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ABSTRACT

Multifunctional flexible electronics are booming in many ways. Flexible electronics
have opened up a world of possibilities for their widespread use in smart electronics
such as artificial electronic-skin (e-skin), flexible displays, consumer electronics,
implantable devices. Flexible devices and sensors are paramount in order to realize
the true potential of flexible electronics, wearable eco-systems, biomedical and
anticipated pervasive Internet of Things (IoT). With special properties like enhanced
flexibility, light weight and conformability, flexible technology allows a seamless
system integration. Although today's modern electronics are capable of performing
everyday needs in existing applications, flexible electronics can provide potential
solutions for many as yet unseen applications which requires lower processing
capacity, low cost as well as thin, lightweight and environmentally friendly products.
To fulfill the needs of a diverse range of applications, next-generation flexible
electronics should be engineered with added flexibility and mechanical deformability,

by exploring new materials and tactics to overcome the limits of traditional methods.

At the moment, enhanced device performance, greater integration density,
fabrication cost and advanced functionality are propelling the traditional silicon
semiconductor technology and electronics industry forward, servicing traditional
macro-electronic sectors (e.g., mobile phones, laptops, routers, automotive). This
unquenchable need for higher performing electronic devices necessitates new
technological advances and keeps costs high. The overall performance of modern
silicon-based devices and technologies are reaching new levels. With the ballooning
consumer electronics needs; the global semiconductor industry is expected to remain
growing robustly. But rather than competing with well-developed rigid silicon
devices, the goal for flexible electronics is to improve the efficiency of current state-
of-the-art thin film transistors (TFTs), required for low energy flexible wearables and
Internet of Things (IoT), and mature these designs for low-cost, printable

manufacturing.

Thin film transistors (TFTs) are among the most important thin film devices and

can form the foundation of any electronic system and application. In this regard,
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metal oxide semiconductors are viewed as a potential candidate for flexible
electronics, due to a broad range of properties, such as a large band gap, high optical
transparency, high mobility, and solution processable deposition at low temperatures
compared to CMOS processes. However, despite a dedicated effort by the research
community and industry, metal oxide thin film transistors still face great challenges
being used in flexible electronics, wearables, and Internet of Things (IoT), such as
operating voltage, switching speed, on-off ratio, process temperature and gate
dielectric deposition compatible for flexible substrates.

The present thesis investigates solution-processed metal-oxide thin film transistors
(TFTs) and inverter circuits for flexible electronics. The low-voltage (< 3 V) thin
film transistors using indium oxide (In2O3), gallium oxide (Ga20s) and indium
gallium zinc oxide IGZO) as the active channel semiconductor were fabricated on
solid (glass) and flexible (polyimide) substrates. The low-voltage operating thin film
transistors were accomplished by following low temperature solution processing and
room-temperature anodization routes for metal oxide semiconductor and gate oxide
dielectric deposition, respectively. The incorporation of anodized high-k aluminum
oxide (ALOs3) for gate dielectric into the TFT fabrication process has significantly
helped to reduce operating and threshold voltages while also improving carrier
mobility. On the other hand, solution processing allows low-temperature, large-area
deposition while lowering fabrication costs.

The solution-processed metal-oxide TFT's show excellent electrical performance, at
a low gate voltage (V,), which could enable novel applications in flexible electronics.
Along with electrical characterization, bending performance and SPICE simulation
results are also presented. Furthermore, thorough thin film characterization and
interface analysis between oxide semiconductor and gate dielectric were performed,
using various characterization techniques, such as C-V (Capacitance-voltage)
profiling, AFM (atomic force microscopy), TEM (transmission electron microscopy)
and TLM (transfer length measurement). Additionally, a low-voltage flexible inverter
circuit using solution-processed metal-oxide thin film transistors was fabricated and
characterized. The results indicate that flexible, low voltage operating devices and
circuits enable a viable alternative to silicon dominated semiconductor devices, and
hence a path forward, for wearables and Internet of Things (IoT).
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17 INTRODUCTION

1.1 Motivation

One would wonder why anyone would want to look beyond the well-established and
highly popular amorphous silicon (a-Si) technology and the availability of low
temperature polysilicon (LTPS) when higher performance TFTs are needed. Despite
this fact, TFT research and development (R&D) has expanded greatly in recent years
in a quest to surpass a-Si. There are some strong driving forces for the continuous
R&D effort, the first of which is fabrication cost reduction [1, 2]. Since the demand
for much bigger display is rising in popularity, the materials cost is not as big an issue
as it is with equipment and processing complexity, which accounts for more than
half of the manufacturing cost. As a result, the primary goal is to reduce the number
of manufacturing steps, while also simplifying the machinery. Therefore, simple
solution deposition and printing methods may be used instead of vacuum deposition

and photolithography [3, 4].

The second driving force is flexible electronics. The most popular substrate for TFT
processing is glass or silicon, but its rigidity makes it easily breakable. Thus,
lightweight, rugged displays with the added flexibility of being rollable, bendable, or
foldable, and requiring no more maintenance than a paper document, are highly
desirable. Mobile phones with roll-up display, e-books and electronic paper, and
electronic smart cards are just a few of these applications [5]. Along with flexible
displays, new functionality and applications such as radio-frequency identification
(RFID) tags, transparent electronics, medical patches that can be applied to the skin
to administer medications or track vital signs, disposable food quality monitor labels,
novelty gadgets, Internet of Things (IoT), wearables and more are all possibilities [0,
7]. Therefore, with an eye on all upcoming future applications, flexible thin film
transistors must be developed to meet modern needs rather than trying to replace
established silicon [8-10].
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1.2 Structure of the Thesis

The present thesis consists of total six chapters and five peer-reviewed publications,
of which four are already published and one is accepted. The first chapter gives a
broad overview of the subject, lays out the thesis' structure, and describes the
author's contributions to publications. General insights of thin film transistors,
materials and flexible electronics are presented in Chapter 2. Chapter 3 provides an
overview of TFTs along with fabrication techniques and electrical parameters. The
different materials, substrates and tools used for device fabrication are described in
Chapter 4. In Chapter 5, device architecture along with comprehensive flexible TFT's
and circuit fabrication, along with electrical performance and device characterization,
is presented. The major findings are summarized in Chapter 6, and the publications
are included at the end of the thesis.

1.3 Aim and Scope of the Dissertation

Despite the focused effort and research on metal oxide semiconductors for thin film
transistors (I'FTs), the operating voltage, switching speed, on-off ratio,
reproducibility, high temperature and vacuum processing are impeding them from
being used in flexible electronics, wearables and Internet of Things (IoT). The
majority of today's state-of-the-art metal oxide TFTs employ ALD (Atomic layer
deposition), PLD (pulsed laser deposition), HVPE (halide vapor phase epitaxy),
MBE (molecular beam epitaxy), MOVPE (metalorganic vapor phase epitaxy), and
other expensive, high temperature and/or high vacuum deposition techniques,
spatially for the gate dielectric and/or channel semiconductor deposition and
processing. As a result of sophisticated equipment and complex processing, the cost
of the manufacturing increases significantly. This makes them too expensive to scale
to the trillions of IoT devices envisioned. Additionally, glass or silicon are the most
common widely used substrates for TFT fabrication, however their hardness makes
them readily breakable. They are also unsuitable for flexible wearable applications

due to their rigidity, which may produce discomfort to the wearer.

The solution processing is believed to be one of the key routes to ultra-low-cost,
light weight, easy processability, high-mechanical flexibility, which could be well
exploited in scalable fabrication techniques for achieving a long standing goal of
economic and high performance circuit fabrication. Low voltage operation, high
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performance circuitry is, together with energy autonomy, a key requirement for the
anticipated “Wearables and Internet of Things (IoT)” to become reality. Therefore,
the development of flexible thin film transistors (TFTs) and circuits based on
solution-processed metal oxide semiconductors would open up an entirely new

realm of possibilities in flexible wearable electronics.

The main objectives of the thesis are —

» To reduce the number of fabrication steps while also utilizing simpler

equipment instead of vacuum deposition and photolithography.

> To investigate solution processing routes for active semiconductor (metal

oxide) deposition at low temperature.

» To explore low temperature gate dielectric deposition methods compatible

for flexible substrates.

» The fabrication of the low voltage (< 3 V) thin film transistors with a reliable

device performance at relatively low temperature.

» Fabrication and characterization of low voltage flexible TFTs and citrcuits

for low energy flexible wearables and Internet of Things (IoT).

The scope of this thesis is to investigate the use of different metal oxide
semiconductors for the fabrication of flexible thin film transistors and circuits for
wearables and the Internet of Things (IoT) by combining solution processing with a
room temperature deposited anodized high-k dielectric. In addition to electrical
characterization, device performance under bending, interface analysis, and materials
characterization are all covered in detail. Initially, TFT's were fabricated on glass
substrates to create a device fabrication prototype, which was then used as a
reference before the same architectures and processes were moved to flexible
substrates. Henceforth, the flexible TFTs and inverter circuit were fabricated on
flexible polyimide (Kapton) substrates following the same processes. The device
performance analysis includes electrical characterization through current-voltage
(IV) and capacitance-voltage (CV) measurements, contact resistance with the help
of the transfer length measurement (TLM) method and interface studies using trap
states density (D). Furthermore, thin film and material characterization were
performed via cross sectional transmission electron microscopy (I'EM) and atomic

force microscopy (AFM).
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2 BACKGROUND

The chapter aims to provide a brief outline of the basic concepts of the device and
processes utilized in the thesis. The thin film transistor (TFT) is discussed first,
followed by metal oxide semiconductors. The solution processing and high-k gate
dielectric are explored in the subsequent sections. A discussion of flexible electronics
concludes the chapter.

2.1 Thin Film Transistors (TFTs)

Realization of a transistor is a milestone in the context of the development of
modern microelectronics since the control (ie., gate) electrode empowers the
implementation of functions, such as logic circuits, memory, amplification,
processing and conditioning of electronic signal, which play a pivotal role in today’s
advanced technology [11-13]. Over the decades, transistors have been the foremost
building blocks for electronics and continue to form the basis of today’s modern
devices and technological gadgets. There are many other types of transistors, but
field effect transistors (FET) are the most often utilized, namely the metal-oxide-
semiconductor field-effect-transistor (MOSFET). They have attracted a lot of
attention as an electronic device for a variety of applications, including active-matrix
liquid-crystal displays (LCDs), radio frequency identification (RFID) tags, opto-
electronics, bio-medical devices, and more recently, flexible devices, printed RFID,
and wearable devices [14, 15].

TFTs have similar origins as silicon MOSFET (Metal oxide semiconductor filed
effect transistors) and integrated circuits (ICs), but each of these technologies has its
own set of applications. With the advancements in fabrication techniques, for the
silicon ICs, size is not an unsurmountable limitation, hence silicon ICs have become
increasingly dense, and as the feature size is reduced, the cost goes down and
performance increase [16, 17]. However, the availability of CMOS chips to populate
ever increasing IoT demands could become a limitation as the number of IoT

devices reaches the trillions, as is predicted [18]. TFTs, on the other hand, are driven
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by large substrate size rather than system density [19]. TFT's have a lower cost per
unit area than silicon ICs due to different fabrication processes, but the cost per FET
is much higher [20-22].

2.2 Metal Oxide Semiconductors

Metal oxide semiconductors form a distinct class of materials owing to their electrical
charge transfer properties, as opposed to traditional covalent semiconductors such
as silicon (Si) [23]. Metal oxide semiconductors have received a lot of attention and
growth in recent years, due to a broad range of properties that set them apart from
traditional silicon, such as a large band gap, high optical transparency, high mobility,
and solution processable deposition at low temperatures. Metal oxide
semiconductors are high-ionic-bonding valence compounds that contain at least one
of the metal cations Zn, In, Ga, Sn, and Cd. The metal (M) ns orbital and oxygen
(O) 2p orbitals dominate their conduction band minimum (CBM) and valence band
maximum (VBM), respectively [24, 25].

Furthermore, in metal oxides, the charge carrier transport is slightly different due to
the interaction between the metal and oxide orbitals. Even though electronic band
structures in metal oxide semiconductors allow electron or hole transport,
intrinsically achieving a good n-type or p-type conductivity is difficult [26]. Intrinsic
point defects act as donors or acceptors in metal oxide semiconductors. However,
in general, band gaps are often too large and defect levels too deep to have high
concentration carriers. Hence, to achieve moderate or high conductivity, extrinsic
doping is required [27, 28]. Nonetheless, despite some shortcomings, metal oxides
are regarded as a crucial next generation semiconductor with significant promise,
thanks to their outstanding advantages in terms of cost-effective fabrication, simple
manufacturing process, environmentally safe production, fast composition changes,
and high throughput [29, 30]. Therefore, metal oxide semiconductors have been
extensively studied for thin film transistors [31, 32].

2.3 Solution Processing

Solution processing is thought to be one of the main routes to ultra-low cost, light
weight, fast processability, high-mechanical flexibility, which could be well suited in
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scalable fabrication techniques for achieving a long-standing target of cost-effective
and high-performance electronic circuits [33]. Low-voltage operation and high-
performance circuitry, as well as energy autonomy, are essential for the “Wearables
and Internet of Things (IoT)” to become a reality [34, 35]. Generally, there are two
types of solution deposition processes: entire/whole area deposition and selective
area deposition. For entire area deposition, spin-coating, dip-coating, and chemical
bath deposition are often used, while for selective area deposition, printing methods
are used. Amongst all, the most popular methods for depositing oxide films are spin-
coating, spray-coating, and printing process such as inkjet, gravure, flexography,
aerosol jet, electrohydrodynamic (EHD) jet [36, 37].

Spin coating is the commonly used method for the entire area deposition since the
resulting devices outperform their printed counterparts in terms of efficiency and
durability. However, in recent years, as printing methods have become more popular,
selective area deposition has become extremely significant because of lesser material
wastage, cost effectiveness, environmentally sustainable processing, and improved
device performance [38-42].

24  High-k Gate Dielectrics

The gate dielectric layer has a significant impact on the reliability and overall
efficiency of a TFT. A gate dielectric layer contributes to the accumulation of
electrons in the active layer by polarization induced by the gate electrode [43-45].
Therefore, numerous studies on gate dielectric have been focused on high-k oxides
such as HfO,, Al:Os, Z1O», etc. Since they have a much higher dielectric constant
than standard silicon oxide (SiO2), they empower reduced leakage current while
retaining a high capacitance [46-49]. Furthermore, high-k gate dielectrics also
significantly reduce the device operating voltage (10 V or less) compared to silicon
oxide devices (~30 V), As a result, TFTs with high-k gate dielectric can be used in
power thrifty devices such as wearables and Internet of Things (IoT) applications.
However, to deposit a good quality, high-k gate dielectric to minimize the gate
leakage current and film densification, a high annealing temperature (>1000 °C) is
needed [50, 51]. This high processing temperature has prevented high-k gate
dielectrics and metal oxide TFT's from being used in flexible and printed electronics.

Therefore, low, or room temperature processing of gate dielectrics is also needed to
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achieve a fully flexible TFT, similar to the low temperature method used for the
active layer [53-54].

2.5 Flexible Electronics

Modern electronic devices are undergoing a transformative evolution, moving away
from being rigid and bulky to being thin, soft, and flexible [55, 56]. The key impetus
is to integrate electrical sensors and circuitry into everyday items in order to increase
the performance of wearable devices, such as for sports or healthcare applications.
Moreover, electronic integration is leading the way for new technologies such as
smart tags, artificial robotics, and prosthetic devices along with sophisticated surgical
instruments [57-59]. The technology of flexible electronics is now at a stage where
device architecture and process integration can propel it. To transform the well-
being of mankind through upcoming advanced technologies, electronic devices must
be flexible, stretchable, lightweight, and environmentally friendly [60, 61]. In general,
thin film transistors (TFTs) are essential components for any flexible electronic
system and hence flexible thin-film transistors must fulfill specific requirements,
such as reproducibility, reliability, high mobility, low threshold voltage, low
temperature processing [62-64], etc. Thus, to envision the full potential of flexible
electronics, it is possible that device performance, material efficiency, system
integration and circuit design will be pushed to their limits [65, 66]. Figure 1 shows
an array of electronic pattern on flexible substrate (for illustrative purpose).

Figure 1.  The array of electronic pattern on flexible substrate (for illustrative purpose).

22



3 OVERVIEW OF THIN FILM TRANSISTORS (TFTs)

This chapter presents a detailed understanding of the basic concept and operating
principle of the thin film transistor (TFT), as well as the key parameters. The first
section provides an overview of the device's structure, while the subsequent section

explores essential device parameters.

3.1 Working Principle

Thin field transistors (IT'Ts) are field effect devices with 3-terminals, namely - gate,
source and drain. In terms of functionality and comprising layers, thin film
transistors can be thought of as analogous to field effect devices, such as well-known
metal oxide semiconductor field effect transistors in general (MOSFETSs) [67].
However, there are significant differences amongst them, some of which may be
understood by looking at their conventional architectures shown in Figure 2.
Foremost, unlike TFT's, which are fabricated on an insulating substrate, usually glass,
MOSFETs have a silicon wafer that serves as both the substrate and the
semiconductor. As a result, MOSFETS offer better performance than polycrystalline
or amorphous semiconductors since electrons flow in a single crystalline

semiconductor with reduced scattering than polycrystalline or amorphous materials.

Furthermore, the temperatures used to fabricate both devices are significantly
different, whereas processing temperatures above 1000 °C are typical for MOSFETS,
for example to form the dielectric layer, TFTSs are restricted by factors like the glass
transition of substrate, which for most common glass substrates does not surpass
600 — 650 °C. MOSFETs also possess p-n junctions at the source-drain regions,
which aren't present in TFT's. This associates with yet another significant difference
in the way the device works, i.e., although both TFT's and MOSFET's depend on the
tield effect to modulate the conductance of the semiconductor near to its interface
with the dielectric, in case of TFTs, an accumulation layer does this, but in
MOSFETS, an inversion zone must be created near to the interface; in other words,

in a p-type silicon substrate, an n-type conductive layer is formed.
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TFTs can be fabricated using solution processing, low temperature and/or low
vacuum deposition with amorphous or polycrystalline materials [68, 69]. Similar to
the MOSFET, the gate dielectric plays a crucial role in device operation by separating
the gate electrode from the active semiconductor material, which is in contact with
source-drain electrodes [70]. The dielectric layer was deposited between the
semiconductor and a gate contact. The modulation of current that flows through a
semiconductor located between the source and drain electrodes is the primary basis
of operation for TFT. The electric current flow modulation is generated in the
semiconductor channel by capacitive injection and subsequent aggregation of
carriers at the semiconductor-dielectric interface, characterized as field effect [71].

Figure 2 shows the general schematic structure comparing the TFTs and MOSFETS.

Gate
(a) TFT
Source
e
Semiconductor " Dielectric
Substrate :
(b) MOSFET Dielectric .. Semiconductor

(I
AR

Doped regions
E Substrate || Semiconductor Dielectric || Electrodes [J] Doped regions

Figure 2. The general schematic structure showing comparison between the TFTs and MOSFETSs.

The majority of TFT static parameters are derived from current-voltage (I-V)

characteristics i.e., output and transfer characteristics, in two different operating
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regimes: linear and saturation. Usually, the values of the drain current (1) in the linear
and saturation regimes are approximated by equations (1) and (2), respectively [72-
78].

WwuC
Ipjin = I = (Ve — Ve)Vp  for Vi, < Vg — Vg
.......... (1)
WuC
Ipsat = 2 LOX Ve — Vrg)? for Vp = Vg —Vry

Where W is the channel width, p is the charge carrier mobility, Coy is the specific
capacitance of the gate dielectric per unit area, L is the channel length (Figure 2),
Vi is the threshold voltage, Vg is the gate voltage and Vp is the drain voltage.

3.2 Parameters of Interest

To understand and analyze the electronic device, a set of electrical parameters needs
to be used as a figure of merits. Some of the key parameters used in this dissertation
are -threshold voltage (Vrn), field effect mobility (w), current ratio Ion/Iorr, MOS
capacitance, breakdown voltage (Vpp), transconductance (gm), Subthreshold swing
(8S), contact resistance (Rc) and trap states density (Dy).

3.2.1  Current Voltage (IV) Characteristics

The current-voltage (I-V) characteristics, or plots, are the most important parameters
to understand the behavior of the device. There are usually two kinds of current-
voltage (I-V) characteristics in TFTs. The first is the transfer characteristic (Ip vs.
V), which is a plot of drain current (Ip) vs. gate voltage (Vi) over a finite number
of drain voltages (Vp). And the second is the output characteristic (Ip vs. Vp), which

is a plot of drain current (Ip) vs. drain voltage (Vp) over a finite number of gate
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voltages (V) [78-80]. The general behavior of transfer and output characteristics are
represented Figure 3 (a) and (b), respectively.

(a) Vs (b) Vs> Vg
Vb4
Vas> Vs
Vb3
Vb2 Vg3 > Vg,
_Q _Q
Vo Ve > Vg
Vg1 > Vi >0
VG VD -

Figure 3. The general behavior of (a) transfer and (b) output characteristics of the TFT.

3.2.2  Threshold Voltage (V1)

In general, the threshold voltage (Vrn) is basically the point at which current begins
to flow through the device, specifically, in the accumulation regime for TFT's [81,
82]. However, as there is no inversion charge occurs in TFTs since they are generally
accumulation devices, thus in practice threshold voltage needs to be redefined. A
linear extrapolation of the square root of drain current (Ip) vs. gate voltage (Vi) plot
at a given drain voltage (Vp) is often used to obtain the threshold voltage. On the
square root Ip vs. gate voltage (Vi) plot, a straight line is drawn from the point of
maximum transconductance till zero. The intersection of this extrapolated line with
the x-axis defines the threshold voltage. The threshold voltage may be calculated in

the linear region, when Vp is fixed and Ip is not constant, as follows:

Vbs
Vingin = VrHExtrapolated — - e (3)

However, as with mobility in the linear domain, inadequate charge injection might
put the credibility of the linear extrapolation into doubt. So, if the saturation current
Ipsar is constant and the fixed Vp is being used in the saturation region, then the

values for Vry are as follows:
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VTH,sat = VTH,EXtrapolated """"" (4>

TFTs can exhibit non-saturating characteristics, making linear extrapolation
challenging. Additionally, the sluggish subthreshold turn-on within the TFT's ends
up in substantial drain current before Vg approaches the projected threshold voltage.
As a result, the actual value of the projected threshold voltage becomes more
ambiguous. Therefore, A quasi-static capacitance-voltage (QSCV) measurement can
be used as an alternative way to obtain Vru. In this case, by shorted drain/source
electrodes, the TFT transitions from the depletion to the accumulation region upon
a gate voltage (Vi) sweep. In the C-V measurements, the inclusion of the oxide
(channel) capacitance in conjunction with the gate-source overlap and gate-drain
overlap capacitances (geometrical capacitances) can be observed. The gate voltage
(Vi) at which the charge accumulation and its corresponding channel capacitance
may be detected is designated as the threshold voltage (V).

3.2.3  Carrier Mobility (u)

Another important parameter is the carrier mobility (w), which relates to the
efficiency of charge carrier transport in a material, where the transport is restricted
to a small area at the gate dielectric to semiconductor channel interface [83, 86]. It
can also have a direct influence on the device’s maximum drain current and operating

frequency. The carrier mobility is defined by the following equation,

(a(JE)Z
oV,

U(sat) = Y

Cox T

N =

where Ip is the drain current, Vg is the gate voltage, Cox the specific capacitance of
the gate dielectric per unit area, and W/L is the ratio of width to length (Figure 2) of
the TFT channel.
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3.24  ON/OFF Ratio (lon/lorr)

The ratio of the maximum on-state current (Ion) to the minimum off-state (lorr)
current is termed as ON/OFF ratio or current ratio. The off-state current
(minimum) is usually determined by the measuring equipment's noise level or the
gate leakage current (IG), whereas the on-state current (maximum) is determined by
the active channel (semiconductor material) and the strength of capacitive injection
due to the field effect. The current ratio is a key important figure of merit because it
shows how effectively the gate controls the channel and the leakage currents [87-89].
It is normally extracted from the transfer characteristics (Ip vs. Vg), which

demonstrates the ability of the device to differentiate between on and off states.

3.25  Metal Oxide Semiconductor (MOS) capacitance

The metal-oxide-semiconductor (MOS) capacitor is the core of the TFT. It plays a
vital role in dictating the charge carrier density in the channel and the drain current
in an active semiconductor channel between drain and source [87-89]. It is basically
a two-terminal one-dimensional structure made up of three layers, which includes a
metal gate contact, an oxide dielectric, and the semiconductor in question. Under
bias (positive or negative), the MOS capacitor may be found in either of three states:
accumulation, depletion, and inversion [90-95].

3.2.6  Breakdown voltage (Vep)

In order to fabricate durable and stable TFTSs, understanding the maximum drain
voltage (Vp) allowed before dielectric breakdown is crucial [96]. This can be done
by measuring the output characteristic of the TFT, with every measurement
increasing in full drain voltage (Vp), until the TFT breaks permanently [97]. The
value of the breakdown voltage (Vpp) is determined by the measurement done
before breakdown. Furthermore, the persistent quest for high-performance devices
has been driven by aggressive device scaling. With the device scaling, the thickness
of the gate oxide must be reduced. In case of the thin dielectrics, the dielectric
breakdown voltage (Vi) due to the gate bias plays a significant role in the device
operation, which is basically an applied gate voltage which causes a significant

increment in the leakage current resulting in dielectric breakdown.
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3.2.7  Transconductance (gm)

Transconductance (gm) is the change in the drain current as a function of a small
change in the gate voltage under the constant drain voltage, essentially the DC gain.
The electrical property that connects the current flowing across a device's output to
the voltage through its input is known as transconductance (gm) [98-100].
Transconductance is a measure of a TFI's performance, i.c., under steady state; the
higher the transconductance, the larger the gain device can deliver [101]. It is the
derivative of drain current (Ip) with respect to gate voltage (Vi) and it is represented
by the equation (6)

oy e ©)

gm - aVG

3.2.8  Subthreshold swing (S)

The subthreshold swing (S) is a measure of how quickly a transistor changes its state,
i.e., off to on and vice versa [102]. It can be determined using the reciprocal steepest
slope (subthreshold slope) in the log of drain current (Ip) to gate voltage (V) curve
calculated below threshold. A steeper subthreshold slope also implies reduced
biasing voltages needed to switch a TFT, thus lowering power requirements.
Subthreshold swing is expressed in millivolts per decade, which signifies the voltage
required to raise the drain current by an order of magnitude [103]. The subthreshold
swing (S) is given as,

v e )

> = dlog(ly)

3.29  Contact Resistance (R)

The contacts are an important part of any electronic device where the semiconductor
transitions to the connecting wires, at which this interface can lead to parasitic
resistance losses that should be minimized. It is important to quantify the contact

resistance in order to aid in better understanding how to minimize its deleterious
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effects. [103, 104]. There are various ways and methods to measure the contact
resistance. Amongst all, transfer length measurement (TLM) is the simplest and
commonly used techniques for larger commonplace resistance values [105-107]. As
shown in Figure 4, a standard TLM test pattern consists of an array of rectangular
metal contacts separated by different lengths. The TLM plot can be constructed by
comparing resistance between two sets of contacts, by which the contact resistance

can be calculated.

Figure 4. The standard TLM test pattern consists of an array of rectangular metal contacts separated
by different lengths.

3.2.10 Trap State Densities (D)

In amorphous semiconductors, the localized states caused due to structural defects,
induces discrete states in the semiconductot's bandgap, which act as charge carrier
traps that slows and reduces TFT response. The electrical performance of TFTs
fabricated based on disordered semiconductors are hugely impacted by the density
and energetic distribution of these localized states [108, 109]. Therefore, in a
semiconductor device, under a low applied gate voltage and hence gate-induced
carrier density, the bulk of the charges are trapped deep within the energy gap [110-
112]. However, trap states near the transport stage are gradually filled as the gate
voltage rises. As a result, the density of trap states (Di) influences the TFT's
subthreshold slope, i.e., the slope of the transfer characteristics in the exponential
area below the threshold voltage. It is observed that, in addition to subthreshold
slope, interface trap density (Di) can also influence carrier mobility and bias stress

effect as well as the semiconductor to drain-source contact interface [113].
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4 MATERIALS AND FABRICATION TOOLS

Metal oxide semiconductors and their ink formation are discussed in this chapter.
The next section discusses the types of substrates (rigid and flexible) utilized for the
device fabrication. The chapter also provides an aspect of the design and geometry
of the shadow mask used for the thin film transistor and inverter circuit. The
deposition techniques for the metal contacts/electrodes (gate, drain-source), as well
as gate dielectric and metal oxide semiconductor deposition are also presented in
detail.

4.1 Metal Oxide Semiconductors

Any future flexible electronic devices must be adaptable and processable at low
temperatures. In this regard, metal oxide semiconductors have attracted a lot of
interest for thin film transistors (TFT), due to their exceptional electrical, chemical
and mechanical properties [114, 115], along with wide band gap, wide optical
transparency, high mobility and low temperature solution processable deposition
[116]. The metal-oxide semiconductors, indium oxide (In20s), Gallium Oxide
(Ga203), and Indium Gallium Zinc Oxide (IGZO) with bandgap 3.6 eV, 4.8 eV and
3.5 eV [116-119], respectively, are exclusively studied in this dissertation for flexible
thin film transistors and circuit. Like solids, electronic characteristics of metal oxides
can be best explained by their band structures; however, the interaction of the metal
and oxygen orbits can result in much more complex electronic phenomena as well
as a considerable disparity in carrier transport. The high degree of ionicity within
chemical bonding of metal oxide semiconductors provides an electronic structure
that differs from covalent semiconductors. In metal oxide semiconductors, the
formation of Conduction band minimum (CBM) and valence band maximum
(VBM) is facilitated by metal (M) ns and oxygen (O) 2p orbitals, respectively [120],
resulting in a widely dispersed CBM and confined VBM. This results in reduced
effective masses for electrons, enables greater electron transport than hole, hence,
most metal oxide semiconductors display n-type behavior. While most metal oxides'
electronic band structures technically facilitate charge transfer, the wide band gaps
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hinder thermal carrier formation, resulting in low intrinsic carrier densities. Hence,
the novel approaches are required to understand their conductivity mechanism. In
general, non-stoichiometry of metal oxides are commonly attributed to electrical
conduction. For example, n-type metal oxide semiconductor conductivity may be
altered by deposition in oxygen-deficient or metal-rich environment. The oxygen

vacancies as well as metal interstitial constitute viable electron donors [121].

411 Ink Formation

The solution processable inks of the respective metal oxide semiconductors were

prepared by dissolving the corresponding precursors in the solvents as follows —

A. Indium Oxide (In2O3) Ink — To form the In2Os ink, indium (III) nitrate
hydrate In(NO3);3'xH2O was dissolved in 2-methoxyethanol anhydrous
99.8% in 0.2 M concentration [Publication I-III]. The resulting ink was
stirred for 12 hours at 75 °C.

B. Gallium Oxide (Ga203) Ink — GaxOs ink was prepared by dissolving
Gallium (III) nitrate hydrate Ga(NO3)3 xH20 in deionized water (DI) with
0.1 M concentration [Publication IV]. The resulting ink was stirred for 12
hours at 75 °C.

C. Indium gallium zinc oxide (IGZO) ink — IGZO ink was formed by
dissolving, indium nitrate hydrate (In(NO3)3-xH20), gallium nitrate
hydrate (Ga(NO3)5°xH20), and zinc nitrate hydrate (Zn(NO3)3-xH20) in
a proportion of 0.085 : 0.0125 : 0.0275 M respectively [Publication V]. The
resulting ink was stirred for 12 hours at 75 °C.

4.2  Substrates — Glass and Kapton Polyimide (PI)

In the TFT fabrication process, thin films are deposited onto insulating substrates
[128]. The TFT can be fabricated on a rigid or flexible substrate, each of which has
a set of advantages and disadvantages. The rigid substrates include glass and silicon
wafers, having an advantage of being easy to fabricate, handle, clean and higher
temperature processability [129]. On the other hand, the flexible substrates such as
Kapton polyimide (PI), polyethylene terephthalate (PET), polyethylene naphthalate
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(PEN), Polyurethane, fabric or paper, are gaining popularity for the wearables,
lightweight, flexible and printed electronics [130]. Furthermore, despite the good
mechanical stability, most of the flexible substrates have a limited thermal range, e.g.,
in case of polyurethane it is limited to 120°C, making them incompatible with high-
temperature processing [131, 132]. Therefore, whether they are rigid or flexible, the
substrates must be mechanically, chemically, and thermally stable during the

fabrication, measurements and application [133].

Two type of substrates are used in this dissertation for the fabrication of TFTs and
circuits: glass and Kapton polyimide (PI). Glass substrates are 25 mm by 25 mm
square size with 1 mm thickness and Kapton polyimide are cut from the roll into 25
mm by 25 mm square size having a thickness of 200 um. In addition, multiple test
samples were fabricated on glass substrates to aid in the optimization of the device

fabrication process.

4.3 Metal Shadow Masks

The shadow mask is a collection of a sophisticated designs created by laser cutting
or chemical etching on a thin metal sheet, usually stainless steel, and used to
selectively deposit materials on substrates using a line-of-sight point-source process,
like electron beam or thermal evaporation. They are commonly used to deposit
materials onto the desired region of the substrate during vacuum evaporation and
sometimes less directional sputtering processes. A number of metal shadow masks
were used during the thin film transistors and circuit fabrication and optimization
process to delineate gate metal pads and source/drain metal pads. All the metal
shadow masks were conceptualized and designed in-house and fabricated from an
outside vendor. The minimum dimensions (drain-source gap) were limited to 60 um
only due to the vendor's manufacturing fidelity.

431 Gate and Drain-Source

Two shadow masks, namely gate mask and drain-source mask as shown in Figure 5
(a) and (b), respectively, were used during the thin film transistor fabrication process
to form a gate and drain-source electrodes. Figure 5 (c) represents the top view

showing overlapping of the gate and drain-source along with dimensions. To reduce
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or eliminate mismatch alignhment between the layers, the size of this mask is kept the
same as the substrate size.

(a) (b) (c)

Figure 5. TFT Masks (a) gate (b) Drain-source and (c) Top view of the drain-source overlapping with
gate.

43.2 Inverter Circuit

In a similar fashion to the TFT, for the fabrication of the inverter circuit two
different shadow masks are used. First is the inverter gate mask and second is the
inverter drain-source mask, as shown in Figure 6 (a) and (b), respectively. Figure 6
(c) represents the top view showing dimensions.
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Figure 6. Inverter circuit masks (a) gate, (b) Drain-source mask and (c) Top view.
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4.4  Deposition Techniques

441  Metal Electrodes - E-Beam Evaporator

To form (deposit) various metal contacts (Aluminum, Gold, Titanium) and inter
layers (gate, drain-source, TLM and inverter) via metal shadow mask, an e-beam
evaporator (which also includes a thermal/resistive source) as shown in Figure 7,
provided by MBraun as an integrated part of a glovebox system was used. The use
of metal shadow mask empowers the direct deposition and patterning of metal,
eliminating the need of lithography techniques that expose samples to chemical
developing and etching. The e-beam metal evaporation was always performed under

a high vacuum below 2 X 10-¢ Torr, which reduces oxidation of the evaporated metal.

Figure 7. Photograph of the MBraun e-beam evaporator.
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442  Metal Oxide Semiconductor - Spin Coating

During the device fabrication process to deposit the solution processed metal oxide,
the most versatile printing process, namely the spin coating technique was utilized.
Although it wastes some ink, spin coating is a facile way for rapid prototyping.
Technology transfer to other printing modalities can be leveraged once device
optimization is well underway. Regardless of the substrates used, spin coating has
many advantages, including ease of wuse, uniformity, reproducibility, and
compatibility [134, 135]. The general mechanism of spin coating is the equilibrium
condition between the centrifugal force generated by the rotating base and the
viscous force produced by the viscosity of the solution is the theory of this operation.
As soon as the desired solution is poured on the substrate, the spinning base
containing the substrate is accelerated at higher angular speed, permitting excess
solution to be removed from the surface by centrifugal force. The film is then dried
and annealed at a specific temperature. The thickness of the resulting films depends
on the speed and acceleration profile of the spin coating process as well as the
viscosity and the molar concentration of the solution [136, 137]. Figure 8 shows the
general mechanism of the spin coating process.

Substrate f Ink
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Figure 8. The schematic representation of the spin coating mechanism.
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443 High-kx Gate Dielectric - Anodization

For the high-k gate dielectric, aluminium oxide (Al2O3) was used for the thin film
transistor and circuit fabrication process in the dissertation. The high-k gate
dielectric was deposited using the anodization pathway empowering for low voltage
device operation, i.e., < 3V, and the procedure was carried out in accordance with
previous studies [138, 139]. The room temperature anodization allows high-k gate
dielectric deposition on a flexible substrate, eliminating the need of high temperature
[140], high vacuum processes [141-144|, with additional benefits such as low cost,
nanoscale deposition, denser and high-quality films [138-139]. The general

representation of the anodization process is shown in Figure 9.
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Figure 9. The schematic representation of the anodization process.

The 0.01M electrolyte solution was prepared by dissolving the citric acid
monohydrate (CsHsO7°H20) in ultrapure deionized (DI) water. To achieve the
desired oxide thickness, potentiostatic anodization was used. The working electrode
(anode) was formed by immersing the evaporated gate (aluminum) electrode into the
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electrolyte solution, with a platinum foil serving as the counter electrode (cathode).
A Keithley source meter was utilized to provide the constant voltage (DC) source.
For several minutes (30 min.), the anodization potential (5.0 V) was applied until the
current dropped below 1 uA. An approximately 9 nm aluminum oxide was produced
with an oxide formation factor of 1.8 nm V "', This resulted in a total oxide thickness
of ~12 nm, included ~2 nm native oxide due to air exposure to deposited aluminum.
The overall oxide thickness was confirmed by electron microscopy (TEM).
Thereafter, the samples were rinsed with distilled water and dried under nitrogen

flow.
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5 FABRICATION PROCESS AND
CHARACTERIZATION

The metal oxide (MO) thin film transistors were fabricated and characterized using
the materials, process and equipment described in Chapter 4. The thin films and
materials deposited were also investigated using transmission electron microscopy

(TEM) and atomic force microscopy (AFM).

5.1 Device structure and Architecture

TFTs are comprised of five parts: substrate, gate, drain-source, semiconductor and

gate dielectric.

(a)

Substrate . Gate electrode |:| Dielectric I:I Semiconductor . Drain-Source

Figure 10. The Schematic representations of TFT architectures. (a) bottom gate — top contact (BGTC),
(b) bottom gate — bottom contact (BGBC), (c) top gate — top Contact (TGTC) and (d) top
gate — bottom contact (TGBC).

39



Depending on the gate and drain-source electrode configurations in the
semiconductor, there are four types of TFT architectures, bottom gate — top contact
(BGTC), bottom gate — bottom contact (BGBC), top gate — top Contact (TGTC)
and top gate — bottom contact (TGBC) [28]. The general schematic representations
of these types are shown on Figure 10.

5.2 Thin Film Transistors (TFTs) Fabrication

The three different metal oxide (MO) semiconductors, i.e., indium oxide (In203),
gallium oxide (Ga203), and indium gallium zinc oxide IGZO) were used to fabricate
the thin film transistors on the two different substrates: glass and flexible Kapton.
The initial TFT prototype was developed on a glass substrate with a channel length
(L) 60 um and width (W) 700 wm, with multiple iterations of the device fabrication.
Subsequently, by following the same device prototype flexible TFTs were also
fabricated on a flexible Kapton (polyimide) foil. Owing to the added advantage in
ease of fabrication process, the bottom gate, top contact (BGTC) topology, as shown
in Figure 11, was used here for the TFT fabrication. More details can be found in
the attached publications I-V.

Gate (Al)
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Figure 11. Schematic representation of metal oxide TFT with Al203 gate dielectric.

The thin film transistors were separately fabricated on the 25 X 25 mm glass and
flexible Kapton substates. The glass and Kapton substrates were ultrasonically
cleaned with acetone, IPA (isopropanol), and DI (deionized water) for 30 minutes

each prior to device fabrication.
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Figure 12. Solution processed metal oxide TFT fabrication process flow with Al20; gate dielectric.

Initially, a gate electrode was formed by depositing 100 nm of aluminum (Al) metal
onto the substrate using an e-beam evaporator and a patterned metal shadow mask.
The substrates were then anodized to transform the evaporated aluminum gate
electrode's upper surface (12 nm) into aluminum oxide (Al2O3) forming a high-x gate
dielectric. Subsequently, the substrates were carefully cleaned many times using DI
water and dried. Afterwards, using the spin coating method, the precursor solution
of the respective metal oxide (In2O3;, GaxO3; and IGZO) semiconductors was
deposited followed by annealing at 90 °C for 15 min and 300 °C for 30 min in air.
The film was then dried by annealing in air for 15 minutes at 90 °C and 30 minutes
at 300 °C. Finally, a drain-source electrode was generated by depositing 100 nm of
aluminum (Al) metal on glass and Kapton substrates using an e-beam evaporator
and a patterned metal shadow mask. In the case of gallium oxide, a drain-source
electrode was formed by depositing 10 nm of titanium (Ti) followed by 100 nm
aluminum (Al). The length (L)) and width (W) of the channel were 70 um and 700
um, respectively. The e-beam evaporations of all the metal electrodes were
performed under a high vacuum 10-¢ Torr. Furthermore, MOS test structures made
of Al/Al,O3/MO/Al were constructed on the same substrates as the TFT's under
the same conditions. More details in the attached publications I-V. The TFT



fabrication process flow is shown in Figure 12, and top view of the fabrication

process flow is shown in Figure 13.

Gate Anodization Spin coating Drain-Source

() (b) (c) (d)

D Substrate . Al Gate I:l Dielectric D Metal Oxide . Al Drain-Source

Figure 13. Top view of the fabrication process flow.

The summarized TFT fabrication process parameters are shown Table 1. More
details in the attached publications I-V.

Table 1. Summarized TFT fabrication process parameters
Gate Electrode
Sr. Metal Oxide Deposition Gate
no. Semiconductor method Dielectric
Gate Drain-Source
Indium oxide . . Anodized
1. (In203) Spin coating AIUT&BU%(AD Aluqndgurmq(Al) AlOs3
(Publications I-I11) 12 nm
Gallium oxide . Titanium (T) 101 pogized
2 (Gaz0s) Spin coating Aluminum (Al nm * Al203
' - 100 nm Aluminum (Al)
(Publications 1V) 100 nm 12 nm
Indium gallium zinc Anodized
3 oxide Spin coatin Aluminum (Al) Aluminum (Al) ALbO
: (1GZ0) P 9 100 nm 100 nm e
(Publications V)
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The photograph and optical micrograph of the finally completed metal oxide TFT's
are represented in Figure 14.

200 pm
—

Figure 14. (a) A photograph and (b ) optical micrograph of the TFTs fabricated on a glass substrate,
(c) A photograph and (d ) optical micrograph of the TFTs fabricated on a flexible Kapton. ©
[2019], IEEE.

5.3 Flexible Inverter Circuits Fabrication

A prototype flexible inverter circuit was fabricated by following the architectures and
processes used for TFT fabrication. Figure 15 represents the schematic of the
proposed two TFT based inverter circuit. More details are provided in the attached
publication III-V. The inverter circuit fabrication process flow is shown in Figure
16. A 100 nm of aluminum gate electrode evaporated on a clean substrate Figure 16
(a). Then a small piece of adhesive Kapton tape was added to part of the gate
electrode area, shown as violet colored in Figure 16 (b), to protect the part of the
gate electrode area from the anodization and spin coating, which was at the end used
for the overlapping between gate and drain of the TFT towards the formation of the
inverter circuit. The inverter circuit fabrication then concluded by following the
process flow shown in Figure 16. More details in the attached publications III-V.
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Vm_| Active TFT
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Figure 15. Proposed two TFT based inverter circuit processed metal oxide inverter circuit fabrication
process flow with Al203 gate dielectric. (Publication I1I-V).

Gate evaporation Adhesive Mask Anodization
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Spin coating Remove Mask D-S evaporation

(d) T (e) r )

|:| Substrate - Al Gate

|:| In, 0,4 - Adhesive Mask

- Dielectric
- Al Drain-Source

Figure 16. Solution processed metal oxide inverter circuit fabrication process flow with Al203 gate
dielectric.

A photograph and optical micrograph of the fabricated flexible InOj inverter circuit
on a Kapton substrate are represented in the Figure 17 (a) and (d), respectively.
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Figure 17. Figure Heading Flexible inverter circuit (a) A photograph and (b) optical micrograph. Scale
bar 500 pm. (From Publication Ill) © [2021], Materials Science in Semiconductor
Processing.

5.4  Electrical performance characterization

The electrical characterization of the fabricated metal oxide TFT's was carried out
using a Keysight BI500A semiconductor device parameter analyzer connected to a
Cascade Microtech probe station with triaxially shielded probes.

5.4.1  Capacitance Voltage (CV)

The capacitance voltage (CV) analysis and the determination of leakage through the
dielectric was performed using a two-terminal metal oxide semiconductor structure
[Publication I]. The CV and the leakage current plot of the In,O3/ALO3 are shown
in Figure 18 (a) and (b), respectively. In the device operating range of 3 V, the

anodized aluminum oxide displays low leakage current.
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Figure 18. (a) The CV (capacitance voltage) characteristics measured at 1 kHz frequency and (b) Gate
dielectric breakdown. (From Publication 1) © [2019], IEEE.

5.4.2  Current Voltage (IV)

The performance of the metal oxide thin film transistors fabricated on glass and
flexible Kapton substrates was evaluated by measuring the current voltage ie.,
transfer (Iy vs. V) and output (Iq vs. Vq) characteristics.
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Figure 19. (a) Transfer and (b) Output characteristic of In.Os TFT fabricated on glass substate. (From
Publication 1), © [2019], IEEE.

The transfer and output characteristics of the TFT with In2Os; channel
semiconductor and room temperature anodized Al2O3 fabricated on glass substate
are shown in Figure 19 (a) and (b) [Publication I]. Figure 20 (a) and (b) displays the
transfer and output characteristics of the TFT with In2O3 channel semiconductor
and room temperature anodized AlO; fabricated on flexible Kapton substrate

[Publication III]. The TFT's comfortably operate well below 3 V. Furthermore, the
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improved performance of flexible TFTs along with SPICE modeling are represented
in the Figure 21 (a) and (b) [Publication III]. More details on electrical performance

parameters are summarized in Table 2.
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Figure 20. (a) Transfer and (b) Output characteristic of In20s TFT fabricated on flexible Kapton
substrate. (From Publication Ill) © [2021], Materials Science in Semiconductor Processing.
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Figure 21. (a) Transfer and (b) Output characteristic of flexible In20s TFT along with modeling. (From
Publication 1ll) © [2021], Materials Science in Semiconductor Processing.

Similarly, the electrical performance of solution processed gallium oxide (Ga2O3)
TFTs fabricated on a glass and flexible Kapton are presented in Figure 22 (a), (b)
and Figure 23 (a), (b), respectively [Publication IV]. Additional details on electrical

performance parameters are summarized in Table 2.
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Figure 22. (a) Transfer and (b) Output characteristic of Ga20s TFT fabricated on glass substate.
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Figure 23. (a) Transfer and (b) Output characteristic of Ga203 TFT fabricated on flexible Kapton
substrate. (From Publication 1V) © [2021], IEEE.

Additionally, Figure 24 (a), (b) and Figure 25 (a), (b) shows the electrical performance
of solution processed indium gallium zinc oxide (IGZO) TFTs fabricated on glass
and Kapton, respectively [Publication V]. Table 2. and 3 summarizes additional

information on bias conditions and electrical efficiency parameters, respectively.
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Figure 24. (a) Transfer and (b) Output characteristic of IGZO TFT fabricated on glass substate.
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Figure 25. (a) Transfer and (b) Output characteristic of IGZO TFT fabricated on flexible Kapton
substrate. (From Publication V) © [2019], IEEE.

Furthermore, The indium oxide (In2O3) TFT'' stability was evaluated under negative
bias stress (NBS) at various gate bias stress intervals as shown in the Figure 26 (a)
and (b). The transfer characteristics (Ia vs. V) of indium oxide TFT's clearly reveal
that the TFT's function well under bias stress; with a very small change in threshold
voltage (Vi) around 0.3 V, as illustrated in Figure 26 (b). Additionally, the dual-scan
transfer characteristics of indium oxide TFTs at various drain biases were used to
determine hysteresis as low as 0.12 V, as shown in Figure 26 (c). As a histogram of
saturation mobility against device proportion and average, Figure 26 (d) displays a
statistical examination of the electrical performance of the examined devices,
signifying good device reliability and yield with 70% of devices having mobility in
the range of 10 — 14 cm?/Vs.
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Figure 26. (a) Variation of transfer characteristics of In2Os TFTs measured as a function of gate bias
stress time, at negative gate bias stress (NBS) of -3 V, b) Bias stress-induced threshold

voltage shift as a function of stress time.

c) Transfer characteristics of In20s TFTs

representing hysteresis, and d) Mobility histogram indicating device reliability and yield.
(From Publication Ill) © [2021], Materials Science in Semiconductor Processing.

Table 2. TFT measurement bias conditions [Publications I-V] [122-126]
S Gate Vq (V) Drain-Source Vg (V)
n;. Name
Glass Kapton Glass Kapton
1. Indium oxide TFTs 0to3 0to3 2 3
2. Gallium oxide TFTs 0to3 1t03 2 3
3. Indium gallium zinc oxide TFTs 0to2 0to4 2 4
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Table 3. Summarized metal oxide TFT performance parameters [Publications I-V] [122-
126]
Indium oxide Gallium oxide |m:|il::3;|::m
o (In203) (Gaz20s) (IGZO)
" | TFT Parameters
no.
Glass | Kapton | Kapton | Glass | Kapton | Glass | Kapton
f, | OperetngVolege | 9103 | 002 | 003 | 0103 | 1103 | 002 | Oto5
Threshold Voltage
2. (Vin) 0.6 0.42 0.82 0.43 0.61 0.75 1.05
v
3 Mobility (1) 35 | 285 | 145 | 25 | 274 | 282 | a7
cm2V-ist
Transconductance
4. (gm) 53 38 140 70 64.8 73 90.8
uS
Subthreshold swing
5. (S) 0.16 0.42 0.22 0.38 0.50 0.27 0.35
Videc
6. On/Off ratio 108 10° 10° 104 10 104 104
5.4.3  Flexibility — Bending performance

Along with the electrical characterization of the TFT, the bendability of the flexible
TFTSs was also studied [Publication III-V]. The flexible TFTs were bent over a glass

rods of different radius (3.5 cm to 5 mm) and electrical performance was measured

as they were bent. The change in carrier mobility with respect to the bending is

represented in Figure 27 (a) (b) and (c). The thin film transistors fabricated using

metal oxide semiconductors show quite stable performance down to a bending

radius of 5 mm.
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Figure 27. Bending performance of the flexible TFTS based on a) In203 (From Publication Ill) © [2021],
Materials Science in Semiconductor Processing, b) Ga20s (From Publication IV) © [2021],
|EEE and c) IGZO. (From Publication V) © [2021], IEEE.

5.4.4  Flexibility Inverter Circuit performance

The two TFT-based inverter circuit's electrical performance was also presented in
the Figure 28 (a), (b) and (c), by measuring output voltage correspond to the input
voltage over range of supply voltage (Vpp) [Publication III-V]. The measured voltage
gains of the inverter circuits are represented in the table 4.
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(From Publication V), © [2021], IEEE.
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Table 4. Summarized Inverter Circuit performance parameters [Publications I1I-V]
Inverter Gain at Voo
:;‘ Metal Oxide Semiconductor Input voltage
1V 2V 3V
Indium oxide (In203)
g (Publications Il -3Vio+3V 10 22 32
Gallium oxide (Ga203)
2 (Publications V) -3Vio+3V o 19 30
3 Indium gallium zinc oxide —4Vio+4V 9 17 4
‘ (IGZO) (Publications V)

54.5 Trap State Densities (Di)

The metal-oxide-semiconductor structure comprising of an indium oxide (In203)
semiconductor and aluminum oxide (Al2O3) dielectric was used to understand the
dielectric-semiconductor interface. The interface trap density (Di) was investigated

using the conductance method (eq. 8), sweeping from 1 kHz to 5 MHz [78, 145],

where G;, is the peak conductance per unit area, o = 2nrf (f - frequency), and q is

the electronic charge.

The (Gp/w) was plotted as a function of frequency to quantify the interface trap
density (Di) [Publication I]. As shown in Figure 29 (a), Gp/w increases with
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frequency up to a limit, then, as expected with an interface trap model, it begins to
fall at higher frequencies [146]. Furthermore, the frequency dependent (1 kHz to 1.3
MHz) values of MOS capacitance were found to be 0.6 - 0.8 uF/cm?, Figure 29 (b).
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Figure 29. (a) The (Gy/w) plot as a function of frequency (b) The frequency dependance of MOS
capacitance. (From Publication I) © [2019], IEEE.

The value of the interface trap density extracted using the conductance method [147]
was found to be 0.99 X 1011 — 2.98 X 1011 eV-1-cm~2, [Publication I]. Figure 30
depicts the subsequent relationships among trap state densities with biasing voltage
dependence, as well as the trap states' energy relative to the band gap [148-150] are
displayed in Figure 30 (a) and (b).
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Figure 30. The trap state densities as function of (a) biasing voltage and (b) Energy in bandgap. (From
Publication I) ©[2019], IEEE.
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55 Thin film and Material characterization

With the help of atomic force microscopy (AFM) and cross-sectional transmission
electron microscopy (TEM) analysis, thin film and material characterization were

also performed.

5.5.1  Atomic force microscopy (AFM)

The surface roughness of the anodized aluminum oxide (AlOs) film was
investigated using atomic force microscopy (AFM), over 5 X 5 um? scanning area
[Publication I]. The AFM analysis yielded with average roughness value 1.53 nm and
as illustrated in Figure 31.

Figure 31. AFM image of the anodized aluminum oxide (Al203) showing average roughness value 1.53
nm. (From Publication ) © [2019], IEEE.
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5.5.2  Transmission electron microscopy (TEM)

The cross-sectional transmission electron microscopy (I'EM) study of the TFTs was
also performed to determine the dielectric thickness with high accuracy [Publication-
I]. The thickness of the dielectric oxide (Al2O3) layer was found to be 12 nm using
cross sectional TEM, and it can be seen in Figure 32. Furthermore, using the parallel
plate capacitance equation C = wepA/d [151], the dielectric constant, K, was
determined to be 9.3.

AIE’

Heterostructure, . "
HAADF MAG#450kx"HV: 200kV .

P

Figure 32. The cross-sectional image of the TFT, scale bar 30 nm. (From Publication 1) ©[2019], IEEE.
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6 CONCLUSIONS

6.1 Major Finding

Metal oxide based thin film transistors have seen rapid progress in recent years,
especially in terms of new materials and device architecture. Though high-
temperature vacuum deposition techniques dominate the metal oxide TFTs, the
device operating voltage and the need for high temperatures has hindered its use in
new technologies like printed-flexible electronics, wearables and Internet of Things
(IoT). As a result, metal oxide TFT's are now undergoing significant research to
develop a low-temperature, solution-processed metal oxide deposition technique
compatible for flexible substrates.

In this thesis, the successful fabrication and detailed characterization of low voltage
(< 3 V) operating thin film transistors (IFT’s) using the solution-processed metal
oxide, such as indium oxide (In20O3), gallium oxide (Ga203) and Indium gallium zinc
oxide (IGZO) on a glass and a flexible Kapton substrate was demonstrated. The low
voltage device operation was achieved by the successful integration of the solution
processed indium oxide with the room temperature anodization process for high-k

aluminum oxide gate dielectric.

The room temperature processed anodized high-k aluminum oxide (ALO3) aided in
the reduction of operating voltage and threshold voltages, as well as improved carrier
versatility. Solution-processing, on the other hand, enables low-temperature, large-
area depositions while lowering fabrication costs. The excellent electrical
performance of solution-processed metal-oxide TFTs at a bias voltage will allow
novel applications in flexible electronics. The bending performance and SPICE
simulation alongside electrical characterization of the metal oxide TFTs was

provided.
Furthermore, by using characterization techniques, such as AFM (atomic force

microscopy), C-V (capacitance-voltage profiling), and TEM (transmission electron
microscopy), a thorough analysis of the thin film and interface between metal oxide
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semiconductor and gate dielectric was performed. Additionally, the fabrication and
characterization of two TFT based inverter circuit on a flexible Kapton substrate
using solution-processed metal-oxide was successfully demonstrated. As a result,
solution processed, low temperature processed, low voltage operating flexible thin
film transistors and circuits enables a viable pathway for the flexible electronics,
wearables and the Internet of Things (IoT) applications. The techniques suggested
in this thesis for designing and fabricating flexible thin film transistors and circuits
for flexible electronics are readily adaptable and cost-effective.

6.2 Future Work

This dissertation presents low-temperature, low-voltage, solution-processed metal
oxide thin film transistors with operating voltages well below 3.0 V along with a low
threshold voltage between 0.43 and 1.05 V. Although the development of such an
electronic device might open-up new avenues for flexible wearables and Internet of
Things, among other low energy applications, many additional improvements should
be done before unleashing the true potential of the metal oxide TFT for flexible
electronics. For example, TFT's with high mobilities are essential for better switching
performance.

Additionally, ensuring compatibility with flexible substrates may necessitate a further
reduction in process temperature. For example, in the case of polyurethane, the
lowest processing temperature target is restricted to 120 °C. Also, considerable
investigation on TFT integration is required to enhance the device’s performance
and its potential for flexible electronics. In order to accomplish reduced threshold
voltages along with higher mobility, it is also essential to find the most suitable
dielectric material. Although there are a variety of solution processing approaches
for depositing metal oxide, for optimal performance, advancements in solution
processing are necessary. Some of the strategies that may be used are: 1. Low
temperature processing for the metal oxide deposition, like atomic layer deposition
(ALD), or equivalent, followed by UV (ultraviolet) or laser “photonic” annealing for
recrystallization. 2. Improved TFT device architecture with sub-micron (or tens of
nanometer) gates, preferably through a self-assembled process, along with
meticulous shadow mask designs. 3. Employment of printing processes for the metal

oxide semiconductor deposition.
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0.6V Threshold Voltage Thin Film Transistors
with Solution Processable Indium Oxide (In203)
Channel and anodized high-k Al2Os Dielectric

Sagar R. Bhalerao, Donald Lupo, Amirali Zangiabadi, loannis Kymissis, Jaakko Leppaniemi, Ari
Alastalo and Paul R. Berger, IEEE Fellow

Abstract— Low voltage operation and low processing
temperature of metal oxide transistors remains a challenge.
Commonly metal oxide transistors are fabricated at very high
processing temperatures (above 500°C) and their operating
voltage is quite high (30 — 50 V). Here, thin film transistors (TFT)
are reported based upon solution processable indium oxide (In203)
and room temperature processed anodized high-k aluminum oxide
(Al203) for gate dielectrics. The In20s TFTs operate well below the
drain bias (Vas) of 3.0 V, with on/off ratio 10°, subthreshold swing
(SS) 160 mV/dec, and low threshold voltage (Vi) 0.6 V. The
electron mobility () is as high as 3.53 cm?/V.s in the saturation
regime and transconductance (gm) 53 pS. Additionally, the
detailed capacitance voltage (C-V) analysis to determine interface
trap states density was also investigated. The interface trap density
(Dir) in the oxide/semiconductor interface was quite low i.e.
0.99x10 - 2.98x101 eVl.cm? signifying acceptable
compatibility of In203 with anodic Al2Os.

Index Terms— Metal oxide semiconductors, solution processing,
indium oxide (In203), low voltage, TFT, anodization, interface state
density.

. INTRODUCTION

M etal oxide semiconductors have been extensively studied
in the last few years for a wide range of devices and
device applications such as thin film transistors (TFT) for
transparent and flexible electronics, active matrix and flat panel
displays, bio/medical sensors and radio frequency (RF) circuits
[1-3]. Metal oxide semiconductors gained special attention due
to their diverse spectrum of properties that distinguishes them
from those of conventional silicon, such as wide band gap, wide
optical transparency, high mobility and low temperature
solution processable deposition [4]. They have paved the way
for the next generation thin film and printed electronics [5].
Amongst all the metal-oxide semiconductors, indium oxide
(In203) is the most favorable n-type semiconductors for thin
film transistors with a band gap 3.6 — 3.75 eV and high carrier
mobility [6]. However, most of the reported research on indium
oxide thin film transistors has been based upon vacuum
deposition techniques and high temperature annealing, with
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very high operating voltage 30 — 50 V [7, 8]. Whereas, TFTs
based on solution processes have many desirable manufacturing
advantages over conventional vacuum deposition processes,
such as low cost, high yield and ease of processing [9, 10].
Although remarkable progress has been made, metal oxide
TFTs still pose significant challenges, such as operating
voltage, switching speed and on/off ratio.

Here we fabricated TFTs based upon In20s channels by
combining the solution-processing route for the semiconductor
and an anodization technique for the high-x aluminum oxide
Al203 gate dielectric, which enables a low operating voltage i.e.
< 3V device operation. The anodization process was carried out
as reported previously [11]. Anodization empowers the room
temperature  deposition of dielectric, bypassing high
temperature, high vacuum processes, with added advantages
such as nanoscale deposition, high quality and denser oxide
layers to prevent gate leakage current [12]. Furthermore, the
anodization process is a low cost, room temperature process,
compatible with flexible and printed electronics devices. The
detailed analysis of its electrical performance and thorough
analysis of MOS capacitors for the interface trap states density
was also investigated.

Il. EXPERIMENTAL

The bottom gate, top contact (BGTC) topology was used here
for the device fabrication as shown in Fig. 1. TFTs were
fabricated on glass substrates. Prior to device fabrication, the
glass substrates were ultrasonically cleaned with acetone, IPA

Fig. 1. a) Schematic structure of the In.Os TFT with Al.Os gate dielectric (for
illustrative purposes). b) Optical image of the In.Os TFT with 70 pm gate
length. Scale bar is 200um.
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and deionized water for 30 minutes sequentially. Initially, to
form a gate contact, 100 nm of aluminum (Al) metal was
deposited on a glass substrate using a shadow mask for

patterning.
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Fig. 2. a) Transfer characteristics of In.Os TFTs with 70 um gate lengths and
b) Output characteristics for IOz TFTs with 70 pm gate lengths.
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The anodization process was performed next to convert a top
surface (~10 nm) of the aluminum metal into a high-x dielectric,
Al20s. After the anodization, the substrates were thoroughly
washed with deionized water. Furthermore, the 1n20s solution
was prepared by dissolving Indium (lIl) nitrate hydrate
In(NO3)3-xH20 in anhydrous 2-methoxyethanol 99.8% in 0.2
M concentration as reported by Ari Alastalo et al. [13]. The
solution was stirred for 12 hours at 75 °C prior to spin coating.
All the precursors were purchased from Sigma-Aldrich and
used as-is without any further distillation. Subsequently, the
solution processed In203 semiconductor channel was deposited
atop by first spin coating, followed by two-step annealing at 90
°C and at 300 °C for 15 min and 30 min in air, respectively.
Finally, 100 nm of Al metal was deposited to form the drain and
source electrodes. The channel width (W) and length (L) was
700 pm and 70 pum, respectively. The Al metal evaporation was
performed using an e-beam evaporator under a high vacuum 10
& Torr. Under the same conditions as the TFTs, MOS test
structures consisting of Al/Al20s/In203/Al were also fabricated
on the same substrates.

The electrical characterization (I-V and C-V) of the In.O3
TFTs were performed using a Cascade probe station connected
to the semiconductor device parameter analyzer (Keysight
B1500A) with triaxially shielded probes.

11l. RESULTS AND DISCUSSION
The transfer (s vs. Vg) and output (la¢ vs. Vd) characteristics

of the TFTs devices consisting of In203 as the semiconductor
channel with anodized Al2Os as the gate dielectrics are shown
in Fig. 2. The devices exhibit n-channel behavior, with a very
low operating voltage, 3 volts, and the threshold voltage, Vi is
determined to be 0.6 V, which is much smaller than that of TFTs
fabricated with conventional SiO. gate dielectric [14]. The
operating voltage of the In203 TFTs with Al2O3 make them an
ideal choice for integrated circuits (IC) applied to wearables and
10T applications where autonomous power sources would
otherwise be depleted by TFTs operating at high voltages.
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Fig. 3. a) Capacitance voltage characteristics of 1n.03/Al.0z MOS device
measured at 1 KHz frequency. Inset: Breakdown voltage and b) G/o vs ®
characteristics representing conductance at selected bias voltage. Inset:
capacitance vs. frequency

The devices exhibit on/off ratio ~10° and the electron
mobility (i) was measured as high as 3.53 cm?V-is? in
saturation regime calculated using the equation

0(@)2
_\Tavg

H(sat) = 1

zCGV_IY ’
where, Ip is the drain current, Ve is the gate voltage, Cc is the
gate oxide capacitance, and WI/L is the ratio of width to length
of the TFT channel.

The 2-terminal MOS  (Metal-Oxide-Semiconductor)
structure consisting of Al-Al203/In203/Al was used to perform
the capacitance voltage analysis, Fig. 3(a), and the leakage
current through the dielectric is shown in Fig. 3(a) inset. The
Al.03 formed with anodization, exhibits a relatively low
leakage current in the operating voltage range of the device i.e.
3V [Fig. 3(a) inset]. The corresponding dielectric constant, «
was found to be 9.3. The TFT transconductance (gm) gain is as
high as 53 pS. Furthermore, the subthreshold swing S was 0.16
V/dec., which is proportional to previous report [15]. This
implies there is a lower defect density of states within the gate
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oxide. As shown in the Fig. 3(b) inset, the MOS capacitance per
unit area was found to be quite constant over the range of
frequencies, 1 KHz to 1.3 MHz, between 0.6 - 0.8 uF/cm?shows
good dielectric properties.

To investigate this further, we have calculated the interface
trap density (Dit) in the oxide by using the conductance method,
sweeping from 1 KHz to 5 MHz [16],

_25(Gp
Py (w)Fnax
where, Gp is the peak conductance per unit area, w = 2nrf (f -
frequency), and q is the electronic charge. To calculate the
interface trap density (Dit), (Gp/w) was plotted as a function of
frequency. As shown in Fig. 3(b), as the frequency increases,
Gp/w also increases and reaches its maximum and as expected
with an interface trap model, Gp/w starts to decrease thereafter
with further increase in frequency [17].
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Fig. 4. Trap states density as function of biasing voltage, Inset: Trap states
density as a function of energy.

The interface trap density extracted using the measured
maximum conductance [18] was about 0.99x10'! — 2,98x10*
eVl.cm? The subsequent relationships among trap state
densities with biasing voltage dependence are represented in the
Fig. 4, and the trap states correspond to energy in the band gap
are presented in the Fig. 4 inset.

Summarized results of 1.0z TFT performance parameters
are shown in Table 1.

TABLE |
SUMMARIZED IN203 TFT PERFORMANCE PARAMETERS
Vin Hsaf ) Gm SS Tonflofe ,Di‘ )
V) (cm?Vvist) (uS) (V/dec) (eVicm?)
0.6 35 53 0.16 ~10° 0.986 x 10'!
Furthermore, for the film and dielectric thickness
characterization, cross sectional transmission electron

microscopy (TEM) analysis of the device was performed. From
the cross sectional TEM, the measured thickness of the
dielectric layer (Al203) was found to be 12 nm, shown in Fig
5(a). The material characterization of anodized aluminum oxide
(Al203) film were carried out with the help of atomic force
microscopy (AFM), the scanning area was 5 pm? and the
average roughness of the anodized Al:0s was 1.53 nm,
representing smooth film quality, shown in Fig 5(b). Which is
partially attributed to the lower density of the trap states. The
few anomalous spikes (~160nm) in the AFM image might be

due to some dust or foreign particles from transport and storage
in room air.
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Fig. 5. A) Cross section TEM image of the In.O3 TFTs, scale bar 30nm and b)
AFM image of the anodized Al.Os, average roughness 1.53nm.

IV. CONCLUSION

Thin film transistors (TFTs) based on low-temperature,
solution-processable indium oxide (In20s) with a very thin (<
10nm) anodic aluminum oxide (Al2Os) as gate dielectric were
demonstrated here with very low voltage device operation. The
TFTs show very good low voltage performance below 3.0 V
and the electron mobility (W) is as high as 3.53 cm?/V.s.
Furthermore, we also investigated the dielectric properties of
the anodic aluminum oxide Al.03 and its estimated interface
trap density, Dir about 0.99x10'' - 2.98x10% eVi.cm?,
suggests a very good compatibility of indium oxide (In203) with
anodic aluminum oxide Al20s. This study shows the low
temperature fabrication compatibility for solution-processable
metal oxide semiconductors for flexible and printed electronics
devices.
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Abstract— Semiconductor devices based upon silicon have
powered the modern electronics revolution through advanced
manufacturing processes. However, the requirement of high
temperatures to create crystalline silicon devices has restricted
its use in a number of new applications, such as printed and
flexible electronics. Thus, developments with high mobility
solution-processable metal oxides, surpassing @-Si in many
instances, is opening a new era for flexible and wearable
electronics. However, high operating voltages and relatively high
deposition temperatures required for metal oxides remain
impediments for the flexible devices. Here, the fabrication of low
operating voltage, flexible thin film transistors (TFT) using a
solution processed indium oxide (In;O3) channel material with
room temperature deposited anodized high-k aluminum oxide
(AL,O3) for gate dielectrics are reported. The flexible TFTs
operates at low voltage V4, of 2 V, with threshold voltage Vy, 0.42
V, on/off ratio 10° and subthreshold swing (SS) 420 mV/dec. The
electron mobility (n), extracted from the saturation regime, is
2.85 cm?/V.s and transconductance, gm, is 38 pS.

I. INTRODUCTION

Metal oxide semiconductors have gained significant
attention during the past couple decades owing to their
superior optoelectronics properties, such as wide band gap,
charge transport mechanism, and thin film deposition
techniques allowing for a new paradigm in electronics devices
[1-2]. Amorphous metal oxide semiconductors have been
widely studied for numerous opto-electronic, sensing and
medical applications. Among all metal oxide semiconductors,
indium oxide (In,O3) is a very promising candidate for the
thin film transistor due to its attractive electrical performance
[3-4]. However, despite significant progress, the goal of low-
cost — low temperature deposition of metal oxides still faces
major challenges. As most of the required device fabrication
process steps use high temperature deposition techniques,
especially for the gate oxide deposition, such as vacuum-
based thin film deposition, metal oxide TFTs on flexible
substrates remains elusive [5]. Thus, efforts have been taken
to develop a low temperature, low-cost solution processable
deposition process for metal oxide TFTs [6]. And even
though, some progress has been made towards flexible TFTs,
major challenges remain in terms of high operating voltage.

Herein, the fabrication of low operating voltage flexible
thin film transistors has been reported. The TFTs were
fabricated on flexible Kapton substrates using a solution

processed indium oxide (In,O3) semiconductor as the TFT
channel material with room temperature anodized high-x
aluminum oxide (AL,O3) gate dielectric [7-9].
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Fig. 2. Photograph of the In,O; TFT fabricated on the flexible Kapton
substrate, Inset: Optical image of In,O3; TFT with 70 pm gate length. Scale
bar 200 pm.

II. EXPERIMENTAL

The schematic representation of the flexible TFTs is shown
in Fig. 1. The TFTs, were fabricated on the flexible Kapton
substrate with the use of bottom gate top contact (BGTC)
topology, following a previous approach used by the authors
atop glass that resulted in ultra-low threshold voltages [9].



Photograph of the In;O; TFTs fabricated on the flexible
Kapton substrate and optical image with 70 pm gate length is
shown in Fig. 2 and Inset, respectively. Scale bar 200 pm.The
Kapton substrates were thoroughly cleaned before the device
fabrication, using acetone, isopropanol (IPA) and deionized
water (DI) for 30 minutes successively. The top gate contact
was formed by depositing the 100 nm aluminium (Al) using a
patterned shadow mask. Subsequently, the anodization
process has been performed to convert top 10 nm layer of the
gate contact into the aluminium oxide, i.e. the high-k gate
dielectric. The substrates were cleaned thereafter several
times with deionized water to purge any residual ions. Next
followed was the indium oxide, In,Os, deposition by spin
coating a precursor film and annealing in air at 90 °C for 15
min. and 300 °C for 30 min. for conversion. Prior to spin
coating, the indium oxide (In,O;3) ink was prepared by
dissolving Indium (III) nitrate hydrate In(NOs);-xH,O in
anhydrous 2-methoxyethanol 99.8% in 0.2 M concentration
[9], and stirring for 12 hours at 75 °C. All precursors used as-
is without any further distillation and were purchased from
Sigma-Aldrich. After the spin coating, the drain and source
contacts of 100 nm thick aluminium (Al) was deposited using
a shadow mask. The aluminium (Al) metal deposition was
carried out under a high vacuum 10 Torr, using an e-beam
evaporator. Furthermore, to perform the capacitance voltage
(CV) analysis, on the same substrates and the under same
conditions, MOS (Metal-Oxide-Semiconductor) test device
comprised of Al/Al,03/In,O3/Al were also fabricated.

The electrical performance (I-V and C-V) of the flexible
In,O3 TFTs was carried out with the aid of a Cascade probe
station connected to a Keysight B1S00A semiconductor
device parameter analyzer with triaxially shielded probes.

III. RESULTS AND DISCUSSION

The output (14 vs. Vg) and transfer (Ia vs. V) characteristics
of the fabricated flexible TFT's using the In,O3 semiconductor
channel material and anodized Al,O; gate dielectrics are
shown in Fig. 3 and 4, respectively. The flexible TFTs
operates at very low-voltage, i.e. 2 volts with a very low
threshold voltage, Vi, 0.42 V, significantly smaller than
previously reported metal oxide TFTs on flexible substrates
[10].
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Fig. 3. Output characteristics for In,O; TFTs with 70um gate length.
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Fig. 4. Transfer characteristics of In,O3; TFTs with 70um gate.

The electron mobility () in the saturation regime was
found to be 2.85 cm?V-!s™!, calculated using the equation
6(@)2
_\Tavg
Hsat)y = W >
et

where, Ip is the drain current, Vg is the gate voltage, Cg is the
gate oxide capacitance, and W/L is the ratio of width to length
of the TFT channel.

Furthermore, the on/off ratio was up to ~10°. The TFT
transconductance (gm) gain was as high as 38 uS and the
subthreshold swing, SS, extracted was 0.42 V/dec.
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Fig. 5. Capacitance voltage characteristics of In,03/ALO; MOS device
measured at | KHz frequency.

The gate oxide thickness was found to be ~8nm and was
calculated from the MOS capacitance voltage analysis as
shown in Fig. 5. Our previous report [9] confirmed with
transmission electron microscopy the close agreement the
physical thickness with extracted electrical thickness. The



dielectric constant, k was found to be 9.3, as calculated using
parallel plate capacitance equation, C = kgoA/d [11]. The gate
dielectric formed with the anodization exhibits quite low
leakage current, i.e. below 1.5 V as shown in Fig. 6, and
demonstrates the good dielectric properties of anodized
aluminium oxide.
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Fig. 6. Transfer characteristics of In,Os TFTs showing gate leakage
current with 70pm gate.

Table 1. Shows the combined results of electrical
performance of the flexible indium oxide (In,O3) thin film
transistors.

TABLET
SUMMARIZED IN,O; TFT PERFORMANCE PARAMETERS
Va Msat £m SS
Tow/Totr
V) {cm2V-1s ) (uS) (V/dec) /Lo
0.42 2.85 38 0.42 ~103

IV.CONCLUSIONS

Thin film transistors (TFTs) using a solution-processable
indium oxide (In,O3) were fabricated on flexible Kapton
substrates. The very thin ~8nm high- k aluminum oxide
(Al>03) gate dielectric was deposited with the help of a room
temperature anodization process, enabling low voltage
operating devices. The flexible TFTs demonstrates very good
low voltage performance at 2.0 V and the electron mobility
(n) is as high as 2.85 cm?/V.s. In this study, we have
successfully demonstrated low voltage TFTs by uniting low
temperature  solution processable In,O; with room
temperature anodized high-k aluminum oxide AlL,O; gate
dielectrics.
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Over the last decade, novel approaches to explore low voltage flexible devices and low power flexible circuits are
being widely researched by the scientific community. To realize the true potential of energy thrifty Internet-of-
Things (IoT) objects, low power circuits and hence their low-voltage operating devices are a paramount pre-
requisite, especially when their power is constrained by autonomous energy scavenging. At present, through
advanced manufacturing processes, silicon-based semiconductor devices are powering the modern electronics
industry. However, processing temperatures are inhibiting them from flexible and printed electronics, as well as
being too costly for scalability to the trillions of IoT objects anticipated. Therefore, development of solution-
processed metal oxide semiconductors creates huge opportunities for IoT and wearables. Here, flexible
solution-processed indium oxide (InyO3) thin film transistors (TFT) and inverter circuits with low operating
voltage are reported. The operating voltage of the TFTs is < 3 V with threshold voltage (Vy,) 0.82 V, on/off ratio
10° and extracted mobility () in saturation regime is 14.5 cm?/V-s. The gain of the inverter at Vpp 1, 2 and 3 V
was determined to be 10, 22 and 32 respectively. Furthermore, measured transconductance (gy) and sub-

threshold swing (S) are found to be 140 pS and 0.22 V/dec, respectively.

1. Introduction

Metal oxide semiconductors have gained enormous interest in the
design of modern electronics, particularly thin film transistors (TFT),
due to their excellent electrical, optical, chemical and mechanical
properties. With increasing demand for both high performance and low-
voltage operation for low-power consumption, TFTs have been contin-
uously scaled down to their physical limits [1-3]. On the other hand, to
achieve low-voltage, high performance TFTs, high-x dielectrics have
been extensively explored for the replacement of silicon oxide. Simi-
larly, tremendous efforts have been devoted to develop
solution-processed metal oxide semiconductors for the active channel
materials within thin film transistors [4,5]. Additionally, vacuum
deposition processes are less scalable to roll-to-roll processing and can
concurrently require high processing temperatures [6,7]. Despite dedi-
cated efforts by the research community and industry, there is still only a
handful of reports available showing low voltage operating devices with
reliable device performance at relatively low temperature processing for
semiconductor and high-k gate dielectric deposition compatible to
flexible electronics and Internet-of-Things [8-10]. Moreover, apart from

* Corresponding author.

the devices, circuits based on solution processed metal oxide have been
given relatively little attention, resulting in a limited number of circuit
publications [11-13].

Here, we report the enhanced device performance of flexible thin
film transistors (TFTs) based on solution processed indium oxide and
comprehensive device bendability study along with SPICE simulations.
Furthermore, by utilizing the Transfer Length Measurement (TLM)
technique, the contact resistance analysis was provided. In addition to
the flexible TFTs, a thorough analysis of a low voltage operating inverter
circuit fabricated on a flexible Kapton substrate was also presented.

Solution-processed indium oxide was used as an active semi-
conductor channel material, which was further combined with a room
temperature anodization route to form a thin high-k aluminum oxide
(Aly03) gate dielectric. The room temperature deposition of anodized
aluminum oxide carried out as reported previously [14,15], which em-
powers lower voltage operation i.e. < 3V. The flexible indium oxide
TFTs were fabricated by following the bottom gate top contact (BGTC)
approach. The schematic representation of the device structure of flex-
ible indium oxide TFTs is shown in Fig. 1(a). Fig. 1(b) illustrates the
proposed inverter circuit diagram. A photograph of inverter circuits
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Fig. 1. a) Schematic structure of the In,O3 TFT with Al,O3 gate dielectric (for illustrative purposes — not on scale). b) Schematic of the proposed inverter circuit. ¢) A
photograph of the fabricated flexible In,O3 inverter circuit on a Kapton substrate. and d) Optical micrograph of flexible inverter along with TLM (transfer length

measurement) test structure. Scale bar 500 pm.

fabricated on flexible Kapton (Polyimide) is exhibited in Fig. 1(c) and
the optical micrograph presented in Fig. 1(d). Additionally, the Transfer
Length Measurement (TLM) [16-18] test structure was also fabricated
on the same flexible Kapton substrate to investigate the contact resis-
tance along with the electrical performance of the flexible indium oxide
TFTs and Inverter circuit.

2. Experimental

As shown in the schematic diagram Fig. 1(a), TFTs were fabricated
on a flexible Kapton substrate. Before the fabrication process, the Kapton
substrates were thoroughly cleaned with acetone, IPA, and deionized
water with subsequent ultrasonication for 30 min. To start with, 100 nm
aluminum metal was deposited using a patterned metal shadow mask.
Then, anodization process was carried out to form the aluminum oxide
gate dielectric. As a result, the top surface of evaporated aluminum
metal was transformed into an aluminium oxide (Aly0O3). The thickness
of the subsequent aluminium oxide layer was found to 12 nm thick,
which is validated by electron microscopy in our previous report [19].
Following the anodization procedure, the Kapton substrates were
rigorously rinsed with deionized water and dried by nitrogen jet to

eliminate any residual surface ion impurities from the anodization.

Before applying the active semiconductor channel, a 0.2 M indium
oxide solution (ink) was prepared by dissolving Indium (III) nitrate
hydrate In(NO3)3-xH20 in anhydrous 2-methoxyethanol 99.8%. This
prepared solution was further heated at 75 °C for 12 h under continuous
stirring prior to spin coating. Subsequently, the indium oxide ink was
spun onto the substrate and annealed at 90 °C followed by 300 °C for 15
min and 30 min, respectively, in the air [19]. Finally, again by using a
patterned metal shadow mask to form the drain and source contact, 100
nm of Aluminum metal was deposited, forming 1 mm channel width (w)
and 80 pm channel length. The same mask also included Transfer Length
Measurement (TLM) test patterns to correlate ohmic contact resistance
(Fig. 1 (¢) and (d)) through varying channel lengths. An e-beam evap-
orator was used for the aluminum metal deposition, which was per-
formed under a high vacuum 4 x 107° Torr. The electrical
characterization of the flexible indium oxide TFTs and inverter circuit
was performed using a Cascade probe station attached to triaxial shiel-
ded probes connected to a Keysight B1500A semiconductor device
parameter analyzer.
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Fig. 2. a) Measured transfer characteristics of flexible In,O3 TFTs. b) Measured output characteristics of In,O3 TFTs, c) Fitting of a simulation data with a measured
transfer characteristic of flexible In,O3 TFTs and d) Fitting of a simulation data with a measured output characteristic of flexible In,O3 TFTs.

Table 1

Summarized Flexible Indium Oxide TFT performance parameters.
Threshold Mobility (jsar) Transconductance Subthreshold
Voltage (Vq,) V. em?vls™! (gm) 1S swing (S) V/dec
0.82 145 140 0.22 V/dec

3. Results and discussion

The measured electrical performance of the flexible indium oxide
TFT is shown in Fig. 2 - illustrating transfer characteristics in Fig. 2 (a)
and output characteristics in Fig. 2 (b) respectively. Fig. 2 (c¢) and (d)
shows the fitting of the SPICE simulation results superimposed with
measured TFTs electrical performance.

The measured and simulated data fitting closely follow one another.
The device simulations were performed using the analog devices LTspice

software, with physical and measured device parameters, W = 1 mm, L
= 80 pm, V; = 0.82 V and K, = 12 uA/Vz, which is calculated from
equation (1),

2
o - (2B o
el 82
where, I41 and Igo are the drain currents at gate voltages Vg1 and Vg,
respectively.

The electrical performance of the flexible TFT conclusively demon-
strates low-voltage operation, i.e., functioning at less than 3 V, as well as
a significantly lower threshold voltage (Vy,) is 0.82 V. The flexible TFT
exhibited relatively high on/off ratio, 10°, and the best extracted
mobility (i) was found to be as high as 14.5 cm?/V-s in saturation
regime, which is much higher than previously reported solution-
processed, low temperature indium oxide TFTs [20-23]. The electron
mobility was calculated using equation (2),
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where, I, is the drain current, Vg is the gate voltage, Cg is the gate oxide
capacitance, and W/L is the ratio of width to length of the TFT channel.
From the electrical measurements shown in Fig. 2 (a), the trans-
conductance and subthreshold swing (S) values were also calculated and
found to be 140 pS and 0.225 V/dec, respectively. From the Transfer
Length Measurement (TLM) shown in Fig. 1 (d), the specific contact
resistance (p.) between the metal oxide semiconductor and the metal
contacts, i.e. in this case indium oxide and aluminium electrodes, was
also measured and was determined to be ~ 0.98 kQ cm? Table 1,
summarizes the electrical performance parameters of flexible thin film
transistors (TFTs) based on solution processed indium oxide (InpO3).
To further investigate device potency, the stability of indium oxide
(Inp03) TFTs was investigated under bias stress and hysteresis (double
scan). Fig. 3 (a) illustrations the transfer characteristics (I4 vs. Vg) of
indium oxide TFTs measured at various gate bias stress intervals. Under
bias stress, the device performs excellently; nevertheless, a slight shift

(negative) in threshold voltage around AV, = 0.3 V has been observed,
as seen in Fig. 3 (b). It's very likely that this is attributable to joule
heating. Furthermore, the indium oxide TFTs’ dual-scan transfer char-
acteristics, as shown in Fig. 3 (c), exhibit hysteresis values as low as 0.12
V. Fig. 3 (d) depicts a statistical analysis of the electrical performance of
the measured devices as a histogram of saturation mobility versus de-
vices proportion and average, demonstrating that approximately 70% of
devices exhibit mobility in the 10-14 cm?/Vs range, implying excellent
device reliability and yield.

We have also studied the bending performance of the indium oxide
TFTs with bending radius ranging from 3.5 cm to 5 mm. The specimens
were bent around rods of known diameters and measured in the probe
station while bent. The variation in mobility as a function of curvature
bending is shown in Fig. 4 (a). From the measurements, it was found that
there was a slight change in mobility values, ranging from 14.5 to 13.2,
over the measurements of bending curvature with radius 3.5 cm to 5
mm. The results are a strong affirmation of the bending stability of this
TFT platform technology for wearables [24,25]. The slight change in
mobility observed might be attributed from the device handling and/or
differences in probing the devices after each bending modification.

Additionally, the electrical performance of the flexible inverter
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circuit fabricated based on the solution-processed indium oxide TFTs
was also investigated. The voltage transfer characteristics of the indium
oxide TFT based inverter circuit (shown in Fig. 1 (b)) at changing supply
voltage (Vpp) are represented in Fig. 4 (b). From the electrical mea-
surements shown in Fig. 4 (c), the gain of the inverter at Vpp was
measured in 1 V increments equal to 1, 2 and 3 V and was found to be 10,
22 and 32 respectively.

4. Conclusion

In this work, we successfully demonstrated low voltage, flexible TFTs
and inverter circuits based on solution processed indium oxide on the
flexible Kapton substrates along with device simulation results. The
room temperature anodized high-k gate dielectric i.e., aluminum oxide
enabled the lower device operating voltage below 3 V. The flexible in-
dium oxide TFTs showed excellent electrical performance with electron
mobility () as high as 14.5 cm?/V.s which is significantly higher in
terms of state-of-the-art solution-processed, low temperature and low-
voltage operating devices. Along with the electrical characteristics,
bending performance of the flexible TFTs and inverter circuit also shows
stable device performance. The inverter circuit also shows good oper-
ating performance over a full scale of input voltage and relatively high
gain as high as 32. Therefore, herein not only the device, but also the
inverter circuit on a flexible substrate (Kapton Polyimide) has been
successfully investigated. Therefore, to envision the true potential of the
energy thrifty Internet-of-Things (IoT), low power circuits and hence the
low voltage wearables. This study presents, an alternative to the silicon-
based semiconductor devices and subsequently, a way forward for

Materials Science in Semiconductor Processing 139 (2022) 106354

flexible, printed electronics and the Internet-of-Things (IoT).

CRediT authorship contribution statement

Sagar R. Bhalerao: Conceptualization, Methodology, Formal anal-
ysis, Investigation, Data curation, Writing — original draft, Visualization,
Writing — review & editing. Donald Lupo: Conceptualization, Re-
sources, Writing - review & editing, Supervision, Project administration,
Funding acquisition. Paul R. Berger: Conceptualization, Resources,
Writing — review & editing, Supervision, Project administration, Fund-
ing acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors would like to extend a special thanks to Business Finland
(Grant no. - 40146/14) and the Academy of Finland for their financial
assistance.

References

[1] X. Yu, T.J. Marks, A. Facchetti, Metal oxides for optoelectronic applications, Nat.
Mater. 15 (2016) 383-396, https://doi.org/10.1038/nmat4599.

[2] A.D. Franklin, Nanomaterials in transistors: from high-performance to thin-film

applications, Science 349 (2015) 6249, https://doi.org/10.1126/science.aab2750.

B. Bayraktaroglu, K. Leedy, R. Neidhard, Microwave ZnO thin-film transistors, IEEE

Electron. Device Lett. 29 (2008) 9, https://doi.org/10.1109/LED.2008.2001635.

[4] E.Fortunato, P. Barquinha, R. Martins, Oxide semiconductor thin-film transistors: a
review of recent advances, Adv. Mater. 24 (2012) 2945-2986, https://doi.org/
10.1002/adma.201103228.

[5] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, H. Hosono, Room-
temperature fabrication of transparent flexible thin-film transistors using
amorphous oxide semiconductors, Nature 432 (2004) 488-492, https://doi.org/
10.1038/nature03090.

[6] Sangeon Jeon, Jaewan Cho, Sung Min Cho, Photolithography-free fabrication of a-
IGZO thin film transistor with interconnecting metal lines, Mater. Sci. Semicond.
Process. 121 (2021), 105417, https://doi.org/10.1016/j.mssp.2020.105417.

[7]1 N. Tiwari, A. Nirmal, M.R. Kulkarni, R.A. John, N. Mathews, Enabling high
performance n-type metal oxide semiconductors at low temperatures for thin film
transistors, Inorg. Chem. Front. 7 (2020) 1822-1844, https://doi.org/10.1039/
d0qi00038h.

[8] J.W. Park, B.H. Kang, H.J. Kim, A review of low-temperature solution-processed
metal oxide thin-film transistors for flexible electronics, Adv. Funct. Mater. 30
(2020), 1904632, https://doi.org/10.1002/adfm.201904632.

[9] M.T. Ghoneim, M.M. Hussain, Review on physically flexible nonvolatile memory
for Internet of everything electronics, Electronics 4 (2015) 424-479, https://doi.
org/10.3390/electronics4030424.

[10] M.R. Shijeesh, A.C. Saritha, M.K. Jayaraj, Investigations on the reasons for
degradation of zinc tin oxide thin film transistor on exposure to air, Mater. Sci.
Semicond. Process. 74 (2018) 116-121, https://doi.org/10.1016/j.
mssp.2017.10.015.

[11] S.R. Bhalerao, D. Lupo, P.R. Berger, 2-volt solution-processed, indium oxide
(Inz03) thin film transistors on flexible Kapton, IEEE Int. Flexible Electr. Technol.
Confer. IFETC (2019) 1-3, https://doi.org/10.1109/IFETC46817.2019.9073721.

[12] K.XK. Banger, Y. Yamashita, K. Mori, R.L. Peterson, T. Leedham, J. Rickard,

H. Sirringhaus, Low-temperature, high-performance solution-processed metal
oxide thin-film transistors formed by a ‘sol-gel on chip’ process, Nat. Mater. 10
(2011) 45-50, https://doi.org/10.1038/nmat2914.

[13] H. Sirringhaus, T. Kawase, R.H. Friend, T. Shimoda, M. Inbasekaran, W. Wu, E.
P. Woo, High-resolution inkjet printing of all-polymer transistor circuits, Science
290 (2000) 2123-2126, https://doi.org/10.1126/science.290.5499.2123.

[14] M. Kaltenbrunner, P. Stadler, R. Schwodiauer, A.W. Hassel, N.S. Sariciftci,

S. Bauer, Anodized aluminum oxide thin films for room temperature processed,
flexible, low voltage organic non volatile memory elements with excellent charge
retention, Adv. Mater. 23 (2011) 4892-4896, https://doi.org/10.1002/
adma.201103189.

[15] S.R. Bhalerao, D. Lupo, P.R. Berger, Flexible, gallium oxide (Ga03) thin film
transistors (TFTs) and circuits for the Internet of things (IoT), in: IEEE International
Flexible Electronics Technology Conference — IFETC, 2021, pp. 32-34, https://doi.
org/10.1109/IFETC49530.2021.9580524.

[16] K.-C. Huang, D.B. Janes, K.J. Webb, M.R. Melloch, A transfer length model for
contact resistance of two-layer systems with arbitrary interlayer coupling under the

[3




S.R. Bhalerao et al.

[17]

[18]

[19]

[20]

[21]

contacts, IEEE Trans. Electron. Dev. 43 (1996) 676-684, https://doi.org/10.1109/
16.491242.

L.W. Guo, W. Lu, B.R. Bennett, J.B. Boos, J.A.d. Alamo, Ultralow resistance ohmic
contacts for p-channel InGaSb field-effect transistors, IEEE Electron. Device Lett. 36
(2015) 546-548, https://doi.org/10.1109/LED.2015.2421337.

N. Stavitski, M.J.H. van Dal, A. Lauwers, C. Vrancken, A.Y. Kovalgin, R.A.

M. Wolters, Systematic TLM measurements of NiSi and PtSi specific contact
resistance to n- and p-type Si in a broad doping range, IEEE Electron. Device Lett.
29 (2008) 378-381, https://doi.org/10.1109/LED.2008.917934.

S.R. Bhalerao, Donald Lupo, Amirali Zangiabadi, Ioannis Kymissis,

Jaakko Leppaniemi, Ari Alastalo, Paul R. Berger, 0.6V threshold voltage thin film
transistors with solution processable indium oxide (InyO3) channel and anodized
high-kx AlyO3 dielectric, IEEE Electron. Device Lett. 40 (2019) 1112-1115, https://
doi.org/10.1109/LED.2019.2918492.

1. Abdullah1, J.E. Macdonald, Y.-H. Lin, T. D Anthopoulos, N.H. Salahr, S.A. Kakil,
F. F Muhammadsharif, Bias stability of solution-processed InyO3 thin film
transistors, J. Phys. Mater. 4 (2021), 015003, https://doi.org/10.1088/2515-
7639/abc608.

Y. Zhou, J. Li, Y. Yang, Q. Chen, J. Zhang, Artificial synapse emulated through fully
aqueous solution processed low-voltage InyOs3 thin-film transistor with Gd2O3 solid

[22]

[23]

[24]

[25]

Materials Science in Semiconductor Processing 139 (2022) 106354

electrolyte, ACS Appl. Mater. Interfaces 12 (2020) 980-988, https://doi.org/
10.1021/acsami.9b14456.

D. Khim, Y.-H. Lin, T.D. Anthopoulos, Impact of layer configuration and doping on
electron transport and bias stability in heterojunction and superlattice metal oxide
transistors, Adv. Funct. Mater. 29 (2019), 1902591, https://doi.org/10.1002/
adfm.201902591.

B.S. Kim, H.J. Kim, Influence of annealing on solution-processed indium oxide thin-
film transistors under ambient air and wet conditions, IEEE Trans. Electron. Dev.
63 (2016) 3558-3561, https://doi.org/10.1109/TED.2016.2591622.

S.R. Bhalerao, D. Lupo, P.R. Berger, Flexible thin film transistor (TFT) and circuits
for Internet of things (IoT) based on solution processed indium gallium zinc oxide
(IGZO), in: IEEE International Flexible Electronics Technology Conference — IFETC,
2021, pp. 23-25, https://doi.org/10.1109/IFETC49530.2021.9580506.

P.R. Berger, M. Li, R.M. Mattei, M.A. Niang, N. Talisa, M. Tripepi, B. Harris, S.
R. Bhalerao, E.A. Chowdhury, C.H. Winter, D. Lupo, Advancements in Solution
Processable Devices Using Metal Oxides for Printed Internet-Of-Things Objects,
Electron Devices Technology and Manufacturing Conference, EDTM), 2019,

pp. 160-162, https://doi.org/10.1109/EDTM.2019.8731322.



PUBLICATION
\

Flexible, Gallium Oxide (Ga;Oz) Thin Film Transistors (TFTs) and Circuits
for the Internet of Things (1oT)

Sagar R. Bhalerao, Donald Lupo and Paul R. Berger

IEEE International Flexible Electronics Technology Conference (IFETC), Aug. 2021
https://doi.org/10.1109/1FETC49530.2021.9580524

Publication reprinted with the permission of the copyright holders.






Flexible, Gallium Oxide (Ga203) Thin Film Transistors (TFTs)
and Circuits for the Internet of Things (IoT)

Sagar R. Bhalerao?, Donald Lupo?, and Paul R. Berger®: 2~

!Department of Electrical Engineering, Tampere University, Finland

2Department of Electrical and Computer Engineering, The Ohio State University, USA
*Contact: pberger@ieee.org, phone +358- 503006064

Abstract— Even though present advanced silicon-based devices
and technology could be reaching their zenith of performance
levels, still there are many orthogonal applications, which are yet
far from their reach. Also, due to their high process temperatures,
there are still a number of applications that are out-of-reach for
silicon, namely direct integration into flexible and printed
electronics, as opposed to a hybrid integration of adding a
prefabricated integrated circuit. These can find usage in low-cost
and disposable wearable medical technologies. Therefore, the low
temperature-solution processed oxide semiconductors that are
complimentary to the performance of silicon are prerequisite for
the forthcoming printed, flexible and wearable -electronics
revolution. Here, solution processed, flexible gallium oxide
(Gaz203) thin film transistors (TFT) and inverter circuit are
reported. The high-k aluminium oxide (Al20s) for the gate
dielectric, was deposited with the help of a room temperature
anodization process. The gallium oxide TFTs show high
performance, with extracted electron mobility (u) 2.74 cm?/V-s,
operating voltage as low as 3V and threshold voltage (Vth) 0.61 V.
The on/off ratio 10* and subthreshold swing (SS) 0.5 V/dec,
Hysteresis 0.1 V and transconductance, gm, is 64.8 uS.

I.  INTRODUCTION

Over the last half century, semiconductor devices and
circuits based on silicon CMOS technology have dominated the
electronic industries. So, in the search for higher scaling
performance, we have almost reached to the atomic limit of
scaling for silicon ICs, which pose major performance
challenges. Therefore, in the hunt for new high-performance
materials, a number of wide bandgap compound
semiconductors are being aggressively explored where
applications push the power density higher than silicon can
withstand, including higher currents and powers [1]. These
binary semiconductors, such as GaAs, SiC, and GaN, and their
alloys, are quite promising for power switching and high
frequency radio. However, these wide bandgap materials still
face some technical limitations [2], such as lack of suitable
large area native substrates, with suitable lattice matching. This
directed our attention towards solution processed transparent
conducting oxide semiconductors atop flexible substrates,
bypassing lattice mismatch altogether [3, 4].

Devices based on gallium oxide (Ga.0s), indium oxide
(In203) and Indium-gallium-zinc-oxide (1GZO) have shown
great potential to revolutionize these new semiconductor
applications [3-4]. From all of them, in recent years, gallium
oxide has gained greatest attention due to its exceptional and

attractive material properties, like wide bandgap (4.8 eV) and
high sheet carrier density. Even though the devices with gallium
oxide showed significant progress, almost all present state-of-
the-art devices are based on expensive, high temperature and/or
high vacuum techniques [5, 6], such as PLD (pulsed laser
deposition), HVPE (halide vapor phase epitaxy), MBE
(molecular beam epitaxy), MOVPE (metalorganic vapor phase
epitaxy), etc.

a
(a) 'L.Gale(AI) ‘
Dran (Aur) / Sourc (AuT) /&y
s
W o,
Flexbl Kapton Substrate

Fig. 1. a) Schematic representation of the flexible Ga,0; TFT with Al,O; gate
dielectric (for illustrative purposes — not on scale). b) Photograph of the
fabricated flexible Ga,Oj; Inverter circuit on a Kapton substrate.

Here, in this paper, we report the low-temperature, solution-
processed, flexible thin film transistors (TFTs) and inverter
circuit based on gallium oxide (Gaz03). Along with a room
temperature deposited high-k gate dielectric, aluminium oxide
(Al>05) using an anodization process. Both the process, solution
processing and anodization have their own advantages, such as
economical, low processing temperature, scalability [7, 8].

Il. EXPERIMENTAL

The candidate TFTs and inverter circuit were fabricated on
flexible Kapton substrates using a bottom gate top contact
(BGTC) topology as illustrated in Fig. 1 (a). The photograph of
the final fabricated flexible gallium oxide inverter circuit is
shown in Fig. 1 (b). Before starting the device fabrication, the
Kapton substrates were pre-cleaned with acetone, isopropanol
(IPA) and deionized water (DI) with 15 min sonication each,
respectively. The gate electrode was formed with e-beam
evaporated 100 nm aluminium and metal shadow mask. To
form the high-k gate dielectric, an anodization process was
performed on the gate electrode to convert the top surface, ~12
nm, into aluminium oxide (AlO3) as evidenced previously
through cross-sectional transmission electron microscopy [9].
Next followed the gallium oxide (Ga:0s3) deposition by spin
coating an in-precursor form and annealing the film for 1 hour



in air at 300 °C. Finally, the drain source electrode was formed
using successive e-beam deposition of 10 nm Titanium (Ti) and
100 nm Gold (Au) and metal shadow mask. Both, the gate, and
drain-source electrode deposition were performed under a high
vacuum, 107 Torr.

Beforehand, the gallium oxide (Ga20s) ink was prepared by
dissolving Gallium (I11) nitrate hydrate Ga(NO3)s3-xH20 in
deionized water (DI) in 0.1 M concentration. The solution was
stirred for 12 hours at 75 °C. Gallium (lll) nitrate hydrate
Ga(NO3)s-xH,0 was purchased from Sigma-Aldrich and used
as-is without any further distillation. Furthermore, the metal
oxide semiconductor (MOS) test structure (Al/Al,03/Ga,O3/Al)
was also fabricated on the same flexible Kapton substrate,
following the same fabrication process for the gate oxide
analysis.

The electrical performance of the flexible gallium oxide thin
film transistors (TFTs) as well as inverter circuit were measured
using a Keysight B 1500A semiconductor device parameter
analyser connected through tri-axially shielded probes to a
Cascade probe station.
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Fig. 2. Transfer characteristics of flexible Ga,O; TFTs. Inset: Optical
micrograph of flexible Ga,O; TFT. Scale bar 200 pm.
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Fig. 3. Output characteristics of flexible Ga,O; TFTs.

I11. RESULTS AND DISCUSSION

The fabricated flexible TFTs based on Ga.0s as
semiconductor channel and Al,O; gate dielectric reveal good
electrical performance with source-drain operating voltages as
low as 3V. The transfer (l¢ vs. Vg) and output (lg vs. Va)
characteristics of the gallium oxide TFTs are represented in the
Fig. 2 and Fig. 3, respectively. Fig. 4, represents the gate
leakage current versus applied bias voltage. The Al,O3 formed
with anodization, exhibits relatively low leakage current in the
device operating voltage range as i.e., 3 V. The flexible TFTs
demonstrated a quite low threshold voltage, Vi, as low as 0.61
V, with good On/Off ratio 10* and reasonably low hysteresis
0.1V, which is shown in Fig. 5.
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Fig. 4. Leakage current along with gate dielectric breakdown.

@Vg=01t030V
100.0{Step 0.5 v

80.0 1

60.0

Idrain (pA)

40.0

20.0+

00 05 10 15 20 25 30
Vgate (V)

Fig. 5. Transfer characteristics of flexible Ga,O; TFTs showing negligible
hysteresis.

The extracted electron mobility () was found as high as 2.74
cm?V-s, which is very promising with respect to solution
processed gallium oxide at comparatively low processing
temperatures. The electron mobility in the saturation region was
calculated using the equation

o1\
_\Tovg
W(sat) = ic W >

26T,
where, Ip is the drain current, Vg is the gate voltage, Cg is the
gate oxide capacitance, and W/L is the ratio of width to length

of the TFT channel.



The gate oxide thickness was estimated from the measured
MOS capacitance and was found to be ~12 nm, which was
further confirmed by cross sectional transmission electron
microscopy in our previous report [9]. The TFT
transconductance (gm) gain is as high as 64.8 puS. Furthermore,
the subthreshold swing S was only 0.5 V/dec, which is
comparatively low.

The flexible gallium oxide TFTs' bending performance has
also been studied. To bend the devices around, rods with known
radii, ranging from 3.5 cm to 5 mm, were utilized. Fig. 6 depicts
the change in mobility as a function of curvature bending. The
slight variation in mobility values was observed, ranging from
2.5 to 2.7, across the measures of bending curvature from 3.5
cm to 5 mm. Which represent excellent bending stability of the
TFTs.
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Fig. 6. Bending performance of the gallium oxide based flexible TFTs.

In addition, the electrical performance of a flexible inverter
circuit built with gallium oxide TFTs was also investigated. The
output voltage and the gain of the inverter circuit with respect
to input voltage at different supply voltage (Vop) are
represented in Fig 7 (a) and (b). The measured gain of the
inverter circuit was found to be 9, 19 and 30 at VVpp equal to 1,
2 and 3V, respectively.
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Fig. 7. (a) the output voltage and (b) the gain of the gallium oxide based
flexible inverter circuit with respect to input voltage at different supply voltage.

Table I. shows summarised results of combined electrical
performance parameters of the flexible gallium oxide (Ga203)
thin film transistors (TFTSs).

TABLE |
SUMMARIZED GA,O3; TFT PERFORMANCE PARAMETERS
Threshold Mobility | Transconductance | Subthreshold
voltage, Vi Hsat Om swing, SS
(V) (cm?Vv-ish (D) (V/dec)
0.61 2.74 64.8 0.5

1V. CONCLUSIONS

Low temperature, solution processed gallium oxide (Ga20s)
thin film transistors (TFT) and inverter circuit were fabricated
on flexible Kapton substrate. Along with the electrical
characterization, the bending performance of the flexible
gallium oxide TFTs was also presented. The anodization
process was used to create a very thin high-k aluminum oxide
(Al,05) for gate dielectric and the thickness was found to be
~12 nm. The thinner gate oxide enables the device operating
voltage below the 3V with quite low threshold voltage (Vi)
0.61 V. The electron mobility for the solution process gallium
oxide thin film transistor was 2.74 cm?/V-s, which is quite
encouraging for solution processed low temperature devices.
Therefore, this new solution processed gallium oxide
deposition approach could be a pioneering pathway for the
future printed and flexible wearable electronics devices.
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Abstract— Solution-processed metal oxide semiconductors are
being extensively studied as a channel material for active
semiconductor transistors. Among all metal oxide semiconductors,
indium-gallium-zinc-oxide (IGZO) gained considerable attention
for thin film transistors (TFTs) due to its promising electrical
properties. Although metal oxide TFTs fabricated with vacuum
deposition techniques enjoy the advantage of higher mobility in
comparison with solution processing, vacuum deposition
techniques are very costly due to expensive equipment, restricting
its usage for emerging modern technologies, such as printed and
flexible electronics. On the other hand, solution-processed metal
oxide devices have an added advantage such as low cost, and
compatible for flexible substrates. Therefore, developments of
solution processed metal oxide TFTs on flexible substrates could
open a new era of flexible and wearable electronics. Herein, we
report the fabrication of flexible thin film transistors (TFT) and
inverter circuit using solution-processed indium-gallium-zinc-
oxide (IGZO) as a channel material by uniting with room
temperature deposited anodized high-k aluminium oxide (Al.Os)
for gate dielectrics. The flexible TFTs operates at low voltage Vs
of 4 V, with threshold voltage Vi 1.05 V along with hysteresis as
low as 0.4 V. The extracted electron mobility (n) at saturation
regime, is 4.77 cm?/V-s. The transconductance, gm, is 90.8 pS,
subthreshold swing (SS) 357 mV/dec and on/off ratio 10°.

I.  INTRODUCTION

Recently, amorphous metal oxide semiconductors have been
largely used for many sensing applications and electronic
circuits. TFTs based on solution-processed metal oxides have
received much attention due to the advantages of low cost and
scalable processing compared to high temperature and/or high
vacuum, vapor deposition techniques. With increased demand
for flexible, wearable and ultra-thin electronics, extensive effort
has been made to develop the high performance solution-
processed thin film transistors (TFT) and circuits for potential
applications, such as Internet-of-Things (loT) and radio
frequency identification tags (RFID) [1]. To address the energy
requirements of current electronic applications, such as self-
powered internet of things (10T), internet-of-everything (10E),
or medical wearables, devices must be more energy efficient.
Flexible TFTs based on solution-processed metal oxide
semiconductors might thus be viewed as potential candidate for
the expensive and complex high vacuum, high temperature
deposition techniques [2-4].

Indium gallium zinc oxide (IGZO) is arguably the most
favoured and extensively investigated among all metal oxide
semiconductors owing to its exceptional opto-electronic
characteristics, like low temperature processing, high mobility,
uniformity, and transmittance. [5-7]. Despite the fact that thin
film transistors based on the indium gallium zinc oxide (IGZO)
semiconductor have been reported in the past, the higher device
operating voltage, high temperature deposition, and vacuum
processing remain significant barriers to its application in
flexible and wearable electronics [8].
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Fig. 1. a) Schematic representation of the flexible IGZO TFT with AlO; gate
dielectric (for illustrative purposes — not on scale). b) Optical micrograph of
flexible IGZO TFT. Scale bar 200 um.

Here, we report low voltage (4.0 V) operating flexible thin
film transistor (TFT) and inverter circuit with solution
processed low temperature deposited indium gallium zinc oxide
(IGZO) semiconductor film along with room temperature
deposited anodized aluminium oxide Al,Os as a high-x gate
dielectric. The schematic representation of the flexible TFTs is
shown in Fig. 1 (a). We lowered the device operating voltage
below 4 volts by uniting device fabrication with ultra-thin (10
nm) room temperature deposited anodic Al,O3 gate oxide with
relatively low temperature, i.e., 300 °C annealed IGZO film.

Il. EXPERIMENTAL

As shown in Fig. 1(a), flexible Kapton was used as a
substrate to fabricate the flexible TFTs and inverter circuit
using the bottom gate, top contact topology. Fig. 1(b), illustrates
the optical micrograph of the fabricated flexible IGZO TFTs.
To fabricate the flexible TFTs, the Kapton substrates were
successively sonicated 30 minutes each in, acetone, isopropanol
(IPA) and deionized water (DI) and carefully dried with air gun.
The substrates were then mounted with a patterned metal
shadow mask and transferred to the e-beam evaporator to form



gate electrodes by depositing 100 nm Aluminium (Al). The
anodization process has been performed on deposited
aluminium and shown to convert the top ~10 nm surface of it
into an aluminium oxide dielectric [9]. The substrates were then
rinsed several times with deionized water (DI). Subsequently,
indium gallium zinc oxide (IGZO) was deposited by using spin
coating of an IGZO precursor ink and annealing at 90°C for 15
min and 300°C for 30 min, both in air. The indium gallium zinc
oxide (IGZO) ink was formed by dissolving indium nitrate
hydrate  (In(NO3)3.xH20),  gallium  nitrate  hydrate
(Ga(NOs3)3.xH20), and zinc nitrate hydrate (Zn(NOs)s.xH20) in
2-methoxyethanol in a proportion of 0.085 : 0.0125 : 0.0275 M
respectively [10].

Finally, using a metal shadow mask, the drain and source
electrodes was formed by depositing 100 nm thick aluminium
(Al) with e-beam evaporation. The aluminium (Al) metal
deposition was performed under a high vacuum 10 Torr. The
electrical performance of the fabricated flexible 1IGZO TFTs
and inverter circuit was measured using a Keysight B1500A
semiconductor device parameter analyser connected to a
Cascade Microtech probe station via tri-axial shielded cables.

111. RESULTS AND DISCUSSION

The electrical performance i.e., transfer (ls vs V)
characteristics and output (lq vs Vg) characteristics of the
fabricated flexible TFTs based on solution processed indium
gallium zinc oxide (IGZO) as an active channel material and
room temperature anodized Al;O3 high-x gate dielectric are
shown in Figs. 2 and 3, respectively.
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Fig. 2. Transfer characteristics of flexible IGZO TFTs and Inset: Photograph
of the fabricated flexible IGZO TFT on a Kapton substrate.

The extracted electron mobility (p) in the saturation regime
was found to be 4.77 cm?V-s%, calculated using the equation

T\’
VG

W -
m

H(sat) = %CG

where, Ip is the drain current, Vg is the gate voltage, Cg is the
gate oxide capacitance, and W/L is the ratio of width to length
of the TFT channel.
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Fig. 3. Output characteristics of flexible IGZO TFTs.
The flexible IGZO TFTs shows a low-voltage performance,
at 4 Volts with a threshold voltage, Vi, 1.05 Volts and On/Off
ratio is 10° The measured transconductance (gm) gain is 90.8

WS and the subthreshold swing, SS, is 0.357 V/dec. Fig. 4,
represents the hysteresis, which is as low as 0.4 V.
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Fig. 4. Transfer characteristics of IGZO TFTs showing hysteresis.

The leakage through the dielectric is shown Fig. 5, showing
a dielectric breakdown voltage at 5.5 Volts, corresponds to the
electric field 4.5 x 108 V/cm and very low leakage current at
device operating voltages, i.e., less than 10 nA below 4 V,
verifying good quality gate dielectric.
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Fig. 5. Leakage current along with gate dielectric breakdown.



The TFTs were bent around rods with radii ranging from 5
mm to 3.5 cm to test their flexibility. The resulting change in
mobility as a function of curvature bending is shown in Fig. 6,
presenting quite constant mobility over a measured bending
range, with minimal reduction (i.e., < 0.35). Furthermore, Fig.
7 (a) and (b), shows the electrical characterization, i.e., output
and gain with respect to the input voltage, of two TFT based
flexible inverter circuit. With a supply voltage (Vop) at equal to
1,2, 3,and 4 V, inverter circuit's measured gain was 9, 17, 24,
and 33, respectively.
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Fig. 6. Bending performance of the flexible IGZO TFTs.
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Fig. 7. (a) The output voltage and (b) the gain of the 1GZO based flexible
inverter circuit. Inset: Two transistor inverter circuit.

The combined electrical performance parameters of the
flexible indium gallium zinc oxide (IGZO) thin film transistors
(TFTs) are summarised in Table 1.

TABLEI
SUMMARIZED FLEXIBLE IGZO TFT PERFORMANCE PARAMETERS

Threshold Mobility | Transconductance | Subthreshold

voltage, Vin Msat Om swing, SS
V) (cm?v-is (uS) (V/dec)
1.05 4.77 90.82 0.35 V/dec

Therefore, all the measured parameters and electrical
performance of the flexible indium gallium zinc oxide (1GZO)
TFTs, relative to their evaporated counterparts, are very good,
and with outstanding overall device performance in comparison

with the recent reports on solution processed 1IGZO TFTs. We
believe that the present study offers a new route for low voltage
operating flexible TFTs based on solution-processed metal
oxide semiconductor and dielectric films through anodized
room temperature aluminium oxide focused towards flexible
and/or wearable electronics, especially with energy scavenging
internet of things (loT).

1V. CONCLUSIONS

Flexible thin film transistors (TFTs) and inverter circuit
based on solution-processable indium gallium zinc oxide
(IGZO) were fabricated on flexible Kapton substrates. The very
thin ~10nm high- k aluminum oxide (Al,O3) gate dielectric was
deposited with the help of a room temperature anodization
process, enabling low voltage operating devices. The flexible
TFTs have quite good electrical performance with low voltage
4.0 V and the electron mobility (p) is as high as 4.77 cm?/V-s.
The bending performance of flexible 1GZO TFTs was also
presented. In this study, by uniting low temperature solution
processable 1IGZO with room temperature processed anodized
aluminum oxide Al;O3 high-k gate dielectric, we successfully
demonstrated low voltage operating flexible TFTs. Therefore,
flexible low voltage solution processed metal oxide TFTs are
promising candidate that not only may replace the conventional
semiconductor technology in some applications but also opens
new era of wide range of applications.
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