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Abstract

The use of a single material as a multifunctional insulator (i.e., substrate, gate
dielectric, interlayer dielectric, and passivation layer) in the same device will reduce
the cost and improve the sustainability of flexible devices. The major goal of this
dissertation was to examine the potential use of the multifunctional insulator Parylene
C as a low-x interlayer dielectric in flexible electronics. Towards this goal, columnar
microfibrous thin films (LFTFs) of Parylene C were fabricated and their electrical
and mechanical properties, stability, and reliability were studied. The columnar
uFTFs were fabricated using a collimated flux of Parylene-C monomers directed at
an angle x, € {30°,52°,60°,67°,80°,90°} with respect to the substrate plane in a
modified vacuum chamber using oblique angle deposition. Also, bulk Parylene-C thin
films were fabricated to explore the stability of bulk Parylene C as a gate dielectric
in flexible electronics. The significant results of this research are the following:

o Parylene-C columnar uF'TFs can be highly porous. The porosity decreases as
the deposition angle x, increases and lies between 0.38 and 0.56. Both the static
Young’s modulus and the yield strength of the Parylene-C columnar uFTF's are
higher in the morphologically significant plane than in the plane normal to
it. In both loading directions, static Young’s moduli and yield strengths are
about two orders of magnitude lower for the Parylene-C columnar pFTFs than
the corresponding parameters of the bulk Parylene C, making the Parylene-C
columnar uFTFs softer. The lowest relative permittivity of the fabricated
Parylene-C columnar uFTF's in the 1-1000 kHz frequency range is about 70%
of that of the bulk Parylene C. The static Young’s moduli, yield strengths, and
the relative permittivity can be correlated to the porosity, crystallinity, and the
deposition angle.

o The d.c. leakage current in the Parylene-C columnar uFTFs at temperatures not
exceeding 100 °C (373 K) arises from the Poole-Frenkel conduction mechanism
with a barrier energy of about 0.77 eV. The a.c. conduction in the Parylene-C
columnar uWFTFs is attributable to small-polaron-tunneling hopping conduc-
tion and depends on the frequency f as f* with s € [0.82, 0.85] increasing
with temperature. Also, a.c. conduction in the Parylene-C columnar pFTFs is
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temperature-activated with an activation energy that decreases from 0.020 to
0.012 eV as f increases from 1 to 1000 kHz.

o Before and after the application of a constant-voltage stress (CVS), room-
temperature leakage current in a metal-insulator-metal (MIM) structure incor-
porating Parylene-C columnar uFTF as the insulator is space-charge limited.
The space charge comprises defects introduced during fabrication. No new
defects are induced by the CVS. Kohlrausch-Williams—Watts relaxation can
be exploited to understand transient leakage-current behavior, and characteris-
tic times in the 3.5-3.9 s range and stretch factors in the 4.2-5.2 range were
determined. These parameters suggest that carrier trapping at defects and
their polarization orientation are related to space-charge formation. Moreover,
capacitance dependence on time and frequency is a good indicator of the CVS-
induced degradation and stability. Charge buildup in the Parylene-C columnar
uFTFs is accompanied by capacitance decrease with CVS duration. Extrapola-
tion of the capacitance-decrease dependence on CVS duration indicates that
the capacitance would degrade by about 20% in 10 years.

o CVS induces charges in bulk Parylene C and its interfaces with gold and
Pentacene. The net induced charge is positive and negative for, respectively,
negative and positive gate bias polarity during CVS. The magnitude of the
charge accumulated following positive CVS is significantly higher than that
following negative CVS in the range of 4 to 25 nC cm?. In contrast, the leakage
current during the negative CVS is three orders of magnitude higher than that
during the positive CVS for the same bias stress magnitude. The charge buildup
and leakage current can be explained in terms of electron trapping in the bulk
Parylenen-C/Pentacene interface and bulk Parylene C. Before the application
of the CVS, a dielectric breakdown occurs at an electric field of 1.62 MV c¢cm™!.
After the application of the CVS, the breakdown voltage decreases and the
density of the trapped charges increases as the stress voltage increases in
magnitude, with the polarity of the trapped charges opposite to that of the
stress voltage. Trapped-charge buildup occurs in the bulk Parylene-C layer and
in the proximity of the bulk Parylene-C/Pentacene interface during CVS, the
magnitude and direction of the capacitance-voltage curve-shift depending on
the trapping and recombination of electrons and holes in those regions.

The overall conclusion is that both mechanical and dielectric properties of the
Parylene-C columnar pFTFs can be controlled by selecting x, appropriately. As a
result, Parylene-C columnar uFTFs can be fabricated to deliver k = 2.02, which is
lower than x = 3.0 of bulk Parylene C by 30%. Therefore, Parylene-C columnar
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uFTFs are promising candidates for deployment as ultralow-x ILDs beside their
electrical stability and reliability.

Finally, the buildup of trapped charges in the bulk Parylene-C used as a gate
dielectric and near the Parylene-C/Pentacene interface plays a major role in the degra-
dation of Au/bulk Parylene-C/Pentacene structures. The first-level understanding
of charge buildup in Au/bulk Parylene-C/Pentacene structures obtained will serve
as the basis of future studies on the defect-generation process and the trapping of
charge carriers within the insulator layer in OFETs.
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Chapter 1

Introduction

1.1 Overview

The world of solid-state applications is growing very fast on different length scales.
At small scales, electronic devices are signalling the end of Moore’s law for logic
integrated circuits (ICs). At large scales, the exploration of new materials and
fabrication techniques are opening a wide range of opportunities for innovative
applications such as flexible displays, artificial skins, photovoltaic windows, and bio-
compatible implantable devices [1]. The present generation of electronic applications
does not only involve inorganic devices, but also includes organic as well as hybrid
organic/inorganic devices. This is due to the remarkable progress in the engineering
of a variety of materials, allowing one to design and fabricate different cost-effective
and high-performance electronic devices.

However, continuing research activities on electronic devices — including materials,
device structures, and advanced manufacturing processes — should not only support
advances in electronic technologies but also societal and environmental development.
Ongoing research should contribute to improvements in health and quality of life by
ensuring the best performance of health-related and environment-friendly materials
and devices. Therefore, research has been focused on different materials and/or device

structures to be used in novel eco-friendly and sustainable applications (Fig. 1.1).



Figure 1.1. Future advances in the field of solid-state devices are dependent on the
development of new multifunctional materials and novel deposition processes by fully
understanding the physics behind the new material properties and device operation.

Flexible electronics have attracted interest, because of the cost-effective thin-film
deposition techniques perfected and the tremendous ability to control the physical
characteristics of the deposited film. Currently, solid-state lighting, photovoltaics, and
bioelectronics are the areas of intense interest for the use of flexible electronics. The
long-term goal is to create cost-effective, large-scale, and ultra-thin flexible devices
and ICs made completely from flexible materials [1].

However, there are still some significant problems to be solved before flexible
electronics find wider consumer markets and get integrated into everyday applications
[1-3]. These challenges are at different levels: materials, devices, and circuits [1-3].
At the materials level, there are challenges in terms of developing and engineering
insulating materials that could meet the fabrication, encapsulation, and integration
requirements with minimal instability and drift in device performance [1-3]. These

materials must also have the ability to be deposited uniformly and controllably over



large areas. Moreover, the chosen insulating materials should play different roles in the
same flexible device, thereby reducing the number of materials used to fabricate these
devices. In other words, the use of a single material as a multifunctional insulator
(i.e., substrate, gate dielectric, and passivation layer) in the same device will reduce
cost and improve the sustainability of flexible devices [1-4].

For decades, Parylene C has been widely used as a protection layer (i.e., encapsula-
tion, passivation, and moisture barrier) in different medical and electronics devices [5].
However, Parylene C is not simply a protection layer. Due to its desirable mechanical
and electrical properties, Parylene C also has been utilized as a flexible substrate in
flexible electronics [1]. Recently, Parylene C has been proposed as a gate dielectric in
organic field effect transistors (OFETS) [4]. Therefore, Parylene C is a multifunctional

material that can play different roles in different electronic devices [4].

1.2 Research objectives of the dissertation

The potential use of Parylene C as a multifunctional insulator (i.e., substrate, gate
dielectric, and passivation layer) in the same device will result in cost reduction and
improved reliability and sustainability of flexible electronics. This is reminiscent
of silicon oxide used as a gate dielectric as well as an interlayer dielectric (ILD)
in conventional ICs. Therefore, the main question asked for this dissertation is
whether we can engineer Parylene-C properties via a controllable deposition technique
and conditions in order to use this material for different roles. For example, bulk
Parylene C has been shown to function very well as a gate dielectric in organic
field-effect devices [4]. Moreover, bulk Parylene C has been demonstrated to serve as
an encapsulating layer as well as a substrate in flexible electronics [4].

Can we engineer the microscale morphology of Parylene C and, hence, modify its

electrical and mechanical characteristics to enable its use as an ILD in flexible ICs? To



answer this question, the research reported in this dissertation addresses the changes
in the electrical and mechanical characteristics introduced in Parylene C as a result of
using a non-traditional method of deposition. With respect to electrical properties, this
dissertation reports the lowering of the dielectric constant or relative permittivity « of
Parylene C. Also, the leakage current in Parylene C and the mechanisms responsible
for charge transport were studied. In addition, the electrical stability and mechanical
flexibility of the Parylene-C ILD were addressed in this dissertation.

Parylene-C columnar microfibrous thin films (WFTFs) were prepared using an
oblique-angle physicochemical vapor deposition technique developed and applied at
the Pennsylvania State University. The Parylene-C columnar pFTFs were examined
for use in flexible electronics by studying their electrical characteristics, stability,
and reliability. The research reported in this dissertation attempts to engineer x
in Parylene-C columnar uFTFs and enable their use as ILD in flexible electronics.
Therefore, effects of the morphology of Parylene-C columnar pFTFs on the mechanical
and dielectric properties of the film were studied. This objective was attained through
a systematic study that related s as well as porosity and mechanical flexibility to the
deposition conditions of the Parylene-C columnar uFTFs. Another objective was to
identify carrier-transport mechanisms in the Parylene-C columnar pFTFs by measur-
ing leakage current in relation to temperature, and applied voltage. Determinding
the reliability and electrical stress resistance of the Parylene-C columnar uFTFs by
monitoring leakage current and capacitance as functions of bias stress was the third
objective.

Bulk Parylene-C films, prepared using a standard chemical vapor deposition
method, are vastly different from Parylene-C columnar uF'TFs and are, hence, ex-
pected to have different electrical and mechanical characteristics than Parylene-C
columnar uFTFs. Bulk Parylene-C films are extensively studied [4,6-11] as gate

dielectrics in organic field-effect devices. However, very little is known about the
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electrical stability and reliability of bulk Parylene-C and its interfaces with organic
semiconductors in these devices. This dissertation addresses this shortfall and presents
results of a systematic analysis of a Au/bulk Parylene-C/Pentacene material sys-
tem in terms of charge buildup, leakage current, and dielectric breakdown under

constant-voltage stress.

1.3 Research plan and dissertation organization

Aiming to explore the suitability of Parylene C in flexible electronics, the research

work plan was executed in the following sequence (Fig. 1.2):

1. Study the Parylene-C columnar uF'TFs” morphology, porosity, flexibility, and
dielectric properties in relation to the deposition angle in oblique-angle physio-

chemical deposition technique.

2. Identify charge transport and conduction mechanisms in Parylene-C columnar

WFTFs.

3. Investigate stability and electrical-stress resistance of Parylene-C columnar

WFTFs.

4. Understand the different physical phenomena of charge buildup and electrical
degradation in bulk Parylene-C films.

Consequently, this dissertation is organized as follows:

o Chapter 2 contains a literature review on flexible electronics: history, materials,

and applications.

o Chapter 3 describes the properties of Parylene-C as a multifunctional insulator

in different applications.
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Figure 1.2. Organization flow of the objectives of this dissertation.

An overview of ILD requirements and materials is presented in Chapter 4.
The fabrication of Parylene-C columnar uF'TF's is presented in Chapter 5.

Characterization of the effects of morphology on the mechanical and dielectric

properties of Parylene-C columnar uFTFs is described in Chapter 6.

Chapter 7 discusses the charge transport and conduction mechanisms in Parylene-

C columnar uFTFs.

Chapter 8 discusses the effects of constant-voltage stress (CVS) on the stability
of Parylene-C columnar puFTFs.

A systematic analysis of Au/bulk Parylene-C/Pentacene structures to gain a

better understanding of their degradation is reported in Chapter 9.



o The overall conclusions and directions for future work are given in Chapter 10.
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Chapter 2

Review of Flexible Electronics

2.1 Introduction

For decades, the backbone of semiconductor devices has been furnished by inorganic
materials such as silicon (Si) and its oxide. Texas Instruments and Fairchild Semicon-
ductor, fabricated the first Si-based IC chip around 1960 [12]. In September 2015,
the 6'® generation nano-scale architecture was launched in Intel Core Processors.
The processor consists of more than 2.6 billion transistors on a 122.4 mm? die [13].
Indeed, the Si-based complementary-metal-oxide-silicon (CMOS) technology can now
be considered to be well developed. Advances in nano-scale fabrication of Si-based
electronics are promoted by research efforts to further miniaturize device size, increase
device density in a chip, and improve device performance and reliability while reducing
the production cost.

In contrast, large-scale electronics have recently attracted much interest. For
example, a very important large-scale electronics application is flat-panel displays,
which are lighter, thinner, and more economical than traditional cathode-ray-tube
displays. Future advances in large-scale electronics are dependent on the develop-
ment of new multifunctional materials and novel deposition processes [1]. Hence, a
wide spectrum of new material compositions and morphologies are being explored.

Researchers are currently looking for alternatives to conventional Si-based devices



with specific requirements on new materials such as transparency and flexibility [1].
For several applications, flexible materials are desirable substitutes to the traditional
inorganic materials, with several emerging optical and electronic devices made using
engineered flexible materials [1].

In 1994, the printed all-polymer transistor was demonstrated [17,18]. Since then,
much attention has been directed toward the development of flexible ICs on plastic
substrates. In order to achieve the goal of all-organic flexible solid-state electronics,
research has been focused on fundamental materials for flexible devices: conductors,
insulators, and semiconductors [17,18]. Not only have new materials been sought,
but modified and even new devices architectures have been devised [17,18]. These
efforts continue to play an important role in expanding the manufacturing boundaries
for flexible electronics [1].

Because they are easy to fabricate, inexpensive, and can be manufactured in
large sheets, flexible materials are becoming important components of most organic
devices [17,18] such as organic thin-film transistors (OTFTs), organic photovoltaics
(OPVs), and organic light-emitting diodes (OLEDs). Flexible materials are rapidly
replacing conventional Si-based materials in applications requiring large-area coverage,
structural flexibility, and low-temperature processing. Moreover, organic-based radio-
frequency identification (RFID) tags [19] used to label and track objects automatically
are attracting researchers’ attention because of relatively low-cost production in
comparison to their inorganic counterparts. Also, flexible sensors have been extensively
fabricated for biosensors [20], mechanical sensors [21], storage devices [22], artificial
skins [23], and wearable electronics [24]. Indeed, research in flexible electronics is

rapidly growing.
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Figure 2.1. Key applications in need for further development of organic and printed
electronics [25].

2.2 Organic electronics roadmap

Organic electronics are suitable for a wide range of applications, as shown in Fig.
2.1 [25]. These devices are integrated into commercial applications such as OLED
frontplanes and OTFT backplanes for displays or are integrated into promising
applications such as OPVs, RFID tags, biosensors, memories, and integrated smart
systems [25]. Most of these applications are either based on or integrated with OFETs.
In fact, OFETSs are the primary devices in flexible electronics. Moreover, OFETs have
been integrated into logic circuits [28,29], and are also strong candidates in sensing
applications, as active layers can be made of organic semiconductors and organic
insulators, depending on the OFET geometry [28,29].

The market for organic electronics is mainly driven by solid-state lighting and
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display technologies. Leading industrial companies such as Samsung, Philips, Sony,
and LG are the top players in this market. This market will continue to grow with a
projected market size of around 70 billion dollars by the year 2020 [25].

Since 2004, the Organic and Printed Electronics Association (OE-A) has been the
leading international association for organics industry standards and future roadmap.
The OE-A roadmap consists of all updates about new applications, materials, and
processing techniques in the organic electronics industry. As shown in Fig. 2.2 [25],
the 2017 OE-A roadmap is based on: operating conditions (i.e., voltage and frequency)
and reliability (i.e., lifetime, efficiency, cost, and sustainability) with the ultimate
goal being true flexibility (i.e. conformality, rollability, and stretchability) [25].

Therefore, flexibility is an important features for organic electronics. Flexibility
can be differently interpreted by different manufacturers and users. As a mechanical
characteristic, it is conveniently classified as bendability or stretchability. Also, a
flexible substrate can be non-planar. Searching for flexible materials and utilizing

novel fabrication methods are necessary to develop flexible electronics [1].

2.3 Applications of flexible electronics

Flexible devices are becoming a big part of our daily lives because they are inexpensive,
bendable, easy to process, and can be fabricated in large areas. Flexible displays are a
rapidly growing field as they can replace rigid glass panels. Numerous displays [17,18]
including liquid-crystal displays (LCDs), electrophoretic displays (EPDs), and OLED
displays on various polymeric substrates have been made. Paper-like displays are
attractive for e-Reader [26] and e-Paper [27] applications. Artificial muscles comprising
electro-optic polymers have potential applications [30] for biologically inspired robots,
animatronics, and prosthetics. Flexible electronic circuits are woven or integrated

onto fabric in smart textiles, a growing industry [24].
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Figure 2.2. OA-E 2017 roadmap for organic and printed applications [25].
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Flexible electronics are an essential pillar in the Internet-of-Things (IoT) tech-
nology, as device flexibility is one of the crucial features of this technology. IoT was
listed as one of the top ten strategic technology trends in 2015 [31]. It refers to the
network of physical objects or “things” embedded with electronics, software, and
sensors to enable them to provide greater value and service by exchanging data with
the manufacturers, operators, and/or other connected devices.

IoT was conceptualized by Ashton in 1999 [32]. The concept has become popular,
and the vision has evolved in recent years. Sensors and communication tags are
key components of IoT. They monitor the status of “things” and communicate with
the “internet” to exchange information about or among “things”. IoT will affect
dramatically the way we live. In other words, when everyday objects are able to sense
and instantly communicate with one another, major changes must occur about how

and where decisions are made, and who makes those decisions.

2.4 Flexible electronics fabrication

At the present time, two main fabrication approaches are widely used in flexible
electronics fabrication industry: roll-to-roll (R2R) processing and batch process-
ing [1,17,18]. Although the R2R process is commonly used for low-cost applications
such as polymer solar cells, it has several limitations. For instance, it is not compatible
with conventional fabrication steps (e.g., alignment, vacuum deposition, and pho-
tolithography). Also, it is not preferred for low-throughput customized manufacturing
because it would be difficult to justify the production cost.

The second fabrication approach is batch processing or sheet-fed processing, which
is compatible with most technologies used in nanofabrication facilities. This approach
can be implemented in two ways. One way is to directly deposit the flexible device

on a flexible or stretchable substrate. The other is to fabricate the device on top
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of a rigid substrate, such as a Si wafer or a glass substrate, and then transfer the
device using a peel-off technique. The second way is commonly used to produce
high-performance devices such as amorphous-Si TFTs, OFETs, and memory devices.
Batch processing also allows the use of standard equipment and processes for flexible
electronics.

Flexible materials are required for conduction, semiconduction, and insulation
layers. Furthermore, a completely flexible electronic device often consists of active,
functional, supporting and protection components, which must also be made of flexible

materials [1,17,18].

2.5 Electrical insulators for flexible electronics

2.5.1 Mechanically flexible substrates

The substrate is the primary component affecting the device flexibility. Flexible
substrates must possess appropriate mechanical, thermal, chemical, electrical, opti-
cal, and magnetic characteristics [1,17,18]. Most importantly, sufficient mechanical
strength and flexibility to support the device are crucial for the substrates. Flexi-
ble substrates must be compatible with conventional fabrication challenges such as
chemical resistance and thermal instability. In addition, the fabrication cost of the
substrate is an important factor for large-area applications.

In large-area applications, traditional substrates include glass, stainless steel,
paper, and plastic. Glass substrates are transparent, but are usually stiff and thick.
Therefore, glass is not suitable for flexible applications that involve bending and
stretching [17,18]. In contrast, stainless-steel foil is more flexible and less stiff than
glass. However, stainless steel is not transparent. Its rough surface requires additional

fabrication steps such as the deposition of a buffer layer (for insulation). Also, it
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is relatively thick and hard to bend. Recently, flexible metal-foil substrates less
than 50-125 pwm in thickness, depending on the metal, have been used for display
applications [17,18].

Polyimide (PI or Kapton™), polyethylene terephthalate (PET), polyethersulphone
(PES), and polyethylene naphthalate (PEN) are recognized as suitable candidates for
flexible substrates [17,18]. These polymers are also economical. PET, PEN, and PI
substrates have been employed also for their thermal properties [1,17,18]. They have
a coeflicient of thermal expansion (CTE) below 20 ppm/°C. Therefore, PEN, PET,
and PI are compatible with fabrication-process temperatures of 200, 150, and 350
°C, respectively. However, PEN, PET, and PI are mostly available in bulk sheets
with thicknesses in the [50, 100]-pm range and their gas and moisture permeabilities
degrade with aging. A polymeric substrate with good gas and moisture permeabilities,

easy manufacturability, and mechanical strength is needed for flexible electronics.

2.5.2 Protection and encapsulation materials

Although flexible electronic devices are sustainable and eco-friendly, their long-term
environmental stability is vital because these systems are often designed to operate
under harsh conditions for long periods [33]. One of the main fabrication challenges for
flexible devices is to maintain adequate protection of the active layers from moisture
and atmospheric gases [1,17,18]. Exposing the device to ambient conditions will
lead to a degradation in device performance, as it contains active organic material
layers. Therefore, an encapsulation layer is used to protect the device from ambient
conditions and to prevent the active layers (semiconductors, dielectrics, or transparent
conductive oxides) from charge-trapping effects induced by mechanical cracking [33].
For these reasons, there is a significant interest in polymers that can be successfully

used as both substrate and encapsulation layers [4].
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Figure 2.3. WVTR requirements for encapsulation layers suitable for flexible electronic
devices [35].

PET and PEN are commonly used both as flexible substrates and encapsula-
tion layers. These materials have a water-vapor transmission rate (WVTR) of 102
g/m?/day [34]. However, the required WVTR values for flexible electronic devices,
as shown in Fig. 2.3 [35], are lower by three orders of magnitude [35]. On the other
hand, inorganic barriers (i.e., traditional barriers) such as silicon dioxide (SiO2) and
aluminum oxide (AlyO3) also have been suggested as encapsulation layers for flexible
devices. Although these barriers can reduce the WVTR, to about 107! g/m?/day,
these materials are brittle and can crack at even low mechanical strain during de-
vice operation. Formation of cracks in the encapsulation layer will degrade device
performance.

Other approaches that have also been explored to improve barrier performance
involve thicker encapsulation layers and using hybrid (i.e., organic and inorganic)
multilayer structures [35]. These approaches have shown a good impact in WVTR
reduction to a value about 107 g/m?/day. However,the encapsulation layer’s thickness
in either approach will eventually result in a dramatic reduction of the device flexibility.
Up until now, the development of the encapsulation layer in flexible electronic devices

is a major challenge [34,35].
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2.5.3 Gate dielectric materials

Gate dielectrics play an important role in many electronic devices, especially in
transistors. For selecting a suitable material, many characteristics must be considered.
These characteristics include relative permittivity, leakage current, semiconductor-
dielectric interface quality, stability, and reliability. Mainly two types of dielectric
materials, inorganic and organic, are recognized as gate dielectric materials for OTFTs,
OFETs, and non-volatile random-access memory (RAM).

The first type includes inorganic dielectric materials such as SiO; and AlyOs.
These are commonly used in OFETs [36]. However, the deposition of these materials
is costly as it involves complex processes. Also, they are not easily compatible
with many types of flexible substrates, and additional processing steps are needed
to overcome this handicap. Furthermore, thin films of these inorganic dielectric
materials contain defects and pinholes. Another concern is that the thicknesses of
these materials need to be as small as a few nanometers, in order to achieve the
required degree of flexibility for flexible electronics. Therefore, high leakage current
in these thin films is possible. Even though thermal annealing can be used to improve
the quality of these thin inorganic dielectric materials, the flexible substrates will not
be able to handle the high-temperature processes during fabrication.

The second type includes organic dielectric materials, mainly polymers. These have
several advantages compared to their inorganic counterparts. Polymers are generally
flexible for a wide range of thicknesses and have excellent insulating properties.
Furthermore, their deposition processes are inexpensive and compatible with different
flexible substrates. Polymer gate dielectrics [36] such as polystyrene (PS), polymethyl-
methacrylate (PMMA), poly(vinyl alcohol) PVA, and poly(vinyl phenol) PVP have
been used for OFETs. However, the drawback of using these materials is that they

are not compatible with standard microfabrication processes that require the use
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of reactive chemicals, which limits their applications for flexible devices made on

polymeric substrates.

2.6 Challenges and outstanding research in flexible electron-
ics

There are still some significant challenges to be overcome before flexible electronics
finds wider consumer markets and gets integrated into everyday applications. These
challenges are at different levels: materials, devices, and circuits [2,3]. The highlights

of the challenges at each level are as follows:

o Materials — there are still challenges in terms of developing and engineering insu-
lating materials that could meet the fabrication, encapsulation, and integration
requirements with minimal instability and drift in device performance. These
materials must also be possible to be deposited uniformly and controllably over

large areas.

e Devices — unlike inorganic devices, the evaluation of a flexible device’s perfor-
mance does not only depend on operational standards but also on the degree of
device’s flexibility and stretchability while maintaining adequate operational
standards. This amounts to saying that (i) the device performance standards
are to be maintained upon the application of both electrical and mechanical
stresses, and (ii) that the device is electrically and mechanically reliable and

stable.

o Circuits — the compatibility and functionality of flexible circuits present major
challenges when integrated into a bent, stretched, twisted or rolled-up substrate
or platform. Major components of flexible circuits include the substrate, the

interconnects, and the interlayer dielectrics. These components must all be
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also acceptable in terms of flexibility and stretchability. For example, the
active-matrix flexible display consists of OLED pixels, interconnected by ILD

and integrated onto a backplane of OTFTs array on a flexible substrate.

o Reliability, stability and operational lifetime — at all three levels, fundamental
studies are essential before flexible electronic become economically manufac-

turable.

Fundamental studies on new materials, device architectures, device stability, long-
term reliability, and resistance to electrical and mechanical stresses are essential.
Flexible electronics is still in its infancy, and there are enormous opportunities for
high-impact research for applications that exploit low-cost manufacturing, flexibility,

and large area.
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Chapter 3
Parylene C as a Multifunctional Electrical

Insulator

3.1 Introduction

A family of polymers collectively called parylenes [37] is commonly used in the
electronics industry for moisture-banner coatings. There are many types, but only four
are widely known: Parylene N, Parylene C, Parylene D, and Parylene HT [38]. Figure
3.1 illustrates the chemical formula of each of these four types of parylene [38]. Parylene
N — Poly(para-xylylene) — is the basic member of this family. It is a low-loss insulator
[37]. Parylene D, which has the largest monomer and two chlorine atoms in every
benzene ring, possesses the same excellent physical and electrical properties as Parylene
N, but with the ability to withstand higher temperatures. In Parylene Nova HT
(Parylene AF-4), the newest commercially available member, the hydrogen atoms of
Parylene N dimer are replaced by fluorine atoms. It is suitable for avionics applications
due to its resistance to high temperatures and ultraviolet radiation. Parylene C is
produced from the same dimer as Parylene N with a substitution of one chlorine
atom for one of the hydrogen atoms. It has a desirable combination of electrical,
mechanical, encapsulation, and thermal properties for electronic applications. Also, it

is impermeable to corrosive gases [37,38].
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Figure 3.1. The four common types of parylene: Parylene N, Parylene C, Parylene D,
and Parylene HT.

Parylene C is flexible, optically transparent, biocompatible, and with high dielectric
reliability [38]. Therefore, it is used in several flexible [39], optical [40], and biomedical
[41] electronic devices. Moreover, it is a medically accepted polymer, having been
classified as a U.S. Pharmacopoeia Class VI polymer for medical devices [41] and
being medically approved by the U.S. Federal Drug Administration for internal
prostheses [39,42]. It is widely used as a moisture-barrier coating on implantable
devices such as stents, defibrillators, and pacemakers [43].

Basically, Parylene C is being extensively used in electronics for many decades as
a protection layer [4] to minimize device degradation caused by exposure to oxygen
and moisture. Recently, it has been used for flexible substrates, encapsulation layers,
and gate dielectrics [4]. Indeed, Parylene C plays different roles in different electronic

devices, as depicted in Fig. 3.2. Therefore, it has the potential to play multiple roles
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in the same flexible electronic device.

Conformability Encapsulating
layer
Fil @
Biocompatibility Substrate
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2
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[ Inter]
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Hexibiit dielectric

Figure 3.2. Parylene-C features and its multiple roles in different electronic devices.

3.2 Electrical, mechanical, and thermal properties of Pary-

lene C

The electrical, mechanical, thermal, and surface properties of Parylene C are shown
in Table 3.1 [38,44-46]. It has a relative permittivity x ~ 3.0, which is comparable
to those of most common polymeric insulators [37,38,47,48]. Thin films of Parylene
C show insulation resistance about an order of magnitude higher than the standard
of the coated circuit board test (MIL-1-46058C). This test is usually conducted at ~
65 °C and ~ 90% relative humidity [38]. Uniformly thin films of Parylene C have low
leakage current and high dielectric strength even at nanometer-level thicknesses [39].

These thin films of Parylene C are pinhole free and mechanically flexible [38].
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Table 3.1.

Parylene C, PET, PI, and PEN. [38,44-46].

Electrical, mechanical, chemical, thermal, and surface properties of bulk

Parylene C PET PI PEN
(MYLAR 800) (Kapton) (Teones)
8 Dielectric strength
g MV /cm 2.20 4.30 2.30 4.00
o)
< Relative permittivity
2 @ 1 MHz 2.95 3.00 3.00 2.90
<
2 C e
E Volume resistivity 9 x 1016 1% 1018 1% 1017 1x10'7
3 Q-cm
= Surf: istivit;
urace gﬂs iy 1 x 1014 1 x 1016 - 1 x 1016
wn .
£ Density 1.29 1.39 1.42 1.36
5 g/cm
2 Tensile strength
% MPa 69.0 200 231 262
Q
g Yield strength 2.80 4.90 2.50 6.10
= GPa
[
=
w0 . .
& Memﬂgcpomt 290 254 520 516
2
g . .
2 Thermal expan51oon coefficient 35.0 39.0 20.0 18.0
= ppm/°C
g »
= Thermal conductivity
k) W/(m K) 0.08 0.15 0.12 -
H
Water absorption <01 0.8 18 0.3
0 %
2
‘5 Gas permeability
g (cc mm)/(m? day atm)
& Na 0.4 0.6 3.6 -
IS O2 2.8 3.6 15 8
& COy 3.0 3.78 27 37
a H, 43.3 60 150 -
Water-vapor transmission rate 0.08 1.44 2.40 6.70

g/m?/day.

Due to softness (yield strength of 55.1 MPa and static Young’s modulus of 2.76

GPa) [38], fabricability for thicknesses ranging from a few nanometers to hundreds of

micrometers, and mechanical robustness, these thin films are highly suitable for flexible
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electronic devices. Parylene C exhibits very little optical absorption in the visible
spectral regime and is, therefore, transparent and colorless even for micrometer-scale
thicknesses [38]. Because the thin films are fabricated by chemical vapor deposition
(CVD), purity is high without solvent contamination that occurs when using spin-on
deposition [5]. Very importantly for manufacturing operations, Parylene C can be
peeled off several types of substrates [4].

Parylene C is expected to survive continuous exposure for 10 years to air at 80 °C
as well as to oxygen-free atmosphere at 220 °C, based on Arrhenius extrapolation of
test data [38]. The melting point of Parylene C is about 290 °C which is considered
favorable for many electronic applications [38].

As a moisture and chemical barrier, bulk Parylene C is superior compared to
most common polymeric insulators. The WVTR of Parylene C is comparable to
other common conformal coating materials such as epoxies and polyurethanes [38].
In ASTM B117-(03) tests, circuit boards coated with Parylene C showed no corrosion
or salt deposits after 144 hours of exposure to air [38]. The all-carbon structural
backbone and high molecular weight make Parylene C extremely resistant to most
chemicals. Also, it can resist chemical attacks when it is dipped in most organic
solvents up to 150 °C [38]. Thin films of Parylene C do not swell significantly with
exposure to a host of chemicals including automotive and aviation fluids [38].

Parylene C is a medically accepted polymer. It has been tested according to the
biological evaluation requirements of ISO 10993 [38]. Indeed, the biocompatibility
and biostability of Parylene C have been extensively demonstrated in biocompatible

electronics devices for the last 40 years [5].
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3.3 Parylene C in electronic applications

3.3.1 Parylene C as a flexible substrate

Parylene C has been widely used as a flexible substrate in different types of flexi-
ble electronic devices [4]. Planar OFETs with Parylene-C substrates demonstrate
reversible degradation when bent with radius of curvature between 5 mm to 25
mm [4]. Also, OFETs comprising ultra-thin layers of bulk Parylene C as well as a
Parylene-C substrate withstand bending with radius of curvature as low as 0.8 mm [4].
Moreover, inorganic transistors fabricated on Parylene-C substrates exhibit higher
room-temperature mobility than those fabricated on SiOy substrates [50].

Ultra-thin and flexible transistors fabricated on a Parylene-C membrane can be
wrapped around a human hair [40]. Because Parylene C is an FDA-approved and
bio-friendly polymer [41], there has been significant research performed using it as a
substrate for implantable neural prostheses [5,49].

Using Parylene C as a substrate, researchers in Organic and Nanostructured
Electronics Laboratory (ONEL) at Massachusetts Institute of Technology (MIT) have
fabricated the thinnest (1.3 um) and lightest (3.6 g/m?) solar cells [51]. These devices
exhibit power conversion efficiencies and fabrication yields comparable to the same

solar cells fabricated on glass substrates [51].

3.3.2 Parylene C as an encapsulation material

Parylene C has the ability to cover sharp edges, crevices, and overhangs because CVD is
used to deposit it [52,53]. Therefore, Parylene C is used as an encapsulation material
for many biocompatible electronic devices including implanted neural prostheses
[52,53].

Numerous published studies [5] on Parylene C have reported its biocompatibility,
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biostability, low cytotoxicity, and resistance against hydrolytic degradation [5,52]. As
a result, Parylene C has been widely adapted as an encapsulation layer for bio-MEMS
devices [5,52,54].

In a study, multiple microelectrodes protected by Parylene-C thin films were
fabricated and deployed in monkey motor cortex [55]. For over four months, no
changes in these microelectrodes impedance were recorded.

The compatibility of Parylene C as the encapsulation layer in different OFETs has
been investigated [4]. The results show that no defects at semiconductor /encapsulation-
layer interfaces are formed and, therefore, no additional charge traps are created at
these interfaces.

The electrical characteristics of unprotected and protected Cgg-based OFETs with
Parylene-C encapsulation layers were studied [11]. The unprotected OFETs showed
electrical degradation after only 90 min [11]. On the other hand, the Parylene-C-
protected OFETs were electrically stable since the same level of degradation was
observed after 12 days [11].

Parylene C has been used for the encapsulation layer in ultra-thin (2.6 pm)
colloidal quantum dot light-emitting diodes that allow the alignment of red-green-blue
pixels with resolutions up to 2,460 pixels per inch [56]. With Parylene C used for the
substrates and encapsulation layers, the diodes performance is stable on flat, curved
and convoluted surfaces under mechanical deformations such as bending, crumpling
and wrinkling. These flexible diodes highlight new possibilities for integrating high-

definition full-color displays in wearable electronics.

3.3.3 Parylene C as a gate dielectric

As a gate dielectric, Parylene C is compatible with different active organic semicon-

ductors of both p- and n-types [4,57,60,61]. It was introduced as a gate dielectric
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in OFETSs in 2000 [57]. OFETs made of a rubrene single crystals and Parylene C as
a gate dielectric show high charge-carrier mobility, close to that of 10 cm?/V s [60].
Also, flexible picene OTFTs with Parylene C as a gate dielectric exhibited field-effect
hole mobility close to 1 cm?/V s [61].

3.3.4 Parylene C: other roles in diverse applications

Parylene C has been used in different electronic devices such as wireless local-area
network (WLAN) antennas, RFID tags, memories, and sensors. For example, im-
plantable flexible antennas coated with Parylene C show good electrical performances
for WLAN application [62]. The first reported waterproof inkjet-printed dual-band
monopole antenna was obtained using Parylene C as the protection layer [63].

Parylene C has been used as an intermediate bonding layer and a sidewall pas-
sivation material in multi-layer homogeneous 3D ICs using post-CMOS processing
protocol [64]. Also, it has been employed as an active layer in resistive random-access
memories (RRAMs) for ultrafast nonvolatile [65], wearable [66], and low-power [67]
memories.

High-sensitivity fiber-optic Fabry-Perot acoustic sensors based on thin Parylene-C
diaphragms have been reported [68]. Also, Parylene C has been used in a chemical
sensor for explosives detection [69]. As a pH sensing layer, Parylene C can be used in
organic charge-modulated field-effect transistors [70]. In addition, a flexible bio-sensor
based on thin Parylene C films that serve both as flexible support substrates and as

active HT-sensing membranes has been fabricated and successfully tested [71].
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Chapter 4

Review of Interlayer Dielectrics

4.1 Introduction

One major goal for this dissertation was to determine the suitability of columnar
microfibrous thin films of Parylene C as interlayer dielectrics (ILDs). In general, metal
lines can be placed and remain electrically isolated from each other in an ILD. In
present-day ICs, the ILD is also used to electrically separate closely spaced multilevel
metallization of interconnect lines arranged in several levels [72]. Therefore, the ILD
must possess low relative permittivity « to eliminate or minimize cross-talk between
interconnect metal lines [72].

The value of kK must be substantially lower than 3.9, which is the relative permit-

tivity of SiOs. Indeed, in any IC, an adequate ILD must [72]
(1) reduce the RC delay time for faster switching,
(2) reduce power dissipation,

(3) function as an electrical insulator that exhibits both extremely low leakage

current and high dielectric strength

(4) provide mechanical support for the several metal layers, and
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(5) help distribute thermal and shear stresses produced during processing and

packaging.

All five characteristics are essential for ILDs in any IC, and more so in flexible ICs [72].

4.2 ILD properties

4.2.1 Relative permittivity

Figure 4.1 shows a schematic diagram of ILD stacks with adjacent different layers
[72]. In any IC, two important parameters are the line resistance Ry, at the two
metallic ends of the interconnect and the capacitance C' of the ILD material. Reducing
R,, and/or C will effectively reduce the RC' delay time tgelay = RiC' [73]. The line

resistance can be expressed as [72]

meo(L), o

where p is the resistivity of the metal line, ¢ is the length of the metal line, and A, is

the cross-sectional area of the metal line. The ILD capacitance is given by [72]

C = ke, (g) : (4.2)

where g, = 8.854 x 107" F e¢m™! is the permittivity of vacuum, A is the top cross-
sectional area of the ILD capacitor, and d is the thickness of the ILD.

Equations (4.1) and (4.2) show that t4ey o< pk. Therefore, the IC switching speed
will be affected by the electrical properties of the interconnect and the ILD. Thus the

selection of an ideal ILD with low & is a key to minimize Zgelay-
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Figure 4.1. Schematic diagram of ILD stacks with adjacent layers of different materials.

The ILD capacitance also affects the consumed power [72]
Power o< CV?f, (4.3)

where V' is the operating voltage and f is the operating frequency. One of today’s
major goals of IC fabrication is to enhance the power consumption efficiency. Therefore,
reduction of the ILD capacitance is essential to reducing the IC power consumption.

Figure 4.2 show estimates of fqelay of aluminum (Al)/SiO, and copper (Cu)/low-x
material as metal/ILD combinations for different node technologies [74]. Indeed, the
integration with a low-x ILD and low-p metal will have a significant impact on the
switching speed and the power consumption of the IC [72].

Reduction of R,, can be achieved by selecting a metal with low p such as Cu. As

depicted in Fig. 4.3, there are two general strategies for lowering x [75]:

(1) choose the ILD material with a chemical structure that has inherently low

dielectric polarizability, and/or
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Figure 4.2. The estimated tqelay of gate, Al/SiOg, and Cu/low-x versus different node
technologies. This figure is adapted from the ITRS (1999) [74].

(2) lower the density N of the electric dipoles within the ILD.

Strategies forloweringk
v v
Lower Lower
polarizability density
L Subtractive
Less polar Constitutive Bror oy
S Boposity (:acriﬁcial
(Si-F, Si-C, C-C) (self-assembly) Gt

Figure 4.3. Strategies for lowering « to develop a low-x ILD.

When an electric field is applied across an ILD, electric dipoles are induced (i.e, di-
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electric polarization is caused). As a result, the preexisting and field-induced dipoles
are aligned with the applied electric field [12]. The types of dielectric polarizations are
electronic, atomic or ionic, orientation, and space-charge [12]. Thus, the total polariz-
ability «a;, can be defined as the sum of the contributions of these polarizations. The
frequency-dependent total polarizability and x are related by the Mossotti—Clausius
equation [72,76]

k—1 4rm

It can be noticed from Eq. (4.4) that x grows as Na,, grows. The higher o, and/or
N, the higher is k. Therefore, to develop or engineer a low-x ILD, a material with
low N (i.e., porous) and low «, is needed.

Table 4.1 shows the electronic polarizability of different chemical bonds [72]. The
polarizability of a single bond is lower than that of double bonds. However, the bond
strength of double bond is higher [72]. When developing a low-x ILD, the type of
these bonds should be also considered since it plays a major role in determining both

the polarizability «,, and the mechanical strength of the ILD material [72].

Table 4.1. Electronic polarizability and bond strength of different chemical bonds [72].

Bond Polarizability Bond strength

A3 kcal mol~!
c-C 0.531 83
C-F 0.555 116
Cc-O 0.584 84
C-H 0.652 99
O-H 0.706 102
C=0 1.020 176
Cc=C 1.643 146
C=C 2.036 200
C=N 2.239 213

The second strategy aims to lower the mass density of the ILD by introducing
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porosity to create a matter-free volume in the ILD material.
Generally, when two homogeneous materials of relative permittivity x, and ky
are mixed together in a volume ratio f, : 1 — f,, where f, € [0,1], the relative

permitttivity s, of the mixture must obey two reasonable constraints: [77]

fliml Kab = Ka, (4.5a)
flin%) Kab = Kb- (4.5b)

Therefore, k of any porous material with (k, = ka; = 1 (air)) and bulk material

(Kb = Kpuk) 18 expected to obey the restriction

Rbulk
[fair Rbulk + (1 - fair)]

<K< far + (1 = fair) Kbulks (4.6)

imposed by the Wiener bounds regardless of the microstructure [78,79]. Accordingly,

we expect K < Kpux for far > 0.

4.2.2 Leakage current and insulating strength

Every ILD has a finite resistivity leading to a leakage current when a d.c. voltage
is applied. The leakage current is due to conduction mechanisms which also control
charge transport. Many studies [80-84] have shown that Schottky emission (SC),
Poole-Frenkel emission (PF), Fowler-Nordheim tunneling (FN), direct tunneling
(DT), trap-assisted tunneling (TAT), and space-charge-limited (SCL) are the most
effective conduction mechanisms in dielectric materials. Figure 4.4 shows different
possible conduction mechanisms inside a metal-insulator-metal (MIM) structure.
The conduction mechanisms can be classified into two types: electrode-limited
and bulk-limited [81]. The electrode-limited conduction mechanisms such as SC,

FN, and DT depend on the electrical properties of the electrode/insulator interface.
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Bulk-limited conduction mechanisms such as PF, TAT, and SCL depend on the
electrical properties of the insulator (i.e., traps’ location and density). These conduc-
tion mechanisms also depend on the operating conditions such as bias voltage and
temperature.

When the applied voltage keeps increasing, the ILD cannot sustain this increase
in the voltage that will lead eventually to a runway current. The maximum voltage
per unit thickness is called the dielectric strength or breakdown electric field Epq [72],
which appears to be dependent on the thickness of the ILD.

(1)

L J

sc )
Pr

Metal P5" l

Insulator

Figure 4.4. Different possible conduction mechanisms in a MIM structure: (1) Schottky
emission, (2) Poole-Frenkel emission, (3) Fowler-Nordheim tunneling, (4) direct tunneling,
and (5) trap-assisted tunneling. The parameters qﬁ%c and qbgF are SC and PF energy
barriers, respectively.
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4.2.3 Mechanical and thermal properties

The development of a low-x ILD poses two main challenges [75]. The first challenge
is the deposition of a uniform and porous ILD film using approaches as the ones
given in Fig. 4.3. The second challenge is the integration of this ILD film into the 1C
manufacturing processes. Criteria for mechanical, thermal, and chemical stabilities
need to be fulfilled by the low-x ILD material [72,75].

The mechanical stability is needed primarily because the low-x ILD material is
expected to withstand enormous mechanical stresses during the metal integration
process. For instance, Cu integration technique is called “damascene” [72] because
Cu lines are embedded in the low-x ILD and resemble damascene decorations. Then,
Cu lines are polished using a chemical-mechanical polishing process that induces
enormous mechanical stresses [75]. Also, the degradation of the mechanical properties
of the ILD depends on porosity [72]. Therefore, the porosity of the low-x ILD must
be as low as possible to provide sufficient mechanical stability.

The ILD must also be able to endure thermal stresses due to the thermal budget
of the integration process and the mismatch in the coefficients of thermal expansion.
For example, a low-x ILD is expected to withstand a high processing temperature
of ~ 400°C [75]. Table 4.2 summarizes the ILD electrical, mechanical, and thermal

properties of concern [72].

Table 4.2. Electrical, mechanical, and thermal requirements for ILD [72].

Electrical Mechanical Thermal
Low k Film uniformity High thermal stability
Low dissipation Good adhesion Low thermal expansion
Low leakage current Low stress Low thermal shrinkage
High dielectric strength High tensile modulus High thermal conductivity
Low charge trapping High hardness
High reliability Low weight loss
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4.3 Overview of interlayer-dielectric materials

In 1997, IBM and Motorola successfully introduced Cu to replace Al as the metal
interconnect using very-large-scale integration (VLSI) technique [85]. This was the
first attempt to reduce tgelay since Cu has 40% lower resistivity than Al [74]. In 2000,
fluorinated silicon glass (FSG) SiOF, with k ~ 3.6, was integrated to replace SiO5 in
the 180-nm technology node [74,85]. The use of Cu and FSG effectively reduced tgelay
by 50% [74,85]. Due to size shrinking of the later technology nodes, reduction of
tdelay has become more important. Industry and academia have worked on developing
and including new materials and structures with s lower than that of FSG [74].

In 2004, the first non-SiO, ILD was successfully integrated into the 90-nm tech-
nology node [85]. It was organosilicate glass deposited by plasma-enhanced chemical

vapor deposition (PECVD) and has k ~ 3.0 [86-89].
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Figure 4.5. Predicted values of low k and ultralow s for ILDs according to the ITRS
(2013) [74].

37



Currently, porous organosilicate thin films (a-SiOC:H) deposited also with PECVD
are the dominant choice for low-x ILD (k > 2.2) and are also potential candidates
for ultralow-x ILD (k < 2.2). During the deposition, sacrificial organic polymers
(porogens), such as tetra methyl cyclol tetra siloxane (TMCTS) [87], are co-deposited
with matrix materials, such as a silica-like matrix. The sacrificial porogens are used
to create a random porous microstructure inside the material. During the curing
step, most of this organic material is thermally decomposed, whereby the original
occupied sites are converted into microporous/nanoporous sites. The value of x and
the quality of the thin film depend highly on the matrix materials and the porogens.

According to the International Technology Roadmap for Semiconductors (ITRS)
shown in Fig. 4.5 [74], ILDs with x ~ 2.4 can be used for the 10-nm-technology node,
but ILDs with k ~ 2.3 will be needed for the 7-nm technology node. In 2013, the
ITRS community announced that ILDs with k < 2.2 will be needed in the sub-7-nm
technology node [74,89].

Increasing porosity effectively reduces x [90]. However, the porosity increase
comes at a price. The mechanical stability of porous a-SiOC:H films will seriously
degrade and probably fail during ICs fabrication [89,91]. Tight control of both pore
distribution and shape is necessary for k < 2.2 [91], but porous a-SiOC:H films have
a randomly ordered pore structure [89]. Hence, new concepts of ILD integration are
being developed nowadays besides efforts to produce materials with x < 2.2 [74,89,91].

Self-assembled materials may be useful for the next generation of ultralow-x
ILDs [91-93]. Indeed, metal-organic frameworks [92, 93], periodic mesoporous organo-
silicates [89,91], and vertically aligned cylindrical pores assisted by vertically grown

carbon nanotubes [94,95] have been proposed for ultralow-+ ILDs.
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Chapter 5

Parylene-C Columnar Microfibrous Thin Films

5.1 Introduction

Columnar microfibrous thin films (uWFTFs) are self-assembled microstructured films
that can be classified as sculptured thin films (STFs). In general, STFs constitute a
distinctive class of micro/nanostructured thin films that contain nominally identical
and parallel micro/nano-columns with engineered shape [96]. The STF morphology
can be engineered using the oblique-angle deposition technique [97], wherein the
substrate holder is rotated and/or tilted with respect to the average direction of a
collimated vapor flux directed towards the substrate, the whole process taking place
at a low pressure.

Different kinds of materials have been successfully fabricated as STFs [96, 98].
These include organic and inorganic materials such as oxides [99-101], nitrides
[102,103], polymers [104-106], and metals [105,107,108]. The morphology of STFs can
be categorized into different types such as slanted columnar, chevronic, and chiral, as
shown in Fig. 5.1 [96,98,109]. These morphologies have been employed in various
electronic [98, 110], optical [111-113], and biomedical [110] devices. Researchers
in our group at the Pennsylvania State University continue to make progress in
exploring and revealing the electrical, mechanical, optical, and acoustical properties

of STFs [113-120].
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Figure 5.1. Cross-sectional images of STFs of different morphologies: (a) slanted colum-
nar, (b) chevronic, and (c) chiral. Cross-sectional image of (d) a pinhole-free bulk thin
film.Reproduced from Ref. [109].

5.1.1 Fabrication of STFs

In physical vapor deposition (PVD), a vapor flux generated from a material in a
vacuum chamber is physically transferred toward a substrate on which the vapor
condenses to form a solid thin film. The vapor flux can be created either thermally [106]
or by bombardment by electrons [105], plasmas [102], or lasers beams [121]. Typically,
the substrate is fixed during deposition.

The basic feature of the fabrication of STFs is to employ a typical PVD system
with a substrate that can be tilted and/or rotated during deposition [96]. A collimated
part of the vapor flux from the solid source arrives at the surface of the substrate. As
a result, an assembly of parallel and shaped columns grows on the substrate [122].

As depicted in Fig. 5.2, the collimated vapor flux is directed at an angle y, €
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Figure 5.2. Schematic diagram represents the deposition angle and the growth direction
of a slanted columnar STF. A collimated vapor flux is directed at an angle y, € (0°,90°]
and the growing columns are tilted at an angle x € (0°,90°].

(0°,90°] (i.e., deposition angle), and the grown columns are inclined at an angle
X € (0°,90°] (i.e., tilt angle) with respect to the substrate, when the substrate
orientation is fixed. Generally, x is larger than y,, except for y, = 90° (when the
substrate holder is perpendicularly fixed) when y = x, .

Different STF morphologies can be achieved such as slanted columnar, chevronic,
or chiral, as shown in Fig. 5.1. When the substrate is tilted at a fixed x, but not
rotated, a columnar morphology is realized [96,123,124]. A nematic morphology is
obtained by changing y, as a function of time [96,123]. By rotating the substrate,
chiral morphology is realized when Yy, is fixed [96,123]. Both rotation and tilting can

be done at the same time [96].
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5.1.2 Growth mechanics

As illustrated in Fig. 5.3, when a vapor flux arrives at the substrate surface, the
vapor particles or atoms are either reflected or (physically) adsorbed [125,126]. In
the later case, the adsorbed clusters of atoms are called adatoms. Adatoms often
move some distance tangential to the surface of the substrate (i.e., diffusion). During
the diffusion process, adatoms may either desorb (i.e., release) or collide with other

adatoms to form cluster called a nucleus.

atom
Reflection O Desorption
Shadowingeffect  Channel filling
* " I"‘.-
s, Slurfalce Islanding )
allatii diffusion
aasorpion @ —0Q—CQ00 :
substrate surface substrate surface
(a) Islanding (b) Growth

Figure 5.3. Schematic diagram of growth process of STFs.

After adsorption and collision, the adatom becomes less mobile. At this stage,
the adatom tends to bond to the surface as the nuclei grow larger. When a nucleus
reaches a certain size, it acts like an anchor for other adatoms. As a result, an island
of bonded adatoms and gaps in between is created. Gaps between neighboring islands
decrease as the film grows.

Typically, the substrate is tilted when fabricating a STF. Therefore, the accu-
mulated adatoms effectively shadow some parts of the surface of the substrate and
prevent the landing of other incoming adatoms. This process is called self-shadowing. It

enhances the formation of voids and channels between islands [97,122]. Islanding and
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self-shadowing processes lead to the formation of slanted columnar morphology.

The temperature and pressure play major roles in the formation of the STF. The
ratio of the substrate temperature T; to the melting point 7}, of the vaporized material
affects the formation (i.e., columnar growth) of the deposited thin film, as codified in
structure zone models (SZM) [97,122]. SZMs have been extensively used to classify
the morphological evolution of thin films deposited by PVD techniques [97,122]. They
provide guidelines on the evolution of thin-film morphology and its dependence on
the processing parameters such as pressure and the ratio Ty /T, [97,122].

As the ratio T,/T,, increases, the mobility of the adatoms increases. As a result,
the surface diffusion of the adatoms increases and leads to the formation of a denser
film. Therefore, the formation of STFs requires low adatom surface mobility that can
be obtained by adjusting the ratio 7/, for a fixed pressure.

The deposition of a STF also depends on the deposition pressure. At low pressure,
the mean free path (i.e., the average distance that a particle can travel without
collisions with other particles) of the atoms of the vapor flux is long. As a result, the
degree of the collimation in the vapor flux is effectively enhanced. Also, this increases
the surface diffusion of the adatoms.

By controlling and adjusting temperature and pressure, we can manage the

influence of the adatom diffusion, which impacts the formation and growth of the

STFs [96-98, 122,125, 126).

5.2 Deposition of Parylene-C bulk and columnar uFTFs

5.2.1 Deposition of bulk Parylene-C thin film

Two types of Parylene-C films were studied for this dissertation: bulk films and
columnar pFTFs. Bulk Parylene-C films are fabricated by a standard physicochemical
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process known as the Gorham process [127] illustrated in Fig. 5.4. This process is
used to conformally coat various solid objects or surfaces with completely pinhole-free

bulk Parylene-C films for insulating purposes [38].

polymerization
Gorham Process Baffle [ Parylene-C ]
[mc_)no.mer_ gas] Deposition camber polymer
STEP 1 distribution 2350
Vaporization 28 mTorr
(> 100 °Q) rotating substrate
molecule splitting holder
Parylene-C
STEP 2 monomer gas
Pyrolysis
(> 500 °C) pyrolysis furnace cold trap
aluminum boat 690 °C 70°C
Parylene-C !
STEP 3 solid dimer e — vaporization
Polymerization N—— Pa-j-ylene-c e
(~23°C) 175 °C dimer gas pump

Figure 5.4. Schematic diagram of the Gorham process to deposit a bulk film of Parylene
C.

The PDS 2010 Labcoater (Specialty Coatings and Systems, IN, USA) shown
in Fig. 5.5(a) is often used for coating objects with parylenes [38]. In the Gorham
process, a certain amount of commercially available Parylene-C dimer (980130-C-
01LBE, Specialty Coatings and Systems, Indianapolis, IN, USA) is first vaporized
in a vaporizer at 175 °C and then pyrolyzed into a reactive-monomer vapor at
690 °C inside a furnace. To ensure a uniform coating, the reactive-monomer vapor
is passed over a baffle into a reduced-size vacuum chamber (Fig. 5.5(b)) maintained
at 2.8 x 1072 Torr. Then, the reactive-monomer vapor diffuses onto the surface of a
substrate (or object) affixed to a rotating platform. The diffused monomers condense
and polymerize on the exposed surfaces of the substrate to form a solid film. Bulk

Parylene-C thin films of different thicknesses can be deposited by adjusting the
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amount of Parylene-C dimer.

Figure 5.5. (a) PDS 2010 Parylene Labcoater (Specialty Coatings and Systems, IN, USA)
using (b) a reduced-size deposition chamber or (c) a modified large-size deposition chamber.

5.2.2 Parylene-C columnar uFTFs deposition

Columnar puFTFs of Parylene C are grown using an oblique-angle variant of the
standard Gorham process. Parylene-C dimer is first loaded inside the vaporizer of a
modified Parylene Labcoater using the large-size chamber shown in Fig. 5.5(c). The
dimer is first vaporized at 175 °C and then pyrolyzed into a reactive-monomer vapor
at 690 °C inside the furnace.

Unlike for bulk Parylene-C deposition, the baffle is replaced with a nozzle. Basically,

the reactive-monomer vapor provided by the furnace is non-directional, which is not
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Figure 5.6. Schematic diagram of the PDS2010 Parylene Labcoater modified by incorpo-
rating a large-size deposition chamber.

compatible with the formation of STFs [96]; therefore, the nozzle is introduced to
provide the essential directionality or collimation. This procedure was established by
Pursel et al. [106].

The reactive-monomer vapor is collimated through a tube and released through a
nozzle toward a substrate. This substrate is attached to a controllable platform in a
large-size vacuum chamber of the modified Parylene Labcoater illustrated in Fig. 5.6.
This vacuum chamber is also maintained at 2.8 x 10~2 Torr. When the collimated
vapor flux arrives at the tilted substrate surface, self-shadowing controls the growth
of the columnar uFTF | as described in Sec. 5.1.2. Columnar uFTFs of different

thicknesses can be deposited by adjusting the amount of Parylene-C dimer.
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5.3 Fabrication of MIS and MIM structures

P-type silicon (p-Si) substrates were ultrasonically cleaned in an ultrasonic cleaner
(2200 Branson, Emerson, St. Louis, MO, USA) with acetone, deionized (DI) water,
isopropyl alcohol, and DI water for 10 min each. Later, the cleaned substrates were
etched for 20 min using a 1:4 mixture of hydrofluoric acid and DI water. A 150-
nm-thick layer of silicon dioxide (SiOy) was then deposited atop the p-Si substrate
using a PECVD tool (P-5000, Applied Materials, Santa Clara, CA, USA). Thereafter,
a 50-nm-thick adhesion layer of chromium (Cr) was deposited using a sputter tool
(Desktop Pro ®, Denton Vacuum, Moorestown, NJ, USA). Next, a 150-nm-thick gold

(Au) layer was sputtered on top of the Cr layer using the same tool.

) Sputtered Cr/Au
Cleaned P-Si sample PECVD SiO, (150 nm) (50 /150 nm)

| | —) | !

(1) (2) (3)

I—| Sputtered Au (150 nm)
e e
|
R e

| S10, % Cr/Al D Parylene-C D Au

Figure 5.7. Fabrication process of an MIM structure incorporating bulk or columnar
uFTF Parylene-C as an insulator.

To fabricate a MIM structure, either a bulk thin film or a columnar uFTF of

47



Parylene C was then deposited on top of the Au layer as an insulating thin film.
During that deposition, the Au/Cr/SiO,/p-Si structure was fixed inside the deposition
chamber. To complete the MIM structure, a 150-nm-thick circular disk of Au was
sputtered on top of Parylene-C layer using a mask. The area A of the circular disk
was fixed at A = 78.5 mm?. The Au disk at the top and the Au layer at the bottom
were used as the two metal electrodes for the MIM structure. Other MIM structures
were fabricated using Al layers as the two metal electrodes. The fabrication process

is illustrated in Fig. 5.7.

Sputtered Cr/Au
Cleaned P-Si sample PECVD Si0; (150 nm) (50 /150 nm)

D == [ —

(1) @ (3)

Pentacene

@

.

Parylene-C

Sputtered Au (150 nm)

™M © Q)]

. S1 Si0, Cr/Al . Pentacene D Parylene-C D Au

Figure 5.8. Fabrication process of an MIS structure incorporating bulk Parylene-C as an
insulator.

To fabricate a MIS structure, Pentacene was purified in a gradient-temperature
sublimation system (MK-5024-S, Lindberg Electric, Water-town, WI, USA) and then
loaded in a tubular chamber. A thermal gradient was maintained along that chamber

at about 107° Torr. The material was sublimated at 300 °C and re-condensed down
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the tube at 165 °C in order to drive out impurities. A 150-nm-thick layer of purified
Pentacene was then deposited atop the Au layer via vacuum thermal evaporation
(Amod, Angstrom Engineering, Kitchener, ON, Canada) at a rate of 0.2 nm s™!.
During that process, the Au/Cr/SiO,/p-Si structure was fixed to a rotating chuck
and maintained at 0 °C in a chamber with a base pressure of 10~7 Torr.

An insulating layer of bulk Parylene C was deposited on top of the Pentacene/Au
/Cr/Si04/p-Si structure. Finally, a 150-nm-thick circular disk of Au was sputtered
on top of the bulk Parylene-C insulating layer using a shadow mask to form the
gate of an Au/bulk Parylene-C/Pentacene structure above the Au/Cr/SiOy/p-Si
bottom structure. The area of the circular disk was set as A = 7.1 x 1072 ecm?. The
fabrication process is illustrated in Fig. 5.8.

In the following chapters, the suitability of self-assembled columnar pFTFs of Pary-
lene C as ILDs is examined. The mechanical and electrical properties of Parylene-C
columnar uWFTFs are correlated to the porosity, crystallinity, and deposition an-
gle. Moreover, electrical characterization using current-voltage-temperature experi-
ments are analyzed to study the the d.c. and a.c. conduction mechanisms and charge
transport in Parylene-C columnar uFTFs, and their stability under constant-voltage
stress (CVS). Finally, the degradation caused by CVS is investigated to explore the

stability of the bulk Parylene-C as a gate dielectric in flexible electronics.
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Chapter 6
Morphology Effects on Mechanical and Di-

electric Properties

6.1 Introduction

In this chapter!, a systematic study is presented to relate s as well as porosity p
and mechanical flexibility to the deposition angle x,. Several Parylene-C columnar
uFTFs were grown with y, € {30°,52°,60°,67°,80°,90°}. The Parylene-C columnar
uFTFs were characterized for morphology using field emission scanning electron
microscope (FESEM) images, mass-density measurements to determine porosity, and
measurements of static Young’s moduli and yield strengths to determine flexibility.
Also, MIM structures, each incorporating a Parylene-C columnar puFTF as the
insulator layer, were investigated for their dielectric characteristics by measuring their

capacitances.

IThis chapter is substantially based on the following paper: Ibrahim H. Khawaji, Chandraprakash
Chindam, Osama O. Awadelkarim, and Akhlesh Lakhtakia, “Selectablity of mechanical and dielectric
properties of Parylene-C columnar microfibrous thin films by varying deposition angle.” Flezible
and Printed Electronics, vol. 2, no. 4, art. no. 045012 (2017).
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6.2 Experimental procedure

Twenty seven p-Si substrates, 3 x 3 cm? in size, were ultrasonically cleaned, as
described in Sec. 5.3, and all substrates were left overnight to dry in closed petri
dishes. Every substrate was then masked using a tape to leave an unmasked central
region of 2 X 2 cm? in size. A columnar uFTF with y, € {30°,50°,60°,67°,80°,90°}
was deposited on top of each Si substrate using 3 g of Parylene-C dimer. Three
replicates were made for each chosen value of x,. These 18 samples were used for
porosity and flexibility measurements.

Also, several MIM structures, each containing a columnar uFTF as the insulator
layer, were fabricated with x, € {30°,60°,90°}. Again, three replicates were made for

each chosen value of y,. These nine samples were used for dielectric measurements.

Figure 6.1. Cross-section FESEM images of the morphologically significant planes (xz
plane) of Parylene-C columnar uFTFs deposited with (a) x, = 30°, (b) x, = 60°, and (c)
Xv = 90°. Values of the tilt angle x of the microfibers are: (a) 64.80°, (b) 82.36°, and (c)
88.40° with respect to the substrate plane (zy plane). (d) Cross-section FESEM image of a
film of bulk Parylene C.
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6.3 Morphology of Parylene-C columnar pFTF's

The cross-sectional morphologies of 100-pum -thick Parylene-C columnar puFTFs were
examined using an FESEM (LEO 1530, Carl Zeiss, Pleasanton, CA; USA). To enhance
the FESEM images by eliminating charge accumulation, the cross section of every
columnar uFTF was sputtered with iridium (K575X, Emitech, Fall River, MA, USA).

Figures 6.1(a)—(c) show the FESEM micrographs of Parylene-C columnar pFTFs.
In contrast with the pinhole-free film of bulk Parylene C shown in Fig. 6.1(d), every
columnar uFTF is a group of parallel microfibers inclined at an angle y € (0°,90°] in
the xz plane with respect to the xy plane, the substrate surface plane. The plane in
which the microfibers are slanted is called the morphologically significant plane (MSP)
and is identified as the zz plane in Fig. 6.1(b) [114]. The microfibers are 3-5 pm in
diameter and spaced 2-3 um apart [47,128]. The columnar uFTF must therefore by
regarded as an anisotropic continuum in the context of mechanical vibrations up to
a few tens of MHz in frequency [129,130], but effectively as an isotropic continuum
when used as an insulator layer for electronics [131].

Also, air occupies the inter-microfiber regions. Therefore, a columnar pFTF is
a composite material comprising Parylene C and air as its constituent materials.
From Figs. 6.1(a)—(c), x = 64.80°, 82.36°, and 88.40° when y, = 30°, 60°, and 90°,
respectively. Furthermore, x increases and the porosity decreases with y,. Since the
dependence of x on y, is already established [128, Fig. 4], the dependence of porosity

on Y, was investigated using mass-density measurements.

6.4 Porosity of Parylene-C columnar uFTFs

The mass of the substrate was measured before and after deposition of the columnar

uFTF by an analytical balance (PB303-S, Mettler Toledo, Columbus, OH, USA) with
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a resolution of 0.001 g, and thus the mass of the columnar uFTF was determined.
The volume of the columnar pFTF was obtained by measuring its top area and
thickness.

The porosity p of every columnar uFTF was determined by calculating its mass
density peo as the ratio of its measured mass to its estimated volume. The measured
thicknesses of the columnar uFTFs were found to be between 100 and 200 pwm . The
volume was calculated with the surface area of the columnar uFTF known to be 2 x 2
cm?.

The average mass density pe, of three replicates for every selected value of y, is
reported in Table 6.1, the standard deviation being about +5% of the average values.
The data indicate that p., decreases with decreasing x, so that p should be higher
at lower values of y,.

A columnar pFTF is a composite material comprising Parylene C and air. With
pair = 1 kg m™2 and ppux = 1289 kg m~3 as the mass densities of air and bulk

Parylene C [38], respectively, the rule of mixtures [77]

Peol = PPair + (1 — P) poui (6.1)

can be used to determine p € [0, 1], with the assumption that the mass density of a

microfiber is the same as that of the bulk material. As ppux > pair, Eq. (6.1) yields

Pcol
=1 . 6.2
b ( Phulk ) ( )

Figure 6.2 presents the estimated porosities of the Parylene-C columnar uFTFs

fabricated with y, € {30°,52°,60°,67°,80°,90°}. The porosity almost monotonically
increases from 0.38 to 0.56 as x, decreases from 90° to 30°. This finding strongly
supports the claim made from Fig. 6.1 that p decreases with y,. Therefore, the
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Figure 6.2. Porosity p as a function of x, for columnar uFTFs of Parylene C. Error bars
show the variation for the three replicates for every selected value of x,,.

porosity of a Parylene-C columnar pFTF can be selected by choosing an appropriate
value of the deposition angle x,. Since p increases as x, decreases, the relative

permittivity s can be engineered [90].

6.5 Flexibility of Parylene-C columnar uFTFs

Eleven out of the 18 columnar-uFTF samples were used to determine flexibility:
two samples each of y, € {30°,50° 60° 67°,80°} and one sample of x, = 90°. To
avoid the columnar uFTF curling in the loading direction, the columnar pFTF

was carefully and easily peeled off the Si substrate using a razor along either the
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y-direction

loading
x-direction x-direction

Figure 6.3. (a) Parylene-C columnar uFTF peeled off the Si substrate, (b) the zz plane
with respect to the substrate plane (zy plane), (c) the tension clamp of the dynamical
mechanical analyzer, and (d) loading application along either z axis or y axis in the zy
plane.

x or the y axis and then used to prepare three rectangular samples, as shown in
Fig. 6.3(a). The length dimension of the rectangular sample was thus aligned either
along the = axis for loading at a constant strain rate along the x axis or along the
y axis for loading at a constant strain rate along the y axis as shown in Fig. 6.3(d).
The widths and thicknesses of these samples were measured using digital vernier
calipers. After loading every rectangular sample in the tension clamp of the dynamical
mechanical analyzer (DMA) (Q800, TA Instruments, Newcastle, DE, USA) presented
in Fig. 6.3(c), the length of the sample was read from the DMA screen/software.

The width of every rectangular sample was found to lie between 3.0 and 5.0 mm,
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the thickness between 0.1 and 0.2 mm, and the length between 6.0 and 9.0 mm. The
sample was stretched at 30 pm /min upto a maximum ramp displacement of 180 pm .
The values of the tensile force were measured at every 0.5 um of displacement. The
uniaxial stress and strain were determined through the accompanying software by
measuring the displacement and force. Both the static Young’s modulus and the
yield strength of the sample were identified for a specific loading condition from the

stress vs. strain curves obtained using the DMA.

Loading along y axis

Loading along z axis
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Figure 6.4. Average stress measured as a function of strain of the three replicates of
Parylene-C columnar pFTFs fabricated with y, € {30°,52°,60°,67°,80°,90°}. Loading
was applied along either (a) the x axis or (b) the y axis in zy plane.

The dependences of stress on strain for loading along the x and the y axes are
shown in Fig. 6.4 for x, € {30°,52°,60°,67°,80°,90°}. The static Young’s moduli
(Ej and E ) and the yield strengths (Y'S) and Y'S|) of the Parylene-C columnar
uFTFs were determined from the stress-strain curves. The static Young’s modulus
was determined as the ratio of stress to strain in the linear elastic regime. In Fig. 6.4,

the stress-strain curves show no well-defined yield stress points. Therefore, the yield
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strength was determined as the value of stress at the intersection of the curve in
linear regime and a line with slope as the value of Young’s modulus and an offset of

strain 0.2% [132, p. 7].
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Figure 6.5. Static Young’s modulus of Parylene-C columnar nFTFs for loading along
the z axis (blue) and the y axis (red) in relation to the deposition angle y,. Error bars
show the variation for the three replicates for every selected value of x,,.

Figure 6.5 shows both the static Young’s moduli of the columnar uFTFs as
functions of y,. The Young’s moduli increase with y,, but this trend is not followed
by the samples with x, = 30°. The values of E| vary between 32.40 and 64.60 MPa,
whereas those of E/; vary between 28.60 and 64.60 MPa, as tabulated in Table 6.1.
The reported values of the static Young’s modulus of bulk Parylene C lie between

2.15 and 3.2 GPa [38,133], in contrast.
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Figure 6.6. Static yield strength of Parylene-C columnar uFTFs for loading along the x
axis (blue) and the y axis (red) in relation to the deposition angle y,. Error bars show the
variation for the three replicates for every selected value of .

As shown in Fig. 6.6, the yield strength Y.S| was determined to increase from
0.18 to 0.46 MPa, and the yield strength V'S, from about 0.16 to 0.46 MPa, as x,
increases from 52° to 90°. However, samples with x, = 30° have higher Y5 and V'S
than samples with 52° of about 0.28 and 0.18 MPa, respectively. The reported yield
strength of bulk Parylene C is 55.1 MPa [38].

Thus, the Parylene-C columnar uFTFs are softer than bulk Parylene C and
their softness increases with y,. The increased softness of the columnar uFTFs can
be attributed to porosity as well as to lower crystallinity than of bulk Parylene C.
Whereas the columnar uFTFs have been found to be 55% to 68% crystalline with four
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crystal planes, bulk Parylene C is 83% crystalline with only one crystal plane [128].
Hence, in addition to porosity, the softness of the columnar uFTFs can be attributed
to the presence of more grain boundaries and low crystallinity.

The dependences of the static Young’s moduli and yield strengths on x, can be
attributed to the decrease of porosity p at higher values of x, reported in Sec. 6.4,
except that both Young’s moduli and yield strengths at x, = 30° do not conform to
the general trend, as is evident from Table 6.1. That table also contains available
data [128, Fig. 8] on the crystallinity of the columnar uFTFs vs. x,, the relationship
between the two variables not being monotonic. As flexibility depends not only on
the porosity but also on the volumetric density of grain boundaries, the relationship
of the Young’s moduli to the deposition angle need not be simple.

Table 6.1. Estimated values of mass density, porosity, crystallinity [128], static
Young’s moduli, and yield strengths of Parylene-C columnar puFTFs deposited with
Xv € {30°,52°,60°,67°,80°,90°}. Measurements of the static Young’s moduli and yield

strengths were made with loading along either the x axis (i.e., in the MSP) or the y axis
(i.e., normal to the MSP).

Mass Porosity Crystallinity Young’s Yield
Density (Ref. [128]) Modulus Strength
Xv Peol p E E, Y5 YS,
(kg m™3) (%) (MPa) (MPa) (MPa) (MPa)
30.0° 566 0.56 60.0 33.4 30.4 0.28 0.18
52.5° 628 0.51 57.4 32.4 28.6 0.18 0.16
60.0° 665 0.48 60.6 42.5 35.5 0.33 0.30
67.5° 711 0.45 67.7 53.1 51.4 0.34 0.33
80.0° 740 0.43 57.2 54.9 52.9 0.39 0.38
90.0° 801 0.38 61.3 64.6 64.6 0.46 0.46

According to Table 6.1, the static Young’s modulus for loading along the x axis
exceeds the static Young’s modulus for loading along the y axis for all values of y,

selected for this study. Such a dependence on the loading direction was expected,
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based on previous results for dynamic loading [133]. During loading along the x axis,
each microfiber tends to slide along its neighboring microfibers in the MSP more than
when the loading is along the y axis. This leads to higher inter-microfiber friction in
the xz plane than in the yz plane, leading to E) > E. For these columnar uFTFs,
the static Young’s moduli are about three times higher than the dynamic Young’s
moduli at room temperature [133].

Since the Parylene-C columnar pFTFs are softer (i.e., more flexible) than bulk
Parylene C, the former have a greater potential for use as insulator layers in flexible
electronics. However, the Parylene-C columnar uFTFs have lower yield strengths
than bulk Parylene C has. For day-to-day operations, as materials are subjected
to stresses within the elastic regime, the Young’s moduli are of higher significance
than yield strengths. Hence, for flexible electronics, Parylene-C columnar uFTFs are
favorable candidates for insulator layers while bulk Parylene-C is to be preferred for

substrates.

6.6 Dielectric properties of Parylene-C columnar pFTF's

To determine k, capacitance measurements were made on nine MIM structures—
three replicates each for x, € {30°,60°, 90°}—with an LCR Meter (E4980A, Agilent
Technologies, Wilmington, DE, USA) using the parallel mode of ‘C-D’ option. These
measurements were made for 1 kHz, 10 kHz, 100 kHz, and 1000 kHz frequency at
room temperature, with V. =1 V and V,. = 0.1 V applied to the sample.
According to the results discussed in Sec. 6.4 and Sec. 6.5, the morphology of
Parylene-C columnar pFTFs clearly affects the mechanical properties. Since the
porosity decreases as the deposition angle increases, lower values of the relative
permittivity s are expected for columnar uFTFs deposited with lower values of y,.

In order to examine this hypothesis, capacitance measurements were performed on
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nine MIM structures, each containing a Parylene-C columnar uFTF as the insulator
layer.

The capacitance C' of a MIM structure of area A and thickness d is given by

o-r(2) »

where ¢, = 8.854 x 1072 F m~! is the permittivity of free space. Knowing C, A, and

d, one can determine

Cd
LA

(6.4)

K =

The average thickness of the Parylene-C columnar uFTFs was d ~ 83 um with stan-
dard deviation 0.96 um . With A = 78.5 mm?, s was determined using Eq. (6.4) from
measured values of C'. Room-temperature data on  vs. x, for x, € {30°,60°,90°}
are presented in Fig. 7.3 at 1, 10, 100, and 1000 kHz.

At all four frequencies, k decreases with x,, as shown in Fig. 6.7. Also, k decreases
as frequency increases, the spectral variation of x at low frequencies [47] being
dominated by the molecular dipole polarization [12, Fig. 7.15]. As x, is lowered,
k decreases from 3.31 to 2.25 at 1 kHz and from 2.74 to 2.02 at 1000 kHz. These
data are consistent with the decrease of k of bulk Parylene C from 3.49 to 2.97 at
frequencies ranging from 1 kHz to 1000 kHz [47].

In composite materials with semi-crystalline constituent materials, the dependences
of k on porosity and crystallinity have been correlated [134-136]. In this study, as
the crystallinity of the columnar pFTFs is lower than of bulk Parylene C [128], the
relative permittivity of the former is less than of the latter. Moreover, x increases with
Xo» because p reduces. Higher electrical conductivity of a columnar uFTF compared
with that of the bulk material may be attributed to lower crystallinity [47]. Therefore,

the lower values of x for columnar uF'TFs can be attributed to higher porosity and
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Figure 6.7. Room-temperature relative permittivity of Parylene-C columnar uFTFs in
relation to the deposition angle y,. Error bars show the variation for the three replicates
for every selected value of x,.

lowered crystallinity.

At 1000 kHz, as a result, k = 2.02 of the Parylene-C columnar uFTF deposited
with x, = 30° is significantly lower than the relative permittivity of bulk Parylene C
by 30%. In 10-nm Si-based technology, x ranging between 2.4 and 2.5 is currently
suggested for ILD layers [74].

6.7 Concluding remarks

A systematic study of the effects of the morphology on the mechanical and dielectric

properties of Parylene-C columnar uFTFs was performed. The Parylene-C uFTFs
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were grown using the oblique-angle physicochemical vapor deposition technique
wherein a collimated flux of Parylene-C monomers was directed at an angle y, €
{30°,52°,60°,67°,80°,90°} onto a p-type silicon substrate.

Cross-sectional FESEM images indicated that the porosity of the columnar uFTFs
increases with decreasing x,, and confirmation was found using mass-density mea-
surements. The porosity of the columnar uFTFs was found to vary between 0.38
and 0.56. Subsequently, the impact of porosity on the flexibility and the dielectric
properties was examined using static tension-loading experiments and capacitance
measurements, respectively. The differences between the mechanical and dielectric
properties of the Parylene-C columnar uFTFs and bulk Parylene C were shown to
arise from the differences in their porosity and crystallinity.

The static Young’s moduli and the yield strengths are lower for the Parylene-C
columnar pFTFs than the corresponding parameters of the bulk counterpart by about
two orders of magnitude, making the columnar uFTFs more flexible. The lowest
relative permittivity of the fabricated columnar uFTFs in the 1-1000 kHz range was
found to be about 70% of that of the bulk material. As the static Young’s moduli,
yield strengths, and the relative permittivity are functions of y,, Parylene-C columnar
uFTFs can be engineered using y, for multiple roles in flexible electronics. Electrical
studies of the suitability of Parylene-C columnar uFTFs as electrical insulators for

flexible electronics are presented in Chapters 7 and 8.
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Chapter 7
Charge Transport and Conduction Mecha-
nisms in Parylene-C Columnar Microfibrous
Thin Films

7.1 Introduction

MIM structures were fabricated, each incorporating a Parylene-C columnar uFTF as
the insulator, and investigated for their current-voltage-temperature (IVT) charac-
teristics. The Parylene-C columnar uF'TF was fabricated with y, = 60°. Measured
values of leakage current as functions of temperature, frequency, and applied voltage
were analyzed to identify the charge carrier-transport mechanisms in the Parylene-C

columnar pFTFs. !

7.2 Experimental procedure

The d.c. leakage current I3, was measured using a pA meter (HP 4140B, Hewlett-
Packard, Palo Alto, CA, USA). The bias voltage V. was set to vary between —10 V
and +10 V in steps of 1 V at a constant temperature of either 298 K, 323 K, 348 K,

IThis chapter is substantially based on the following paper: Ibrahim H. Khawaji, Chandraprakash
Chindam, Osama O. Awadelkarim, and Akhlesh Lakhtakia, “Dielectric properties of and charge
transport in columnar microfibrous thin films of Parylene C,” IEEE Transactions on FElectron
Devices, vol. 64, no. 8, pp. 3360-3367 (2017).
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Figure 7.1. (a) Cross section of a MIM structure. (b) An equivalent circuit of the MIM
structure, a capacitor C' of reactance X¢ = 1/27fC in parallel with a resistor of resistance
Ry, f being the frequency.

373 K, 398 K or 423 K.

The equivalent resistance R, and reactance X¢ = 1/27fC of each MIM structure,
as shown in Fig. 7.1(b), were measured with a precision LCR Meter (E4980A, Agilent
Technologies, Wilmington, DE, USA) using the R,~X¢ option with the application
of a bias voltage Vj. that was perturbed by a sinusoidal voltage V. sin (27 ft), where
f is the frequency. These measurements were made at f of either 1 kHz, 10 kHz,
100 kHz, or 1 MHz and a constant temperature T" of either 298 K, 323 K, 348 K,
373 K, 398 K or 423 K with Vg =1 V and V,. = 0.1 V.



7.3 Charge transport and leakage current

7.3.1 D.C. leakage current

Figure 7.2 presents the IVT characteristics experimentally determined for the MIM
structures with the 275-um -thick columnar uFTF as the insulator. As can be seen
from Fig. 7.2(a), the d.c. leakage current I4. increases as the temperature increases,
regardless of the value of Vg, in the range [5,10] V. The increase becomes more
pronounced as 7" increases from 373 K to 423 K. Figure 7.2(b), on the other hand,
shows I4. as a function of Vg, at fixed temperatures ranging from 298 K to 423 K.
Irrespective of the polarity of Vg, in the range [—10,10] V, I increases non-linearly
with increasing |Vg.|, especially at temperatures above 373 K.

Although a d.c. current of magnitude 107!3A is considered low, HP 4140B is
designed for stable and high-resolution current measurements with a maximum
resolution of 107!% A. Thus, the data presented in Fig. 7.2 are reliable.

D.C. electron transport in the MIM structure occurs primarily through the Poole—
Frenkel (PF) mechanism when the conduction is bulk-limited [137,138]. Schottky
(SC) emission mechanism occurs when the conduction is electrode-limited [137,138].
For the Poole-Frenkel emission mechanism, the d.c. current density [138,139]

JF o Eyeexp [i (204E§£2 — @EF)} , (7.1)

kgT
where Fg. = |Vae|/d is the magnitude of the d.c. electric field, L is the Poole-Frenkel
barrier energy, ¢. = 1.6 x 107 C is the elementary charge, kp is the Boltzmann

constant, a? = q. /4T koo, and ko is the high-frequency relative permittivity of the
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insulator. For the Schottky emission mechanism, the d.c. current density [139]

J3 oc T? exp [ e (ozEééz — (IDSBC>] : (7.2)
kgT
where ®3C is the Schottky barrier energy.

While the d.c. leakage current inside the Parylene-C uF'TF in the MIM structure
could be governed by the Poole-Frenkel mechanism, it could be governed by the
Schottky mechanism at the two uFTF /metal interfaces [82,139]. As can be seen from
Fig. 7.2, (i) there are clear non-linear dependences of I4. on Vg, and (ii) I4. increases
with T as predicted for both emission mechanisms. As the thickness d = 275 pum of
the Parylene-C uFTF in the MIM structure is fairly large, direct tunneling does not
play any role in the leakage phenomenon. Since aEéf ~ 107 V is much smaller than
the barrier energies, ®L* — 204EC11£2 ~ OFF and PFC — aEééQ ~ ®3C. Therefore, the
dependence of 4. on Ey. is very likely due to the Poole-Frenkel emission mechanism.

In order to validate this conjecture, the plots of (i) In(J4./Eac) vs. Eéf shown
in Fig. 7.3 and (ii) In(Jg./T?) vs. Edlgz shown in Fig. 7.4 for the MIM structure
containing the 275-pum -thick Parylene-C uFTF at 348 K, 373 K, and 398 K were
examined; here Jy. = I4./A. The area A of the top electrode was fixed at 78.5 mm?.
Equation (7.2) fits the measured data with linear regression factor R-squared = 0.89,
0.77, and 0.96 at 348 K, 373 K, and 398 K, respectively, whereas Eq. (7.1) fits the
measured data with R-squared = 0.99 at all three temperatures. Therefore, the
Poole-Frenkel emission mechanism dominates over the Schottky emission mechanism
at temperatures not exceeding ~373 K, but that dominance fades as the temperature
rises further.

Parylene C has been reported to be stable in air for 10 years at 353 K [38]. Also,
while conducting X-ray diffraction experiments [128], it was found that exposure to

temperature between 233 K and 398 K for 10 min did not change the crystal planes.
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Figure 7.2. (a) Measured d.c. leakage current Iy, in the MIM structure containing the
275-um -thick columnar pFTF as a function of temperature at fixed bias voltage Vy.: 5,
6, 7, 8, 9, and 10 V. (b) Measured values of I, in the MIM structure containing the
224-pm -thick columnar uFTF in relation to Vg, at fixed temperatures: 298, 323, 348, 373,
398, and 423 K.

Finally, visual examination of the samples did not evince any optical change either,
so I conjecture that the microstructure is stable even for 423 K. Thus, no additional
leakage mechanism is expected.

The fits of the measured data against Eq. (7.1) in Fig. 7.3 yield ko, = 1.16, 2.40,
and 2.37 at 348 K, 373 K, and 398 K, respectively. These values at T"= 373 K and
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398 K compare favorably with the measured relative permittivity at 1000 kHz and
298 K depicted in Fig. 6.7. Furthermore, the data in Fig. 6.7 suggest that x may

decline asymptotically to a temperature-dependent value k., with further increase of

frequency.
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Figure 7.3. Measured values of In(Jq./FEqc) plotted against EééQ for the MIM structure
containing the 275-pum -thick Parylene-C uFTF at 348 K, 373 K, and 398 K. The units of
Jge and FEg. are A cm~2 and V em ™!, respectively. Equation (7.1) fits the measured data
with R-squared = 0.99, yielding QDEF = 0.77 £ 0.04 eV and the values of the ko, shown at
the three selected temperatures.

Since every uFTF of Parylene C is semicrystalline [128] and porous, the occurrence
of defects within the sandwiched uFTF in the MIM structure is expected. As captured
by the Poole—Frenkel emission theory, defects are often accompanied by localized
states in the bandgap which allow for electrons to move across the film through filling

and emptying these states [138]. Therefore, the conduction mechanism due to the
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Figure 7.4. Measured values of In(Jg./T?) plotted against Eéf for the MIM structure
containing the 275-pum -thick Parylene-C uFTF at 348 K, 373 K, and 398 K. The units of
Jae and Ey. are A cm™2 and V em ™!, respectively. Equation (7.2) fits the measured data
with R-squared = 0.89, 0.77, and 0.96 at 348 K, 373 K, and 398 K, respectively

presence of defects in a columnar pWFTF is governed by the Poole—Frenkel emission.

7.3.2 A.C. leakage current

In order to understand the mechanism(s) responsible for a.c. leakage current I,
variations of a.c. conductivity o,. with temperature and frequency needs to be analyzed.
0ac Was determined by measuring the resistance R, and the reactance X¢ in the
equivalent circuit of the insulator layer shown in Fig. 7.1(b). These measurements
were made at 1 kHz, 10 kHz, 100 kHz, and 1 MHz frequencies and at discrete
temperatures between 298 K and 423 K. First, the equivalent impedance Z(w) =
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[R;l + (—]’Xc)fl]_1 = R, (1 + jwR,C)~" was calculated. Next, I,. was calculated
using Ohm’s law V,. = [,.Z. Finally, the a.c. conductivity 0ac = (loc/A)/(Vac/d) =
(Iac/Vae)(d/A) was extracted.

The frequency dependence of o,. computed for the 224-pum -thick Parylene-C uF'TF
over the selected temperature range is illustrated in Fig. 7.5(a). At every frequency,
04 of Parylene-C uFTF increases with temperature, but the temperature dependence
of o, is weak. In Fig. 7.5(b), 0, increases with frequency at all temperatures. These
characteristics of o,. are observed and are similar to those of bulk polymers such
as polyethylene terephthalate (PET) [141], aromatic polyimide (Kapton) [142], and
Parylene C [137].

Hopping conduction is widely believed to be the most effective mechanism for
explaining a.c. conduction in insulating polymers [143] and has been previously
applied in studies of a.c. leakage current in bulk Parylene C [137,140, 144]. As free

charges exist in a polymeric insulator, the frequency-dependent conductivity [137]

o(f) =o0,42nfe,dmegn(f)] + B2rf)*, (7.3)

where o, is the low-frequency conductivity, ey (f) is the relative-permittivity contri-
bution of the relaxation of dipoles as explained by the Havriliak—Negami model [137],
and B(2mf)® is the high-frequency conductivity with B and s as temperature-
dependent parameters. Generally, 27 fe,Im [egn(f)] is ignored when determining
the a.c. conductivity of polymer insulators as its contribution is too small compared
to the other two terms in Eq. (7.3).

In this study, relatively high frequencies ranging from 1 kHz to 1000 kHz were used.
Therefore, the frequency- and temperature-dependences of a.c. conductivity can be
expressed by B(2xf)*. Thus, 0,. can be represented using the Jonscher relationship

[143] as 0, ~ B(27f)®. Among various mechanisms for hopping conduction, the
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Figure 7.5. (a) AC conductivity oac of the 224-pum -thick Parylene-C pFTF as a function
of temperature at fixed frequencies: 1, 10, 100, and 1 MHz. (b) o, as a function of
frequency at fixed temperatures: 298, 323, 348, 373, 398, and 423 K.

small-polaron-tunneling mechanism (SPTM) is suggested to be a dominant mechanism

in polymers [145]. SPTM predicts that

5:1—4[111((2%‘1]6)70) - Zf}]_l, (7.4)

where Wy is the polaron hopping energy and 7y ~ 10713 s is a characteristic relaxation

time on the order the vibration period of an atom [137,146]. SPTM is reported to
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dominate a.c. electron transport in bulk Parylene C as well [137].
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Figure 7.6. Temperature dependence of the exponent s for the 224-pum -thick Parylene-C
uFTF.

After using the values of o, presented in Fig. 7.5(b), s was determined at different
temperatures by a linear-regression fit. As shown in Fig. 7.6, s increases monotonically
with 7. For bulk Parylene-C thin films [137], s lies between ~0.95 and 1.00 for T’
between 200 and 500 K. However, within the same range of temperature, s was found
to vary between 0.82 to 0.85 for columnar uF'TFs. As Parylene-C columnar uFTFs
are less crystalline (55-67%) than the bulk Parylene C (83.3%) [128], the disparity
between the s values of bulk and uFTF forms of Parylene C can be attributed to the
differences in crystallinity. Small polarons can be formed in the interfacial regions
between amorphous and crystal phases or within amorphous phases [147]. Also, it
can be noticed from Eq. (7.4) that the small polarons need less hopping energy Wy
to overcome the potential barrier when the value of s becomes smaller. Therefore,
the SPTM in Parylene-C columnar puFTFs is enhanced than in the bulk Parylene C

because the latter material is less amorphous and more crystalline than the former
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C uFTF.

madterials.

Carrier hopping between adjacent states is enabled by a frequency-dependent

activation energy ®,..(f) needed to overcome the potential barrier; thus, [148-150]

Guelf) o exp P;;g q | (75)

Extracting ®,.(f) from the values of o,.(f) provided in Fig. 7.5(a), @, (f) was
found to decrease with frequency, as shown in Fig. 7.7. This dependence of &, on
frequency is in agreement for materials such as CdS and ZnS [150] as well as bulk
Parylene C [137] in the chosen ranges of temperature and frequency. The decrease of

D¢ (f) with frequency is also consistent with SPTM [137,145,150].
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7.4 Concluding remarks

The MIM structures were electrically characterized for in the [280, 420}-K temperature
range and at four frequencies in the [1, 1000]-kHz range. The leakage current was
studied across the Parylene-C columnar uF'TFs when d.c. and a.c. voltages were
applied to the MIM structures. The d.c. charge transport was determined to be
attributable to the PF emission mechanism, the relevant barrier energy is 0.77+£0.04 eV
and the high-frequency relative permittivity re ~ 2.4 for the Parylene-C columnar
uFTFs. The value of k. is in accord with the value of x determined at 1000 kHz
from capacitance measurements in Sec. 6.6. The a.c. conductivity of the Parylene-C
columnar pFTFs was found to vary proportionally to (27 f)°, with the temperature-
dependent s lying between 0.82 and 0.85. The a.c. conduction in the Parylene-C

columnar uFTFs can be attributed to the small-polaron-tunneling mechanism.
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Chapter 8
Electrical Stability of Parylene-C Columnar
Microfibrous Thin Films

8.1 Introduction

To develop reliable and stable flexible devices, it is important to understand the
dominant degradation mechanisms in these devices. In general, degradation in elec-
tronic devices depends on the operation ambient as well as on the applied electrical
and mechanical stresses. In addition to these factors, the reliability and stability of
flexible electronic devices hinge upon the selection of appropriate materials for the
substrate, active, and insulating layers.

Semi-crystalline polymers, such as Parylene C, usually contain significant con-
centrations of bulk and interface defects, especially after the application of electrical
stress [151-153]. These defects cause instability which results in degraded film prop-
erties. Therefore, a systematic study ! of the degradation caused by electrical stress
in Parylene-C columnar uFTFs is of paramount importance before determining their
suitability for applications in flexible electronics.

MIM structures incorporating Parylene-C columnar uF'TFs were fabricated and

IThis chapter is substantially based on the following paper: Ibrahim H. Khawaji, Osama O.
Awadelkarim, and Akhlesh Lakhtakia, “Effects of constant-voltage stress on the stability of Parylene-
C columnar microfibrous thin films,” IEEE Transactions on Dielectrics and Electrical Insulators,
vol. 26, no. 1, pp. 270-275 (2019).
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electrically characterized to examine reliability and electrical-stress resistance of
Parylene-C columnar pFTFs. Leakage current and capacitance were measured prior
to and following the application of a CVS on the MIM structure. The leakage-
current behavior was analyzed using the space-charge-limited conduction (SCLC)
and Kohlrausch-Williams-Watts (KWW) relaxation function. Furthermore, the
dependence of the capacitance on time and on frequency were examined as indicators

of CVS-induced degradation and stability.

8.2 Experimental procedure

To measure leakage current, a Semiconductor Parameter Analyzer (HP 4155C, Hewlett-
Packard, Palo Alto, CA, USA) was used. The leakage-current resolution of this
instrument is 10 fA and the bias-voltage resolution is 0.2 wV. The bias voltage Vj.
was swept from —1 V to 1 V to measure time-independent leakage current I,. at
room temperature.

For CVS time-dependence measurements, the transient leakage current I,,,(t) was
measured as a function of duration ¢ while a constant voltage Vii.ess Was being applied
to it at room temperature. The chosen values of V. are 10, 30, 50, and 100 V,
whereas ¢t € [1,600] s. A fresh MIM structure was used for every value of Viyess.

Capacitance measurements were carried out using a Precision LCR Meter (HP 4284,
Hewlett-Packard, Palo Alto, CA, USA), while the parallel mode of ‘C-D’ option was
selected. The resolution of the instrument is 0.01 fF. These measurements were made at
frequency f € {1,10,100, 1000} kHz at room temperature with Vg, =1 V and V. = 24
mV. The stress voltage Viyess = 100 V was applied for ¢ € {0, 1800, 3000, 7200, 9000} s.

A fresh MIM structure was used for every period of time.
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8.3 Current-voltage characterization before and after CVS

Figure 8.1 shows the d.c. leakage current I4. measured at room temperature as a
function of the bias voltage Vg, ranging from —1 V to 1 V. Reversal of V. reverses
I4c. The magnitude |I4.| increases nonlinearly from 0 to 5 pA as |Vy.| increases from

0to 1V.
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Figure 8.1. 4. measured at room temperature in relation to Vg. before CVS application
(fresh sample).

Several different conduction mechanisms have been identified in polymeric dielec-
tric materials [80-84]. Thermionic emission including the Schottky and Poole-Frenkel
mechanisms, direct and Fowler-Nordheim tunneling, and space-charge-limited current
have been considered for d.c. electron transport within MIM and MIS structures. As
discussed in Chapter 7, measurements of the temperature dependence of conduction
in MIM structures using a Parylene-C columnar puFTF as the insulating layer have

shown that conduction is dominated by Poole-Frenkel mechanism at temperatures
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exceeding 350 K but not at lower temperatures. In many studies on MIM and MIS
structures [81,82, 154, 155], the power law

Jdc X Vd’rg, (81)

has been deduced for the dependence of the leakage current density Jy. on Vg, where
the exponent m is positive. At very low bias voltage, the conduction is ohmic with
m = 1. At higher bias voltages, values of m > 1 suggest that conduction is space-
charge limited [81,82,154,155]. In the absence of electron trapping and detrapping at
defects, m = 2 should emerge consistently with Mott-Gurney law [154]

(8.2)

where i is the electron mobility. However, when defect concentrations in the insulator
are large and electrons are trapped at defects, the space charge arising from ionized
defects becomes important and m then exceeds 2 [155].

Figure 8.2 shows log-log plots of J4. against V2 at room temperature obtained
following the application of different levels of CVS. The MIM structures were stressed
for t = 600 s with Viiess € {10,30,50,100} V. After the application of the CVS, the
leakage current was measured as a function of Vg. in the range 0 to 1 V in steps
of 0.25 V. Clearly in Fig. 8.2, the leakage current increases with increasing CVS.
Furthermore, Jy. varies linearly with V2 /d?, irrespective of Viess. This observation
suggests that electrical conduction in the MIM structures at room temperature is
space-charge limited, and that it is significantly influenced by ionized defects in the
Parylene-C columnar uFTFs [155,156].

Parylene-C columnar puFTFs are semi-crystalline and porous [128]. Interface and

bulk defects that are accompanied by localized states in the bandgap must occur in
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Figure 8.2. Jj. measured at room temperature in relation to VdZC /d? after CVS application
for t = 600 s of Viyess € {10,30,50,100} V.

this material. Such a disordered structure will have large concentrations of electronic
defect states. When the injection level of charge carriers at an electrode is high, these
defect states will be filled and, hence, modulate the space charge inside the insulating
layer [154]. Since Jg. < Vi holds regardless of the value of Ve, the same defects
are contributing to the space-charge-limiting process. These defects are presumably
introduced during the deposition of the Parylene-C columnar uFTF, no additional
defects being induced by the CVS application.

8.4 Transient leakage current characterization under CVS

The transient leakage current I,(¢) was measured as a function of duration ¢ while a
CVS was being applied to four different MIM structures, the voltage stress Vi ess being
10, 30, 50 or 100 V. Figure 8.3 shows the measured data for 1 <t < 600 s. The leakage
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current in the MIM structures increases as Viess increases. The transient leakage
current I, (t) comprises a decaying component /4 that dominates for 1 < ¢ < 100 s
and a steady-state component [j, that dominates for ¢ > 100 s, regardless of Vi ess, if
the capacitor-charging current is neglected because it is small and exists for only a

short duration [157].
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Figure 8.3. [,(t) measured at room temperature as a function of duration ¢ during the
application of Viess € {10,30,50,100} V

In Parylene-C columnar pFTFs, just as in other disordered materials, I4(t) arises
from the time-dependent orientation of the dielectric polarization and the trapping/e-
mission of charge at defects [157,158]. The former process is presumably more
effective than the latter process in determining the relaxation time, as dielectric
polarization is the slower of the two processes [157,158]. The decay current in disor-
dered materials may be modeled by a stretched exponentially decaying function. The

function most commonly used is the Kohlrausch-William-Watt (KWW) relaxation

81



800

] @ Experimental
. 600%
:‘é T e Fitting
~
400!
05-4) »,
[ ]
7 r O
: '.,‘- @ ¢ 0@ @9 990 100V
o0 -
£ oyt
3 ' O @i, 0.0 Q09990 50 V
""""" 0@ @i @i @ @9 999 30V
0 @ ’ """ @ ‘C ----- 0@ 00900 10V

0 20 40 60 80 100 120

Stress duration ¢ (s)

Figure 8.4. Measured and fitted values of the leakage current I,,(¢) in relation to the
duration ¢ of Viess € {10, 30, 50,100} V

function [157,158]; accordingly [157],

La(t) = I, exp [— (;)B] L 0<B<1, (8.3)

where I, = 14(0), 7 is the relaxation time, and [ is the stretch factor. Thus,

L) = I, exp [— (;)5

The measured data in Fig. 8.3 were fitted to Eq. (8.4) for 1 < ¢ < 100 s, as

+ IL; 0< 5 < 1. (84)

shown in Fig. 8.4. The parameters 3, 7, I,, and I, are provided in Table 8.1 for
Vitress € {10,30,50,100} V. Both I, and I, increase as Vyess increases from 10 to

100 V. Concurrently, S increases from 0.42 to 0.52 whereas 7 decreases from 3.9 to
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Table 8.1. Parameters 3, 7, I,, and Iy, of I;(t) for Viyess € {10, 30, 50,100} V.

Vitress (V) 10 30 50 100

3 042 046 050  0.52

7 () 390 372 353 351
I, (pA) 65 189 315 645
I, (pA) 25 37 120 260

3.51 s. But the changes in § and 7 with V. are weak and it is not possible to
unambiguously conclude that the observed correlations are authentic or are only
within experimental and fitting errors.

The KWW parameters 5, 7, and I, are generally used to describe the observed
characteristics but without indicating the physical mechanisms involved. However, it
has been suggested that the stretch factor  may offer indications about the material’s
intrinsic features that could affect the relaxation processes [159]. Thus, 5 ~ 0.6
is characteristic of materials with short-range coulomb forces, whereas 5 ~ 0.43
characterizes amorphous materials with long-range forces during non-Debye dipolar
relaxation [159]. For the Parylene-C columnar pFTFs investigated here, the obtained
values of a [ range from 0.42 to 0.52 and are therefore indicative of the relaxation of
dielectric polarization arising from long-range forces.

When an external electric field F. is applied to the MIM structure, the defects
in the Parylene-C columnar pFTF close to the Au/Parylene-C interface, which are
presumably present in high density and have large capture cross-sections, become
charged and reorient. The resulting time-dependent dielectric polarization P leads to

a reduction in the local electric field [160]

Elocal =FE+

1
P 8.5
350 ) ( )
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where E is the actual electric field in the Parylene-C columnar uFTF. That reduction
is observed as a current decay with time evident in Fig. 8.3 [161,162].

In disordered materials (such as Parylene-C columnar uFTFs), E saturates and
never reaches the value of the externally applied electric field Eoy = Vi./d [163].
Since Parylene-C columnar uFTF's are semi-crystalline and should be regarded as
composite materials [6], the macroscopic polarization has contributions from (i) dipoles
in the amorphous phase, (ii) dipoles in the crystalline phase, and (iii) interfacial

polarization [163].

8.5 Capacitance-frequency characterization After CVS

Let C,(f) denote the capacitance of a MIM structure before the application of a
CVS and C(f,t) the capacitance of the same MIM structure after the application of
a CVS for duration ¢, when the frequency is f; thus, Co(f) = Cs(f,0). Figure 8.5
shows C(f,t) measured for f € {1,10,100,1000} kHz with Viiess = 100 V applied
for ¢ € {0,1800, 3000, 7200,9000} s at room temperature. The fact that capacitance
decreases with the duration ¢ suggests that s also decreases with ¢. It is been shown
in Chapter 6 that x of Parylene-C columnar pFTFs decreases as the frequency
increases, and that the spectral variation of x at low frequencies is dominated by
molecular-dipole polarization.

The relative difference 0C(f,t) = 1 — Cs(f,t)/Co(f) increases from 0.3% at
t = 1800 s to 1.94% at t = 9000 s when f = 1 kHz; likewise, C(f,t) increases from
0.83% at t = 1800 s to 3.36% at t = 9000 s when f = 1000 kHz. Thus, the change in
capacitance at a fixed frequency depends on the duration of the CVS application, as
has previously been reported for other disordered materials as well [164].

The variations in C with d for the columnar pFTFs are within 0.3-pF range. To
ensure that these variations are significant, the capacitance of an 10-pF HP 16382A
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Figure 8.5. Cs (f, t) measured for f € {1,10,100, 1000} kHz with Vtess = 100 V applied
for ¢t € {0,1800,3000, 7200,9000} s at room temperature.

standard structure was measured and the error was found to be less than 0.2% in the
1 kHz to 1000 kHz frequency range. Since the measured capacitances of the MIM
structures are on the order of 1 pF, the capacitance of a standard surface-mounted
AVX Multilayer Ceramic MLCC-SMD/SMT structure (1 + 0.02 pF) was measured
and found to be 1 +0.08 pF and 1 £+ 0.024 pF at 1 kHz and 1000 kHz, respectively.
As the resolution of the LCR meter was on the order of 1075 pF, the capacitance
variations reported in Fig. 8.6 and Table 8.2 are reliable.

Afterv using the data presented in Table 8.2, it is found that AC(f,t) = Co(f) —
Cs(f,t) varies linearly with the duration ¢ of CVS application. As shown in Fig. 8.6,
for example, when Vi,ess = 100 and f = 1000 kHz, AC(f,t) = 0.31n(¢) — 2.04, where
AC' is measured in pF and ¢ in s. An extrapolation with ¢ = 10 years = 3.16 x 108 s,
AC(f,t) = 3.77 pF. This value indicates that the MIM structure containing the 100-
um-thick Parylene-C columnar pFTF will undergo approximately 20% degradation
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Figure 8.6. The values of AC(f,t) = Co(f) — Cs(f,t) for different stress-times under
operating conditions 100-V and 1000-kHz.

in 10 years when compared with C,(f) = 19.34 pF for f = 1000 kHz.

Table 8.2. Values of Cy, Cy, and 6C for f € {1,10,100,1000} kHz with Viiress = 100 V
applied for ¢ € {0, 1800, 3000, 7200,9000} s at room temperature.

£ (citz) _Co OF) Cs (pF) C (%)
0s 1800 s 3000s 7200s 9000s  1800s 3000s 7200s 9000 s
1 23.2 231  23.0 229 227 030 070 120  1.90
10 22.0 21.9 217 216 215 050  1.00 160  2.30
100 20.9 20.8 206 204 203 0.60 140 230 270
1000 194 192 189 187 186 0.80 210 330  3.40

8.6 Concluding remarks

In this chapter, the effects of constant-voltage stress on the stability of Parylene-C

columnar puFTFs for applications in flexible electronics are reported. 100-pum-thick
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columnar uFTFs were fabricated as the insulating layers of MIM structures. A stress
voltage Vitress € [10,100] V was applied to each MIM structure at room temperature
for a duration as large as 10* s. Before and after the CVS application, -V and C-f
measurements were made at frequencies ranging 1 kHz and 1000 kHz.

The leakage current density J4. was found to depend on the bias voltage Vg as
Jao o< Vi, where the exponent m ~ 2.0, both before and after the application of
the CVS and without any dependence on V. The linear variation of Jy. with
V2 /d® suggests that the electric conduction in any Parylene-C columnar uFTF is
space-charge limited. The space charge is suggested to arise from carrier trapping at
defects as electrons are injected into the uF'TF.

Initial current transients observed over the first 100 s are attributed to the
polarization orientation with relaxation time 7. The transient current was fitted
to the Kohlrausch—William—Watt relaxation function with 3.5 < 7 < 3.9 s. The
CVS impact on the Parylene-C columnar nFTFs was also assessed using capacitance
measurements. Capacitance values before and after CVS application were found to
effectively track charge buildup and predicted that MIM structure containing 100-pum-
thick Parylene-C columnar uFTFs would undergo approximately 20 % degradation

in 10 years.
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Chapter 9
Charge Buildup and Leakage Current in Bulk
Parylene-C Thin Films

9.1 Introduction

Parylene-C films have been extensively studied [4,6-9,57-61] as gate dielectrics in
OFETs. However, very little is known about the electrical stability and reliability of
Parylene C and its interfaces with the active layers in these devices. Current-voltage
measurements are commonly made to study the electrical degradation of OFETs
under constant-voltage stress (CVS) [9]. However, capacitance-voltage measurements
are more sensitive than current-voltage measurements for investigating interface
characteristics [165]. In order to address this shortfall, the electrical stability and
reliability of Parylene C as a gate dielectric were investigated using capacitance-voltage
measurements.

A systematic analysis of gold /Parylene-C/Pentacene metal-insulator-semiconductor
(MIS) structures was performed. The effects of CVS, the capacitance-voltage curve-
shift, and time-dependent dielectric-breakdown (TDDB) were experimentally ana-
lyzed. Needless to add, the gold/Parylene-C/Pentacene system is the heart of the
OFET.
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9.2 Experimental procedure

Capacitance-voltage (C-V) measurements were carried out using a Precision LCR
Meter (HP 4284, Hewlett-Packard, Palo Alto, CA, USA), while the parallel mode of
‘C-D’ option was selected. These measurements were made at 1,10,100, and 1000 kHz
frequency and room temperature with an applied gate voltage V;, € [—2,2] V and an
oscillating voltage signal V,. = 24 mV. Using a Semiconductor Parameter Analyzer
(HP 4155C, Hewlett-Packard, Palo Alto, CA, USA), the time-dependent leakage
current Ig,ess as a function of time ¢ was measured while a stress voltage Viiress €
{£10,+15,£20} V was being applied at room temperature. A fresh Au/Parylene-
C/Pentacene/Au/Cr/SiO2/p-Si structure was used for every value of Vi ess.

9.3 Dielectric properties of bulk Parylene-C

C-V measurements at room temperature and at frequencies ranging from 1 to 1000
kHz were used to determine x of bulk Parylene-C. MIM structures contain three bulk
films of thicknesses 1, 2, and 3 um, as measured by a profilometer (P-16+, KLA
Tencor, Milpitas, CA, USA), were fabricated using the amounts of Parylene-C dimer
0.5, 1, and 1.5 g, respectively. Figure. 9.1(a) shows that C' decreases with increasing
film thickness d for the bulk films. This inverse dependence of C' on d is expected
because the capacitance of a MIM struture is given by C' = ke, A/d. Knowing C, A,
and d, we can determine x for the data presented in Fig. 9.1(a).

The obtained results shown in Fig. 9.1(b) indicate that x decreases as the frequency
increases from 1 to 1000 kHz. This dispersion of « at fairly low frequencies [12, p. 708,
Fig. 7.15] suggests that orientational polarization associated with molecular dipoles is
the dominant polarization mechanism for the bulk Parylene-C films [51]. The values

of k reported in Fig. 9.1(b) for the bulk films are about 11% higher at 1 kHz and
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determined as a function of frequency.

about 2% lower at 1000 kHz than those reported by Kumar [37]. As 93.2%-pure
dimer was used, these differences in x can be attributed to the presence of impurities.

Indeed, the average ~ for three bulk films in Fig. 9.1(b) reduces from 3.49 to 2.97 as

the frequency increases from 1 to 1000 kHz.
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9.4 Capacitance-voltage characterizations of the MIS struc-

ture before CVS

0.84 x x

o —V,to+V,

“ e +V,to -V,
0.83 + .

oe
(o]
oe
oe
I AV = 4150 mV oce ]
oo

0.80 - f =100 kHz —
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A=171x10"2 cm?
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Capacitance
()
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Figure 9.2. Measured C-V characteristics of a Au/Parylene-C/Pentacene structure,
functioning as a control sample (i.e., Vitress = 0) at 100 kHz and room temperature. The
Parylene-C layer is of thickness d = 200 nm and the top-electrode area A = 7.1 x 1072 cm?.

The measured C-V characteristics of an Au/Parylene-C/Pentacene structure at
100 kHz are shown in Fig. 9.2. As this sample was not subjected to CVS; it served as
the control sample. Its C-V characteristics were measured in small voltage sweeps
from +2 V to F2 V. The capacitance shows an apparent transition from accumulation
to depletion. A small hysteresis is evident, the C-V curve-shift AV of 150 mV being
very small [166, 167].
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An MIS structure is generally modeled as two structures in series: the insulator
capacitance C; and the semiconductor-depletion-layer capacitance Cyy, [165,166, 168];
hence, the capacitance of the MIS structure is

C(i C(sim

Cop = ———sm_
C’i—i_cvsim

(9.1)

For V, > 0, the measured capacitance reaches a constant value equivalent to C\, given

by Eq. (9.1). In contrast, for V, < 0, the capacitance saturates to a value close to
Ci = €,h—. (9.2)

The bulk Parylene-C layer is of thickness d = 200 nm and the top-electrode area
A=T71x10"2 cm?

9.5 Characterization of MIS structures under CVS

9.5.1 Capacitance-voltage characterizations after CVS

Figure 9.3 shows the C-V curves measured at 100 kHz in the Au/Parylene-C/Pentacene
MIS structures after the room-temperature application of (a) Vigess € {—10, —15, —20} V
and (b) Viyess € {10,15,20} V for duration ¢ = 10 s. After the 10-s application
of Vigress = 0, a C-V curve-shift AV = 0 is observed for all three values of |Viress|,
which suggests a positive (resp. negative) charge buildup in the insulator of the
MIS structure during the application of positive (resp. negative) CVS. For the same
[Vitress| and ¢, |AV] is higher for Viiess > 0 than for Vigess < 0.
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Figure 9.3. Measured C-V characteristics of a Au/Parylene-C/Pentacene structures at
100 kHz and room temperature, after the application of (a) Vigress € {—10,—15,—-20} V
and (b) Vigress € {10, 15,20} V for ¢t = 10 s.

9.5.2 Time-dependent leakage current under CVS

The time-dependent leakage current Ig,ess was measured as a function of ¢ € [1,11] s
during the application of CVS on MIS structures for Viyess € {£10, +15, 420} V. The
data presented in Fig. 9.4 show that Igyess is larger for larger |Viyess|. For the same

|Vitress|, Istress 18 lower by three orders of magnitude for Vigess > 0 than for Vigess < 0.
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Figure 9.4. Measured time-dependent leakage current Iy ess in @ Au/Parylene-C/Pentacene
structures at room temperature as a function of duration ¢ € [1,11] s during CVS application.
(a) Vitress € {—10,—15,—20} V and (b) Viress € {10,15,20} V.

Irrespective of the polarity of Viiress, Istress decays as t increases.

9.5.3 TDDB characterization after CVS

The TDDB characteristics of the Au/Parylene-C/Pentacene structures were obtained

by recording the current-voltage (I-V) response before and after the 10-s application
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of Vigress > 0. Before CVS, the I-V curve in Fig. 9.5(a) shows a dielectric breakdown
occurs at an electric field of 1.62 MV ecm™!. This value is comparable to the values
of the breakdown electric field Eq in the range 1.9 to 2.2 MV cm™! reported for
200-nm-thick Parylene-C layers in MIM structures [39,169], but for a much smaller

gate electrode area of about 3x107* cm?.

(a)

= 102!
)

E 1.62 MVem™!

5 —>

() 0

o
: 000
3 o (o] d = 200 nm
°o° A=171x10"2 cm?
102 L2 : : :
0 10 20 30
Gate voltage V, (V)
1-8 T T T 1200
b
R

i ¢ 800

. -

9]
S 14y ® -
S 00
= ]
1.2} ® Ey 2
Aty
1 A A A s,
0 5 10 15 20

‘/stress (V)

Figure 9.5. Room-temperature TDDB characteristics of Au/Parylene-C/Pentacene struc-
tures: (a) Leakage current measured as a function of gate voltage V, before CVS application
(control sample). (b) Breakdown electric field Fyq and time tpq after application of
Vitress € {5,10, 15,20} V.
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In Fig. 9.5(b), measured values of the breakdown field F,q and the time-to-
breakdown 4 are plotted as functions of Viess € {5, 10, 15,20} V. Time-to-breakdown
thq is the time it takes for the Parylene C to breakdown under the application of each
Vistress-

As expected, both Epq and t,q decrease as Viiess > 0 increases. The value of
Fyq decreases from 1.62 MV c¢cm ™! for the control sample (i.e., Vigress = 0) to 1.04
MV ecm™! for the sample stressed with Viess = 20 V. Furthermore, t,q decreases from

1005 s for the control sample to 104 s for the sample stressed with Viiess = 20 V.

9.6 Analysis of the CVS effects on the MIS structure

The C-V characteristics of organic-based MIS structures are limited by contact
injection [165,170-173]. The C-V curve obtained in Fig. 9.2 can be explained in terms
of charge accumulation arising from injection and contained within the semiconductor
layer.

For V, > 0, a thin accumulated layer of injected holes occurs at the Au/Pentacene
interface, while the Parylene-C/Pentacene interface is depleted and devoid of any
significant free charge carriers. As a result, a depletion layer is created inside the
Pentacene. Hence, the capacitance is given by Cy, in Eq. (9.1). For V, < 0, an
accumulation of holes occurs near the interface of Pentacene/Parylene-C. As V
further increases to more negative values, Cy,,, increases and C,, approaches C} given
by Eq. (9.2).

The C-V curve shifts observed in Fig. 9.3 are attributed to charge buildup AQ
in Parylene C [174,175]. Charges of three different provenances are associated with
AQy [174,175]; i.e.,

AQi = Qu+ Qu+ Q. (9.3)

Here, @y, is the charge density of mobile positive charges located in the bulk of the
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insulator and arising from ionic impurities such as Na®. The effect of these charges
can be seen as a hysteresis in the C-V curve when sweeping V, in a negative-positive-
negative loop. Also, @y, is the charge density of charges trapped in the bulk insulator.
It can be either negative or positive, depending on whether holes or electrons are
trapped. @ is the charge density of charges trapped in the semiconductor/insulator
interface. It can also be either negative or positive. Because these charges are trapped
at the interface, @; has the largest effect on AV.

As can be deduced from Fig. 9.2, @y, is negligibly small because a very small
hysteresis (AV = 150 mV) is detected as the gate voltage is swept from —2 V to
+2 V to —2 V. Hence, (., plays no role in the charge buildup observed in Parylene C
after the application of CVS so that

AQy = Qn + Q. (9.4)

A quantitative analysis of AQ; and its dependence on Vs and ¢ is now in order.

Accordingly [176],

AV C;
A

AQ, = — . (9.5)

Table 9.1 and Table 9.2 provide the values of AQ; for Vyess € {£10,+15,£20} V.
Clearly, the charge buildup are positive for Vi,ess < 0 but negative for Viess > 0.
Furthermore, for fixed |Viiess|, the charge buildup is more than twice in magnitude
for Viress > 0 than for Viiess < 0.

During the time that Vii.ess < 0, electrons are injected from the gate and holes are
injected from the layer of accumulated holes near the Parylene-C/Pentacene interface.

Electrons and holes transiting the Parylene-C layer can be trapped at defect sites
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Table 9.1. C-V curve-shift AV of and the charge buildup AQ; in a Au/Parylene-
C/Pentacene MIS structure subjected to Vigress € {—10, —15,—20} V for ¢ = 10 s.

‘/stress (V)

—10 —15 —20

AV (V) —0.35 —0.56 —0.89

AQ; (Cem™2) +4.10x1077  +6.50x107  +1.04x107®

Table 9.2. C-V curve-shift AV of and the charge buildup AQ: in a Au/Parylene-
C/Pentacene MIS structure subjected to Vitress € {410, +15,+20} V for ¢ = 10 s.

‘/stress (V)

+10 +15 +20

AV (V) +0.76 +1.37 +2.10

AQ; (Cem™2) —890x 107 —1.60 x 1078 —2.45 x 10°8

and give rise to charge buildup. It is apparent from Table. 9.1 that hole trapping
dominates and the net charge buildup is positive for Vi ess < 0.

In contrast, holes are only injected from the gate into Parylene-C. The resulting
hole-leakage current is observed to be much smaller than I, shown in Fig. 9.4(a)
during the time that Ve > 0. This is because a significant portion of the applied
Viress 18 dropped across the depleted (i.e., devoid of charge carriers) layer near the
Pentacene/Parylene-C interface; much less hole transport takes place across Pentacene
for Viiress > 0. However, the charge-buildup sign is negative, which may indicate that
the observed charge buildup is not entirely due to the trapping of charge carriers
(electrons and holes) but could also be caused by defect generation. Presumably,

these generated defects are electrons traps that are populated during the application
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of Vitress-

The I-V curve in Fig. 9.5(a) shows a dielectric breakdown occurs at an electric
field of 1.62 MV c¢m~!. This breakdown may indicate the formation of a defect-
related conduction path [177,178]. In other words, a higher applied voltage could
induce defects that eventually form different conducting paths from the gate to the
semiconductor in the Au/Parylene-C/Pentacene structure.

As shown in Fig. 9.5(b), the decrease in F}q suggests that more/longer conductive
paths are formed with increasing Vii,ess > 0. Conductive paths result from defect-
generation processes and, hence, more defects are presumably generated as Vi ess
further increases to higher values. This deduction is in agreement with earlier inference
from Table 9.2 that defect generation dominates over charge trapping during Viiress >

0.

9.7 Concluding remarks

A systematic analysis of the reliability of Au/Parylene-C/Pentacene MIS structures
under constant-voltage stress was performed, with focus on the effects of CVS on
the stability of Parylene C as a gate dielectric. 200-nm-thick Parylene-C thin films
were utilized as gate-dielectric layers in Au/Parylene-C/Pentacene MIS structures.
Measurements and analysis of the C-V curve-shift, the time-dependent leakage
current, and the time-dependent dielectric breakdown were performed before and
after application of CVS. Positive and negative stress voltages of the same magnitude
were applied for 10-s duration.

A summary of the obtained results is as follows:

e« The MIS capacitance shows an apparent transition from accumulation to

depletion.
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e The C-V curve-shift is higher for positive stress voltage than for negative stress

voltage of the same magnitude.

e The time-dependent leakage current for positive stress voltage is three orders

of magnitude lower than for negative stress voltage.

o The charge density of trapped charges increases with the stress voltage, the
polarity of the trapped charges being opposite to the polarity of the stress

voltage.

o As the application of CVS increases, the breakdown voltage decreases as does

the time to breakdown.
Therefore, the main conclusions of this study are as follows:

e The C-V characteristic can be explained in term of accumulation charges within

the semiconductor layer.
o This accumulation charge is due to contact injection.

« Inside the insulating layer, the charge buildup resulting from the accumulation
of trapped charges affects the stability of the the MIS structure by shifting its

C-V curve.

o The shift of the C-V curve is attributed to the trapping and recombination of

electrons and holes inside Parylene C and its interface with Pentacene.
o The dielectric-breakdown mechanism is defect dominated.

Overall, the buildup of trapped charges in the Parylene-C layer and near the
Parylene-C/Pentacene interface plays a major role in the degradation of Au/Parylene-

C/Pentacene structures. The analysis presented in this chapter provides a first-level
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understanding of the charge buildup in Au/Parylene-C/Pentacene structures and,
perhaps, will serve as the basis of future studies on the defect-generation process and

the trapping of charge carriers within the insulator layer in OFETs.
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Chapter 10

Conclusions and Future Work

The use of Parylene C as a multifunctional insulator (i.e., substrate, gate dielectric,
and passivation layer) in the same device will result in effective cost reduction and
improved sustainability of flexible electronics. This goal motivated the work presented
in this dissertation which focuses on engineering Parylene-C films and studying their
electrical and mechanical properties for flexible electronics. Also, the possibility of
lowering x of Parylene C using a physicochemical deposition technique provided the
impetus for examining its use as an ultralow-x ILD in flexible ICs.

As discussed in Chapter 1, the objectives of the research conducted for this

dissertation were executed in the following sequence:

1. Study the Parylene-C columnar uFTFs” morphology, porosity, flexibility, and
dielectric properties in relation to the deposition angle in oblique-angle physio-

chemical deposition technique.

2. Identify charge transport and conduction mechanisms in Parylene-C columnar

WFTFs.

3. Investigate stability and electrical-stress resistance of Parylene-C columnar

WFTFs.

4. Understand the different physical phenomena of charge buildup and electrical
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degradation in bulk Parylene-C films.

10.1 Summary and conclusions

Parylene-C columnar uF'TFs were grown using an oblique-angle physicochemical vapor
deposition technique. The static Young’s moduli, yield strengths, and the relative
permittivity were correlated to the porosity, crystallinity, and the direction of the vapor
flux during deposition. Moreover, electrical characterization using capacitance-voltage-
temperature and current-voltage-temperature experiments at different temperatures
were performed to study the dielectric properties of and charge transport in Parylene-
C columnar puFTFs. Consequently, the d.c. and a.c. conduction mechanisms were
identified. Also, a systematic study of the degradation caused by CVS in Parylene-C
columnar pFTFs was carried out to explore their suitability for applications in flexible
electronics. Moreover, the effects of constant-voltage stress, the capacitance-voltage
curve-shift, and time-dependent dielectric breakdown were experimentally analyzed
in gold/bulk Parylene C/Pentacene MIS structures.

The main conclusions for this dissertation are as follows:

o Cross-sectional FESEM images and porosity measurements show that the
porosity decreases from 0.56 to 0.38 as the deposition angle y, increases from
30° to 90°. The static Young’s moduli and the yield strengths depend on
the deposition angle x,, and they are lower than their counterparts for bulk
Parylene C by about two orders of magnitude. The relative permittivity was
successfully lowered to be about 70% of that of the bulk Parylene C. DC
charge transport in the Parylene-C columnar pFTFs arises from the Poole-
Frenkel conduction mechanism while a.c. conduction is due to the small-polaron
tunneling mechanism. The leakage current after the application of a constant-

voltage stress for a given duration follows the Kohlrausch-Williams-Watts
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relaxation model, and the capacitance is found to degrade by about 20% in 10
years. It is concluded that Parylene-C columnar pFTFs have a potential for

use as ultralow-x ILDs in flexible electronics.

o The capacitance-voltage curve-shift is higher for positive stress voltage than for
negative stress voltage of the same magnitude. However, the time-dependent
leakage current for positive stress voltage is three orders of magnitude lower
than for negative stress voltage. Dielectric breakdown is defect dominated, as
defects form a conduction path or multiple conduction paths inside the insulator
layer. Also, the charge buildup resulting from the accumulation of trapped
charges affects the stability of the MIS structure by shifting its C-V curve.
This shift is attributed to the trapping and recombination of electrons and
holes inside Parylene C and its interface with Pentacene. Overall, the buildup
of trapped charges in the bulk Parylene-C used as a gate dielectric and near
the Parylene-C/Pentacene interface plays a major role in the degradation of

Au/bulk Parylene-C/Pentacene structures.

The overall conclusion is that both mechanical and dielectric properties of the
Parylene-C columnar pFTFs can be controlled by selecting x, appropriately. As a
result, Parylene-C columnar uFTFs can be fabricated to deliver k = 2.02, which is
lower than x = 3.0 of bulk Parylene C by 30%. Therefore, Parylene-C columnar
uFTFs are promising candidates for deployment as ultralow-x ILDs beside their

electrical stability and reliability.
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10.2 Suggestions for future work

10.2.1 Parylene-C columnar pFTFs: thickness optimization

Parylene-C columnar uFTFs have been prepared at different deposition angles using
an oblique-angle physicochemical vapor deposition technique. For this dissertation,
the minimum thickness achieved is about 80 pm. However, this thickness needs to be
scaled down in order to use Parylene-C columnar uFTFs in different flexible devices.

The deposition conditions such as the temperature of the substrate and the
pressure of the deposition chamber play significant roles during the growth and the
fabrication of columnar uFTFs, as discussed in Chapter 5. Hence, to define the
parameters space of the deposition process of the Parylene-C columnar uFTFs, a
systematic study of the deposition conditions such as the temperature of the substrate,
the pressure in the chamber, and the rate and time of the deposition is needed in order
to obtain a better understanding of the growth and the fabrication of Parylene-C

columnar uFTFs.

10.2.2 Parylene-C columnar pFTFs as a substrate for flexible electronics

Mechanical flexibility is an essential feature for any flexible device. An important
design parameter for flexible devices is the radius of curvature r. at which the
flexible device fails electrically due to irreversible mechanical degradation [1]. The
parameter 7. is a function of the critical strain .4 that can be sustained by the

flexible device; thus [1]

ds

)
26crit

(10.1)

Terit =

where d, is the thickness of the substrate.
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The mechanical properties of Parylene-C columnar pFTFs were found in Chapter
6 to depend on the deposition angle y,. They are lower than of their counterparts for
bulk Parylene C by about two orders of magnitude. Parylene-C columnar uFTFs are
softer than bulk Parylene C. Therefore, the use of Parylene-C columnar nFTFs as a
substrates could improve device flexibility.

To validate this hypothesis, MIS structures, introduced in Chapter 9, containing
either a Parylene-C columnar pFTF or bulk Parylene C as the substrate can be bent
to different values of the radius of curvature while being electrically tested. The MIS
structure can be bent to different degrees, while applying the same systematic analysis
provided in Chapter 9, before and after an appropriate combination of electrical and

mechanical stresses.

10.2.3 Parylene-C columnar pFTFs as a composite dielectric

In contrast to the pinhole-free films of bulk Parylene C, every columnar uFTF is a
group of parallel microfibers inclined at an angle y € (0°,90°] with respect to the
substrate plane. Also, air occupies the inter-microfiber regions. Therefore, a columnar
uFTF is a composite material comprising Parylene C and air as its constituent
materials.

In disordered materials (such as Parylene-C columnar pFTFSs), the electric field
saturates and never reaches the value of the externally applied electric field [163],
as discussed in Sec. 8.4. Parylene-C columnar uWFTFs could be considered as elec-
trostrictive polymer composites [179] that have the capability of realizing conversion
between electrical and mechanical energy to be utilized as micro-actuators in different
applications.

To validate this assumption, an empirical model proposed by Capsal et al. [163]
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can be used. Beginning with Eq. (7) of Capsal et al. [163], T get

E@I
P = 3¢,k E,q tanh ( ! ) , (10.2)

sat

which can be simplified to

sat

Eel’
P = ¢,k E 4 tanh ( t) . (10.3)

Because E,.,; < FE,,; from the definition of the local field and its Lorentzian

prescription [160], one gets

K+ 2 P
= Fioea = F , 10.4
3 focal = 2 3 (10.4)
which gives
Eew
E=-"_g, tanh ( t) . (10.5)
KR — 1 sat
For k = 2.74 then,
Eez
E = 1.6E,4 tanh ( t) . (10.6)
Esat

To incorporate this empirical model [163], Eq. (10.6) should be modified to

Eel’
E = E,,, tanh (E t) ) (10.7)

sat

Equation (10.6) will yield Eq. (10.7) if only & is significantly larger than 10. Therefore,
Parylene-C columnar puFTFs could be considered as an electrostrictive polymer
composites.

A Parylene-C columnar uF'TF has the potential to be used also as an electrostric-
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tive polymer composite by adding small amounts of organic/inorganic micro/nanopar-
ticles to enhance x (k > 10). This approach [163] is used to engineer nanostructures
by introducing nanofillers with x similar to that of the matrix for energy-harvesting

applications.

108



Bibliography

[1]

2]

[5]

[6]

S. Logothetidis, Handbook of Flexible Organic Electronics: Materials, Manufac-
turing and Applications, Woodhead Publishing, Waltham, MA, USA, 2016.

Y

R. Bringans, and J. Veres. “Challenges and opportunities in flexible electronics.
2016 IEEE International FElectron Devices Meeting (IEDM), pp. 64, San
Francisco, CA, USA, 3-7 Dec. 2016.

M. J. Deen, “Flexible electronics — Opportunities and challenges.” 2013 IEEFE
International Conference of Electron Devices and Solid-State Circuits (EDSSC),
pp- 1-2, Hong Kong, China, 3-5 June 2013.

T. Marszalek, M. Gazicki-Lipman, and J. Ulanski, “Parylene C as a versatile
dielectric material for organic field-effect transistors,” Beilstein Journal of
Nanotechnology, vol. 8, no. 1, pp. 1532-1545, 2017.

B. J. Kim and E. Meng, “Micromachining of Parylene C for bioMEMS,” Poly-
mers for Advanced Technologies, vol. 27, no. 5, pp. 564-576, 2015.

J. Jakabovic, J. Kovac, M. Weis, D. Hasko, R. Srnanek, P. Valent, R. Resel,
“Preparation and properties of thin parylene layers as the gate dielectrics for
organic field effect transistors,” Microelectronics Journal, vol. 40, no. 3, pp.
595-597, 2009.

P. Tewari, R. Rajagopalan, E. Furman, M. T. Lanagan, “Control of interfaces on
electrical properties of SiOy Parylene-C laminar composite dielectrics,” Journal
of Colloid and Interface Science, vol. 332, no. 1, pp. 65—73, 2009.

B. Park, K.-J. Im, K. Cho, and S. Kim, “Electrical characteristics of gold
nanoparticle-embedded MIS capacitors with parylene gate dielectric,” Organic
Electronics, vol. 9, no. 5, pp. 878-882, 2008.

K. Fukuda, T. Suzuki, D. Kumaki, and S. Tokito, “Reverse DC bias stress shifts
in organic thin-film transistors with gate dielectrics using parylene-C,” Physica
Status Solidi A, vol. 209, no. 10, pp. 2073-2077, 2012.

109



[10]

K. Tsukagoshi, I. Yagi, K. Shigeto, K. Yanagisawa, J. Tanabe, and Y. Aoyagi,
“Pentacene transistor encapsulated by poly-para-xylylene behaving as gate
dielectric insulator and passivation film,” Applied Physics Letters, vol. 87, no.
18, art. no. 183502, 2005.

R. Ahmed, C. Simbrunner, G. Schwabegger, M. Baig, and H. Sitter, “Air
stability of C60 based n-type OFETs,” Synthetic Metals, vol. 188, no. 1, pp.
136-139, 2014.

S. O. Kasap, Principles of Electronic Materials and Devices, vol. 2, McGraw—Hill,
New York, NY, USA, 2006.

https://newsroom.intel.com/newsreleases/introducing-6th-generation-intel-
core-intels-best-processor-ever/. Accessed on April 13, 2017.

H. Shirakawa, E. J. Louis, A. G. MacDiarmid, C. K. Chiang, and A. J. Heeger,
“Synthesis of electrically conducting organic polymers: halogen derivatives of

polyacetylene,(CH),,” Chemical Communications, vol. 16, no.1, pp. 578-580,
1977.

H. Shirakawa, A. Mcdiarmid, and A. Heeger, “Focus article: Twenty-five years
of conducting polymers,” Chemical Communications, no. 1, pp. 1-4, 2002.

G. Horowitz, “Physics of organic field-effect transistors,” in: Semiconducting
Polymers: Chemistry, Physics and Engineering, G. Hadziioannou and P. F. van
Hutten, Eds., Wiley, New York, NY, USA, pp. 463-514, 2005.

T. Someya, Stretchable Electronics, Wiley, Hoboken, NJ, USA, 2013.

W. S. Wong, A. Salleo, Flexible Electronics: Materials and Applications,
Springer, New York, NY, USA, 2009.

E. Abad, S. Zampolli, S. Marco, A. Scorzoni, B. Mazzolai, A. Juarros, D.
Gomez, I. Elmi, G. C. Cardinali, J. M. Gémez, F. Palacio, “Flexible tag
microlab development: Gas sensors integration in RFID flexible tags for food
logistic,” Sensors and Actuators B, vol. 127, no. 1, pp. 2-7, 2007.

S. Iguchi, H. Kudo, T. Saito, M. Ogawa, H. Saito, K. Otsuka, A. Funakubo, K.
Mitsubayashi, “A flexible and wearable biosensor for tear glucose measurement,”
Biomedical Microdevices, vol. 9, no. 4, pp. 603-609, 2007.

Y. Xu, F. Jiang, S. Newbern, A. Huang, C. M. Ho, Y. C. Tai, “Flexible shear-
stress sensor skin and its application to unmanned aerial vehicles,” Sensors and
Actuators A, vol. 105, no. 3, pp. 321-329, 2003.

110



[22]

[23]
[24]
[25]

[26]

[27]

[29]

[30]

[31]
[32]

[33]

T. Sekitani, T. Yokota, U. Zschieschang, H. Klauk, S. Bauer, K. Takeuchi, M.
Takamiya, T Sakurai, T. Someya, “Organic nonvolatile memory transistors for
flexible sensor arrays,” Science, vol. 326, no. 5959, pp. 1516-1519, 2009.

J. Boland, “Flexible electronics: Within touch of artificial skin.” Nature Materials,
vol. 9, no. 10, pp. 790-792, 2010.

M. Stoppa, A. Chiolerio, “Wearable electronics and smart textiles: A critical
review,” Sensors, vol. 14, no. 7, pp. 11957-11992, 2014.

http://www.oe-a.org/roadmap. Accessed on April 20, 2018.

H. Edzer, A. Huitema, G. H. Gelinck, P. J. G. V. Lieshout, E. V. Veenendaal, and
F. J. Touwslager, “Flexible electronic-paper active-matrix displays,” Journal
of the Society for Information Display, vol. 14, no. 8, pp. 729-733, 2006.

Y. Chen, J. Au, P. Kazlas, A. Ritenour, H. Gates, and M. Mccreary, “Flexible
active-matrix electronic ink display,” Nature, vol. 423, no. 6936, pp. 136-136,
2003.

Y. Takeda, K. Hayasaka, R. Shiwaku, K. Yokosawa, T. Shiba, M. Mamada,
D. Kumaki, K. Fukuda, and S. Tokito, “Fabrication of ultra-thin printed
organic TFT CMOS logic circuits optimized for low-voltage wearable sensor
applications,” Scientific Reports, vol. 6, art. no. 25714, 2016.

S. G. Higgins, B. V. Muir, G. Dell’Erba, A. Perinot, M. Caironi, and A. J.
Campbell, “Complementary organic logic gates on plastic formed by self-aligned
transistors with gravure and inkjet printed dielectric and semiconductors,”
Advanced Electronic Materials, vol. 2, no. 2, art. no. 1500272, 2016.

M. Hashimoto, “Application of electroactive polymer,” Journal of the Robotics
Society of Japan, vol. 31, no. 5, pp. 457-460, 2013.

http://www.gartner.com/newsroom/id /3165317. Accessed on April 13, 2017.

K. Ashton, “That internet of things,” RFID Journal, vol. 22, no. 7, pp. 97-114,
2009.

W. H. Lee, H. H. Choi, D. H. Kim, and K. Cho, “Microstructure dependent
bias stability of organic transistors.” Advanced Materials, vol. 26, no. 11, pp.
1660-1680, 2014.

111



[34]

[43]

[44]

K. D. Harris, A. L. Elias, and H.-J. Chung, “Flexible electronics under strain:
a review of mechanical characterization and durability enhancement strategies,”
Journal of Materials Science, vol. 51, no. 6, pp. 2771-2805, 2015.

Logothetidis, S., A. Laskarakis, D. Georgiou, S. Amberg-Schwab, U. Weber, K.
Noller, M. Schmidt, E. Kuecuekpinar-Niarchos, and W. Lohwasser. “Ultra-high
barrier materials for encapsulation of flexible organic electronics.” The European
Physical Journal-Applied Physics, vol. 51, no. 3, 2010.

R. P. Ortiz, A. Facchetti, and T. J. Marks, “High-k organic, inorganic, and
hybrid dielectrics for low-voltage organic field-effect transistors,” Chemical
Review, vol. 110, no. 1, pp. 205-239, 2010.

R. Kumar, “Xylylene polymers,” in: Kirk-Othmer Encyclopedia of Chemical
Technology, J. 1. Kroschwitz, R. E. Kirk-Othmer, and J. K. I. Kirk—-Othmer,
Eds., Wiley, New York, NY, USA, pp. 1-52, 2008.

https://scscoatings.com/docs/brochures/parylene/properties.pdf. Accessed on
April 13, 2017.

E.-Y. Shin, E.-Y. Choi, and Y.-Y. Noh, “Parylene based bilayer flexible gate
dielectric layer for top-gated organic field-effect transistors,” Organic Electronics,
vol. 46, no. 1, pp. 14-21, 2017.

G. A. Salvatore, N. Miinzenrieder, T. Kinkeldei, L. Petti, C. Zysset, 1. Strebel,
L. Biithe, and G. Troster, “Wafer-scale design of lightweight and transparent

electronics that wraps around hairs,” Nature Communications, vol. 5, no. 1, art.
no. 2982, 2014.

E. Meng, P. Y. Li, Y. C. Tai, “Plasma removal of Parylene C,” Journal of
Micromechanics and Microengineering, vol. 18, no. 4, art. no. 045004, 2008.

J.-M. Hsu, L. Rieth, R. A. Normann, P. Tathireddy, and F. Solzbacher, “En-
capsulation of an integrated neural interface device with Parylene C,” IFEFE
Transactions on Biomedical Engineering, vol. 56, no. 1, pp. 23-29, 2009.

A. B. Fontaine, K. Koelling, S. Dos Passos, J. Cearlock, R. Hoffman, and D.
G. Spigos, “Polymeric surface modifications of tantalum stents,” Journal of
Endovascular Therapy, vol. 3, no. 3, pp. 276-283, 1996.

https://usa.dupontteijinfilms.com /resources/database/. Accessed on May 23,
2018.

112



[45]

[46]

[47]

[53]

[54]

http://www.dupont.com/products-and-services/membranes-films /polyimide-
films/brands/kapton-polyimide-film.html/. Accessed on May 23, 2018.

https://www.teijinfilmsolutions.jp/english /product /pen-teo.html. Accessed on
May 23, 2018.

I. H. Khawaji, C. Chindam, O. O. Awadelkarim, and A. Lakhtakia, “Dielectric
properties of and charge transport in columnar microfibrous thin films of

Parylene C,” IFEFE Transactions on Electron Devices, vol. 64, no. 8, pp. 3360—
3367, 2017.

I. H. Khawaji, C. Chindam, O. O. Awadelkarim, and A. Lakhtakia, “Selectablity
of mechanical and dielectric properties of Parylene-C columnar microfibrous
thin films by varying deposition angle,” Flexible and Printed Electronics, vol. 2,
no. 4, art. no. 045012, 2017.

N. D. L. Oliva, M. Mueller, T. Stieglitz, X. Navarro, and J. D. Valle, “On
the use of Parylene C polymer as substrate for peripheral nerve electrodes,”
Scientific Reports, vol. 8 no. 1, art. no. 5965, 2018.

B. Chamlagain, Q. Li, N. J. Ghimire, H.-J. Chuang, M. M. Perera, H. Tu, Y.
Xu, M. Pan, D. Xiao, J. Yan, D. Mandrus, and Z. Zhou, “Correction to mobility
improvement and temperature dependence in MoSe, field-effect transistors on
Parylene-C substrate,” ACS Nano, vol. 8, no. 8, pp. 8710-8710, 2014.

J. Jean, A. Wang, and V. Bulovic, “In situ vapor-deposited parylene substrates
for ultra-thin, lightweight organic solar cells,” Organic Electronics, vol. 31, pp.
120-126, 2016.

C. Hassler, R. P. V. Metzen, P. Ruther, and T. Stieglitz, “Characterization
of parylene C as an encapsulation material for implanted neural prostheses,”
Journal of Biomedical Materials Research Part B: Applied Biomaterials, vol.
93, no, 1, pp. 266-274, 2010.

H. Lee and J. Cho, “Development of Conformal PDMS and Parylene Coatings for
Microelectronics and MEMS Packaging,” ASME 2005 International Mechanical
Engineering Congress and Exposition/ Electronic and Photonic Packaging,
Electrical Systems Design and Photonics, and Nanotechnology, Orlando, Florida,
USA, 1-5 Nov. 2005.

H. Aoki, T. Kan, N. Binh-Khiem, K. Matsumoto, and I. Shimoyama, “Micro
bead type temperature sensor with ratiometric fluorescence dyes encapsulated

113



[60]

[61]

[62]

[63]

by Parylene,” 2011 IEEE 24th International Conference on Micro Electro
Mechanical Systems, Cancun, Mexico, 23-27 Jan. 2011.

M. Saleman and M. J. Bak, “A new chronic recording intracortical microelec-
trode,” Medical & Biological Engineering, vol. 14, no. 1, pp. 42-50, 1976.

M. K. Choi, J. Yang, K. Kang, D. C. Kim, C. Choi, C. Park, S. J. Kim, S. I. Chae,
T.-H. Kim, J. H. Kim, T. Hyeon, and D.-H. Kim, “Wearable red-green-blue
quantum dot light-emitting diode array using high-resolution intaglio transfer
printing,” Nature Communications, vol. 6, no. 1, art. no. 7149, 2015.

C. Sheraw, D. Gundlach, and T. Jackson, “Spin-on polymer gate dielectric for
high performance organic thin film transistors,” MRS Proceedings, vol. 558, pp.
403-408, 1999.

V. Podzorov, V. M. Pudalov, and M. E. Gershenson, “Field-effect transistors on
rubrene single crystals with parylene gate insulator,” Applied Physics Letters,
vol. 82, no. 11, pp. 1739-1741, 2003

T. Yasuda, K. Fujita, H. Nakashima, and T. Tsutsui, “Organic field-effect
transistors with gate dielectric films of poly-p-Xylylene derivatives prepared by
chemical vapor deposition,” Japanese Journal of Applied Physics, vol. 42, no.
10, pp. 6614-6618, 2003.

[. N. Hulea, S. Fratini, H. Xie, C. L. Mulder, N. N. Tossad, G. Rastelli, S. Ciuchi,
and A. F. Morpurgo, “Tunable Frohlich polarons in organic single-crystal
transistors,” Nature Materials, vol. 5, no. 12, pp. 982-986, 2006.

N. Kawasaki, W. L. Kalb, T. Mathis, Y. Kaji, R. Mitsuhashi, H. Okamoto,
Y. Sugawara, A. Fujiwara, Y. Kubozono, and B. Batlogg, “Flexible picene
thin film field-effect transistors with parylene gate dielectric and their physical
properties,” Applied Physics Letters, vol. 96, no. 11, art. no. 113305, 2010.

Y. Qiu, N. Behdad, J. Lee, Y. H. Xu, R. Xu, S. Lee, T.-Y. Shih, Y. H. Jung,
Z. Ma, and W. Lin, “Compact parylene-c-coated flexible antenna for WLAN
and upper-band UWB applications,” FElectronics Letters, vol. 50, no. 24, pp.
1782-1784, 2014.

S. Kim and M. M. Tentzeris, “Parylene coated waterproof washable inkjet-
printed dual-band antenna on paper substrate,” International Journal of Mi-
crowave and Wireless Technologies, vol. 10, no. 7, pp. 814-818, 2018.

114



[64]

[65]

[72]

(73]

S. E. K. Eroglu, W. Y. Choo, and Y. Leblebici, “Copper TSV-based die-level via-
last 3D integration process with parylene-C adhesive bonding technique,” 2016
IEEE International 3D Systems Integration Conference (3DIC), San Francisco,
CA, USA, 9-11 Nov. 2016.

Y. Kuang, R. Huang, Y. Tang, W. Ding, L. Zhang, and Y. Wang, “Flexible
single-component-polymer resistive memory for ultrafast and highly compatible
nonvolatile memory applications,” IEEFE Electron Device Letters, vol. 31, no. 7,
pp. 758-760, 2010.

Y. Cai, J. Tan, L. YeFan, M. Lin, and R. Huang, “A flexible organic resistance
memory device for wearable biomedical applications,” Nanotechnology, vol. 27,
no. 27, art. no. 275206, 2016.

W. Bai, R. Huang, Y. Cai, Y. Tang, X. Zhang, and Y. Wang, “Record low-power
organic RRAM with sub-20-nA reset current,” IEEFE Electron Device Letters,
vol. 34, no. 2, pp. 223-225, 2013.

Z. Gong, X. Zhou, K. Chen, X. Zhou, and Q. Yu, “Parylene-C diaphragm-based
fiber-optic Fabry-Perot acoustic sensor for trace gas detection,” Proceeding of
SPIE, vol. 10618, no. 1, art. no. 1061800, 2017.

S. G. Surya, S. K. Samji, P. Dhamini, B. P. Ganne, P. Sonar, and V. R. Rao, “A
spectroscopy and microscopy study of Parylene-C OFETs for explosive sensing,”
IEEE Sensors Journal, vol. 18, no. 4, pp. 1364-1372, 2018.

A. Spanu, F. Viola, S. Lai, P. Cosseddu, P. Ricci, and A. Bonfiglio, “A reference-
less pH sensor based on an organic field effect transistor with tunable sensitivity,”
Organic Electronics, vol. 48, no. 1, pp. 188-193, 2017.

T. Trantidou, D. J. Payne, V. Tsiligkiridis, Y.-C. Chang, C. Toumazou, and
T. Prodromakis, “The dual role of Parylene C in chemical sensing: Acting as
an encapsulant and as a sensing membrane for pH monitoring applications,”
Sensors and Actuators B, vol. 186, no. 1, pp. 1-8, 2013.

M. Eizenberg, A. K. Sinha, and S. P. Murarka, Interlayer Dielectrics for Semi-
conductor Technologies, Elsevier—Academic Press, Amsterdam, Netherlands,
2003.

P. A. Kohl, “Low-dielectric constant insulators for future integrated circuits
and packages,” Annual Review of Chemical and Biomolecular Engineering, vol.
2, no. 1, pp. 379-401, 2011.

115



[74]

[75]

[76]

[77]

78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

M.R. Baklanov, C. Adelmann, L. Zhao, and S. De Gendt, “Advanced inter-
connects: materials, processing, and reliability,” ECS Journal of Solid State
Science and Technology, vol. 4, no. 1, pp. Y1-Y4, 2015.

D. Shamiryan, “Low-k dielectric materials,” Materials Today, Vol. 7, no. 1, pp.
34-39, 2004.

K. Maex, M. R. Baklanov, D. Shamiryan, F. lacopi, S. H. Brongersma, Z. S.
Yanovitskaya, “Low dielectric constant materials for microelectronics,” Journal
of Applied Physics, vol. 93, no. 11, pp. 8793-8841, 2003.

[. M. Daniel, O. Ishai, I. M. Daniel, I. Daniel, Engineering Mechanics of
Composite Materials, Vol. 3, Oxford University Press, New York, NY, USA
1994.

A. Lakhtakia, Selected Papers on Linear Optical Composite Materials, SPIE
Optical Engineering Press, Bellingham, WA, USA, 1996.

D. E. Aspnes, “Local-field effects and effective-medium theory: A microscopic
perspective,” American Journal of Physics, vol. 50, no. 8, pp. 704-709, 1982.

G. Teyssedre and C. Laurent, “Charge transport modeling in insulating polymers:
from molecular to macroscopic scale,” IEEE Transactions on Dielectrics and
Electrical Insulation, vol. 12, no. 5, pp. 857-875, 2005.

F.-C. Chiu, “A Review on conduction mechanisms in dielectric films,” Advances
in Materials Science and Engineering, vol. 2014, art. no. 578618, 2014.

J. G. Simmons, “Conduction in thin dielectric films,” Journal of Physics D:
Applied Physics, vol. 4, no. 5, pp. 613-657, 1971.

M. A. Lampert, “Simplified theory of space-charge-limited currents in an
insulator with traps,” Physical Review, vol. 103, no. 6, pp. 1648-1656, 1956.

H. Altuntas, C. Ozgit-Akgun, I. Donmez, and N. Biyikli, “Current transport
mechanisms in plasma-enhanced atomic layer deposited AIN thin films,” Journal
of Applied Physics, vol. 117, no. 15, art. no. 155101, 2015.

A. Grill, S. M. Gates, T. E. Ryan, S. V. Nguyen, and D. Priyadarshini, “Progress
in the development and understanding of advanced low k and ultralow k

dielectrics for very large-scale integrated interconnects—State of the art,” Applied
Physics Reviews, vol. 1, no. 1, art. no. 011306, 2014.

116



[36]

[87]

[95]

[96]

D. C. Edelstein, “Advanced Cu/Low-k BEOL integration, reliability, and ex-
tendibility,” 2007 IEEE International Interconnect Technology Conference,
Phoenix, AZ, USA, 25-29 April 2004.

A. Grill, “Plasma enhanced chemical vapor deposited SICOH dielectrics: From
low-k to extreme low-k interconnect materials,” Journal of Applied Physics, vol.
93, no. 3, pp. 1785-1790, 2003.

A. Grill and D. A. Neumayer, “Structure of low dielectric constant to extreme
low dielectric constant SICOH films: Fourier transform infrared spectroscopy
characterization,” Journal of Applied Physics, vol. 94, no. 10, pp. 6697-6707,
2003.

J. M. Torres, J. Bielefeld, J. Blackwell, D. J. Michalak, and J. S. Clarke, “Ordered
porosity for interconnect applications,” 2016 IEEE International Interconnect
Technology Conference / Advanced Metallization Conference (IITC/AMC), San
Jose, CA, USA, 23-26 May 2016.

P. S. Neelakanta, Handbook of Electromagnetic Materials: Monolithic and
Composite Versions and Their Applications, CRC Press, Boca Raton, FL, USA,
1995.

D. J. Michalak, J. M. Blackwell, J. M. Torres, A. Sengupta, L. E. Kreno, J. S.
Clarke, and D. Pantuso, “Porosity scaling strategies for low-k films,” Journal
of Materials Research, vol. 30, no. 22, pp. 3363-3385, 2015.

M. Usman and K.-L. Lu, “Metal-organic frameworks: The future of low-x
materials,” NPG Asia Materials, vol. 8, no. 12, art. no. €333, 2016.

K. Zagorodniy, G. Seifert, and H. Hermann, “Metal-organic frameworks as
promising candidates for future ultralow-k dielectrics,” Applied Physics Letters,
vol. 97, no. 25, art. no. 251905, 2010.

S. Raju, S. Li, C. Zhou, and M. Chan, “Ultralow-x dielectric with nanotubes
assisted vertically aligned cylindrical pores,” IEEFE Electron Device Letters, vol.
37, no. 11, pp. 1493-1496, 2016.

P. U. Sathyakam and P. S. Mallick, “Future dielectric materials for CNT
interconnects — Possibilities and challenges,” Journal of Nano Research, vol.
52, pp. 21-42, 2018.

A. Lakhtakia and R. Messier, Sculptured Thin Films: Nanoengineered Morphol-
ogy and Optics, SPIE Press, Bellingham, WA, USA, 2005.

117



[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

105

[106]

A. Barranco, A. Borras, A. R. Gonzalez-Elipe, and A. Palmero, “Perspectives on
oblique angle deposition of thin films: From fundamentals to devices,” Progress
in Materials Science, vol. 76, pp. 59-153, 2016.

A. Lakhtakia, “Sculptured thin films: accomplishments and emerging uses,”
Materials Science and Engineering C| vol. 19, nos. 1-2, pp. 427-434, 2002.

K. Sobahan, Y. J. Park, J. J. Kim, and C. K. Hwangbo, “Nanostructured
porous SiO2 films for antireflection coatings,” Optics Communications, vol. 284,
no. 3, pp. 873-876, 2011.

A. L. Beaudry, J. M. Laforge, R. T. Tucker, P. Li, M. T. Taschuk, and M. J.
Brett, “Flux engineering for indium tin oxide nanotree crystal alignment and
height-dependent branch orientation,” Crystal Growth € Design, vol. 13, no. 1,
pp. 212-219, 2012.

Y. E. Lee, S. G. Kim, Y. J. Kim, and H. J. Kim, “Effect of oblique sputtering
on microstructural modification of ZnO thin films,” Journal of Vacuum Science
& Technology, vol. 15, no. 3, pp. 1194-1199, 1997.

D. Deniz, T. Karabacak, and J. M. E. Harper, “Competitive growth mechanisms
of aluminum nitride thin films deposited by off-normal reactive magnetron
sputtering,” Journal of Applied Physics, vol. 103, no. 8, art. no. 083553, 2008.

H. W. Jang, H. C. Kang, D. Y. Noh, and M. S. Yi, “Crossover of the preferred
growth orientation of AIN/Si(001) films during off-axis radio frequency sputter
growth,” Journal of Applied Physics, vol. 94, no. 5, pp. 2957-2961, 2003.

G. Demirel, N. Malvadkar, and M. C. Demirel, “Template-based and template-
free preparation of nanostructured parylene via oblique angle polymerization,”
Thin Solid Films, vol. 518, no. 15, pp. 4252-4255, 2010.

A. Choukourov, P. Solar, O. Polonskyi, J. Hanus, M. Drabik, O. Kylian, E.
Pavlova, D. Slavinska, and H. Biederman, “Structured Ti/Hydrocarbon plasma
polymer nanocomposites produced By magnetron sputtering with glancing

angle deposition,” Plasma Processes and Polymers, vol. 7, no. 1, pp. 25-32,
2010.

S. Pursel, M. W. Horn, M. C. Demirel, and A. Lakhtakia, “Growth of sculptured
polymer submicronwire assemblies by vapor deposition,” Polymer, vol. 46, no.
23, pp- 9544-9548, 2005.

118



107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

V. Elofsson, D. MagnfAdlt, M. Samuelsson, and K. Sarakinos, “Tilt of the
columnar microstructure in off-normally deposited thin films using highly ionized
vapor fluxes,” Journal of Applied Physics, vol. 113, no. 17, art. no. 174906, 2013.

S. Sharma, M.-S. Kim, D. Kim, and J.-S. Yu, “Al nanorod thin films as anode
electrode for Li ion rechargeable batteries,” FElectrochimica Acta, vol. 87, pp.
872-879, 2013.

L. Wei, Fibrous Parylene-C Thin-Film Substrates for Implant Integration and
Protein Assays, Ph.D. dissertation, The Pennsylvania State University, 2011.

Y. J. Liu, J. Shi, F. Zhang, H. Liang, J. Xu, A. Lakhtakia, S. J. Fonash, and T.
J. Huang, “High-speed optical humidity sensors based on chiral sculptured thin
films,” Sensors and Actuators, vol. 156, no. 2, pp. 593-598, 2011.

J.-Q. Xi, M. F. Schubert, J. K. Kim, E. F. Schubert, M. Chen, S.-Y. Lin, W.
Liu, and J. A. Smart, “Optical thin-film materials with low refractive index for
broadband elimination of Fresnel reflection,” Nature Photonics, vol. 1, no. 3,
pp. 176-179, 2007.

H. G. Moon, Y.-S. Shim, D. H. Kim, H. Y. Jeong, M. Jeong, J. Y. Jung, S.
M. Han, J. K. Kim, J.-S. Kim, H.-H. Park, J.-H. Lee, H. L. Tuller, S.-J. Yoon,
and H. W. Jang, “Self-activated ultrahigh chemosensitivity of oxide thin film
nanostructures for transparent sensors,” Scientific Reports, vol. 2, art. no. 30107,
2012.

S. E. Swiontek, D. P. Pulsifer, J. Xu, and A. Lakhtakia, “Suppression of
circular Bragg phenomenon in chiral sculptured thin films produced with
simultaneous rocking and rotation of substrate during serial bideposition,”
Journal of Nanophotonics, vol. 7, no. 1, art. no. 073599, 2013.

C. Chindam, A. Lakhtakia, N. R. Brown, W. Orfali, and O. O. Awadelkarim,
“Frequency- and temperature-dependent storage and loss moduli of microfibrous
thin films of Parylene C,” Materials Letters, vol. 116, no. 1, pp. 296-298, 2014.

C. Chindam, A. Lakhtakia, O. O. Awadelkarim, and W. Orfali, “Acoustic
scattering from microfibers of Parylene C,” Journal of Applied Physics, vol. 116,
no. 13, art. no. 134905, 2014.

K. Robbie, M. J. Brett, and A. Lakhtakia, “Chiral sculptured thin films,” Nature,
vol. 384, no. 6610, p. 616, 1996.

119



[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

T. G. Mackay and A. Lakhtakia, “Modeling chiral sculptured thin films as
platforms for surface-plasmonic-polaritonic optical sensing,” IEFEE Sensors
Journal, vol. 12, no. 2, pp. 273-280, 2012.

R. Messier, V. C. Venugopal, and P. D. Sunal, “Origin and evolution of sculp-
tured thin films,” Journal of Vacuum Science & Technology A, vol. 18, no. 4,
pp- 15381545, 2000.

R. J. Martin-Palma and A. Lakhtakia, “Oblique-angle deposition: Evolution

from sculptured thin films to bioreplication,” Scripta Materialia, vol. 74, pp.
9-12, 2014.

A. Lakhtakia, V. C. Venugopal, and M. W. McCall, “Spectral holes in Bragg
reflection from chiral sculptured thin films: Circular polarization filters,” Optics
Communications, vol. 177, nos. 1-6, pp. 57-68, 2000.

D. Vick, Y. Tsui, M. Brett, and R. Fedosejevs, “Production of porous carbon
thin films by pulsed laser deposition,” Thin Solid Films, vol. 350, nos. 1-2, pp.
49-52, 1999.

H. Vankranenburg and C. Lodder, “Tailoring growth and local composition by
oblique-incidence deposition: A review and new experimental data,” Materials
Science and Engineering R, vol. 11, no. 7, pp. 295-354, 1994.

L. Wei, A. Lakhtakia, A. P. Roopnariane, and T. M. Ritty, “Human fibroblast
attachment on fibrous parylene-C thin-film substrates,” Materials Science and
Engineering C, vol. 30, no. 8, pp. 1252-1259, 2010.

M. C. Demirel, S. Boduroglu, M. Cetinkaya, and A. Lakhtakia, “Spatially orga-
nized free-standing poly(p-xylylene) nanowires fabricated by vapor deposition,”
Langmuir, vol. 23, no. 11, pp. 5861-5863, 2007.

M. Ohring, Materials Science of Thin Films: Deposition and Structure, Academic
Press, San Diego, CA, USA, 2002.

J.E. Greene, “Thin film nucleation, growth, and microstructural evolution: An
atomic scale view”, in: Handbook of Deposition Technologies for Films and
Coatings, P. M. Martin, Ed, William Andrew Publishing, Norwich, NY, USA,
pp- 554-620, 2010.

W. F. Gorham, “A new, general synthetic method for the preparation of linear
Poly-p-xylylenes,” Journal of Polymer Science Part A: Polymer Chemistry, vol.
4, no. 12, pp. 3027-3039, 1966.

120



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

C. Chindam, N. M. Wonderling, A. Lakhtakia, O. O. Awadelkarim, and W. Or-
fali, “Microfiber inclination, crystallinity, and water wettability of microfibrous
thin-film substrates of Parylene C in relation to the direction of the monomer

vapor during fabrication,” Applied Surface Science, vol. 345, no. 1, pp. 145-155,
2015.

G. J. Weng, “Explicit evaluation of Willis” bounds with ellipsoidal inclusions,”
International Journal of Engineering Science, vol. 30, no. 1, pp. 83-92, 1992.

A. Lakhtakia, “Microscopic model for elastostatic and elastodynamic excitation
of chiral sculptured thin films,” Journal of Composite Materials, vol. 36, no. 11,
pp. 1277-1298, 2002.

A. Lakhtakia, “Capacitance of a slab of a dielectric thin-film helicoidal bian-
isotropic mediu,” Microwave and Optical Technology Letters, vol. 21, no. 4, pp.
286288, 1999.

T. H. Courtney, Mechanical Behavior of Materials, McGraw—Hill, New York,
NY, USA, 2000.

C. Chindam, N. R. Brown, A. Lakhtakia, O. O. Awadelkarim, W. Orfali,
“Temperature-dependent dynamic moduli of Parylene-C columnar microfibrous
thin films,” Polymer Testing, vol. 53, no. 1, pp. 89-97, 2016.

T.-T. Fang, H.-L. Hsieh, F.-S. Shiau, “Effects of pore morphology and grain size
on the dielectric properties and tetragonal-cubic phase transition of high-purity
barium titanate,” Journal of American Ceramic Society, vol. 76, no. 5, pp.
1205-1211, 1993.

D. K. Pradhan, R. Choudhary, B. Samantaray, “Studies of dielectric and elec-
trical properties of plasticized polymer nanocomposite electrolytes,” Materials
Chemistry and Physics, vol. 115, nos. 2-3, pp. 557-561, 2009.

A. Kachroudi, A. Kahouli, J. Legrand, F. Jomni, “Dielectric and conduction
mechanisms of Parylene N at high temperature: phase-transition effect,” Journal
of Physical Chemistry A, vol. 119, no. 24, pp. 64286435, 2015.

A. Kahouli, A. Sylvestre, F. Jomni, B. Yangui, and J. Legrand, “Experimental
and theoretical study of AC electrical conduction mechanisms of semicrystalline
Parylene C thin films,” The Journal of Physical Chemistry A, vol. 116, no. 3,
pp- 1051-1058, 2012.

121



[138]

[139]

[140]

141]

142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

J. G. Simmons, “Poole-Frenkel effect and Schottky effect in metal-insulator-
metal systems,” Physical Review, vol. 155, no. 3, pp. 657-660, 1967.

E. H. Rhoderick and R. H. Williams, Metal-Semiconductor Contacts, Oxford,
Oxford University Press, United Kingdom, 1988.

C. M. Aguirre, P. L. Levesque, M. Paillet, F. Lapointe, B. C. St.-Antoine, P.
Desjardins, and R. Martel, “The role of the oxygen/water Redox couple in

suppressing electron conduction in field-effect transistors,” Advanced Materials,
vol. 21, no. 30, pp. 3087-3091, 20009.

E. Neagu, P. Pissis, L. Apekis, and J. G. Ribelles, “Dielectric relaxation spec-
troscopy of polyethylene terephthalate (PET) films,” Journal of Physics D:
Applied Physics, vol. 30, no. 11, art. no. 1551, 1997.

S. Diaham, M. Locatelli, and T. Lebey, “Conductivity spectroscopy in aromatic
polyimide from 200 to 400 °C,” Applied Physics Letters, vol. 91, no. 12, art. no.
122913, 2007.

A. K. Jonscher, “Dielectric relaxation in solids,” Journal of Physics D: Applied
Physics, vol. 32, no. 14, pp. R57-R70, 1999.

A. Kahouli, A. Sylvestre, F. Jomni, B. Yangui, and J. Legrand, “Ac-conductivity
and dielectric relaxations above glass transition temperature for parylene-C
thin films,” Applied Physics A, vol. 106, no. 4, pp. 909-913, 2011.

A. M. A. El-Barry and H. E. Atyia, “Dielectric relaxation and AC conductivity
of XS (X=Cd, Zn) compounds,” Physica, vol. 368, nos. 1-4, pp. 1-7, 2005.

P. Dutta, S. Biswas, and S. K. De, “Alternating-current conductivity and
dielectric permittivity of polyaniline doped with S-naphthalene sulphonic acid,”
Journal of Physics: Condensed Matter, vol. 13, no. 41, pp. 9187-9196, 2001.

D. Emin, “Phonon-assisted transition rates I. Optical-phonon-assisted hopping
in solids,” Advances in Physics, vol. 24, no. 3, pp. 305-348, 1975.

A. F. Stassen, R. W. 1. de Boer, N. N. Iosad, and A. F. Morpurgo, “Influ-
ence of the gate dielectric on the mobility of rubrene single-crystal field-effect
transistors,” Applied Physics Letters, vol. 85, no. 17, pp. 3899-3901, 2004.

F. Zuo, M. Angelopoulos, A. G. MacDiarmid, and A. J. Epstein, “Ac conduc-
tivity of emeraldine polymer,” Physical Review B, vol. 39, no. 6, pp. 3570-3578,
1989.

122



[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

158

[159]

[160]

G. C. Psarras, “Hopping conductivity in polymer matrix -metal particles com-
posites,” Composites Part A: Applied Science and Manufacturing, vol. 37, no.
10, pp. 1545-1553, 2006.

I. Torres and D. M. Taylor, “Interface states in polymer metal-insulator-
semiconductor devices,” Journal of Applied Physics, vol. 98, no. 7, art. no.
073710, 2005.

L. Dissado, G. Mazzanti, and G. Montanari, “The role of trapped space charges
in the electrical aging of insulating materials,” IEEE Transactions on Dielectrics
and Electrical Insulation, vol. 4, no. 5, pp. 496-506, 1997.

M. Ieda, “Electrical conduction and carrier traps in polymeric materials,” IEEE
Transactions on Electrical Insulation, vol. 19, no. 3, pp. 162-178, 1984.

S. Diaham and M.-L. Locatelli, “Space-charge-limited currents in polyimide
films,” Applied Physics Letters, vol. 101, no. 24, art. no. 242905, 2012.

B. Keskin, A. Altindal, U. Avciata, and A. Giil, “A.c. and d.c. conduction
processes in octakis [(4-tert-butylbenzylthio)-porphyrazinato] Cu(Il) thin films
with gold electrodes,” Bulletin of Materials Science, vol. 37, no. 3, pp. 461-468,
2014.

G. M. Sessler, B. Hahn, and D. Y. Yoon, “Electrical conduction in polyimide
films,” Journal of Applied Physics, vol. 60, no. 1, pp. 318-326, 1986.

M. Lamhamdi, P. Pons, U. Zaghloul, L. Boudou, F. Coccetti, J. Guastavino,
Y. Segui, G. Papaioannou, and R. Plana, “Voltage and temperature effect on
dielectric charging for RF-MEMS capacitive switches reliability investigation,’
Microelectronics Reliability, vol. 48, nos. 89, pp. 1248-1252, 2008.

Y

J. Borja, J. L. Plawsky, T.-M. Lu, H. Bakhru, and W. N. Gill, “Current leakage
relaxation and charge trapping in ultra-porous low-k materials,” Journal of
Applied Physics, vol. 115, no. 8, art. no. 084107, 2014.

J. Phillips, “Microscopic aspects of stretched exponential relaxation (SER)
in homogeneous molecular and network glasses and polymers,” Journal of
Non-Crystalline Solids, vol. 357, nos. 22-23, pp. 3853-3865, 2011.

J. W. McPherson, R. B. Khamankar, and A. Shanware, “Complementary model
for intrinsic time-dependent dielectric breakdown in SiO, dielectrics,” Journal
of Applied Physics, vol. 88, no. 9, pp. 5351-5359, 2000.

123



[161]

[162]

163

[164]

165

[166]

[167]

168

[169]

[170]

M. S. Rahman and E. K. Evangelou, “Dielectric relaxation and charge trapping
characteristics study in germanium based MOS devices with HfO, /Dy,03 gate
stacks,” IEEE Transactions on Electron Devices, vol. 58, no. 10, pp. 3549-3558,
2011.

F.-C. Chiu and S.-H. Chang, “Electrical analyses of charge trapping and stress-
induced leakage current in CeOs gate dielectric,” Journal of the Chinese Institute
of Engineers, vol. 37, no. 3, pp. 407412, 2013.

J.-F. Capsal, M. Lallart, J. Galineau, P.-J. Cottinet, G. Sebald, and D. Guyomar,
“Evaluation of macroscopic polarization and actuation abilities of electrostrictive

dipolar polymers using the microscopic Debye/Langevin formalism,” Journal
of Physics D: Applied Physics, vol. 45, no. 20, art. no. 205401, 2012.

H.-Y. Kwak, H.-M. Kwon, Y.-J. Jung, S.-K. Kwon, J.-H. Jang, W.-1. Choi, M.-L.
Ha, J.-I. Lee, S.-J. Lee, and H.-D. Lee, “Characterization of Al;O3-HfO5-Al;O3
sandwiched MIM capacitor under DC and AC stresses,” Solid-State Electronics,
vol. 79, pp. 218-222, 2013.

A. Nigam, M. Premaratne, and P. R. Nair, “On the validity of unintentional
doping densities extracted using Mott—Schottky analysis for thin film organic
devices,” Organic Electronics, vol. 14, no. 11, pp. 2902-2907, 2013.

D. A. Neamen, Semiconductor Physics and Devices: Basic Principles, McGraw—

Hill, New York, NY, USA, 2012.

C. C. Hu, Modern Semiconductor Devices for Integrated Circuits, Prentice—Hall,
Upper Saddle River, NJ, USA, 2010.

W. Wondmagegn, N. Satyala, [. Mejia-Silva, D. Mao, S. Gowrisanker, H. Alsha-
reef, H. Stiegler, M. Quevedo-Lopez, R. Pieper, and B. Gnade, “Experimental
and modeling study of the capacitance-voltage characteristics of metal-insulator-
semiconductor capacitor based on pentacene/parylene,” Thin Solid Films, vol.
519, no. 13, pp. 4313-4318, 2011.

S. Gowrisanker, M. Quevedo-Lopez, H. Alshareef, and B. Gnade, “Time depen-
dent breakdown characteristics of parylene dielectric in metal-insulator-metal
capacitors,” Organic Electronics, vol. 10, no. 5, pp. 1024-1027, 20009.

A. Nigam, P. R. Nair, M. Premaratne, and V. R. Rao, “Role of Injection Barrier
in Capacitance-Voltage Measurements of Organic Devices,” IEEE FElectron
Device Letters, vol. 35, no. 5, pp. 581-583, 2014.

124



[171]

172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

L. Diao, C. D. Frisbhie, D. D. Schroepfer, and P. P. Ruden, “Electrical charac-
terization of metal/pentacene contacts,” Journal of Applied Physics, vol. 101,
no. 1, art. no. 014510, 2007.

G. Horowitz, “Organic thin film transistors: From theory to real devices,”
Journal of Materials Research, vol. 19, no. 07, pp. 19461962, 2004.

H. Klauk, “Organic thin-film transistors,” Chemical Society Reviews, vol. 39,
no. 7, pp. 2643-2666, 2010.

D.K. Schroder, Semiconductor Material and Device Characterization, IEEE
Press, Piscataway, NJ, USA, 2006.

M. Dominguez-Pumar, C. R. Bheesayagari, S. Gorreta, G. Lopez-Rodriguez,
[. Martin, E. Blokhina, and J. Pons-Nin, “Charge trapping control in MOS
capacitors,” IEFE Transactions on Industrial Electronics, vol. 64, no. 4, pp.
3023-3029, 2017.

D. B. Farmer and R. G. Gordon, “High density Ru nanocrystal deposition for
nonvolatile memory applications,” Journal of Applied Physics, vol. 101, no. 12,
art. no. 124503, 2007.

N. Raghavan, K. L. Pey, and K. Shubhakar, “High-« dielectric breakdown in
nanoscale logic devices — Scientific insight and technology impact,” Microelec-
tronics Reliability, vol. 54, no. 5, pp. 847-860, 2014.

J. Sune, G. Mura, and E. Miranda, “Are soft breakdown and hard breakdown
of ultrathin gate oxides actually different failure mechanisms?,” IEEFE Electron
Device Letters, vol. 21, no. 4, pp. 167-169, 2000.

M. Q. Le, J.-F. Capsal, J. Galineau, F. Ganet, X. Yin, M. Yang, J.-F. Chateaux,
L. Renaud, C. Malhaire, P.-J. Cottinet, and R. Liang, “All-organic electrostric-
tive polymer composites with low driving electrical voltages for micro-fluidic
pump applications,” Scientific Reports, vol. 5, art. no. 11814, 2015.

125



Vita
Ibrahim H. Khawaji

Ibrahim H. Khawaji was born on April 9, 1983 in Riyadh, Saudi Arabia. He received
the B.S. degree in Electrical Engineering from the King Abdul-Aziz University, Saudi
Arabia, in 2006. He worked for Saline Water Conversion Corporation (SWCC) as an
instrumentation and control engineer for 3 years. Since 2009, he has been a Lecturer
in the department of Electrical Engineering, Taibah University, Saudi Arabia. He is
the recipient of a full scholarship from Taibah University for his graduate education.

He earned the M.S. degree in 2013 followed by a Ph.D. degree in 2019 in Electrical
Engineering from The Pennsylvania State University, USA. During the Ph.D. studies,
his research has been focused on the use of Parylene-C microfibrous thin films in
flexible electronics under the supervision of Prof. Osama O. Awadelkarim and Prof.
Akhlesh Lakhtakia. So far, he has co-authored four peer-reviewed journal and three
conference paper publications and has given five conference talks. His research interests
are in solid-state devices, nano/microelectronics, dielectric materials, and flexible
electronics.



