the use of standard fabrication techniques on organic
based-substrates. However, although organic substrates have already shown
optimized properties for applications such as OLED displays and simple circuitry,
further developments are needed before they can be used in digital electronics.
Figure 2.1 shows a comparison of the required properties for different flexible
electronics applications.

Figure 2.1: Required substrate properties for different flexible electronics applications.

2.2.2

Silicon-based Flexible Substrates

In contrast to organic-based substrates, many inorganic semiconductors exhibit
excellent carrier mobility and thermal stability [46]. For this reason, silicon has
become the most widely used material in the electronics industry. The Czochralski
process [47] is a commonly know method for producing high-quality
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single-crystalline substrates for device fabrication. While this process produces
near-perfect single crystals, some defects such as vacancies and impurities may be
incorporated [48]. These defects are known to reduce the lifetime of minority
carriers in the silicon lattice and degrade the performance of electronics [49].
Therefore, producing defect-free silicon is the first step in the formation of
high-performance electronics. Over the past four decades, silicon has been
developed to produce the best quality single-crystalline wafers possible. In silicon
wafers, crystal orientations, (100), (110), and (111), have different transport
properties, defect densities, and interface properties, all of which are of primary
importance for the fabrication of high-performance electronics. In terms of
transport properties, electron mobility is known to be higher in (100) oriented
silicon wafers [50, 51]. However, hole mobility values in silicon (100) are less than
half of the values of (110) oriented substrates [52]. These differences in mobilities
make it difficult to choose a particular orientation based only on carrier transport
properties, therefore defects and interface properties must also be considered.
Silicon is a tetravalent element and requires four covalent bonds to saturate the
valence shell. In bulk silicon, these bonds are formed with adjacent silicon atoms.
However, at the substrate surface, silicon atoms are missing which gives rise to
unshared electrons that create dangling bonds defects. This type of defect is known
to reduce the performance of electronics due to the formation of carrier traps. When
silicon is oxidized, most of the interface trap states are saturated with oxygen atoms
reducing the trap density from values in the order of 1014 cm-2 eV-1 , to values in the
order of 1012 cm-2 eV-1 [53]. When these defect centers are passivated either with
oxygen during oxidation or hydrogen atoms during forming gas anneal, their
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energies shift out of the silicon band gap eliminating the degradation in electronic
performance. Several studies have shown that silicon (100) has the least amount of
defect densities with SiO2 and other high-κ materials [54, 55]. For this reason,
silicon wafers with (100) orientation have become the preferred substrate for
high-performance electronics during the last few decades. However, with regards to
the emerging field of free form electronics, silicon substrates are usually brittle and
cannot be mechanically flexed or stretched. This has led researchers to investigate
different methods which can combine the excellent electrical properties of silicon
substrates with the mechanical flexibility of organic-based substrates. In this sense,
the techniques can be classified into two main groups, thin silicon films transfer to
plastic substrates and autonomous silicon-based flexible substrates.
When silicon is thinned down to µ-scales, the amount of strain is reduced by orders
of magnitude, allowing silicon to be flexed to curvatures with radii even below 1 cm.
In recent years, several efforts have been made to produce thin single-crystalline
silicon nano-ribbons (NRs) and nano-membranes (NMs) from SOI and (111)
oriented wafers [56, 57]. Plastic substrates, such as KAPTON, then serve as
mechanical support for these flexible nano-scale films. After the transfer process,
electronic devices can be fabricated on top of the plastic substrate while using the
transferred silicon nanomaterial as the active material. By using this approach,
discrete electronic elements and circuitry of different complexity have been
demonstrated [58]. However, SOI and (111) silicon substrates are more expensive
choices than commonly used silicon (100) wafers, and in the case of silicon (111), a
higher interface defect density is also present. Also, thermal instability of plastic
substrates along with the need for high resolution lithographic alignment of different
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layers during device fabrication, hinder the potential for transfer process to reach
VLSI density required in today’s high-performance electronics. For these reasons,
new techniques have been developed to eliminate the need of plastic substrates and
transfer methods and instead provide autonomous flexible inorganic platforms..
These new methodologies are based on bulk substrate thinning, thin films release
from bulk substrates or use of commercially available thin silicon wafers [32, 59].
Even though complex circuitry has been demonstrated using these techniques,
moderate flexibility (curvatures >1 cm) and increased production cost due to the
use of nonstandard fabrication processes such as epitaxial silicon growth and anodic
etching, detour their compatibility with main-stream silicon foundry. Finally, in the
case of commercially available thin silicon wafers, their extreme fragility makes
them almost impossible to handle in standard cleanroom facilities. This work aims
to bridge the gap by using standard fabrication processes to create flexible thin
monocrystalline silicon substrates, thereby combining advantage of silicon’s supreme
material properties for digital electronics with affordable ability to integrate into
mainstream production.

2.3
2.3.1

Trench-Protect-Release (TPR) Method
General Process Description

As the thickness of any material decreases, its flexural rigidity decreases. By using
this principle, we have been able to fabricate low-cost flexible monocrystalline
silicon platforms. The method starts with a standard Si (100) wafer. Then the
wafer undergoes standard silicon nanofabrication processes to fabricate
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high-performance CMOS devices with high integration density and performance.
After device fabrication is completed, a final peel-off step releases a thin layer from
the top of the Si wafer where the devices are located. This release step relies only on
mature Si nanofabrication processes to create a deterministic etch holes pattern in
the unused areas of the wafer. First, deep trenches are formed on the substrate
using deep reactive ion etching (DRIE), then a spacer like protection layer is
deposited and patterned on the wafer using atomic layer deposition (ALD) and
standard reactive ion etching (RIE). Finally, the wafers are exposed to XeF2 vapor
etching to isotrpically remove the silicon from the bottom of the trenches. Once
enough material is removed, the top layer of the wafer is detached from the bulk
substrate and is converted into a flexible platform for high-performance Si-based
electronics. Once the top active layer is removed from the bulk, the remaining of the
wafer can be processed with standard chemical mechanical polishing (CMP) and
reused for future device fabrication.

2.3.2

Fabrication Process and Results

The fabrication process for flexible monocrystalline silicon starts with a silicon wafer
with a crystal orientation in the (100) plane and a thickness of 500-550 µm. Figure
2.2 depicts the complete fabrication process flow. First, we perform a dry/wet
oxidation process to obtain a 500 nm SiO2 layer on top of the silicon wafer (fig.
2.2a). The dry oxidation process is carried for 15 minutes in an atmospheric furnace
at a temperature of 1000 °C and a O2 flow rate of 3000 sccm. Then, the wet
oxidation is carried out in the same furnace with the same temperature
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configuration with an oxidation time of 31 minutes and a O2 flow rate of 200 sccm
in H2 O environment. During dry oxidation only 20-30 nm of SiO2 is grown on the
silicon wafer to ensure a high quality Si/SiO2 interface required to prevent
unwanted etching of the top Si layer. This thermally grown SiO2 layer is thereby
used as a hard mask for future processing steps. Next, we perform a standard
photolithography step by spin coating the oxidized wafer with photo resist
(MicroChemicalsTM AZ ECI 3027. Spin speed: 1750 rpm. Spin time: 30 seconds.
Soft-bake: 100 °C. Bake time: 60 seconds) to obtain a coat target thickness of 4 µm.
Then we patterned the photoresist using a research level contact aligner (EV Group
EVG6200) with a constant exposure dose of 200 mJ/cm2 . The lithography step is
finalized by developing the photoresist in AZ 726 MIF developer for 60 seconds.
The photolithography step is followed by a RIE step to anisotropically pattern the
SiO2 layer (ICP Power: 1500 Watts, RF Power: 150 Watts, Pressure: 10 mTorr,
Temperature: 10 °C, O2 flow rate: 5 sccm, C4 F8 flow rate: 40 sccm. Etch rate: 220
nm/min) (fig. 2.2b). After patterning the SiO2 hard mask we perform DRIE
etching of silicon. This etch process consists of two steps, deposition step (ICP
Power: 1500 Watts, RF Power: 5 Watts, Pressure: 30 mTorr, Temperature: -20 °C,
C4 F8 flow rate: 120 sccm, SF6 flow rate: 5 sccm), which uses a teflon-like polymer
that protects the sidewall of the etched trench from chemical etching, and etch step
(ICP Power: 1500 Watts, RF Power: 40 Watts, Pressure: 30 mTorr, Temperature:
-20 °C, C4 F8 flow rate: 5 sccm, SF6 flow rate: 120 sccm), which removes the bottom
polymeric layer and etches the exposed silicon anisotropically (fig. 2.2c). This DRIE
etch is followed by photoresist and residual polymer removal in ultrasonic acetone
bath for 1 minute and piranha cleaning (H2 O2 :H2 SO4 = 1:8 at 120 °C) for 10

34
minutes. To protect the sidewalls of the deep trenches, different methods such as
thermal oxidation and plasma enhanced chemical vapor deposition (PECVD) were
tested for spacer type formation. However, in the case of thermal oxidation, the
high temperatures (>1000 °C) are incompatible with the fabricated devices. On the
other hand, the low temperature process of PECVD (300 °C) allows trench
protection while maintaining a low thermal budget that does not affect the
fabricated devices. However, in the case of PECVD, the poor uniformity of the film
and creation of pinholes in the vertical/horizontal interface of the trenches make it
an unsuitable process for the creation of spacer in deep trenches. For these reasons,
a low temperature ALD process was developed to protect the sidewalls of the
patterned trenches using atomic layer deposition. We use ALD in order to
conformably cover the entire wafer and make sure that the sidewalls of the trenches
will not have pinholes that could allow the isotropic etchant to etch the top silicon
layer. Al2 O3 is deposited using ALD to a target thickness of 40 nm (Precursors:
H2 O and TMA, H2 O dose: 0.3 seconds, H2 O purge: 5 seconds, TMA dose: 0.1
seconds, TMA purge: 5 seconds, Temperature 150 °C) (fig. 2.2d). Then, the Al2 O3
layer is removed from the bottom of the release trenches and the top of the wafer by
using a directional and anisotropic RIE process (ICP Power: 1500 Watts, RF
Power: 100 Watts, Pressure: 5 mTorr, Temperature: 10 °C, C4 F8 flow rate: 50
sccm, Ar flow rate: 5 sccm) (fig. 2.2e). Finally, the wafers are placed in xenon
difluoride (XeF2 ) etching chamber (Pulsed flow, 4.5 Torr, 45-60cycles, 30
seconds/cycle) to isotropically remove the silicon from the bottom of the trenches
and create caves below the active layer (10 to 50 µm) of the wafer. Once these caves
meet, the top section of the wafer which would contain the fabricated devices is
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freed from the bulk substrate and can easily be peeled and flexed (fig. 2.2f).

Figure 2.2: Fabrication flow for flexible monocrystalline silicon using TPR method.

Figure 2.2g shows a final 3D representation of the TPR method. Figure 2.3 shows
the final fabrication results for TPR method.
In XeF2 etching, the etch rate depends mostly on the partial pressure of the gas and
the length of each etch cycle. In the case of surface etching, the gas is able to react
with the surface of the silicon without any limitation in terms of gas transport. For
this reason, XeF2 surface etching can be considered as a reaction limited process
where etch rate depends on the amount of etching species and can be increased or
decreased by changing the dilution ratio of the XeF2 gas in nitrogen (N2 ). In this
sense, as the etchants arrive to the surface of the substrate, they react with the
silicon molecules to form the following reaction:

2XeF2 + Si → 2Xe + SiF4

(2.1)

where the sequence of the reaction can be divided into five different mechanisms: i)
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non-dissociative adsorption of XeF2 at the silicon surface, ii) dissociation of the
absorbed gas, F2 , iii) reaction between the adsorbed atoms and the silicon surface to
form an adsorbed product molecule, SiF4 , iv) desorption of the product molecule
(SiF4 ) into the gas phase, and v) volatilization of non-reactive residue (dissociated
Xe) from the etched surface. In this sense, as long as enough etching species are
present in the etching chamber, the silicon surface can be etched isotropically at a
constant rate. However, once narrow and deep trenches are introduced as etch holes,
another parameter is added to the etching mechanism and the etch process is also
affected by the reactive and non-reactive desorption and transport of molecules at
the bottom of the deep trenches. In this sense, the etch rate at the bottom of the
trenches is directly proportional to the depth and diameter of the etch holes. In
order to understand the difference between the etch rate vs. the different trench
diameters, an experiment was developed where openings of 5, 10, 20, and 50 µm in
diameter were used as etch holes with a separation between edges of 10 µm.

Figure 2.3: Results for TPR fabrication method. a) Cross section SEM of released
top silicon using TPR method. b) XeF2 etch rate comparison for different trench
separations.
From figure 2.3b, it can be seen that as the hole diameter is increased, the XeF2
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etch rate also increases in every direction. This can be explained by considering that
in every gas injection cycle as the hole diameter is increased there is more space for
the etchant molecules to access the bottom surface of the silicon, as well as for the
product molecules to desorb from the bottom of the trench and allow new etchant
species to react with the silicon surface. Also, for this reason, it was found that once
trenches are introduced as etch holes the length of the cycle does not affect the etch
rate as a saturation of product molecules occur inside the holes after 20 seconds of
etching. Therefore, the recipe used for TPR method was chosen to have a pulse
length of 30 seconds with a partial XeF2 pressure of 4.5 Torr. In TPR method, the
final thickness of the resulting film can be defined by varying the depth of the
vertical channel and the separation between the etch holes. Therefore, deeper
trenches require longer etching times and result in thicker films. Since the thickness
of the silicon film dictates the minimum bending radius at which it can be bent, it is
important to design the hole separation and depth according to the mechanical
requirements of each film. Figure 2.4 shows a complete 4” wafer released from the
bulk substrate, the resulting film consists of 20 µm thick (100) monocrystalline
silicon.
As seen in figure 2.4, the thin silicon sample exhibits mechanical flexibility
(minimum bending radius = 1.5 cm for 20 µm thick silicon) and semi-transparency
due to the channels created during the TRP release process. The minimum radius
at which the silicon film can be bent can be controlled by decreasing the silicon
thickness, which is defined by the separation and depth of the release holes (deeper
hole = thicker silicon, and further separations = thinner silicon). Also, the
semi-transparency of the film can be controlled by the separation between the
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Figure 2.4: 20 µm thick 4” wafer released from bulk (100) monocrystalline silicon
substrate (left), and released Si sample showing semi-transparency due to etch hole
formation during release process (right).
release holes and their diameter (wider holes = higher optical transmittance). In
this sense, the design of the dimension, depth, and separation of the release holes
should be selected according to each application and layout of functional devices
present in the top surface of the silicon. For example, today’s advanced static
random access memory (6T-SRAM) cells in microprocessors are integrated within
0.021 µm2 . Thus, holes of ten µm in diameter and separations between edges of 10
µm could be selected to accommodate the high-performance cells in the middle area
of four adjacent holes.
Finally, one of the main advantages provided by silicon nanofabrication technology
is the cost/yield benefit due to the mature nature of the industry, where trillions of
devices can be fabricated on low cost monocrystalline wafers to produce
high-performance electronics. For this reason, a recyclability process was developed
to allow reuse of the remaining substrate after TPR release process. However, one
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problem that arise when silicon is etched using XeF2 is that the surface becomes
rough and unsuitable for high-performance electronics which require extremely
smooth surfaces (surface roughness <0.2 nm). For this reason, by taking advantage
of chemical-mechanical-polishing (CMP) we are able to reuse the remaining
substrate for future fabrication processes. Results of CMP process show a reduction
in the thickness of the substrate of 75 µm per released layer. At this rate and
depending upon the process to be carried out in the recycled wafer, we expect that
the substrate can be reused at least five times for device fabrication and release. It
is to be noted that as the silicon substrate thickness is reduced, difficulties may arise
in handling and processing of the wafers. Therefore special care is required in order
to fabricate devices after the third recycling process. In this regard, the cost/yield
advantage of silicon nanofabrication industry is kept unaffected even though extra
lithography, deposition, and etch steps are required to release the thin silicon layers
from the top of the substrate.

2.4
2.4.1

Soft Back Etch Method
General Process Description

One of the advantages provided by TPR method is that the wafer can be reused
after the top thin layer of the substrate is released. However, in many different
electronics application smooth back surfaces are required for body contact of the
fabricated devices. Also, in many different cases such as high integration density
circuits, the loss of active area due to the creation of release holes may be a limiting
factor for interconnection of high-performance circuits. For these reasons, we have
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developed a simple and reliable soft back etch process based on mature silicon
nanofabrication techniques (DRIE). The process starts with standard Si (100)
wafer. The substrate is then processed with standard nanofabrication techniques to
create high-performance CMOS devices with ULSI densities. After device
fabrication is completed, a back side etch process is carried out on the complete
wafer or diced chips to reduce the silicon thickness until the required flexibility is
achieved. This etch process relies only on mature nanofabrication techniques to
obtain thin and flexible monocrystalline silicon films. First, the chips are diced in
order to allow single sample processing. Next, the chips are mounted upside down
onto a carrier wafer and are etched using DRIE process until a thin silicon film (<50
µm) is obtained. Once the silicon substrate thickness is reduced below 50 µm, the
monocrystalline film containing high-performance devices can be mechanically
flexed down to one cm minimum bending radius depending on the final thickness of
the substrate. Advantages of this process include the elimination of back side
roughness normally present in films released with TPR method, elimination of extra
lithography and deposition steps, and reduced processing time.

2.4.2

Fabrication Process and Results

The fabrication process flow for soft back etch flexible silicon starts with a silicon
wafer with a crystal orientation in the (100) plane and a thickness of 500-550 µm.
Figure 2.5 depicts the complete fabrication process flow.
First, the devices are fabricated on the wafer by using conventional nanofabrication
processes such as lithography, deposition, and etching (further details about device
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Figure 2.5: Fabrication process flow for soft back etch flexing method. a) Silicon
wafer. b) Thick PR spin coating (sevenµm). c) Substrate flipped upside down to
process back surface. d) Back etching process until required thickness is obtained
(<50 µm). e) Final flexible silicon substrate.
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fabrication and results will be discussed in Chapter three). After the device
fabrication is completed the wafers are diced in order to allow single chip processing
in future flexing steps. Then, each chip is spin coated with thick nLOF 2070
photoresist with a target thickness of seven µm (spin speed = 2500 rpm, pre-bake
temperature = 110 °C, and pre-bake time = 60 seconds). A seven µm thick
photoresist was chosen because thicker polymers provide better thermal isolation
between the cooled stage of the RIE tool and the etched chip, and hence protect the
top devices from performance degradation due to unwanted temperature effects.
Next, the chips are flipped and mounted on top of a carrier wafer which allows
correct positioning of the etching surface (center) inside the DRIE plasma chamber.
Then, the back surface of the chips are etched using a highly anisotropic etching
process (BOSCH) to reduce Si thickness and achieve flexibility. The BOSCH
process consists of alternating between etch and deposition steps and are controlled
by two different reactions. The first one is due to highly reactive SF6 species which
react with Si atoms to produce SiF4 molecules in a gaseous state and are then
evacuated out of the system with the aid of a vacuum pump. The second reaction is
due to the non-reactive nature of C4 F8 which coats the silicon wafer with a
fluorocarbon-based polymer (passivation layer) to protect the sidewalls of the
features during subsequent etch steps. It is to be noted that since the back surface
of the silicon does not contain any patterned features, it is possible to relax the
etching process power and time. For that reason, the process was performed with
prolonged etch time (ten seconds) and reduced deposition time (three seconds). To
prevent over etching of the back surface and damage to the top surface, the back
etching process is divided into four steps. In the first step, high-density plasma and
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a fast etch rate thin the chip from 500 µm to 200 µm. Then, using the same etching
process but a different etch time, the back surface of the chips are etched 50 µm at
a time until the target thickness <50 µm is achieved. The Bosch process is
performed at -20 °C. The etch step lasts ten seconds, with 1300 Watts ICP power,
30 Watts RF power, a pressure of 30 mTorr, and a gas flow of five sccm C4 F8 and
120 sccm SF6 . This etch steps etches silicon at a high rate due to highly reactive
fluorine-based ions and high-density plasma. The deposition step lasts three
seconds, with 1300 Watts ICP power, five Watts RF power, a pressure of 30 mTorr,
and a gas flow of 100 sccm C4 F8 and 5 sccm SF6 . During deposition, low forward
power is used to enhance thin polymer deposition on the wafers and prevent ions
from etching the surface. To control the thickness of the thinned chip, a
measurement step is performed between each etching step. These measurements use
two different profiling tools. The first tool is a force-based profiling process that
uses a micro-tip to measure the step size between two different surfaces. The second
tool is a light-based profiling system that uses reflected light to measure the step
size between two adjacent surfaces. Finally, once the target thickness is achieved
(<50 µm), the thick layer of photoresist is removed from the top surface and the
finalized flexible chip can be transferred to a polymer-based carrier substrate or be
supported by the thin bulk while measurements are conducted. Figure 2.6a shows
an optical profiler image of the back surface of the silicon, confirming that the
surface roughness issue is mitigated when compared with TRP method.
Although the BOSCH process deposition step can be reduced to very short times,
completely removing the deposition time can cause non-uniformity in the final
thickness of the substrate and cracks in the monocrystalline surface of the chips
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Figure 2.6: Results obtained with soft back etch flexing process. a) Silicon back
surface roughness. b) Flexible silicon mounted on KAPTON sheet as carrier substrate
using Polydimethylsiloxane (PDMS) as adhesion layer.
during subsequent bending tests. The non-uniformity that comes with removing the
deposition step is mostly due to the difference in plasma density across the etching
chamber. In DRIE two common non-uniformity issues may occur. The first one is
when the center of the sample is etched faster than the sample peripherals, this
happens due to the difference in reactive species between the center of the chamber
and the outer zones of the etching chamber (close to the sidewalls). Since in DRIE
the injected reactive gases are flown into the chamber through a shower head on the
top center of the chamber, plasma in the middle commonly has more reactive
species than close to the sidewall of the chamber. For this reason, if very low or no
deposition is performed during BOSCH process the sample normally presents
non-uniformities in the range of tens of microns when comparing thicknesses at the
center and peripherals. The second non-uniformity problem (most common) is when
the reverse happens and the sides of the sample are etched at a superior rate than
the center of the sample but for different reasons. Since DRIE can be considered as
a reaction limited process due to the dependence of the etch rate on the availability
of reactive species inside the etching chamber, non-uniformity problems arise
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because of the difference in plasma density when comparing the center to the
sidewalls of the chamber. In DRIE, the RF coil is commonly placed around the
walls of the chamber which causes the electromagnetic field to be different across
the chamber and in turn the difference in electromagnetic field causes
non-uniformity issues in terms of plasma density. This plasma inhomogeneity is
reflected in the non-uniformity etch rate, which increases from the center to the
edge of the wafer. Figure 2.7 provides digital images of the silicon thickness
throughout the reduction process. It can be seen that for thicknesses below 50 µm
the silicon substrate is almost imperceptible in the digital image and at this
thickness the final sample can be flexed to extreme bending radii below one cm
(further mechanical and performance data is presented in Chapter three).
Finally, in order to provide a better comparison between TPR release method and
soft back etch method, table 2.1 shows the advantages provided by each of the
techniques in terms of cost, reproducibility, processing times, back surface roughness
for wearable applications, thickness uniformity across the flexible samples, and
industry compatibility. As it can be seen, both processes offer different advantages
that can be used depending on the application of the flexed sample. For example, if
the substrate needs to be reused for future batch fabrication and back surface
roughness is not a primary concern the most pragmatic method would be TPR
release. However, if an increment in processing steps means an unsustainable
increase in processing cost, the best option would be soft back etch method.
Here, two different methods to obtain flexible monocrystalline silicon substrate have
been described as part of the effort to obtain low-cost, reliable, and highly
compatible platforms that can serve as substrates for future high-performance
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Figure 2.7: Digital images of silicon thickness reduction process.
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Provided Advantages

TPR Method

Soft Back Etch

Cost

Good. Recyclability

Good. Single etch process

Reproducibility

Good. Repeatable process

Good. Repeatable process

Processing Time

Bad. 5 extra steps

Good. Single etch step

Surface Roughness

Bad. High roughness

Good. Low roughness

Uniformity

Neutral. Process dependent

Neutral. If processed correctly

Industry Compatibility

Neutral. Compatible with MEMS

Good. Compatible

Area Loss

Bad. Area loss due to etch holes

Good. No area loss

Table 2.1: Comparison table between TPR method and soft back etch method.
electronics. Since the rise of silicon electronics is driven by the integration density
we consider that the depicted processes can serve as the most pragmatic way to
produce electronic applications where polymeric semiconductors and other flexible
semiconducting materials cannot compete in terms of performance/cost.
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Chapter 3
High-Performance Electronics on Flexible Silicon Platforms

With the rise of application such as Internet of Things (IoT) and Internet of
Everything (IoE), new forms of electronics are being developed for wearable,
implantable, and environment sensing electronics. State of the art computers and
other consumer electronics applications require high-performance transistors that
consume ultra-low power and provide extended battery lifetime. In this sense,
billions of transistors are integrated neatly using mature silicon nanofabrication
processes to maintain the performance per cost advantage. Thus, low-cost
monocrystalline bulk silicon (100) based high-performance transistors are considered
the heart of today’s computers. One limitation for future flexible silicon electronics
is that silicon is rigid and brittle. In this chapter I show a generic batch process to
convert high-performance silicon electronics into flexible ones while retaining
performance, process compatibility, integration density, and cost. Also, this chapter
describes the advantages of the proposed high-performance flexible electronics when
compared to recently published works in the area of organic and inorganic flexible
electronics.
This chapter contains excerpts from:
Rojas, J. P.; Sevilla, G. A. T.; Hussain, M. M. (2013). Can we build a truly
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high-performance computer which is flexible and transparent?. Scientific reports, 3.1
Torres Sevilla, G. A.; Ghoneim, M. T.; Fahad, H.; Rojas, J. P.; Hussain, A. M.;
Hussain, M. M. Flexible nanoscale high-performance FinFETs. ACS nano 2014, 8
(10), 9850-9856.2
Sevilla, G. A. T.; Rojas, J. P.; Fahad, H. M., Hussain, A. M.; Ghanem, R.; Smith,
C. E.; Hussain, M. M. (2014). Flexible and Transparent Silicon-on-Polymer Based
Sub-20 nm Non-planar 3D FinFET for Brain-Architecture Inspired Computation.
Advanced Materials, 26(18), 2794-2799.3
Diab, A.; Torres Sevilla, G. A.; Cristoloveanu, S.; Hussain, M. M. (2014). Room to
High Temperature Measurements of Flexible SOI FinFETs With Sub-20-nm Fins.
Electron Devices, IEEE Transactions on, 61(12), 3978-3984.4
Diab, A.; Sevilla, G. A. T.; Ghoneim, M. T.; Hussain, M. M. (2014). High
temperature study of flexible silicon-on-insulator fin field-effect transistors. Applied
Physics Letters, 105(13), 133509.5

3.1

Introduction

Silicon electronics are the heart of today’s digital world. With application ranging
from simple devices such as low-performance microcontrollers to supercomputing
1
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2
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systems that are capable of processing enormous amounts of information in very
short periods of time, silicon’s unparalleled performance, cost, and yield advantages
make it the most widely used material in the history of electronics. However,
silicon’s brittleness and rigidity hinder its application in future high-performance
flexible electronics. For this reason, over the last few years many different
approaches have been developed to transform state of the art silicon-based
electronics into their flexible counterparts without compromising performance and
cost [22–29]. These developed techniques are widely known as flexible inorganic
electronics. However, these methods usually make use of transfer processes which
are not industry compatible or make use of abrasive processes that may damage the
on chip fabricated devices while trying to achieve a few tens of microns of silicon
thickness. Techniques previously discussed, such as ChipfilmTM [32, 33] and spalling
[34, 35] have been able to produce high-performance devices with unconventional
silicon processing techniques such as anodic etching and creation of fracture points
beneath the surface of the monocrystalline silicon wafer. Although highly complex
circuitry has been demonstrated with this technique, the introduction of unfamiliar
procedures makes it difficult to integrate them with modern fabrication processes.
Also, the high processing costs and complexity associated with silicon epitaxy as
well as limited bendability and opaqueness hinders its potential for
low-cost/high-yield applications. For this reason, the development of compatible
and simple processes for high-performance electronics on flexible silicon substrates
could allow further deployment of state of the art electronics in areas such as
biointegrated devices, wearable and implantable electronics, and high-performance
portable consumer electronics.
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3.1.1

Metal-Oxide-Semiconductor Field Effect Transistors

Transistors are inarguably the most important electronic component in use today.
They can be found everywhere, from radio frequency (RF) applications such as
simple radios to complex digital devices such as computers, phones, among others.
Ever since the first monolithic demonstration in 1947, metal oxide semiconductor
field effect transistors (MOSFETs) have become the most widely used component in
the history of electronics. Nowadays, MOSFETs are considered the building blocks
of all digital devices. MOSFETs can be described as simple 3-terminal (Gate,
Source, and Drain) switches which can be switched between on and off states by
simply applying a bias voltage on the gate terminal. Depending on the bias applied
to the gate, three different modes of operation can be present in a MOSFET:
subthreshold region, linear region, and saturation region. When the gate bias (VG )
of the transistor is lower than the threshold voltage (Vth - voltage at which a
channel is created), the device is considered to be in off state and is called the
subthreshold region. The only electrical current flowing out of the drain is known as
leakage current or standby current and is due to i) subthreshold off current, ii)
gate-induced-drain-leakage (GIDL), and iii) junction leakage currents. As the VG
increases above the threshold voltage, a conduction path between the source and the
drain terminals is created (channel) allowing current to flow. Once the VG is higher
than the Vth and the drain to source (VDS ) is higher than VGS - Vth the transistor is
in saturation region and carrier conduction can be considered as a three dimensional
current distribution extending away from the gate-channel interface deeper into the
substrate. Saturation region of the MOSFET is also known as pinch-off region
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because of the lack of channel near the drain terminal of the transistor. Figure 3.1
shows the basic operation regions of a MOSFET.

Figure 3.1: Output curves of MOSFETs indicating different operation regions.

3.1.2

Fin Field Effect Transistors

In digital circuits, as the transistor dimensions are scaled down in order to
accommodate a higher number of devices in a specific area to increase the final
system performance and speed, short channel effects become a serious problem in
terms of standby power consumption. To deal with problems related to short
channel effects, MOSFETs need reduced channel depletion layer thickness, reduced
junction depletion width, and reduced oxide layer thickness under gate. For this
reason, FinFETs (transistors from the family of multi-gate FETs) were created as a
method to eliminate the leakage paths in conventional transistor architectures. In
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FinFETs, the distinguishing characteristic is that the conduction channel is formed
in a wrapped silicon ”fin”, which forms the body of the device. Here, the length
(from source to drain) of the fin determines the channel length of the transistor, and
the sum of the surface areas of the fins determine the channel width of the device.
Also, the wrap around gate provides better electrostatic control over the channel of
the transistor and helps reduce short channel effects. In 2012, the giant
semiconductor industry Intel introduced tri-gate FinFETs into their most advanced
microprocessors. Figure 3.2 provides a graphical comparison between planar
architecture MOSFETs and 3D architecture FinFETs.

3.2

Status Quo

3.2.1

Flexible Metal-Oxide-Semiconductor Transistors

Over the last few years, many different demonstrations of silicon-based flexible
high-performance transistors have been reported by researchers around the world.
Here, the main and most pragmatic ways to fabricate flexible silicon-based
transistors will be described: i) derived from silicon nano-ribbons and
nano-membranes [60, 61], ii) derived from anodic etching released substrates
(Chipfilm) [32, 33], and iii) derived from spalling-based released substrates [34, 35].

3.2.1.1

Derived from silicon nano-ribbons and nano-membranes

The process to fabricate NRs and NMs flexible silicon-based transistors are
commonly based on unconventional SOI and (111) wafers. Their electrical
characteristics are similar to their rigid counterparts with mobilities as high as 500
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Figure 3.2: Comparison models between planar MOSFET and 3D FinFET. a) Planar
MOSFET. and b) FinFET 3D architectures.
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cm V s in the linear region and 100 cm2 V-1 s-1 in saturation region. Also, they
have shown Ion /Ioff ratios of 103 . Mechanical flexibility is a key feature for the
application of fabricated devices to implantable and wearable electronics. NR- and
NM-based MOSFETs show minimum performance degradation in terms of carrier
mobility. Furthermore, reliability studies confirm the robustness of the devices.
After 2000 bending cycles with a minimum bending radius of 3 mm, key parameters
of the transistors remain less than 20% changed. Since stress-related device
degradation is directly dependent on the vertical position of NRs and NMs and the
thickness of the host substrate, the lifetime of the devices under bending and
unbending conditions may be increased by reducing the thickness of the host
substrate or by coating the top of the substrate with thin polymers to locate active
devices in neutral planes. The advantages of NR- and NM-based transistors rely on
low-temperature processing, which allows these devices to be fabricated on
polymer-based substrate without damaging the system due to unwanted
deformations. Furthermore, fabricated devices show good behavior in the
high-frequency region of operation, hence confirming that these NR- and NM-based
devices may be used in demanding applications such as radio frequency
communications. In addition, inherited polymer properties, such as transparency,
can be applied to create new application possibilities. A key attribute of NR and
NM transfer printing approach is that it exploits well-developed and standard
silicon materials. It also reaches yields that may support applications for wearable
and implantable electronics through well-based circuit design and fabrication
technologies. Also, the reliability of interconnections, interlayer materials, and
adhesion between the active materials and the host substrate may enable the
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integration of complex systems on flexible polymer-based materials. However, a few
challenges in the mechanical integrity of these fabricated devices need to be resolved
before this methodology will be appropriate for use in the design of
high-performance electronics. Despite the few drawbacks described, numerous
advantages suggest that with further investigation, a more sophisticated technology
will ensue for use in a wide range of flexible electronic applications.

3.2.1.2

Derived from anodic etching released substrates (Chipfilm)

The Chipfilm process begins with single-side polished wafers with a resistivity of 14
mΩ.cm. Next, n-type regions are formed with ion-implantation of phosphorus and
an annealing step to protect the anchor regions from the following anodic etching
steps, creating a dual porous silicon layer in the undoped regions. The resulting
layers consist of a 1 µm thick layer with 20-30% fine porosity located on top of a
second 200-nm-thick layer with 50-60% coarse porosity. Next, a 30 min annealing
step at 1100 °C in hydrogen transforms these porous silicon layers with large surface
areas into a material comprising monocrystalline silicon with embedded
micro/nanocavities and a minimum integral surface area. As a result, the fine
porous layer converts into a cavity-rich monocrystalline silicon layer, while the
coarse porous layer transforms into a layer with narrow and continuous cavities. In
Chipfilm technology, the small bottom-buried cavities merge with larger ones to
form continuous buried cavities. Meanwhile, the surface of the top layer forms a
nearly cavity-free topography that serves as a high-quality seed layer for epitaxial
silicon growth. Epitaxial growth is performed at 1100 °C in SiHCl3 at 760 Torr. The
thickness of the epitaxial layer defines the thickness of the final fabricated chip and
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provides a high-quality surface for CMOS integration. Chipfilm wafers can be used
as standard wafers for CMOS integration with the minor difference that the chip
areas, surrounded by the anchoring regions, have depressions at approximately 250
nm. These depressions can be explained by contributions from the 200 nm thick
buried continuous cavity layer and the 50 nm material loss of the 1 µm thick porous
layer. To integrate the nm-scaled CMOS, a registration with a 250 nm shift in the
chip areas with respect to the alignment marks is required for correct device
fabrication. After the CMOS integration flow has been completed, trenches are
etched along the chip suspending them in a continuous cavity layer exposed at the
bottom. Because the chips are now weakly attached to the substrate in the
anchoring region, they can be picked up with a high vacuum tool from the top
surface of the chip and moved to the final host substrate or package. This process is
called Pick, Crack, and Place. It is to be noted that chips must be supported by the
high vacuum tool during the entire transfer and packaging process, otherwise
residual tensile or compressive stress from the fine porous silicon layer and the
layers deposited during CMOS fabrication cause them to wrap around on
themselves. Fabrication results show mobilities in the range of 633 cm2 V-1 s-1 for
n-type transistors and 178 cm2 V-1 s-1 for p-type transistors. Also, threshold voltages
of 0.87 V and -0.91 V for n- and p-type transistors respectively. For these reasons,
Chipfilm can be considered a suitable candidate for the fabrication of ultra-thin
chips and for application in wearable and implantable high-performance electronics.
Furthermore, the reliability and repeatability of this new technology lends itself
toward 3D integration, and finally, the low-cost fabrication of ultra-thin chips using
post processes that are commonly used in today’s chip fabrication and assembly
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flows favor the integration of Chipfilm technology.

3.2.1.3

Derived from spalling-based released substrates

In the late 80s, researchers discovered that if a tensile stress layer is deposited on
the surface of a brittle substrate, the layer will peel away from the surface, taking
with it a thin portion of the substrate. To test the viability of this process to realize
thin flexible devices, a nickel-stressor layer is deposited while controlling stress such
that it is sufficiently tensile on the edges of the substrate and low enough that it will
cause spontaneous spalling on the surface of the wafer. Results have shown that 175
µm thick layers could be released from a single Ge (001) monocrystalline wafer.
After the stressor layer is deposited and the intrinsic stress is confirmed to be in the
optimal region for spalling, the process to initiate the crack in the subsurface region
of the “mother” wafer takes place. Although there are a number of procedures that
can be followed to initiate a crack in the monocrystalline wafer, such as laser
cutting, the simplest method consists of abruptly terminating the Ni film near the
edge of the wafer because a discontinuous stressor film creates a large stress gradient
along the free edge of the substrate. The opposing nature of the stress near the
edges of the wafer can cause peeling and sheer stress in the GPa range within the
substrate. When the handle layer is applied over the stressor layer, and a small
force is applied near the edge of the substrate, a crack will form in the subsurface of
the wafer that can propagate mechanically with the aid of the handle layer. A film
that will not crack in undesired regions requires a handling layer that will control
the propagation of single subsurface cracks. Because wafers are subjected to high
stress during and after stressor-layer deposition, they need to be held flat by
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vacuum chucks during the entire spalling process. Once the handling layer is
positioned on the wafer, a small force normal to the surface of the substrate is
applied and the crack is manually directed until the top layer of the wafer is
released. Results show a negligible change in transistor characteristics, a small
variation appears in device performance following a shift in the threshold voltage of
30 mV for both n- and p-FETs. Potentially this change is caused by the
introduction of positively charged fixed charges during the bonding process.

3.2.2

Flexible 3D Fin Field-Effect-Transistors

Currently, no other demonstration has been reported for high-performance FinFETs
on flexible silicon apart from the ones described in section 3.4.

3.3

Flexible High-Performance MOSFETs Released With TPR
Method

3.3.1

Fabrication Process

Figure 3.3 shows the basic steps to fabricate flexible silicon-based high-performance
MOSFETs using TPR method. The fabrication starts with lightly doped p-type 4”
bulk Si wafers. First, 300 nm of SiO2 is grown thermally following a dry-wet-dry
oxidation process. Next, the wafers are spin coated with diluted AZ nLof 2070
photoresist to perform the first lithography; the resist thickness due to dilution is
coated to a thickness of one µm (speed: 4000 rpm for 30 sec. Bake: five minutes at
100 °C). Then, the exposure is performed with research level contact aligner
EVG6200 with a constant dose of 300 mJ/cm2 and a post exposure bake is
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performed (one minute at 100 °C). Resist development is done for one minute in
726MIF developer. At this point the wafers are ready to perform the first etch step
which creates the openings for the active area of the transistor. The first etch is
divided into two steps, anisotropic reactive ion etching to remove the first 270 nm of
SiO2 (ICP Power: 1500 W, RF Power: 150 W, CHF3 : 40 sccm, O2 : five sccm,
Temperature: 10 °C, Pressure: ten mTorr) and wet etch in buffered oxide etchant
(BOE) for 45 seconds to remove the remaining 30 nm of SiO2 without damaging the
Si surface. Next, the resist is removed in plasma asher (950 W of Power, 100 sccm
O2 , 14 sccm Ar, Temperature 120 °C and a Pressure of 500 mTorr). Then, the
wafers are cleaned in Piranha, SC1 and DHF before the gate stack oxide growth.
The gate oxide is grown thermally at 950 °C for 20 minutes of dry-oxidation in order
to obtain a thickness of 20 nm. Then, Poly-Si is deposited on top of the wafer
(Temperature: 650 °C, Pressure: 1000 mTorr, SiH4 flow: 50 sccm, Ar flow: 450
sccm, Forward Power: 10 W) for five minutes obtaining a 200 nm thick film. Next,
the wafers go through a second lithography step following the same steps as the
ones performed for active area. In this step, the gate stack is defined and it is
etched following two different steps, first, Poly-Si is etched using dry etching (ICP
Power: 250 W, RF Power: 100 W, Temperature: 10 °C, Pressure: five mTorr, HBr:
50 sccm, Cl2 : 20 sccm). Next, the gate oxide is removed with timed wet BOE etch
(30 seconds). Next, the resist is removed with the same process as the first resist
removal. Then, 50 nm of silicon nitride is deposited on top of the wafer. Next, the
silicon nitride is etched using a combination of dry and wet etch in order to create
the spacer, the first etch removes 45 nm of Si3 N4 and the remaining five nm are
removed with buffered oxide etch for 10 seconds. At this point, the wafers have the
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Figure 3.3: Flexible high-performance MOSFETs process flow. a) Oxidized wafer. b)
MOSFETs active patterning. c) Gate deposition and patterning. d) Source/Drain
formation. e) Contact deposition and patterning. f) Etch hole formation and spacer
formation. g) XeF2 isotropic etch. h) Final released substrate containing flexible
Si-based MOSFETs.
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source and drain exposed and ready to be implanted. The wafers are implanted
with arsenic ions with the following conditions: dose = 4 x 1015 ions/cm2 and
energy = 20 keV. Then, the wafers are processed with vapor HF for 15 seconds in
order to remove any native oxide. Next, 20 nm of Ni are deposited on top of the
wafers and annealed for 30 seconds at 450 °C in order to create NiSi and eliminate
contact resistance between the aluminum pads and the source, drain and gate
contacts. Then, the remaining nickel is removed using Piranha. Next, 200 nm of
aluminum is deposited on top of the wafers and a third lithography process is
performed using the same procedure as the first two lithography steps. At this point
the photoresist defines the contact pads and source, drain and gate connections.
Then, a combination of dry and wet etch is performed to define the aluminum pads
and contacts, dry etch is performed for 1 minute to remove the first 150 nm of
aluminum and one minute wet etch in standard Al etchant removes the remaining
aluminum without damaging the silicon surface. Next, a fourth lithography step is
performed on the wafers using ECI 3027 photoresist (Spin Speed: 1750 rpm, Bake:
one minute at 100 °C) in order to define the silicon etch holes. Then, the wafers go
through two different dry etch steps, the first one removes the 300 nm of SiO2 from
the etch holes (ICP Power: 1500 W, RF Power: 150 W, CHF3 : 40 sccm, O2 : five
sccm, Temperature: 10 °C, Pressure: 10 mTorr) and the second creates deep
trenches in the silicon wafer. Then, the wafers go through 40 nm of aluminum oxide
deposition using atomic layer deposition in order to protect the sidewalls of the
trenches. At this point, the wafers are taken to a final dry etch step (ICP Power:
1500 W, RF Power: 150 W, CHF3 : 40 sccm, Ar: five sccm, Temperature: ten °C,
Pressure: five mTorr) where the trench sidewall spacers are created in order to
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Figure 3.4: Fabrication results for flexible MOSFET using TPR method. a) SEM of
MOSFET structure. b) SEM of etch hole SEM. c) Flexible silicon layer being released
from bulk wafer using TPR method.
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protect the silicon from the subsequent etch step and leave the bottom of the
trenches exposed for the silicon release process. Finally, the wafers are taken to
XeF2 etchant where caves are created at the bottom of each trench. Once these
caves meet the top silicon portion containing the transistors is released from the
bulk and can be flexed due to its extremely low thickness. Figure 3.4 shows SEM
images of the fabrication results of flexible high-performance MOSFETs.

3.3.2

Electrical and Mechanical Results

In order to study the main characteristics of the flexible MOSFETs the I-V
characteristics were measured in both the subthreshold and linear regions (I-V
characteristics were measured with a Keithley 4200-SCS semiconductor parameter
analyzer attached to a Cascade probe station. The results are shown in Figure 3.5
for representative devices. To start the electrical characterization, the threshold
voltage is determined by the linear extrapolation method, as it is an important
parameter required to 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 −

VDS
2

(3.1)

Where VGS is the voltage intercept of the extrapolated linear region in the ID -VG
curve. From equation 3.1 and Figure 3.5a and 3.5c we get a threshold voltage of 0.2
V and -0.25 V for n-type and p-type transistors respectively. Another important
parameter in the MOSFET characterization is the mobility, which directly
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Figure 3.5: Transfer and Output curves for flexible n- and p-MOS transistors. a)
Transfer curve for n-MOS transistor. b) Output curve for n-MOS transistor. c)
Transfer curve for p-MOS transistor. d) Output curve for p-MOS transistor.
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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 from:
µef f =

L
gd
W Cox (VGS − Vth )

(3.2)

Where Cox is the oxide capacitance, W is the channel width and L is the gate
length, VGS is the gate-source voltage and Vth is the threshold voltage, and gd is the
drain conductance, which can be calculated by:

gd =

δID
δVDS

(3.3)

Drain conductance is extracted from the slope in the output curve of the MOSFET
(Figure 3.5b and 3.5d). Gate oxide capacitance was measured using
Metal-Oxide-Semiconductor-Capacitors. From equation 3.2 the hole mobility was
calculated to be 132 cm2 V-1 s-1 and 80 cm2 V-1 s-1 for n- and p-type transistors
respectively. Finally, the subthreshold swing (SS) was extracted from the slope of
the transfer characteristics curve (ID -VG ) when plotted in a semilogarithmic scale.
The SS was found to be 80 mV/dec and 75 mV/dec for n- and p-type transistors
respectively, showing the fast switching speeds of the fabricated transistors. In order
to have a better understanding of the effects of TPR release method and the
mechanical strain applied to the sample during bending processes, we have
conducted the electrical characterization of the same devices before and after release
process. Figure 3.6 shows a comparison between the ID -VG curve in saturation
region. As can be seen, a negligible reduction can be seen in the Ion current of
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around 2%. Also, a small increase of 1% can be observed in the Ioff current of the
devices. The decrease in ON state current of the device and increase in OFF state
current can be explained by the carrier repopulation [62] in the silicon channel when
strain is applied across the channel of the transistor. We also observed a small
increase in leakage although it does not represent a significant difference (only
0.5%). Additionally we have extracted the Vth and the subthreshold swing (SS)
from both released and unreleased samples. The threshold voltage in the released
sample showed a reduction around 0.6%, most likely related to the ON state current
reduction. The extracted SS was observed to remain unaltered when comparing
released and bulk samples. Finally, results show the competitive behavior of the
released devices when comparing them with their rigid counterparts. In this sense,
devices have shown robustness in terms of electrical characteristics, which allows
complete circuit level fabrication (circuit level described in Chapter 4). Figure 3.7
shows the setup for device characterization under bending conditions.

3.4

Flexible High-Performance 3D FinFETs

At present, CMOS technology is reaching a point where further device scaling is not
possible due to device degradation in terms of leakage current and short-channel
effects. For this reason, FinFET architecture, the most advanced architecture for
future CMOS-based circuitry has become the best solution to reduce scaling
constraints [63].
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Figure 3.6: Comparison of transfer curves before release and after release bent upward
or downward for n- and p-MOS transistors. a) Transfer curve for n-MOS transistor.
b) Transfer curve for p-MOS transistor.
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Figure 3.7: Flexible MOSFETs electrical characterization setup.
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3.4.1

FinFET Fabrication Process

Fabrication starts with standard 90 nm thick SOI wafers and 125 nm thick buried
oxide with a p-type silicon body (2 x 1015 atoms/cm3 ) with no additional channel
doping. High-resolution lithography and dry/wet etch techniques are used to
pattern the narrow fins. Figure 3.8 depicts the process for gate stack integration.

Figure 3.8: Process flow for TWF CMOS FinFETs gate stack integration-(top)
schematics and (bottom) SEM. (a) NMOS gate stack with a sacrificial hard-mask
deposition and pattern lithography. (b) and (e) Hard-mask dry etch, photoresist
removal followed by metal wet etch. (c) and (f) p-metal, sacrificial hard-mask deposition, and lithography pattern to dry etch of hard mask followed by photoresist
removal and p-metal wet etch. (d) and (g) Hard-mask etch to form NMOS and PMOS
gate stacks.

To fabricate tuned-work-function high-k/metal gate transistors, a wet etch process
was incorporated as part of the gate stack definition. After a three nm ALD high-κ
dielectric is deposited on the wafers, a thin (three nm) titanium nitride (TiN) layer
is deposited followed by a poly-Si hard mask. High-resolution photolithography is
used to pattern openings over the PMOS areas, and, high-density plasma etching
with a 1:1 lateral to vertical etch selectivity removes the poly-Si hard mask from the
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PMOS region. An ammonia-based (NH3 ) ash and NMP cleaning remove the

Figure 3.9: SEM image of fully integrated high-k/metal gates CMOS FinFETs and
magnified TEM images of fins.

photoresist, and wet etching in RCA (DI-water:H2 O2 :NH4 OH) removes the thin
NMOS ALD TiN prior to deposition of the thick PMOS ALD TiN layer. A second
poly-Si hard mask is deposited and patterned with photoresist to expose the buried
NMOS areas. Using the same process as that used for PMOS devices, the hard
mask is removed from NMOS areas. RCA cleaning selectively removes the
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remaining thick (PMOS) TiN layer from covering the NMOS devices. Oxide- and
OH-based wet etch removes the remaining poly-Si hard mask from both PMOS and
NMOS devices, and standard poly-Si deposition and anisotropic dry etching
patterned the gate. Next, a nitride spacer is deposited and then patterned using
highly anisotropic dry etching techniques. Finally, source and drain implantation
creates highly doped regions of the FinFETs and NiSi and AlSi metallization is used
to complete the fabrication flow of the transistors. The fabricated devices feature 20
nm fins (width = 27 nm and height = 85 nm) in arrays of two and 20 fins. Figure
3.9 shows TEM imaging of the fins and fabricated devices.

3.4.2

Flexible FinFET Using TPR Method

Figure 3.10 shows the flow followed to release the fabricated FinFET devices using
TPR method. Once the FinFETs have been fabricated using the process described
in the previous subsection, they are diced into 2.5 cm × 3 cm pieces in order to
process each die individually. Then, the dies are spin coated with thick photoresist
(PR) (nLof 2070) to obtain a PR of seven µm. Next, the dies are processed using
research photolithography to create the etch hole patterns in the inactive areas of
the transistors. To choose the distance between the holes two basic elements need to
be taken into account. First, the selectivity between silicon and the buried oxide
(BOX) need to be high in order to use the BOX layer as etch stop. And second, the
thickness of the buried oxide layer needs to be enough so that it will maintain its
integrity during isotropic etching of silicon. Since silicon to oxide etch in XeF2 has a
selectivity higher than 1000:1, the 125 nm thick BOX layer is enough to stand the
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release process with a separation between the holes of 150 µm. Next, the interlayer
dielectric (ILD), which consists of 700 nm Si3 N4 and 300 nm SiO2, is removed from
the holes area with high density plasma to expose the BOX at the bottom of the
trenches. Then, the BOX is removed with highly directional low etch-rate ICP RIE
process until the thick silicon body is reached. Next, the wafers are placed in XeF2
silicon isotropic etchant to remove the silicon from the bottom of the BOX and
create caves. Once these caves meet, the top Si thin body and the BOX are
completely released from the bulk substrate. The released layer is then transferred
to a thin (125 µm) KAPTON handle substrate, which has a thin partially cured
poly-dimethylsiloxane (PDMS) layer to enhance adhesion between the KAPTON
sheet and the peeled devices. Finally, the PDMS is cured for 24 hours at room
temperature and atmospheric pressure to avoid damaging the transferred devices
due to unwanted thermal deformation.

3.4.3

Results Obtained With TPR Method

The behavior of the fabricated bulk and released FinFETs were obtained by first
extracting the ID -VG characteristics of the transistors. First, direct properties such
as saturation current, Ion /Ioff ratio, and gate leakage current density are extracted
from the obtained curves. The obtained values for FinFET devices of 250 nm gate
length and 3.6 channel width were: saturation current of 549 µA/µm with a
standard deviation of 13.96 µA/µm for NMOS devices driven at VGS = 1.5 V and
VDS = 1 V. In the case of PMOS devices, saturation current of 110 µA/µm with a
standard deviation of 1.52 µA/µm when driven at -1.5 V for VGS and -1V for VDS.
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Figure 3.10: Schematic flow for flexible silicon release containing FinFETs. a) Initial
FinFET device fabricated on 90 nm thick SOI, aluminum contact pads and 850 nm
ILD. Projection: FinFET channel, source and drain and gate stack, b) Spin coat of
thick (seven µm) photoresist and hole patterning, c) Cavern formation beneath BOX
due to XeF2 etchant, d) Released devices (one µm) after 600 cycles in XeF2 isotropic
etchant, e) Transferred devices to 125 µm thick KAPTON sheet spin coated with
thin PDMS adhesion layer (one µm).
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Subthreshold current was found to be 58.48 µA/µm and 7.73 µA/µm at VDS = 50
mV and - 50 mV for N- and PMOS respectively. In the case of NMOS devices,
Ion /Ioff ratio was 4.6 decades and for PMOS 4.78 decades. For NMOS devices, gate
leakage current density was found as 3.6 A/cm2 at VGS = 1.5 V. PMOS devices
yielded a gate leakage current density of 1.18 A/cm2 when driven at a VGS = -1.5
V. The extraction of main electrical parameters started by obtaining the threshold
voltage from the ID -VG curve using the linear extrapolation method. The Vth can
be determined by equation 3.1 (repeated here for convenience):

Vth = VGS −

VDS
2

(3.1)

Where VGS is the interception point of the linear extrapolation with the VG axis
(x-axis) of the ID -VG plot. The obtained value for NMOS devices was 0.345 V and
0.713 V for PMOS. Next, effective mobility was extracted at low drain voltages (50
mV) using equation 3.2 (repeated here for convenience):

µef f =

L
gd
W Cox (VGS − Vth )

(3.2)

Where L is the gate length of the device, W is the channel width, VGS is the gate to
source voltage, Cox is the gate capacitance, Vth is the threshold voltage and gd is the
device transconductance which can be determined by:

gd =

δIDef f
|VGS = constant
δVDS

(3.4)
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Where IDeff is the effective drain current when half the gate leakage is added to the
drain current value. This addition is required when extremely scaled gate oxides are
used for the device fabrication; in this case gate oxide was (three nm HfO2 ). IDeff is
determined as:
IDef f = ID +

IG
2

(3.5)

Using the previous equations, the mobility was calculated to be 141.53 cm2 V-1 s-1 for
NMOS FinFETs and 3.74 cm2 V-1 s-1 for PMOS FinFETs. Although mobility for
PMOS devices seems low when compared to previously reported values, it is to be
noted that the release process did not affect the effective mobility values when
comparing released with bulk samples. Finally, the sub threshold swing was found
to be 80 mVdec-1 for NMOS and 70 mVdec-1 for PMOS. Comparing the obtained
values for flexible devices and bulk devices, only a 7% reduction in drive current in
NMOS transistors and 12% for PMOS transistors was observed. As mentioned in
previous sections, the reduction in saturation drain current can be explained by the
amount of residual stress contributed by the thick ILD, and carrier repopulation in
the thin silicon channel, which becomes more significant when the devices are in
release state due to the lack of a bulk support substrate. In the case of “off” state
current, there was no significant change when comparing released with bulk devices.
For NMOS Ioff was found to be 13.79 nA/µm for released devices and 15.63 nA/µm
for bulk devices. In the case of PMOS, Ioff was obtained as 1.82 nA/µm for flexible
devices and 3.54 nA/µm for bulk devices. The difference in Vth for released and
bulk devices was obtained as 6% for NMOS and 8% for PMOS. Finally, the change
between released and bulk devices was found to be as low as 3.4% for NMOS
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transistors and 2.8% for PMOS transistors. Figure 3.11 shows the comparison
between released and bulk FinFETs.

Figure 3.11: Electrical characteristics comparison between P- and NMOS devices before and after release of flexible silicon (L = 250 nm, W = 3.6 µm, Vds = 1 V). a)
ID -VG transfer characteristics in logarithmic scale for NMOS. b) ID -VD output characteristics in linear scale for NMOS. c) ID -VG transfer characteristics in logarithmic
scale for PMOS. d) ID -VD output characteristics in linear scale for PMOS.
To start the mechanical characterization of the released devices, the maximum
applied strain at which silicon is subject to fracture stress was calculated to be 13%
with Equation 3.6:
σ = E

(3.6)

Where σ is the fracture stress limit, E is the Young’s modulus for (100) single
crystal silicon and  is the applied strain. The minimum bending radius in device
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scale was obtained by checking the performance of the released devices until the
point cracks in any of the device stack materials caused extreme degradation in the
performance. Due to the extremely small thickness of the released substrate (one
µm), high bendability is achieved while keeping the device performance almost
unaltered. The minimum-bending radius was found to be 5 mm (Figure 3.12) and

Figure 3.12: Strain% vs. bending radius for flexible FinFETs
thus electrical characterization was also done up to this limit. In order to
characterize the device performance at different bending radius, the devices were
electrically tested at different nominal strain values calculated from:

nom =

t
2R

(3.7)

Where t is the thickness of the released flexible silicon and R is the bending radius.
At five mm, the top surface of the flexible substrate is subject to 0.0125% strain in
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the longitudinal direction of the transistor’s channel, in the case of FinFETs,
parallel to the longitudinal direction of the patterned Fins. Figure 3.13 shows the
electrical behavior of the devices at different applied strain levels. The electrical

Figure 3.13: Device performance dependence on applied nominal strain. a) NMOS
SS behavior under different strain conditions. b) PMOS SS behavior under different
strain conditions. c) NMOS Vth behavior under different strain conditions. d) Vth
behavior under different strain conditions.
characterization set-up for measuring the device performance was set at different
bending radii (5, 10, 15, 20, 30 and 50 mm). Sub-threshold slopes are true indicator
of the fast switching in transistors, therefore we studied them critically and found
the difference between bent and non-bent devices was only 3% for NMOS and 3%
for PMOS. We also observed that Ioff increases with the strain while Ion decreases.
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It has to be noted that although device performance is degraded proportionally to
the amount of strain, the changes are still negligible at maximum strain, showing
only 10% for NMOS and 9% for PMOS increase in Ioff and 11% for NMOS and 8%
for PMOS decrease in Ion . In Figure 3.13 in the case of Vth , the difference between
bent and non-bent devices is merely 3% for NMOS and 2% for PMOS.

3.4.4

Flexible FinFET Using Soft Back Etch Method

Figure 3.14 shows the fabrication processes followed to obtain flexible FinFETs
using soft back etch method. As in the TPR method release process, the fabricated
FinFETs were diced into 2.5 cm × 3 cm dies to allow processing of single chips.
After the dies are ready, a thick layer of photoresist (seven µm) is spun on top of
the devices to protect the front surface from damages caused by soft back-etch
process. Next, the dies are turned upside down and placed on a carrier 4” wafer
that allows handling the devices in an easier fashion. Then, the back surface of the
chips is etched using highly anisotropic etching process (BOSCH) to reduce the bulk
Si thickness and achieve flexibility. To prevent over etching of the back surface and
damage of the top surface, the back etching process is divided into four steps. The
first step, consisting of high-density plasma and fast etch rate, thins down the chip
from 800 µm to 200 µm. Then, using the same etching process and changing the
etch time, the back surface of the chips is etched 50 µm at a time until <50 µm
target thickness is achieved. Bosch process is carried out at -20 °C, and consists of
an etch step and a deposition step. The etch step time is ten seconds, with 1300
watts ICP power, 30 watts RF power, a pressure of 30 mTorr, and a gas flow of five
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Figure 3.14: Fabrication process flow for soft back etch method. a) fabricated FinFET
devices on standard 90 nm SOI with 150 nm BOX. b) PR coating for chip-protection
during back etch process. c) FinFET die etched back using back grinding technique.
d) FinFET devices on flexible silicon substrate (50 µm thick). e) PR removal and
final device testing.
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sccm C4 F8 and 120 sccm SF6 . The deposition step time is three seconds, with 1300
watts ICP power, five watts RF power, a pressure of 30 mTorr, and a gas flow of
100 sccm C4 F8 and five sccm SF6 . In order to control the thickness of the thinned
chip, a measurement step was performed between each etching step. These
measurements were carried using two different profiling tools; the first tool consists
of a force-based profiling process that makes use of a micro-tip to measure the step
size between two different surfaces. The second tool is a light-based profiling
system, which makes use of reflected light to measure the step size between two
adjacent surfaces. Finally, once the target thickness is achieved (<50 µm), the thick
layer of photoresist is removed from the top surface and the finalized flexible chip
can be transferred to a polymer-based carrier substrate or maintained only
supported by the thin bulk to conduct the measurements.

3.4.5

Results Obtained With Soft Back Etch Method

Following the same procedure as described in subsection 3.4.3, the electrical
characteristics of the bulk and flexible FinFETs were obtained by first extracting
the direct results from the ID -VG curves. NMOS devices with a gate length of 1 µm
yielded a saturation current of 83 µA/µm and PMOS transistors (gate length = 250
nm) generated a saturation current of 383 µA/µm. Figure 3.15 shows a comparison
between released and bulk devices. Since PMOS devices consisted of a shorter gate
length, its characteristics were studied to a full extent under different bending
conditions for tensile and compressive stress. To complete the characterization and
to understand the changes introduced in the device performance due to thinning

83

Figure 3.15: Unreleased and released transfer characteristics: (a) PMOS FinFET
transfer curves (Lg = 250 nm, W = 3.6 µm); (b) NMOS FinFET (Lg= 1 µm, W =
3.6 µm). Unreleased and released output characteristics: (c) PMOS FinFET transfer
curves (Lg = 250 nm, W = 3.6 µm) and (d) NMOS FinFET (Lg = 1 µm, W = 3.6
µm).
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process and bending conditions, the electrical characterization followed the same
procedure as in section 3.3 to obtain the key parameters in different states. The
obtained Vth using linear extrapolation method was -0.556 V in the linear region
and -0.474 in saturation. Using the equations 3.2, 3.4, and 3.5, the mobility was
extracted as 102 cm2 V-1 s-1 . Also, the subthreshold swing was calculated from the
ID -VG curve and was found to be 63 mV/dec. In the case of the released sample,
DIBL was found as 68 mV/V. The obtained Ion /Ioff ratio was 5 decades and did not
show any significant change during bending cycles. The obtained peak
transconductance for released samples was found to be 0.33 mS. Finally, the gate
leakage current density was found to be 0.9 mA/cm2 for released samples. Figure
3.16 shows the transfer and output characteristics of the released samples at
different bending radii. The mechanical characterization was conducted at

Figure 3.16: Unbent and bent. (a) Transfer characteristics. (b) Output characteristics
of flexible PMOS FinFETs (Lg = 250 nm, W = 3.6 µm).

compressive and tensile stress bending conditions. The minimum tensile radius was
found to be 1.5 cm and the minimum compressive radius was obtained as three cm.
The maximum change in saturation current was found to be 7.6% at a tensile
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bending radius of 1.5 cm. The maximum change in in SS was 10.3% at five cm
tensile bending radius. JG depicted a maximum change of two orders of magnitude
(102 ) at a compressive bending radius of three cm. DIBL was found to have a
maximum change of 3.8 times at a 5 cm compressive bending radius. Vth had a
maximum change of 7.4% and 5.1% in linear and saturation region, respectively.
The maximum change in transconductance gm was found to be 36.4% at a

Figure 3.17: Transistor characteristics under different compressive and tensile bending
states of flexible PMOS FinFETs (Lg = 250 nm, W = 3.6 µm). a) Threshold-voltage
(Vth ) vs bending radii. b) Mobility variation due to bending. c) Subthreshold swing
and DIBL vs bending radii. d) Bending effect on transconductance.

compressive bending radius of three cm. Ion /Ioff ratio showed a maximum change of
15.9% at a tensile bending radius of five cm. Finally, the maximum change in peak
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mobility was found to be 29.6% at a tensile bending radius of 1.5 cm. Figures 3.17
and 3.18 show the change in the described transistor characteristics under different
compressive and tensile bending states.

Figure 3.18: Effects of bending radii on a) Gate-delay. b) Leakage current density of
flexible PMOS FinFETs (Lg = 250 nm, W = 3.6 µm).

Here, I have described the process to fabricate flexible high-performance FinFETs
using two different approaches which are industry compatible and allow devices to
have extreme flexibility for future wearable and implantable high-end consumer
electronics. Also, the results obtained with the two fabrication methods show
negligible performance degradation in terms of electrical characteristics. Subsection
3.4.6 focuses on the high-temperature study of flexible FinFETs.

3.4.6

High-Temperature Measurements of Flexible FinFETs

High temperature performance of released and bulk devices was studied in order to
understand the devices behavior under harsh environments. The electrical
characteristics of the transistors were analyzed on a controlled temperature stage
between 25 °C to 150 °C. Figure 3.19 shows the electrical performance of the
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released FinFETs (gate length = 250 nm) under different temperature conditions,
with the transistors biased with a VDD = -1 V. Figure 3.19a shows the ID -VG curve
at different temperatures. It is to be noted that the threshold voltage decreases due
to a shift in the Fermi level as the temperature of the device increases. Since a
reduction in Vth will increase the drain current and a reduction in carrier mobility
will decrease it [64, 65], these opposing effects lead to unique characteristics of the
devices with zero temperature coefficient (ZTC). In order to understand the
behavior of the devices in terms of subthreshold swing, the ID -VG plot needs to be
in semi-logarithmic scale. It can be seen in figure 3.19b that the SS increases
directly proportional with the temperature. Also, the FinFETs show low leakage
current even when subject to temperatures in the range of 150 °C. Figure 3.19c
shows the transconductance measurements. Transconductance reduction can be
easily explained by understanding that the reduction in carrier mobility is due to
increased phonon scattering due to elevated temperatures [66, 67]. To fully
understand the effects of higher temperatures in released and unreleased devices,
figure 3.20 shows a comparison between both mechanical states at 25 °C and 150 °C.
It can be seen that the devices behave similarly and almost no variation in Vth and
ON-state current is observed. The overlap between the curves show that the
subthreshold swing is not altered by the release process. Also, JG can be seen to
increase with temperature but its change due to releasing process is still in
nanoampere range. Finally, transconductance can be seen to superpose without a
marked change between released and unreleased samples. In this sense, it can be
seen that the devices keep their high performance nature even after release process
and are reliable even in the high temperature range (150 °C).
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Figure 3.19: Flexible 250-nm LG FinFET characteristics from room (25 °C) to high
(150 °C) temperatures. (a) Transfer plots (ID -VG ) in linear scale. Inset: output plots
(ID -VD ) for VG = -1 V. (b) Transfer plots (ID -VG ) in semilogarithmic scale. Inset:
IG versus VG curves. (c) Transconductance (gm ) curves as a function of VG for same
device and temperatures values (VD = -1 V).
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Figure 3.20: Comparison of unreleased and released FinFET at 25 °C to 150 °C. (a)
ID -VG plots in linear scale. Inset: ID -VD plots for same devices and temperatures.
Unreleased and released FinFET. (b) ID -VG plots in semilogarithmic scale. Inset: gate
current IG versus VG curves for same devices and temperatures. (c) Transconductance
versus VG .
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In order to completely understand the variations suffered from high temperatures
for released and unreleased FinFET devices, figures 3.21, 3.22, 3.23, and 3.24 show a
quantitative analysis of the key characteristics of the devices under different
temperatures. Figure 3.21a shows the ON-state current as a function of temperature
for released and unreleased FinFETs. Since the gate bias is larger than the ZTC,
the Ion current decreases with temperature [68]; this degradation is due to the
carrier mobility lowering in the channel of the devices. It is to be noted that if the
drain voltage is kept below the ZTC, the ON-state current will increase with
temperature because Vth decrement dominates the current behavior. Figure 3.21b
shows a small increase in the OFF-state current of the transistors, this can be
explained by the higher intrinsic carrier concentration, which causes both diffusion
and generation currents [69]. Figure 3.22a shows the variation of gate current with
respect to temperature. It can be seen that gate leakage current exhibits almost a
linear behavior and very small increase at high temperatures due to the high-κ
nature of the dielectric. In the case of GIDL, its small increase can be explained by
band-to-band tunneling and band-to-defect tunneling [70]. The variation in GIDL as
a function of temperature can be seen in figure 3.22b. The small increase was found
to be below one order of magnitude higher when comparing room temperature to
high temperature (150 °C) measurements. Vth , SS, and mobility were extracted as a
function of temperature for released and unreleased devices at low drain voltages
(50 mV). In order to avoid the effects produced by the increment in series resistance
between the probes and the contact pads as temperature increases, Vth and µ0 were
extracted using Y-function method [71]. In this method, the interception between
the Y-function and gate voltage yields the threshold voltage of the device, and the
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Figure 3.21: a) Drain ON-current (measured at VD = -1 V and VG = -1 V) and
b) Drain OFF-current (measured at VD = -1 V and VG = 0 V) of unreleased and
released FinFETs as a function of temperature.
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Figure 3.22: Unreleased and released FinFET. a) Gate-leakage current curves versus
temperature. b) GIDL versus temperature. Measured values at VD = -1 V and VG
= -1 V. The curves are plotted in semilogarithmic scale.
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slope of the curve gives the µ0 parameter of the transistor. The variation in
threshold voltage and the variation in SS as a function of temperature can be seen
in figure 3.23. Finally, the extracted mobility and its change with temperature can
be seen in figure 3.24. The small decrease in mobility is due to increased phonon
scattering due to increased temperature (µ ∝ T-n ) [72, 73]. In high-quality
MOSFETs, surface roughness scattering occurs only at high vertical field, whereas
Coulomb scattering is negligible in undoped transistors operated at room
temperature and above. In the case of the fabricated FinFETs (n = 1.7), it can be
seen that the release process does not increase the defect density in the channel of
the devices and hence preserves the good quality of the dielectric/channel interface.
Here, we have studied a flexible version of industry’s most advanced transistor
architecture, SOI FinFETs. Studies of extended electrical characterization for
temperature ranging from room temperature (25 °C) to high-temperature (150 °C)
show the competitive characteristics of the fabricated FinFETs. As expected, the
gate leakage current and the GIDL increases with increasing temperature whereas
the transconductance peak decreases with temperature. The extracted low-field
mobility curves decrease with increasing temperature where the phonon scattering
mechanism dominates. The performance variation with temperature confirms the
efficiency and the stability of our devices after release. These results clearly show
that flexible FinFET devices can be used for a wide range of complex electronic
devices.
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Figure 3.23: Unreleased and released FinFETs. a) Vth variation with temperature.
b) SS variation with temperature. The values are extracted using Y-function in linear
regime (VD = -0.05 V).
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Figure 3.24: Low-field mobility (extracted at VD = -0.05 V from the Y-function
method) versus temperature for unreleased and released FinFET
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Chapter 4
High-Performance CMOS Circuitry On Flexible Silicon

With the rise of emerging consumer applications such as Internet of Everything
(IoE), traditional devices are being driven towards new form factors required for
wearable, implantable, and embedded electronics. In order to achieve these new
forms of high-performance electronics the most pragmatic way will be to thin down
silicon substrates. Thinned silicon based complementary metal oxide semiconductor
(CMOS) electronics can be physically flexible. To overcome challenges of limited
thinning and device damage from back grinding process, this chapter demonstrates
sequential reactive ion etching of silicon with assistance from soft polymeric
materials to efficiently achieve thinned (40 µm) and flexible (1.5 cm bending radius)
silicon based functional CMOS inverters and ring oscillators with high-κ/metal gate
transistors. A notable advancement in this study is large area silicon thinning of
pre-fabricated high performance elements with ultra-large-scale-integration density
(using 90 nm node technology) followed by dicing of such large and thinned
(seemingly fragile) pieces into smaller pieces using excimer laser. Impact of various
mechanical bending and bending cycles shows undeterred high performance of the
flexible silicon CMOS inverters.
This chapter has been published as:
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M. M. (2016). high-performance high-κ/metal gate complementary metal oxide
semiconductor circuit element on flexible silicon. Applied Physics Letters, 108(9),
094102.1

4.1

Introduction

Since the introduction of silicon based transistors, the world of electronics has been
constantly changing in order to make our digital centered life possible. Nowadays,
silicon can be found in almost ninety percent of consumer and non-consumer
applications, making it the most widely used material in the history of electronics.
However, due to mechanical constraints, silicon’s brittleness has hindered advances
in wearable, implantable and flexible electronics. For this reason, many different
approaches have been taken to overcome these limitations and obtain high
performance electronics on flexible platforms. The use of polymer-based substrates
is one of the most commonly used methods for flexible electronics [74–78]. However,
polymers’ inherited low mobilities and thermal instability [79, 80], together with
their incompatibility with state of the art micro- and nanofabrication processes
hinder their potential for truly high performance flexible electronics. For these
reasons and although polymer-based electronics show promising results in the area
of displays and low performance sensors [81], in recent years, many different
approaches have been made to produce high performance inorganic electronics on
1
Reprinted from [Sevilla, G. T.; Almuslem, A. S.; Gumus, A.; Hussain, A. M.; Cruz, M. E.; Hussain, M. M. (2016). high-performance high-κ/metal gate complementary metal oxide semiconductor
circuit element on flexible silicon. Applied Physics Letters, 108(9), 094102 ]. with the permission of
AIP Publishing
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flexible substrates using high mobility 2D materials [82, 83]. Graphene’s impressive
mobility in the range of 103 cm2 V-1 s-1 makes it a good candidate for future high
performance applications. However, difficulties in integrating them with commonly
known micro-fabrication techniques as well as lack of on/off behavior due to its near
to zero bandgap and difficulties in doping make it an undesired candidate for logic
applications. For this reason and to address all previous concerns, many different
methods have been demonstrated using transfer techniques to combine the
flexibility advantages given by polymer-based substrates with the outstanding
electrical characteristics of silicon [84–92]. Transfer techniques consist of the
creation of silicon nano-ribbons or nano-wires on expensive and uncommonly used
(111) and Silicon-on-Insulator substrates to then release and transfer them to a host
polymer-based substrate. Although these techniques have shown promising results
in the area of unusual electronics, their incompatibility with standard CMOS
technologies hinder their ability to be integrated with very large scale integration
processes. Very large scale integration can only be achieved with today?s state of the
art lithography, etch and deposition processes. In the case of transferred materials,
problems arise when careful mask alignment is needed due to the non-uniformity of
plastic based substrates. Also, etching usually consists on removing undesired
material from the substrate taking special care for cross contamination. In the case
of plastics, channel and gate stack contamination may happen and is still a problem
that needs to be resolved. Finally, deposition is normally done at relatively high
thermal budgets in order to obtain good quality films. Polymers on the other hand
decompose at high temperatures due to their thermal instability hence making them
incompatible with state of the art deposition processes. For these reasons alternate
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approaches consisting of fracture of single crystalline silicon (spalling) and double
layer transfer of silicon have been developed. Spalling [93, 94] consists of depositing
a stressor layer (usually nickel) on top of the fabricated devices, which creates a
fracture point at the desired depth depending on the deposited film stress.
Although this technique has shown promising results in the area of high
performance flexible electronics, the use of costly substrates together with limited
flexibility hinder its potential for wearable and implantable electronics. On the
other hand, double layer transfer of silicon [95, 96] consists of creating two separate
layers on monocrystalline silicon, while the top layer is kept intact for device
fabrication, the second layer is etched using anodic etching to introduce porosity
allowing the top layer to be easily peeled from the carrier substrate obtaining the
desired flexibility. Although exciting results have been shown using double transfer
technique, the complexity of the process and its incompatibility with commonly
known fabrication methods makes it difficult to integrate it with standard microand nano-fabrication techniques. Also, high processing costs related to anodic
etching and epitaxial growth limit its potential for low cost/high yield fabrication
needed for today?s consumer electronics. Finally, the use of commercially available
thin silicon substrates has been explored in order to reduce all previous concerns.
However, difficulty in handling due to their extreme fragility and related processing
complications make ultra thin silicon substrates undesired candidates for industry
standard applications. For all previous reasons, recently we have developed two
different methods to transform state of the art silicon based electronics into flexible
ones without comprising performance, cost, and yield [97–99]. Our first method
consists of creating a network of trenches in the unused areas of the wafer, then and
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while protecting the sidewalls with spacer-like isolation we perform isotropic etching
of silicon to create caves in the bottom of the substrate. Finally, we easily peel-off
the top layer with pre-fabricated devices. On the other hand, our second method
consists of a controlled back-etch process to reduce the thickness of the substrate
until the required flexibility is achieved. Advantages for this method include
removing the scallop shapes usually present on the backside when using peel-off
approach. Also, avoiding the extra lithography layer of the first method reduces the
cost and makes the process more reproducible without any constraints. In this work,
we show a comprehensive study of state of the art flexible CMOS circuits using only
industry compatible processes. Our devices consist of the most advanced set of
materials, high-κ/metal-gate, on a mechanically flexible monocrystalline silicon
platform. The fabricated nanoscale devices show no performance degradation when
comparing bulk and flexible platforms. We have also performed a study to compare
the results at different banding states to understand the effects of stress-induced
degradation. The results show no significant change in performance and hence allow
us to envision true very large scale integration of flexible silicon-based circuits using
only standard state of the art industry compatible processes.

4.2

Flexible Circuit Fabrication Using Soft Back Etch Method

Figure 4.1 shows the process to fabricate state of the art silicon-based inverters, and
figure 4.2 shows the process to transform the rigid inverters into flexible ones. We
started with 8” bulk mono-crystalline p-type silicon (100) substrate using
state-of-the-art gate first flow. First, we formed the wells using standard ion
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Figure 4.1: Process followed to fabricate silicon-based inverters. a) Silicon (100) wafer.
b) Gate stack deposition. c) Gate litho. d) Gate formation. e) Spacer formation.
f) Ion implantation (S/D formation). g) ILD deposition, via formation, and contact
formation.
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implantation processes. Then, we isolated the active areas by forming shallow
trench isolation (STI). Next, we deposited the gate stack with 3 nm hafnium oxide
(HfO2 ) as gate dielectric, and 10 to 20 nm titanium nitride as metal gate and 100
nm poly-crystalline silicon. Then, we patterned the gate of the devices. Next, we
formed silicon nitride (Si3 N4 ) spacers on the gate sidewalls in order to protect the
gate from future implantation and silicidation processes. Then, we formed the
source and drain using two different lithography and implantation processes. After
that, we performed S/D activation anneal on the fabricated circuits at 1000 °C for
10 seconds. Next, we formed the nickel silicide (NiSi) on the source and drain
regions creating ohmic contact on the test pads and the gate, source and drain
regions. Finally, we performed forming gas anneal (FGA) using a combination of
nitrogen/hydrogen (N2 /H2 ) at 420 °C to remove trapped charges. The process to
thin down the silicon substrate (800 µm thick) starts by protecting the fabricated
devices with thick (7 µm) photoresist. . Next, the back surface was etched using
RIE to reduce the thickness of the substrate and obtain the required flexibility. We
divided the back-etching process into four different stages in order to control the
substrate thickness between each of them. The first stage reduces the thickness from
800 µm to 300 µm. Then, we measure the thickness with mechanical and optical
profilers. Next, we reduced the substrate thickness in 3 more etch steps until we
obtain the target of 30 - 40 µm.
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Figure 4.2: Process followed to transform rigid inverters into flexible ones. a) Fabricated inverters. b) Thick PR spin coat. c) Substrate flipped upside-down for soft
back etch process. d) Soft back etch process. e) Final flexible substrate containing
flexible silicon-based inverters.
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4.3

Results

After the circuits are processed with soft back etch method the platform is thin
enough to be flexible and can easily be bent down to two cm bending radius. At
this bending radius, the applied strain at the top surface of the chip can be
calculated by equation 3.7 (repeated here for convenience):

nom =

t
2R

(3.7)

Where nom is the nominal strain applied to the top surface of the sample, t is the

Figure 4.3: Fabricated flexible inverters at two cm bending radius.
final thickness of the flexible chip, and R is the bending radius. Using formula 3.7,
the applied strain on the surface of the sample was found to be 0.001%. When we
reached the desired thickness, we removed the photoresist layer from the top using
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acetone and isopropanol. To dice the etched samples, we used 1.06 µm
Ytterbium-doped fiber laser (PLS6MW Multi-Wavelength Laser Platform, Universal
Laser Systems, USA). Laser-based dicing enabled us to dice the etched samples
easily in any shape precisely. We calibrated power, speed and frequency parameters
for the laser just to get enough marking on the sample where we then gently cleaved
it by hand. We also discovered that backside dicing is better compared to front side
dicing since it does not leave any laser engravings on the top surface. Figure 4.3
shows the fabricated devices at a two cm bending radius. In order to confirm the
final substrate thickness we perform scanning electron microscopy (Figure 4.4a).
Figure 4.4b depicts an SEM image of the fabricated CMOS based inverters. Figures
4.5a and figure 4.5b show digital images of the devices before and after laser dicing.
All the characterized inverters consisted of one NMOS transistor with a gate length
of 250 nm and a channel width of 350 nm and one PMOS transistor with a gate
length of 250 nm and a channel width of 450 nm. Even though we have been able to
fabricate discrete CMOS devices with 90 nm gate lengths (L), inverters were
fabricated with higher gate lengths in order to prevent short channel effects due to
threshold shift. We started the characterization by testing the devices before flexing
(mechanical bending) process to establish the reference to gauge the performance
deviation after bending. We characterized all the inverters using a semi-automatic
probe station at three different states: flat, bent in downward direction (tensile
stress), and bent in upward direction (compressive stress). The NMOS transistor
parameters were calculated at VDD = 50 mV and show a Vth of 0.2 V, mobility of
132 2 V-1 s-1 , and a subthreshold swing (SS) of 80 mV/dec. The PMOS transistor
shows a Vth of -0.25 V, mobility of 80 2 V-1 s-1 , and SS of 75 mV/dec. We began the
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Figure 4.4: SEM images of the final flexible CMOS based inverters. a) Cross section
SEM confirming substrate thickness. b) Fabricated flexible inverters top-view SEM.
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Figure 4.5: Digital pictures of fabricated inverters a) before and b) after laser dicing.
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inverter characterization with DC analysis of the circuit to obtain the voltage
transfer curve (VTC). For this, we applied a DC voltage sweep to the input port of
the inverter with VDD at one V and kept the ground constant at zero V. The
obtained curves for the characterized inverter in bulk, bending downward, and
bending upward show no change in the performance of the circuit (Figures 4.6(a-c)).
To completely understand the DC behavior of the inverter, the switching threshold
(VM ) was obtained from the VTC plot at the point where Vout = Vin . The obtained
values for VM were 0.40 V for bulk sample, 0.39 V for all bending downwards radii,
and 0.41 V for all bending upwards radii. Also, the gain of the inverter can be
obtained from the slope of the VTC plot. The gains (Av ) for bulk, bending
downward and bending upward were found to be 25.56, 7.66 and 7.5, respectively.
These values show that our inverters surpass previously reported circuitry in flexible
silicon platforms [100]; the inverters show high gains even at scaled VDD , and hence
confirm that they can be used for logic applications due to high noise margins.
Finally, the input-low-voltage and input-high-voltage of the inverter were calculated
with:
VIL = VM −

VDD
2Av

(4.1)

VIH = VM +

VDD
2Av

(4.2)

Where VIL and VIH are the input-low-voltage and input-high-voltage respectively
and VM is the switching threshold of the CMOS inverter. The obtained values for
bulk sample were 0.393 V and 0.422 V for VIL and VIH , respectively. The values for
bending downward were found to be 0.329 V and 0.46 V for VIL and VIH ,
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Figure 4.6: VTC characteristics of inverters in bulk, bent upward and bent downward.
a) VTC characteristics of bulk sample before back etch. b) VTC characteristics of
flexible inverters at different bending downward radii. c) VTC characteristics of
flexible inverters at different bending upward radii.
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respectively. Finally, the values in bending upward state were found to be 0.34 V
and 0.473 V for VIL and VIH respectively. The short range between VIL and VIH as
well as the inverter gains higher than 1 show that the fabricated bulk and flexible
inverters will exhibit high noise immunity even at reduced gate lengths and scaled
VDD , hence confirming that the devices can operate at different bending radii
without compromising performance. It is to be noted that while the channel length
is reduced, Vth engineering will be required in order to maintain the performance of
the inverters. To continue with the characterization all the inverters were tested at
different bending radii under AC signal, the applied signals consist of one V for VDD
and one V peak-to-peak square wave with a one MHz frequency for the input port
of the inverter. This measurement takes place on a flat surface in order to
characterize the circuit under zero stress condition, then the sample is bent to fit
different downward and upward bending radii (two cm). Figures 4.7a-c show the
results obtained for downward and upward bending states. Finally, the dies are
subjected to 1000 and 1500 bending cycles at a 2.5 cm bending radius before testing
the devices. The delay parameters (rise time, fall time, rising propagation delay,
falling propagation delay, and average propagation delay) were calculated for all
different testing configurations. The rise time (tr ) was calculated by obtaining the
output crossing from 0.2VDD to 0.8VDD . Fall time (tf ) was calculated by obtaining
the time elapsed for the inverter output to fall from 0.8VDD to 0.2VDD . Finally, the
average propagation delay of the inverter was calculated with:

tpd =

tpdr − tpdf
2

(4.3)
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Where tpd is the average propagation delay and tpdr and tpdf are the rising

Figure 4.7: Inverter performance at upward bending, downward bending and after
1500 bending cycles. a) Inverter performance at downward bending radius of 2cm.
b) Inverter performance at upward bending radius of 2 cm. c) Inverter performance
after 1500 bending cycles at downward bending radius of 2.5 cm.

propagation delay and falling propagation delay respectively. Table 4.1 shows the
obtained results for rise time, fall time, and average propagation delay at flat,
bending downward, and bending upwards states. The propagation delay in the
range of “ns” shows the fast switching speed of the fabricated inverters. Increasing
the operating voltage can reduce the propagation delay of inverters, however, an
increment in VDD will also increase the power consumption due to the squared
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relation between VDD and drive current. An alternative to decrease the propagation
delay without increasing the power consumption is to decrease the output
capacitance of the fabricated devices, for this reason, we designed the inverters with
scaled transistor sizes. Here, I have shown superior circuit performance in flexible
State

Strain (%)

Rise time (nsec)

Fall time (nsec)

Average propagation delay (nsec)

Bulk

—

31

31

2.33

Flexible Flat

—

31

31

2.53

5 cm

0.043

32

32

2.64

2.5 cm

0.086

31

31

2.23

2 cm

0.1075

31

31

2.24

1.5 cm

0.143

32

32

2.17

1 cm

0.215

31

31

2.35

5 cm

0.043

31

31

2.23

2.5 cm

0.086

31

31

2.54

1500 cycles

0.143

31

31

2.37

Flat

Bent Down

Bent Up

Table 4.1: Characterization summary for inverters as bulk, flexible flat, and different
bending radii.

electronics using inorganic substrates in terms of power consumption, gain, and
speed when compared to previous reports on organic based devices [100]. The
relatively high changes in terms of gain when comparing flat state and bending
states can be explained by the reduction in the drive current of the NMOS and
PMOS devices and the change in the subthreshold swing due to band splitting and
carrier repopulation in the silicon channel when strain is applied across the channel
of the transistor [62]. Since the variation in terms of PMOS and NMOS current is
asymmetrical to the strain applied to the channel, the only way to maintain
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performance of the CMOS inverter would be to design the circuit geometry ratios
(W/L) taking into account the variations in hole and electron mobilities and SS
caused by specific values of strain applied to the channel of the devices. Gain is
directly related to VIL and VIH changes and therefore the carrier repopulation in the
thin silicon channel of the transistor also explains the change in VIL and VIH for
downward bending and upward bending. Even though the devices show a reduced
gain when they are bent to different radii, it can be seen that the performance is
maintained in terms of VM , hence confirming that the devices can still operate as
inverters even at extreme bending radii values and reduced VDD voltages. It is to be
noted that a comparison with previously reported work [100] shows that our
reported inverters have similar performance even when driven at VDD values six
times smaller, therefore confirming that silicon based inverters can operate in
flexible platforms with a decreased power consumption required for wearable and
implantable electronics. The flexible substrate has a final thickness of 40 µm giving
us the ability to bend the devices to a minimum-bending radius of 1.5 cm. The
fabricated devices show competitive electrical behavior and bendability relying
solely on mature micro- and nanofabrication techniques. Also, it can be seen that
very low rise and fall times have been achieved. This shows that the circuitry can be
used for high-speed, low power logic applications even when they are driven at a
scaled VDD = 1 V, this being one of the major challenges in circuit design in order
to reduce power consumption. Also, the average propagation delay is in the range of
two to three nano seconds, showing the high performance of the fabricated devices.
It is important to note that the fall and rise times are kept approximately equal,
which is also a major challenge in the case of CMOS circuitry in order to obtain
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similar response times from high to low and from low to high states. It is to be
noted here that 1.5 cm bending radius is a hard threshold, because when the devices
are subject to bending radii below 1.5 cm the connections made from the contact
pads and the devices through vias start to degenerate and reduces the device
performance. However, redesign of through ILD vias solves this problem and
bending radii below 1 cm can be obtained.
The high performance shown by the state of the art flexible CMOS circuitry
depicted in this chapter gives us a deep understanding of the most logical way to
proceed in order to integrate billions of transistors on a flexible platform needed to
obtain high computational capabilities. Comparing our work to previous results
[96–100], advantages of our method includes: enhanced electrical characteristics,
state of the art fabrication with common materials, similar flexibility without the
need of external polymeric substrates, high integration densities, no lithographic
constrains added, transistor sizes in the range of nm without the need of special
processes, most sophisticated set of high-κ/metal gate materials, no thermal budget
constraints, competitive chip sizes due to scaled transistor integration, and use of
commonly used (100) Si substrates. Future sections include the design, fabrication,
and packaging of robust CMOS circuitry that would be able to form completely
flexible high-performance CMOS based systems for wearable and implantable
electronics.
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Chapter 5
High-Performance Decal Electronics for IoE Applications

High-performance complementary metal oxide semiconductor (CMOS) electronics
are critical for any full-fledged electronic system. However, state-of-the-art CMOS
electronics are rigid and bulky making them unusable for flexible electronic
applications. While there exist bulk material reduction methods to flex them, such
thinned CMOS electronics are fragile and vulnerable to handling for high
throughput manufacturing. Here, I show a fusion of a CMOS fabrication process for
flexible CMOS electronics, with inkjet and conductive cellulose based interconnects,
followed by additive manufacturing (i.e. 3D printing based packaging) and finally
roll-to-roll printing of such packaged decal electronics (thin film transistors based
circuit components and sensors) for high throughput manufacturing pathway
focusing on printed high-performance flexible electronic systems. This chapter
provides the most pragmatic route for packaged flexible electronic systems for wide
ranging applications. The demonstrated devices show uncompromising electrical
performance - proving its effectiveness to add new dimension to CMOS electronics:
flexibility in addition to performance, energy efficiency, integration density and
affordability. Fusion of affordable and emerging technologies breaks the decade long
barrier of reliable and mechanically rugged integration of high-performance flexible
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CMOS electronics into packaged system and roll-to-roll printing.
This chapter has been submitted for publication as:
Torres Sevilla, G. A.; Diaz Cordero, M.; Nassar, J.; Hanna, A. N.; Kutbee, A.;
Hussain, M. M. (2016). Decal Electronics for Printed High Performance CMOS
Electronic Systems.1

5.1

Introduction

CMOS electronics provides an example of the most advanced fabrication methods.
Over the last few decades, advances in the area of CMOS electronics have made our
digital center lives possible. With trillions of devices fabricated every year for
consumer and non-consumer electronics, CMOS integrates the most sophisticated
set of organic and inorganic materials to create high-performance devices, used in
every area of modern technology. Almost ninety percent of current state of the art
CMOS electronics is based on silicon as semiconductor. Silicon’s unparalleled
performance, cost effectiveness, and massive integration density on planar and
compact areas have made it the most widely used material in the history of
electronics. However, with the rise of new concepts such as Internet of Everything
(Figure 5.1), challenges in the integration of silicon electronics onto 3D curvilinear
surfaces, which are frequently soft and naturally flexible and stretchable, represent
an interesting opportunity for the development of new fabrication strategies and
processes that could allow current state of the art materials to be used in free-form
(flexible and stretchable) electronics [101–110]. Therefore, over the last few years,
1
Submitted to Nature Materials as: Torres Sevilla, G. A.; Diaz Cordero, M.; Nassar, J.; Hanna,
A. N.; Kutbee, A.; Hussain, M. M. (2016). Decal Electronics for Printed High Performance CMOS
Electronic Systems.
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new processes to transform silicon-based rigid electronics into their flexible and
stretchable counterparts have become focal topics of research around the world,
mainly due to their potential application in areas such as advanced healthcare and
biomedical devices [111, 112]. These processes can be classified into two main
categories: top down approaches and bottom up approaches. On the one hand, top
down approaches make use of chemical or physical processes to lift-off complete or
partial thin sections of the silicon substrate. Their main advantage consists on the
potential to reuse the remaining of the substrate. However, disadvantages include
the use of expensive silicon-on-insulator (SOI) substrates, loss of active device area,
and the use expensive and unorthodox processing techniques such as anodic etching
and high-energy ion implantation. On the other hand, bottom up approaches make
use of chemical or physical processes to thin down the silicon wafer from the back
until the required thickness is obtained. In this case, advantages include the
retention of the whole effective area for ultra-large-scale-integration density.
Nevertheless, for bottom up approaches, one fundamental challenge is that the bulk
portion of the substrate is lost or wasted during the flexing process. To overcome
these challenges, many different methods including the use of unconventional
organic- and amorphous oxide-based semiconductors have been made in order to
achieve free-form electronics without compromising cost and performance [113, 114].
In the case of organic semiconductors, although low cost polymer-based electronics
show promising results in the areas of active-matrix organic light-emitting diode
(AMOLED) displays and low performance electronics [114, 115], limitations such as
inherent low carrier mobility, thermal instability, and industry incompatibility,
hinder their potential of use in high-performance devices where information
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processing speed is of paramount importance. For these reasons, flexible amorphous
oxide semiconductors (AOS) devices have recently shown potential for applications
in high-performance electronics with mobilities up to 100 cm2 V-1 s-1 in the case of
zinc-oxynitride (ZnON) films. Also, Hanna et al. has recently demonstrated
unconventional 3D architectures (wavy channel) to overcome the challenge of
increasing the drive current (ION ) on oxide-based thin film transistors without
suffering from negative effects, such as off-current (IOFF ) increase and threshold
voltage (Vth ) shift, that come with scaling of transistor dimensions [116]. However,
although AOS transistors show reliable and competitive results in terms of
flexibility, data processing speed, integration density, and cost, challenges to obtain
complementary (nMOS and pMOS) logic with a single oxide material impede their
potential use in current state of the art computational and communication
applications. Furthermore, since the late 1990s, advances in 1D materials like
carbon nanotubes, silicon nanowires, zinc oxide nanowires, and other nanowire- and
nanostructure-based materials have produced materials with unique electrical and
mechanical properties and small dimensions, making them strong candidates to
replace current CMOS technology thin film and bulk electronics [117, 118].
Nevertheless, their limited charge transport capacity is insufficient for current
high-performance logic operations. In this sense, 1D-based electronics would need to
be structured into arrays, which would not satisfy the area efficiency of free-form
electronics. In recent years, many different approaches have also been made to
produce high-performance inorganic electronics on flexible substrates using high
mobility 2D materials. Impressive mobilities in the range of 103 cm2 V-1 s-1 make
them good candidates for future flexible high-performance applications [119].
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However, difficulties in integrating them with commonly known micro-fabrication
techniques, lack of on/off behavior due to their near to zero bandgap, uncertain
growth processes, and difficulties in doping and contact formation make them
undesired candidates for logic applications. In future, most of Internet of Everything

Figure 5.1: Projection growth for Internet of Things (IoT) from 2015 to 2020.

applications will be data relevant, while sensors and actuators will be integrated
monolithically or heterogeneously with fast, low power, and high-performance logic
devices. For this reason, upcoming electronics will need to be fashioned with new
and more sophisticated materials, and new processing techniques including
packaging of free-form electronics. Manufacturable, powerful, high throughput,
compact, flexible, stretchable, convenient, inexpensive, and stylish are only few of
the characteristics that future consumer electronics need in order to make Internet
of Everything possible. Current state of the art silicon-based electronics partially
cover the features required by Internet of Everything applications [115, 120–124].
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However, new and reliable fabrication and packaging processes are required in order
to make envisioned integration of electronics with naturally soft and flexible surfaces
possible. Examples of this include the use of electronics in applications such as:
electronic skin, advanced healthcare devices, wearable electronic systems,
deformable displays, patch-type electronics, and conformal energy harvesters and
storage devices. However, development of new form factors in electronics always
carry with them correlated challenges of establishing efficient, low-cost, and
high-yield means of fabrication [125–132]. To overcome these challenges, here, I
present an innovative method to create uniform, conformal, manufacturable, low
cost, and packaged high-performance zinc oxide-based electronics and aluminum
based sensors on flexible platforms derived from bulk silicon wafers. Our devices
make use of only silicon industry compatible processes to produce reliable and
flexible electronics and sensors for future Internet of Everything applications. By
utilizing additive manufacturing techniques such as inkjet printing for contact
formation and 3D printing for packaging, and batch fabrication techniques such as
roll printing, I show inexpensive, compact, light weight, reliable, and fashionable
devices in the form of “decal” electronics for envisioned consumer electronics
applications. Results show no performance degradation during flexing, packaging,
and interconnecting of electronic and sensing devices.

5.2

Flexible ZnO-Based Circuit Fabrication

Figure 5.2 shows the process flow to fabricate ZnO-based circuits. The fabrication
starts with standard silicon (Si) (100) wafers. First, 500 nm thermal silicon dioxide
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(SiO2 ) are grown in order to isolate the ZnO devices from the host wafers. Then,
the gate metal is deposited using aluminum sputtering (Power: 400 W; time: 600
seconds; pressure: five mTorr; pre-sputtering time: 100 seconds; gas: 25 sccm Ar) to
achieve a thickness of 200 nm. Then, the gate metal is patterned using standard
research level photolithography and wet etching. Next, the wafers are cleaned using
acetone, isopropyl alcohol and plasma ashing. Then, 40 nm Al2 O3 are deposited on
top of the wafer using atomic layer deposition (ALD) with a deposition rate of one
Å/cycle at a temperature of 300 °C. Next, the source and drain contacts are
patterned using lift-off technique and a deposition of 10 nm/200 nm of chrome/gold
(Cr/Au) on top of the wafers using sputtering (Chrome: Power: 400 W; time: 80
seconds; pressure: five mTorr; pre-sputtering time: 10 seconds; gas: 25 sccm Ar.
Gold: 400 W; time: 200 seconds; pressure: five mTorr; pre-sputtering time: ten
seconds; gas: 25 sccm Ar). Next, 40 nm ZnO are deposited on top of the wafers
using ALD at a temperature of 100 °C in order to allow enough oxygen vacancies to
be present in the semiconducting film and enhance the performance of the TFTs.
Next, standard photolithography is performed on the wafers to pattern the channel
of the devices and the gate dielectric. Next, the ZnO and Al2 O3 films are patterned
using diluted hydrofluoric acid (10:1 - five seconds) and reactive ion etching (30
seconds in CHF3 and Ar plasma) respectively. Then, 40 nm low-temperature (100
°C) Al2 O3 are deposited on top of the wafers as passivation layer for the fabricated
devices. Finally, the passivation layer is removed from the test pads to allow ohmic
contact between the aluminum-based interconnects and the pads. After the circuit
fabrication is completed, the wafers are diced using a semi-automated diamond tip
dicing saw to allow processing of single dies. Next, each die is coated with thick
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Figure 5.2: ZnO circuit fabrication flow. a) Oxidized wafer. b) Gate Al deposition
and pattern. c) Gate dielectric (Al2O3) deposition. d) Source and drain metal (Au)
deposition and pattern. e) ZnO deposition and pattern. f) Gate dielectric pattern.
g) Thick PR spin coating. h) Substrate flipped upside down and back side etch. i)
Final flexible circuit.
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photoresist (seven µm) to protect the front part of the devices during future back
etching steps. Next, the dies are mounted upside down on top of a carrier wafer
with thermal oil and are processed using BOSCH process (reactive ion etching
process) at a temperature of -20 °C. The flexing process is performed in four
different etch steps. The first step reduces the thickness of the dies from 500 µm to
200 µm in a single etch step. Next, the dies are cleaned and coated with fresh PR to
prevent permanent PR adhesion of to the dies due to the low processing
temperatures. Then, the dies are processed in three more etch steps that reduce 55
µm each until the required silicon thickness is obtained (<50 µm). In between each
etch step mechanical and optical profilometer measurements are performed in order
to confirm the substrate thickness and prevent over etching of the devices. Finally,
the dies are cleaned to remove the PR and are ready to be flexed below 1.5 cm.

5.3

Flexible Al-Based Sensor Fabrication

Figure 5.3 shows the process flow to fabricate flexible Al-based humidity and strain
sensors. The sensor fabrication starts with standard Si (100) wafers. First, 300 nm
thermal SiO2 are grown on top of the wafers in order to allow peeling of future films
from the host substrate. Then, ten µm polyimide (KAPTON) are spin coated on
top of the wafers with a speed of 3000 rpm. Then, the KAPTON film is cured at
350 °C for 30 minutes. Next, the sensor metal is deposited on top of the cured films
using Al sputtering (Power: 400 W; time: 900 seconds; pressure: five mTorr;
pre-sputtering time: 100 seconds; gas: 25 sccm Ar) to target a thickness of 300 nm.
Finally, the polyimide film is removed from the host Si substrate by simply peeling
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the polymer from the wafers. At this point, the sensors are diced and the remaining
Si wafer can be recycled for future fabrication processes.

Figure 5.3: Al sensor fabrication. a) Oxidized wafer. b) Polyimide spin coating. c)
Al deposition and pattern. d) Sensing polyimide for humidity sensor spin coat and
pattern. e) Flexible sensors release from host wafer.

5.4

Circuit and Sensor Packaging in 3D Printed Decals

First, the decals are designed using SolidWorks CAD software. The sensor decals
are designed using a meshed structure with a separation between lines of 100 µm in
order to allow the sensors to have intimate contact with the sensing surfaces. The
electronics decals are designed using a solid model in order to prevent environmental
factors from damaging the performance of the fabricated devices. Next, the decals
are printed on a standard 3D printer (LeapFrog XEED). The electronics and sensors
decals are printed in two steps in order to allow embedding of the devices inside the
structure of the 3D printed package. In the case of sensors, the first layer consists of
100 µm of meshed flexible polymer (NinjaFlex) while for electronics the first layer
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consists of 300 µm solid flexible polymer. After the first layer is printed the 3D
printer is paused and the devices are embedded into the structure by placing a
3MTM high temperature adhesive tape on the back of the devices. Next, the
printing process is resumed and the second layer prints the remaining of the package
on top of the embedded devices. It is to be noted that special care was taken during
embedding of ZnO circuits to prevent the high temperature polymer (210 °C) from
damaging the devices. In this sense, the decals were designed with a small cavity
(100 µm height) in the zone where the active part of the devices is located.

5.5

Circuit and Sensor Testing

The fabricated devices were tested in three different configurations. First, the
devices are tested in bulk (before flexing) using a KEITHLEY semiconductor
analyzer and a Microtech probe station. Then, the devices are tested after BOSCH
process (flexible) and finally after embedding the devices in the 3D printed package.
In the case of the inverter, the VTC were obtained by setting the VDD voltage to
ten V, the bias voltage (VB ) to ten V, and the input voltage is swept from -10 to
ten V while measuring the output voltage. Then, the inverters are connected to an
AC signal generator with a frequency of one kHz and a peak-to-peak voltage (Vpp )
of ten V and the output waveform is measured with a Tektronics oscilloscope. In
the case of the NAND and the NOR gates, the output curves are obtained by using
a dual output waveform generator with a Vpp of ten V and two different frequencies
(100 Hz and 200 Hz) while measuring the output voltage of the fabricated circuits
using a Tektronics oscilloscope. It is to be noted that the performance of the flexible
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circuits were measured for different bending radii (1, 1.5, 2, 2.5, 5, and 10 cm)
before and after embedding in the 3D printed packages.
In the case of the strain sensor, the decals containing the embedded sensors are
subject to bending tests while measuring the end-to-end resistance of the sensor.
The measurements are carried out using a KEITHLEY semiconductor analyzer to
obtain the resistance with respect of time while the sensor is bent from flat to the
different bending radii (0.5, 1, 2.5, and 10 cm). In the case of the humidity sensors,
the capacitance of the embedded sensors is first measured in a controlled
environment (22 °C and 10% RH) in order to obtain the initial value. The humidity
characterization setup contains paths for water vapor, for which the concentration
can be accurately regulated by adjusting the flow rate through mass flow controllers
(MFCs). The test cell i.e. the humidity chamber, is connected to an E4980A LCR
meter and a 43301A Multimeter through BNC electrical connectors. Paths for
vacuum pump and a humidifier (bubbler) are connected to the test cell through
controlling valves and MFCs, with flow rates up to 200 mL/min for the bubbler
path. A path of dry N2 is also used for purging the chamber. The vapor is
generated through the flow of nitrogen inside the bubbler creating an air-water
mixture. The ratio of the partial pressure of water vapor in the mixture to the
saturated vapor pressure of water at ambient temperature is the relative humidity
(RH %). The water vapor mixture reaches the testing chamber through a mass flow
meter. The chamber contains two sensors: a commercial humidity sensor
(Honeywell HIH-4000-003) and our fabricated sensor. The commercial sensor is used
as a reference to measure the humidity levels inside the chamber. Then, the output
voltage of the commercial sensor is measured through the Multimeter, while
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capacitance changes in our fabricated sensor are measured using the connected LCR
meter. Then, both the Multimeter and LCR meter are interfaced to LabView
software through a GPIB to USB cable. Thus, data acquisition and collection is
automated through NI LabView. For the humidity testing of the sensor, we perform
data acquisition using purging cycles, which means in between every step of
changing RH levels, we purge the chamber. In this case, the % RH was varied by
changing the carrier flow of the bubbler’s inlet and dilution of dry N2 . This purge
experiment was repeated three times to prove the reproducibility of the results.

5.6

Results

As illustrated in figures 5.4a-5.4f, we first transform rigid and bulky state-of-the-art
CMOS electronics (thin film transistor circuitry and sensors) into flexible electronics
to allow conformal and intimate integration of electronic devices and sensors with
naturally flexible organic and inorganic surfaces. The fabricated circuits were
selected to show that building blocks for memory, data processing, buffering, and
sensor readout can be fabricated, transformed, interconnected, and packaged, while
the fabricated sensors were selected to target applications such as electronic skin
(humidity and strain) and home appliance patch electronics (humidity). Figure 5.5a
shows different fabricated electronic decals at different bending states and the
contact formation for the fabricated circuits using narrow strips of Al foil. The Al
foil ribbons were cut with a standard metal laser cutter which has a minimum
feature resolution of 400 µm. In future, Internet of Everything electronics will
require fully packaged electronics systems and materials that can accommodate the
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Figure 5.4: a - c) Comparison models between state of the art CMOS technology
chipsets and proposed decal form technology using 3D printers for packaging and embedding. d - f) Comparison models for current mode of electronics fabrication (PCBs)
and future applications of decal electronics for Internet of Everything applications.
different needs of consumer electronics. For example, in the case of sensors,
packaging materials need to be porous or permeable to allow smooth contact
between the sensing platforms and the monitored surfaces. On the other hand,
electronic components have to be protected from environmental degradation of the
circuits. For this reason, we developed 3D printed packages (fig 5.5b and 5.5c). By
using additive manufacturing, we have designed and fabricated thin (meshed separation between mesh lines = 100 µm), and thick (solid) packaging layers (100
µm for sensors and 600 µm for electronics). In the case of sensor packaging, the
meshed structures show pore sizes of 50 µm, while for electronics, the solid patterns
show no visible porosity or liquid phase permeability. We have also included a low
thermal budget processed aluminum oxide-based (Al2 O3 ) passivation layer
(interlayer dielectric) on the electronic chip to prevent degradation of the circuit due
to vapor phase diffusion through the 3D printed package. Figure 5.6 shows a
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Figure 5.5: a) Digital photographs of packaged ZnO based inverter in 600 µm 3D
printed polymer. b - c) Different packaged electronic components including NOR
decals, NOT decals, NAND decals, and buffer decals. d) Digital image showing the
comparison between decal CMOS electronics and state of the CMOS electronics on a
Thai silk.
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comparison between the current state of the art CMOS flow and the proposed flow
for future IoE decal electronics.

Figure 5.6: Comparison between current state of the art CMOS fabrication and
packaging flow vs. proposed fabrication and packaging flow for decal electronics for
future IoE applications.

In physiological (epidermal), environmental, and organic measurements, noise
immunity of the circuits is required in order to provide correct measurement and
signal conditioning of the sensing mechanisms. Figure 5.7 shows the fabricated
inverter DC and Figure 5.8a shows AC characteristics; from the voltage transfer
curve (VTC) the switching threshold of the inverter (VM ) was calculated to be 2.9
V at the point where Vout = Vin . The obtained values for VM together with the
relative high gains (> 6.5) of the inverter (fig. 5.8a) show that the circuits can be
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used for applications where high noise immunity margins are required. Here, the
inverters are able to process the input signal with strong noise immunity in both
high- and low-voltage regions. The fabricated inverters also show an average
propagation delay in the range of 21 µs. In digital circuits, switching speed is of
dominant importance since it dictates the amount of data that can be processed in
a given period of time. In the case of our fabricated inverters, the obtained
propagation delay shows the fast switching nature of circuit and its potential for use
in high performance Internet of Everything analog and digital electronics.
Furthermore, results of extended testing show stable performance of the circuit after
packaging within flexible 3D printed structures. Additionally, we have designed
circuits using zinc oxide (ZnO) based transistors with low ON voltages (VON ) for
low power consumption applications, such as those in wearable and implantable
electronics, where battery life is a challenging concern due to difficulty in power
delivery as well as real time sensing. Figure 5.8b shows the pull down transistor
transfer and output curves. The fabricated transistors show effective mobilities
(µeff ) in the range of 0.93 cm2 V-1 s-1 , threshold voltage (Vth ) of 1.05 V, subthreshold
swings (SS) of 700 mV/dec, and ION /IOFF currents ratio of = 105 . IOFF was
calculated using the Intel Corporation method, which states that for emerging
nanoelectronics, IOFF should be calculated at Vth minus one third of VDD [133]. The
high ratio between the ION and IOFF currents show that the transistors are able to
provide stable circuits with low stand-by power consumption. In order to provide a
complete study on the effects of stress and bending limits of decal electronics, finite
element analysis simulations were conducted for the final packaged structures
(Figure 5.9). In wearable and implantable electronics, curvature radii far below
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Figure 5.7: VTC characteristics of fabricated inverter at two cm bending radius.
Model of ZnO inverter (bottom left inset), and fabricated circuit schematic (top right
inset).
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Figure 5.8: a) AC characteristics of fabricated inverter at one kHz (left), and Gain of
fabricated inverter showing a maximum gain of 6.92 at 1.6 V. b) Transfer and output
curves of fabricated ZnO TFTs.
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three cm are required to achieve intimate contact between biological tissue and
sensing mechanisms. Simulation results show that for a 1.5 cm bending radius, the
packaged silicon chips are subjected 0.15 GPa of tensile stress, confirming that the
electronic components can survive extreme mechanical bending conditions at a
silicon thickness of 40 µm. The vertical position (z-axis) of the electronic chip inside
the final packaged structure is of critical importance for reducing mechanical strain
on the circuit. Here, we have embedded the flexible silicon platform close to the
neutral axis (center) of the structure in order to reduce the elongation percentage
(strain) of the chip when uniaxial or biaxial stress is applied to the system.

Figure 5.9: Digital picture of embedded ZnO electronics (left), zoom out view of finite
element analysis (FEA) for decal electronics (middle), and FEA of von Misses stress
distribution in packaged decal electronics, showing a maximum stress of 1.5 x 108 Pa
in the thin silicon chip (right).
Data acquisition, amplification, and storage are parameters of vital importance that
should be taken into account during the design of wearable, implantable, and other
physiological and environmental sensing electronic devices. For these reasons, we
have designed and fabricated ring oscillators, NAND, and NOR universal gates with
low power zinc oxide based thin film transistors. ZnO-based devices on flexible
silicon were chosen due to the ability of emerging thin-film nanoelectronics to
decrease the final system cost and complexity and the industry compatibility of
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silicon as host substrate. Performance of the fabricated circuits was tested under
extreme bending conditions (<1.5 cm) to obtain a complete understanding of the
capabilities of the circuitry for Internet of Everything applications. Figure 5.10
shows a model of the process followed to fabricate the ring oscillator. The

Figure 5.10: Model followed to fabricate RO.

three-stage ring oscillator (figures 5.11a-5.11d) was fabricated using emerging
additive manufacturing technologies such as inkjet printing and roll-to-roll printing
techniques. In the case of physiological and environmental capacitive and resistive
sensing, ring oscillators can be used as readout circuit since the sensor load can
introduce a shift in the intrinsic oscillation frequency of the circuit. Here, the
intrinsic oscillation frequency and peak-to-peak voltage (Vpp ) of the circuit was
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found to be seven kHz and two V respectively. We fused inkjet printing for

Figure 5.11: a - d) Digital photographs of process followed to fabricate flexible RO
packaged by 3D printing, inkjet printing for contact formation, and digital printing
quality glossy paper as substrate.
interconnecting; the inkjet droplet formation was carefully studied to minimize
parasitic drops, which is critical for water based silver nanoparticle inks. A special
pulse-form was created using a pulse developer comprising two bursts (65 µs) with
short trailing retention pulses and a final retention pulse. The obtained drop size for
the described pulse-form was found to be approximately 10 pL. The nozzle voltage
was set as ±50 V in order to allow correct droplet formation and full range control
over the piezoelectric actuator. The printing speed was selected as 0.1 mm/sec in
order to allow initial surface wetting and adhesion. It is of paramount importance
to optimize the printing speed due to ink drift on the substrate. Once the drop
reaches the substrate, it is necessary to allow enough time for the surface energy of
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the substrate to decrease to stable levels before new drops are printed. The printing
distance from the nozzle to the substrate was set as nine mm in order to allow
precise positioning of the drop on the printed surface. In current CMOS technology,
sequential placing and bonding of ICs is used to produce high-level electronics
systems in PCBs. Here, we are introducing roll-to-roll printing of silicon and
amorphous oxide semiconductor ICs to increase the throughput of electronic
systems. By using a low adhesive tape (3MTM 93020LE) as temporary host
substrate and a manual roll printer (Figure 5.11a - 5.11d), we have been able to
print decal electronics in a parallel fashion on a substrate containing inkjet printed
interconnects. The printing speed and force were set to one mm/sec and 50 N,
respectively. During roll printing, it is important to apply sufficient force between
the decals and the final substrate in order to allow complete adhesion and prevent
the decals from being delaminated from the final substrate during adhesive tape
removal. Also, The direction in which the tape is delaminated plays an important
role during final decal printing; although removal can be made parallel to the
horizontal axis, we have found that the optimal removal direction to prevent decal
delamination is done with an inclination of 45° with respect to the horizontal axis of
the final substrate. Figure 5.12 shows the performance obtained with the fabricated
RO. The NAND (Figures 5.13a and 5.13b) and NOR (Figures 5.13c and 5.13d)
“universal gates” were fabricated to confirm the ability of decal electronics to
provide complete data storage and processing capabilities in Internet of Everything
applications. Characterization of the gates shows low-to-high and high-to-low
propagation delays in the range of 28 µs and 25 µs respectively for the NAND gate
and 23 µs and 29 µs respectively for the NOR gate. Also, the gates show frequency
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Figure 5.12: a) Colored SEM of one of the stages of the ZnO-based RO. b) Output
curve of fabricated RO showing an intrinsic oscillation frequency of seven kHz.
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responses in the range of 200 Hz without performance degradation.

Figure 5.13: a) Colored SEM of fabricated NAND gate. b) AC response of fabricated
NAND gate. c) Colored SEM of fabricated NOR gate. d) AC response of fabricated
NOR gate.
Seamless integration of devices and systems for IoE applications requires reliable,
flexible, and stretchable sensing mechanisms that can provide real-time and
accurate information about different physiological and environmental processes.
Here, we demonstrate different (strain and humidity) sensors on a flexible polyimide
(KAPTON) film and embedded in flexible and inexpensive 100 µm thick 3D printed
packages. In the case of strain sensors, they have become a reliable mechanism to
detect physiological functions such as breath speed and depth. Figure 5.14a shows
an aluminum-based biaxial strain sensor, allowing simultaneous sensing of strain in
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y- and x-axis direction. Real-time resistance measurements took place as the decal
containing the embedded sensor was bent from ten to 0.5 cm. As strain is induced
in the structure of the decal (Figure 5.14b), deformation within the elastic limits of
the metallic sensor induces a change in the end-to-end resistance of the sensing
resistor. Results show the high sensitivity of the fabricated sensors even at extreme
bending conditions with a change of resistance in sensor one from 2.996 kΩ to 3.11
kΩ for ten cm and 0.5 cm bending radii respectively for the x-axis, and from 2.996
kΩ to 3.12 kΩ for 10 cm and 0.5 cm bending radii respectively in the y-axis. Sensor
two shows a change in resistance from 3.432 kΩ to 3.443 kΩ for 10 cm and 0.5 cm
bending radii respectively in the x-axis, and from 3.432 kΩ to 3.442 kΩ for ten cm
and 0.5 cm bending radii respectively in the y-axis direction. In the case of
humidity sensors (figure 5.15a - 5.15d), they can be used to detect different sweat
levels of highly active persons, such as athletes and soldiers; if worn on clothing,
they can provide accurate information about the activity levels and real time
diagnostics for health professionals. We have studied the behavior of the fabricated
humidity sensors by exposing them to different values of known relative humidity
(RH) levels ranging from a dry controlled environment (10% RH) to a controlled
high-humidity environment based on water vapor (97% RH). As water molecules get
absorbed in the polyimide film, capacitance of the sensor increases due to a change
in the relative permittivity of the structure. In this sense, the capacitance changes
according to different values of RH levels. We have noticed that the capacitance
change (∆C) follows an exponential response for low operation frequencies (one
kHz) (Figure 5.15b) and a linear response in the case of high operation frequencies
(one MHz) (Figure 5.15d) due to the moisture capacity and diffusion resistance of
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Figure 5.14: a) Digital picture of embedded bi-axial strain sensor in 3D printed decal.
b) sensor responses in x- and y-axis for different bending radii.
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the sensing material and the air surrounding the sensors. Depending on the
application, the operation frequency of the sensor can be selected with some
tradeoffs in terms of sensitivity and linearity. In the case of low operation
frequencies, the sensors exhibit larger sensitivities, in the range of two to 22 fF/%
RH, than the sensors operated at high frequencies, which exhibit sensitivities in the
range of one to 1.7 fF/% RH. However, sensors at high frequencies exhibit a better
linearity in the response with respect to the RH value, in this sense, calibration of
the sensor is easier for high operation frequencies.

Figure 5.15: a) Digital pictures of embedded humidity sensor in 100 µm meshed 3D
printed package (zoom out version is shown in Figure 5.15a). b) Sensor response to
% RH at 1kHz. c) Zoom in digital image of embedded humidity sensor. d) Sensor
response to % RH at one MHz.
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In free-form electronics, contact and test pad formation is one of the highest
concerns in the field due to challenges such as increased contact resistance and
contact break between flexible chips and input and output pins. Figure 5.16a and
5.16b show our developed interconnection method for very large scale integration
(VLSI) of flexible electronics. We have used a 61 pin flexible silicon bare die chip to
create an electronic system on flexible KAPTON sheet. KAPTON was chosen due
to inherent flexibility and advantages over flexible PCBs. Advantages when
compared to FPCBs include extreme bending radii (below three cm), low cost, ease
of fabrication, high temperature (300 °C) compatibility, and specially due to elastic
moduli which allows intimate contact with isometric surfaces for future IoE devices.
The connections between the bonded chip and the flexible circuit board show
resistances in the range of mΩ for most of the contact pads (Figure 5.16c). It is to
be noted that some of the bonded pads show contact resistance higher than
expected (in the range of kΩ). Further improvements can be made by mitigating
misalignment problems and random poor adhesion between the bonding silver-based
epoxy and the test pad.
Here, I demonstrate a combination of flexing of CMOS electronics, inkjet printing
and conductive cellulose for interconnecting, 3D printing for packaging and
roll-to-roll printing of decal electronic systems to devise a high throughput
manufacturable system embodying batch processing for wide deployment of new-age
sleak, commercializable electronics for integration with asymmetric surfaces
commonly available in natural species. The decal flexible electronic systems show
uncompromising electrical performance, large-scale integration density and
multi-functionality under extreme mechanical conditions. The overall process is
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Figure 5.16: a - b) Digital pictures of bonded 61 pin flexible silicon chip for future standalone flexible electronics applications. c) Resistance distribution between
bonded pads and flexible KAPTON-based PCB.
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simple, affordable and reliable. We envision that future Internet of Everything
electronics will make use of the presented work to produce highly complex
physically flexible-stretchable-reconfigurable consumer electronics systems at
reduced costs and production times while preserving the advantages provided by
CMOS technology for data processing and storage.
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Chapter 6
Conclusion and Outlook

Single crystal flexible silicon (100) platforms generated from low-cost 4” wafers
provide a relative easy path towards high-performance integration of electronic
components such as transistors and circuits. In chapter two, two different strategies
to fabricate low-cost silicon based flexible platforms using standard nanofabrication
techniques are presented. Results suggest that these platforms will enable very large
integration of high-performance electronic systems in future complex state of the art
flexible electronics. Due to the single crystalline nature of the platforms, devices
fabricated and flexed with these strategies will show no performance degradation
and hence maintain the cost yield advantage of mature silicon-based technologies.
Also, the ability to provide flexible devices without the need for transfer printing
techniques, such as the ones widely demonstrated in recent research, will allow
widespread integration of electronics at reduced cost and complexity. In chapter
three, fabrication and results are presented for high-performance transistors made
using the most advanced set of materials, high-κ/metal gate, on the silicon based
flexible platform. Additionally the first ever demonstration of flexible silicon-based
FinFETs is shown and provides a deeper understanding of the capabilities offered
by the platforms described in chapter two. Results demonstrate that the
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combination of industry compatible processes used to thin-down or release silicon
thin layers can produce high-performance devices without the need of unorthodox
processes such as transfer printing, spalling, or anodic etching. Also, results show
that the presented work could become an important route to fabricate
mechanically-flexible, high-performance, and low-voltage digital ICs with
exceptional mechanical and electrical properties. Furthermore, high-temperature
studies of flexible FinFET devices support that even the most advanced transistor
architecture can be fabricated and flexed using our developed techniques without
performance degradation. The ideas presented here enable integration of
high-quality silicon-based devices for future Internet of Everything (IoE)
applications. The key advantage here is that all the devices can be fabricated
without thermal or mechanical constraints on standard silicon (100) wafers before
being converted into a flexible platform using the described flexing techniques. Also,
the advantages provided in terms of wafer recyclability for TPR method and low
backside surface roughness for soft back etch method allows integration of flexible
devices for all types of consumer electronics applications. Chapter four examines the
fabrication and results of high-performance flexible circuit level devices derived from
standard silicon (100) wafers. Results show no performance degradation in terms of
electrical and mechanical stability of the fabricated devices. Additionally, the
flexible high-performance state of the art CMOS devices depicted in chapter four
gives deeper understanding of the capabilities provided by soft back etch flexing
method to produce VLSI circuits, containing billions of transistors, on a flexible
platform. The mechanical stability of the CMOS circuitry shows that the released
devices will maintain their high-performance nature even at extremely low bending
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radii. Finally, in chapter five, a novel approach to fabricate, flex, package, and
interconnect electronic devices is presented as a means of increasing production
throughput and decreasing production costs of future IoE devices. By combining
emerging additive manufacturing technologies, such as 3D printing and inkjet
printing, we tackle the long lasting barrier of integrating mechanically flexible
packaged electronic components. The decal electronic systems show performance
stability even at low bending radii, commonly found in applications such as
wearable and implantable electronics. I envision that this collection of procedures
combined with state of the art CMOS technology will allow the wide deployment of
low-cost silicon-based electronics for future IoE consumer electronics. By combining
CMOS electronics, sensory platforms, and smart packaging techniques on
mechanically compliant substrates, various new fields of science where silicon-based
electronics are considered to be incompatible could benefit. For example, fabrication
of a device using the presented techniques to extract real time diagnosis data from
different locations of the human body. Furthermore, in fields of engineering such as
automation, these systems can be seamlessly integrated to make “smarter” objects
by incorporating various communication and data processing capabilities. In this
sense, I envision that the presented flexing, packaging, and interconnecting
techniques will allow the deployment of future IoE electronics by providing simple,
affordable, and reliable means of fabrication while maintaining the high-performance
nature of state of the art CMOS technology.
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