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Abstract

Increasing attention has been directed towards the development of optically transparent and
mechanically flexible thin film transistors (TFTs) and associated circuits based on the transition metal
oxides. These flexible see-through structures offer reduced weight, potential low-cost fabrication, and
high performance compared to commonly used hydrogenated amorphous silicon (a-Si:H) in
applications for large-area electronics and displays. As these emerging technologies evolve towards
commercialization, a thorough investigation of the impacts of the thermo-mechanical stress and strain
and their effects on the electrical and mechanical stability of the flexible microelectronic devices have
become increasingly necessary. However, not much progress has been reported in this area, and the
numerical modeling of the flexible transistors with the Finite Element Method (FEM) would provide
unique insight to the design and operation of the flexible TFTs. In this thesis, humerical models of
flexible TFTs are built up by COMSOL Multiphysics and compared with analytical models to reach
the best agreement between the experimental measurements and the numerical analyses. These
simulations provide additional insight into the local stress induced strain within the device due to both
intrinsic and applied stress. It was shown that the thermal and mechanical impacts on the TFT
performance can be reduced by placing the vital active layer of the flexible device near the neutral
mechanical plane or by proper designing the device structure and processing conditions based on the
data derived from the numerical models. The mathematical analysis and numerical simulation will be
used to improve the electrical and mechanical performance and the reliability of the transistors for

flexible applications.
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Chapter 1 Introduction

Flexible electronics is a rapidly developing technology for assembling electronic circuits, integrating
electronic devices with novel flexible substrates. It involves multidisciplinary research, from
materials selection, process design and manufacturing of thin layers of organic and inorganic
semiconductors, dielectrics and other functional layers and devices, to the implementation of
complete electronic systems on flexible substrates. This technology has the potential for tremendous
impact on the electronics industry for applications in flat-panel displays, images sensors, and energy
generation (flexible solar cells) and storage (flexible batteries). Multiple factors contribute to the
increasing interest in the field of flexible electronics, primarily driven by the need for light weight,
mechanical flexibility, and reduced size to provide enhanced portability. In addition, large area
applications potentially are able to reduce fabrication costs with roll-to-roll sheet fed processing in

comparison to rigid substrate counterparts.

In order to achieve the integration between materials, device, and systems technologies for the
application of large-area flexible electronics and optoelectronics, special attention is required in the
development of all the components that will make up the device and the associated circuits. The
components include the semiconductor, dielectric, metals, and processes used to fabricate the device
structures. In order to fully optimize the device performance, the constraints of the flexible substrate
on these electronic materials must be fully understood. Incompatibilities with flexible platforms and
the transition metal oxides are complex and properties such as the thermal resistance, thermal
expansion coefficient, mechanical stiffness, thermo-mechanical behavior, electrical behavior under
induced mechanical strain, and process integration present a variety of challenges to understand and

model the behavior of this emerging flexible electronics technology [1, 2].
1.1 Flexible Thin-Film Transistors

The thin-film transistor (TFT) and its potential utility can be traced back to the 1930s when the
invention of the TFT was patented and the basic principle is known today as the metal-semiconductor
field-effect transistor (MESFET). Later on, insulating materials (such as aluminum oxide) was
introduced between the semiconductor (copper sulfide) and the field-effect electrode (aluminum),
forming the so-called metal-insulator-semiconductor field-effect transistor (MISFET) [3]. In 1962,
RCA laboratories reported the fabrication of a TFT using thin films of polycrystalline Cadmium

Sulfide (CdS) as the semiconductor material. Since the mid-1980s, silicon-based TFTs have become
1



the most important devices for active-matrix liquid crystal displays (AMLCDs). In the past ten years,
amorphous silicon (a-Si:H) TFTs have successfully dominated the large-area LCD product market.
Meanwhile, research and development activities on polycrystalline silicon (poly-Si) TFTs are steadily
increasing [4, 5]. More recently, a new generation of oxide semiconductors are being studied and
applied as the active material to the TFT device, particularly the zinc oxide (ZnO) and InGaZnO
(IGZO) thin films.

The primary study of the flexibility of TFTs starts in 1994, when a-Si:H TFT circuits were fabricated
on flexible polyimide substrates and subsequently formed on flexible stainless steel in 1996. In 1997,
polycrystalline silicon (poly-Si) TFTs were made on plastic substrates using laser-annealing method.
Thereafter, extensive research has been carried out on the flexible electronics and remarkable
progress has been achieved in the utilization of flexible displays on either steel or plastic foil
substrates [6, 7].

1.2 Motivation for Flexible ZnO TFTs

Currently, transparent electronics are one of the most advanced topics for a wide range of device
applications, including invisible electronic circuitry, next generation displays, and optoelectronic
devices. The key components of the transparent electronics are transparent conductive oxides (TCOs).
TCOs are a special class of materials which possesses both high visual transparency due to their large
band gap energy and high electrical conductivity. One of the most commonly used TCOs is ZnO, and
the birth of transparent electronics is normally associated with the reports on ZnO TFTs presented in
2001-2003 [8, 9].

Because the ZnO is transparent in the visible region of the spectra, it is less light sensitive. Besides,
the primary advantage of transistors using ZnO as active channel layer is the high electron channel
mobility and the corresponding higher drive current and faster operating speeds. Another predominant
advantage is that ZnO can be deposited at or near room temperature with high-quality polycrystalline
structure, which is compatible with the use of flexible substrate under lower processing temperature.
InGaZnO (I1GZO) is currently emerging as the preferred semiconductor for high performance and
transparent large-area electronics. The advantage of 1GZO material is its amorphous state compared
to polycrystalline ZnO. The disorder in the 1GZO system is comparable to a-Si:H thin films,
providing excellent electrical uniformity over large areas compared to polycrystalline materials while
possessing higher field-effect mobilities compared to a-Si:H.
2



1.3 Thesis Objectives

The main objective of this thesis is to investigate the mechanical flexibility of thin-film transistors

and model and simulate the stress induced strains due to intrinsic and applied stress using numerical

computation for TFT structures. The investigation begins with simple models of thin films on rigid

substrates and extends to patterned TFT structures on flexible platforms with applied bending stress.

These models are analyzed to optimize the device structure design and extend the model towards

more complicated and flexible electronics applications. To achieve this goal, the thesis is divided into

the following categories:

1. Analytical model

1) Single thin-film layer on rigid/flexible substrate

a)
b)
c)
d)

Basic formulation to model thin-film stress
Induced intrinsic stress during thin-film growth
Properties that affect thin-film strain

Stress/strain simulation for applied mechanical bending of thin films on flexible substrates

2) Multiple thin-film layers deposited on rigid/flexible substrate

a)
b)
c)
d)

Basic considerations for simulation of multiple thin-film stresses on compliant substrates
Formulation of models used to determine stress and strain in the multilayer stack
Stress and strain resulting from mismatch in thermal expansion coefficient of multiple films

Stress/strain simulation due to applied mechanical bending of thin films on various
platforms

2. Numerical model

1) Two-dimensional simulation of single film deposited on flexible substrates

a)
b)
c)
d)

Assumptions and boundary conditions used in numerical models
Modeling and analysis of thin-film built-in strain on flexible substrates
Comparison of results for finite element analysis models with analytical models

Stress/strain simulation due to applied mechanical bending of an isolated beam



2) Two-dimensional simulation of thin-film transistors
a) Stress/strain simulation of flexible ZnO TFT due to applied mechanical bending

b) Analysis of the radius curvature of the TFT structure under bending and the position of

neutral axis
¢) Proposed designs to minimize stress and strain within active TFT layers under bending
3. Generalize the numerical model for simulations of complicated devices
a) Simulating the mechanical properties of complex TFT structures

i. Different semiconducting materials, include a-1GZO TFT, pentacene organic TFT, and
a-Si TFT

ii. Simulation of complex TFT structures, e.g. double-gate TFT

iii. Comparison of stress and strain distribution for various TFT structures under bending

1.4 Thesis Organization

In the present thesis, flexible thin-film transistors especially transparent and flexible ZnO based thin-
film transistors are studied. A brief review of the development of thin-film transistors and the
increasing attention on the fabrication of flexible ZnO TFTs and IGZO based TFTs are discussed in
Chapter 1.

In Chapter 2, the basic physics of ZnO material include crystal structure and electrical properties are
reviewed. Besides, the TFT device structure, operating principle, and the electrical properties such as
the current-voltage relationship, field-effect mobility, threshold voltage, and subthreshold slope are
illustrated. Furthermore, the recent research progress in the flexibility study of the most commonly
used TFTs are summarized, including hydrogenated amorphous Silicon (a-Si:H) TFTs, amorphous
Indium—Gallium—Zinc Oxide (a-1GZO) TFTs, and Zinc Oxide (ZnO) TFTs. The variations of the
electrical properties as a result of the mechanical strain are mainly discussed.Chapter 3 is primarily
focused on the experimental characterization of the deposited materials and the mechanical bending
test. The commonly used methodologies of SEM, AFM, XRD, and strain gauge are reviewed and the
results of experimental measurements are analyzed. Moreover, the mechanical bending tests using

flexible substrate with TFTs attached are presented.

4



The major emphasis of this thesis is the numerical modeling of flexible TFT structures using FEM
method, as presented in Chapter 4. Numerical models are first used to simulate the stress and strain
distribution in thin films and multiple layers on top of rigid and flexible substrates. The thermal strain
due to thermal mismatch, the built-in strain as a result of the thin-film deposition, and the interaction
among multiple deposited layers are considered. Furthermore, by applying a pair of opposite
mechanical bending to both ends of the TFT structures, the analytical solution of stress/strain
distribution and bending curvature of multi-layer structure on flexible substrate are summarized. Then,
numerical modeling of the stress and strain distribution in multi-layer structure and TFT devices are
performed. The flexibility of the TFTs is simulated in two-dimensional systems by applying external
bending moment to their boundary. Those numerical simulations are compared with the analytical
models to verify and improve the numerical model for simulation of complex devices. In particular,
the numerical model is used to minimize the strain in TFTs subjected to mechanical bending by
placing the vital functional layer near the neutral mechanical plane in terms of designing the device
structure and layer thicknesses. An extension of the numerical model is to simulate the mechanical

properties of TFTs with different materials and complex structures.

Finally, Chapter 5 concludes this thesis and proposes recommendations for further research. Based on
the numerical models of TFTs, further study may focus on investigating the correlations between the
mechanical and electrical properties of complex TFTs, striving toward modeling more complicated

electronic devices with accurate and reliable simulation results.



Chapter 2 Background

2.1 Zinc Oxide Thin-Film Transistors

The fabrication of TFTs at low temperature on flexible substrates (e.g. plastic or thin glass), is a
primary technique used in the realization of flexible electronics. Nowadays, thin-film transistors
(TFTs) using wide bandgap oxide semiconductors have attracted much attention for applications in
flexible electronic devices. In particular, ZnO has emerged as one of the most promising
semiconducting materials, due to its optical and electrical properties, high chemical and mechanical
stability, and greatest potential to grow high-quality crystals at low temperature. Moreover, ZnO is
recognized as an ecological and economical semiconductor, which cost less than the currently used
transparent conductive oxide materials, such as ITO and SnO, [10].

2.1.1 Properties of Zinc Oxide

Zinc oxide is a wide bandgap (Eg ~ 3.3 eV) compound semiconductor of the 11-VI semiconductor
group. The Zn-O bond possesses very strong ionic character which lies on the borderline between
covalent and ionic compound. It has a large exciton binding energy of 60 meV. Generally, ZnO
crystallizes in three main types, wurtzite (B4), zinc blende (B3), and rocksalt (B1), the schematic of
which are shown in Fig. 2.1. Among those, the most stable phase of ZnO at ambient condition is
wurtzite. The rocksalt structure (similar to NaCl) can be obtained at relatively high pressures, and the

zinc-blende structure can grow on top of cubic substrates [11].

Rocksalt (B1) Zinc blende (B3) Wartzite (B4)

Fig. 2.1 Schematic of ZnO crystal structures: (a) cubic rocksalt (B1), (b) cubic zinc blende (B3), and
(c) hexagonal wurtzite (B4). The shaded gray and black spheres represent Zn and O atoms,

respectively [11].



Zinc oxide is typically an n-type semiconductor, due to the inherent nature of forming oxygen
deficient films. Although experimental work indicates the feasibility of p-type doping of ZnO
material, the prospect for achieving p-type doping in ZnO is quite difficult compared with n-type
doping, due to the carrier compensation by native defects such as zinc interstitial and oxygen
vacancies. It is known that poly-crystalline ZnO is inherently n-type. Compared with other n-type
semiconductors, ZnO has predominant advantages. A list of the electrical properties of the competing
n-type thin films is summarized in Table 2.1. The mobility of ZnO thin film can be achieved as high

as 110 cm?(V-s). Furthermore, ZnO thin film retains its bulk wide bandgap and transparent qualities
at deposition temperature up to 250 °C, which makes it extremely attractive for high performance

large area electronics under various temperature conditions.

Table 2.1 Electrical Properties of competing n-type thin film technologies [12].

Fiqure of High Zinc Tin
r%erit Performance Organic TFT a-1Gz0 Oxide ZnO
a-Si TFT (ZTO)

i (cm?/(V s)) 1.5 0.02 14 43 110
18" /19ff ~10° ~10° >10° 10 10%
IS (pA) 0.1 1 0.1 1 0.01
Viu (V) 2 ~0.7 2.3 1.4 2

S (mV/dec) 300 170 200 180 100

2.1.2 TFT Structure

A typical TFT is made up of five different components: gate, source and drain, semiconductor, and
gate insulator. The gate is separated from the semiconductor by a gate insulating layer. The source
and drain islands are in contact with the semiconductor. Due to the different layouts of the functional
layer, the structure of TFT devices can be classified into four groups, including staggered TFT,
inverted staggered TFT, coplanar TFT, and inverted coplanar TFT. A staggered TFT has the gate and
source/drain electrodes on the opposite sides of the semiconductor, whereas a coplanar TFT has the

gate and source/drain electrodes on the same side of the semiconductor. In addition, when the gate is



placed at the bottom of the TFT, it is called inverted TFT. The schematic of various TFT structures

are shown below.

(a) (b)

Substrate Subsirate

Staggered Inverted staggered . Contact electrode

Semiconductor
(c) ==

(dj . Dielectric insulator
Substrate Subsirate

Coplanar Inverted coplanar

Fig. 2.2 Four general TFT configurations, including: (a) staggered top-gate, (b) staggered bottom-gate,
(c) coplanar top-gate, and (d) coplanar bottom-gate [13].

Generally, a transistor can be thought as a three-terminal switch, which has two inputs (drain and gate)
and one output (source). When the transistor is at 'on’ state, electrons will flow from the source port to
the drain port like water flowing to a sink drain, and the drain as an input is usually biased at some
static bias values. In the bottom gate configuration, the drain is located on the top of the
semiconductor separated from the source by a length called the gate length (Lg). On the other hand,
the gate as the second input is used to influence the semiconductor, controlling whether electrons can

flow from the source to the drain or not, just like a gate in a damn which determines the water flow.

The semiconductor connecting the drain and the source is the key material in the operation of TFTs. It
can be used either as an insulator or a conductor. When it serves as a low-resistance material, it will
conduct an electrical signal from the drain to the source. In this case, the transistor is considered 'on'.
When the semiconductor has low conductivity, then the transistor is 'off'. Another vital layer of TFTs
is the gate dielectric, which is an insulating material that physically separates the gate electrode from
the semiconductor. It not only prevents electrons from flowing out of the semiconductor, but also
allows the electric field from the gate electrode to affect the properties of the semiconductor by
changing from an insulator to a conductor or vice versa, thus determining the 'on' or 'off ' state of the

switch.



2.1.3 Fabrication Procedure

Several thin film fabrication approaches have been used for the deposition of the metal oxide films,
such as RF/DC sputtering [14, 15], pulsed laser deposition (PLD) [16, 17], ion beam deposition [18],
and chemical vapor deposition (CVD). Among these techniques, the most commonly used method is
RF sputtering, which is attractive due to the formation of uniform films on various substrates, and its
application for large-area manufacturing over a wide temperature range. Pulsed-laser deposition (PLD)
has recently become an important technique for producing transparent conductive films as well as
undoped films for TFT applications. The main advantage of PLD is that it provides a controlled
growth process ideal for fabricating oxide thin films. The ion beam deposition process uses ion beam
that generated from the ion source to bombard on a source target surface to evaporate the source,

which deposits onto a substrate surface to form thin films.

Chemical vapor deposition introduces gases into the deposition chamber to react and form desired
films. Compared to other processes using line-of-sight techniques that are difficult to coat high aspect
ratio and shadowed structures uniformly, the CVD method has high conformality, whereas the high
temperature required for the reaction process limits its application. Atomic layer deposition (ALD)
[19] is a modified form of CVD which enables the growth of highly uniform and conformal films
with thickness at the atomic level. Besides, it provides an accurate control of the incorporation of
extrinsic dopants, and has been considered as a promising method for the deposition of doped ZnO
films. Plasma enhanced chemical vapor deposition (PECVD) [20] is a method using highly ionized
gases to provide the energy needed for the chemical reactions. It allows the film deposition to occur at
lower substrate temperatures than those using solely thermal CVD methods to generate thermal

energy.

A general fabrication process flow of a coplanar ZnO TFT on flexible substrate is as follows [21, 22]:
1) cleaning of the substrate surface; 2) a thick buffer layer is directly deposited on the flexible
substrate; 3) a ZnO film is formed by various techniques described above and patterned by
photolithography to work as semiconducting active layer; 4) source and drain electrode layer is
formed on top of the ZnO film by deposition and subject to a subsequent lift-off patterning; 5)
dielectric layer is deposited as gate insulator; 6) a gate electrode layer is deposited to achieve desired
gate length. In order to improve the device performance, thermal annealing is usually carried out after

the formation of the active layer and/or after the fabrication of the entire TFT device.



2.1.4 Characteristics of Accumulation-mode TFTs

To turn on a n-type semiconductor based TFT in accumulation mode, a positive charge is applied to
the gate to form a positive electric field, therefore attracts electrons in the semiconductor. The
electrons will be collected near the semiconductor and the gate dielectric interface, and be available to
conduct the electrical signal between the source and the drain. This is regarded as the 'on’' state of the
TFT. Conversely, a negative electric field will repel electrons away from the semiconductor and the
gate dielectric interface; as a result, there will be no carriers for any electrical signal to transfer

between the source and the drain, which is called 'off' state.

1) Energy Band Diagram

The energy band diagrams of an n-type semiconductor based TFT at various bias conditions are

shown in Fig. 2.3 (a) - (c).
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Fig. 2.3 Energy band diagram of n-type semiconductor based TFT. (a) Equilibrium, (b) Vgs <0 V,
and (c) Vgs >0V [23, 24].

In Fig. 2.3(a), when no potential is applied to the source, drain, and the gate terminals, the device is at
equilibrium. When the gate is negatively biased, as shown in Fig. 2.3(b), the applied negative bias
repels mobile electrons from the semiconductor, leading to a depletion region near the insulator-
semiconductor interface. Accordingly, the conductance of the region is reduced due to the reduced

number of mobile electrons in the semiconductor. When the gate is positively biased in Fig. 2.3(c),
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the applied positive bias attracts mobile electrons, forming an accumulation region of electrons near

the insulator-semiconductor interface; as a result, the conductance of the semiconductor is increased.
2) Current-Voltage Relationship

For the case that the gate is positively biased and under accumulation mode, as shown in the above
Fig. 2.3(c), the semiconductor is initially acts as a resistor, the drain-source current (Ips) increases
linearly with the applied drain-source voltage (Vps). With further increasing the Vps, the
accumulation near the drain starts to decrease and eventually begins to deplete. The voltage at which
the semiconductor region near the drain is fully depleted of carriers is denoted the pinch-off voltage.
Therefore, application of Vs greater than the pinch-off voltage results in the saturation characteristics

of the drain current, whereas the drain current becomes almost constant, as shown in Fig. 2.4.

I[)IL

Vps<Vgs-V
> IGS T Vos>VesVr
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Fig. 2.4 Relation of drain-source current versus voltage.

For n-channel TFT, the ideal current-voltage relation in the linear region is shown below [25].

WuC V3
Ip = HL o [(VGS — Vr)Vps — %S] (Eg. 2.1)

where W is the width of the channel region (between the source/drain electrodes), L is the length of
the channel, p is the mobility in the semiconductor, C, is the gate insulator capacitance, Vps is the

drain-source voltage, V7t is the threshold voltage, and Vgs is the gate-source voltage. The above

equation is valid for Vs > V1, and for 0 < Vps < Vps (sat).

In the saturation region, the relation is
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wuC
Ip == (Vs — V1)? (Eq. 2.2)
The above formula is valid for Vps> Vps (sat), where Vpg(sat) = Vgs-Vr

3) Threshold Voltage

Threshold voltage (V1) is defined as the applied gate voltage at which the channel of mobile carriers
begins to form and thus the TFT devices begin to switch from 'off' to ‘on’. The importance of V+ is
that it helps to determine the necessary supply voltage for circuit operation. When Vgs < V7, the drain
current is zero. With the Vs becomes larger than the V1, channel charge density increases, increasing
the channel conductance.

The value of threshold voltage is commonly extracted from the following two methods [12]. The first
method extracts V1 from the transfer curve of a TFT in the linear region of operation when a small

Vps is applied. In this case, Eq. 2.1 is simplified to:
WuC
Ip = % [(Ves — V) Vs] (Eq. 2.3)

The threshold voltage is the gate voltage at which the tangent to the Ip vs. Vgs curve at the point of

maximum transconductance intersects the x-axis.

Another method is to extract threshold voltage from the transfer curve of TFT in the saturation region

of operation, where V+ is the intercept in the x-axis by best fitting the on-state data of the \/E vs. Vgs

curve.
4) Mobility

Mobility (p) is @ material property that is used to describe the drift velocity of electrons or holes to the
applied electric field across a material. The most widely used term for mobility is field-effect mobility
(ure), Which represents the mobility of carriers under the influence of the device structure in field-
effect transistors. By plotting the square root of drain current as a function of the gate voltage, the
value of pee can be extracted from the slope (ms,) of the curve using the following equation [26]:

2L 1
u = Hsat = mgat ' W ' C_OX (Eq' 2'4)
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The value of pre can also be extracted from the slope (m;;,) of the linear region of the drain current

against Vgs curve when a small drain-source bias Vs is applied, which is given by
L 1
M= Ry = Miin " 3 o (Eg. 2.5)

The field-effect mobility extracted from the saturated region may result in conservative values than
those extracted from the linear region of the 15-Vgs curve, since the latter is limited for a condition of
very small Vps and large Vgs.

It should be noted that, the mobility may be influenced by several factors, such as energy, interface

charge density, process conditions, and dielectric material selection, etc. [23, 27].
5) Subthreshold Swing

Subthreshold swing (S) is a performance criterion used to evaluate the efficiency of a device in terms
of the transition from the off-state to the on-state. It is estimated using a semi-log plot of the transfer
characteristics taken at high Vps (Vps > Vps (sat), where Vps (sat) = Vgs-V7). Subthreshold swing is
defined as the inverse of the slope of log,,(Ip) versus Vgs in the subthreshold region of the operation
of a transfer curve.

8log1o(Ip)-_
S = [Faye 1 (Eq. 2.6)

A smaller value of subthreshold swing is desired because it indicates the device is more efficient in

transitioning from off-state to on-state [25, 27].

It is known that the subthreshold current depends exponentially on the gate voltage, and is strongly
dependent on temperature. Suppose a finite depletion layer with capacitance Cp in series with the
geometric capacitance Coy of the gate oxide, the relation is given by [28]:

S=(<)m10x (1+2) (Eq. 2.7)

ox

At room temperature, a typical value of the subthreshold swing is between 70 and 100 mV/decade. It
is generally known that, the increment of the subthreshold swing is attributed primarily to the

interface traps.
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2.2 Flexible Thin-Film Transistors

Due to the significant application of bendable TFTs in flexible electronics such as flexible displays,
many investigations have focused on the flexibility study of TFTs, especially the hydrogenated
amorphous Silicon (a-Si:H) based TFTs. A brief discussion of the research findings and the progress

that has been made is summarized below.
2.2.1 Hydrogenated Amorphous Silicon (a-Si: H) Based TFTs

Several papers presented the a-Si: H TFTs fabricated on polyimide foil under uniaxial compressive or
tensile strain (1% compressive strain to ~ 0.3% tensile strain) [29, 30]. It shows that the field-effect
mobility increases with uniaxial tensile strain (up to the failure strain), and decreases with uniaxial
compressive strain. The possible reason is that compressive strain broadens both the valence and
conduction band tails of the a-Si:H channel material, and thus reduces the effective electron mobility.
Similar findings are reported in [31], the field-effect mobility increases with tensile strain, which
correlates with a decreasing width of the conduction band tail in a-Si:H. Furthermore, the threshold
voltage increases with increasing mechanical strain due to the defect generation. A recent publication
by M. H. Lee et al. [32] claims that the formation of trapped states by way of mechanical strain
dominates the characteristics of hydrogenated amorphous silicon (a-Si:H) TFTs. During a mechanical
strain, the trap states are redistributed into a Gaussian distribution rather than the ordinary exponential
distribution, resulting in unstable electrical characteristics, such as variation in threshold voltage,

subthreshold swing, and the mobility of carriers due to mechanical strain.

A study of the failure resistance of a-Si TFTs on polyimide foil shows that, the amorphous layers of
the TFT fail by periodic cracks at a tensile strain of ~0.5%, while under compression, the TFTs do not
fail when strained by up to 2% [33]. The difference is due to the fact that, the tensile driving force is
sufficient to overcome the resistance to crack formation, however, the compressive failure mechanism
of delamination is not activated due to the large delamination length required between transistor
layers and polymer substrate. Moreover, by replacing the brittle, silicon nitride barrier layer and the
gate insulator in a-Si:H TFTs on polyimide foil with a resilient hybrid of silicon dioxide and silicone
polymer, the transistor structures can withstand up to 5% tensile strain and 2.5% compressive strain
[34].
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2.2.2 Amorphous Indium-Gallium-Zinc Oxide (a-1GZO) Based TFTs

Recently, plenty of research has been carried out for the fabrication of a-1GZO based TFTs in flexible
electronic applications, such as flexible thermal and pressure sensors. Among various transparent
amorphous oxide semiconductors (TAOSSs), a-IGZO has attracted considerable attention because of
its relatively high electron mobility and good chemical stability. Moreover, a-1IGZO layer can be

formed at a low temperature with good large-area uniformity and good electrical stability [35-36].

Refer to N. MiUnzenrieder et al. [37], a-1GZO TFTs are fabricated on flexible substrates and their
electrical behavior are measured under tensile and compressive strains with bending radii decreased
to less than 10 mm. A comparison of the bending tests performed with and without illumination
shows that, the mobility and threshold voltage are changed under illumination condition, whereas the
performance of TFT kept stable in the dark after the applied mechanical strain. A decrease in the V1
after tensile bending is due to an increase in the interatomic distance that cause an effective decrease
in the energy level splitting (AE) of the bonding and antibonding orbitals between the atoms in the
semiconductor material. This results in a decrease in the effective mass (m+) of the charge carriers
(due to m* ~ AE) according to k ¢ p method; consequently, the mobility (Ja~ 1/m*) increases. The
tensile bending results in the increase in the channel conductivity and a negative shift of the threshold

voltage.

Besides the repeatable resistance to tensile or compressive strain of the TFT devices, a stretchable and
stable connection between the individual TFT structures is also important. The mechanical
characteristics of a stretchable a-IGZO based inverter are investigated by B.-J. Kim et al. [38]. A
FEM numerical model is used to improve the mechanical stability by optimizing the device structure

and evaluating the stress and strain distribution near the SiO, bridge.
2.2.3 Zinc Oxide Based TFTs

Due to the great potential for high-performance and low-cost electronics, TFTs using ZnO as the
active channel layer is particularly attractive for the application of highly flexible structures. Several
research groups have investigated the mechanical flexibility of ZnO TFTs and circuits by mechanical

bending to a specific radius [39-41].

M. S. Oh et al. showed a complementary inverter using n-channel sputtered ZnO and p-channel
pentacene channels on a polyethersulfone flexible substrate under a bending condition of 56 mm
15



radius of curvature [39]. It pointed out that the interface defects affect the electrical properties of the
inverter. During the deposition of ZnO on AlO, dielectric layer by RF sputtering, the energetic Zn
and O particles may damage the dielectric surface, which is vulnerable to be charged by ZnO channel

electrons during the operation of TFTs subjected to a positive gate voltage bias.

Due to the advantages of low deposition temperatures and high electron mobilities, both ZnO and a-
IGZO are regarded as alternative materials to replace the a-Si:H active layer in flexible TFTs. As
presented in [40], TFTs using both ZnO and IGZO semiconducting layers are fabricated on polyimide
substrates and exposed to tensile bending radii down to 10 mm. For IGZO based TFTs, the mobility,
threshold voltages, and the subthreshold slope are stable over the entire bending range. However, for
ZnO TFTs, the electrical properties are strongly degraded. As the bending radius reduces from 35 mm
to 10 mm, a decreasing mobility, and increasing threshold voltage and subthreshold slope are
observed, which may be due to the formation of microcracks in the ZnO film.

A recent report by J.-M. Kim et al. [41] investigated the fabricated Atomic Layer Deposition (ALD)
nitrogen doped ZnO based TFTs on Polyethylene Naphthalate (PEN) substrates and studied the
change in device properties with respect to the amount of substrate bending. It shows the value of V¢
is systematically decreased from compressive strain to tensile strain, with the normalized V' varying
in the range of £5%. Meanwhile, the values of saturation mobility increased from compressive strain

to tensile strain with respect to normalized saturation mobility varied from -2% to 2%.

There are several factors that might be responsible for the variation of device properties regarding to
the mechanical bending, such as the piezoresistive effect in the semiconductor [41]; changes in the
band structure of the semiconductor [37]; electrons are trapped at the interface of the dielectric and
semiconductor; or the change of grain size (e.g. the mobility generally increase with grain size

because the grain boundaries are associated with scattering and trapping sites) [42].

ZnO is a well-known piezoelectric material which has the highest piezoelectric tensor among the
tetrahedrally bonded semiconductors. When a piezoelectric material is strained, an electrical
polarization is generated; likewise, it is strained when an electric field is applied to it. Deflection of a
ZnO thin film creates in a relative displacement of Zn®" cations with respect to O*" anions in the

wurzite structure, resulting in a strong piezoelectric potential field inside the channel area [41, 43].
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A schematic of the piezoelectric effect on the band diagram of ZnO:N channel/Al,O3 gate insulator/Ti
is shown in Fig. 2.5 (a) and (b). The possible mechanism of the modulations on the electrical

transport behavior in flexible TFTs with respect to substrate bending is described below.
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Fig. 2.5 band diagrams of ZnO:N channel/Al,O3 gate insulator/Ti gate indicating the piezoelectricity
mechanism occurred in flexible TFTs in response to external stresses, (a) compressive stress, and (b)

tensile stress [41].

In Fig. 2.5(a), when the TFT is under compressive stress, a negative piezoelectric field is produced in
the semiconductor, which helps to reduce the ZnO:N channel surface potential barrier. Consequently,
a negative shift of V1 is observed since less gate voltage is needed to reach the channel accumulation
layer for the formation of an electrical channel. Oppositely, a positive piezoelectric field is generated
at the ZnO channel/gate insulator interface when the device is bent downwards, as shown in Fig.

2.5(b). As a result, the potential barrier increases, leading to a positive shift of V.

A recently published paper by K. T. Eun et al. [44] illustrated the fabrication of flexible ZnO TFTs by
transfer printing process. It focused on the formation and growth of cracking in the SiO, bridges when
the bending radius goes down to 11 mm. The bridges are used to connect individual TFT devices
which are more susceptible for stress concentration due to the device layout and structure. Stress
analysis after mechanical bending is also performed by the finite element method (FEM). The
numerical simulation shows stress concentration at the edge of the SiO, bridge layer, which can be
compensated by optimizing the bridge structure through the FEM model to prevent failure of the TFT

devices.
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Chapter 3 Experimental

3.1 Characterization of Thin Films

With the explosive growth of thin-film utilization in flexible microelectronics, it becomes significant
to understand the intrinsic nature of films. Various technologies are used for measuring and analyzing
internal structure, surface morphology, film composition, and internal stress and strain for thin-film

applications, include X-ray diffraction, electron microscopy, and mechanical testing.
3.1.1 Scanning Electron Microscopy

The scanning electron microscope (SEM) is the most important electro-optical instrument that
provides highly resolved surface images for the investigation of bulk specimens, and is considered as

a relatively rapid, inexpensive, and non-destructive surface analytical technique.

The fundamental principle of SEM is that, it uses a focused beam of high-energy electrons to generate
a variety of signals from the solid specimens. The signals that derive from the interactions reveal the
material information, such as the external morphology (texture), chemical composition, and
crystalline structure and orientation. In detail, electrons are first accelerated with significant kinetic
energy through a voltage difference (usually about 0.1 keV to 50 keV) between cathode and anode.
The incident electrons are then decelerated in the solid sample, and the kinetic energy is dissipated as
a variety of signals. The types of signals produced in SEM include Secondary Electrons (SE),
Backscattered Electrons (BSE), characteristic X-rays, photons, specimen current and transmitted
electrons. Among those signals, secondary electrons and backscattered electrons are commonly used
for imaging samples. By convention, electrons with exit energies larger than 50 eV are called
backscattered electrons, and those with energies less than 50 eV are classified as secondary electrons.
The secondary electrons are used to present the morphology and topography of samples, while the

backscattered electrons are most useful for displaying compositional in multiphase samples [45, 46].

This study uses secondary electrons to present the surface morphology of ZnO thin films deposited
on silicon substrate using AJA sputtering system, and the SEM images are shown in Fig. 3.1. The
ZnO film is deposited using a ZnO target with deposition power of 100 W, deposition pressure of 5
mTorr, deposition gas argon (Ar) and oxygen (O,) ratio of 12: 1. In order to improve the film quality,

ZnO films are first deposited as buffer layer at 220 °C, the deposition temperature is then reduced

18



to room temperature for the subsequent film deposition. Fig. 3.1 shows the SEM micrographs of a
nanocrystalline ZnO layer having rounded fine particles with dimensions range around 33 nm. The

film thickness is 370 nm, measured by a Dektak Profilometer.

Fig. 3.1 SEM images of the ZnO thin film deposited on silicon substrate (Magnification: 125.27 Kx).
3.1.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a high resolution imaging technique to see the shape of a surface
in three-dimensional detail by measuring the surface height down to the nanometer scale using a
sharp solid force probe. AFM offers unique perspective for the study of surface morphology of
various materials, no matter if it is hard or soft, synthetic or natural, irrespective of opaqueness or
conductivity, which is beyond the limits of conventional optical microscopic methods. Commercially
available AFM tips with a tip radius of curvature on the order of nanometers, integrated with force
sensing cantilevers, are microfabricated from silicon and silicon nitride by lithographic and
anisotropic etching techniques. Either the force probe may move over a stationary sample or the
sample can move under the fixed probe. With the tip of the cantilever approaches the surface of a
sample, the force between the tip and sample surface results in the vertical deflection of the cantilever
[47].

Based on the nature of the interactions between the scanning tip and the sample surface, AFM
scanning can be classified into three modes: contact mode, noncontact mode, and tapping mode. In
contact mode, the scanning tip makes a direct contact with the sample surface throughout the

scanning period to obtain the topographic features of the surface based on the degree of cantilever
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reflection. It provides high scan speeds, but the combination of lateral forces and high normal forces

may damage soft samples due to scraping between the tip and the sample.

In noncontact mode, both the tip-sample separation and the oscillation amplitude are in the order of 1-
10 nm, thus the tip does not contact the sample surface. Because no forces are exerted on the sample
surface, it helps to reduce the surface damage associated with the contact mode. However, the
noncontact mode has limited applications, and is usually suitable for scanning extremely hydrophobic

samples in order to avoid getting stuck when contacting the adsorbed fluid layer.

In tapping mode, the scanning tip is literally bouncing up and down as it travels across the sample
surface, while maintaining the vertical movement of the cantilever at constant oscillation amplitude
throughout the scanning period. The oscillation amplitude of the probe tip is much larger than that of
the noncontact mode, often in the range of 20-200 nm. Tapping mode is regarded as the most useful
scanning mode for almost all the applications due to its less destructive effects on both the sample
surfaces and the tips, whereas the disadvantage is the slightly slower scan speed than the contact
mode [48, 49].

Based on the use of AFM under tapping mode, the three-dimensional surface morphology of the same
ZnO film as described in the SEM image is shown in Fig. 3.2. Roughness measurements are
performed over the selected lpum x lpm region of the film surface. The AFM analysis shows a
relatively smooth surface with a root mean square (RMS) roughness of 3.6 nm. The Z scale is 30nm.
The ZnO layer shows textured with a preferential c-axis orientation in accordance with the strongly
predominant (0 02) reflection of the wurtzite ZnO phase. The average size of grains observed in the
AFM mage was measured to be about 39 nm, which is close to the results obtained from the SEM

image as shown in Fig. 3.1.
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Fig. 3.2 AFM image of a nanocrystalline ZnO film deposited using RF-sputtering method.
3.1.3 Stress Gauge Measurement

When a thin film is deposited to a silicon wafer, it may lead to a certain amount of bow to the wafer.
The accurate measurement of this bow contributes to the computation of the stress in the thin film.
The lonic Systems' stress gauge provides a quick, repeatable, and nondestructive way to measure film
stress on production wafers. It measures the deflection in a substrate by means of reflected light using
a fiber-optic bundle which contains both transmitters and receivers of light. The intensity of returning
light indicates the distance from the end of the bundle to the back of the wafer. For comparison
purposes, distance readings are recorded before and after thin-film deposition on the wafer, so the
difference in the readings is the total deflection caused by the thin-film deposition. The stress in the

film is then determined by substituting the total deflection into a simplified Stoney formula [50, 51]:

4d E T2
Stress = — - ——- =
D2 3(1-v) T¢

(Eg. 3.2)

where Eg is Young's modulus for the substrate, v is the Poisson's ratio for the substrate, D represents

the substrate support diameter, T and T are the thicknesses of the substrate and the film, respectively.
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A schematic of the thin-film stress measurement using lonic Systems' stress gauge is shown in Fig.
3.3. If a bare wafer has bowed away from the light sensor after film deposition, the coating is under
compressive stress. Likewise, when the wafer bows towards the light sensor with a decreasing of the

gap between the wafer and the probe, it is under tensile stress.
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Fig. 3.3 Schematic of thin-film stress measurement [52].

The samples used for stress gauge measurement are ZnO films which deposited on silicon wafers
using deposition power of 80 W, 100 W, and 120 W, respectively. Other deposition parameters are
kept constant, including pressure of 5 mTorr, Ar:O, ratio of 12:1, room temperature deposition,
deposition time of 25 minutes. The Young's modulus of silicon is 130 GPa, the substrate is 3-inch
silicon wafer with thickness of 0.4mm. The Poisson's ratio is 0.28. The thickness of the films
deposited under 80 W, 100 W, and 120 W are 35.5 nm, 49 nm, and 71 nm, respectively. Inserting
these data into Eq. 5, the corresponding film stresses are -33 MPa, -52 MPa, and 19 MPa, separately.
The experimental results indicate that the parameters used during the thin film deposition process,
such as power and deposition temperature, has non-negligible influence on the residual stress in the
film. It is also feasible to optimize the combination of deposition parameters for a multilayer structure
in such a way that the compressive stresses and tensile stresses generated in each layer by different
parameters are compensated, so that the total stresses in the thin film stack could be significantly

reduced.
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3.1.4 X-Ray Diffraction

X-Ray Diffraction (XRD) is a non-destructive technique for determining the crystalline structure of
solid materials. When analyzing thin films with thickness varies in the rage of 1 - 1000 nm, the
conventional 0 - 20 scanning method generally produces a weak signal from the film and an intense
signal from the substrate. An effective method to avoid intense signal from the substrate and to collect
stronger signal from the thin film is to perform Grazing Incidence X-ray Diffraction (GIXRD)
analysis. It involves a scan with a fixed grazing angle of incidence, which is generally chosen to be
slightly above the critical angle for total reflection of the film material. A schematic of the setup and
operation of the X-ray diffractometer is shown in Fig. 3.4 (a). The diffractometer has an incident
angle of m, a scattering angle of 26, a rotation about the film surface normal of ¢, and an inclination

perpendicular to the scattering plane of ¥, as shown in Fig. 3.4 (b).

(3) OEC cradle Primary X-ray tube (b)
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Collimator+
counter
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Fig. 3.4 (a) Geometric arrangement of a high resolution X-ray diffractometer (PANalytical X'pert Pro

MRD system), and (b) schematics of some primary operation parameters [53].

A schematic of the X-ray incident and diffraction directions of GIXRD is shown in Fig. 3.5. In the
coordinate system of the thin-film specimen, S; represents the sample surface. L is the normal of
diffraction planes (hkl) for which spacing is measured. L; and L, are the two orthogonal axes lying on
the (hkl) plane. The angle between the sample surface and the diffracting plane is a. The incident X-
ray beam making a grazing angle » with respect to the specimen surface and the grazing angle is kept
constant during the rotation of the sample. The incident wave will generate the diffracted wave with

atomic planes in the film when conditions satisfy Bragg's Law (nA = 2d sin 0). The main advantages
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of GIXRD is that it provides information on the structure of very thin surface layer, especially for the
study of thin films deposited on substrate whereas the substrate might affect the diffraction data in

standard XRD, such as polymers, glass, or crystalline Si [54, 55].
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Fig. 3.5 Diffraction geometry of GIXRD for thin film analysis, it shows X-ray incident and
diffraction directions [54].

In the present study, GIXRD analysis of a thin film of ZnO is performed with the PANalytical X'pert
Pro MRD (Materials Research Diffractometer) system. The X-ray diffractometer is equipped with a
Cu tube, with a generator setting of 45 kV and 35 mA. The grazing incident angle (o) is fixed at 0.3°.
Patterns were collected from 30 ° to 60 ° of 20 using a step size of 0.03° and a count time of 2s per
step. The ZnO sample is deposited at 220 <C, using deposition power of 100 W, pressure of 5 mTorr,
and gas ratio Ar:0, of 12:2. The film thickness is 280 nm. The results of the GIXRD scan are shown
in Fig. 3.6.
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XRD Results
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Fig. 3.6 GIXRD analysis of ZnO thin film by varying two-theta from 30°to 60 <

In the pattern, the first three peaks with highest intensity represent the (hkl) planes of (100), (002),
and (101), respectively. Because the structure of ZnO is hexagonal, the applicable plane spacing
equation is [56]:

1 4 (h?+hk+k? 12
=1 (5 )+ 5 (Eq. 3.2)

a2
Combining Bragg's law (A = 2d sin 0), the lattice parameters of the ZnO film is derived from the
position of the (002) diffraction peak. When the wavelength A is 1.5418 A, the calculated plane
spacing d is 2.5898 A, and the lattice constant ¢ of ZnO film is 5.1796 A. The lattice constant can be
further utilized to evaluate the average uniform strain, e,,, in the lattice along the c-axis [57]:

ey, = —2 (Eq. 3.3)

where ¢, refers to the lattice constant ¢ of ZnO bulk, which is 5.2066 A.

The biaxial film stress is related to the calculated c-axis strain by the relation:

o= 2C%3— C33(C11+Cqp)
2Cq3 2z

(Eq. 3.4)
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where Cj are elastic stiffness constants. For polycrystalline ZnO, the values are: C;,=209.7 GPa,
C1,=121.1 GPa, Cy3= 105.1 GPa, C33=210.9 GPa [58]. The biaxial stress for the as-grown ZnO films
is derived from Eq. 3.3 and 3.4, which is -1.17 GPa. Compared with the stress gauge measurements of
ZnO film deposited at room temperature with compressive stress of 52 MPa, the XRD results
indicates that, a much larger residual stress is generated in the ZnO deposited at 220 <C due to the
significant decrease in temperature from as high as 220 <C to room temperature. Post annealing is
usually performed after the film deposition to relieve the residual stress in the film, and previous
findings has indicates an effective relaxation of the residual compressive stress after rapid thermal
annealing. As shown by Y.-C. Lee et al. [59], the residual stress in ZnO film can be decreased from -
0.8 GPa to 0.2 GPa after annealing at 800 <C for 1 minute .

Assuming a homogeneous strain exists in the ZnO films, the average grain size of the film can be
estimated from the full-width at half- maximum (FWHM) of (002) peak by Scherrer relation [60]:

T = KA
- BcosH

(Eq. 3.5)

where T is the mean grain size, K is the shape factor (typically equals to 0.9), A is the X-ray
wavelength, f is the line broadening at half the maximum intensity (FWHM) in radians and 6 is the
Bragg angle. The average grain size of the ZnO film calculated from Eq. 3.5 is 17 nm. It satisfies the
restriction of the Scherrer equation that it is limited to nanoscale particles and not applicable to grains
larger than about 0.1 pm. In addition, it shows that the average size of grains measured from the XRD
method is smaller than the SEM and AFM measurements. Actually, the Scherrer formula provides a
lower bound of the particle size due to the fact that a variety of factors (e.g. dislocations, grain
boundaries) can contribute to the width of a diffraction peak besides the instrumental effects and
crystalline size. As a result, the crystalline size can be larger than the predicted value by the Scherrer

formula.
3.2 Bending Test of TFTs

In order to study the flexibility of thin-film transistors, specific bending testers are designed to
perform the mechanical bending of flexible devices. A schematic of a bending tester under operation

is shown below.
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Fig. 3.7 Photograph of a bending tester with a loaded carrier substrate and an attached flexible TFT
[61]. The bending radius is about 19 mm.

A flexible foil substrate with TFTs attached is loaded on the bending tester by clamping the edge of
the foil with two metal plates. One plate is fixed on the machine, while the other plate can be moved
by rotating a shaft screwed through it, where one complete rotation of the shaft corresponds to a
horizontal movement of 1 mm. The bending of the TFTs on the flexible substrate is performed by
varying the horizontal distance between the two plates, and the resulting bending stress and strain, as
well as the bending radius are analyzed. The mechanical bending of flexible TFTs described above

can be simulated using FEM, and the details of the numerical modeling are discussed in Chapter 4.
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Chapter 4 Modeling of Flexible ZnO TFTs

Finite element method (FEM) is used to accurately model products and processes by determining
structural integrity, performance and reliability, as well as predicting structural failures. In the present
study, the states of stress and strain in the deposited thin films of TFT devices and their distribution
after mechanical bending are simulated using finite element analysis. COMSOL Multiphysics is used
for the numerical simulation. Moreover, in order to improve the numerical approximation, the
theoretical models of stress and strain relations in multilayer thin films are summarized and used as a
framework of the numerical model for achieving consistent simulation results of mechanical

properties in multilayer thin film stacks and TFT devices.
4.1 Analytical Model

Analytical models are mathematical formulas that can be expressed as analytic functions to describe
changes in a system. With the increasing interest in the application of flexible electronics, it is of
importance to investigate the states of stress and strain in flexible thin-film transistors resulting from
the deposition process and external mechanical deformation. Firstly, simulation of a single thin film
deposited on a thick substrate is presented, then the model is extended for a multilayer structure, and
finally the developed models are used for the simulation of TFT devices.

4.1.1 Strain and Stress Analysis of a Single Thin-Film on Thick Substrate
4.1.1.1 Origin of intrinsic stresses during thin-film growth

Thin-film materials play an important role in a variety of technological applications including
microelectronic devices, photonic and magnetic devices, and surface coatings. However, due to the
use of various fabrication and post-processing processes and different intrinsic material properties
involved, stress and strain commonly exist in thin films as a result of constraints imposed by their
substrates. The originated stresses may possibly be related to the following factors [62]:

i. Different thermal expansion coefficients of film and substrate

ii. Differences in lattice spacing, interatomic spacing or crystal size

iii. Incorporation of atoms such as residual gases or chemical reactions

iv. Voids, dislocations
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v. Recrystallization processes

vi. Phase transformations

When a thin film and a substrate has different thermal expansion coefficients, the temperature
changes during film deposition and post processing will produce stress and strain, which are called
thermal stress and thermal strain. Furthermore, because the atoms of the substrate have specific
atomic size and arrangement, if the atomic spacing of the film is not corresponding to those of the
substrate, it will result in stresses in the film-substrate combination. The stresses resulting from the
internal structure of a material during its deposition is generally regarded as intrinsic stresses, which
are less clearly understood than the thermal stress and will be discussed in the following numerical

simulation.
4.1.1.2 Fundamental formulas for stress and strain in thin films

In the present study, thin films are deposited on substrate using Physical Vapor Deposition (PVD).
During the PVD processes, thin films are deposited on substrates at elevated temperatures. Then the
film/substrate composite is cooled to room temperature, during which they contract by different
amounts owing to different thermal expansion coefficients. The film is subsequently strained
elastically to match the substrate and remain attached, causing the substrate and film combination to
bend. For the numerical simulation, suppose each layer of thin film is linear elastic material and the
film/substrate system is subject to very small deformation during temperature change. The resulting

thermal stresses presented by Hooke's law is

where a is the coefficient of linear thermal expansion which is constant along the temperature change,
E is the Young's modulus, Ty and T are the initial and final temperatures. The Young’s modulus is

assumed to be constant during the temperature variation.

It is known that, when the film and the substrate are bonded together and cannot slide relative to each

other, mismatch forces arise at the interface to maintain the bonding states [62], as shown in Fig. 4.1.
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Fig. 4.1 Schematic of film-substrate combination under residual stresses. (a) Tensile stresses in the
film; (b) compressive stresses in the film.

In Fig.1 (a), when the growing film initially shrinks relative to the substrate, the film is stretched and
the substrate is contracted to keep the same length. To keep force balance, the tensile force developed
in the film are balanced by the compressive force in the substrate as

Fg = Fs (Eq. 4.2)
where F;and Fs are inducing forces in the film and substrate, respectively.

The film/substrate combination is not in mechanical equilibrium because of the uncompensated end
moments. Thus, if the substrate is compliant and unconstrained from moving, it will elastically bend
to counteract the unbalanced moments. As a result, the substrate with films containing internal tensile
stresses bends concavely upward. Similarly, the substrate with compressively stressed films bends
convexly outward, as shown in Fig. 1(b). When the tensile stresses become extensively large, it can
cause film fracture, whereas extremely large compressive stresses may result in film buckling and
partial loss of adhesion to the substrate, which are not discussed in this study.

A film-substrate combination subjected to a temperature differential AT and bend convexly upward is

shown in Fig. 4.2.
30



Fig. 4.2 Schematic of thin film-substrate couple after temperature change.

The strains in the film and the substrate are

_ Fr(1-vg)
& = Uf AT + —Efdfw (Eq 43)
— o AT — Fr(1-vg) Eq. 4.4
o = 0y AT — (Eq. 4.4)

where E is the Young's modulus, d is the layer thickness, w is in plane width, v is the Poisson's ratio,
the subscript s and f refer to substrate and film, respectively. The first term on the right hand side of
the formula refers to thermal strain, and the second term represents the elastic strain. In order to
account for biaxial stress conditions, the Young's modulus E is generally replaced by E/(1-v), which

are called biaxial modulus.

The strain compatibility requires that

& = &g (Eq. 4.5)
By inserting Eqg. 4.3 and Eq. 4.4 into Eq. 4.5, the mismatch force is

w(ag— of)AT

Fe= = -
)+ (22)

(Eqg. 4.6)

Suppose the force act uniformly over the film cross section (d¢w) giving rise to the film stress, if
dsEs/(1-vs) >»d¢E4/(1-v5), the thermal stress in the film is
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F as—af) AT E
Gf(T) — d_f — ( 1) f

W 1-v¢

(Eq. 4.7)

It should be noted that, the numerical model is built based on the assumption that the stress
distribution is uniform throughout the same isotropic material, and the calculated stress is the average
value over the cross-section, other effects such as boundary restraints or stress concentration are

ignored.
4.1.1.3 Built-in stain and built-in stress

As it is discussed before, there are several factors corresponding to the formation of intrinsic stress
and strain in thin films. The strain arises from atom deposition in out-of-equilibrium positions during
film growth is considered as built-in strain. When the built-in strain is considered, the total strain in

the film becomes

Fr(1-vp)
& = Uf AT + €pi T Effdf‘\: (Eq 48)
It is evident that the strain in the film is mainly composed of thermal strain, built-in strain and elastic

strain.

The relationship between built-in strain and built-in stress is [63]

Obi Efd
€pi = —E—b; (1+ ?dz) (Eq. 4.9)

where Ef = E¢/(1 —vg),and E; = Eg/(1 — vg)

The strain in thin films can be induced by the change of deposition temperature, deposition rate and
pressure in the deposition chamber, incorporation of impurities during film growth, different grain
structure, fabrication process defects, etc. Generally, both stress and strain are not uniformly
distributed across the film-substrate combination. In this study, the built-in stress is an average value

extracted from the stress gauge measurements for a given film/substrate couple.
4.1.1.4 Stress/strain distribution as a result of applied bending moment

Suppose an isolated beam possesses a longitudinal plane of symmetry, and is subjected to a pair of
bending moments M [62, 64], as shown in Fig. 4.3. For reasons of symmetry only the right half of the

beam is presented.
32



Fig. 4.3 Elastic bending of beam under applied end moment.

After uniform bending, the beam is curved forming an arc with radius R and subtended angle 6.
Consider a fiber of distance y above the neutral axis which is unstrained, due to the strain is the linear
variation of a dimension relatively to an initial value, the strain in the bending direction is linear in vy,

namely:

R+y)0—R6
e yR>e — Y (Eg. 4.10)

It shows that, the deformation of the beam fibers is proportional to their distance from the neutral axis.
Accordingly, the stress distribution varies linearly across the section from maximum tension (+o,)) to
zero at the neutral axis and to maximum compression (-o,,). According to Hooke's law, the maximum

and minimum stresses of the beam are

R+9/,)-Ro
o =E <%) =+ 2% (Eq. 4.11)
Corresponding to the stress distribution is the bending moment across the beam section:
d/2 2 md? Ed3
M=2[" oqw() ydy = == —=F (Eq. 4.12)

By extension of this result to a thin film deposited on substrate structure, we have
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Mf= Erdf —— (Eq. 4.13)

M; = E dﬁ% (Eq. 4.14)

The loading condition for a pure bending of the beam requires that the clockwise and

counterclockwise moments are compensated, a condition expressed by

(df+ds) Fp = % ((i) d? + (i_:/s)dg) (Eq. 4.15)

2 1-vg
where the E is replaced by E/(1-v) to account for biaxial stress distribution rather than uniaxial stress.

In the case that the thickness of the substrate is much larger than the film, the film stress oy is, t0 a
good approximation, given by

Fr _ Esdg

dfw  6R(1-vg) df (Eq. 4.16)

Of =

which is the Stoney formula. If the radius of curvature of the film-substrate combination can be
measured or calculated, then the stress in the film can be determined accordingly. It should be noted
that the stress calculated by Stoney method is an average value by integrating the stress over the

cross-section of the beam.

By Eq. 4.7 and Eq. 4.16, we have

1 6Ef(1-vy)d
E = E:T:f)dgf ((X.S — (Xf)AT (Eq 417)

This modification of Stoney equation represents the extent of bowing because different thermal

expansion effects cause the stress.

The distance between neutral axis and the bottom surface of the substrate is

_ Esd§ + Erd¢(2dg+df)
- 2(Esds+E¢ds)

(Eq. 4.18)

where ds and ds are substrate thickness and film thickness, respectively; E; and E; are Young’s

modulus of the substrate and the film, respectively.
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4.1.2 Strain and Stress Analysis of Thin-Film Multilayers on Thick Substrate
4.1.2.1 Formulation of stress and strain models for multiple thin films on compliant substrates

Suppose a multilayer structure is composed of n-1 continuous thin films deposited on a thick
substrate with different mechanical properties, as shown in Fig.4.4. The substrate thickness ds is

greater than the total thickness of all the films (d, >¥'i-, d;). The height coordinate of the stack is
h, = ¥t d; (Eq. 4.19)

Because of the layer's different properties and all the layers are confined at each interface, elastic
strains will form to accommodate these differences, giving rise to internal stresses and moments in
each layer, causing the structure to experience bending and planar relaxation until the whole structure

is in equilibrium, thus no resultant edge forces or applied moments are remained.

Y 4
Layer n d, h,
hn-l
Layer 2 d; h,
Layer 1 ds (d) hy
> X

Fig. 4.4 Schematic of a n-layer stack.

According to Newton's third law of motion, when the layers are bonded together, the reaction forces
resulting from the adjacent layer will act as applied forces in the layer i, which will balance each other

out to the point of zero net force, lead to
=1 Fi=0 (Eq. 4.20)

To keep equilibrium, bending occurs to balance out the bending moments caused by the reaction

forces, and the total moment must be null, that is
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noM; =0 (Eq. 4.21)

The bending relatively to the bending axis is caused by the total internal moments which appear in
each layer, and are symmetrical to the bending moments formed by the applied forces in that layer.

The total curvature is the sum of the individual films contributions due to the moments being additive,
it therefore indicates that each film independently interacts with the substrate without taking account

of the adjacent films or the stacking sequence of films in the composite structure.

The stress in the i-th film is [65]

Esdg

Of = m (Eq 422)
And the total stress in the n stacked films is

E¢d? 1 1
ofi = 6(15—55) S, dg ?ZZEi (Eq. 4.23)

where R; and dg are the radius of curvature and thickness of the i-th film, respectively.

The strain equation of a single film on substrate can be extended to any number of layers. The strain

in the i-th film with respect to the free-standing film at the same temperature can be expressed as

.= I, Bids[(T-T4 ) (as—on) +eby]
fi Esds+XiL, Endy

(Eq. 4.24)

Similarly, the strain in the substrate coated with multiple films with respect to the uncoated substrate

at the same temperature is

_ Y, Efdal(Th—T) (as—ap) +e}]

Esds+XiL, Efdyi (Eq.4.25)

SS
where E; = E;/(1 —vy), T} is the deposition temperature of the i-th layer, Eq and !, are Young's
modulus and built-in strain of the i-th film, as and o; are the thermal expansion coefficient of the

substrate and the i-th layer, respectively.

The above theories and formulas for a film-substrate combination can be extended to any number of
layers. For a three-layer structure using the same deposition temperature, the strain of the substrate at

room temperature with respect to uncoated substrate is [63]
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e (Tr) — E;1df1[(Td_Tr)(as_af1)+ 8bi1]"'E;2df2[(Td_Tr)((}‘s_afz)"' ebiz] (Eq 4 26)
s Eids+ Ef, dp; + Ef,dp, Y

where f; and f, denote the first and second films, respectively. The above equation is valid no matter

the two films are deposited on each side of the substrate or on the same side of the substrate.

For a three layer structure with Young's modulus of E;, E,, and Es, and thickness of dy, d,, and ds, if
the Poisson ratio v is the same for all the three layers, the radius of curvature R of the relaxed three-

layer structure at room temperature is given by [63]

Epd} Epd3.,  Eady 1492y2  4E3dg () d3 Z 3dy 149243 LEzdp(d} dpds d3
( 7 2) +TEd(+d)+—Ed [ +d +d G Ta ) TE 5t VR 2]
_ d, E1d{ E1df 1 1 1dy 1 1 1 da 1 1\d1 df df Eq. 4.27
T 6(1+v) (1+92)[E252 (e, —e) + 2253 (o5 —ep) |+ 253 ($24 2 [(e3—e ) + 2252 (o5 —e5)] (Eq. 4.27)
di/lEqd; "2 "1V T Ed 3 V)T Ed\dq  dq /P 3 P TEa 3 2

4.1.2.2 Stress/strain simulation due to applied mechanical bending of thin films on various platforms

When a pure bending moment if applied to a stack of films, under equilibrium conditions, the
following conditions are satisfied [66]:

h;
Yimi Fi =X, f, oidy =0 (Eq. 4.28)

hj
Zinzl M; = Zinzl fhi—1 yoidy = Mapp (Eq. 4.29)

Define the height of the mid-plane of each layer i as

hy = hi+;li-1 = h _% (Eq. 4.30)
The bending axis is
hb — Yiz, Eidihmi (Eq 431)

YL, Eid;

where hy is the position of the bending axis, where the resultant force due to bending is null. E; is

elastic modulus, d; is the thickness of the i-th layer, E;d; is the bending stiffness of the layer i.

For a stack of (n-1) thin films on thick substrate, the location of the bending axis is dominated by the
location of the substrate mid-plane. The classical approximation for the bending axis is:

n Eidj

i=2F_q_ (Eq. 4.32)

hlc)lass — % (1 + Z
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The above equation indicates that the position of the bending axis shifts from the substrate centerline,

towards the interface between the thick substrate and thin films, by a small quantity of };iL, %.

When biaxial system is considered, the elastic modulus E in the above equation is replaced by E/(1-v).
4.2 Numerical Model

4.2.1 Two-Dimensional Model of Thin Film Deposited on Thick Substrate

4.2.1.1 Assumptions and boundary conditions used in numerical models

The plane strain model is commonly used in the numerical simulation, which assumes that the strain
components along the propagation direction z are negligible compared to the strain in the x and y
directions. In other words, it supposes that all out-of-plane strain components of the total strain ,, &,
and ,, are zero. Loads in the x and y directions are allowed. The loads are assumed to be constant
throughout the thickness of the material, but the thickness can vary with x and y.

For a thin film-substrate combination, the boundary condition applied is that, the lower-left corner of
the substrate is fixed in both x and y direction, and the lower-right corner of the substrate is fixed in
the y direction. This prevents rigid-body movements but has less effect on the stress distribution. The
other boundaries are free to move. Besides, the interface of the film and the substrate are continuous
so that the displacement of each layer will affect the other layers since they are in contact with each
other.

4.2.1.2 Comparison of results for finite element analysis models with analytical model

Suppose a thin Al film is deposited on a silicon substrate, then the film-substrate couple is cooled
from deposition temperature (T4) to room temperature (T,). The properties of the materials are given
in Table 4.1.
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Table 4.1 Material properties used in the numerical study.

Thickness Diameter

Material E[GPa] Vv  gf °c_1] T °C] T °C]

[m] [m]
Alfilm  70[67] 033  23e-6 1E-7 1E-5 50 20
Siwafer 181[68] 0.28  3e-6 5E-6 1E-5 50 20

Based on the analytical model, the mismatch strain in Al film respect to substrate at room temperature:
em= (as- 05) AT = 6e-4
According to Eq. 4.6, the mismatch force in the film-substrate system is Ff= 6E-5 N

So the stress in the film is of = dF—iN = 60 MPa
f

According to Eq.4.3, the film strain is -1E-4

The curvature of the film-substrate combination is

1 _ 6Ef(1-vg)ds
R~ Es(1-vpd?

(ag — o) AT =5.98 m™
So the radius of curvature is 0.16 m

Based on the numerical model:

The thermal strain in the film gy = -6.9e-4

The thermal strain in the substrate 4. = -9e-5

So the thermal mismatch strain is Agy, = (s~ &) = 6€-4

av

It is known that the strain tensor of the film g, = % and g, = 7

where u and v are displacements in horizontal and vertical direction, respectively.
The strain tensor calculated by Comsol is ey, = —1.8E — 4

The stress tensor-x is [69]

_ E
T (a+v)(1-2v)

aEAT
1-2v

Ox [(1 —V)gg + vsy] — (Eq. 4.33)

The stress tensor-x component in the film calculated by Comsol is o, = 60 MPa
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The bending profile of the film-substrate couple is simulated using Comsol, then the displacement
data are plotted and fitted with a 4th degree polynomial curve by MATLAB. The formula for the
radius calculation is shown below [70].
[1+EH?2

| d%y
dx2

Radius of curvature = (Eq. 4.34)

x 10"

L ¥ L L ¥ L C C C

data 4
4th degree

.

051 y=-1.7e+010*%"* + 3.4e+005*x° + 1.9*x? - 3.6e-005*x + 1.7e-012

0.5 \ / :

Fig. 4.5 Curve fitting using 4th degree polynomial by Matlab.

The radius of curvature of the film/substrate composition calculated from the mid-plane by Matlab
and Comsol is R=0.11 m

It shows that the simulation results by Comsol is consistent with the numerical model, the small
deviation is due to the different elasticity matrix are used. In Comsol, the elasticity matrix used for

isotropic material is

1—v \% 0

E
Dl=twazs| v 1-v 0 (Eq. 4.35)
0 0 05-v
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Besides, the boundary condition involved can also affect the strain and stress states by restraining the
boundary of the substrate during deformation, whereas for analytical model, the assumption is under
ideal conditions that the film-substrate system is held flat during film deposition and free to bend

upon cooling without applying external forces.
4.2.1.3 Stress/strain simulation due to applied mechanical bending

Consider an isolated beam is subjected to a pair of opposite bending moment of 1E-3 N im over the
left and right ends of the TFT structure. Suppose the beam with Young's modulus E=181GPa,
thickness d=5E-6m, in-plane width w=1m.The initial values of stress and strain in the TFT structure

is negligible.
According to Eq. 4.12, radius of curvature of the beam after bending is

Ed3w
12 M

R= =1.9E-3m

The maximum stress calculated from the numerical equation is

™

d
= 2.4E + 8Pa = 240 MPa

Om = *

\S)
~

The stress and strain distribution simulated by Comsol is shown in Fig. 4.6 and 4.7. Fig. 4.6 shows
the beam bends convexly upward compared to the original position which is shown as the black
outline. The neutral axis is located at the geometrical central of the structure. Above the axis the beam
is under tensile, and below the axis it is under compression. In Fig. 4.7, it shows the contour plot of
stress tensor-x distribution throughout the beam. Different from the analytical model which shows the
average values of stresses at ideal condition, the two dimensional simulation by Comsol indicates the
variation trend of stress throughout the beam. It also shows the region of stress concentration due to
the abrupt change in geometrical shape at the free edge of the beam. Since the stress/strain
distributions in the flexible TFTs may affect the performance and stability of the devices, the

numerical simulations can provide more practical predictions than the analytical solutions.
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Surface: Strain tensor, X component (1)
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Fig. 4.6 Strain tensor-x (Scale factor: 50).
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Fig. 4.7 Contour plot of stress tensor-x (Scale factor: 1).
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The distance between neutral axis and the bottom surface of the substrate is

_ Esd§+ Efdg(2dg+ds)

2 (EodtErdy) =2.52E-06 m
x 10°
6 L L L L L T C C C
data 5
T~
5 — o 4th degree |

1}- i
y = 1.2e+012*x* - 2.5e+007*x° - 63*x + 0.0019*x - 6.8e-011 \
O -
1 r r r r r r r r r
0O 01 02 03 04 05 06 07 08 09 1

x 10°
Fig. 4.8 Curve fitting using 4th degree polynomial by Matlab.

Fig. 4.8 shows the vertical displacement of the TFT measured at neutral plane. By curve fitting, the
radius of curvature calculated from the neutral plane using Matlab and Comsol is R= 1.9E-3 m. In
comparison with the analytical equations, it shows that the simulation results done by Comsol are
consistent with the numerical model. It thus indicates that, the numerical model as well as the setting
of boundary conditions can be extended for the simulation of stress and strain in multiple layer

structures.
4.2.2 Two-Dimensional Model of TFT Devices
4.2.2.1 Stress/strain simulation of ZnO TFT on flexible platforms by mechanical bending

A two-dimensional ZnO TFT structure is simulated using Comsol, wherein the z-component of the
strain was assumed to be zero. The material and geometrical structure of the TFT model is shown in

Fig. 4.9. The source/drain and gate electrode are ITO, and the semiconducting layer is ZnO. The
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insulating layer is SiO,, which is used as a buffer layer to prevent moisture and solvents permeating

into the film, meanwhile maintaining adhesion to the upper layers of the TFT. The channel length (L)

is 0.7 pm. The material properties are given in Table 4.2.

[x107®

ITO

Zn0O

SiNx

SiO,

PET

%107

Fig. 4.9 Schematic of ZnO TFT structure.

Table 4.2 Material properties used in the numerical model of ZnO TFT.

Material E [GPa] v Density [g/cm?] Thickness [m]
ITO 116 [38] 0.35 7.1 0.2
Zn0O 137 [71] 0.36 5.6 0.2
SiN, 250 [72] 0.23 3.1 0.3
SiO, 70 [38] 0.17 2.2 0.3
PET 5[73] 0.4 1.4 10

Now, a pair of opposite bending moment of M=1E-5 N i is applied on both ends of the TFT at

constant temperature, then the distribution of strain tensor-x in the multilayer structure is simulated by

Comsol, as shown in Fig. 4.10. Suppose the initial stress and strain in the TFT structure before

external bending is negligible.
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Fig. 4.10 Strain tensor-x of film-substrate stack by applying bending moment of 1E-5 N m.

It shows the top surface of the stack is under tensile strain, whereas the bottom substrate is under
compressive strain. Due to the applied bending moments, the multilayer stack tends to bend convexly
upward. As compared with the mechanical bending of isolated beam shown in Fig. 4.6, the strain is
less uniformly distribution throughout the structure due to the patterned TFT layers on top of the
substrate. A larger range of compressive strain is shown at the lower left and right corners of the PET

substrate because of the boundary constraint.

Simulations showing the distributions of stress tensor-x in the TFT structure as well as a magnified
channel region are shown in Figs.4.11 and 4.12, respectively. Because the bending moments are
applied to the stack of PET substrate and the above insulating layers of SiO, and SiNy, the only
constraint for the ZnO active layer and the ITO source and drain islands is these layers are bonded
together at the interface, so these regions are subjected to less tensile stresses than other layers during
mechanical bending. In addition, in order to maintain the compatible displacement in the interface of
the perfectly bonded SiNy layer and the ZnO/ITO multilayer, stress concentration is observed at the

top surface of the SiN, beneath the sharp edges of the source and drain islands.
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Fig. 4.11 Stress tensor-x of film-substrate stack by applying bending moment of 1E-5 N m.
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Fig. 4.12 Stress tensor-x distribution in the magnified top surface area.
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The average stress tensor-x and strain tensor-x for each TFT layer are calculated by Comsol and
summarized in Table 4.3. It shows the trend of variation from tensile stress in the top layers of TFT to

compressive stress in the substrate.

Table 4.3 Average stress and strain tensor-x of different TFT layers.

Material  ITO(S/D)  ZnO SiN, ITO(G) SiO, PET

Strain 6.41E-06 2.75E-05 6.69E-05 6.73E-05 6.02E-05  -1.05E-04
Stress [Pa] 8.70E+05 4.37E+06 1.77E+07 8.72E+06 4.34E+06 -7.20E+05

As the height of the mid-plane of each layer is

hij+hj_;

dj
hyi = = h; — > (Eq. 4.30)

If the thick PET substrate is uniformly coated with SiO, and SiNy layers with the same thickness of
300 nm, the neutral axis calculated from the above equation is

n  Eidihp;
hy = Z=fi00ni = 78 .6 m
i=1 Fi%i

The neutral axis can be distinguished from the color legend in Fig. 4.10. As shown in Fig. 4.13, it
shows the vertical displacement of the TFT at the neutral axis. Using curve fitting method, the radius

of curvature calculated from the neutral axis by the use of Comsol and Matlab is R=3.33E-2 m.
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Fig. 4.13 Curve fitting using 4th degree polynomial by Matlab.

4.2.2.2 Proposed designs to minimize stress induced strain within the active TFT layer under bending

In order to improve the flexibility of electronic devices, the active functional layers can be placed
near the neutral mechanical plane, where the strain is zero [74, 75]. For ZnO TFTs, because the active
ZnO layer is the most sensitive and fragile among other layers as well as being a semiconductor, it
can be placed near the neutral plane to be protected against the applied strain. This can be realized by
varying the thickness of encapsulating layers such as epoxy coating or changing the thickness of
buffer layer, e.g. SiOy. In the present simulation, a thick epoxy encapsulating layer is deposited on top
of the ZnO TFT, as shown in Fig. 4.14. Suppose the Young's modulus and Poisson's ratio of the
epoxy layer is 3.1 GPa [76] and 0.3, respectively.
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Fig. 4.14 Schematic of ZnO layer near the neutral plane by adjusting the thickness of the

encapsulating layer.

In the case that the ZnO layer is placed at the neutral plane, according to the neutral axis equation, the
position of neutral axis should be

_ Zi= Eidihmi _ )
hy = SoEG - 10.9E-6 m

Calculated from the above equation, the thickness of the encapsulating layer would be around 15.4E-
6 m. Thus, a thick encapsulating layer with thickness of 15.4E-6 m is coated on top of the ZnO TFT
device to locate the ZnO layer near the neutral axis. The resulting strain distribution in the TFT is
shown in Fig. 4.15. The ZnO layer is now located near the neutral plane after the coating of the
encapsulating layer with thickness of 15.4 E-6 m on the top of the TFT structure.
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Fig. 4.15 Location of ZnO film near neutral plane by varying the thickness of the encapsulating layer.

4.2.2.3 Simulation of flexible TFT structures using different inorganic and organic materials
(@) a-1GZO TFT and pentacene organic TFT

An extension of the numerical model of ZnO TFT is to simulate different inorganic or organic TFTs.
The numerical model is used to simulate a-IGZO TFT and organic TFT by replacing the ZnO layer
with a-1IGZO and pentacene, respectively. In order to compare the differences resulting from the use
of different active layers, the other TFT materials and structures, as well as the bending conditions are
kept constant. The TFT structures are shown in Figs. 4.16 (a) and (b), respectively. The material

properties of a-1GZO and pentacene are given in Table 4.4.
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Fig. 4.16 Schematic of TFT structure: (a) a-1GZO TFT; (b) pentacene organic TFT.

Table 4.4 Material properties used in modeling organic and inorganic TFTSs.

Material E [GPa] v Density [g/cm’] Thickness [Jm]
a-1GZ0 137[38] 0.36 6.27 [77] 0.2
Pentacene 15[78] 0.4 1.36 [79] 0.2

By applying the opposite bending moment of M= 1E-5 N im, the distribution of stress and strain in the
a-1IGZO TFT multilayer TFT structure is similar to those in the ZnO TFT due to the use of similar
material properties (e.g. same film thickness and Young’s modulus). In comparison, the organic TFT
shows different levels of stress and strain because there is a significant difference in the value of
Young’s modulus. A comparison of the strain distribution in the a-IGZO TFT and the organic TFT

are shown in Figs. 4.17 and 4.18.
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Fig. 4.17 Strain tensor-x in a-IGZO TFT device due to applied bending moment of 1E-5 N m.
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Fig. 4.18 Strain tensor-x in pentacene organic TFT due to applied bending moment of 1E-5 N m.

52



Similar to the ZnO TFT model, above the neutral axis, the TFT is under tensile strain, and below the
neutral axis, the TFT is under compressive strain. Moreover, it shows the pentacene TFT is subjected
to larger strains in the pentacene layer. This is because the pentacene material has smaller values of
stiffness (Young’s modulus times thickness) than ZnO and a-1GZO, thus is vulnerable to deform
during mechanical bending. The stress distribution in a-IGZO TFT and organic TFT are shown in
Figs. 4.19 and 4.20. The stress concentration is reduced in the organic TFT because a relatively lower
level of stress is required to maintain the compatibility of the insulating layer with the compliant
pentacene layer.
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Fig. 4.19 Stress tensor-x in a-IGZO TFT device due to applied bending moment of 1E-5 N m.
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Fig. 4.20 Stress tensor-x in pentacene organic TFT device due to applied bending moment of 1E-5

N m.

The average values of stress and strain in each layer of different inorganic and organic TFT structures

are summarized in Table 4.5. Comparisons of these results are plotted in Fig. 4.21 and 4.22.

Table 4.5 Average stress and strain tensor-x of different TFT layers.

TFTs Material ITO(S/D) Active layer SiNy ITO(G) SiO, PET
Strain 6.41E-06 2.75E-05 6.69E-05 6.73E-05 6.02E-05 -1.05E-04
ZnO
Stress [Pa]  8.70E+05 4.37E+06 1.77E+07 8.72E+06 4.34E+06 -7.20E+05
Strain 6.41E-06 2.75E-05 6.69E-05 6.73E-05 6.02E-05 -1.05E-04
a-1Gz0o
Stress [Pa]  8.70E+05 4.37E+06 1.77E+07 8.72E+06 4.34E+06 -7.20E+05
Strain 5.21E-06 4.57E-05 6.84E-05 7.74E-05 6.24E-05 -1.05E-04
Pentacene

Stress [Pa] 6.97E+05 8.56E+05 1.81E+07 9.92E+06 4.50E+06 -7.17E+05
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Fig. 4.21 Comparison of strain tensor-x in each layer of different TFT structures.

It is shown in Fig. 4.21 that the pentacene layer is subjected to relatively larger strain than the ZnO
and a-IGZO active layers. The pentacene organic layer with a small Young’s modulus is compliant
and easily to deform as a result of the external mechanical bending. Due to the bonding at the
interface of multiple layers, the insulating layers of SiN, and SiO,, as well as the ITO gate in
pentacene organic TFT undergo relatively larger tensile strain than the same material in the ZnO TFT
and a-1GZO TFT. Because of the constrained boundary of the PET substrate and its thickness, the
strain in PET substrates is uniform among different TFTs. In Fig. 4.22, it shows the flexible
pentacene layer is subjected to less levels of stress, compared to the ZnO and a-1GZO layers which
have larger Young’s modulus. A relatively small tensile stress is found in the ITO source/drain

islands, and a relatively small compressive stress is shown in the thick PET substrate.
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Fig. 4.22 Comparison of stress tensor-x in each layer of different TFT structures.

Similar to the ZnO TFT model, the resulting strain and stress in the semiconducting layer during
mechanical bending can be reduced by adjusting the thickness of other TFT layers, such as changing
the thickness of the encapsulating layer or the buffer layer. As a result, the active layer is placed near
the neutral mechanical plane of the structure, thereby enabling improved bendability and stability of
the TFT device.

(b) a-Si:H TFT

In order to simulate the mechanical bending of a-Si:H TFT, the above numerical model is modified
by replacing the active layer with a-Si:H layer and an additional n+ a-Si:H layer with 50 nm thickness
between the a-Si layer and the source and drain islands. The a-Si TFT structure is shown in Fig. 4.23.
The material properties of a-Si and n-type a-Si are listed in Table 4.6.
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Fig. 4.23 Schematic of a-Si TFT structure.
Table 4.6 Material properties used in the numerical model of a-Si TFT.
Material E [GPa] v Density [g/cm?] Thickness [m]
a-Si 150 [80] 0.22 2.0 0.2
n-type a-Si 147 [81] 0.22 2.0 0.05

When a pair of bending moment of 1E-5 N i is applied on both ends of the TFT structure, the
distribution of strain and stress tensor-x are shown in Figs. 4.24 and 4.25. The average stress and

strain tensor-x are summarized in Table 4.7.
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Fig. 4.24 Strain tensor-x in a-Si TFT device.
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Fig. 4.25 Stress tensor-x of a-Si TFT.
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Table 4.7 Average stress and strain tensor-x over each layer of a-Si TFT.

TFTs Material ITO(S/D) n+ a-Si A|§3t/levre SiN,¢  ITO(G)  SiO, PET
Strain 3.35E-06 1.29E-05  2.75E-05  6.69E-05 6.69E-05 6.01E-05 -1.05E-04
a-Si
Stress [Pa] 4.62E+05 1.99E+06 4.33E+06 1.77E+07 8.69E+06 4.33E+06 -7.20E+05

Similar to the ZnO-TFT and IGZO-TFT, large stress concentration is generated at the top surface of
SiN, near the semiconducting layer of a-Si TFT. As we discussed before, the normal stresses oy iS
increased in the above region to maintain compatibility of multiple layers during mechanical bending.
Compare with the stress distribution in pentacene organic TFT, much larger stresses are generated in
the stress concentration region due to the relatively harder a-Si layer with a larger Young’s modulus.
The maximum values of stress in the stress concentration region of different TFTs and the average
values of stress tensor-x in the various active layers are plotted in Fig. 4.26.
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Fig. 4.26 Average stress tensor-X in the various active layers and maximum stress tensor-x in different
TFT structures.

As shown in Fig. 4.26, the average of the stresses generated in the pentacene layer is smaller than
other semiconducting layers due to its compatible properties in terms of having a smaller Young’s

modulus. Likewise, the maximum value of stress in the stress concentration region of the pentacene
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TFT is the smallest among all these devices. Compared with the ZnO-TFT and IGZO-TFT, the
maximum stress in a-Si TFT is 5.74E+07 Pa, which is 8.6 MPa larger than ZnO and 1GZO based
TFTs due to the relatively harder a-Si material with a larger Young’s modulus. Since the yield
strength of SiN, is 14 GPa [67], all of above TFT structures remain intact and stable during the
mechanical bending as the maximum stresses in the SiNy layers are far below the limit. The other
TFT layers are also under normal condition as the stresses resulting from bending are several orders
smaller than their yield strength, thus these TFT devices can withstand greater levels of mechanical
bending without breaking.

4.2.3 Numerical Simulation of Complex TFT Devices
4.2.3.1 Simulation of flexible double gate TFT

Nowadays, double gate TFTs have attract more attention because the double gate configuration
facilitates device scaling to ultra-small dimensions and provides more drain current [82]. A simulation
of a double gate TFT is made by Comsol Multiphysics based on the numerical model of a-1GZO TFT.
On top of the bottom gate TFT structure, a SiO, insulating layer and an additional gate electrode is
formed. The top and bottom gate material used in this model is Chromium (Cr), and the source and
drain electrodes are Aluminum (Al) since Cr and molybdenum are commonly used gate materials
while Al is commonly used for source and drain electrode [83]. All the other materials and structures
are kept the same as in the a-1GZO TFT. The properties of these materials are listed in Table 4.8, and

the schematic structure of the dual gate TFT is shown in Fig. 4.27.

Table 4.8 Material properties of a dual gate TFT device.

Material E [GPa] v Density [g/cm’] Thickness [pm]
Cr 279[84]  0.21[85] 7.2 0.2
Al 70 0.33 2.7[77] 0.2
SiO,(top) 70 0.17 2.2 0.4
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Fig. 4.27 Schematic of a dual gate TFT structure.

When a pair of bending moment of M =1E-5 N m is applied to the left and right boundaries of the

TFT structure, the strain and stress distribution are shown below.
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Fig. 4.28 Strain tensor-x by applying bending moment of 1E-5 N m.
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Fig. 4.29 Stress tensor-x by applying bending moment of 1E-5 N m.

Fig. 4.28 shows the dual gate TFT tends to bend convexly upward as a result of the external bending,
thus the top region of the TFT stack is under tensile strain, whereas the bottom region of the thick
substrate is under compressive strain. In Fig. 4.29, stress concentration is generated in the region with
sharp change of boundary. Moreover, the SiNy layer and the bottom-gate of Cr are subjected to
relatively larger stresses due to their larger Young’s modulus values. In comparison, much less stress
and strain occur in the unconstrained top gate of Cr. The average stress and strain values are listed in

Table 4.9. A comparison of the stress and strain data is shown in Figs. 4.30 and 4.31.

Table 4.9 Average values of stress and strain tensor-x of the double gate TFT.

Material Cr SiO,(top) AI(S/D) a-1GZO SiNy Cr(G) SiO, PET

Strain 3.92E-06 5.38E-05 3.74E-05 3.58E-05 5.01E-05 3.84E-05 4.25E-05 -1.06E-04

Stress [Pa] 1.14E+06 3.90E+06 2.91E+06 5.53E+06 1.32E+07 1.11E+07 3.05E+06 -7.39E+05
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Fig. 4.31 Average values of Stress Tensor-x in TFT multilayer.

In Fig. 4.30, all the layers show tensile strain except the substrate which generates compressive strain
during mechanical bending. The top Cr gate shows the smallest tensile strain than the other layers.
The a-1GZO layer shows an average strain of 3.58E-05, and an average stress of 5.53E+06 Pa. In
order to reduce the stress and strain in the active layer, the a-IGZO layer can be placed near the
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neutral plane of the TFT structure by varying the thickness of other layers, as presented in the
simulation of ZnO based TFTs. Besides, the harder SiN, and Cr bottom gate which have larger
Young’s modulus show relatively larger stresses than other layers, as shown in Fig. 4.31. However,
compare to the yield strength of SiN, material, the resulting stress is much lower than the yield limit,

thus the double gate TFT shows great flexibility during mechanical bending.
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Chapter 5 Conclusions

Recently, flexible electronics has attracted increasing attention due to the advantages of mechanical
flexibility of building electronic systems on flexible and light-weight substrates. Since the thin-film
transistors are the essential components of flexible electronics, the primary focus of the present study
is to investigate the mechanical flexibility of thin-film transistors.

Both analytical and numerical models are studied to determine the states of stress and strain in thin
films deposited on flexible substrates resulting from film deposition process as well as applied
mechanical bending. Starting with a basic model of single thin film deposited on a thick substrate, the
analytical models have been extended to analyze the average stress and strain of multilayer stack
resulting from the temperature change and external bending. The radius of curvature as well as the
position of neutral axis is analyzed based on the analytical formulas. On the other hand, numerical
models of thin films deposited on flexible substrate have been built by Comsol Multiphysics to
simulate the distribution of stress and strain in the multiple films-substrate combination. It shows that
the simulation results presented by Comsol are consistent with the analytical models.

Based upon the basic model of film-substrate system, several complex numerical models have been
built up for simulating the stress and strain in different inorganic TFT structures (ZnO, a-IGZO, and
a-Si based TFTs) and organic TFT (pentacene TFT). Compared with the analytical models, the
numerical models not only show the stress and strain distribution in two-dimensional patterned TFT
structures, but also provide efficient prediction of the system by studying variables, such as
minimizing high stress and strain fields of important active layers by locating these layers near the
neutral plane of the TFT structure. Furthermore, these models can be used to analyze and optimize the
mechanical properties of more complicated and flexible electronics devices by varying structures,

materials, and other thermal or mechanical parameters.
Recommendations for Future Work

Besides the simulation of mechanical properties of flexible TFTs, it is also feasible to combine the
numerical models with the characterization of their electrical properties. One interesting topic for
further studies is to explore the correlation between the electrical properties and the mechanical

properties of TFTs based on the numerical models, which may include:

Q) Characterization of piezoelectric effects of piezoelectric materials due to mechanical
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deformation

Take ZnO as an example. It is known that, ZnO has piezoelectric properties that the mechanical
energy can convert to electrical energy, and vice versa [86]. Based up on this phenomenon, when the
ZnO based device is strained, the generation of electrical polarization can be characterized, the
reverse is also true. A brief simulation of the piezoelectric effects is described below. A model of
multilayer cantilever beam with piezoelectric interlayer is built up using piezoelectric device module.
After defining material properties and boundary conditions, input the electrical potential and mashing
the structure. Then compute the module and analyze the displacement of the beam as a result of the
piezoelectric effects. Similarly, a value of displacement of the beam can be defined and then calculate
the electrical potential within the piezoelectric device. So it is desirable to correlate the mechanical

properties of piezoelectric devices with the electrical properties.
2 Simulation of the change of electrical properties due to mechanical deformation

The previous research shows the behavior of electrical characteristics of a-Si:H thin-film transistors
are affected by mechanical strain because the mechanical deformation dominates the re-distribution of
trap states in the bandgap [87]. As a result of the applied mechanical strain, the disordered bonds in a-
Si may cause a redistribution of trap states, resulting in unstable electrical characteristics, leading to a
shift of threshold voltage and the mobility of carriers. The previous research findings have indicated
the potential use of numerical model to simulate the shift of threshold voltage due to the effects of
doping in transistors using Comsol [88]. Based on this numerical model, it is feasible to simulate the
shift of threshold voltage due to the mechanical deformation of flexible TFT devices for future work.
Since the shift of threshold voltage is related to charge trapping, it is possible to present the link

between the mechanical properties and the electrical properties of flexible TFTs.

In summary, it is feasible to combine the numerical models with experimental results to simulate both
the mechanical and electrical properties of TFT devices. Compared with the analytical models, the
numerical models are competent in predicting consistent and reliable results for the study of
mechanical properties of flexible TFT devices. It is straightforward to design complex TFT devices
and simulate the mechanical and electrical performance with numerical models. A comprehensive
experimental study of mechanical bending test of TFTs and characterization of their electrical
properties can be carried out to verify the simulation results. Furthermore, it is beneficial to build the
numerical models to simulate both the electrical and mechanical properties which provide an efficient
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guidance on the development and fabrication of novel TFTs and more complicated electronic devices.
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