Defect and Elemental Analysis of Oxide TFT toward

an All-solution processed Device

(EBRNETO+LRZBIEL-BIEYERNS Y
DAZDRIEETR 7 HT)

March 2018

Chaiyanan KULCHAISIT

Graduate School of Materials Science

Nara Institute of Science and Technology






Regards to you



Abstract

The Internet of Things (I0T) has been the current trend in various applications
and play an important role continuously to the future. Forthcoming information device
has been introduced such as flat panel display technology, smartphone, or smart wall/
window. However, the demand for each product is rapidly getting higher in recent years.
One of the most important parameters is the thin-film transistor (TFT), which acts as a
switch driving current in the circuit or controlling in each pixel on the display. TFTs using
amorphous oxide-semiconductor (AOS) have been emerging as a next-generation display
because AOS TFTs exhibit high electron mobility even if those TFTs were fabricated at
room-temperature.

Chapter 1 introduced amorphous metal oxide semiconductors such as amorphous
Indium Gallium Zinc Oxide (a-1GZO) and amorphous Indium Zinc Oxide (a-1Z0)
semiconductor which have been used as an active channel layer in  TFT, due to their
high mobility (1), good uniformity, reasonable reliability, and low power consumption.
Unfortunately, costly vacuum-based techniques are required, which is a drawback in mass
production. Solution-processed methods have been recently developed to replace those
costly processes. However, it is extremely challenging to improve the performance of
solution processed TFTs to be comparable with the traditional vacuum-based TFTs.

This study focuses on the method to improve the performance of oxide TFTs
through a hybrid material called “Siloxane” utilized as a passivation layer or gate insulator
(GI). Each chapter will show the improvement of electrical characteristics and study of
the defect analysis mainly by Secondary ion mass spectrometry (SIMS) and X-ray
photoelectron spectroscopy (XPS) to develop a high-quality device suitable for the

industrial application towards the all-solution process.



In chapter 2, | examined the influence of siloxane-based passivation on the
reliability of a-1GZO TFTs. | also examined the effect of the amount of OH bonds
contained in the siloxane precursor on the reliability of a-IGZO TFTs. Siloxane with
different chemical bonding such as high OH-bond and less OH-bond were employed. |
proposed that the amount of OH-bonds in the siloxane chemical structure affects the
reliability of a-1GZO TFTs. TFT transfer characteristic is measured by drain current (lgs)
- gate voltage (Vgs) to observe the switching behavior and to calculate the electrical
characteristics. TFT reliability is characterized by a positive bias stress (PBS), the
reliability was evaluated by determining the amount of threshold voltage shift (AViw).
After subjecting to PBS, the transfer curve shifted positively in parallel, and the amount
of AV during the PBS was AVi = 6.1 V from the initial state to 10000 sec. The film
samples are investigated to study the mechanism to understand the reliability control by
XPS and SIMS.

The TFTs passivated with a siloxane having less and high OH-bond were
characterized after PBS (Vg = 20 V, and 10000 sec). The TFTs with a siloxane having
high OH-bond shows a hump effect in the las- Vgs curve. The transfer characteristics of
the TFTs with a siloxane having less OH-bond yielded better transfer characteristics
without the hump and excellent reliability of AV = 1.4 V even after the PBS test.

In chapter 3, | focus on a-1GZO TFT top gate structure by using siloxane as a GlI.
This study shows a comparison of the TFT characteristics of bottom gate contact with
SiO2 Gl and top gate a-1GZO TFT with siloxane Gl. The top gate TFT showed good
transfer characteristics with higher field-effect mobility (ure) of 38.09 cm?/Vs, lower
threshold voltage (Vi) of 3.21 V, and lower subthreshold swing (S.S.) of 0.16 V/decade.,

Moreover, the TFT with siloxane Gl also showed a smaller hysteresis loop than that of



the SiO2 GI. The analysis results proved that hydrogen from siloxane layer diffused into
a-1GZO layer and siloxane protected the surface of a-IGZO from ambient effects which
improved the characteristics. The formation of additional O-H bonds in the a-1GZO layer
from siloxane layer generated free electrons which increased the pre. Furthermore, |
confirmed that the siloxane’s surface quality is suitable for GI application leading to only
a slightly higher leakage current of ~10° A compared to SiO, GI, which has a leakage
current of ~10° A,

In chapter 4, | fabricated a self-aligned TFTs through an all-solution process
method by using a-1ZO with an atomic ratio of In:Zn = 77:23 as both a semiconductor
and electrode material. Here, I will show how UV treatment can be used to increase the
amount of oxygen vacancies in a-1Z0 and transform it into an electrode. The 50-nm-thick
a-1Z0 layer is deposited by spin coating on the substrate. GI used is a siloxane with a
thickness of around 100 nm. To make source/drain and gate electrodes | deposit a-1ZO
layer again on top and then utilize the UV treatment to irradiate specific areas of the a-
1ZO film reducing the resistivity of the affected area from 7.0x102 Q-cm to 6.73x10 Q-
cm after UV-induced transformation. This study also showed the first switching
characteristics without any metal electrode fabricated by an all-solution process, in which
the Wre, Vin, S.S., and on/off ratio were 8.02 cm?/Vs, 3.70 V, 0.32 V/decade, and 107,
respectively.

This research establishes the benefits of solution processed siloxane as a good
passivation layer and gate insulator in improving oxide TFT electrical characteristics.
Hydrogen, oxygen, and hydroxide from siloxane support the oxide channel to improve
the TFT performance. According to these results, the novel structure of an all-solution

processed TFT will play a major role in the next generation devices.
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Chapter 1

Introduction

1.1 Background

The Internet of Things (1oT) is becoming increasingly commonplace nowadays.
loT consists of a gigantic network of internet-connected things and devices. Presently,
people are spending a few minutes to access information across the world, interact with
machines through the screen system, receive worldwide information by using a personal
computer or easily communicate with each other via a social network. This generational
trend started when the machines have been providing direct communication with people.

The first radio voice transmission took place in 1900 and then the development
of computers began in the 1950s [1], which are necessary components for developing IoT.
The name 10T has not been around for very long and the concept became more clearly
imagined in 1994 when the world’s first smartphone from IBM was developed which
included telephone touchscreen features, email capability, and other functionalities [2].

In 2007, human living behavior was changed after the first iPhone was released
by Apple Inc. [3]. The most interesting thing is the buttonless or touchscreen system with
expanded and wider display that made the mobile phone more beneficial with a variety
of application such as playing games, watching movies, or browsing the internet. With
these applications, it is undeniable that the iPhone is a standard prototype for the
smartphone in the 2000s. Recently, the smartphone market is getting more competitive
together with the challenge of device development by breaking through several material

limitations. Figure 1.1 shows the trend of the smartphone evolution from the past until



now, starting with curved to rollable display. All trends lead to incorporating the
flexibility of the whole device, which can be wearable, comfortable, and unbreakable.

Flat-panel display (FPD) is one of the most important components which plays
a major role in this technology: not only is the demand in the smartphone market
increasing but also the demand for automotive touch panel monitors as shown in Figure
1.2. FPDs are finding widespread use in many new products, such as smartphones,
automotive displays, tablets, portable games, laptop personal computers (PCs). Organic
light emitting diode (OLED) and active matrix OLED (AMOLED) display become
trending nowadays as in Figure 1.3 and 1.4, respectively, due to their higher resolution,
less noise, and brighter light while using less energy than existing LCD/LED technologies.
These devices are expected to be slim, lightweight, rugged, and portable. Having all these
attributes will enable a wide variety of commercial applications in the future.

A display is composed of a grid or matrix of picture elements called pixels.
Thousands or millions of these pixels together create an image on the display. Thin-film
transistors (TFTs) act as switches to individually turn each pixel on to pass light or off to
darken the display. The TFTs are the active elements, arranged in a matrix, on the display.
In many types of research, researchers fabricate TFTs because an advantage of TFTs is
that a wide array of substrates can be used. For instance, the flexible display was
developed by fabrication of TFTs on plastic substrates to respond to a high demand for

flexible display in the future as shown in Figure 1.5.
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Figure 1.1 Display evolution trend until now [4].
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Figure 1.2 Automotive touch panel forecast by IHS [5].
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Figure 1.4 AMOLED forecast by IHS Market [7].
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Figure 1.5 flexible display shipment forecast by IHS [8].

1.2 Thin-film Transistor (TFT)

1.2.1 TFT technology and performance

Thin-film transistors (TFTs) are indispensable in future extensive network
technology as they can be used to develop advanced electronic devices applications such
as liquid-crystal display (LCD) technology, displays attachable to windows and walls as

shown in Figure 1.6, that may have advantages such as flexibility, lightweight, impact



resistance and low cost [9]. TFT is a special kind of field-effect transistor which consists
of a semiconductor, gate insulator, electrode, and substrate as the main structure called
metal-insulator semiconductor field-effect transistor (MISFET) [10].

At this moment, the thin layer can be mainly formed by two kinds of processes.
The most common process is vacuum process such as physical vapor deposition and
plasma-enhanced chemical vapor deposition. An emerging method that is used instead of
the traditional process is solution process such as spin-coating, sol-gel, and 3D printing
technology [11]. After a sputtered material was formed on the substrate, a pattern can be
created by a lithography technique and etching [12].

For the operation of TFTs, TFTs have three metal-electrode terminals: the source,
gate, and drain. Usually, the source is at zero potential, and the required voltage is applied
to the drain. The semiconductor region between the source and drain is called the channel
and the resistance of the channel changes when a voltage is applied to the gate. The
current which flows between the source and drain is controlled by the gate voltage and
the TFTs act as switches in a circuit. VVarious materials have been examined as a channel
layer, amorphous oxide materials are promising for next-generation display because they
can provide high electrical mobility (>8 cm?/Vs), lower process fabrication temperature
(room temperature), and higher scalability (2200x2500 mm) compared with a
commercial silicon [13]. For more detail, the oxide semiconductor will be described in

section 1.4.



Figure 1.6 The example of future display project of self-driving car by Mercedes
(left) and transparent display by Panasonic (right) [14,15].

A TFT is a class of field-effect transistor (FET) comprising three important
terminals (gate, source, and drain) and including semiconductor, a gate insulator, and
conductive electrode. The semiconductor placed between the source and the drain
electrodes to form the channel layer or the current flow between drain and source. Next
is the gate insulator that is located between the gate electrode and the semiconductor,
usually using a high dielectric constant (k) material as a gate insulator to increase the TFT
transconductance and avoid the dielectric breakdown. The general idea for this device is
to control the current between drain and source (lgs) by varying the potential between gate
and source (Vg), which induces free charge accumulation at the gate
insulator/semiconductor interface [16].

TFT structure can be specified by four possible ways by stacking order of the
gate electrode, channel layer, and source/drain electrodes. As illustrated in Figure 1.7,
these four structures are (i) staggered bottom-gate, (ii) staggered top-gate, (iii) coplanar
bottom-gate, and (iv) coplanar top-gate [17]. This designation depends on the gate
electrode location as well as the relative position of the source/drain and gate terminals.
For more simplicity, if the gate electrode is on top of the channel layer, the device
structure is a top-gate type. In contrast, if the gate electrode is below the channel layer,

the device structure is a bottom-gate type. When the source/drain electrodes and the gate



electrode are on the opposite side of the channel, the device has a staggered structure.
Furthermore, if both the source/drain electrodes are on the same layer with the channel,

the device has a coplanar structure.

(i) Staggered (iii) Coplanar
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Figure 1.7 lllustration of the different types of TFT structure.

The selection of a structure depends on the suitable parameters such as the
material type, fabrication methods, deposition technique, post-processing treatment, or a
number of steps of the UV-lithography masks involved. For example, if the
semiconductor is very sensitive to the ambient environment, a top-gate structure is a
favorable choice because the semiconductor layer is protected by the top layers such as
gate insulator layer and provides self-passivation. However, since the gate insulator film

is deposited after the semiconductor layer, the fabrication conditions for the gate insulator,



such as the processing temperature or plasma condition, become a concern because they
can alter semiconductor properties. Another example in which either a staggered bottom-
gate or a coplanar top-gate structure would be preferred if the semiconductor layer is very
fragile. In such a situation, source/drain electrode formation should not involve the use of
an etchant. Instead, a liftoff patterning procedure is preferred [18].

For the TFT operation, the type can be designated by enhancement or depletion
mode depending if the threshold voltage (Vi) is positive or negative. Enhancement mode
is typically preferred because a gate voltage is not necessary to turn off the device or to
achieve its off-state [19]. The depletion mode devices are still useful for circuit fabrication
such as loads for nMOS logic circuitry. When Vgs>Vin, a significant density of electrons
is accumulated at the gate insulator/semiconductor interface and a large lgs starts flowing,
depending on the drain-to-source potential (Vas).

A typical characterization of TFTs involves source to drain (lgs) versus voltage
from gate to source (Vgs) measurements where transfer curves are obtained as shown in
Figure 1.8. The transfer curve offers a quantitative analysis and the following electrical
characteristics can be determined: (i) Field-effect mobility (ure) is one of the most used
methods to determine in TFTs, which is obtained after the transconductance (gm) at low
Vs. (ii) Saturation mobility (Usat) is also commonly determined in TFTs and it describes
a situation with the effective length. As for pss, it is obtained from gm but at high Vgs. (iii)
The threshold voltage (Vi) corresponds to the Vgs for which a significant charge is
accumulated close to the gate insulator/semiconductor interface. A possible methodology
to determine this parameter is using a linear extrapolation of the lgs-Vgs at low Vas. (iv)
Subthreshold swing (SS) is the parameter that indicates the Vg required to increase lgs by

one decade, as seen in the subthreshold region, which is defined in VV/decade. (v) On/off



ratio (lon/loff) is the ratio of the maximum to minimum lgs. The on and off current have
prescribed values wherein a higher on-current offers better driving capability, while a
lower “off” current results in low leakage current and reduced idle power consumption.
All these parameters are extremely relevant to evaluate the TFTs performance and

understanding these can enable TFT integration into more complex systems.
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Figure 1.8 Transfer curve of an n-type TFT.

1.3 Trend and issues of future TFTs

Even though the lack of ability compared to the principal TFT technology which
is a-Si:H, oxide TFTs are starting to assume a dominant role in the display industry,
through a lot of announcements of commercially available products integrating this
technology: from large area 4k OLED TVs to smartphones. Moreover, a lot of progress

will certainly be performed in the future on oxide TFTs that will enable an ever more
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applicable existence in different markets, ranging from fully transparent displays to
disposable products.

The current research trends in this area are summarized by following: research
of new approaches in order to optimize processes, improve TFT performance, and reduce
the high cost during the fabrication process. Beside this, there is a consistent research for
alternative and sustainable oxide semiconductors and gate insulators, both in terms of
creating novel materials such as hybrid inorganic/organic are also included, and
innovative structures, where nanostructures as multi-channel nanowires and nanoparticles
are deserving increased attention for ultimate performance levels [20].

Another interesting topic is the transfer of fabrication process from vacuum
process to simpler solution process, such as spin coating, sol-gel, or printing technology.
Even if the initial works on solution processed oxide TFTs were based on high
temperature processes and yielded low performance [21,22], currently, there are quite
interesting reports on these devices processed at temperatures as low as 200°C suitable
for the flexible plastic substrate, giving similar characteristics to their vacuum processed
counterparts [34-36].

In terms of p-type oxide TFTs, which are required for CMOS architectures using
oxide technology, materials as tin and copper oxide have been produced at room
temperature and annealed at temperatures as low as 200°C. However, the device
performance is far subpar compared with that achieved with n-type oxide TFTs [23,24].
With these research techniques, oxide materials can be processed at very low
temperatures given the great environmental concern these days. Flexible substrates and

low power circuits have also been considered. Nowadays, researchers are developing new
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ideas such as introducing paper in electronics, realizing a recycle electronics concept.

[25,26].

1.4 Oxide semiconductor TFTs
1.4.1 Oxide material properties and its applications as a

channel layer of TFTs

In principle, the semiconductor materials that are used as TFT channel layers are
hydrogenated amorphous silicon (a-Si:H) and polycrystalline silicon semiconductors.
However, compared to a-Si:H TFTs, Amorphous oxide semiconductor (AOS) TFTs
provide much higher mobility. In contrast, compared to polycrystalline silicon TFTs,
AOS shows much lower off current, more suitable fabrication in large-area electronics
applications because of the absence of grain boundaries that provide good uniformity,
ultra-smooth surface and it can be made by low temperature process.

AOS materials are one of semiconductor channel materials candidate used to
make a TFT. Other semiconductor materials can also be used as TFT channel layers such
as organic semiconductors. However, organic TFTs still have many issues such as poor
mobility, poor reliability, and non-uniformity. Among all AOS materials that have been
studied, most are n-type semiconductor [27]. The p-type AOS material has also been
reported in [28] but the film contains nanocrystalline-embedded amorphous phases.

AOS are ionic materials composed of multi-cation-component metal oxides [29].
Cations employed are selected from the periodic table columns 11 to 15 and rows 4 to 6.
Such cations possess an outer shell electronic configuration of (n-1)d*°ns®, where n > 4.
Out of all the 15 metal elements in this group, only a few metal oxide combinations have

been found to be useful for TFT applications. Some metals form oxides with poor
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conductivity. Due to these cations providing a demerit in each element, some elements
have high toxicity such as As, Cd, Hg, Pb or some element are expensive such as Ga, Ge,
In, Au. The most common AQS currently under investigation include indium gallium zinc
oxide (IGZO) [30], zinc-tin-oxide (ZTO) [31], and indium zinc oxide (1ZO), since they
can generate high mobility and large on/off current ratio[32]. At the moment, IGZO TFTs
are mainly moving towards commercialization with high mobility, low sub-threshold
swing, and better bias stress stability compared to other oxide materials.

The AOS material development concept originated from Hosono and coworkers,
in the topic of “ Novel oxide amorphous semiconductors: transparent conducting amorphous
oxides” and “Working hypothesis to explore novel wide bandgap electrically conducting
amorphous oxides and examples” in 1996 [33,34] for creating transparent conductive
oxides. To achieve both high transparency and conductivity, Hosono and his coworkers,
summarized their research following (i) a large overlap between relevant orbitals is
required. (ii) Use multiple cations to depress film crystallization and keep the material
amorphous. (iii) Multi-component oxides are preferable to single oxides with respect to
the formation of an amorphous state.

In ionic oxides, the conduction band minimum (CBM) is formed primarily by
the metal cation’s vacant ns-orbital. Since a ns orbital is isotropic and has large ionic radii,
the electron clouds of atoms are jointed together like a chain as in Figure 1.9 [35]. Due to
the direct overlap between neighboring metal ns-orbitals, a continuous path will be
formed, which improves carrier transport and mobility. For comparison, in a conventional
covalent semiconductor such as silicon, the conduction band minimum, and valence band
maximum are made of highly directional sp® hybridized orbitals that form anti-bonding

and bonding states, respectively. For covalent amorphous semiconductors, structural
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distortion significantly degrades bond overlap. Therefore, the electron mobility is reduced
severely. For example, the mobility of a-IGZO TFT is in the range of 10-40 cm?/V-s,

while the mobility of a-Si:H TFT is only around 1 cm?/V/-s or less.

Crystalline Amerphous

Figure 1.9 Schematic orbital drawing for the carrier transport path of crystalline and
amorphous oxide semiconductors [35].

1.4.2 Degradation of TFTs on the backchannel

Figure 1.10 shows the major degradation behavior of the oxide semiconductor
which focuses on the ambient effect or adsorption and desorption of the water and oxygen
molecules on the backchannel surface [36]. Ambient impurities can easily adsorb on the
backchannel and act as an electron donor by increasing electrons in the backchannel
surface makes higher carrier concentration which affects the threshold voltage shifts to
the negative side. In contrast, oxygen from the ambient will react with electrons inside
the channel layer forming an oxygen ion, which induces a lower carrier concentration and
makes the threshold voltage shifts to the positive side. This phenomenon leads to the poor
reliability of oxide TFTs, especially those with a bottom gate structure [37,38].

Other degradation behavior is related to the vacuum process deposition, which

damages the backchannel during deposition of succeeding layers. This effect generates
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interface trap which worsens the electrical characteristics or induces the channel layer to

become highly conductive [39].

Ambient effects
H20 O2

¢216Z0 &
e ¢ €

Sio,

Si substrate

Figure 1.10 IHlustration of adsorption and desorption of the water and oxygen
molecules in the backchannel of bottom gate a-1GZO TFTs.

1.4.3 Gate insulators and their issues

Gate insulators are an important parameter in the TFT design structure, which
usually require smooth surface roughness to avoid electron scattering from the channel,
high capacitance to increase the electrical transconductance, and high thickness to avoid
breakdown voltage and current leakage. The most common gate insulator is silicon
dioxide, which has a capacitance of 3.45x10® F/cm? with 100-nm-thickness, on the
silicon substrate since fabricating the silicon dioxide is very simple while adhering to gate
insulator requirements.

Unfortunately, the limitation of silicon dioxide makes TFT electrical
performance not reach as high as expected. It is very difficult to match an alternative gate
insulator material with an oxide TFT due to a combination of physical adjustments.
Because of the capacitance and thickness constraints are almost directly opposed to each

other. An important parameter to support that requirement, which would allow higher
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capacitance with the same thickness is to use high dielectric constant (high-k) materials.
High-k materials are used as a gate insulator, which can generate high electrical
characteristics such as very high mobility, low operation voltage, and increased current
density.

However, there are physical limitations with high-k materials such as interface
quality which limits the ability to maintain high dielectric constants at high frequencies.
Although high-k materials have high-permittivity, most results of high-k gate insulators
shown non-ideal insulating behavior due to their complicated transistor fabrication
process integration and presence of various charged defects such as fixed charges,
interface/bulk traps, accumulated charges and mobile ions [40]. These effects have been
studied by observing the TFT stability test such as bias stress test, hysteresis loop, and/or
a degradation in the transfer curve due to charge scattering [41].

Solution-processed high-k gate insulators were introduced to be an alternative
for all-solution processed flexible electronics applications, but it seems like charge defect
issues have become more seriously problematic [42]. The main issues of solution gate
insulator are the degradation, which caused by the trapping of electric charge due to weak
bonds such as hydrogen in the insulator film. In the case where a large amount of
hydrogen is contained in the gate insulator, deterioration of threshold voltage and sub-
swing threshold shift due to hydrogen diffusing into oxide semiconductor to form a
shallow trap state [43].

As mentioned above, in order to improve the electrical performance of the oxide
TFT, it is required to select the gate insulator having a smooth surface, small trap level,

high dielectric constant, and able to apply with solution process devices.
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1.4.4 Solution process fabrication routes

Solution process fabrication is recently booming in both inorganic and organic
TFT research and development. This alternative method is used instead of the traditional
vacuum-based process to increase scalability with cost-effective manufacturing [43]. In
history, the first motivation for solution process is a manufacturing cost reduction due to
an increase in throughput as measured in area per unit time [44]. Krebs et al, also
estimated the comparison process cost, materials cost, and step cost between traditional
and solution manufacturing [45].

The starter routes is a formation of a chemical structure to create a solution
precursor or a nanoparticle, which form as an electronic material after heat treatment [43].
The solution or particle is able to be deposited on the substrate by a variety of deposition
techniques such as spin-coating, blade-coating, dip-coating, sol-gel, spray pyrolysis,
electrochemical, ink-jet printing, and screen printing.

Solution processes usually include two baking step, which is (i) pre-baking
above 100°C for a decomposition or hydrolysis and (ii) post-baking in a higher
temperature for alloying or dihydroxylation cured a thin-film on the substrate [43].
However, the electrical characteristics of solution processed TFT tend to depend on
synthetic conditions. Ultimately, the TFT performance of solution processed TFTs is
poorer compared with vacuum-based processed TFT. It is a big challenge in this thesis to
improve the solution processed TFT performance together with lower process complexity

in the TFT fabrication process.
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1.5 Objectives

This thesis is composed of 5 chapters which are explained in the following
sections. Three main objectives will be discussed in each section. The main goal is to
understand the elemental effect, which can improve the TFT performance applying for
all-solution processed flexible devices application. In the previous study [46], | found that
the defects inside the semiconductor can be suppressed by siloxane passivation layer.
Moreover, siloxane passivation is a solution processable inorganic-organic hybrid
material, which combined many desirable properties such as high thermal resistant, high
transparent, and easy to fabricate by spin-coating. However, high amount of hydroxide
on the a-1GZO surface can instigate hump phenomenon that decreases the reliability of
the TFTs.

Beginning with chapter 2, to evaluate the reliability of TFT devices both
chemical and physical influences should be considered, because multiple variables, that
can affect the properties of the channel layer, can increase the performance of the oxide
TFT. the study of the impact of —OH content in siloxane passivation materials, which
affects the reliability of a-1GZO TFTs is discussed. The reliability issue will be solved by
finding suitable passivation used to improve the reliability and also enhancing the
electrical characteristics of a-IGZO TFTs that can be fabricated by solution process for
next generation of flexible electronics.

Inorganic-organic hybrid passivation based on siloxane-bond will be compared
with the amount of the hydroxide-bond in the chemical structure inside the siloxane
passivation, which are high OH-bond, less OH-bond and oxide TFT without passivation
as a reference. This study will have a high impact for solution processed TFTs, in which

| suggest that siloxane not only a great barrier protecting the semiconductor surface from



18

external ambient but also elements inside siloxane such as hydrogen, oxygen, and
hydroxide have significant roles to play in improving the performance of the channel
layer which is lacking in solution processed TFTs. Bias stress results of siloxane
passivation, which are high OH-bond and less OH-bond are compared with unpassivated
TFT. Together with the Secondary lon Mass Spectrometry (SIMS), X-ray Photoelectron
Spectroscopy (XPS), the reliability tests, the stability improvement mechanisms are
examined and the role of H, O, and OH in improving the stability and properties of a-
IGZO are discussed in the mechanism section.

Chapter 3 will be discussing the methods to improve the performance of top gate
a-1GZO TFTs using a solution processed gate insulator. As mentioned in the previous
section about the trend of using high-k materials for gate insulator to lower operating
voltages and increase current density; although high-k gate insulator seems to be the best
candidate for making as a gate insulator, various limitations still need to be improved.
The new challenge begins with the development of a suitable material for gate insulator.
In the previous chapter, | proposed that the amount of H and OH from siloxane layer
affects the electrical characteristic of bottom gate oxide TFTs. As measured by a metal-
insulator-metal (MIM) method, siloxane shows comparable capacitance and gate
dielectric value with the traditional a-Si:H Gl suitable for making a solution processed
Gl on oxide TFTs.

In this chapter, | try to prove that this material can improve the TFT
characteristics and reliability as both passivation layer and gate insulator roles, which can
be used in printable, flexible, and transparent devices in the future. Understanding an

effect of hydrogen and hydroxide, which affects the TFT electrical characteristics is also
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important for many semiconductor research field to find a suitable technique for
improving the device performances.

The evaluation of TFT performance will be discussed by examining the value of
electrical characteristics that are mobility (p), the threshold voltage (Vi), subthreshold
swing (SS), on/off ratio, and hysteresis (V). The improvement of the TFT performance
will be confirmed by SIM, XPS, Scanning Transmission Electron Microscopy (STEM),
and Atomic Force Microscopy (AFM) analysis to observe the defect and elemental effect.

The benefit of solution processed hybrid inorganic-organic siloxane materials
suitable for both passivation and gate insulator leads us to begin the new challenge to
fabricate and develop high performance all-solution processed TFTs which is discussed
in chapter 4 to make an all-solution process TFT without any additional source/drain
metal deposition electrodes by UV treatment.

This chapter, transparent conducting oxide (TCO) films will be introduced and
the a-1Z0 material is selected as a candidate to transform semiconductor-to-conductor in
a selected area by increasing the number of oxygen vacancies inside the a-1ZO bulk. The
self-aligned TFTs are fabricated through an all-solution process method by using a-1Z0O
with an atomic ratio of In:Zn = 77:23 as a semiconductor and electrode material.

Here, | will show how UV treatment can be used to increase the number of
oxygen vacancies in a-1Z0 and transform it into an electrode. All layers will be deposited
by only spin-coating process together with using UV lithography for patterning. for
simplicity, | still used a thermally oxidized SiO- on Si as a substrate, which has no effect
on those deposited layers on top. Elemental composition, structure, and defects were
observed by performing cross-sectional imaging by the STEM (elemental and structural

analysis) with Energy-dispersive X-ray (EDX) Spectroscopy. The electrical properties
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are evaluated by analyzing the TFT transfer characteristics. To confirm the transformation
of a-1Z0 from semiconductor to conductor, the resistivity is calculated by the value of
the sheet resistance measured by a 4-point-probe. Furthermore, the mechanism will be
elucidated by performing SIMS for diffusion study, and XPS for chemical structural
observations and comparing the oxygen vacancy concentrations between 1ZO before and
after UV treatment. This study will gain a large impact on the solution processed devices
to reduces the process complexity, process cost, together with electrical characteristics
improvement.

Chapter 5 is the overall conclusion of this thesis and further suggestions for
expanding developments are also discussed in this chapter. The results and analysis in
this thesis will provide benefits especially for the state-of-the-art research on solution
processed TFTs by developing highly reliable, printed, transparent, and flexible oxide

semiconductor devices.
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Chapter 2
Analysis of the oxide TFTs using solution

processed siloxane passivation

2.1 Introduction

Oxide TFTs have critical instability issues against light illumination, temperature,
bias stress, and ambient gases which cause unstable electrical characteristics. Among
these instability issues, oxide TFTs are vulnerable to threshold voltage (Vi) shifts caused
by O2 and H,O acting as donor-like states and acceptor-like states, shifting the Vi, of oxide
TFTs to a positive and negative direction. For these reasons, protection in the form of a
passivation layer is necessary for the oxide TFTs to prevent adsorption of ambient O, and
H20 [1].

A passivation material is deposited on an AOS layer to provide electrical stability
to enable prevention of the transistor surface from electrical and chemical conditions in
the environment; to reduce reverse-current leakage, to increase breakdown voltage and to
raise the power dissipation rate. The common passivation materials used in a-IGZO is
inorganic and organic passivation materials. This work will discuss the fabrication
process and a comparison between both passivation materials [1-4].

In this study, an inorganic-organic hybrid passivation material called siloxane is
introduced with the goal of replacing inorganic or organic materials. This is because the
siloxane itself can combine both the merits of inorganic and organic due to its designable
chemical structure. Different types of siloxane categorized by its photo-sensitive function

type and material properties are also introduced, which affect the a-1GZO electrical
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characteristics. The ideal siloxane type that is suitable for a-IGZO in this research is then
chosen, together with an explanation of the fabrication process of the siloxane passivation
with the a-1GZO TFTs in each condition.

The electrical characteristics and reliability of the TFTs after passivation in each
condition are measured. The mechanism of the main defect in this study, which is the trap
defects due to ambient and hump effect, are also explained in the last section. Controlling
the amount of OH-bond in the siloxane material affects the electrical characteristics and
reliability of the device. Thus, elemental characterization and analysis are important to

understand the effect of the passivation layers on the a-1GZO TFTs.

2.2 Passivation material type

The passivation layer growth on the surface of a semiconductor to provide electrical
stability by isolating the transistor surface from electrical and chemical conditions in the
environment; this reduces reverse-current leakage, increases breakdown voltage and
raises power dissipation rating. Many kinds of passivation material exhibited improved
bias stability due to effective protection from external molecules. Research has shown
that inorganic and organic material passivation layers to prevent Oz and H2O adsorption

[1-18].

2.2.1 Inorganic passivation layers

Inorganic materials such as SiOx [2, 5-6], SiNx [2,7], Al2O3 [8,9] Y203 [10], and
TiOx [11] are well-known passivation layers which act as a barrier that protects the oxide
semiconductor. Extensive research has shown that oxide TFTs can be improved by adding

these materials, which act as good protectors from external ambient effects. This can be
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observed from results derived from bias stress tests such as positive bias stress (PBS) and
negative bias stress (NBS) together with other effect condition such as under light
illumination and high temperature.

However, high vacuum, high temperature, and more complex fabrication
processes are needed in vacuum-based processes — such as physical vapor deposition
(PVD), plasma-enhanced chemical vapor deposition (PECVD), and atomic layer
deposition (ALD). Moreover, plasma damage during the fabrication process increases
traps or defects on the oxide semiconductor surface [12]. This side effect decreases the
electrical characteristics of the device such as threshold voltage and electrical uniformity.
To solve this problem, researchers have shown that by adding the etching stop layer (ESL),
the plasma damage effect is significantly reduced, but more complicated processes are

needed.

2.2.2 Organic passivation layers

Inorganic materials are used as the conventional passivation layers of oxide
TFT. However, high-temperature process requirements are incompatible with flexible
display devices because fabrication on a polymer substrate requires a low fabrication
temperature (<200°C). Also, their low flexibility results in a limitation of flexible display
devices due to brittle properties. Furthermore, plasma-based vacuum processes cause
performance degradation of the TFTs, are typically complicated processes, and incur a
high unit cost of production.
Current trends entail a low cost and simplified process wherein an organic
passivation has become one of the candidates to replace the conventional inorganic

passivation layer for their properties of low dielectric constant. There have been studies
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on organic passivation materials such as polydimethylsiloxane (PDMS) [19], poly(methyl
methacrylate) (PMMA) [20], photoacryl and CYTOP [12], to overcome the above-
mentioned limitations of inorganic passivation layers. These materials can be fabricated
at low temperatures (under 200°C) at atmospheric conditions, thus eliminating the need
for expensive vacuum equipment, through solution process methods such as spin coating,
sol-gel methods, and printed process [14-18].

By using these methods, organic passivation has a major advantage compared to
vacuum-based inorganic passivation because of the potential for largely scalable
fabrication that uses a less complex method. The solution process method such as printing
is also an additive process which involves less waste and has a location-selective
deposition. However, barrier performance against ambient gas is lower than inorganic
passivation layers because of high permeability against gases caused by the intrinsic

material properties [19,20].

2.3 Siloxane hybrid materials

According to the problems mentioned earlier for both inorganic and organic
passivation, to overcome the disadvantages of conventional inorganic and organic
materials, a siloxane hybrid material can be used for making passivation layer [21]. Table
1.1 shows a comparison of polymer materials for passivation. Siloxane is the most
promising material for the future device because of its excellent heat resistance and
transparency, which is suitable for high-temperature fabrication process of transparent

TFT.
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Table 1.1 Comparison of passivation materials [21].

Materials Siloxane Polyimide Acrylic resin
Dielectric constant 3-3.8 35 3.5-3.8
Refractive index 1.5-1.6 1.5-1.6 1.5-1.6
Transmittance >99% <90% 98%
Heat resistance ~350°C ~350°C ~250°C

2.3.1 Types of siloxane and their chemical structure

fet)

Figure 2.1 Chemical structure of siloxane material.

R: Hor Si—O0—

Organic-inorganic hybrids based on a Si-O backbone, siloxane combines many
desirable properties of conventional organic and inorganic components by adjusting the
radical bonding in the chemical structure, such as good thermal stability, rigidity,
transparency to UV and visible light, and photo-stability. As shown in Figure 2.1 — the
chemical structure of siloxane that is used in this work — the Si-O backbone has an
inorganic bond with the methyl, phenyl, and other designable organic constituent groups.
These designable functional groups make siloxane a versatile material. The attached
constituent groups can be tailored to fit a variety of characteristics such as photosensitive
and non-photosensitive functionality.

One of the merits of photosensitive type siloxane film is that it can be removed
by a solution after UV exposure without needing an additional method such as dry etching

or sputtering deposition for inorganic passivation layer. Nonetheless, non-photo-sensitive
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siloxane still has good demand for device industries because of the manufacturing process
to make attractive future printed applications and devices.

In my previous study [22], | fabricated both photosensitive and non-photo-
sensitive siloxane to compare the electrical characteristics and reliability of a-1GZO TFTs.
| subjected the TFTs to bias stress test to understand the effect of the passivation on the
reliability of a-IGZO TFT. Positive bias stress (PBS, Ves = 20 V) was applied to both
photo-sensitive and non-photo-sensitive siloxane passivated TFTSs.

A comparison of the electrical characteristics of the device after PBS showed
that photo-sensitive siloxane had less AV than other conditions with just only the hump
effect decreasing the reliability (section 2.5 explains the hump effect). On the other hand,
a non-photo-sensitive siloxane with more molecular weight showed a large negative shift
of AVin. Thus, holes are trapped in the shallow state, making the a-IGZO TFTs unstable.
Hence, hydrogen on the a-1GZO surface can instigate hump effect to occur on Ips-Vas
curves, because of charge accumulation present around the source and drain before
channel formation.

In this study, | demonstrate the reliability improvement of siloxane passivated a-
IGZO TFT by optimizing the number of hydroxyl or OH-bond inside the chemical

structure of siloxane to reduce the extra charge, which causes the hump effect.

2.3.2 Material properties

Siloxane materials are organic-inorganic hybrid materials that combine the
inorganic characteristics presented by the siloxane bond (Si-O-Si), which constitutes the
main chain, and the organic characteristics presented by the organic functional group that

constitutes the side chain such as methyl, phenyl, and vinyl.
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Siloxane has a feature where the design flexibility is very high since the siloxane bond
of the inorganic structure shows excellent transparency (~99%), heat resistance (<350°C),
hardness, and electrical resistance.

The organic functional group gives such functions as compatibility or dispersion
stability, adjustment of fraction and permittivity, and reactivity (epoxy, acryl, etc.). More
specifically, the organic functional group conquers the disadvantages of organic
materials, including brittleness, flexibility, formability, and reactivity, and the siloxane-
bond supplements the disadvantages of organic materials, including heat resistance,
weather resistance, dimensional stability (thermal expansion), and flame resistance.

Furthermore, it is known that siloxane shows a random structure, ladder
structure, cage structure, and shows different characteristics not only by changing the
types of organic functional bases, but also the control of such structures, the degree of

polymerization, or the molecule end group [s].

2.3.4 Fabrication process and characterization of a-1GZO TFT

with siloxane passivation

Figure 2.2 illustrates the fabrication process of a-IGZO TFTs with the siloxane
passivation layer. Gate electrode and gate insulator material are made of highly
conductive n-type Si substrate with a thermally oxidized SiO layer of 100 nm. These
substrates were cleaned by concentrated sulfuric acid (H2SO4) at 80°C for 10 minutes
then mixed with hydrogen peroxide (H20.) for 10 minutes. The cleaned substrates were
inserted to the sputtering chamber and vacuumed at 10 — 10 Torr and deposition of the
70-nm-thick a-1GZO layer, which was mainly studied in this work, as the channel

material by RF magnetron sputtering method at room temperature (RT) was carried out.
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Argon and oxygen were introduced at 4.5 x 10 Torr before sputtering. 13.56 MHz RF
at a power of 100 W was applied at RT and then argon plasma was generated. The
generated plasma sputters the a-1IGZO target whose stoichiometric ratio is 2:2:1:7. To
obtain a stable deposition rate, pre-sputtering was performed for 5 minutes. Finally, the
a-1GZ0 was deposited at a rate of 10 nm/minute.

The a-1GZO films used in this study were evaluated in the as-deposited condition.
The channel material was patterned using UV photolithography and wet etching by HCI
solution for 7-14 minutes. In this study, photolithography was utilized in order to pattern
the channel material to reduce the off-current. Contact type mask aligner (SUSS
MicroTec) was used in this process.

First of all, a positive photoresist was evenly formed on the sample by spin-
coating with a rate of 3000 rpm. The sample was then baked on the hot plate at 100°C to
harden the photoresist: this process is called pre-bake. Through the metal mask, the
sample received intensive UV light. The exposure duration was set to 10 seconds. The
desired pattern was formed when the sample was dipped in the developer: AZ 300 MIF
developer (2.38 %, AZ Electronic Materials plc) etches cured resist for 90 seconds at RT.

In order to stabilize the designed photoresist pattern, the sample was finally
heated at 120°C what is so-called post-bake. The photolithographic patterned sample was
needed to be etched to pattern the a-1GZO layer. To etch the a-IGZO layer, 0.02 M HCI
was used. Because the area which was covered with photoresist is inert to the solvent,
only bare a-1IGZO would be etched. The etching process was performed at RT with a rate
of 5.0 nm/minutes. After 14 minutes etching, the photoresist was removed by acetone to
obtain the surface of the a-1GZO. The source and drain electrodes were a stack of 80-nm-

thick molybdenum and 20-nm-thick platinum deposited by a RF magnetron sputtering
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method and patterned using a lift-off technique. The a-1GZO channel layer patterned with
photo-resist on SiO./ Si substrate was inserted into the sputtering chamber and vacuumed
at 10° — 107 Torr. Argon was introduced at 4.5 x 10 Torr before sputtering. RF with
13.56 MHz at a power of 100 W was applied at RT and then argon plasma was generated.

The depositions of metal were fabricated with a deposition rate of 10 nm/min for
80-nm-thick molybdenum and 20-nm-thick platinum. To form the source and drain
pattern, metal layer which deposited on a designed area of photoresist was etched away
by acetone called lift-off process. Cleaning by methanol and deionized water was
performed to finish the process. All fabricated TFTs were subjected to post-annealing at
300°C for 120 minutes in the ratio of No/O2 (4/1) ambient atmosphere. The fabricated
TFTs had a bottom gate top contact structure and the channel width (W) and length (L)
were 90 and 10 um, respectively.

We fabricated siloxane with less OH-bond with the different synthetic condition
from siloxane with high OH-bond. This material will be polymerized by condensation
between Si-OH branches. We accelerated the condensation reaction, depending on the
type and amount of catalyst, by changing the catalyst between Si-OH bonds. Furthermore,
increasing the condensation reaction will give less residual -OH bond by losing higher
density water molecules as a by-product of the solution.

For the siloxane with less OH-bond, we changed the catalytic species which
allows for more condensation reaction and, thus, there will be less —OH group. Here, the
residual —OH bond is more than 85 % in the high OH-bond solution and 10% in the less
OH-bond solution. Spin-coating served a siloxane polymer layer on TFTs, at a rate of
1500 rpm for 15 seconds. Prebaking was then performed at a temperature of 110°C for 1

minute. The contact holes for non-photo-sensitive siloxane passivation were fabricated
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by reactive ion etching (RIE) process with a gas ratio of CF4/ Ar =30/ 45 sccm for 60
seconds. To remove the volatile and finish the cross-linking reaction of the siloxane,
baking was performed under an N, atmosphere at 230°C for 20 minutes and 300°C for
20 minutes, respectively. A post-annealing treatment at 300°C for 120 minutes in oxygen
ambient atmosphere finished making TFTs with passivation layer as shown in figure 2.3.

Current (1) - Voltage (V) characteristics such as transfer characteristics
measurements were performed with Agilent HP4156C semiconductor parameter analyzer.
The switching of fabricated devices was traced by applying voltage to gate from-20 V to
20 V whose step was 100 mV, and applying voltage to drain from 0.1 V to 9.9 V whose
step was 4.9 V. In order to check the stability, the TFTs with/without passivation were
characterized after positive bias stress (PBS) with the condition of gate voltage Vgs = 20
V for 10000 seconds and negative bias stress (NBS) with the condition of gate voltage
Vs =-20 V for 10000 seconds. For understanding the mechanism, both a-InGaZznO TFTs

with and without passivation were analyzed by XPS and SIMS [21].

Siloxane

IGZO IGZO 1GZ0

Si02 } Si0> } Si0:
Si substrate Si substrate Si substrate
1.Sputtering 2.Patterning 3.Spin coat

Figure 2.2 Fabrication process of a-1IGZO TFTs with passivation layer.
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Figure 2.3 Structure and operation principle of the TFT.

2.4 Improvement of electrical characteristics and stability test

of bottom gate oxide TFT

The principal TFT electrical characteristics operation is usually observed from
the transfer characteristics, which plots the current from source to drain (lgs) versus
voltage from gate to source (Vgs) across different voltages from drain to source (Vas). With
las- Vgs transfer curve, we can measure the carrier mobility in the channel (x), the pseudo-
constant or threshold voltage (Vi), subthreshold swing (SS), and on/off current ratio,
which is major parameters used to evaluate the quality of the TFT. The field-effect
mobility (ure) is a general term including usat, While it is also used as a specific definition.
The ure is calculated from transfer characteristics in the linear lqgs- Vgs region and Vgs must

be as small as possible, in this case, we used Vgs at 0.1 V and used equation (2.1).

w
las = 7 1C:Vas (Vys = Vin) (2.1)
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Where W is the width, L is the length of the oxide channel, C; is the capacitance
of the gate insulator, and Vi is obtained from the plotting of las- Vgs or defined as the Vgs
at 1 nA. In the linear region (at low Vgs), « can be obtained by directly measuring the
transconductance (gm), which is a function of Vg and is the ratio of the change in Igs to
the change in Vgs. Thus, the u is obtained by the maximum value using the following

equation:

= 8m ey (2.2)

The TFT characteristics are also evaluated from the output characteristics, which
plots lgs versus Vgs at different Vgs. Basically, output characteristics of oxide TFTs will
show a clear separate region of linear and saturation region. For the SS value, which
reflects the value of Vys required to obtain a 10 times larger lgs in the subthreshold region.
It is defined as SS = dV,s/dlog,ol4s. Ideally, the value of SS should be as small as
possible or the subthreshold region of the transfer characteristics should be as steep as
possible to enable quicker turn-on operation of the TFT.

| fabricated a-1IGZO TFTs without passivation as a reference to serving as a
standard for the fabricated TFTs. The post-annealing treatment at 300°C for 120 min in
ambient atmosphere showed good transfer characteristics for the TFTs, which has a
channel width and a length of 90 and 10 um, respectively. Figure 2.4 showed the initial
transfer characteristics of three types of TFTs: TFT without passivation, TFT with a
siloxane having less OH-bond which showed the effective switching behavior, and TFT
with a siloxane having high OH-bond which exhibited a defect phenomenon called hump

effect. The hump effect often affects the transfer characteristics of the TFTs and is present
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in the subthreshold region of the device. It is related to the accumulated charge in the
active layer on the two lateral sides of the channel, resulting in a crowding of the electric
field lines and local reduction in the V. All conditions were measured and the resulting
TFT characteristics were good [23]; the mobility was more than 9 cm?-V1.s, sub-
threshold swing (SS) was less than 200 mV/decade, and the on-off current ratio (lon/loff)
was larger than 108,

The most important parameter to evaluate the quality of the passivation is to
measure the reliability. The bias stress testing is an important tool to analyze the reliability
of a-1GZO TFTs [24]. Stress can be applied by applying a constant voltage on the Vs,
Vs, or both over a long period of time. In general, when bias stress is applied to TFTs,
the device will exhibit degraded behavior in the transfer characteristics as a change in x,
a shift in Vi, and hump effect. The reliability was evaluated by determining the amount
of threshold voltage shift (AVw). In this thesis, all tested TFTs had a channel W/L of 90
um and 10 pm, respectively. All stress conditions were performed for 10* s with no
applied voltage across the source and drain electrodes (Vas = 0 V). Bias stress tests were
carried out with a semiconductor parameter analyzer (Agilent, 4156C) under dark
condition, room temperature, and air ambient atmosphere.

Figure 2.5 (a) shows the transfer characteristics of the unpassivated a-1IGZO TFT
during PBS test. After subjecting to PBS, the transfer curve of unpassivated a-1GZO TFT
shifted positively in parallel, and the amount of AV shift during the PBS was AV = 6.1
V from an initial state to 10* seconds. The TFTs with siloxane that has a high amount of
OH-bonds were characterized by PBS (Vgs = 20 V, and 10 seconds), as shown in Figure
2.6 (a), the AV shift reduced to nearly 0 V but the large hump effect occurred on lgs-Vgs

curve leading to instability.
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The transfer characteristics of the TFTs with a siloxane having less OH-bond are
shown in Figure 2.7 (a). These TFTs exhibited good transfer characteristic without the
hump and excellent reliability with a AV = 1.4 V even after the PBS. Comparison of the
two passivated samples shows that the TFTs with a siloxane having less OH-bond not
only have a lesser AV but also lesser degradation in SS. Without including the hump
phenomenon, it can be observed that there is a very small AVi, shift after each bias stress
for both passivated TFTs which confirmed that a protection film reduces the degradation
due to trap defect or adsorption and desorption of the water and oxygen molecules on the
surface of the a-IGZ0O semiconductor [21].

In contrast, even if the AV of a-1GZO TFTs is hardly affected by NBS because
a-1GZO TFTs is n-type, the hump effect in the subthreshold region occurs after NBS.
This hump effect during NBS is larger than in PBS test, especially in the TFTs with a
siloxane having high OH-bond.

To confirm the hypothesis, TFT with siloxane passivation without OH-bond was
fabricated as a reference. The chemical structure of this siloxane was adjusted by adding
methy| radical instead of -OH radical to avoid the hump phenomenon. As shown in figure
2.8, the TFT shows better reliability compared with unpassivated TFT without hump
phenomenon. Notice that methyl-group-based functional groups inside siloxane chemical
structure can easily shrink during the fabrication that causes the non-uniform thickness
and enables oxygen from the ambient to pass through the passivated layer resulting in a
shifting of AVi.

These results show TFTs with a siloxane having less OH-bond have excellent

barrier properties to prevent adsorption of oxygen and water, which demonstrate an
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improved stability of a-IGZO TFTs. It is also important to point out that the amount of

OH-bond directly affects the electrical characteristics of the passivated a-1GZO TFTs.

10-2 T T T T T T T T T
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10* l® High OH-bond

10° |® Less OH-bond

~10° L

Vp=5.0 V

1 n 1 n 1 n 1 n 1
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Gate Voltage, Vs (V)

Figure 2.4 Initial transfer characteristics of three types of TFTs: TFT without
passivation (black), with siloxane having high OH-bond (blue) and with siloxane
having less OH-bond (red) passivation. (V¢s=5.0 V)
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Figure 2.5 Transfer characteristics under PBS (Vgs = 20 V) (a) and NBS (Vgs = -20 V)
(b) for unpassivated a-1GZO TFT.
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Figure 2.6 Transfer characteristics under PBS (Vgs = 20 V) (a) and NBS (Vgs = -20 V)
(b) of a-1GZO TFT with siloxane passivation having high OH-bond.
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(b) of a-1GZO TFT with siloxane passivation having less OH-bond.
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Figure 2.8 Transfer characteristics under PBS (Vgs = 20 V) (a) and NBS (Vgs = -20 V)
(b) of a-1GZO TFT with siloxane passivation without OH-bond.

2.5 Reduction of hump effect

The improvement of the reliability during PBS is because siloxane acts as a good
barrier of a-1GZO TFTs to protect the a-1GZO surface from the adsorption and desorption
of water and oxygen molecules. After passivation, oxygen cannot pass through the
passivated layer which makes AV, smaller as shown in Figure 2.6 (a) and Figure 2.7 (a).

The large hump effect of TFTs with a siloxane having high OH-bond indicates
that this hump phenomenon occurs through the accumulation of positive charge that
comes from oxygen vacancies or hydrogen interstitials [25]. This phenomenon is
observed in the passivated TFTs which have high OH bond which showed the largest
hump in the transfer characteristics. Meanwhile, the suitable amount of OH bond
represented by the passivated TFTs which have less OH bond shows extremely sharp
subthreshold region without a significant hump.

To confirm the mechanism of the hump phenomenon, the change in chemical
bonding states of oxygen (O1s) in the a-1GZO layer was studied using XPS. The siloxane

passivation layer on a-1IGZO was removed by RIE process prior to measuring the surface
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of a-1GZO. As shown in Figure 2.9, the interface analysis of O1s XPS profiles revealed
the emergence of a 3rd peak in the passivated sample at ~ 532 eV (blue curve in Figure
2.9) which is attributed to a peak related to hydroxide that was shown only in the
passivated TFTs [21].

This result confirmed that hydroxide from the siloxane with less OH-bond
produced less bonding transformation at a-1GZO surface compare with the siloxane with
high OH-bond. Both passivated and unpassivated samples show the deconvolution of two
peaks at ~ 531 (red curve in Figure 2.9)) and ~ 530 eV (green curve in Figure 2.9) which
is attributed to oxygen deficiency region which roughly corresponds to Vo amount, and
oxygen bonding with metal, respectively [21].

The amounts of hydroxide can be estimated by the area ratio of the peaks (the
peak area related to hydroxide region divided by all area). The area ratio of the hydroxide
region (~532 eV) of the TFTs with the siloxane having high OH-bond exhibited the
highest value of 27% than that of the passivated TFTs with siloxane with less OH-bond,
which have only 4%. Moreover, the data of Vo amount represented by oxygen deficiency
region peak (~ 531 eV) also confirmed that the peak of Vo area ratio decreased from 48%
to 34% for both passivated samples compared to unpassivated TFT. This result suggests
that there is a reduction in Vo after the passivation. The increase of the hydroxide bond
and reduction of the Vo are reflected in the AV reduction for both passivated TFTs.

These results prove that the hump phenomenon occurs when the a-IGZO has
residual hydroxyl-group on the surface. Siloxane with less OH-bond showed good TFT
switching behavior without hump effect in the initial state of the transfer curve. The hump
from the initial state, which occurs only for the high OH-bond condition as shown in

figure 2.6, is due to a high number of hydroxyl groups from the siloxane passivation layer.



42

Figure 2.10 shows the intensity comparison of OH-bonds in a-1GZO bulk
(around 70 nm-thick) by SIMS (ULVAC-PHI ADEPT-1010) with Cs+ ion source (1keV
and 50 nA). The results support the effect of hydroxyl (-OH) group which enables the
improvement of the reliability and electrical characteristics of the device. The intensity
of 160 + 1H shows the amount of OH-bond between without passivation, high OH-bond,
and less OH-bond. Both passivated samples had higher OH in the a-1GZO especially near
the a-1GZO/passivation interface compared to the unpassivated samples and siloxane
with high OH-bond samples show the highest intensity. These results confirmed that OH
from siloxane diffuses into the a-1IGZO bulk layer and affects the characteristic of a-1GZO
TFTs.

Figure 2.11 shows both passivated samples had much higher H in the a-1GZO
layer from the a-1GZO/passivation interface compared to the unpassivated samples. The
hydrogen diffused into the a-IGZO layer from the passivation layer during the post-
bake process. Both passivated samples show almost similar 1.2 H intensity, this result is
related to the AV reduction projected on the transfer curve.

The hydrogen behavior can be explained by both XPS and SIMS results.
Hydrogen as an electron donor can either suppress the Vo side or form OH by bonding
with O which can act as an electron acceptor in the a-IGZO bulk. This can be observed
in the reduction of the oxygen deficiency region peak (~ 531 eV) and an increase in the
hydroxide peak (~ 532 eV).

The hump effect in the subthreshold region also can be explained by the roles of
hydrogen [26-27]. Hydrogen dissociates from weak OH-bond and drifts towards the
drain-channel interface. The larger hump depends on the amount of OH-bond on the

surface of the a-1GZO layer. The higher amount of hydrogen ions from hydroxide
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bonding position can form an accumulation of positive charge [25], forming a set of
smaller transistors which turns on faster than the main transistor. Therefore, parasitic
transistors are considered to be one of the causes of the hump [28]. These results
confirmed by the comparison between 16 O + H and 1.2 H intensity of both passivated
samples, high OH-bond passivated sample shows the higher intensity of 16 O + 1 H but
not have any change in the result of 1.2 H intensity.

This can be explained by the illustration in Figure 2.12 during the post-annealing
with 300°C, H from both passivation materials diffuse to a-IGZO layer and suppress the
Vo. The extra H is re-bonded with O to form extra OH in the a-IGZO layer, especially in
the surface area. The higher amount of OH according to the result of a siloxane with the
high OH-bond condition, which is possible to stack as a residual hydroxyl-group at the
interface of the semiconductor and source/drain electrode makes shallow traps that cause

of a hump phenomenon in the sub-threshold region.
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the a-1GZO layer after post annealing and showing how H can occupy the Vo to
form Ho and how H can form bonds with O to form OH.

2.6 Summary

The reduction of the hump and improvement of the reliability of siloxane-
passivated a-1GZO TFT are discussed. The comparison of inorganic and organic
passivation materials are introduced with their merits and demerits. In the previous study
[22], I showed siloxane passivation materials with unique photosensitivity, which are
photo-sensitive and non-photo sensitive, enhances the electrical properties of oxide TFTs
but hump effect increased by hydroxide content in siloxane material.

In section 2.3, | examined the influence of siloxane-based passivation on the
reliability of a-IGZO TFTs and also developed a novel material, which is suitable for
passivation of a-IGZO TFTs. Non-photosensitive siloxane with different chemical
bonding such as methyl-group-based siloxane (without OH-bond) as a reference, less OH-
bond (10% OH-bond content) and high OH-bond (more than 85% OH-bond content) was
employed.

| proposed that the amount of OH-bond in siloxane structure affects the

reliability of a-1GZO TFTs. TFT reliability characterized by a PBS and NBS test. a-1GZO
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TFT was measured by lgs - Vgs characteristics, transfer curves of TFT without passivation,
passivation by siloxane without OH-bond, with less OH-bond, and with high OH-bond
was evaluated.

From the results in section 2.4, unpassivated a-1GZO TFTs characteristics are
unstable due to ambient effects which degrade the reliability of the device. Both siloxane
passivated a-1GZO TFTs show a clear improvement in device reliability (less AV) tested
by PBS. Meanwhile, a-IGZO TFTs are hardly affected by NBS because a-1GZO TFTs
are n-type. The p was more than 9 cm?-V1.s1, SS was less than 200 mV/decade, and
lon/loff Was larger than 10° for all conditions. However, hump effect showed on the TFT
passivated by siloxane with high OH-bond. Conversely, TFT passivation by siloxane with
less OH-bond significantly improve the reliability without any hump.

Section 2.5 shows that the key to controlling the reliability of oxide TFTs is by
controlling —OH content on the surface of a-IGZO for future electronics applications.
Improvement of the reliability during PBS is because siloxane acts as a good barrier of a-
IGZO TFTs to protect the a-1IGZO surface from the adsorption and desorption of water
and oxygen molecules. Analysis of O1s XPS profiles shows that after passivation, both
passivated a-IGZO TFT has lower Vo compared to unpassivated a-1GZO TFT. The O1s
XPS profiles also confirmed that OH increase on the surface of a-1GZO layer especially
on the result of a siloxane with high OH-bond.

SIMS analysis confirmed that increasing the H and OH concentration is at the
interface of siloxane and a-1GZO layer. These results proved that hump occurs when the
a-1GZO0 have residual hydroxyl-group on the surface. The increase of the OH bond and
reduction of the Vo are reflected in the AV reduction for both passivated TFTs. OH-

bonds act as 2 major roles which are as an electron donor or form hump effect. Thus,
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higher amounts of OH can form larger hump reflected in the subthreshold region. | have
shown that a-1GZO TFT with siloxane with less OH-bond are excellent passivation
material, which showed good TFT switching behavior without any hump occurring in the
transfer curve.

In conclusion, the effect of OH-bond for clarifying the mechanism of the hump
phenomenon and reliability improvement in a-1GZO TFTs by using siloxane passivation
was studied. The a-1IGZO TFTs with siloxane passivation as bottom gate structure were
fabricated and characterized in detail. Moreover, reliability of a-1GZO TFTs was
changed after the passivation. Passivated TFT showed a good sign to increase reliability
by preventing the ambient effect.

OH-bond in the passivation layer is a key factor to reduce the hump
phenomenon and improve the reliability of a-IGZO TFTs. Siloxane with less OH-bond
has excellent reliability with AV, after PBS without hump phenomenon. Meanwhile, a
siloxane with high OH-bond showed higher hump  phenomenon for both PBS and NBS
results. The effect of hump phenomenon occurs by OH-bond inside siloxane was
confirmed by supporting data of siloxane without OH-bond. Although, the TFT reliability
wasn’t improved due to the shrinkage of the passivation material they have no hump
shown in this condition. With the result, we conclude that siloxane with less OH-bond

is a promising passivation material for next-generation display
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Chapter 3
Top gate TFTs by using solution processed

siloxane as a gate insulator

3.1 Introduction

Aside from the channel layer, the gate insulator (GI) or gate dielectric, which is
one of the critical factors controlling the performance of the TFT device has also been
considered. Thermally grown SiO, was used as the traditional Gl for decades because of
its simplicity and suitability with Si substrates [1-3]. However, the use of SiO; as a Gl
has reached the technical limit as the trend to fabricate future flexible TFTs became more
active.

Recently, many researchers are trying to find alternative GI materials or enhance
the quality of GI to break through those technical limits [4-9]. Therefore, suitable
fabrication process matching with those material properties are needed. Similar to the
passivation process, the chemical composition, mobile ions, and properties of the Gl
materials will affect the electrical characteristics of the oxide TFTs. There are two main
fabrication methods, which are vacuum process and solution process. In section 3.2, |
compared a variety of GI materials, explained their merits and demerits together with
introducing a method to fabricate these materials.

Siloxane with less OH-bond material from chapter 2 is selected in this study as
a Gl due to its reliability enhancement, having no hump effect, and the possibility to be

fabricated by simple solution process. In addition, the OH-bond from siloxane is
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promising to improve the performance of a-1GZO TFTs by choosing a suitable chemical
structure for the siloxane.

Capacitance measurement is a popular technique to analyze the Gl properties [4].
Although many traditional Gl materials already have well-reported properties analyzed
by capacitance measurement method and set as their standard value, the Gl properties of
siloxane materials are still unknown due to the adjustability of the chemical structure in
each type. This study will show the capacitance of siloxane under low frequency (1 kHz)
and high frequency (1 MHz).

The interface trap density (Dit) is one of the main determinants of transistor
performance and there is a noticeable interrelationship between the electrical
performances and Di: [4]. Therefore, the influence of the interface trap density (Dit)
existing at the channel/dielectric layer interface on the electrical characteristics and
stabilities of a-1GZO TFT is clearly established. Section 3.3 will show how to estimate
Dit from capacitance value. This helps in diagnosing fabrication processes and optimizing
these parameters effectively in order to obtain the enhanced performance of TFT devices.

The electrical characteristics and stability of bottom gate TFT as a reference and
top gate TFT with siloxane Gl are measured. The mechanism to improve TFT
performance is studied. The key factor is that the hydrogen and hydroxide in the
siloxane’s chemical structure suppress the defect inside the a-IGZO and generate
additional free electron which enables top gate TFTs with siloxane Gl to have improved

electrical characteristics and stable hysteresis compared with the bottom gate TFT.
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3.2 Siloxane as a gate insulator

3.2.1 Comparison of gate insulator materials

Focusing on film quality, the Gl fabricated by vacuum process is the traditional
fabrication method, which is fabricated under high vacuum. Commonly, a vacuum
process is separated into two main methods, which are PVD such as direct current (DC)
sputter and radio frequency (RF) sputter and CVD such as PECVD. The keys to
improving TFT characteristics are controlling the contamination, thickness, surface
quality of the GI due to the electrons localized at the subgap traps and holes are
transported into traps in the channel/ Gl interface or the Gl itself [5]. This supports the
merit of depositing GI by a vacuum process, which has a high film quality, controllable
thickness, and minimal contamination. In general, films fabricated with vacuum process
tend to exhibit better characteristics according to the key factors introduced above.

However, vacuum process also has many problems to be resolved such as plasma
damage, complicated fabrication, and high cost, which are explained in chapter 2. High-
k oxide materials such as Taz20s [6], SrTiOs [7], Al2Oz [8], HfO2 [9], and ZrO> [9] have
been employed as the GI in top gate structure by a vacuum process because these
materials can possibly drive TFTs at low gate voltages and have enhanced mobility.

However, plasma damage from GI fabrication by vacuum process makes Vi shift
negatively, have large hysteresis (Vn), poor threshold voltage control, high leakage
current, and worse stability [6-9]. An additional barrier layer such as etching stop layer
between Gl to stabilize the TFT characteristics is another way to solve these problems

[10] but it uses more complicated processes and has a high cost.
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Fujii et al.’s research about using lonic liquids or ion gels as a Gl to induce an
electric double layer (EDL) is also motivating because these ionic liquids GI have a very
high capacitance (10®) which enables TFT operation at an extremely low voltage less
than 3V and low SS value under 100 mV/dec. However, the liquid phase is difficult to
control because of chemical degradation, the necessity to control its shape by using an
extra cover pattern, and thickness in the TFT, which makes it not suitable for industrial
application [11].

In order to make a future display that addresses more requirements such as
scalability, total cost-efficiency, and high electrical performance, an alternative method
to deposit films is the solution process. As opposed to the vacuum process, solution
process have benefits such as the possibility to operate with a shorter time, the possibility
of fabricating a wide-area device, and very simple fabrication process. Several Gl
fabricated by solution process are being investigated to reduce production cost and
improve TFT performance [12]. Nevertheless, performance reduction due to high leakage
current, high standby power consumption, and stability are still problems for TFTs with
solution-processed Gl [13-17].

The most common use of the solution process techniques is organic Gls, such as
polyimide [14], polyvinylphenol[15,16], and polymethylmethacrylate [17]. Although this
organic polymer Gls fabricated by lower process temperatures, there is a tradeoff such
that there is a decrease in the TFT electrical properties and stability.

Organic-inorganic hybrid material such as siloxane which is usually used as an
adhesion promoter and binder in the anti-corrosive coating was recently introduced for
applications in next-generation flexible and transparent TFTs due to its high transparency,

flexibility, ease of fabrication, and low cost [18-21].
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Siloxane was introduced as a passivation layer as a robust TFT barrier and
protective layer [18] and to improve the performance of a-1GZO TFT[22]. As in chapter
2, | previously proved that by controlling the chemical bonding of the siloxane this

material can improve the TFT characteristics and reliability as a passivation layer.

3.2.2 Fabrication process of a-1GZO TFT with siloxane

gate insulator

| fabricated bottom and top gate structures within a single TFT to enable a
comparison between bottom gate TFT using SiO2 as a Gl and top gate structure using
siloxane as a Gl as shown in Figure 3.1 (a). At first, the bottom gate electrode and gate
insulator material are made of highly conductive n-type Si substrate with a thermally
oxidized SiO- layer of 100 nm. These substrates were cleaned with concentrated sulfuric
acid at 80°C for 10 minutes then mixed with hydrogen peroxide (H.Oz) for 10 minutes.

The 70-nm-thick a-1GZO layer was deposited on this substrate as the channel
material by RF magnetron sputtering method under vacuumed at 10° — 107 Torr at room
temperature. Argon and oxygen were introduced at 4.5 x 10 Torr before sputtering. RF
with 13.56 MHz at a power of 100 W was applied at RT and then argon plasma was
generated. The generated plasma sputters the IGZO target whose stoichiometric ratio is
2:2:1:7. The channel material was patterned using UV photolithography and wet etching
by 0.02 mol/L HCI solution for 7-14 minutes.

Depositions of metal electrodes were performed to fabricate 80-nm-thick
molybdenum and 20-nm-thick platinum, layers. | used a lift-off technique to pattern the
source and drain electrodes. A rotation speed of 3000 rpm was used for spin-coating 250-

nm-thick siloxane layer on the TFTs. Siloxane was cured in air at 230°C for 20 minutes



97

and 300°C for 20 minutes. Contact holes for the siloxane layer were fabricated by reactive
ion etching (RIE) process with a gas ratio of CF4/ Ar =30/ 45 sccm for 60 seconds. The
passivated TFTs are deposited once again to make a gate pattern by UV photolithography.
For the final step, the passivated a-1GZO channel layer patterned with patterned photo-
resist was inserted into the sputtering chamber and vacuumed at 10 — 10”7 Torr. Argon
was introduced at 4.5 x 107 Torr before sputtering. RF with 13.56 MHz at a power of
100 W was applied at RT and then argon plasma was generated. The depositions of metal
were fabricated with a deposition rate of 10 nm/min for 150-nm-thick molybdenum. To
form the gate pattern, a metal layer which deposited on a designed area of photoresist was
etched away by a lift-off process to finish the technique. A post-oxygen annealing
treatment served only the siloxane deposited TFTs at 300°C for 120 minutes in the ratio
of N2/O; (0/5) ambient to finish the fabrication of a-1GZO TFTs with siloxane layer
(Figure 3.1 (a)).

Analysis of I-V characteristics by measuring transfer characteristics was
performed with Agilent HP4156C semiconductor parameter analyzer. The switching of
fabricated devices was traced by applying a voltage to the gate from -20 V to 20 V whose
step was 100 mV, and applying a voltage to the drain from 0.1 V to 9.9 V whose step was
4.9 V. The reverse step also measured right after the forward step are finished.

To fabricate siloxane film as a metal-insulator-metal (MIM) structure device, Si
was prepared as a substrate. After conducting SPM cleaning, Mo and Pt were deposited
using radiofrequency (RF) magnetron sputtering. Mo with a thickness of 80 nm was
deposited as the gate electrode, and Pt with a thickness of 20 nm was deposited as a cover
layer on top of Mo. After the deposition, siloxane solution was spin-coated and then

prebaked using the same process as siloxane passivated on TFT fabrication condition (see
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the previous chapter). Then, siloxane was cured in air at 230°C for 20 minutes and 300°C
for 20 minutes. Molybdenum (80 nm) was used as an electrode and platinum (20 nm) was
used as a protective layer to prevent oxidation of molybdenum. Patterning of top electrode
regions was done by covering the metal mask on a substrate during the metal sputtering
process. Three different patterns with diameters of 100 pm, 300 um, and 500 um were
deposited.

The capacitance (C) — voltage (V) was measured to calculate the dielectric
constant of siloxane. Characteristics of each condition were measured using a prober, and
the analysis of fabricated device was done using a semiconductor parameter analyzer
(B1500A). The cross-section of the fabricated metal-insulator-metal (MIM) is shown in
Figure 3.1(b).

To measure the chemical bonding state on the surface of a-1GZO with siloxane
layer, siloxane/ a-1GZO/ SiO-/ Si film was fabricated. The siloxane/ a-1GZO film layer
was analyzed by SIMS and XPS to understand the degradation mechanism. Surface
quality and roughness were analyzed by atomic force microscopy (AFM). Additionally,
Mo film is coated on the sample for cross structure analysis by Scanning Transmission

Electron Microscope (STEM).
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Fig. 3.1 (a) Schematic of a-1GZO TFT device using siloxane as a passivation or GI
dependent on whether the bottom or top gate is activated, and (b) MIM structure of

the Mo/siloxane/Mo film with siloxane chemical structure.

3.3 Improvement of electrical characteristics of top gate oxide
TFT
3.3.1 Comparison between traditional bottom gate TFT
using SiOz as a gate insulator and top gate TFT using

siloxane as a gate insulator

| fabricated bottom and top gate a-IGZO TFTs with siloxane layer as a
passivation or Gl depending on which gate is used. The bottom gate a-1GZO TFTs using
siloxane as a passivation obtained excellent electrical characteristics after post-annealing
treatment at 300°C for 120 min in an oxygen atmosphere, which has a channel width and

a length 0f 90 and 10 um, respectively. The mobility is obtained from the equation:
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W= 8m oy (3.1)

where g,, isthe measured transconductance, Ci is the gate insulator capacitance
per unit area, and Vgs is the drain voltage. The p was 9.52 cm?-V1.s1 SS was 200
mV/decade, and lon/lofr Was ~107. Right after patterning the top gate Mo electrode, the
transfer characteristics (Figure 3.1 (a)) of the top gate TFTs are measured.

The TFTs with siloxane GI (Figure 3.2) showed a very high mobility () = 38.09
cm?-V1.s. Other electrical characteristics also measured as threshold voltage (Vin) =
3.21 V, sub-threshold swing (SS) = 0.16 V/dec, leakage current (Igs) = 5.0x10° A, and
the on-off current ratio (lon/loff) was about 108, From the results, | found that siloxane Gl
with top gate TFT improved the stability after observing the hysteresis loop. To confirm
this hypothesis, the stability of bottom gate TFT using SiO2 within the same TFT was
measured as a reference. The comparison results of both structures are shown in Figure
3.3 at Vp=5.0 V. The SiO2 GI TFT shows a hysteresis shift (V4) of 2.36 V while the
siloxane Gl TFT shows negligible V4 that is 0.01 V. The summary of the electrical

characteristics for comparison of both TFT is shown in Table 3.1.
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Figure 3.2 The transfer characteristics of top gate a-IGZO TFTs using siloxane as a
GI for Vp from 0.1 V to 9.9 V and the mobility curve.
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Figure 3.3 Comparison of hysteresis curves and leakage current between a-1GZO
TFTs with (a) a bottom gate structure using SiO> as GI, and (b) a top gate structure
using siloxane as GI.

Table 3.1 Comparison of the electrical characteristics between bottom gate and top

gate TFT using Si0; and siloxane as a GI, respectively.

SiO; Siloxane
1 (cm?/Vs) 9.52 38.09
Vin (V) 3.91 3.21
SS (V/dec) 0.20 0.16
On/off ratio ~107 ~10°
Vi (V) 2.36 0.01

lgs (A) 0.1x10°  5.0x10°10
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3.3.2 Interface stage density estimation using the C-V

technique

The C-V technique has been used in the assessment of oxide TFTs mainly to
estimate the interface state density (Dit) by evaluating the frequency dependence. C-V
technique is useful for a-1GZO because it is known that the electrical characteristics are
changed by thermal annealing and that the carrier mobility depends on the carrier density.
This was first demonstrated by Kimura et al. [23], who used this method to investigate
and assess polycrystalline silicon TFTs [4].

To evaluate the quality of the siloxane GI films, the capacitance of siloxane
measured by capacitance-voltage (C-V) measurements on the MIM structure as shown in
Figure 3.4 shows the plots of capacitance per unit area (C;) of the MIM structures against
frequency (f) and voltage (V) values of siloxane at low frequency (1 kHz) and high
frequency (1 MHz). The C-V curves show a variation in the capacitance values upon
sweeping from -1V to +1V. The decreasing capacitance as frequency increases is due to
the slow polarization effect or ionic impurities [24]. The dielectric constant (x) is
calculated using the equation given below

Ci = gk/d (3.2)
Where g, is permittivity of vacuum and d is the dielectric thickness, respectively. Using
this formula, « is estimated to be 3.78 using capacitance values at 1 kHz, which is
commensurate with both solution processed SiO2 and conventional SiO. which has a

range of 3.0-3.9 at the same frequency [25,26]. In order to check the improvement of the
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electrical characteristic of all conditions as explained by termination of defects at the a-

IGZO/GI interface, the interface state density (Di) is calculated as shown below

SS1 1
Dip = €22~ (3.3)

Where, k is Boltzmann’s constant, T is the absolute temperature, and q is the magnitude
of electronic charge. The Dit is an important value to determine the suitable combination
of the GI and the channel layer. A higher Dit means that there are higher amount of traps
or defects at the interface leading to the poor TFT performance. The values of Di: from
SiO, GI TFT and TFT with siloxane Gl are 7.17x10' and 2.23x10'! cm?2eV?,
respectively. These results support that a lower Di: can improve x, Vi, and reduce the
hysteresis loop [27]. The summary of the film properties of SiOz and siloxane are shown

in Table 3.2.
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Figure 3.4 Capacitance-voltage measurement of O2 annealed siloxane at 1 kHz and 1
MHz.
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Table 3.2 Comparison of the properties between SiO> and siloxane film.

Gl Material
SiO; Siloxane
K 3.90 3.78
Ci (Flcm?) 3.45x10® 1.34x10°8

Dit (cm2eVv?t)  7.17x10"  2.23x10M

3.4 Key factor to improve the performance of top gate oxide

TFTs

From the results, top gate a-1GZO TFT using siloxane as a Gl improves the
electrical characteristics and stability. Not only because siloxane acts as a good barrier of
a-1GZO TFTs to protect the a-1GZO surface from the adsorption and desorption of water
and oxygen molecules, but also the chemical reaction and film quality itself supports the
channel layer.

The lgs for solution processed Gl generally increase due to the physical defect
such as physical holes or pores, which generate hot spots of the applied electric field
during electrical measurement [25-26]. The STEM (Hitachi HD-2700) image (Figure 3.5)
proves that siloxane has a minimal defect in either the bulk area or the interfaces which
supports the result of comparable Igs with sol-gel processed SiO» Gl technique
(<10nA/cm?) [26]. Figure 3.5 also shows the thickness of siloxane layer, which can be
controlled by the rotation speed. Although, increasing the GI thickness results in a lower
lgs; a thicker GI, however, tends to decrease the capacitance as explained in Equation 3.2

[12]. Figure 3.6 also showed an ultra-smooth surface measured by a Shimadzu SPM-9600
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atomic force microscopy (AFM) that shows a root-mean-square (RMS) surface roughness
(Rrms) of 0.62 nm — comparable with vacuum processed SiO> film [28]. It is well known
that mobility improves by improving the interface between the channel layer and Gl
because the carrier transport scattering caused by interface roughness is suppressed [28-
30].

In terms of the chemical reaction, the O1s intensity from XPS with
monochromatic Al Ko (Shimadzu KRATOS AXIS-165) profiles (Figure 3.7) shows the
comparison of the area ratio percentages of the deconvoluted sub-peaks. The chart shows
3 peaks at 530, 531, 532 eV which is attributed to metal oxide (M-O) bonding, oxygen
deficiency region (M-V,), and hydroxide (M-OH), respectively [18]. The deconvolution
suggests that hydrogen from siloxane diffused into the surface area of a-IGZO and reacted
with lattice oxide created a hydroxide dangling bond as represented in binding energy
around 532 eV together with the generation of more free electron from the chemical
reaction. This diffusion occurs during the annealing process due to the incorporation of
hydrogen that diffused from the siloxane layer into the a-1GZO layer, which also able to
suppresses the oxygen vacancies as shown in the decreasing of the binding energy around
531 eV. Furthermore, the increase in M-O bonding implies that there are more carrier
pathways in the a-1GZO, which improved the mobility. Besides the effect of the siloxane
layer, oxygen from post-oxygen annealing also suppress the generation of oxygen
vacancies and enhances the device performance.

To confirm the mechanism of the improvement of the electrical characteristic,
Figure 3.8 shows the comparison of the intensity of 1.2H (hydrogen) and 160 + 1H
(hydroxide) in a-1GZO bulk (70 nm-thick) by SIMS (ULVAC-PHI ADEPT-1010) with

Cs+ ion source (1 keV and 50 nA). Both intensities of 1.2H and 160 + 1H in the IGZO



66

region near siloxane shows higher intensity than the region near SiO2. These results
confirmed that both H and OH from siloxane diffuses into the IGZO bulk layer and affects
the characteristic of a-1IGZO TFTs.

Supported by XPS results, this shows that hydrogen from siloxane layer diffused
into the a-1GZO layer and siloxane protected the surface of a-IGZO from ambient effects,
which improved electrical characteristics. Furthermore, the O-H bonds from siloxane
layer reacted with a-1GZO surface and generated free electrons. Free electrons from the
hydrogen and hydroxide reaction in the siloxane layer suppress the formation of electron
traps on the a-1GZO surface as shown in the reduction of Di value improving TFT
mobility, stability, and lower voltage operation [31-33]. Moreover, an extra hydrogen

from siloxane remains on the a-1IGZO surface which enhances mobility as shown in the
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Figure 3.5 STEM cross-sectional image of siloxane/IGZ0O/Si0,/Si film.
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3.5 Summary

| succeeded in fabricating high-performance TFT using siloxane for both
passivation and GI in the same TFT dependent on whether the bottom or top gate structure
is activated. In this study, | demonstrated that siloxane is not only an excellent barrier
film but also an alternative candidate for solution processed dielectric material for lower
process cost and improved TFT performance. | demonstrated that the excellent film-
forming properties of oxide semiconductor enabled a higher dielectric constant compared
with SiOs.

The effect of the hydrogen and hydroxide bonding from siloxane was
investigated and | found that these diffuse into the a-1GZO layer and improve the
electrical characteristics. By using siloxane as a Gl, the best TFT which used a top gate

configuration with siloxane G1 had a mobility (i) = 38.09 cm?-V1.s?, threshold voltage
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(Vi) = 3.21 V, sub-threshold swing (SS) = 0.16 V/dec, and hysteresis (Vi) = 0.01 V. In
addition, with such a high mobility (38.09 cm?-V-1.s7), this GI candidate will fulfill the
criteria for future display with good characteristics such as high resolution and high frame
rate. This phenomenon can be explained by the increasing intensity of both 1.2H and
160+ 1H around the surface (close to siloxane side) observed by SIMS analysis. The O1s
intensity from XPS also confirmed that the M-V, peak or the oxygen vacancies on the
surface of a-1GZO bulk are reduced after siloxane deposition on a-1GZO.

The effect of the interface state density (Dit)) on the electrical properties and
stability has been calculated and the results showed that siloxane as Gl have extra
hydrogen, oxygen, and hydroxide supporting the channel to reduce Di which also
increases W, reduces Vi, SS, VH, and comparable Igs from the I4-Vg curve. These results
posit that using siloxane is an excellent candidate together with oxide semiconductors in
fabricating high performance transparent and flexible devices by solution-based

processes in the near future.
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Chapter 4
UV-induced electrode/channel of all- solution

processed self-aligned oxide TFTs

4.1 Introduction

Large area, flexible electronic devices fabricated via a low-temperature solution
process has potential to unlock new direction in electronic studies. Usage of solution
processed TFTs to build electronic devices for low-cost devices fabricated by spin coating,
sol-gel, or 3D printing techniques on a large area, flexible substrates is a key challenge in
this emerging field [1-3]. The idea of TFTs with solution-processed semiconductors is
quite new as compared to traditional vacuum processed TFTs. However, the inferior
quality of solution processed transistor devices needs to be solved especially their low
yield, strict fabrication parameters, and high contamination.

Flexible all-solution processed TFTs are expected to be one of the most
promising next-generation display technologies, as described in Chapter 1. However,
when the application of a-IGZO to all-solution processed TFTs is considered, there are
many issues to resolve. In this chapter, fabrication processes for all-solution processed
TFTs are discussed from the viewpoint of developing novel fabrication methods.
Regarding the TFT structure, it is difficult and very challenging to fabricate a whole
device with the all-solution process since it is crucial that the bulk of the semiconductor,
gate insulator, and electrode to not have any accumulated parasitic charge or induced
traps. Also, the interface of the gate insulator/semiconductor is required to be ultra-

smooth with fewer defects, holes, or pores which are directly related to issues such as
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poor electrical characteristics, high leakage current, and non-uniformity. For the
semiconductor layer, material candidates which are possible to fabricate by solution
process: inorganic, organics, or nanomaterials now have comparable performance with a-
Si:H, with mobility around 1 cm?V1s? [4-6]. In this chapter, solution a-1ZO is selected
since this material is promising to generate high mobility and it is possible to transform
from a semiconductor into a conductor, which enables the possibility to make an
electrode-semiconductor in a single layer to reduce the parasitic charge that occurs in the
contact between semiconductor and electrode, which will be discussed in section 4.4.

For gate insulators, high-k, ion-gel, and polarizable ionic materials show
comparable electrical characteristics such as good mobility and low operation voltage
[7,8]. However, thickness and flatness need to be controlled to avoid fixed charges,
interface traps, bulk traps and mobile ions [9]. As in chapter 3, solution inorganic-organic
hybrid material based on siloxane will be used in this chapter, because this material shows
a good combination with an oxide semiconductor, by suppressing oxygen vacancies and
increasing conductive path to enhance high mobility and improved stability. The last part
is dedicated in discussing the electrodes: conductive metal oxide, printed metal, and
carbon materials have been used by several researchers toreplace vacuum processed
materials, but these materials still need high annealing temperature and have high material
cost [10-12]. In section 4.4, the principle of transparent metal oxide will be introduced
and lead the way to make an oxide material transform to the conductive material by UV
treatment.

As mentioned on the issues above, the new design of the novel all-solution
processed self-aligned TFT structure will be introduced mainly to improve the solution

processed TFT performance together with reducing the complex fabrication process. The
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new all-solution processed TFT fabrication process and its electrical characteristics are
introduced in section 4.5. The effect of UV-induced self-aligned structure is also
explained in section 4.6.

The key factors are separated into two parts based on the a-1ZO area with and
without the UV affected zone. The first part discusses how the solution a-1ZO
semiconductor without UV effect is improved by the hydrogen and hydroxide from the
siloxane’s chemical structure which suppresses the defect inside the a-1ZO and generates
an additional free electron. The second part is about the a-1ZO within the UV affected
area, which was successfully transformed into conductive electrodes which were
confirmed by a change of resistivity before and after UV treatment due to an increase of

oxygen vacancies as observed by XPS analysis.

4.2 Solution process and the selection of the channel material

A thin film may be deposited from precursors in vapor, liquid, or even solid
phases, or a combination of several phases, depending on the nature of the precursors and
the desired functionality and specification of the resulting thin solid film. Physical and
chemical vapor deposition methods, such as sputtering and epitaxy, are some examples
of vapor phase deposition methods. These processes require well-controlled atmosphere
and are usually performed in a vacuum, using expensive equipment and energy-intensive
processes. Therefore, it is not surprising that the resulting thin films made by vapor phase
methods are high-quality films with fewer defects. On the other hand, the liquid-phase
methods for deposition of thin films from solution or colloidal mixtures, such as spin coat,
sol-gel, and printing methods, are cheaper but less controllable and repeatable, which may

affect the quality of the thin films. It can be observed that some thin films may be
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deposited by several methods, whereas some others are only compatible using a particular
deposition route. For example, highly crystalline thin film semiconductors need to be
deposited via the vapor phase methods, such as epitaxy. Organic thin films are usually
deposited with a low-temperature solution. Whereas some other materials, inorganic thin
film semiconductors such as a-1ZO, may be deposited from both the vapor and liquid
phases. The vapor phase film deposition methods are well studied and established.
Therefore, the focus of this paper is more on the potential for flexible, large-scale, low-
cost fabrication of thin film devices that can be processed in solution using wet chemistry
and deposited using proper printing or coating techniques [13].

In this thesis, selecting a solution oxide material that can possibly undergo a
semiconductor-to-conductor transformation to act as both a channel and electrode within
a layer is proposed. Using previous studies of the role of each element for a-1GZO
material, increasing the In ratio was correlated with decreasing of the electrical resistivity
because a high In ratio leads to an increase of the amount of oxygen vacancies and Zn
interstitials which are the origin of electrons. An increase of In atoms in 1ZO induced a
negative shift and increasing on-current (lon) and off-current (loff) of transfer curve due to
having more electrons. Therefore, as In ratio was increased in IGZO TFTs, field-effect
mobility (prer) was increased [13]. For the Ga effect in a-1GZO TFTs, Kim et al. [14]
explained that if the Ga/Zn ratio increased, the electron concentration decreases and the
electrical resistivity inversely increases. This is because Ga composition acted as a
suppressor in a-1GZO thin films. Ga ions have stronger chemical bonds with oxygen than
that of the In and Zn ions due to larger formation energy of oxygen vacancy [14]. The
incorporation of Ga content in the a-1GZO played the role of effective control of carrier

generation which is related to oxygen vacancies. In a-IGZO, higher electrical



717

conductivity came from In and Zn. To reduce the effect of carrier suppressors, | selected
a-1Z0 instead of a-IGZO to increase the possibility to substantially increase the oxygen
vacancies to the treatment-selected area and keep a good quality of a-1ZO semiconductor
as a channel layer in the covered area.

There are varieties of treatment techniques to increase the amount of oxygen
vacancies such as by inducing the plasma effect directly to the target sample such as
plasma treatment, excimer laser annealing (ELA), or even reactive ion etching (RIE) [15].
However, these treatment methods require high energy and complex methods. For
simpler, faster operation, and low cost, ultraviolet rays that are usually used together with
ozone treatment — commonly used to clean the sample surface are selected instead of the
complex treatment methods stated above. With the UV light with wavelengths of 184.9
nm and 253.7 nm, it is possible to increase the number of oxygen vacancies inside the

oxide semiconductor, which are discussed in the next section.

4.3 UV and UV-0zone treatment

In general, UV/O3 treatment is used for material surface cleaning application
such as glass plates, chrome masks, metals, and semiconductors for coating of a
photoresist and improving the adhesive force. The uses of UV/Os3 treatment can be (i)
surface treatment prior to coating, plating, or vaporization, (ii) clean oxidation of metal
and semiconductor surfaces, (iii) modification of polymer surfaces, (iv) peeling and
etching of photoresist thin films.

The principle of UV/O3z treatment can be explained by the organic compounds,
which are converted into volatile substances such as water, carbon dioxide, nitrogen by
decomposition by ultraviolet rays and by strong oxidation during the formation and

decomposition of Oz, and are removed from the contaminated surface. The major
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wavelengths of the ultraviolet rays radiated from a well-known low-pressure mercury
vapor lamp are 180 nm and 254 nm. When atmospheric oxygen O- is irradiated with
ultraviolet rays with a wavelength of 180 nm, the oxygen absorbs the ultraviolet rays to
form Oz by the following reaction:
Ultraviolet rays with a wavelength of 180 nm
0,>0+0
O0+02~> 03
Ozone Os irradiated with ultraviolet rays with a wavelength of 254 nm absorbs
the ultraviolet light to decompose Oz. During the process of formation or decomposition
of Oz, atomic oxygen O having a strong oxidizing ability is generated. Then, contaminant
organic compounds are irradiated with ultraviolet rays and absorb the ultraviolet rays to
cause photolysis and generate the substances, which are ions, free radicals, excited
molecules, and neutral molecules.
Focusing on the UV light energy source, The UV treatment which adapted from
the UV/Os treatment create an impact application to transform the semiconductor to the
conductor. The energy (E) of an electromagnetic wave has a relationship with the

wavelength A as expressed by the following equation below:

E=hc/ A (4.1)
Where h is Planck’s constant = 6.626 x 1073 J-sec, ¢ is the velocity of light = 2,998 x 10%°
cm-sec?, and A is the wavelength (cm). According to equation 4.1, the energy (E) of
ultraviolet rays with a wavelength of 180 nm is 6.7 eV. In the same calculation, the E of
ultraviolet rays with a wavelength of 254 nm is 4.9 eV.

Table 4.1 shows the bond energies of In — O and Zn — O, these inorganic

compounds can be decomposed by irradiating them with energy stronger than the bond
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energy. According to this chemical-bond energy, light energy with a wavelength of both
180 nm and 254 nm from UV treatment is high enough to make a-1ZO generate more
oxygen vacancies from the weak bond.

In this study, UV/Oz is used for surface treatment to improve hydrophilic
properties to a substrate in the fabrication process. Meanwhile, applying only UV light
with the same energy level tend to reduce the resistivity of the oxide material by cutting
the oxygen bond without external oxygen suppression from the oxygen radicals generated
by the ozone. Notice that enhancing the conductivity of oxide semiconductor, it is
important to removing Os in the method to increase a probability of the oxygen vacancy

formation.

Table 4.1 chemical-bond energy in eV [16]

Bonds Chemical-bond energy
In-0 ~1.7eV
Zn-0 ~15eV

4.4 Transparent metal oxide electrode

Transparent conductive electrodes (TCEs) are widely used in organic light-
emitting diodes (OLEDs), liquid crystal displays (LCDs), and organic solar cells. Many
candidates have been developed for use as transparent electrodes, including carbon
nanotubes (CNTSs) [17], conducting polymers [18], and graphene [19]. However, these
alternative materials cannot fulfill all requirements such as high transparency, high
electrical conductivity, uniform conductance, and high adhesion to substrates. Recently,
the common material to be used as a transparent electrode is a transparent metal oxide

electrode material.
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The transparent metal oxide electrode or transparent conducting oxide (TCO)
films have been prepared by several combinations of the sputtering method have been
reported as a technique for coating TCOs, which has merits such as electrical conductivity,
high transparency, and environmental stability. The TCO materials which are commonly
used are InZnO (1Z0O), InSnO (ITO), InGeO, InZnSnO, and InTaO [20-26]. However,
most transparent electrodes are produced by vacuum deposition process, which is not
suitable for continuous processing, which is the fabrication strategy being pursued to
develop next-generation flexible electronics.

As alternative processes, TCO material has been fabricated by a solution process
such as 1ZO, ITO, and ZnO [27,28]. Among various deposition methods, solution
processed TCO has become a subject of interest due to their ease of fabrication, scalability,
and the potential to lower device-manufacturing making steps and costs. However, the
demerit of solution processed TFT using TCO electrode is low electrical performance and
their non-uniformity [27,28]. To reduce parasitic resistance and contact resistance
between electrode and semiconductor interface, a single layer of semiconductor-
conductor fabrication to improve the all-solution processed TFT electrical performance

is a challenge in this thesis.

4.5 Analysis of novel all-solution processed self-aligned oxide
TFTs

4.5.1 Fabrication process

To fabricate self-aligned top gate structure that was used in this study, | begin

with Figure 4.1 which illustrates the fabrication process of all-solution processed a-1ZO
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TFTs with siloxane as a GI. The SiO2/Si substrates were cleaned with concentrated
sulfuric acid at 80°C for 10 minutes then mixed with hydrogen peroxide (H2O.) for 10
minutes. UV/Oz was performed to enhance the hydrophilic properties on the surface of
the SiO2/Si substrate with a wavelength of 180 nm and 254 nm at 115°C in 10 min,

The cleaned substrates were placed on the spin coater, and rotation speed was
set at the rate of 300 rpm in 3 second and 3000 rpm in 30 second, respectively. The
deposition of the 50-nm-thick a-1ZO layer was prepared by 1ZO solution precursor with
an In:Zn ratio of 77:23. The deposition rate is 10 nm/cycle of spin coating. The prebake
and post bake processes are performed in every deposited layer at 150°C in 5 min and
300°C in 5 min in air. The first prebake is for the decomposition of the organic radical,
while the post bake is applied for hydrolysis to form the metal-oxide bond. After looping
the spin coating 5 times (aiming for 50-nm-thick), the a-1ZO was put on the hot plate and
post bake as performed for dehydroxylation and alloying at 300°C in 60 min as seen in
Figure 4.2.

a-1Z0 films used in this study were evaluated in the as-deposited condition.
Identical to chapter 2 and 3, the channel material was patterned using UV
photolithography and wet etching by 0.02 M HCI solution for 2-4 minutes. To fabricate
a siloxane Gl on top, spin-coating served a siloxane polymer layer on TFTs, at a rate of
1500 rpm for 15 seconds. Prebaking was then performed at a temperature of 110°C for 1
minute. To remove the volatile constituents and finish the cross-linking reaction of the
siloxane, baking was performed at 230°C for 20 minutes and 300°C for 20 minutes in the
air, respectively.

Right after deposition of the siloxane Gl, the TFT samples were placed inside

UV/O3 treatment to enhance the hydrophilic properties on the surface of siloxane layer at
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115°C in 5 min before deposit the top gate a-1Z0 on the top with the same condition of
solution a-1ZO spin-coat deposition as mention before. To perform patterning of
source/drain electrode, the TFT sample was patterned using UV photolithography and
wet etching by 0.02 M HCI solution for 2-4 minutes to remove non-resist-covered a-1Z0O
area.

The non-resist-covered siloxane area can be removed by RIE process with the
gas ratio of CF4/ Ar =30/ 45 sccm for 30 seconds. The resist was then removed with
acetone, methanol, and pure water to finish the processes for as-fabricated samples. To
make a-1ZO source, drain, and gate electrodes, the TFT sample was treated by UV
treatment under wavelength of 180 nm and 254 nm at 115°C in 15 min with UV lamp
power of 15 mW/cm? which finishes all the processes. The top-view structure is shown
in Figure 4.3 observed by optical microscope.

las-Vgs characteristics measurement were performed with an Agilent HP4156C
semiconductor parameter analyzer. The switching of fabricated devices was traced by
apply voltage to gate from -20 V to 20 V whose step was 100 mV, and apply voltage to
drain from 0.1 V to 9.9 V whose step was 4.9 V. The sheet resistance was performed by
4-point-probe method using 1 X 1 cm? a-1ZO film before and after UV treatment at 115°C
in 15 minute.

Elemental composition, structure, and defects were observed by performing
cross-sectional imaging by the STEM and observe the elemental and structural analysis
by EDX Spectroscopy. To confirmed that this TFT is fabricated without any metal
electrodes, the TFT cross-sectional structure was observed by the STEM and elemental
mapping observation by EDX as shown in Figure 4.4 and 4.5. Note that the TFT was

coated with W and C for sample preparation during cutting by Focused Ion Beam (FIB).
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The electrical properties were evaluated by analyzing the TFT transfer
characteristics. To confirm the transformation of a-1Z0O from semiconductor to conductor,
the resistivity is calculated from the value of the sheet resistance. Furthermore, the
mechanism will be elucidated by performing SIMS for diffusion study and XPS for
chemical structural observations and comparing the oxygen vacancy concentrations

between a-1Z0 before and after UV treatment.
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Figure 4.1 Illustration of process flow of the all-solution process self-aligned a-1Z0O
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Figure 4.2 Illustration of three steps of solution processed oxide film deposition
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Figure 4.3 Top view of the all-solution processed a-1ZO TFT including source (S),

drain (D), gate (G), and channel layer under the gate observed by optical microscope.
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Figure 4.4 Cross section of the all-solution processed a-1Z0O TFT observed by
STEM.

Siloxane

1ZO
Si0O2

Si Substrate

Figure 4.5 Elemental mapping of the all-solution processed a-1ZO TFT observed by
EDX, proved that this TFT was fabricated without any metal electrodes. Note that
TFT was coated by W and C during cutting by FIB.
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4.5.2 Electrical characteristics

The effects of UV-induced transformation of semiconductor-to-conductor on the
electrical characteristics of self-aligned a-1ZO TFTs were measured by lgs-Vgs
characteristics. The as-fabricated or before UV treated TFTs and after UV treated TFTs
had a W/L of 90/20 um. Figure 4.6 shows a comparison of the transfer characteristics of
self-aligned a-1Z0O TFT before UV as Figure 4.6 (a) and after treated by UV at 115°C in
15 min as Figure 4.6 (b). As expected, the transfer characteristics show that as-fabricated
TFT show poor characteristics — with no switching behavior and low current because of
the source, drain, and gate a-1ZO were still not activated. Meanwhile, TFTs treated by
UV at 115°C in 15 min show effective switching behavior. The TFT characteristics with
UV at 115°C in 15 min was measured.

In this chapter, | used a 100-nm-thick siloxane as a Gl. Following equation 3.1,
the resulting TFT was excellent: the p was 8.02 cm?-V1.s?, Vinwas 3.70 V, SS was 320
mV/decade, and lon/loff Was ~107. This result shows that UV treatment at very low
temperatures and short treatment time are enough to activate the conductive behavior of
a-1ZO to act as electrodes. Moreover, siloxane Gl also supported the a-1ZO
semiconductor area to show a very high performance TFT compared with other solution
processed TFT [3,29] or even comparable with vacuum processed a-1ZO TFT which has
a W range from around 5-30 cm?-V1-s, SS around 300-800 mV/decade, and lon/lof less
than 108 [30-32].

More studies about the degradation of all-solution processed a-1ZO TFTs was
performed by 10-time continuous measurement as shown in Figure 4.7. The results
clearly show that the TFT dramatically degrades with both on and off current after the

same TFT is consecutively re-measured 10 times, but the TFT switching behavior still
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remains after 10" measurement. | suggested that the oxygen vacancies inside the activated
a-1Z0 electrodes are mobile. However, these results show a great move in term of TFT
operated without any metal electrodes and generate extremely high performance of initial

electrical characteristics.
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Figure 4.6 Comparison of transfer characteristics of self-aligned a-1ZO TFT (a)
before UV, (b) after UV treated TFT, TFTs had a W/L = 90/20 pum.
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Figure 4.7 The 10 times transfer characteristics measurement of self-aligned a-1ZO
after UV treatment, TFTs had a W/L = 90/20 um.
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4.6 Analysis of the UV-induced TFTs

In the previous section, no degradation is observed in the saturation region of the
initial transfer characteristics, suggesting good contact region between the a-1ZO
semiconductor and activated a-1ZO electrodes. Suggesting that the UV treatment can
penetrate through the bulk of the affected a-1ZO, which is confirmed by the calculation

of the penetration depth by Lambert’s law of absorption equation as given below,
~= 2/4mk (4.1)

Where k is IZO’s extinction coefficient and 1 is UV wavelength = 254 nm. After
calculation, the penetration depth of UV through a-1Z0 bulk is estimated to be 75.53 nm,
which confirms that the UV light can affect through the a-1ZO bulk layer except the
channel area protected by 100-nm-thick siloxane Gl, which has a maximum absorption
coefficient of 6 x 10 um™ under 1700 nm-wavelength [33].

The a-1ZO film samples were fabricated to measure the sheet resistance to
facilitate comparison of a-1ZO without UV treatment and a-1ZO with UV treatment. The
sheet resistance values were measured by 4-point-probe measurement (KEITHLEY?2401).
The 4-point-probe contains four thin collinearly placed tungsten wires probes which are
made to contact the sample under test. The current will flow between the outer probes,
and the voltage is measured between the two inner probes and assume that the interprobe
spacings are equal. After measuring 10 times, the results are shows the average value as
follow; a-1ZO without UV treatment and a-1ZO with the UV treatment show sheet
resistance of 14553.34 Q/square and 134.68 Q/square, respectively. This result shows
that a-1ZO after UV treatment has a drastically reduced resistance compared with before

UV treatment.
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The resistivity of a-1Z0 with and without UV treatment was calculated by the
value of sheet resistance measured by 4-point-probe multiplied by the a-1ZO film
thickness. The results of calculation of a-1ZO without UV treatment and a-1Z0O with UV
treatment show the resistivity of 0.07 Q-cm and 6.73 X 10 Q-cm, respectively. These
results show that after UV, resistivity decreased from before UV by almost 2 order of
magnitude, makes a-1ZO become a conductive comparable even with commercial ITO
electrodes [34] as shown in Table 4.2. These results proved that the UV-induced on oxide
TFT is a promising method to make a TCO material, which is simple, low cost, low
temperature, and fast operation process.

Table 4.2 TCO materials resistivity comparison

TCO Techniques Resistivity
ITO Commercial ~1.90x10* [33]
ITO PLD 8.45 x107° [33]
ITO Spray pyrolysis ~1.29x10* [33]
1ZO Without UV treatment 7.25x1072

1ZO With UV treatment 6.73x10™

The whole mechanism to clearly explain the enhanced TFT performance is not
yet well understood and is still being developed since this structured design is a state-of-
the-art technique. For more understanding of the mechanism, there are a variety of
techniques that were previously used to enhance the conductivity of oxide semiconductor
such as Kang et al, enhance the conductivity of 1ZO thin films by self-combustion
technique by inducing exothermic heat from a combustion, which leads to enhancement

of the 1ZO electrical conductivity [35] and D.-S. Liu et al, showed the temperature
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dependence of oxygen ambient annealed 1ZO film, in which the resistivity of 1ZO film is
increased after increasing the temperature [36]. However, these techniques transform the
oxide material to become an electrode for the whole layer and are unable to make a
selective region conductive. H. Liu et al also reported that electrical conduction in TCOs
is achieved by introducing native defects such as oxygen vacancies or doping higher-
valence elements to increase the carrier concentration around 10%° ¢cm [33].

According to the literature review above, the transformation of semiconductor-
to-conductor in this research is strongly dependent on the amount of oxygen vacancies
(Vo) since the nature of these created states is ionized oxygen vacancy (Vo?*). These
additional Vo?* states act as deep hole trapping centers and increase the carrier
concentration by giving free carriers in a-1ZO which increases the conductivity [37].

For more understanding of the mechanism, the a-1ZO film samples without UV
treatment and with UV treatment are analyzed by SIMS and XPS. SIMS analysis was
performed to understand the composition change of each element through the bulk of 1ZO
as shown in Figure 4.8. They have to significantly change the atomic counts of 180, 1.2H,
and 160+1H which represent the amount of oxygen, hydrogen, and hydroxide,
respectively. To support this data, the comparison of O1s XPS spectra of a-1ZO before
UV treatment and a-1ZO after UV treatment are shown in Figure 4.9. From the result,
there is a slight change of the M-Vo peak of each sample means they have some change
of the bonding inside of the a-1ZO sample after UV treatment.

The O1s XPS spectra of a-1ZO without UV treatment in Figure 4.10 (a) and a-
1ZO with UV treatment in Figure 4.10 (b) on the surface of the a-1ZO layer. The spectra
show the comparison of the area ratio percentages of the deconvoluted sub-peaks with

the total FWHM in the range of 1.4-1.6 eV for each component. The peak shows 4 peaks
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at 530, 531, 532, 533 eV which is attributed to metal oxide (M-O) bonding, oxygen
deficiency region (M-V,), hydroxide (M-OH), and chemisorbed water molecules (H20),
respectively [38,39].

The deconvolution shows a solid increase of M-Vo peak by 5% and M-O also
decreases by 7%, suggesting that they have some effect during fabrication process which
supports the idea that the oxide layer generates more oxygen vacancies when subjected
to processes such as RIE method that induces plasma damage during operation. As
reported by Chien et al, a resist-related phenomenon during plasma charging must be
taken into a consideration [40]. The RIE etching on that a-1ZO area that has to resist
overlayer may exhibit extra defects, although the detailed charging mechanism needs
further investigation. The result in Figure 4.6 (a) also supports this statement by the small
switching behavior occurring on the TFT transfer curve before UV treatment. After the
RIE method, the metal oxide bond was cut by the UV light which increases the number
of oxygen vacancies making a-1ZO after UV treatment to demonstrate a more conductive
behavior as shown in Figure 4.7 (b).

In the a-1Z0 semiconductor region, as same as explained in chapter 3, the
increase in M-O bonding implies that there are more carrier pathways in the a-1ZO from
siloxane GI, which improved the mobility. Besides the effect from the siloxane layer, the
higher densification after post-baking at 300°C in 1 hour also suppress the generation of
oxygen vacancies inside the channel layer and enhances the device performance.

The hypothesis of the mechanism of UV-induced transformation is primarily due
to the increase of oxygen vacancies on the a-1ZO surface as shown in Figure 4.11. There
are no significant changes in the number of each element such as oxygen, hydrogen, and

hydroxide as observed by SIMS analysis. After RIE process in combination with UV
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treatment, the M-O ratio will be decreased and the M-V ratio will be increased, which
suggests that the generation of more oxygen vacancies made a-1ZO to have higher
conductivity. This mechanism needs further investigation for a clearer understanding and

is described as a future work as discussed in chapter 5.
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Figure 4.11 Illustration of the mechanism of the oxygen vacancies generation on a-
1ZO surface before and after UV treatment.

4.7 Summary

Developing all-solution processed oxide TFT for flexible and wide area display
is rapidly receiving interest and has become an important research topic in the industry
of display development. In section 4.2, many traditional vacuum processes were
introduced to compare with solution process fabrication. Many research groups have
shown different methods to point out the problem of lowering the complexity of the
fabrication process, lower the process temperature, and lower the production cost. The
solution process results of many research groups show interesting progress in making
solution processed TFT instead of vacuum processed TFT. | used a-1ZO TFT instead of
a-1GZO TFT due to the higher conductive behavior without Ga suppressor, which will
benefit the transformation of the semiconductor-to-conductor layer and also possible to
fabricate by solution method as many researchers have succeeded.

The UV and UV/O3 treatment was introduced in section 4.3 and shows the
common application of UV/Os in cleaning up the surface of the target sample. By

observing the mechanism of the UV/Og3 treatment; we can activate a TCO material by
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using the UV ray under the wavelength of 180 nm and 254 nm to increase the number of
oxygen vacancies inside the oxide semiconductor as explained in section 4.4.

The fabrication method of all-solution processed a-1ZO TFT without any metal
electrodes are given in section 4.5, which shows a very simple fabrication process with
just only spin-coating and patterning to finish up the processes. Moreover, the all-solution
processed a-1ZO TFT without any metal electrodes shows extremely high electrical
characteristics after UV treatment at 115°C in just 15 minutes — comparable with vacuum
processed a-1ZO TFT. In addition, this is the first time that the TFT characteristics
demonstrate switching behavior even without any metal electrode. However, suppressing
the degradation of the solution processed material is still needed to improve.

The effect of UV-induced transformation on self-aligned structure a-1ZO TFT
was confirmed, with the entire depth of the a-1ZO bulk layer shown to be affected by UV
light under wavelength of 184.9 nm and 253.7 nm as shown by the calculation of the UV
penetration depth through the a-1ZO layer. After calculating the resistivity of before UV
and after UV treated a-1ZO samples of 0.07 Q-cm and 6.73 x 10 Q-cm, respectively.
This 2 order of magnitude of reduction of the resistivity after treatment by UV light is a
good sign for this treatment method because the UV treatment method is very simple, fast
operation, and has low process cost.

Section 4.6 The a-1Z0 film before UV and after UV treatment is also confirmed
by SIMS and XPS analysis that the amount of element inside a-1ZO films such as oxygen,
hydrogen, and hydroxide will not change after being treated by UV. But the chemical
bonding inside as observed by Ols XPS spectra significantly changes, however, the
differences of M-Vo are not high as expected. The metal oxide bond at 530 eV-binding

energy was reduced only by 7% after treatment and oxygen vacancies at 531 eV-binding
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energy were increased only by 5%. Suggesting that resist-related phenomenon during
plasma charging by RIE etching affects the changing of the number of oxygen vacancies
or make Oxygen dangling bond become easier to remove after irradiating by UV light,
which makes a-1Z0 transform into a conductor.

This chapter guided that the UV-induced transformation of oxide
semiconductors is a promising method to make TCO materials, which is a simple, cost-
effective, low temperature and fast operation process. Particularly, the novel all-solution
processed a-1ZO TFT design improved the TFT performance while simultaneously
reducing cost and reducing the fabrication steps. This simple UV method will drive

solution processed TFT research to move to the next step.



98

References

[1] D. B. Mitzi, Solution Processing of Inorganic Materials, Wiley, (2008).

[2] Y. G. Sun and J. A. Rogers, Adv. Mater. 19, 1897-1916 (2007).

[3] M.-G. Kim, M. G. Kanatzidis, A. Facchetti, and T. J. Marks, Nat. Mater. 10, (2011).
[4] H. Yan, et al., Nature, 457, 679-686 (2009).

[5] R. C. G. Naber, et al., Nat. Mater. 4, 243-248 (2005).

[6] T. Sakanoue and H. Sirringhaus, Nat. Mater. 9, 736-740 (2010).

[7] R. P. Ortiz, A. Facchetti, and T. Marks, Chem. Rev. 110, 205-239 (2010).

[8] M. N. Fujii, Y. Ishikawa, K. Miwa, H. Okada, Y. Uraoka, and S. Ono, Sci. Rep. 5,
18168 (2015).

[9] S. Y. Lee, S. Chang, and J.-S. Lee, Thin Solid Films, 518, 3030-3032 (2010).

[10] M. J. Alam and D. C. Cameron, Thin Solid Films, 420, 76-82 (2002).

[11] Y. L. Wu, Y. N. Li, and B. S. A. Ong, J. Am. Chem. Soc. 129, 1862-1863 (2002).
[12] S. Bae, et al., Nat. Nanotech. 5, 574-578 (2010).

[13] G. H. Kim, B. D. Ahn, H. S. Shin, W. H. Jeong, H. J. Kim, and H. J. Kim, Appl.
Phys. Lett. 94, 233501 (2009).

[14] G. H. Kim, W. H. Jeong, and H. J. Kim, Phys. Status Solidi A 207, 1677 (2010).
[15] J. P. S. Bermundo, Y. Ishikawa, M. N. Fujii, H. Ikenoue, and Y. Uraoka, Appl.
Phys. Lett. 110, 133503 (2017).

[16] S. Kimand L. Donald, Chemistry LibreTexts, Bond Energy, (2017).

[17] Q. Cao, S. H. Hur, Z. T. Zhu, Y. Sun, C. Wamg , M. A. Meitl , M. Shim, and J.
A. Rogers , Adv. Mater. 18, 304, (2006).

[18] M. Vosgueritchian, D. J. Lipomi, and Z. Bao , Adv. Funct. Mater. 22, 421 (2012).

[19] S. Pang, Y. Hernadez , X. Feng , and K. Millen , Adv. Mater. 23, 2779 (2011).



99

[20] D.-Y. Cho, K.-B. Chung, S.-1. Na, H.-K. Kim, J. Phys. D: Appl. Phys. 46, 295305
(2013).

[21] H.-M. Lee, S.-B. Kang, K.-B. Chung, and H.-K. Kim, Appl. Phys. Lett. 102,
021914 (2013).

[22] K.-W. Seo, J.-H. Lee, H.-J. Kim, S.-I. Na, and H.-K. Kim, Appl. Phys. Lett. 105
031911, (2014).

[23] C.-Y. Park, C.-Y. You, K.-R. Jeon, and S.-C. Shin, Appl. Phys. Lett. 100, 222409
(2012).

[24] H. Lee, H. Lee, J.-H. Park, H.-K. Kim, B.H. Kong, and H.K. Cho, Jpn. J. Appl.
Phys. 50, 055805 (2011).

[25] Y.-S. Park, H.-K. Park, S.-W. Cho, J.-A. Jeong, K.-H. Choi, H.-K. Kim, J.-Y. Lee,
J.-H. Lee, H.-D. Bae, Y.-H. Tak, and W.-J. Cho, Solid-State Lett. 11, J85-J88 (2008).
[26] Y.-Y. Choi, S.J. Kang, and H.-K. Kim, Curr. Appl. Phys. 12, S104-S107 (2012).
[27] S. Edinger, N. Bansai, M. Bauch, R. A. Wibowo, G. Ujvari, R. Hamid, and G.
Trimmel, J. Mater. Sci, 52:8591-8602 (2017).

[28] S. Bouden, A. Dahi, F. Hauquier, H. Randriamahazaka, and J. Ghilane, Sci. Rep.
6:36708 (2016).

[29] S. Yoon, S. J. Kim, Y. J. Tak, and H. J. Kim, Sci. Rep. 7:43216 (2017).

[30] N. L. Dehuff, E. S. Kettenring, D. Hong, H. Q. Chiang, J. F. Wager, R. L. Hoffman,
C. H. Park, and D. A. Keszler, J. Appl. Phys., 97, 064505 (2005).

[31] B. Yaglioglu, H. Y. Yeom, R. Beresford, and D. C. Paine, Appl. Phys. Lett., 89,
062103 (2006).

[32] J. I. Song, J. S. Park, H. Kim, Y. W. Heo, J. H. Lee, J. J. Kim, G. M. Kim, and B.

D. Choi, Appl. Phys. Lett., 90, 022106 (2007).



100

[33] S. Hegde, Optical Attenuation in Siloxane Polymer Waveguides (2010).

[34] H. Liu et al., Superlattices and Microstructures 48, 458-484 (2010).

[35] Y.H. Kang, K.S. Jang, C. Lee, and S.Y. Cho, ACS Appl. Mater. Interfaces,
8(8):5216-23 (2016).

[36] D.-S. Liu, C.-H. Lin, C.-S. Sheu, and C.-T. Lee, Thin Solid Films 516(10):3196-
3203 (2008).

[37] H. Oh, S. Yoon, M. K. Ryu, C. Hwang, S. Yang, and S. K. Park, Appl. Phys.
Lett., 97 183502 (2010).

[38] J. P. Bermundo, Y. Ishikawa, H. Yamazaki, T. Nonaka, M. N. Fujii, and Y.
Uraoka, Appl. Phys. Lett. 107, 033504 (2015).

[39] A. Celebioglu, S. Vempati, C. O. —Akgun, N. Biyikli, and T. Uyar, RSC Adv. 106,
(2014).

[40] C.-H. Chien, C.-Y. Chang, H.-C. Lin, T.-F. Chang, S.-G. Chiou, L.-P. Chen, and

T.-Y. Huang, IEEE Electron Device Letters, Vol. 18, No. 2 33 (1997).



101

Chapter 5

Conclusions

5.1 Conclusions

All-solution processed fabrication of TFTs is a promising fabrication method
because the high demand of flat panel displays will dramatically increase every year
coupled with the need to reduce the process cost while keeping the high performance of
devices. In order to manufacture high-performance all-solution processed oxide TFTs
aiming to develop flexible and wide area electronic devices, investigation of each part of
TFT structure is an important factor, as described in Chapter 1. In this study, the influence
of the fabrication process to TFT performance was evaluated by various techniques
mainly the comparison between vacuum technique and solution technique.

The key point to enhance the performance of solution process is the element
control such as hydrogen, oxygen, and/or hydroxide on the surface and interface of the
TFT such as gate insulator/semiconductor or electrodes/semiconductor. The main issue
of the oxide channel materials is the degradation resulting in poor reliability versus
ambient effects. The TFT performance can be supported with a suitable gate insulator
beside thermally oxidized SiO», which has limited application in future devices.

This thesis mainly described the effects of the defect and the elemental analysis
of oxygen, hydrogen, and hydroxide on the electronic properties of oxide TFT. In addition,
the fabrication of all-solution processed oxide TFT applications with a high performance
aiming for future flexible devices was also considered. The results obtained in this study

are important from both a scientific academic and an engineering industry viewpoint.



102

Selection of a passivation material suitable for oxide semiconductor such as a-
IGZO was successful. The hybrid inorganic-organic material based on siloxane-bond are
introduced in chapter 2. To protect the back channel, which is sensitive to the ambient
effect that contributes to degradation. The control of hydroxyl-bond inside siloxane’s
chemical structure is discussed and it is found that siloxane with less OH-bond shows the
best result when acting as a passivation layer which results to having good transfer
characteristic without a hump and excellent reliability for AVw = 1.4 V even after PBS.
Moreover, the mobility was more than 9 cm?-V1.s?, sub-threshold swing (SS) was less
than 200 mV/decade, and the on-off current ratio (Ion/loff) Was larger than 10°. The main
issue of passivation is that hump effect often occurs in the lqgs-Vgs transfer characteristics
which makes it a problem for many researchers to find a suitable passivation for their
TFT.

This thesis concluded the key factor to reduce the hump effect on the sub-swing
threshold area. The hump effect occurs by an accumulate of charges such as oxygen
vacancy, hydrogen interstitials near the interface of electrode/semiconductor area which
formed a parasitic charge — which turn on switching faster than the channel layer
formation. A proper amount of hydroxide from the siloxane passivation layer can
suppress the oxygen vacancies inside the a-IGZO layer after annealing, resulting in no
hump effect.

In chapter 3, the analysis of the electronic properties of siloxane material was
performed using the C-V method. Siloxane shows good electrical properties suitable to
perform as a Gl. The bottom gate TFT using SiO> as a Gl and top gate TFT using siloxane
as a Gl within the same TFT were compared. From comparisons of the electrical

characteristics, it was found that a-IGZO TFT using siloxane as a Gl had a very high
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mobility of 38.09 cm?-V1.s?, Vi =3.21V, SS = 0.16 V/dec, lgs = 5.0x1070 A, lon/lofr Was
about 10° and without a shift of hysteresis, which gives better results compared with a
traditional SiO2 Gl. The key factor to improve those electrical characteristics and stability
is also a hydroxide from the siloxane layer that diffuses to the a-1GZO layer lowering the
oxygen vacancy, increasing the carrier path, and lowering the trap density. This siloxane
Gl will be a good candidate for the solution processed TFT research field.

In chapter 4, 1 combined the knowledge of study in previous chapters together
with utilizing the UV treatment to fabricate an all-solution processed oxide TFT.
Especially the TFT of this work will not include any metal electrodes. By selected a-120O
semiconductor to make a semiconductor/conductor within the same layer to reduces the
fabrication step and the contact resistance in the interface of electrodes/semiconductor
problem.

The fabrication of this TFT is very simple, fewer process steps, and fast by using
just only spin-coating and patterning by UV-lithography finalize by UV treatment with
low temperature at 115°C within 15 minutes. The electrical characteristic results proved
that this TFT can be operated with extremely high p of 8.02 cm?-V?1-s, Vinwas 3.70 V,
SS was 320 mV/decade, and lon/loft Was ~107, which are comparable with vacuum
processed a-1ZO TFT. The key to making this TFT turn on switching without any metal
electrodes is to increase the oxygen vacancy in the selected area to act as a source, drain,
and gate electrode. In fact, it is possible to use other treatment instead of UV treatment
such as plasma treatment or ELA, but more complicated fabrication and costly process
are required in this method.

Successfully operating all-solution processed oxide TFT without any metal

electrodes demonstrates the high quality and high performance suitable for future flexible
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and wide area device application with low cost but still enhancing the electrical

characteristics.

5.2 Suggestions for future work

The most important result obtained in this study comes from the understanding
of defect and element control in the important area of the TFT. The hydroxyl groups from
the external source of the channel layer such as from passivation or Gl are effective to
improve the quality of semiconductor layer, resulting in the improvement of the electrical
characteristics. However, there are still challenges and problems that need to be improved.

The following are suggested as future work.

1. Reliability improvement of all-solution processed oxide TFTs

This thesis shows the first step of all-solution processed TFTs which truly
reduces the cost while still enhancing the TFT performance. However, the main issue
about the degradation of this TFT still needs to be solved. Optimization of the all-solution
processed TFT’s parameter is an important factor such as adjusting the properties of oxide
semiconductor from the initial precursor, adjusting the chemical structure of the Gl
materials, or optimizing the suitable temperature and time for a UV treatment that will
make a better film quality. In another way, finding an alternative method to increase the
oxygen vacancy inside the oxide electrodes area such as ELA method. However, the
reliability should be investigated using stress measurements under various atmospheres

and temperatures.
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2. Study of the oxygen vacancy movement

The presence of oxygen vacancy is a critical issue for all oxide semiconductor
materials. To control the TFT degradation or improve the conductivity of the oxide
semiconductor, the movement of the oxygen vacancy also needs to be understood, which
has not been clarified yet. A simulation technique such as Atlas or COMSOL could be
useful in this study. With this study, more understanding of a degradation mechanism of

the oxide TFT will be demonstrated.

3. Development of low temperature all-solution processed TFTs

Fabrication of a high-performance all-solution processed oxide TFTs was
successful in this thesis. However, the maximum temperature is still too high (300 °C),
which is not suitable for most plastic or flexible substrates. Investigation of low-
temperature TFT is needed in this case. The development should start from the initial
precursor of both channel and gate insulator material especially the possibility to crosslink
or alloy under low temperature. The other way is using UV/O3 treatment with the
optimized condition to rearrange the formation of the chemical structure that can help to
form a solid film easier under low temperature.

This study will step forward the fabrication of oxide TFTs with a flexible
substrate that revealed the possibility of the true high-performance flexible oxide TFT
fabricated by an all-solution process. However, the TFT needs to be tested by the bending
test to confirm the flexibility and performance of TFT under the bending condition, since
this was a preliminary study from the perspective of flexible electronics. Further study is
required to obtain better electrical characteristics for TFTs fabricated using an all-solution

process.
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