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Introduction

Transistors are key component in modern electronic devices, and they are often used to
amplify or switch electronic signals [1]. The first transistor was developed in 1957, ever
since then, it has undergone a progressive development from the traditional silicon-based
transistor to the metal oxide semiconductor field effect transistor (MOSFET) or the thin
film transistors (TFTs) [2, 3].

The application of TFT in transparent electronic display was first envisaged in a science
fiction novel titled, “The shape of Things to come” by Herbert George Wells in 1930s [4].
Now, the discovery of metal oxide semiconductor or conductor materials that can be
made transparent have made the idea about transparent electronic displays truly
conceivable [3]. As a matter of fact, the concept of transparent electronic display has
been industrialised and the first commercial product (such as liquid crystal displays) have
been produced massively since 2011 by Samsung [5, 6].

The fundamental research on TFTs have been driven towards addressing development
of a stable, reliable, light weight, and cost-effective transistor [7, 8]. However, based on
the prediction of the International Technology Roadmap (ITR) [9], the scaling down of a
TFT device is gradually approaching the atomic scale, and further size reduction would
no longer be possible due the possibility of reviving the problem of leakage current
through the dielectric layer [9]. This problem was solved by Intel technology when they
replaced conventional SiO2 dielectric with HfO2 dielectric in their 45 nm technology in
2007 [6, 10]. The success achieved by Intel was because HfO, has high permittivity
(high-k) value, which will help to achieve same capacitance needed to reduce the leakage
current [11].

The recent integration of high-k dielectric material in flexible electronic has led to a
paradigm shift in the transparent oxide electronic market where the next generation of
electronic display is expected to be employed in disruptive applications like wearable
sensors, electronic skin, and internet of things (loT) [12]. Flexible TFTs based on high-k
dielectric are considered a superior option when compared to the conventional rigid Si
technologies, as they offer a unique advantage of lightweight and low processing
temperature [13]. However, this brings a new challenge in TFT fabrication as the current
methods of production require an expensive vacuum-based technology, which is not
simple to maintain and not easy to scale for mass production. To achieve a cost effective
transparent and flexible TFTs, solution processing method which is perhaps an easy and
cheaper method needs to be adopted [14, 15]; however, this method still requires high
processing temperature to decompose the organic residue originating from the
precursor. Thus, a facile post-deposition treatment like ultraviolet-Ozone (UVO)
treatment would be needed to help facilitate low temperature processing.

Although, solution processed method like chemical spray pyrolysis (CSP) has the
potential to reduce the fabrication cost and can be easily scaled for mass-production;
but, its adoption in electronic fabrication industry would take a long time because the
conventional methods have been optimized to outperform the emerging rival like CSP.
In this respect, this thesis will demonstrate the application of CSP as a viable fabrication
method, capable of fabricating metal oxide TFT with excellent performance that can be
compared to the conventional vacuum based methods.

Organization of thesis:

This research work is aimed at strategizing the development of high-k metal oxide thin

film as the gate dielectric layer in low-cost solution processed TFT, but the primary



optimization and integration of high-k metal oxide thin film in transistor is of major
concern. The use of CSP method, which utilizes an ultrasonic atomizer offers the
possibility to fabricate low-cost dielectric films with high scalability for industrial
production. Therefore, this work will extend the potential application of CSP to flexible
electronic applications.

Based on the literature survey, there are few numbers of publications on the
fabrication of metal oxide TFTs by CSP method in the past ten years, and little is known
about the deposition and integration of high-k metal oxides like titanium dioxide (TiO2)
or zirconium oxide (ZrOx) as the gate dielectric layer in TFT by CSP method. In fact, the
fabrication of TFTs by CSP at low processing temperature has not been reported.

In order to achieve the target aim, some specific issues were addressed in this work,
and they serve as objectives of the study: Firstly, to demonstrate the influence of doping
on the properties of TiO2 thin films. Secondly, to develop and optimize the deposition of
zirconium oxide (ZrOx) thin film by CSP. Thirdly, to lower the processing temperature of
CSP deposited ZrOx through UVO post-deposition treatment. Finally, to integrate the
optimized ZrOx gate dielectric in fully solution processed TFTs. In all experiments, the
morphological, structural, optical, and electrical properties of the deposited thin films
either Zr-doped TiOz or ZrOx thin film was investigated. For the TFT fabrication, only the
ZrOx thin film whose derived properties gave the most comprehensible electrical and
physical requirement was incorporated in TFT. The experiment that led to the
development of the ZrOx dielectric material was carried out at the Laboratory of Thin
Film Chemical Technologies in the Department of Material and Environmental
Technology, TalTech, Estonia. The fabrication and characterization of fully solution metal
oxide TFT as well as the optimization of the metal oxide channel layer was done at
i3N/CENIMAT, FCT-NOVA, and CEMOP/UNINOVA, Portugal.

The findings presented in this thesis is based on four published articles and
sub-divided into three sections by chapters. The first chapter is the literature overview
where the basic operational principles and different architectures in TFT are reviewed.
Also, the important TFT parameters, the knowledge gap, and the basic aim and objective
of this research work is succinctly highlighted. In the second chapter, the experimental
methods and processes are described. The characterization techniques and methods are
explained with details. The results and discussions of the research work is divided into
four different sections, in the third chapter. Each section focuses on each published
paper starting from the development of dielectric layer to the incorporation of the
optimized layer as the gate dielectric layer in TFT.

This work is directly related to the ongoing research project in the Laboratory of Thin
film Chemical Technologies, which is focus on the development of high-k metal oxide thin
film by wet-chemical process for electronic application. This study was financially
supported by the Estonian Ministry of Education and Research project IUT194, Estonian
research council grant PRG627, TTU based financing project B24, and the European
Union through the European Regional Development Fund project TK141 “Advanced
materials and high-technology devices for energy recuperation systems”. The Archimedes
foundation financed the research mobility through the “DoRa Plus Action 1”, and ASTRA
“TTU Institutional Development Program for 2016 — 2022” Graduate School of Functional
Materials and Technologies (2014-2020.4.01.16-0032).
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Abbreviations, Terms and Symbols

a-Si:H Hydrogenated amorphous Silicon
AFM Atomic Force Microscope

ALD Atomic Layer Deposition

CMOS Complementary Metal Oxide Semiconductor
CsP Chemical Spray Pyrolysis

Cc-v Capacitance Voltage

C-F Capacitance Frequency

DUV Deep Ultraviolet radiation

IGZO Indium gallium zinc oxide

loT Internet of Things

ITO Indium tin oxide

-V Current voltage measurement

SEM Scanning electron microscope

Tanh Annealing temperature

TTIP Titanium isopropoxide

TFT Thin Film Transistor

TCO Transparent Conductive Oxide

L/W Aspect ratio (length to width) of the channel layer
LED Light Emitting Diode

LCD Liquid Crystal Display

MIS Metal Insulator Semiconductor

MO Metal oxide

MOSFET Metal Oxide Semiconductor Field Effect Transistor
OLED Organic Light Emitting Diode

Poly-Si TFT Polycrystalline silicon thin film transistor
R2R Roll-to-Roll

RMS Root mean square

SC Spin coating

S/D Source-drain electrode

SP Spray pyrolysis

SS Subthreshold slope

Sqrt-lps Square root of the trans-conductance
usp Ultrasonic spray pyrolysis

uv Ultraviolet light

uvo Ultraviolet-Ozone

Vs Voltage at source terminal

Vb Voltage at drain terminal

Ve Voltage at gate terminal

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy
Zr(acac)s Zirconium acetylacetonate

ZTO Zinc tin oxide

(0] Area capacitance

eV Electron volt

K Permittivity
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1 Literature overview

The early years of research on transistor started from the Bells laboratory by Lilienfeld
and Heil in 1940s [16 — 19]. Although, it took over ten years for the first thin film transistor
(TFT) to be made by the vacuum based technology. At that time, TFT device was made of
gold electrodes, a polycrystalline cadmium sulfide (CdS) n-type channel, and a silicon
monoxide (SiO) dielectric [3, 16]. Now, TFT has undergone a lot of developments such as
size reduction, flexibility, cost, resolution, and speed.

There are authors [3, 20] that have succinctly explained in detail about the physics and
architecture involved in TFTs. Herein, the thesis literature survey shall focus on the
fundamentals of TFTs: their architecture, operations, and brief historical trends.
Relevance is drawn toward the emerging oxide TFTs, gate dielectric layer, processing
methods, and post deposition treatment.

1.1 TFT structures, working principle, and parameters

1.1.1 Structure and working principle

Structure

TFTs are three terminal field-effect devices, which consist of the electrodes (gate, source
and drain), dielectric layer, and the channel layer. The dielectric layer insulates the
channel from the gate electrode [3]. TFTs can be fabricated in different architectures,
which are top-gate (coplanar or staggered) configuration shown in Fig. 1.1 (a, b); and
bottom-gate (coplanar or staggered) configuration also shown Fig. 1.1 (c, d).

(a) (b)
et
Channel ' source Channel drain

3
A 3;' l‘—"..&':

Channel

Channel

| source [N drain |

Figure 1.1. Different fabrication structures of thin-film transistor: (a) top-gate staggered TFT;
(b) top-gate coplanar TFT; (c) bottom-gate, staggered TFT; and (d) bottom-gate coplanar TFT.

The advantages or disadvantages of these architectures are strongly dependent on
the properties of the materials used during the fabrication process [16]. As an example,
the top-gate staggered structure (Fig. 1.1 (a)) is mostly used in the fabrication process of
Hydrogenated- amorphous silicon thin film transistors (a-Si:H TFTs) because the a-Si:H
layer is protected by the metal gate electrode from light interference, and it is easy to
fabricate. For a polycrystalline Silicon TFT (poly-Si TFT), the top-gate coplanar structure
(Fig. 1.1 (b)) is mostly preferred because it favors a flat channel layer TFTs. Secondly, high
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temperature is required to crystallize the poly-Si layer, which can affect other layers of
the device [21]. The bottom-gate structures (either staggered or coplanar, Fig. 1.1 (c, d)
is mostly used for oxide based TFTs especially the solution processed methods, but with
this structure the surface of the channel layer is exposed making it susceptible to
environmental influence; nevertheless, it can be solved by passivating the device [22].

Working principle

The working principle of TFT relies on the accumulation of carriers at the interface
between two vertically aligned channel and dielectric layers, and the carriers that flows
within the channel layer is modulated by the application of electric field at the interface
[3]. For effective modulation of the source to drain carriers a dielectric layer with high
capacitance must be employed [23]. Since electric field effect are generated in a typical
TFT device, they are often confused with metal oxide semiconductor field effect
transistor (MOSFET) [16]. The differences between TFT and MOSFET are: First, the
channel layer in TFTs is a thin film deposited either by vacuum or solution method, while
MOSFETs are fabricated on a single crystalline Si-wafers. Second is the migration of
carriers, which in TFTs is by accumulation of electron, while in MOSFET it is by inversion
[24]. This is the reason why n-type MOSFET have a p-type silicon substrate and an n-type
TFTs has an n-type semiconductor [3, 16, 23 — 24].

Figure 1.2 shows the schematic representation of n-type TFT in saturation regime
operating in enhancement mode (electron transporting). By grounding the source and
drain (Vs, Vo = 0), and applying a positive voltage to the gate Vg, higher than the threshold
voltage Vr4, we make an accumulation of charge carriers at the channel/dielectric
interface whose density diminishes exponentially with its distance from the interface
[25 —27]. For every slight increase in the value of Vp there will be charge infusion at the
source electrode, which creates current flow lp, within the channel to the drain. Under
these conditions the device obeys the ohm’s law as an ordinary resistive component [27].
When the strength of the Vbis comparable to the induce Vg, the dielectric field strength
of the dielectric layer is still enough to maintain charge accumulation [25]. As Vp
increases, so Ip will keep on expanding linearly until it reaches the ‘pinch off point’, where
the current flowing in the device is saturated. This statement about what happens
between the S/D electrodes can be express as: V, = V; — Vpy [25]

~ Channel
acclpulatlon depletion

source

v:; VDE

Figure 1.2. lllustration of n-channel thin film transistor showing graphical representation
of both the depletion and accumulation regions. Assuming the device is at saturation
where Vp > Vs — Vi [25].
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1.1.2 Important device parameters

TFT device parameters can be characterized at two main conditions: (1) the transfer
shown in Fig. 1.3 (a), and (2) the output shown in Fig. 1.3 (b). Based on these conditions
certain parameters are extracted from the device under test [3, 28, 29]. Fig. 1.3 (a)
depicts the behavior of the device as a function of gate voltage (Vas) bias at constant
drain voltage. It is important that for all measurement taken in this regime the voltage at
the source electrode must be zero. Fig. 1.3 (b) shows a linear plot of the drain current
(Ios) as a function of the drain voltage (Vsp) at different Ve sweeps. In addition, the pinch
off region is also graphically identified on Fig. 1.3 (b), which is a point where the TFT is
completely independent of Vsp, at this point the drain is depleted of charge carriers due
to the insufficient electric field strength of the dielectric layer [25].

(a) ITSI{p,iC?l,tr.af‘s.fE‘;r curve (b) _ Typical output curve

V, >V,

Pinch-off.

m

Ipg (A)
2 (A\
Ips (&)

Ips

Vgs (V) Vo (V)

Figure 1.3. (a) Transfer curve showing the drain current as a function of gate bias. (b) Output curve
showing the linear and saturation regimes [25].

Magnitude of the on-off current ratio (lon/log): It can be determined by calculating the
ratio between the maximum and the minimum current flow within the drain-source
terminal of the device [25]. The higher the value of on/off ratio, the lower the amount of
leakage current, that is, low power is dissipated during the off-state measurement of the
device [16]. On/off ratio, above 10° are required for effective switching.

Mobility (u): This parameter quantifies the amount of charge carriers available to
migrate across the active site of the transistor. It gives information about the efficiency
of the device in terms of mobility of electron or hole within the device. This parameter is
often affected by a lot of other factors like device structure, nature or type of scattering
mechanism within the material. Generally, the mobility can be extracted depending on
the value of the drain terminal voltage [24].
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e Linear mobility (Win): Vsp is lower than Vas
w VZsp
Ips = T,ulinci (Ves = VeudVsp — >
Where W and L are the width and length of the channel respectively, Ciis the capacitance
per unit length of the dielectric layer, Win is the linear mobility of charge carrier (electron
or hole), and V1 threshold voltage [25].
e  Saturation mobility (Usat): Vsp is greater than Vas [16]

w 2
Ips = i#satci(VGS = V)

Threshold Voltage (V). This parameter gives information about the minimum gate
voltage at which significant current starts to flow from the source to the drain terminals
within the active layer or accumulation layer. We can also get information about the
electronic trap site at the channel/dielectric interface. Since TFT operates as a result of
gate voltage bias, Vi1 give a physical understanding on how depleted or invasive the
semiconductor layer and the electronic mode at which the TFT is capable of working [6].

Subthreshold slope (SS): This value can be obtained from the maximum slope of the
TFT transfer curve. It practically represents how the value of current flowing through the
source-drain terminals can increase in one decade under a relatively increased gate
voltage (Ves) bias. This value should be reasonably small as it reflects the consumption
power of the device [24].

ss = (leH(IDs) >_1
dVes

In this part, the structure, theory, and the extraction of data from a TFT device under
test has been reviewed. However, the optimal performance and efficiency depends on
the properties of the channel and dielectric materials; hence it is important to review the
material development of TFTs.

1.2 Brief review on TFT development and application

1.2.1 General TFT materials

The development of transistor started at Bell’s Laboratory in 1940s, but it was at the
Radio Corporation of America’s (RCA) laboratories that the first TFT was developed in
1962 [16], and by 1970s it became a component in consumer electronics [3]. Different
classes of materials such as silicon, metal oxides, organic, and graphene can be employed
in TFT as depicted in Fig 1.4. The hydrogenated amorphous silicon (a-Si:H) was first
introduced as suitable material in liquid crystal displays (LCDs) in 1979 [30]. In 1982, a-Si
material was later introduced in TFT by Cannon as a dot matrix display [31] and became
prevalent for many years serving as a major material in TFT fabrication until the metal
oxide revolutionized the industry.
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Figure 1.4. Venn diagram illustrating the relationship between the different classes of TFT materials
and their possible applications in the industry [32]. The chart is based on the reports on flexible TFT
technology that was compiled by a TFT consulting firm based in the UK.

TFTs can be used in a range of applications in as much as there is a class of material
that can be employed [16]. For example, organic and silicon materials are mostly used in
flexible electronics, while the metal oxide have revolutionized the display and logic
applications [24]. Carbon-based materials like cellulose, graphene is recently employed
in flexible or stretchable microelectronic, biochemical sensing, and e-skin [15, 16].

As at 2018, the global market forecast for transparent electronics have grown to
nearly $7.1 billion [14, 33]. Analysis from the forecast indicated that electronic market
would grow at a compound annual rate of 21.73% and 121.3% for lightweight and
stretchable devices respectively in the future [14]. Now, in order to meet the future
demands in electronic, researchers in this field are working on development of suitable
TFT material that will address issues like size reduction, scalability, flexibility, and
fabrication cost [15]. Among the classes of materials presented in Fig 1.4, the metal oxide
(MO) has the highest interest because they have a degree of stability due to the ionic
bonding between metal and oxygen atoms [25], MOs have good electrical properties due
to the spatial distribution of metal in their s orbital state, which makes it possible to form
the high conduction band serving as an electronic pathway for mobile charge carriers
[14, 34].

1.2.2 Metal oxide based TFTs

Metal oxide (MO) based TFTs are transistors whose channel and dielectric layers are
based on metal oxide materials. The advantages of this material are that, they have
high mobility of charge carriers, optically transparent, and they can be amorphous or
crystalline [35]. The atoms of crystalline MO are chemically bonded with strongly bonded
together with low concentration of defects in the lattice [36]. Atoms of crystalline MO
are delocalized, which means that there is freedom for electron and hole transportation
[35, 37, 38].

17



The first MO TFT was made with SnO2 and In203 channel layer in 1964 [39, 40], but
due to poor performance compared to a-Si TFTs the research was stopped. In 2003, it
later took off when Masuda et al. [38], Hoffman et al. [35], Carcia et al. [41] reported ZnO
TFT with mobility (1) > 1 cm?V-1s2. Nomura et al. [37] reported on quaternary transparent
semiconductor oxide (TSOs) like indium gallium zinc oxide (IGZO), developed by epitaxial
growth on SiO: dielectric layer; which later became an active electronic component in
LCD displays in 2012 [24]. Most of the reports on MO TFTs demonstrated that high
post-deposited treatment above 500 °C is needed to improve the microstructure and
charge mobility properties MO thin films [41]. However, it was the work of Hosono et al.
[42] on a-1GZO based TFTs by laser deposition and the work of Fortunato et al. [43] on
ZnO based TFT by RF magnetron sputtering that demonstrated the possibility of
fabricating MO-TFT at room temperature.

In the past decade, MO TFTs have established its usefulness as the active matrix in
liquid crystal displays or LED displays because of high mobility (n > 10 cm?Vis?).
However, the a-IGZO MO material has been mostly preferred over the ZnO as a suitable
channel material [44]. The a-IGZ0O material is uniform, stable, and has a low charge carrier
density. Thus, ensures the fabrication of TFT with low off-state current ~1013A [45]. The
method of fabrication at that time was vacuum based methods and they were well
established because of the reliability and good TFT device performance [46]. However,
the method of fabrication was expensive and difficult to maintain due to complex
vacuum system [3].

The solution processed methods started in 2001 when solution processed ZnO was
introduced as the channel layer in TFTs [47]. It was considered as an alternative to the
vacuum based method; nevertheless, this method has faced numerous challenges such
as low film quality, low brightness due to low mobility, non-uniformity, high processing
temperature, and instability [36]. Most of the research on MO TFTs by solution methods
have focused on the development of the channel materials, such as zinc oxide (ZnO),
indium zinc oxide (1Z0), indium gallium zinc oxide (IGZQ), zinc tin oxide (ZTO), In20s3,
indium tin oxide (ITO), and SnO.. Furthermore, amorphous and crystalline structures
have been reported for the channel layer of most MO TFTs, and they have both exhibited
n-type characteristics. High electron mobility of about 90 cm?V-'s*has been reported for
solution processed MO TFTs [15]. The interest in fully amorphous oxide TFTs stems up
from the fact that amorphous metal oxide film is smooth with low density of state, which
means they are less defective [38, 41], and smooth surface is needed to improve
interface quality of the device to yield good electrical performance [46]. Thus, the
application of amorphous MO TFT has been prevalent in display technology as the active
matrix layer [48]. For instance, top electronic companies like Sharp, LG, and Samsung
who are known to produce smart phones, laptops, flexible TVs among others have easily
adopted the MO-TFTs in their technology. Furthermore, MO-TFTs can be employed in
other innovative applications like flexible biological sensors [49], X-ray detector [50, 51],
and neuromorphic computing.

Based on the review, research on MO TFTs have focused on the channel layer, while
the development dielectric layer which plays an important role in TFT lags; hence the
need to start developing MO materials for dielectric layer in TFT. Amorphous MO
materials control the interest in oxide TFTs [37] and revolutionized the electronic display
market. It would be an excellent approach to consider the application of MO-TFTs in light
sensors, biosensor, integrated circuits, e-skin, and radio frequency applications like
rectifiers or energy harvesters.
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1.3 Dielectric layer of thin film transistor

The dielectric layer insulates the channel layer from the gate electrode. The development
of the dielectric materials is lagging as opposed to the channel materials [25, 46].
However, several reviews on dielectric materials have focused on a class of material
with high permittivity (high-k) because they possess high gate capacitance needed to
reduce leakage current caused by quantum tunneling effect [15, 52]. High-k dielectrics
can be of different materials like polymer, electrolyte, organic, inorganic, and hybrid [52].
This review will be focused on inorganic metal oxide high-k dielectrics. This group of
elements is empirically the best choice of dielectric for future electronic, but the
selection process is not simple, and many aspects must be taken into consideration [6].

1.3.1 Criterial for choosing metal oxide dielectric

In TFT, it is important that the surface of dielectric layer is smooth in order to improve
the quality of the interface between layers; hence amorphous structure is mostly
required. The electric field strength of the layer must be large (>4 MV cm'?), the leakage
current density must be low (<1 nA/cm? at 1 MV cm™), relative high-k value greater than
7, and the interface defect density with the semiconductor layer must be low [29].
The reasons for these are briefly explained below:

1. High permittivity (k): This is an important factor to consider before selecting
potential dielectric material for TFT. Its value is mainly influenced by the dipole
moment of the material, which in the case of most inorganic high-k metal oxide
is facilitated by their d-state electrons [6]. High k value is advised, but too large
K is also unrequired, because this could lead to polarization of electric field
between the drain electrode and the dielectric layer; thus, lowering the barrier
between source to channel, and it can also affect the threshold voltage (V) of
the device [53, 54].

2. Bandgap (Eg): The bandgap is the width between the valence band and the
conduction band of a material. Its value varies in different materials due to
difference in structure and electronic transition within the materials [52].
In high-k MO Eg is controlled by the electronegativity of metal ions, and their
small band offset is caused by the d-state electrons, and the high coordination
of ionic bond [55]. However, there is a trade-off between Eg and k, because the
Eg of most inorganic high-k dielectric is inversely proportional permittivity (k) as
depicted in Fig. 1.5. This has imposed a major difficulty in choosing suitable
dielectric material, because there are several of such possibilities e.g. ZrO»,
Al>03, Ca0, MgO, TiO: etc. that can be considered as high-k dielectric materials,
but not all are suitable. Therefore, it is required that in selecting a suitable gate
dielectric material, the k-value should be in the range 20 — 30, and the Egshould
be greater than 5 eV [56].
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Figure 1.5. Bandgap versus permittivity of most inorganic dielectric materials [56].

3. Moisture adsorption: MO dielectric materials faces a crucial and inescapable
problem of exposure to moisture and air. Therefore, resistance to moisture
retention is an imperative issue for selection of high-k dielectrics. The absorption
speed is firmly related to the adjustment in Gibbs free energy, AG, during the
reaction [56]. Large AG implies increased system energy, which tends to
suppress moisture absorption [57], because high moisture absorbing material
will degrade the electrical properties and resisted the practical applications of
the selected gate dielectric layer of TFT [58].

4. Surface morphology and surface defects: In order to select a suitable dielectric
layer, the surface morphology or surface defect must be considered, because it
affects the quality of the interface, since charge transport occurs at close region
to the interface [59]. Surface defects can dissipate and trap the charge carrier,
resulting to the degradation or instability of the TFT device [60]. For a given
high-k MO dielectric, surface morphology and defect states are firmly related to
the fabrication process and post-treatment conditions. Many of the MO
materials on the Periodic table are very reactive with water, but the transition
MOs are presumably stable, especially the Zr and Hf [6].

1.3.2 Processing methods for metal oxide dielectric

The processing of MO dielectric can broadly be grouped into the vacuum based methods
and solution processed methods [61]. The former, also known as physical method
includes several techniques such as sputtering, and pulsed laser deposition (PLD) [52].
Sputtering, for example, is suitable for the deposition of thin film with low contamination
at low processing temperature. In addition, atomic layer deposition (ALD) is another class
of vacuum deposition, which is often regarded as a solution-in-vacuum method. It is
possible to deposit MO thin films with less pinholes at processing temperature ~ 300 °C
[62]. In 2002, Kukli et al. reported the deposition of HfO: thin film grown by ALD [63].
The HfO2 film deposited at 570 °C was 54 nm thick and exhibited a dielectric field strength
of 2.0 MV/cm and effective permittivity (ic.rs) in the range 12 — 15. However, the cost of
maintenance has been a major drawback for the scalability of ALD method [61, 64, 65].
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On the other hand, solution processed methods offer a huge decrease in the maintenance
and production cost, and they can easily be scaled for mass-production [6, 24]. In TFTs,
solution processed methods are the only approach that can potentially address simple
fabrication technique and high device performance [25], for this reason this review will
be focusing solution processed methods.

The unique advantage of solution processed methods over vacuum-based method is
the cost effectiveness [6], and the possibility to produce uniform film with excellent
composition at high throughput [36]. There are several solution processed methods by
which dielectric thin films can be deposited, for example, spin coating, dip coating, spray
pyrolysis, bar coating, drop casting, and inkjet printing methods, all of which have their
advantages and disadvantages [6]. These methods have been employed in depositing
several high-k MOs like TiO2, Al203, ZrO», HfO2, Ta20s, and Y203 at least for the past ten
years. Some of the properties of the common high-k MOs dielectric films deposited by
different processing methods are summarized in Table 1.1.

Table 1.1 Summary of deposition methods and dielectric properties of common high-k metal oxides.
Thickness (d), Area capacitance (C;), Permittivity (k)

Materials Methods  Taep d(nm) G K Year  Reference
(°C) (nF/cm?)
Al203 Spin 350 115 75 9.7 2013  [66]
coating
ALD 33 33 201 7.5 2004 [67]
Spray 350 85 70 7.1 2016 [68]
pyrolysis
Bar 380 16 380 7.9 2015 [69]
coating
Sputtering 25 150 52 8.8 2014  [70]
PLD 200 100 60 6.8 2014  [71]
Zr0; Spin 350 154 - - 2011 [72]
coating
ALD 325 88 226 22,5 2001 [73]
Spray 350 25 370 143 2016 [69]
pyrolysis
Inkjet 500 60 325 22 2015 [74]
Sputtering 600 50 530 30 2008 [75]
TiO2 Spin 250 23 560 27 2015 [76]
coating
HfO: ALD 570 54 0.5 14.9 2002 [63]
Spin 500 5.7 2953 19 2005 [77]
coating
Spray 450 104 151 18.8 2015 [78]
pyrolysis
Bar 380 16 409 11 2015 [69]
coating

The state-of-art of solution processed high-k dielectrics in TFTs show that it is possible
to achieve a low leakage current, high permittivity, low operation voltage, high dielectric
breakdown voltage, improved interface, and low defect density [25, 46, 79]. Many
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developments such as novel precursor engineering have been employed in order to
lower the processing temperature of solution processed dielectric material [80]. Shan
et al. [81] use water induce precursor to reduce the volatility of complex organic ligand
during the fabrication of ScOx gate dielectric. Also, doping with metal cation or anion,
and mixing of two or more high-k oxides with each other in order to enhance the interface
quality of TFT have been investigated [82]. Peng et al., have attempted scandium doping
of ZrOx gate dielectric [83], Yang et al. have demonstrated the zirconium doping of AlOx
gate dielectric to improve the electrical performance of a flexible TFT [82], and Fortunato
et al., have investigated the use of multilayer dielectric layers to boost the electrical
performance of solution processed TFT [84]. Among the several high-k oxides, ZrO,,
Al203, and HfO2 are gaining more preference because of higher band offset (above 2 eV)
[46], lower trap density, and chemical stability [85].

Although, TiO2 dielectric thin film may not attract a lot of interest for most n-type TFTs,
but it can be targeted for hybrid dielectric or p-type TFTs [86]. TiO: dielectrics have a
large value of k (k = 60), which means that phonon-limited carrier mobility will be lower
when TiOz is employed as the gate dielectric layer.

1.3.3 Titanium oxide dielectric by solution processed methods
Titanium oxides (TiO2) are attractive high-k dielectric with unique optical and electronic
properties [87]. Its high-k value (~ 60) make it a target material for the dielectric layer in
TFT. They exist in three different polymorphs like anatase [88], rutile [89], and brookite.
They have been processed by solution methods like dip coating [90], spin coating [21]
and spray pyrolysis [86]. Despite its attractiveness, the use of TiO, as potential gate
dielectric in MO TFTs remains surprisingly unprogressive [91]. This is because the
bandgap (3.0-3.4 eV) of TiO2 is close to the conduction band of most n-type
semiconductor material (e.g. ZnO, 3.2 eV) that are frequently used as the channel layer
in TFTs, and in practice could cause an injection of electrons through the dielectric layer
to the channel layer [16]. Anthopoulos et al have employed TiO: as the gate dielectric
layer in TFT by spray pyrolysis [86]. TiO2 thin film deposited by spin coating method have
been reported in [21] and [90] as the gate dielectric layer of a p-type channel TFT.
Several efforts have been adopted to enhance the properties of TiO2 and doping with
either anionic or cationic impurities is one of them [92, 93]. Doping affect the band
structure introducing an energy state within the band, which then alters the electronic
and structural properties of the film [92, 94]. Chang and Doong [95], have reported a
series of Zr doped TiO2 experiments by sol-gel process. Studies have also shown that
doping will improve amorphous phase formation [92], which is a required parameter for
the dielectric layer of TFTs. According to literature survey, lots of work have been
reported on Zr-doping of TiO2 by sol-gel spin coating [95], but spray pyrolysis method has
not been employed for Zr doping of TiO2. The state-of-art of the application of Zr doped
TiO2 as the gate dielectric layer in TFT has shown that this material has not been used
before.

1.3.4 Zirconium oxide dielectric by solution processed methods

ZrOx thin films are optically transparent with wide bandgap energy (ca 5.8 eV). Its high
permittivity value (ca 25) makes it a suitable candidate for gate dielectric layer of TFTs
[96, 97, 82]. There are three different polymorphs of ZrOx with each exhibiting different
properties. These polymorphs are tetragonal (t), monoclinic (m), and cubic (c) [98, 99].
Vanderbelt et al., reported the average permittivity value for the three ZrOx polymorphs,
which are 47, 37, and 17 for tetragonal, cubic, and monoclinic ZrOy, respectively. These
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values were calculated using computational techniques [100]. The tetragonal or cubic
phases of ZrOx has been reported to exhibit high permittivity [62], but amorphous
structure of ZrOx is better for TFT because the films have smoother surface [82, 101, 102].

ZrOx thin films have been processed by different solution methods like spin coating
[103], spray pyrolysis [25], inkjet printing [82] among others. Shan et al. have reported
on the performance of In,03 TFTs based on ZrOx gate dielectric layer deposited by spin
coating, the device exhibited saturation mobility (ug,.) of 3.08 cm? V! st and the
magnitude of the on-off state current ratio was 102 [103]. Peng et al., have investigated
on the potential application ZrOx gate dielectric layer in TFT by inkjet printing method
[104]. Lee et al. reported on solution processed ZrOx gate dielectric layer in ZTO based
TFT on glass substrate after annealing at 500 °C. The device operated a low voltage
(> 5V) with low hysteresis [105].

Based on the review, gate dielectric must exhibit a wide bandgap to insulate the
channel layer from the gate electrode. The polarization in the dielectric material must
not be too high as this affects the charge mobility in the channel [24]. It is very important
to understand the synergy between the application of the device and the processing
conditions of the material before selection any gate dielectric material [46]. TiO2 and ZrOx
dielectric was also reviewed because they fit to the scope of this thesis, and they can be
easily processed by spray pyrolysis for wide area deposition; although, post-deposition
treatment is required to enhance the film quality.

1.4 Processing of metal oxide thin film transistor by solution methods

The processing of MO TFTs by solution processed techniques and the different post
deposition treatments employed will be reviewed in the following subsection.

1.4.1 Solution processed methods employed in thin film transistor

Typical solution deposition method involves a chemical conversion of precursor through
hydrolysis and decomposition reactions [25, 106]. There are several of these methods,
but just a few of them are briefly discussed below:

1. Spin coating: This method is often used to deposit dielectrics or channel films
on a substrate. The advantage of this method is that it is cost-effective and very
easy to operate [107]. Spin coating method has great reproducibility, and simple
integration with conventional micro-fabrication systems [6]. It can be used for
nanoparticle-based processing, sol-gel route, and organic-inorganic-type
routes, permitting fast deposition of oxide films [59]. This method wastes a lot
of precursor solution (about 95%) during the deposition, and the thin film
suffers poor uniformity when deposited on large substrate. Thus, this method
is limited to small area fabrication. Hwang et al. have also demonstrated the
role of precursor salt on deposited a-IGZO thin film by spin coating [108]. Talapin
and his team [6, 80, 109] deposited high-k ZrO2 dielectrics, with CdSe n-channel
(NC) transistors exhibiting an extreme mobility record of pse = 450 cm? V-1 s™2,

2. Spray pyrolysis: Spray pyrolysis is a cheap and simple deposition method,
suitable for large area deposition [110]. The film is grown by spraying an aerosol
precursor solution with the aid of a carrier gas onto preheated substrate, where
the constituents experience a chemical reaction [111]. The unique advantage of
this method over other methods is the degree of freedom for mixing precursor
solution, suitable for doping, no wasting of material, and it is not selective to
substrate type [112, 113]. Anthopoulos et al., have previously reported a series

23



of work on the application spray pyrolysis MO-TFT fabrication [25, 91, 113].
They reported on outstanding performance for Li:ZnO based TFT with high lon/loff
~10°%, and high ionic mobility pr = 85 cm? V-1 571 [78, 114] by spray using ZrOx
gate dielectric. Based on the limited number report from the review, the full
potential of this deposition method in TFT fabrication has not been reached yet.
Inkjet printing: This is a unique and emergent noncontact solution deposition
method [6]. Mechanism of ink ejection from the nozzle can either be thermally
or piezo-electrically induced, and this influences the morphology of the
deposited film. Similarly, there other important parameters like nozzle type,
temperature, viscosity, and wettability of target substrate, which influences the
quality of the film produced [46, 115]. This method does not require additional
lithography, it requires small amount of ink, and it can be suitable for narrow
area deposition. This method is limited by the choice of ink, viscosity, and it
tends to suffer the problem of agglomeration of film [46]. Subramanian et al.,
have previously reported on the deposition of Sb doped SnO: electrode, SnO>
semiconductors, and ZrO: dielectric [116]. Jang et al. [117] have printed ZrO:
(d = 40 pm) dielectric thin film with low leakage current ~10™ A cm™ at
1 MV cm™3, and an electric field strength surpassing 4.0 MV cm™. They reported
a fully inkjet-printed MO TFT fabricated on glass substrate with high mobility
Hre = 11 cm2 V1 572 high lon/loff = 108, and operates at low voltage (<5.0 V).

The reviewed deposition methods have been employed in MO TFTs, but the potential of
spray pyrolysis has not been fully acclaimed. Currently, this method still requires high
processing temperature and more work is needed to reduce the process temperature in
order to target the application of this method in flexible TFTs.

1.4.2 Post-deposition treatments employed in thin film transistor

Thin films made by solution methods often require post-deposition treatments. There
are several of these treatments, but the common post-deposition treatments employed
in solution processed MO TFT is summarized this section (Fig. 1.6) and briefly explained.

1.

Conventional treatments: Conventional treatments are vacuum annealing,
thermal annealing, microwave annealing and vapor annealing. They are used to
improve the quality of thin films after deposition [6]. Some of these methods
require a great deal of energy; hence, they can be ineffective. They also require
high temperature that can lead to increased thermal budget. Zhu et al. reported
on spin coated ZrOx gate dielectric, which was tested in an InOx based-TFTs [118,
119]. The device was thermally treated at temperature range of 250 — 300 °C,
and the obtained mobility (ur) from the device changes from 1.8 cm? V-1 s to
10.78 cm? V! s7! with increase in the thermal treatment. Also, Peng and
co-worker fabricated a fully ink-jet printed InGaO-based TFTs using ZrOx
dielectric layer, a high mobility of 10.8 cm? V' s™* was achieved after hard baking
the film at 350 °C [83].

Plasma treatment: The process involves the generation of a reactive oxygen
species called plasma, which oxidizes the surface of the deposited thin film. This
method is suitable for the removal of organic impurities from the film surface.
Meena et al. investigated and build a low temperature O plasma-assisted
method for fabricating solution-based HfO: dielectric layer on adaptable
polyimide (PI) substrates [120]. Prior to plasma treatment, the HfO: film has a
leakage current ~10° A/cm? and dielectric breakdown voltage lower than
1 MV/cm. After the treatment process, the leakage current was reduced by 3
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order of magnitude and the breakdown voltage was doubled [6]. This method
can be employed for the treatment ZrOx or AlOx thin films [121].

3. Ultraviolet assisted treatment: This is a photo-activation process that involves
the use of light energy to lower the annealing temperature of most solution
processed films [46]. Two types of UV light sources have been considered: high
pressure mercury light (1 kW, prevailing wavelength = 365nm) [122, 123]; and
low-pressure mercury Hg light, with two deep UV (DUV) emission peaks at 253.7
(90%) and 184.9 nm (10%) have been reported. Park et al. was the first to test
an ultrathin (d = 6.3 nm) ZrOx thin film produced from an acetylacetonate
precursor by spin coating at almost room temperature after treating the film
under a high-pressure UV irradiation [124, 125]. During the UV treatment,
organic residues emanating from the precursor salt on the surface of the gel
films were oxidized leaving behind the Zr and O atoms on the film’s surface

[126].
E 3 T v T " T v FTS=TTeTTTTEEETETY
C ! S.P. heat treatment :
R T A . 1 Anthopoulos et.al. 2010 '
- V H 1 P
ZrOy, 400 °C
P1 Kim et.al, 2012 : A ’ Jo :
= Ll AlO,. 150 °C ! : S.P+combustion |
".‘m |} 1 =3.7 em¥/Vs, (1ZO) | 1 Marks etal. 2016
— UL=34 cmd/Vs (10 | 1AlO,, 300°C | Lee etal, 2010
5 I L1 20 em?/Vs (1ZQ). ! Z10,. 500 °C
(\l;: SOV - i .\Si(‘.lPlasn]m\l(x]’e::)t111ent E
53 ! Yang et.al, 2013 i A—\ll(l; e it(f) (' . i
= [Bzosw0ec A0S0 T G i
> ! i=7.50 cm/vs ! LU =1 S enc Vs (GIZTO)L |
= [ Y020 N— : E ,
S | HSTVio, treatment ~ ! i
Q s g ‘,nﬂ_mkm - | Umeda et.al. 2011 [
E ¥ Dong et.al, 201 - ! Sio.. 350 °C :
20, ! e e -
b1 ZtO;, RT ! LU =5 cm/Vs (IGZO) :
T
i i
| Park etal, 2013 1
1 ZtO,, 65°C -
Lu =075 cm¥Vs (IZO) 2 1 & L M 1 &
RT 500

Processing temperature (°C)

Figure 1.6. Recent published results for MO TFTs fabricated by some of the common solution
processed methods. The report is based on the processing temperature, and the different
post-deposition treatments that have been employed for solution processed methods. The mobility
of the fabricated TFT devices are reported in the chart, and the channel materials are presented in
parenthesis. Data were compiled from ref. [7, 38, 46, 68, 83, 121, 124, 127].

Based on the review, Fig. 1.6 summarizes the recent results on the post-deposition
treatments of metal oxide TFTs by solution methods. It can be deduced that conventional
thermal treatment yielded a high device performance with mobility above 80 cm?/Vs at
high processing temperature. Although, this may not be suitable option when
considering its application in flexible electronics. However, for the UV treatments like
DUV, laser, Ozone treatment, it is possible to produce quality device at low processing
temperature below 200 °C. So far, the UV treatment method has not been applied for
TFTs fabricated by spray pyrolysis.
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1.4.3 TFTs based on ZrOx gate dielectric fabricated by solution processed methods
ZrOx gate dielectrics have been employed in TFT fabricated by solution processed
methods. According to the ten years survey (presented in Fig. 1.7), it shows that ZrOy thin
films fabricated by spin coating have mainly been tested in TFT. Although there are some
reports on dip coating, spray pyrolysis and Ink jet printing methods, but these methods
are yet to gain popularity in TFT fabrication.
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Figure 1.7. Number of published papers on MO-TFTs based on ZrOyx gate dielectric by different
solution processed methods in the past ten years. (Data were acquired according to ISI web of
knowledge).

Table 1 (presented in appendix 2) offers an overview of the most common results on
solution processed MO TFTs with ZrOx dielectric layer. In the case of spin coating, both
amorphous and crystalline ZrOx dielectric have been tested in TFTs [25, 128, 129], and
post-deposition thermal treatment (usually between 300 to 500 °C) was used to tune
properties of the film. The amorphous ZrOx thin film has been reported to give better
performance than the crystalline ZrOx deposited by spin coating [118]. This is because
the surface of amorphous thin film is smooth and improves the quality of the interface
between layers [118, 130]. Furthermore, most of the reports on MO TFTs based on ZrOx
gate dielectric by spin coating methods have been fabricated on Si-substrates [118], and
a fully amorphous oxide TFTs have only been fabricated with TFTs based on NiOy, and
In203 based channel layers [72, 118]. In the work of Zhu et al., the high capacitance of
the ZrOx gate dielectric was claimed to have enhanced the carrier mobility by reducing
the activation energy of carrier during transition [118].

Reports on ZrOx gate dielectric by inkjet printing, have mostly been fabricated on glass
substrates because ZrOx grows uniformly on them; however, there is a possibility of
pinhole formation or poor substrate coverage when they are fabricated on flexible
substrates [131]. The processing temperature was about 350 °C, because annealing
process is still required to dry and decompose precursor inks [83]. Li et al. reported that
it was difficult to deposit amorphous MO TFT with top-gate configuration because the
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gate dielectric was susceptible to acidic environment [83]. Based on Zeumault’s report,
there is an inherent difficulty in fabricating ZrOx gate dielectric by inkjet printing method
[106].

In the case of spray pyrolysis, the potential feasibility of ZrOx gate dielectric was
demonstrated in ZnO based TFTs [7], and crystalline ZrOx dielectric films have mostly
been reported [118, 132]. The reports showed that ZrOx dielectric TFTs can be fabricated
on Silicon [133] or glass [91] substrates. The crystalline ZrOx gate dielectric has
been reported to demonstrate high mobility above 80 cm?Vis? [7]. In the work of
Adamopoulos [7] Li metallic dopant was used to improve the stability of the ZnO channel
layer, and the carrier mobility was enhanced due to increased crystallite size of the
Li-ZnO channel. Also, the processing temperature reported was about 400 °C with layer
thickness of 100 nm, except for one study that reported on spray combustion synthesis
(SCS) of ZrO« gate dielectric at 300 °C [52, 68]. Owing to the work of Adamopoulos [7]
and Wang's [68] significant thickness above 100 nm is needed for spray deposited gate
dielectric layer in order to completely insulate the channel layer from the gate electrode.
Though Wang was able to reduce the thickness (ca 25 nm) of the ZrOy gate dielectric by
introducing facile aqueous synthesis route, but the process temperature was still
~300 °C and the corresponding carrier mobility was ~5 cm?V-1s™,

However, based on the review, solution processed TFTs based on ZrOx dielectric has
not been produced at low temperature by spray pyrolysis. The crystalline ZrOx gate
dielectric layer has mostly been reported for sprayed MO TFT; although the crystalline
structure is undesired because the presence of grain boundary within the film could act
as leakage site for electric current. Therefore, future research should focus on the
deposition of amorphous ZrOx dielectric film at the low temperature.

1.5 Summary of literature review and aim of the study

Based to the literature survey, different classes of materials have been used in the
fabrication of TFTs. But the metal oxide (MO) materials have attracted the most research
interest, thanks to the development of single or multicomponent channel materials.
However, the gate dielectric layer needs more improvement in order to reduce the
problem associated with scaling down of TFT devices.

In light of this, high-k MO dielectrics have attracted a lot of research interest, although
selecting a suitable high-k MO is very challenging since the Eg and k of MOs are inversely
proportional. Several studies have shown that the properties MO TFT can be improved
by doping two or more high-k MOs, or by employing a multi-layer gate dielectric. Some
studies have considered amorphous MOs suitable in improving the performance of TFTs.
Some studies have shown that amorphous HfO2 dielectric film developed by ALD with
~54 nm thickness exhibited a high dielectric field strength, but the cost of this technology
is not suitable for industrial scalability. Other high-k MOs like, Al,Os, and ZrO; are still a
good option to be exploited, and they can easily be processed by cost-effective solution
processed methods.

Moreover, several solution processed methods have been studied for the fabrication
of high-k MO gate dielectric in TFT, but the potential of spray pyrolysis such as wide area
uniformity, high degree of freedom, scalability, and cost-effectiveness has not been fully
acclaimed in TFT fabrication. Although this method is limited to high processing
temperature, but more improvements can be done on this area in future research.
Conventional thermal annealing has vastly been used to improve the properties of
sprayed high-k MOs gate dielectrics, yet the processing temperature is still high (above
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350 °C) to be considered in flexible electronic fabrication. Studies have shown that
post-deposition treatments like UV-Ozone (UVO) treatments can help to reduce the
thermal budget of solution processed high-k MOs, and this has been reported for
solution processed methods like spin coating, and Inkjet print. However, this concept of
UVO treatment has not been reported for sprayed high-k MO gate dielectric.

The few studies on spray fabricated TFTs based ZrOx gate dielectric have focused
mainly on the growth mechanism such as the influence on high processing temperature
(~300°C), and the substrate system (glass or silicon) on which the layers were fabricated.
However, there exist a knowledge gap on the fabrication of TFTs by spray pyrolysis at low
processing temperature. Not until now, amorphous ZrOx thin film processed at 200 °C by
spray pyrolysis has also not been incorporation in TFT. Novelty of this work is the
introduction of UVO post-deposition treatment, allowing the possibility to lower the
processing temperature of ZrOx gate dielectric films down to 200 °C. This has not been
achieved before and will extend the application of spray to a low-cost flexible electronic
application.

Based on the literature overview, this thesis seeks to employ chemical spray pyrolysis
method in the development of amorphous metal oxide thin film at low processing
temperature; which will be suitable for the gate dielectric layer of low-power flexible TFT
devices. This will expand the application of spray pyrolysis to large area electronic
fabrication. Therefore, the following objectives are specified:

1. To develop Zr-doped TiO: (Zr-TiO2) thin film and to investigate the influence of
varying Zr dopant impurity in the precursor solution on the morphology,
microstructure, and electrical properties of the deposited Zr-TiO; thin film by
chemical spray pyrolysis.

2. To develop and optimize the deposition of amorphous zirconium oxide thin
film by chemical spray pyrolysis and to systematically study the effect
post-deposition thermal and UV-Ozone treatments on the structure, surface,
and the electrical properties of the film.

3. To fabricate a fully amorphous metal oxide TFT based on zirconium oxide gate
dielectric layer using a completely solution processed methods.

4. To evaluate the performance of a low temperature processed ZrOx gate
dielectric in TFT.
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2 Experimental method

In this section, the experimental procedure undertaken during this work is presented,
nevertheless a detailed report about the step by step process of the spray pyrolysis
deposition, thin film characterization, metal insulator semiconductor (MIS) capacitor,
and TFT device fabrication has been reported in the publications listed in Appendix 1 as
[paper I, I, I, IV]. This work is based on deposition of gate dielectric thin film and the
fabrication of TFT by spray pyrolysis. However, characterization techniques (such as
morphology, optical spectroscopy, structural analysis, and chemical composition) and
device fabrication technique like electrode/contact deposition are essentially needed.

2.1 Deposition of metal oxide thin film by chemical spray pyrolysis

The numerous benefits of spray over other solution processed deposition techniques
have the previously discussed in section 1.4.1 especially the fact that doping can easily
be done through this method. Here in this thesis, the deposition of Zr-doped TiO:
(Zr-TiO2) and ZrOx thin film will be briefly described.

2.1.1 Zirconium doped titanium dioxide thin film deposition

The zirconium doped titanium dioxide (Zr-TiOz) precursor solution was synthesized using
titanium (IV) isopropoxide (TTIP) and zirconium acetylacetonate reagents (98% MERCK
and 98% ALDRICH, respectively) without prior purification because all reagents are
analytical graded. The detailed description about the preparation of both TiO, and Zr-TiO2
precursor solutions have been published in paper [l]. The substrates (c-Si and quartz)
were placed in a tin bath kept at 450 °C and the precursor was sprayed at 2.5 ml/min of
spraying rate, while the carrier gas flow rate was at 8I/min. The nozzle-substrate distance
was maintained at 27 cm and the precursor solution was sprayed for five cycles each
consisting of 60 s of spraying plus 60 s of pause. All the samples were prepared under
similar condition and the post-deposition thermal treatment (500 — 1000 °C) was carried
out in air for one hour. For proper identification, the samples under test was labelled
‘undoped TiO2' and ‘x-Zr-TiO>’ for the undoped and doped TiO: thin films, respectively,
where x corresponds to the concentration (0 — 40 mol %) of Zr in the sprayed solution.

2.1.2 Zirconium oxide thin film deposition

An analytical graded zirconium acetylcatonate (Zr(acac)s) reagent (98%, ALDRICH) was
used in the preparation of ZrOx precursor solution. The reagent was used without prior
purification. After the preparation of precursor solution, the ZrOx thin film was deposited
using an ultrasonic spray pyrolysis set-up (schematic shown in Fig. 2.1) onto a heated
quartz and c-Si substrates at different temperatures (Tgep = 200, 300, 400, 500 °C).
The details about the deposition of ZrOx thin film has been extensively described in
[Article I, I, and IV], but the technological scheme in respect to deposition temperature
(Tdep), concentration (c), and spray rate is summarized in Table 2.1 below.

Table 2.1. Technological parameters for the deposition of ZrOy thin film

Sample Tdep, °C precursor | Spray ¢, mol/I Deposition
Volume time (min)

ZrOx 200 Zr(acac)s | 25 0.25,0.05 | 21

ZrOx 300 Zr(acac)s | 25 0.25,0.05 | 21

ZrOx 400 Zr(acac)s | 25 0.25,0.05 | 21

ZrOx 500 Zr(acac)s | 25 0.25,0.05 | 21
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Figure 2.1. A typical image of ultrasonic spray pyrolysis set-up (home-made).

2.2 Metal oxide thin film post-deposition treatment

As discussed in the literature review, the possibility of depositing quality metal oxide thin
film by solution process at low temperature is very challenging. This problem also persists
in the spray pyrolysis method. Thus, explains why films are mostly deposited above
400 °C. Here we will describe two post-deposition treatments we employed in this
research work.

2.2.1 Thermal post-deposition treatment

This process usually involves heating metal oxide thin film at a suitable temperature
above the decomposition or deposition temperature to alter the physical or chemical
properties of the film. It can be done at different atmospheres, but in this thesis MO films
were treated in a furnace (Nabertherm L5/11/06D) at a temperature range from 500 to
800 °C in steps of 100 for 60 minutes.

2.2.2 UV-Ozone post-deposition treatment

This is a photo chemical process used to clean or modify the surface of metal oxide thin
film, through the production of reactive oxygen radical. The mechanism of this treatment
method has been succinctly described in paper IV and in section 1.4.2. Immediately after
the deposition process, samples were transfer into Petri-dish to avoid environmental
contamination. The UV system (NOVASCAN PSD-series, from Novascan Tech Inc., Boone,
NC, USA) has a mercury vapor lamp, whose main irradiation peaks are generated at
184.9 nm and 253.7 nm as its light source.
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2.3 Characterization of metal oxide thin film

The Zr-TiO2 and ZrOx thin films were characterized by various analytical methods
available at Tallinn University of Technology (TalTech), while the fabricated TFT devices
were characterized by the semiconductor analyzer available at the Centre for Material
Research (CENIMAT) Lisbon Portugal. An explicit description of each analytical techniques
can be found at the experimental section of the publish papers [I = 1V], but their summary
is presented in Table 2.2 below.

Table 2.2. Analytical techniques used for the characterization of the deposited Zr-TiO, and ZrOx
dielectric thin films and the fabricated MO TFTs.

Properties Characterization Apparatus Ref.
methods

Surface Zeiss EVO-MA15,

morphology; film SEM Zeiss HR FESEM (1,10, 1V]

thickness Ultra 55

Elemental Zeiss EVO-MA15,

composition EDX Zeiss HR FESEM [1, 1]
Ultra 55

Surface roughness AFM NT-MDT Solver 47 [, m, v
Pro

Phase composition;

crystallite XRD Rigaku Ultima IV [1, 1,

orientation;

crystallite size

Phase composition Raman Horiba’s LabRam [1, 1]
HR800

Optical UV-VIS spectroscopy | Jasco V-670 [1,1and

transmittance, V]

Reflectance,

bandgap,

Wettability H20 Contact angle DSA 25 (KRUSS [ln]

measurement Instrument)

Chemical XPS Kratos Analytical [

composition Axis Ultra DLD

I-V, Nyquist, Impedance

Capacitance, spectroscopy Autolab Spec. (1, 1, 1,

Dielectric constant V]

TFT parameters Output, and transfer | semiconductor [, v]
parameter analyzer
(Agilent 4155C)
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2.4 Device fabrication

2.4.1 Metal-insulator semiconductor device

To access the electrical properties of the as-deposited thin films, MIS capacitor was
produced on Si-substrate. The dielectric thin film under study was deposited on p-type
Si substrate (Siegert wafer) with resistivity between 3 — 10 ohm.cm, followed by thermal
evaporation of contact electrode using a Quorum K975X vacuum evaporator on top of
the thin film surface (either Zr-TiO2 or ZrOx). To quantify the working area of the
electrode, a shadow mask with area of 1.7 mm?was employed for patterning.

2.4.2 Thin film transistor device

Fully solution processed TFT was fabricated with a bottom-gate architecture (see Fig. 1.1 c,
in section 1.1). According to the image shown in Fig. 2.2, the fabrication is a three step
processes: (1) the gate dielectric layer was deposited by spray onto a clean p-type Si
wafer, (2) the channel layer was later deposited onto the surface of the dielectric layer,
(3) the source and drain aluminum electrode was deposited onto the surface of the
channel via a shadow mask. To improve the interface between the deposited layer the
device was soft baked at 120 °C. The details about deposition of each layers and device
characterization has been explained in publication [lll, IV].

Precursor solution

( a ) Spray pyrolysis ( b )

. dielectric layer

channel layer Heated substrate

Al-electrode

‘ Substrate (d)

ZTO channel
ZrOx dielectric

substrate

ZTO channel
ZrOx dielectric

substrate

Figure 2.2 Schematic showing the whole fabrication stages from bottom up: (a) spraying of ZrOy
precursor solution, (b) deposited of ZrOy dielectric layer onto Si-substrate, (c) spin coating ZTO
channel layer onto ZrO,/Si, and (d) aluminium S/D electrodes. The ratio between channel width (W)
and channel length (L) is W/L = 14.
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3 Results and discussions

This section encompasses the results and the discussions of the various investigations on
the deposition and characterizations of two different high-k metals oxides (Zr-TiO; and
ZrOy) by chemical spray pyrolysis (CSP). These results have been published in papers [,
I, 1l and IV].

3.1 Development of Zr-doped TiO; thin film by chemical spray pyrolysis

In this study, Zr-doped TiO2 (Zr-TiOz) thin film was developed using CSP method, this is
unique in this thesis as the deposition of Zr-TiO2 by CSP is reported for the first time in
this thesis. The changes in the Zr-TiO: thin film properties was investigated by varying
the Zr/Ti stoichiometric mole ratio in the precursor solution. The films were deposited at
450 °C on quartz and n-Si substrate, other details about the experimental methods have
been succinctly explained in paper [I] in appendix 1.

3.1.1 Influence of Zr dopant impurity on the structural properties of TiO: thin film

The changes in the phase composition of TiO2 thin film as a function of Zr dopant impurity
in the solution was investigated in order to screen the amount of Zr dopant that will be
suitable for the deposition of quality amorphous Zr-TiO2 thin films. Phase composition
was obtained by XRD for both the undoped TiO2 and Zr-TiOz films and their diffraction
pattern is presented in Fig 3.1.
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Figure 3.1. Measured XRD patterns for undoped and Zr-doped TiO, thin films with varied Zr amount
in sprayed solution: (a) as-deposited films at 450 °C, (b) annealed films at 700 °C, and (c) annealed
films at 800 °C. The shift in the anatase (101) main diffraction peak position as a function of the
Zr/Ti mole ratio in the spray solution is presented in (d) after annealing at 500 °C. (All the films were
deposited on a quartz substrate.)
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As seen in Fig. 3.1 (a), the XRD pattern of the as-deposited undoped TiO: thin film
exhibits a sharp crystalline peak, which belongs to the anatase (101) phase of TiO, (PDF
powder diffraction-01-075-1573). On the contrary, the XRD pattern of the as-deposited
5-Zr—TiOz thin film shows a weak peak at 26 = 25.40°, while the (10, 40)-Zr-TiOz thin films
have no peak. This indicated that the (10, 40)-Zr—TiO: thin films are amorphous because
the increase in the amount of Zr in the TiO2 matrix causes an inhibitory effect in the
crystallization of TiOz thin film. However, after annealing at 500 °C, the XRD pattern of
(5, 40)-Zr—TiO2 thin films show the diffraction peaks of TiO, anatase phase, which was
sustained in the film even after annealing at 700 °C (Fig. 3.2 b). The delay in the formation
of anatase phase in the (5, 40)-Zr-TiO2 films was obviously due to the incorporation of Zr
into the TiO2 matrix. A mixture of both rutile (at 20 = 27.43°) and anatase (at 26 = 25.40°)
phases appear in the undoped TiO: film (PDF powder diffraction-01-0714808) after
800 °C (Fig. 3.2 c), while the anatase phase remained in the Zr-doped TiO: films.

Figure 3.2 (d) demonstrates the enlargement of the anatase (101) diffraction peak at
20 = 25.40° for both the undoped and the Zr-doped TiO: thin films annealed at 500 °C.
It can be clearly seen that the position of the anatase (101) diffraction peak shifted to
lower angle (20) of diffraction from 25.79° to 25.60° by increasing Zr amount in the
precursor solution from 0 to 40 mol %. Considering the fact that the ionic radius of Zr*
(0.072 nm) is larger than that of Ti** (0.061 nm), it is expected that this would cause
an increase in the unit cell parameters, and result to a decrease in 26 angle, following
the explanation of the Bragg’s law [134]. This observation confirms that Zr* was
incorporated into the lattice of TiOz; and thus, doping the Ti** in the film matrix
substitutionally. It is worth mentioning that the Raman studies for all the films were also
carried out and their results concur with the XRD results (presented in Fig. 4 in paper [l]).

According to the XRD studies, it can be inferred Zr doping promotes amorphization by
delaying crystallization of TiO2 thin film, and about 10 mol % of Zr is enough to completely
dope TiO: film.

3.1.2 Influence of Zr dopant impurity on the optical properties of TiO2 thin film

The optical properties of the deposited TiO: thin film was acquired in the visible region
by measuring the total transmittance which is presented in Fig. 3.2. All the as-deposited
films are optically active with optical transparency above 50% in the spectral region from
400 to 800 nm. The transparency of the film increases as the amount of Zr in the
precursor solution was increased, while interference pattern on the spectra reduces with
increase in the concentration of Zr in the solution. The optical absorption edge of the film
exhibited a left shift with increase in the concentration of Zr in the precursor solution.
The optical direct bandgap energy of the deposited films was calculated by applying the
expression (3.1) on a Tauc plot [135, 136].

ahv = A (hv — Eg)" 3.1

The description of each component of the equation and how the interference on
the total transmittance spectra was eliminated is explained in Appendix 1, paper [l].
The extracted optical bandgaps are plot in Fig 6b in paper [l], where it was observed that
the optical bandgap for the as-deposited undoped TiO: film and 40-Zr-TiO2 film
amounted to 3.12 and 3.45 eV, respectively. The increase in the optical bandgap with Zr
doping could be the effect of Zr incorporation in the TiO: film matrix. Gao et al. [134]
reported that electronic band changes in TiO2 can only occur when large amount Zr is
incorporated into the bulk of the TiO2 thin film matrix, which depends on the solubility
limit of Zr** in the precursor solution.
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Figure 3.2. Total transmittance spectra of the as-deposited TiO; films at different amount Zr in the
spray solution. (Films were deposited on a quartz substrate at 450 °C)

Based on the optical studies, the optical bandgap increases due to the incorporation
of Zr into the TiO: lattice. This effect causes an upward shift in the conduction band of
the Zr-TiO: film; thus, leading to an increase in the optical band gap from 3.12 eV (in
undoped TiOz) to 3.45 eV (in 40-Zr-TiOz).

3.1.3 Influence of Zr dopant impurity on the electrical properties of TiO: thin film

The electrical properties for both the undoped and doped Zr-TiO: thin film was accessed
by fabricating a simple MIS capacitor, and the dielectric response was acquired through
impedance spectroscopy, the details have been described in paper [l].

The forward bias leakage current density in the fabricated Si/Zr-TiO2/Au MIS structure
for both undoped TiO2 and (20, 40)-Zr-TiOz films is presented in Fig. 3.3. It was observed
that the leakage current density at 1 Vamounted to 1.7 x 103 A/cm?, and 4.5 x 10> A/cm?
in the undoped TiOz, and 40-Zr-TiO2 thin films, respectively. The reduction in the leakage
current was by two orders of magnitude, which was as a result of the Zr-doped film losing
its conductivity at the forward bias regime. However, as reported in paper [l], there was
no significant changes the reverse saturation current lo density for both the undoped
TiO2, and (20-40)-Zr—TiOx films, but the value of Schottky barrier (@3) (presented in paper
[1]) increases slightly from 0.536 eV in the undoped TiO: film to 0.571 eV in the Zr-doped
TiO2 films. According to the literature, the Schottky barrier heights between 0.4 and
1.0 eV have been reported for similar structures of TiOz thin film deposited by other
fabrication methods such as dip-coating, spray pyrolysis, sputtering, and plasma
enhanced physical vapor deposition. The dielectric relaxation response for the Zr-doped
TiO2 films (present in Fig. 8, paper [I]) shows that the oxide—electrode interface dipole
influences the dielectric properties of the fabricated Si/Zr-TiO2/Au MIS structure [137].
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Figure 3.3. The current — voltage characteristics of Si/x-Zr-TiO, /Au MIS device with Zr-TiO; films.
Where x is 20, 30 mol % concentration of Zr in the precursor solution.

Based on this section, amorphous Zr-TiO2 films can be deposited by spray at 450 °C,
and the incorporation of Zr in TiO2 film matrix was established to have caused delay in
the crystallization of TiOz in the film matrix. This was supported by a slight increase in the
optical bandgap in the Zr-TiOz film, and reduction in the leakage current by 2 order of
magnitude from 1.7 x 103 to 4.5 x 10> A/cm? by increasing the concentration Zr in the
precursor solution from 0 to 40 mol %. However, due to narrow bandgap, the deposited
Zr-TiO2 film was not tested in TFT.

3.2 Development of ZrOy thin film by chemical spray pyrolysis

In this study, we aimed to develop and optimize the process of depositing high-k ZrOx
thin film that will be suitable for the gate dielectric layer in TFT by CSP method. The effect
of deposition temperature (Tdep =200, 300, 400, 500 °C) and post-deposition thermal
treatment (Tann=500, 800 °C) was studied on the optical, microstructural and electrical
properties of the film. The films were deposited on p-Si and quartz substrate. The details
of the experiments and the obtained results have been published in paper [ll, 1],
appendix 1.

3.2.1 Morphology of sprayed ZrOx thin film
To develop a high-performance gate dielectric, the film morphology plays a crucial role,
therefore it is important to investigate the changes ZrOx film morphology as a function
of deposition temperature. Results of the AFM and SEM analysis are presented in
Fig. 3.4.

The surface morphology of the ZrOx thin films deposited at different temperatures
was obtained via atomic force microscope (AFM, Fig. 3.4 a, and c) and SEM analysis
(Fig. 3.4 b and d). The films surface roughness was estimated from the AFM height profile
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and scanned through an area of 1 um x 1 um. The ZrOx films deposited at 200 °C
(Fig. 3.4 a) demonstrated a higher surface roughness with a root mean square (RMS)
roughness value of 0.33 nm compared with that deposited at 400 °C with an RMS value
of 0.29 nm. The decrease in the film surface roughness at higher temperature could be
due to film densification, which was aided by the decomposition of volatile organic
precursor during the spray pyrolysis process. In addition, as depicted by the SEM images
(Fig. 3.4 b and d), the ZrOx dielectric thin films were uniform, compact, and very smooth.
The ZrOx thin film was thermally stable as there was no pronounce changes in the film’s
morphology at high deposition temperature. As reported in paper [ll] that even after
post-deposition thermal treatment, the ZrOx film’s smoothness and compactness was
retained and there were no visible cracks on the surface of the film (see Fig. 1(c) and (d),
paper [ll]). Examining the changes in film’s thickness for the ZrOx samples deposited 300
and 500 °C after annealing at 800 °C, there was a reduction in thickness ( 65 to 51 nm,
and 165 to 75 nm, respectively), which could be attributed to densification of film at high
annealing temperature.

Zr0,-200 °C

Zr0,-400 °C

RMS = 0.29 nm

Figure 3.4. Surface morphology of sprayed ZrO thin films. AFM deflection images of the as-deposited
ZrOy thin film at both (a) 200 °C, and (c) 400 °C; and their corresponding SEM images at (b) 200 °C
and (d) 400 °C. The film was deposited on p-type-Si-substrate.

Based on the SEM and AFM analysis, uniform ZrOx film was deposited by spray with
no cracks and low surface roughness; which is a required property for a gate dielectric
film.

3.2.2 Structural properties of sprayed ZrOx thin film

The ZrOx thin film microstructural analysis was obtained from the XRD and Raman
analysis. The XRD pattern shown in Fig. 3.5 (a-d) indicated that the ZrOx thin film
deposited at 200, 300, and 400 °C are amorphous, while the film deposited at 500 °C is
poorly crystalline exhibiting two broad diffraction peaks centred at 26 = 30.57° and
20 = 35.42°. Due to the broadness of the peak centred at 26 = 30.57° it was difficult to
assign the particular ZrOx phase the peak belongs to as both the tetragonal and cubic
phases of ZrOx are position within the broad peak. After post-deposited thermal
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treatment at 800 °C, the peak became narrow and intense, and an additional peak
centred at 20 = 31.48° appeared, which belongs to the m-ZrOx phase (PDF powder
diffraction- 01-080-0966). The monoclinic ZrOx phase formed at 800 °C could be the
effect of crystallization of the ZrOx thin film at high annealing temperature. Similar
observations have been reported for ZrOx thin films deposited by other solution
processed method like spin coating [100, 138].
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Figure 3.5. X-ray diffractograms of ZrOy thin films as-deposited (T,sq) at (a) 200 °C, (b) 300 °C,
(c) 400 °C, and (d) 500 °C; with varied thermal annealing (T,ns) at 500 and 800 °C. “T”, “C”, and “M”
denote tetragonal, cubic, and monoclinic phases of ZrO; respectively.

The results of the Raman analysis [presented in paper Il as Fig. 5] for the ZrOx thin
films deposited at 500 °C demonstrated three identifiable peaks: First at ~139 cm™,
which belongs to t-ZrO: Big vibration mode, while the other two peaks located at
~304 cm™ and ~438 cm™ are not related with the deposited thin film rather they are
Raman signals from the silicon substrate [139 — 141]. However, after post-deposition
thermal treatment at 800 °C, a mixture of both tetragonal and monoclinic phases of ZrOx
was formed, which is in good support with the XRD result.

According to the structural studies, amorphous ZrOx thin film can be deposited below
500 °C by spray pyrolysis. However, after annealing at 800 °C the ZrOx film became
polycrystalline with a mixture of ZrOx phases formed.

3.2.3 Electrical properties of sprayed ZrOx thin film
The electrical properties of the spray deposited amorphous ZrOx thin films (200, 400 °C)
was accessed by fabricating MIS-capacitor with a structure of Al/ZrOx/n-Si. All the device
was characterized at room temperature in dark box.

The leakage current density in the forward and reverse regime for the MIS-capacitor
produced from ZrOx thin films at 200, and 400 °C is presented in Fig. 3.6. From the plot,
the leakage behavior of the ZrOx thin films was estimated from in the reverse bias regime
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at 1 V. It was observed that the ZrOx deposited at 400 °C has a lower leakage current of
3.56 x 10° A/cm? that is lower than the one measured for the 200 °C deposited dielectric
film (4.26 x 10* A/cm?). This result demonstrated a reduced leakage current density by
3 order of magnitude with increase in deposition temperature. This can be attributed to
the decomposition of volatile organic compounds in the film at higher temperature,
resulting in the improvement of the density of the dielectric films [142, 143].
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Figure 3.6. Current—voltage characteristics of Al/p-type Si/ZrO./Al MIS capacitors with the ZrOy
films obtained at various deposition temperatures.

According to the capacitance dispersion curve, presented in [Fig.5a, paper Ill] it was
found that area capacitance at 100 kHz for the ZrOx dielectric film deposited 200 °C and
400 °Cis 0.37, 0.67 uF/cm?, corresponding to a permittivity of 8.4 and 22.7, respectively.
The observed increase in the permittivity value of the 400 °C deposited film can be due
to the densification of the film at a higher temperature. An important point is that the
observed increase in the dispersion curve for ZrOx deposited at 200 °C as the frequency
decreases may be an indication that there is another dielectric relaxation mechanism at
lower frequencies related with mobile ionic species as a result of the incomplete
decomposition of the ZrOx precursors at a low temperature [paper Il].

The capacitance—voltage (C-V) curves presented in (Fig 5c, paper [lll]) for both the
200 °C and 400 °C deposited amorphous ZrOx thin films. The voltage bias was carried in
the forward and reverse sweep at 100 kHz, to ascertain the stability of the MIS capacitor.
When the ZrOx film was deposited at 400 °C, there was a saturation of the capacitance in
the accumulation regime, which did not occur for that at 200 °C due to the leakage
current (as confirmed in Fig. 3.6). Moreover, and contrary to that for the film deposited
at 200 °C, there are no bumps when reaching accumulation, indicating a reduction in the
density of electron trap sites at the interface between ZrOx—silicon. Depending on the
type of shift in the C-V curve, an understanding about the charge trapping/de-trapping
within the oxide band structure can be obtained [144]. In this case, the device produced
at 200 °C showed that a more negative bias was needed to complete accumulation due
to electron trapping, corroborating the C—F results.

Based on this section, the electrical properties of the deposited amorphous ZrOx thin
film varies with deposition temperature. This work has demonstrated that 400 °C is a
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suitable condition to deposit a uniform and amorphous ZrOx thin film by CSP to achieve
high electrical performance and low leakage. However, this processing condition is too
high to be considered for flexible electronic.

3.3 UV-Ozone post-deposition treatment for lowering the process
temperature of sprayed ZrO thin film

This section was aimed to lower the processing temperature of amorphous ZrOx thin film
by employing the UV-Ozone (UVO) post-deposition treatment. This concept is novel to
this thesis work as it has not been applied for spray ZrOx thin film before. Though, UVO
irradiation can be applied in different fields, and it has been reported that ozone can be
produced mainly at two different wavelengths: (1) at A <243, and (2) at 240 <A <320 nm
[127, 145]. The reaction mechanism about the generation of ozone from an atmospheric
air is given as follows [IV]:
0, (air) + (1 < 243 nm — 20" (free radicals)
0 + 0, — 05 (0zone)
03 +(240nmm <A <320nm — 0, + 0
0 +0; — 20,
The ZrOx film was deposited at 200 °C, and other details regarding the experiment and
the obtained results have been published in paper [IV], appendix 1.

3.3.1 Influence of UV-Ozone post-deposition treatment on surface properties of ZrOx
thin film

The changes in the surface chemistry of the ZrOx thin film at different UVO exposure time
was monitored by performing the XPS and AFM analysis. The XPS analysis based on the
deconvolution of Ol1s core spectra (presented in Fig. 3.7) was used to quantify the
changes in chemical composition on the surface of the films at different UVO exposure
time.

Figure 3.7a shows the XPS spectrum of the O 1s core level for the untreated ZrOx thin
film. The spectrum was fitted into four different peaks components centred at different
binding energy (BE) 530.1, 531.3, 532.0, and 533.4 eV, which correspond to the metal
oxygen (Me-0) bond, surface defects (Vo), metal-hydroxide (Me—OH) bond, and the
adsorbed oxygen (Oads) bond, respectively [146, 147]. Similarly, the XPS spectrum for the
O 1s core level of the 60 min UVO treated ZrOx thin film is presented in Fig. 3.7b and was
fitted into different peaks components centred at 530.1, 531.3, 531.8 and 533.2 eV.
The peak component located at 533.2 eV is assigned to adsorbed oxygen from moisture
on the surface of the ZrOx film [146, 148, 149]. The ratio between each of all the
components peaks (MeO, Vo, —OH, H20a4s) was quantified by calculating the integrated
areas of the O1s spectrum using Scofield’s cross-sections, and the obtained values are
summarized in Table 3.1 for all the ZrOx thin films treated at different UVO time (0, 30,
60, 120 min). The [Me-OH]/[Me-0O] component ratios increases from 0.94 to 1.22 by
increasing the UVO treatment time from 0 min to 120 min, while the [Vo]/[Me-O] ratio
decreases from 0.65 to 0.38 by increasing the UVO treatment time from 0 min to
120 min. The reduction in the [Vo]/[Me-O] with UVO treatment indicated that the UVO
makes the surface of the deposited ZrOx film less defective. Similar behavior has been
reported in [147, 150, 151] on metal oxide thin films deposited by other solution
processed methods.
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Figure 3.7. XPS spectra of O1s core level for (a) 0 minute, (b) 60 minutes of UVO treated ZrOx thin
film.

Table 3.1 Binding energy of O 1s peak components and their corresponding ratios at 0, 30, 60, and
120 minutes of UV-Ozone treatment

UV-Ozone treatment
time (min) Binding Energy (eV) Component ratios
Me-O Vo Me-OH OHags | [Vo]l/[Me-O] [Me-OH]/[Me-0O]
0 530.1 531.3 532.0 533.4|0.65 0.94
30 530.1 531.3 532.0 533.3|0.59 1.04
60 530.1 531.3 531.8 533.2|0.41 1.10
120 530.1 531.4 532.8 533.2|0.38 1.22

According to the AFM results presented in paper [IV] as Fig.1, the surface of the ZrOx
films were uniform and of plain morphology. The RMS roughness value amounted to
0.63 nm, 0.51 nm, 0.32 nm, and 0.28 nm for ZrOx films treated at 0, 30, 60, and 120 min,
respectively. This indicated that the surface of the film is smooth, which can be attributed
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to the removal of the organic residues by the oxygen radicals generated during the UVO
treatment process [146].

Based on this study, the oxygen radical produced during UVO treatment eliminates
the organic residues on the ZrOx thin film surface, thereby effecting a change in the
chemical properties of the ZrOx film. Thus, the effect of UVO treatment is evidently seen
by the reduction in the donor defects (Vo) and surface roughness of the ZrOy film.

3.3.2 Influence of UV-Ozone post-deposition treatment on electrical properties of
ZrOx thin film

The electric properties of the ZrOx thin film was accessed by producing a MIS-capacitor
with structure Al/ZrOx/p-Si after UVO treatment from 0 to 120 min.

Fig. 3.8(a) shows the leakage current density obtained from the accumulation regime
in the MIS structure at 1 V, which is the same regime the TFT operates. It was observed
that by increasing the UVO treatment time from 0 to 120 min the leakage current density
was reduced by 3 order of magnitude. The ZrOx thin film that was treated for 120 min
exhibited the lowest leakage current of 1.0 x 10 A/cm? at 1 V with a breakdown voltage
of 5V, corresponding to a breakdown field of 2.5 MV/cm, which is above the minimal
value considered as reasonable for a gate dielectric (1 MV/cm).
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Figure 3.8. Electrical characterization of the metal insulator semiconductor (MIS) device made from
ZrOy thin film: (a) current—voltage curve under positive and negative biases; and (b) capacitance—

frequency dispersion curve in the range between 1 kHz and 1 MHz at different UV-QOzone treatment
times.

Figure 3.8(b) shows the capacitance dispersion curve for the ZrOy thin film measured
at different UVO treatment times. The untreated (0 min) ZrOx thin film demonstrated a
high capacitance at the low frequency region, which indicates the contribution of ionic
polarization [152]. On the other hand, the capacitance of the UVO-treated ZrOx thin films
are stable in the high-frequency region. The area capacitance amounted to 268, 272, and
290 nF/cm? for the films treated at 30, 60, and 120 minutes, respectively.

The electrical result corroborates the XPS and AFM results discussed above. The UVO
treatment ensures the effective removal of organic residues that can limit the formation
more Zr-O bond network on the surface of the film. These residues could serve as trap
site at the electrode interface and can cause poor electrical performance of the film, as
seen in the untreated ZrOx film exhibiting lower leakage current.
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Based on this section, the UVO treatment is a good approach to fabricate device
quality films at low processing temperature, most especially by solution processed
method like CSP. The preliminary results show that the contributions of ionic polarization
the interface of the fabricated MIS device was eliminated by UVO treatment.

3.4 Application of sprayed ZrOy dielectric thin film in TFT

Herein, the application of sprayed ZrOx gate dielectric in TFT was demonstrated in paper
[1] and [IV], the fabricated devices was processed at 400 and 200 °C respectively. The TFT
tested in paper [lll] was fully solution processed and ZTO MO was employed as the
channel layer. The details about the deposition of both the channel and dielectric layer
was published in paper lll, presented in appendix 1. On the other hand, we also
incorporated the ZrOx gate dielectric processed at low temperature (200 °C) into a
sputtered 1GZO channel TFT after UVO treatment, the result of this study has been
published in paper [IV]. It is important to note that the thickness of the ZrOx layer
deposited at this stage of the experiment was about 20 to 30 nm and the deposited ZrOx
thin film was amorphous.

3.4.1 Electrical properties of fully solution processed ZTO-TFTs based on ZrOx gate
dielectric

In this study, a combination of CSP and spin coating was adopted in the fabrication of
ZrOx gate dielectrics and ZTO semiconductor, respectively, onto a rigid substrate and the
obtained result from the solution processed TFTs made with similar ZTO channel layer
was compared to the conventional SiO2 dielectric. An all-amorphous oxide TFT with low
operational voltage fabricated by CSP is reported in thesis for the first time.

Sprayed ZrOx thin film was incorporated into ZTO based TFT as the dielectric layer in a
bottom-gate architecture. We characterize the electrical performance of the device in
the output and transfer regime (as shown in Fig. 3.9) in continuous mode with both back
and forth sweeps. Since the device was measured in a quasi-static regime, it is important
to note that the capacitance (C = 1.0 uF/cm?) of ZrOx dielectric was calculated at 50 Hz to
reduce the inaccuracy when extracting the mobility and sub-threshold slope (SS).

It can be seen from the output characterization curve presented in Fig. 3.9a that the
device shows an excellent performance with clear distinction between the linear and
saturation regimes, and no current crowding was observed. Fig. 3.9b shows the typical
transfer characteristics of the ZTO/ZrOx-TFT device, and the off-state (loff) current
increased with a decrease in the gate voltage. This observation is typical of most high-k
metal oxide derivatives, which has been reported to be caused by their relative narrow
bandgap [153, 154].

We compared the performance of the ZTO/ZrOx TFT with the ZTO/SiO2 TFTs (details
about the ZTO/SiO; TFTs was explained in paper lll, Fig. 7) and it was observed that
ZTO/ZrOx TFTs demonstrated excellent performance with a significant reduction in its
operation voltage window (between -1 V and 3 V), high saturation mobility of
4.6 cm? V! s, lon/loff ratio of 108, small SS value of 250 mV per decade, and a turn-on
voltage of -0.9 V. The improvement in the transistor parameters is mainly due to the
higher permittivity of the ZrOx dielectric when compared with that of the SiO: dielectric.
The ZrOx-based TFT dissipated a much lower power (0.3 mW) than TFT based on the SiO2
dielectric (30 mW).
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Figure 3.9. Measured (a) Output, and (b) transfer characteristics and the square-root of the
trans-conductance of fully solution processed MO-TFT based on ZrOx gate dielectric. The drain-source
voltage (Vps) was set at 3 V, and the channel aspect ratio (W/L) is 14.

The device operates in a depletion mode exhibiting a negative Vv value with the
clockwise hysteresis, which was estimated to be -0.1 V. This means that electron trapping
occurred during forward sweeping and during the reverse gate voltage sweeping, these
states remain filled until the trapped electrons were thermally de-trapped [142, 155].
The improved performance in the ZTO/ZrOx-TFTs as opposed to the ZTO/SiO2-TFTs could
have originated from the thin and amorphous structure of the ZrOx gate dielectric,
providing a smooth interface between the ZrOx dielectric and ZTO semiconductor layer.

Based on the obtained result, this thesis work have demonstrated that the use of a
very simple technique, such as both CSP and spin coating for the sequential deposition
of amorphous ZrOx gate dielectrics layer and amorphous ZTO channel layer represents a
significant step towards the development of low-cost, large-area oxide TFTs.

3.4.2 Electrical properties of IGZO-TFTs based on low temperature processed ZrOx
gate dielectric

In paper [IV], the integration of low temperature processed ZrOy thin film in TFT after
UVO treatment was investigated. As described in the experimental part of paper [IV], the
UVO exposure time was varied, the maximum intensity of the UV-lamp is ~160 nm
[reference therein: [144]]. The electrical performance of the fabricated TFT is shown in
Fig. 3.10, and the extracted electrical parameters is presented in Table 3.2.

All the fabricated TFTs were working and show a clear gate dependence
corresponding to n-type channel conductivity. The transfer characteristics measured in
forward and backward sweeps for the TFT device produced from both the untreated and
the UVO treated ZrOx gate dielectric are shown in Fig 3.10 (a) and (b), respectively.
The TFT device with the untreated ZrOx gate dielectric demonstrated a poor performance
with a negative Von of about -2 V. However, the TFT device fabricated with UVO treated
ZrOx gate dielectric layer shows better electrical performance compared to the TFT
device with untreated ZrOx gate dielectric. The turn-on voltage (Von) changes from — 0.3 V
t0 0.02 V when the UVO treatment time was increased from 30 to 120 min. This indicated
that the surface potential of the ZrOx gate dielectric films was changing with increase in
the UVO treatment time; thus, affecting the electrical behavior of the device. In paper
[IV], it was reported that the Schottky barrier at the ZrO/electrode interface changes with
UVO treatment time.
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Figure 3.10. (a) Transfer characteristics of the TFT fabricated with untreated ZrOy gate dielectric
layer, and (b) the transfer characteristics of the TFT fabricated with treated ZrOy gate dielectric at
different UV—-Ozone exposure times. Deposition temperature Tqep = 200 °C for the ZrOy layer.
The source voltage (Vs) was set at 5 V, and the channel aspect ratio (W/L) is 9.5.

The TFT parameters such as saturation mobility (usat), on-off current ratio (lon/loff),
threshold voltage (V1) and sub-threshold slope (SS) was extracted from the equation
described in section 1.1.1 above and summarized in Table 3.2. The psat amounted to
2.9cm? Vst 7.0cm? Vst and 8.4 cm? Vis for the TFT device made with UVO treated
ZrOy gate dielectric at 30, 60, and 120 min, respectively. While the lon/loff for the TFT
device fabricated with UVO treated ZrOx gate dielectric at 120 min was low, about 10
According to the reports by Dong et al. [127] on InOx/ZrOx TFTs fabricated by spin coating,
improvement in the device performance was attributed high capacitance of the ZrOx gate
dielectric. Carlos et al. [144] show the use of powerful UV lamp to improve the gate
leakage current of the IGZO/AIOx TFT devices fabricated by spin coating.

Table 3.2. Summary of the extracted TFT parameters for an average of ten IGZO/ZrOx devices at
different UV-Ozone treatment time.

'tjr\e/a?r:::ﬁ Ven lon/lofs Vin 55 Hat. © ast \\;GS )
time (min) (\) (\) (V.dec?) (cm2V-1s1) A)

0 -2.0t1.0 | ~4.0x10! - - ~0.02 ~3.4x10?2

30 -0.3£0.02 | ~1.0x10% | -0.12+0.02 | 0.27+0.02 2.910.5 ~7.4x10°

60 -0.12+0.1 | ~0.4x10* 0.02+0.01 | 0.22+0.01 7.0+0.01 ~2.3x10°

120 0.02+0.01 | ~1.0x10* | 0.01+0.005 | 0.21+0.01 8.4+0.01 ~3.8x107

To summarize this section on the integration of low temperature processed ZrOy thin

film as the gate dielectric layer in sputtered IGZO-TFTs. The fabricated TFT with treated
ZrOx thin film demonstrated better performance than the device produced with the
untreated ZrOx thin film. The improved performance can be attributed to the UVO
post-deposition treatment of the CSP deposited ZrOx thin film.
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Conclusions

This thesis presents the strategies to develop amorphous MO thin films, which will be
suitable for the gate dielectric layer of TFT by chemical spray pyrolysis (CSP). Two main
novelties were achieved: (1) Zirconium doping was employed for the first time in this
thesis to improve the properties of TiO2 thin films deposited by CSP. (2) The concept of
UV-Ozone (UVO) post-deposition treatment allows the possibility to lower the processing
temperature of ZrOx gate dielectric films down to 200 °C, thus extending the potential of
CSP method to flexible or wearable electronic application. The main highlights from this
work is summarised below:

1.

A uniform and homogeneous Zr-TiOz film was deposited by spray. The XRD
data reveals that as-deposited Zr-doped TiO: (Zr-TiOz) thin films were
amorphous and became crystalline with anatase crystal structure after thermal
post-deposition treatment at 500 °C. A mixture of anatase and rutile phases
were observed for the 10-Zr-TiO: thin film after thermal treatment at 800 °C.
The optical bandgap of the as-deposited film was increased from 3.14 eV
(undoped TiO2) to 3.52 eV (40-Zr-TiO2), the leakage current density in the
as-deposited TiO2 (1.7 x 103 A/cm?) was reduced by two orders of magnitude in
the as-deposited 40-Zr-TiOz thin film (4.5 x 10 A/cm?).

Zirconium oxide thin film deposition was systemically optimized by CSP method
at different deposition temperatures. As a result, from the SEM and AFM
analysis, the as-deposited ZrOxfilms demonstrated a uniform and smooth
morphology, the RMS roughness value obtained from AFM was in the range
0.29 — 0.33 nm. The films were highly transparent above 80% in the visible
region. The optical bandgap was increased from 5.21 eV to 5.68 eV with
deposition temperature increasing from 200 °C to 500 °C. The films deposited
below 500 °C were amorphous, while the films deposited at 500 °C were poorly
crystalline. The leakage current density decreases by 2 order of magnitude from
4.3 x 10* A/cm? (200 °C deposited films) to 3.6 x 10°® A/cm? (400 °C deposited
films). The capacitance increases from 0.4 pF/cm? (in 200 °C deposited films) to
0.8 uF/cm? (400 °C deposited films).

Amorphous ZrOx thin film was produced at 200 °C and the UVO post-deposition
treatment was employed to improve the film quality. The XPS results confirm
that UVO treatment effectively eliminates organic residue from the surface of
ZrOx thin film, which is evidently seen by a reduction in the ratio between the
donor and metal-bonded oxygen components ([Vo]/[Me-0]) from 0.65 is in the
untreated ZrOx thin film to 0.38 in the UVO treated ZrOx films. The UVO treated
ZrOx thin film attained desirable dielectric properties, such as a low leakage
current density of 10® A/cm? a capacitance of 290 nF/cm? and relative
permittivity of 6.6 (both at 1 kHz), which is acceptable for a gate dielectric.

A fully solution processed amorphous oxide TFT was fabricated by exploring
both CSP and spin coating methods to deposit the dielectric (ZrOx) and the
channel (ZTO) layers respectively. Both layers were amorphous and processed
at 400 °C and 350 °C, respectively. The fabricated ZTO/ZrOx-TFTs exhibited high
electrical performance with the magnitude of lon/loff current ratio of ~106, a low
operation voltage of 3 V, high saturation mobility of 4.6 cm?V's?, a low
threshold voltage of 0.03 V, a small sub-threshold swing of 0.25 V.dec. Thus,
confirming the applicability of CSP in low-cost, wide-area electronic fabrication.
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5. As a proof of concept, amorphous ZrOx thin film deposited at 200 °C was
integrated as the gate dielectric layer in IGZO-TFT. The IGZO channel layer was
sputtered and processed at 150 °C. The fabricated 1GZO/ZrOx-TFT with the
untreated ZrOx films demonstrated a poor electrical performance, while the
IGZO/ZrOx-TFT with UVO treated ZrOx gate dielectric displayed a low lon/loff
current ratio of ~103, Von > 0, saturation mobility of 8.4 cm?V1s?, threshold
voltage of 0.01 V, and sub-threshold swing of 0.21 V.dec™. Thus, extending the
potential application of CSP to flexible electronic fabrication.

This thesis introduces spray pyrolysis method as a viable method for the deposition of
quality high-k metal oxide thin films, which can work as the gate dielectric layer in TFT.
In this thesis, the unique properties of spray such as wide area uniformity and cost-
effectiveness was leverage upon to improve the mass-production of future electronic
devices.

a7



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

(15]

(16]
(17]

D. Rotolo, D. Hicks, B. R. Martin,, “What is an emerging technology?,” Research
Policy, vol. 44, no. 10, p. 1827-1843, 2015.

Mark Heyer and Al Pinsky, Composer, Metal Oxide Semiconductor (MOQOS)
Transistor Demonstrated”. [Sound Recording]. IEEE History Center, Rutgers
University, New Brunswick, NJ, USA.. 1975.

P. Barquinha, R. Martins, L. Pereira, and E. Fortunato, Transparent oxide
electronics, united kingdom, John Wiley and Sons, 2012.

H. George, “wikipedia,” [Online]. Available: https://en.wikipedia.org/wiki/
The_Shape_of_Things_to_Come. [Accessed 9th March 2020].

Ceruzzi, and E. Paul, A History of Modern Computing, 2nd ed., Texas: MIT press,
2003, p. 220-221.

A. Liu, H. Zhu, H. Sun, Y. Xu, and Y-Y. Noh, “Solution Processed Metal Oxide
High-k Dielectrics for Emerging Transistors and Circuits,” Adv. Mater., vol. 1706364,
pp. 1-34, 2018.

G. Adamopoulos, S. Thomas, P. H. Woébkenberg, D. D. C. Bradley, M. A. McLachlan,
and T. D. Anthopoulos, “High-Mobility Low-Voltage ZnO and Li-Doped ZnO
Transistors Based on ZrO2 High-k Dielectric Grown by Spray Pyrolysis in Ambient
Air,” Adv. Mater, vol. 23, no. 16, pp. 1894-1898, 2011.

J-S. Park, H. Kim, and I-D. Kim, “Overview of electroceramic materials for oxide
semiconductor,” J. Electroceram., vol. 32, pp. 117-140, 2014.

G. E. Moore, “Cramming More Components onto Integrated Circuits,” Proc./EEE,
vol. 86, no. 1, pp. 82—85, 1998.

I. P. Room, “http://www.intel.com/pressroom/kits/45nm/,” [Online]. [Accessed
19 february 2020].

H. Wonga, and H. lwai, “On the scaling of subnanometer EOT gate dielectrics for
ultimate nano CMOS technology,” Microelectronic Engineering, vol. 138, p. 57-76,
2015.

Z. Liu, J. Xu, D. Chen, and G. Z. Shen, “Flexible Electronics Based on Inorganic
Nanowires,” Chem. Soc. Rev., vol. 44, pp. 161-192, 2015.

B. Wang, W. Huang, L. Chi, M. A-Hashimi, T. J. Marks, and A. Facchetti, “High-k
Gate Dielectrics for Emerging Flexible and Stretchable Electronics,” acs. chem.
rev., 2018.

M. Jain, “SMC110A Thin Film Transistors: Global Markets to 2022,” BCC Research
LLC, 2018.

M. Lorenz, M. S. Ramachandra Rao, T. Venkatesan, E. Fortunato, P. Barquinha,
R. Branquinho, D. Salgueiro, R. Martins, E. Carlos, A. Liu, et al., “The 2016 oxide
electronic materials and oxide interfaces roadmap,” J. Phys D: Appl. Phys., vol. 49,
no. 43, 2016.

E. Fortunato, P. Barquinha, and R. Martins, Adv. Mater., vol. 24, p. 2945, 2012.

J. E. Lilienfield, “Method and apparatus for controlling electric currents”. U.S
Patent 1745175, 1930.

48



(18]
(19]

[20]

[21]

(22]

(23]

(24]

[25]

[26]
(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

J. E. Lilienfield, “Amplifier for electric current”. U.S Patent 1877140, 1932.

0. Heil, “Improvements in or relating to electric amplifiers or other control
arrangements”. U.S Patent 439457, 1935.

C. R. Kagan and P. Andry, Thin-film transistors, New York: Marcel Dekker, Inc.,
2003.

S. A. Campbell, H. S. Kim, B. He, T. Ma, and W. L. Gladfelter, “Titanium dioxide-
based gate insulators,” IBM J. Res. Develop., vol. 43, no. 3, pp. 383—-392, 1999.

A. C. Tickle, Thin-Film Transistors — A new Approach to Microelectronics., New
York: John Wiley & Sons, Inc, 1969.

M. Hirose, M. Koh, W. Mizubayashi, H. Murakami, K. Shibahara, and S. Miyazaki,
“Fundamental limit of gate oxide thickness scaling in advanced MOSFETSs,”
Semicond. Sci. and Technol., vol. 15, pp. 485-490, 2000.

J-S. Park, H. Kim, and I-D. Kim, “Overview of electroceramic materials for oxide
semiconductor thin film transistors,” J. Electroceram, vol. 32, pp. 117-140, 2014.
S. R. Thomas, P. Pattanasattayavong, and T. D. Anthopoulos, “Solution
processable metal oxide semiconductors for thin film transistor application,”
Chem. Soc. Rev., vol. 42, p. 6910, 2013.

Atkins, P. and J. De Paula, Physical Chemistry, Oxford University Press, 2006.

W. F. Brinkm, D. E. Haggan, and W. W. Troutman, “A history of the invention of
the transistor and where it will lead us,” leee Journal of Solid-State Circuits,
vol. 32, no. 12, pp. 1858-1865, 1997.

S. Sze, and K. Ng, Physics of Semiconductor Devices, Wiley-Interscience, 2006.

J. F. Wager, D. A. Keszler, and R. E. Presley, Transparent Electronics, New York :
Springer, 2008.

M. J. Powell and P. Pritchard, “The effect of surface -states and fixed charge on
the field-effect conductance of amorphous-silicon,” J. Appl Phys, vol. 54,
pp. 3244-3248, 1983.

M. J. Powell, “The physics of amorphous silicon thin film transistor,” IEEE Trans.
Electron Devices, vol. 36, pp. 2753-2763, 1989.

G. Chansin, “Flexible TFT Technology: Emerging Applications and Markets,” 27
september 2018. [Online]. Available: www.irimitech.com/2018/09/flexible-tft-
technology-emerging.html. [Accessed 26 June 2020].

J. F. Wager, Inf. Disp., vol. 32, p. 16-21, 2016.

J. Liu, D. Bruce Buchholz, J. W. Hennek, R. P. H. Chang, A. Facchetti, and T. J. Marks,
“All-Amorphous-Oxide Transparent, Flexible Thin-Film Transistors. Efficacy of
Bilayer Gate Dielectrics,” J. AM. CHEM. SOC., vol. 132, p. 11934-11942, 2010.

R. L. Hoffman, B. J. Norris, and J. F. Wager, “ZnO-based transparent thin film
transistors,” Appl. Phys. Lett., vol. 82, pp. 733—-735, 2003.

S-J. Kim, S. Yoon, and H-J. Kim, “Review of solution-processed oxide thin-film
transistors,” Jap. J. Appl. Phys 5, Vols. 3, pp. 02BA02-1, 2014.

K. Nomura, H. Ohta, K. Ueda, T. Kamiya, M. Hirano, and H. Hosono, “Thin film
transistor fabricated in single crystalline transparent oxide semiconductor,”
Science, vol. 300, pp. 1269-1272, 2003.

49



(38]

(39]

(40]

[41]

[42]

[43]

[44]

[45]

[46]

(47]

(48]

(49]

(50]

(51]

S. Masuda, K. Kitamura, Y. Okumura, S. Miyatake, H. Tabata, and T. Kawai,
“Transparent Thin film transistoras active channel layer and their electrical
properties,” J. Appl. Phys., vol. 93, pp. 1624-1630, 2003.

H. Klasens, and H. Koelmans, “A tin oxide fielc effect transistor,” Solid-state
electron., vol. 7, p. 701, 1964.

M. W. J. Prins, K. O. GrosseHolz, G. Muller, J. F. M. Cillessen, J. B. Giesbers,
R. P. Weening and R. M. Wolf,“A ferroelectric transparent thin-film transistor,”
Appl. Phys. Lett., vol. 68, p. 3650-3652, 1996.

P. F. Carcia, R. S. Mclean, M. H. Reilly, and G. Nunes, “transparent ZnO thin film
transistor fabricated by rf magnetron sputtering,” Appl. Phys. Lett., vol. 82,
pp. 1117-1119, 2003.

K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. Hosono, “Room-
temperature fabrication of transparent flexible thin-film transistorsusing
amorphous oxide semiconductors,” Nature, vol. 432, no. 7016, pp. 488-492,
2004.

E. M. C. Fortunato, P. M. C. Barquinha, A. C. M. B. G. Pimentel, A. M. F. Gongalves,
A. J. S. Marques, R. F. P. Martins, and L. M. N. Pereira, “Wide-bandgap high-
mobility ZnO thin-film transistors produced at roomtemperature,” Appl. Phys.
Lett., vol. 85, no. 13, p. 2541-2543, 2004.

T. Kamiya, K. Nomura, and H. Hosono, “Present status of amorphous In—-Ga—Zn—
O thin-film transistors,” Sci. Technol. Adv. Mater., vol. 11, no. 4, p. 44305, 2010.

J. Leppaniemi, Printed and low-temperature indium oxide thin film transistors for
flexible applications, vol. 50, Helsinki: Aalto University publication series, 2017.

J. W. Park, B. H. Kang, and H. J. Kim, “A Review of Low-Temperature Solution-
Processed Metal Oxide Thin-Film Transistors for Flexible Electronics,” Adv. Funct.
Mater., p. 1904632, 2019.

Y. Ohya, T. Niwa, T. Ban, and Y. Takahashi, “Thin film transistor of ZnO fabricated
by chemical solution deposition,” Jpn. Appl. Phys., vol. 40, p. 297, 2001.

W. Xu, M. Long, T. Zhang, L. Liang, H. Cao, D. Zhu, and J. Xu, “Fully solution-
processed metal oxide thin-film transistors via a low-temperature aqueous
route,” Ceramics International , vol. 43, p. 6130-6137, 2017.

J. Kim, Y. S. Rim, H. Chen, H. H. Cao, N. Nakatsuka, H. L. Hinton, C.Zhao,
A. M. Andrews, Y. Yang, and P. S. Weiss, “Fabrication of High-Performance
Ultrathin In203 Film Field-Effect Transistors and BiosensorsUsing Chemical Lift-
Off Lithography,” ACS Nano., vol. 9, no. 4, p. 4572—-4582, 2015.

A. D. Mottram, Y.-H. Lin, P. Pattanasattayavong, K. Zhao, A. Amassian, and
T. D. Anthopoulos, “Quasi Two-Dimensional Dye-Sensitized In203
Phototransistors for Ultrahigh Responsivity and Photosensitivity Photodetector
Applications,” ACS Appl. Mater. Interfaces, vol. 8, no. 7, p. 4894—-4902, 2016.

G. H. Gelinck, A. Kumar, D. Moet, J.-L. P. J. van der Steen, A. J. J. M. vanBreemen,
S. Shanmugam, A. Langen, J. Gilot, P. Groen, R. Andriessen, et al., “X-Ray Detector-
on-Plastic With High Sensitivity Using Low Cost Solution-Processed Organic
Photodiodes,” IEEE Trans. Electron Devices, vol. 63, no. 1, p. 197-204, 2016.

50



(52]

(53]

(54]

[55]
(56]

(57]
(58]

(59]

(60]
(61]
(62]

(63]

(64]
(65]

(66]

(67]

(68]

(69]

[70]

B. Wang, W. Huang, L. Chi, M. Al-Hashimi, T. J. Marks, “High-k Gate Dielectrics for
Emerging Flexible and Stretchable Electronics,” Chem. Rev., vol. 118, no. 11,
p. 5690-5754., 19 January 2018.

J. D. Plummer, P. B. Griffin, Proc. IEEE, vol. 89, p. 240, 2001.

K. Song, W. Yang, Y. Jung, S. Jeong, and J. Moon, J. Mater. Chem., vol. 21265,
p. 22, 2012.

J. Phillips, Phys. Rev. Lett., vol. 20, p. 550, 1968.

J. Robertson, “Band offsets of wide-band-gap oxides and implications for future
electronic devices,” J. Vac. Sci. Technol. B, vol. 18, p. 1785, 2000.

Y. Zhao, K. Kita, and A. Toriumi , Appl. Phys. Lett., vol. 96, p. 242901, 2010.

Y. Zhao, M. Toyama, K. Kita, K. Kyuno, and A. Toriumi, Appl. Phys. Lett., vol. 88,
p. 072904, 2006.
G. X. Liu, A. Liu, F. K. Shan, Y. Meng, B. C. Shin, E. Fortunato, and R. Martins, “High-
performance fully amorphous bilayer metal-oxide thin film transistors using ultra-
thin solution-processed ZrOx dielectric,” J. Appl. Phys.Lett., vol. 105, no. 11,
p. 113509, 2014.

H.-J. In, and O.-K. Kwon, IEEE Electron Device Lett., vol. 30, p. 377, 2009.

X. Yu, T.J. Marks, and A. Facchetti, Nat. Mater., vol. 15, p. 383, 2016.

K. Kukli, M. Ritala, and M. Leskeld, “Low-Temperature Deposition of Zirconium
Oxide+Based Nanocrystalline Films by Alternate Supply of Zr[OC(CH3)3]4 and
H20**,” Chem. Vap. Deposition, Vols. 6, no. No. 6, pp. 297-302, 2000.

K. Kukli, M. Ritala, J. Sundqvist, J. Aarik, J. Lu, T. Sajavaara, M. Leskeld, and A. Ha°
rsta, “Properties of hafnium oxide films grown by atomic layer depositionfrom
hafnium tetraiodide and oxygen,” J. Appl. Phys., vol. 92, no. 10, pp. 569-570, 2002.
C. Glynn, and C. O’Dwyer, Adv. Mater. Interfaces, vol. 4, p. 1600610, 2017.

L. Petti, N. Miinzenrieder, C. Vogt, H. Faber, L. Blthe,G. Cantarella, F. Bottacchi,
T. D. Anthopoulos, and G. Troster, Appl. Phys. Rev., vol. 3, p. 021303, 2016.

P. K. Nayak, M. N. Hedhili, D. Cha, H. N. Alshareef, “High Performance In203 Thin
Film Transistors Using Chemically Derived Aluminum Oxide Dielectric,” Appl. Phys.
Lett., vol. 103, p. 033518, 2013.

Groner, M. D.; Fabreguette, F. H.; Elam, J. W.; George, S. M., “Low-Temperature
Al203 Atomic Layer Deposition,” Chem. Mater., vol. 16, p. 639-645, 2004.

B. Wang, X. Yu, P. Guo, W. Huang, L. Zeng, N. Zhou, L. Chi,M. J. Bedzyk,
R. P. H. Chang, T. J. Marks and A. Facchetti, “Solution-Processed All-Oxide
Transparent High-Performance Transistors Fabricated by Spray-Combustion
Synthesis,” Adv.Electron. Mater., vol. 2, p. 1500427, 2016.

W. J. Lee, W. T. Park, S. Park, S. Sung, Y. Y. Noh, and M. H. Yoon, “Large-Scale
Precise Printing of Ultrathin Sol-Gel Oxide Dielectrics for Directly Patterned
Solution-Processed Metal Oxide Transistor Arrays,” Adv. Mater., vol. 27,
p. 5043-5048, 2015.

L. Y. Liang, H. T. Cao, Q. Liu, K. M. lJiang, Z. M. Liu, F. Zhuge, and F. L. Deng,
“Substrate Biasing Effect on the Physical Properties of Reactive Rf-Magnetron-
Sputtered Aluminum Oxide Dielectric Films on Ito Glasses,” ACS Appl. Mater.
Interfaces, vol. 6, p. 2255-2261, 2014.

51



(71]

[72]

(73]

(74]

[75]

(76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

G.Z.Geng, G. X. Liu, F. K. Shan, A. Liu, Q. Zhang, W. J. Lee, B. C. Shin, and H. Z. Wu,
“Improved Performance of InGaZznO Thin-Film-Transistors with Ta205/Al203
Stack Deposited Using Pulsed Laser Deposition,” Curr. Appl. Phys., vol. 14,
p. S2-S6, 2014.

S.J.Kim, D.H.Yoon, Y.S. Rim and H. J. Kim, “Low-Temperature Solution-Processed
ZrO2 Gate Insulators for Thin-Film Transistors Using High-Pressure Annealing,”
Electrochem. Solid-State Lett., vol. 14, no. 11, p. E35-E37, 2011.

K. Kukli, K. Forsgren, M. Ritala, M. Leskela, J. Aarik, A. Harsta, “Dielectric
Properties of Zirconium Oxide Grown by Atomic Layer Deposition from lodide
Precursor.,” J. Electrochem. Soc., vol. 148, p. F227-F232, 2001.

J. H. Park, J. Y. Oh, S. W. Han, T. Lee, H. K. Baik, “Low-Temperature, Solution-
Processed ZrO2:B Thin Film: A Bifunctional Inorganic/Organic Interfacial Glue for
Flexible Thin-Film Transistors,” ACS Appl. Mater. Interfaces, vol. 7, p. 4494-4503,
2015.

Y. Zhou, N. Kojima, and K. Sasaki, “Growth and Dielectric Properties of Tetragonal
ZrO2 films by Limited Reaction Sputtering,” J. Phys. D: Appl. Phys., vol. 41,
p. 175414, 2008.

S. Sung, S. Park, W. J. Lee, J. Son, C. H. Kim, Y. Kim, Y. Noh do, M. H. Yoon, “Low-
Voltage Flexible Organic Electronics Based on High-Performance Sol-Gel Titanium
Dioxide Dielectric,” ACS Appl. Mater. Interfaces, vol. 7, p. 7456-7461, 2015.

Y. Aoki, T. Kunitake, and A. Nakao, “Sol-Gel Fabrication of Dielectric HfO2 Nano-
Films; Formation of Uniform, Void-Free Layers and Their Superior Electrical
Properties,” Chem. Mater., vol. 17, p. 450-458, 2005.

M. Esro, G. Vourlias, C. Somerton, W. I. Milne, and G. Adamopoulos, “High-
Mobility ZnO Thin Film Transistors Based on Solution-processed Hafnium Oxide
Gate Dielectrics,” Adv. Funct. Mater., vol. 25, p. 134, 2015.

W. Xu, H. Li, J. -B. Xu, and L. Wang, ASC Appl. Mater. Interfaces, vol. 10, p. 25878,
2018.

Y. Li, L. Lan, P. Xiao, Z. Lin, S. Sun, W. Song, E. Song, P. Gao, D. Wang, H. Ning, and
J. Peng, RSC Adv., vol. 5, p. 51440, 2015.

A. Liu, G. Liu, H. Zhu, H. Song, B. Shin, E. Fortunato, R. Martins, and F. Shan, Adv.
Funct. Mater., vol. 25, p. 7180, 2015.

W. Yang, K Song, Y. Jung, S. Jeong, and J. Moon, “Solution-deposited Zr-doped
AlOx gate dielectrics enabling high-performance flexible transparent thin film
transistors,” Journal of Materials Chemistry C, vol. 1, p. 4275, 2013.

Y. Li, L. Lan, S. Hu, P. Gao, X. Dai, P. He, X. Li, J. Peng, “Fully Printed Top-Gate Metal-
Oxide Thin-Film Transistors Based on Scandium-Zirconium-Oxide Dielectric,” IEEE
Trans.Electron Devices, vol. 66, pp. 445—-450, 2019.

E. Carlos, R. Branquinho, A. Kiazadeh, J. Martins, P. Barquinha, R. Martins, and
E. Fortunato, “Boosting Electrical Performance of High-k Nanomultilayer
Dielectrics and Electronic Devices by Combining Solution Combustion Synthesis
and UV Irradiation,” ACS Appl. Mater. Interfaces, vol. 9, p. 40428-40437, 2017.
A. Liu, G. Liu, H. Zhu, B. Shin, E. Fortunato, R. Martins, and F. Shan, Appl. Phys.
Lett., vol. 108, p. 233506, 2016.

52



(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

P. H. Wobkenberg, T. Ishwara, J. Nelson, D. D. C. Bradley, S. A. Haque, and
T. D. Anthopoulos, “TiO2 thin-film transistors fabricated by spray pyrolysis,” Appl.
Phys. Lett., p. 082116.

I. Oja, A. Mere, M. Krunks, C-H. Solterbeck, M. Es-souni, “Properties of TiO2 films
prepared by the spray pyrolysis method,” Solid State Phenomena, vol. 99,
pp. 259-262, 2004.

O. Carp, C. L. Huisman, and A. Reller, “Photo induced reactivity of titanium
dioxide,” Prog. Solid State Chem., vol. 32, pp. 33-117, 2004.

D. J. Reidy, J. D. Holmes, M. A. Morris, “The critical size mechanism for the anatase
to rutile transformation in TiO2 and doped-TiO2,” J. Eur. Ceram. Soc., vol. 26,
pp. 1527-1534, 2006.

L. A. Majewski, R. Schroeder, and M. Grell, “One Volt Organic Transistor,” Adv.
Funct. Mater., vol. 15, p. 1017, 2005.

G. Adamopoulos, A. Bashir, P. H. Wobkenberg, D. D. Bradley, and T. D. Anthopoulos,
“Electronic properties of ZnO field-effect transistors fabricated by spray pyrolysis
in ambient air,” Appl. Phys. Lett., vol. 95, p. 133507, 2009.

R. Schiller, C-K. Weiss, and K. Landfester, “Phase stability and photocatalytic
activity of Zr-doped anatase synthesised in miniemulsion,” J. Nanotechnol.,
vol. 21, p. 405603, 2010.

G. Liu, H. G. Yang, X. Wang, L. Cheng, J. Pan, G. Q.Lu, and H. M. Cheng, “Nano sized
anatase TiO2 single crystals for enhanced photocatalytic activity,” J. Am. Chem.
Soc., vol. 131, p. 12868, 2009.

D. J. Reidy, J. D. Holmes, and M. A. Holmes, “The critical size mechanism for the
anatase to rutile transformation in TiO2 and doped-TiO2,” J. Eur. Ceram. Soc.,
vol. 26, p. 1527-1534, 2006.

S. M Chang, and R. A. Doong, “Characterisation of Zr-doped TiO2 nano crystals
prepared by a nonhydrolytic sol-gel method at high temperatures,” J. Phys. Chem.
B, vol. 110, no. 42, pp. 20808-20814, 2006.

A. Lintanf-Salaiin, and E. Djurado, “Fabrication by electrostatic spray deposition
and structural investigation of ultra thin,” Thin Solid Films, vol. 517, p. 6784-6788,
2009.

M. Chun, M-J. Moon, J. Park, and Y-C. Kang, “Physical and chemical investigation
of substrate temperature dependence of zirconium oxide films on Si(100),” Bull.
Korean Chemical Society, vol. 30, no. 11, p. 2729, 2009.

R. C. Ramola, M. Rawat, K. Joshi, A. Das, S. K. Gautam and F. Singh, “Study of phase
transformation induced by electronic excitation,” Mater. Res. Express, vol. 4,
p. 096401, 2017.

S. Sayan, N. V. Nguyen, and J. Ehrstein, “Structural, electronic, and dielectric
properties,” APPLIED PHYSICS LETTERS, Vols. 86, p. 152902, 2005.

D. Vanderbilt, X. Zhao, and D. Ceresoli, “Structural and dielectric properties of
crystalline and amorphous Zr0O2,” Thin solid films, vol. 486, p. 125-128, 2005.

A. Kumar, S. Mondal, and K.S.R. Koteswara Rao, “Low temperature solution
processed high-ZrO2 gate dielectrics fornanoelectonics,” Applied Surface Science,
vol. 370, p. 373-379, (2016).

53



[102] R. Bensaha, and H. Bensouyad, “Synthesis, Characterisation and properties of
Zirconium oxide doped Titanium oxide thin films obtained via Sol-gel process,”
Intech- open Sci., vol. 10, pp. 207-234, 2012.

[103] Y. Meng, G. X. Liu, A. Liu, H. J. Sun, Y. Hou, B. Shin and F. K. Shan, “Low-
Temperature Fabrication of High Performance Indium Oxide Thin Film
Transistors,” RSC Adv., vol. 5, p. 37807-37813, 2015.

[104] W. Cai, H. Ning, Z. Zhu, J. Wei, S. Zhou, R. Yao, Z. Fang, X. Huang, X. Lu, and J. Peng,
“Investigation of direct inkjet-printed versus spin-coated ZrO2 for sputter 1GZO
thin film transistor,” Nanoscale Res Lett., vol. 14, p. 80, 2019.

[105] C. G. Lee and A. Dodabalapur, “Solution-processed zinc—tin oxide thin-film
transistors with low interfacial trap density and improved performance,” Appl.
Phys. Lett., Vols. 96, p. 243501, 2010.

[106] A. Zeumault, S. Ma, and J. Holbery, “Fully inkjet-printed metal-oxide thin-film
transistors on plastic,” Phys. Status Solidi A, vol. 213, no. 8, p. 2189-2195, 2016.

[107] F. C. Krebs, Sol. Energy Mater. Sol. Cells, vol. 93, p. 394, 2009.

[108] S. Hwang, J. H. Lee, C. H. Woo, J. Y. Lee, and H. K. Cho, Thin Solid Films, vol. 519,
pp. 5146-5149, 2011.

[109] K. Jiang, S. T. Meyers, M. D. Anderson, D. C. Johnson, and D. A. Keszler, Chem.
Mater. vol. 25, p. 210, 2013.

[110] A. Bashir, P. H. Wobkenberg, J. Smith, J. M. Ball, G. Adamopoulos, D. D. C. Bradley,
and T. D. Anthopoulos, Adv. Mater., vol. 42, p. 035109, 2009.

[111] E. E. Foos, W. Yoon, M. P. Lumb, J. G. Tischler, and T. K. Townsend, ACS App!.
Mater. Interfaces, vol. 5, p. 8828, 2013.

[112] I. Isakov, H. Faber, M. Grell, G. Wyatt-Moon, N. Pliatsikas, T. Kehagias,
G. P. Dimitrakopulos, P. P. Patsalas, R. Li, and T. D. Anthopoulos, Adv. Funct.
Mater., vol. 27, p. 1606407, 2017.

[113] B. S. Hunter, J. W. Ward, M. M. Payne, J. E. Anthony, O. D. Jurchescu, and
T. D. Anthopoulos, Appl. Phys. Lett., vol. 106, p. 203507, 2015.

[114] D. Afouxenidis, R. Mazzocco, G. Vourlias, P. J. Livesley, A. Krier, W. I. Milne,
0. Kolosov, and G. Adamopoulos, ACS Appl. Mater. Inter faces, vol. 7, p. 7334,
2015.

[115] K. Fukuda, and T. Someya, Adv. Mater., vol. 29, p. 1602736, 2017.

[116] J. Jang, H. Kang, H. C. N. Chakravarthula, and V. Subramanian, “Transparent High-
Performance Thin Film Transistors from Solution-Processed Sn02/ZrO2 Gel-like,”
Adv. Electron. Mater., vol. 25, p. 1042—-1047, 2013.

[117] J. Jang, H. Kang, H. C. Nallan Chakravarthula, and V. Subramanian, “ Fully Inkjet-
Printed Transparent Oxide Thin Film Transistors Using a Fugitive Wettability
Switch,” Adv. Electron. Mater., vol. 1, p. 1500086, 2015.

[118] C. Zhu, A. Liu, G. Liu, G. Jiang, Y. Meng, E. Fortunato, R. Martins and F. Shan, “Low-
temperature, nontoxic water-induced high-k zirconium oxide dielectrics for low-
voltage, high-performance oxide thin-film transistors,” J. Mater. Chem. C, Vols. 4,
pp. 10715-10721, 2016,.

[119] T. Jun, K. Song, Y. Jeong, K. Woo, D. Kim, C. Bae, and J. Moon, J. Mater. Chem.,
vol. 21, p. 1102, 2011.

54



[120] J. S. Meena, M.-C. Chu, S.-W. Kuo, F.-C. Chang, and F.-H. Ko, Phys. Chem. Chem.
Phys., vol. 12, p. 2582, 2010.

[121] N. N. Mude, R. N. Bukke, J. K. Saha, C. Avis, and J. Jang, “Highly Stable, Solution-
Processed Ga-Doped IZTO Thin Film Transistor by Ar/O2 Plasma Treatment,” Adv.
Electron.Mater., vol. 5, p. 1900768, 2019.

[122] Y.-H. Lin, H. Faber, K. Zhao, Q. Wang, A. Amassian, M. Mclachlan, and
T. D. Anthopoulos, Adv. Mater., vol. 25, p. 4340, 2013,.

[123] X. Xu, Q. Cui, Y. Jin, and X. Guo, Appl. Phys. Lett., vol. 101, p. 222114, 2012.

[124] S. Park, K. H. Kim, J. W. Jo, S. Sung, K. T. Kim, W. J. Lee, J. Kim, H. J. Kim, G. R. Yi,
and Y. H. Kim, “In-Depth Studies on Rapid Photochemical Activation of Various
Sol-Gel Metal Oxide Films for Flexible Transparent Electronics,” Adv. Funct.
Mater., vol. 25, p. 2807, 2015.

[125] Y.-H. Kim, J.-S. Heo, T.-H. Kim, S. Park, M.-H. Yoon, J. Kim, M. S. Oh, G.-R. Yi, Y.-Y.
Noh, and S. K. Park, “Flexible metal-oxide devices made by room-temperature
photochemical activation of sol-gel films,” Nature, vol. 489, p. 128, 2012.

[126] Y. M. Park, J. Daniel, M. Heeney, and A. Salleo, “Room-temperature fabrication of
ultrathin oxide gate dielectrics for low-voltage operation of organic field-effect
transistors,” Adv. Mater., vol. 23, p. 971, 2011.

[127] X. Donga, G. Xia, Q. Zhang, L. Li, H. Gong, J. Bi, and S. Wang, “Room-temperature
UV-ozone assisted solution process for zirconium oxide films with high dielectric
properties,” Ceram. Int., vol. 43, p. 15205-15213, 2017.

[128] S-M. Chang, and R-A. Doong, “Interband Transitions in Sol-Gel derived ZrO2 films
under Different Calcination Conditions,” Chem. Mater., vol. 19, pp. 4804—4810,
2007.

[129] Y. F. Gao, Y. Masuda, H. Ohta, and K. Koumoto, “Room-temperature preparation
of ZrO2 precursor thin film in an aqueous peroxozirconium-complex solution,”
Chem. Mater., vol. 16, p. 2615, 2004.

[130] L. Zhu, G. He, J. Lv, E. Fortunato and R. Martins, “Fullysolution-induced high-
performance indium oxide thin filmtransistors with ZrOx high-k gate dielectrics,”
RSC Adv., vol. 8, p. 16788, 2018.

[131] Y. M. Park, A. Desai, A. Salleo, and L. Jimison, “Solution-Processable Zirconium
Oxide Gate Dielectrics for Flexible Organic Field Effect Transistors Operated at
Low Voltages,” Chem. Mater., vol. 25, no. 13, pp. 2571-2579, 2013.

[132] B. R. Naik, C. Avis, M-D. H. Chowdhury, T. Kim, T. Lin, and J. Jang, “Improvement
in performance of solution-processed indium-zinc—tin oxide thin-film
transistorsby UV/O3 treatment on zirconium oxide gate insulator,” Jpn. J. Appl.
Phys., vol. 55, p. 03CC02, 2016.

[133] Bi. Wang, X. Yu, P. Guo, W. Huang, L. Zeng, N. Zhou, L. Chi, M. J. Bedzyk,
R. P. H. Chang, T. J. Marks, and A. Facchetti, “Solution-Processed All-Oxide
Transparent High-Performance Transistors Fabricated by Spray-Combustion
Synthesis,” Adv. Electron. Mater., vol. 2, p. 1500427, 2016.

[134] B. Gao, T. M. Lim, D. P. Subagio, and T.-T. Lim, “Zr-doped TiO2 for enhanced
photocatalytic degradation of bisphenol A.,” Appl. Catal. A-Gen., vol. 375,
p. 107-115, 2010.

55



[135] J. I. Pankove, Optical Process in Semiconductors, Prentice-Hall, Englewood Cliffs,
NJ, 1971.

[136] X. K. Zhao, and J. H. Fendler, “Size quantization in semiconductor particulate
films,” J. Phys. Chem., vol. 95, p. 3716-3721, 1991.

[137] C. Zhao, C. Z. Zhao, M. Werner, S. Taylor, and P. Chalker, “Dielectric relaxation of
high-k oxides,” Nanoscale Res. Lett., vol. 8, p. 456, 2013.

[138] K. Kukli, M. Ritala, and M. Leskeld, “Low-temperature deposition of zirconium
oxide-based nanocrystalline films by alternate supply of Zr[OC(CH3)3]4 and H20,”
Chem. Vap. Depos., vol. 6, no. 6, pp. 297-302, 2000.

[139] C. Li, and M. Li, “UV Raman spectroscopic study on the phase,” J. Raman
Spectrosc., vol. 33, pp. 301-308, 2002.

[140] S. M. Hwang, J. H. Choi, S. M. Lee, J. H. Lim, J. Joo, “Phase transition and
microstructural changes of sol-gel derived ZrO2/Si films by thermal annealing:
possible stability of tetragonal phase without transition to monoclinic phase,”
J. Phys. Chem. C, vol. 116, pp. 11386-11392, 2012.

[141] F. Lu, J. Zhang, M. Huang, F. Namavar, R.C. Ewing, J. Lian, “Phase transformation
of Nanosized ZrO2 upon thermal annealing and intense radiation,” J. Phys. Chem.
C, vol. 115, pp. 7193-7201, 2011.

[142] C. Zhu, A. Liu, G. Liu, G. Jiang, Y. Meng, E. Fortunato, R. Martins and F. Shan, “Low-
temperature, nontoxic water-induced high-k zirconium oxide dielectrics for low-
voltage, high-performance oxide thin-film transistors,” J. Mater. Chem. C, vol. 4,
p. 10715, 2016.

[143] C. Fu-Chien, “A Review on Conduction Mechanisms in Dielectric Films,” Adv.
Mater. Sci. Eng., vol. 2014, p. 578168, 2014.

[144] E. Carlos, R. Branquinho, A. Kiazadeh, P. Barquinha, R. Martins, and E. Fortunato,
“UV-mediated photochemical treatment for low-temperature oxide based thin
film transistor,” ACS Appl. Mater. and Interface, vol. 8, no. 45, pp. 31100-31108,
2016.

[145] E. R. Santos, E. C. Burini, S. H. Wang, “UV-ozone generation from modified high
intensity discharge mercury vapor lamps for treatment of indium tin oxide films,”
Ozone Sci. Eng., vol. 34, p. 129-135, 2012.

[146] C. Zhu, A. Liu, G. Liu, G. Jiang, Y. Meng, E. Fortunato, R. Martins, and F. Shan, “Low-
temperature, nontoxic water-induced high-k zirconium oxide dielectrics for low-
voltage, high-performance oxide thin-film transistors,” J. Mater. Chem. C, vol. 4,
pp. 10715-10721, 2016.

[147] N. L. Zhang, Z. T.Song, Q. Wan, Q. W. Shen, and C. L. Lin, “Interfacial and
microstructural properties of zirconium oxide thin films prepared directly on
silicon,” Appl. Surf. Sci., vol. 202, p. 126-130, 2002.

[148] K. Umeda, T. Miyasako, A. Sugiyama, A. Tanaka, M. Suzuki, E. Tokumitsu, and
T. Shimoda, “Impact of UV/O3 treatment on solution-processed amorphous
InGaZn04 thin-film,” J. Appl. Phys., vol. 113, p. 184509, 2013.

[149] S. lJiazhen, H. TaeHyun, L. Hyun-Mo, K. KyoungRok, S. Masato, K. Junghwan,
H. Hideo, and P. Jin-Seong, “Amorphous IGZO TFT with High Mobility of ~70
cm2/(Vs) via Vertical Dimension Control Using PEALD,” ACS Appl. Mater.
Interfaces, vol. 11, p. 40300-40309, 2019.

56



[150] Y. Hao, D. M. Soolaman, and H-Z. Yu, “Controlled Wetting on Electrodeposited
Oxide Thin Films: From Hydrophilic to Superhydrophobic,” J. Phys. Chem. C,
vol. 117, p. 7736-7743, 2013.

[151] A. Kumar, S. Mondal, and K. S. R. Koteswara, “Low temperature solution
processed high-ZrO2 gate dielectrics fornanoelectonics,” Appl. Surf. Sci., vol. 370,
p.373-379, 2016.

[152] R. Branquinho, D. Salgueiro, L. Santos, P. Barquinha, L. Pereira, R. Martins,
E. Fortunato, “Aqueous Combustion Synthesis of Aluminum Oxide Thin Films and
Application as Gate Dielectric in GZTO Solution-Based TFTs,” ACS Appl. Mater.
Interfaces, vol. 6, p. 19592-19599, 2014.

[153] S. Clima, G. Pourtois, A. Hardy, S. Van Elshocht, M. K. Van Bael, S. De Gendt,
D. J. Wouters, M. Heyns and J. A. Kittl, “Dielectric Response of Ta205, Nb205, and
NbTaO5 from first principles investigations,” J. Electrochem. Soc., vol. 157,
p. G20-G25, 2010.

[154] P. Barquinha, L. Pereira, G. Goncalves, R. Martins, D. Kuscer, M. Kosec and
E. Fortunato, “Performance and Stability of Low Temperature Transparent Thin-
Film Transistors Using Amoorphous Multicomponent Dielectrics,” J. Electrochem.
Soc., vol. 156, pp. H824-H831, 2009.

[155] L. Zhu, G. He, J. Lv, E. Fortunato and R. Martins, “Fully solution-induced high-
performance indium oxide thin film transistors with ZrOx high-k gate dielectrics,”
RSC Adv., vol. 8, p. 16788, 2018.

[156] C. G. Alvarado-Beltran, J. L. Almaral-Sanchez, I. Mejia, and M. A. Quevedo-Lépez,
“Sol-Gel PMMA-ZrO2 Hybrid Layers as Gate Dielectric for Low-Temperature ZnO-
Based Thin-Film Transistors,” ACS Omega, vol. 2, p. 6968-6974, 2017.

[157] J. Bertin, Graphics and Craphic Information Processing, Berlin: Walter de Gruiter,
1981.

[158] S. A. a. L. Shih, “Towards and Interactive Learning Approch in Cybersecurity
Education,” in Proceedings of the 2015 Information Security Curruculum
Development Conference, New York, 2015.

[159] V. Gokulakrishnan, S. Parthiban, K. Jeganathan, and K. Ramamurthi, “Investigation
on the effect of Zr doping in ZnO thin films by spray pyrolysis,” Appl. Surf. Sci.,
vol. 257, p. 9068-9072, 2011.

[160] W. F. Zhang, Y. L. He, M. S. Zhang, Z. Yin, and Q. Chen, “Raman scattering study
on anatase TiO2 nanocrystals,” J. Phys. D. Appl. Phys., vol. 33, p. 912-916, 2000.

[161] A. O. Juma, |. Oja Acik, A. Mere, and M. Krunks, “Dielectric relaxation and
conduction mechanisms in sprayed TiO2 thin films as a function of the annealing
temperature,” Appl. Phys. A-Mater., vol. 122, p. 359, 2016.

[162] H. Xue, W. Chen, C. Liu, X. Kong, P. Qu, Z. Liu et al., “Fabrication of TiO2 Schottky
barrier diodes by RF magnetron sputtering,” in 3rd IEEE International Conference
on Nano/Micro Engineered and Molecular Systems, Sanya, China, 2008.

[163] S. Chakraborty, M. K. Bera, S. Bhattacharya, and C. K. Maiti, “Current conduction

mechanism in TiO2 gate dielectrics,” Microelectron. Eng., vol. 81, p. 188-193,
2005.

57



[164] S. Sbnmezoglu, and S. Akin, “Current transport mechanism of antimony-doped
TiO2 nanoparticles based on MOS device,” Sensor. Actuat. A-Phys., vol. 199,
p. 18-23, 2013.

[165] A. Martinez-Hernandez, J. Guzman-Mendoza, T. Rivera-Montalvo, D. Sanchez-
Guzman, J. C. Guzman-Olguin, M. Garcia-Hipdlito, C. Falcony, “Synthesis and
cathodoluminescence characterization of ZrO2:Er+3 films,” J. Lumin., vol. 153,
pp. 140-143, 2014.

[166] V. G. Keramida, and W. B. White, “Raman scattering study of the crystallization
and phase transformation of Zr02,” J. Am. Ceram. Soc., vol. 57, no. 1, pp. 22-24,
1974.

[167] M. Ishigame, and T. Sakurai, “Temperature depence of the Raman spectral of
Zr02,” J. Am. Ceram. Soc., vol. 60, no. 78, pp. 367-369, 1977.

[168] J. R. Soliz, A. D. Klevitch, C. R. Harris, J. A. Rossin, A. Ng, R. M. Stroud, A. J. Hauser,
and G. W. Peterson, “Structural impact on dielectric properties of zirconia,”
J. Phys. Chem. C., vol. 120, pp. 26834-26840, 2016.

[169] A. T. Oluwabi, I. Oja Acik, A. Katerski, A. Mere and M. Krunks, “Structural and
electrical characterisation of high-k ZrO2 thin films deposited by chemical spray
pyrolysis method,” Thin Solid Films, vol. 662, p. 129-136, 2018.

[170] Gaspar, D.; Martins, J.; Bahubalindruni, P.; Pereira, L.; Fortunato, E.; Martins, and
R. Planar, “Dual-Gate Paper/Oxide Field Effect Transistors as Universal Logic
Gates,” Adv. Electron. Mater., vol. 4, p. 1800423, 2018.

[171] A. Ortiz, J. C. Alonso, and E. Haro-Poniatowsk, “Spray deposition and
characterization of zirconium-oxide,” J. Electron. Mater., vol. 34, no. 2,
pp. 150-155, 2005.

58



Acknowledgements

No one who achieves success does so without acknowledging the help of others. Even
the ones who were regarded as the most astute, maverick, wise, brave and savvy in
almost all situations acknowledge the importance of help. Today, | write not only about
the support, but also about the trust, mentorship, and teaching | got from my supervisor,
Dr. llona Oja Acik, during my doctoral research work. It has not been easy, but it was
worthwhile. Thank you for the knowledge and product-based research approach that I've
been introduced to, during my research activities.

To my co-supervisors, Dr. Arvo Mere and Prof. Malle Krunks, you are highly
appreciated. Despite your very busy schedule that sometimes kept you away, yet you
created time to read those manuscripts and gave your constructive criticisms. To be
honest working with you have made me more analytical and objective.

To other members of the team, pen and paper cannot describe how well | appreciated
you all. In respect to this, | will leave that space blank (....). Hopefully, when you read this
part of my thesis you can find a word to fill the gap.

| appreciate the support of the director (prof. Malle Krunks), the dean of the
department (Prof. Fjodor Sergejev), and the head of the graduate school for providing an
inclusive learning curriculum, and always providing administrative support whenever the
need arises.

I will like to appreciate Prof. Luis Pereira, Prof. Rita Branquinho, Emanuel Carlos, Ines,
and the entire members of Prof. Luis’ team for their support during my visit to their
institute (CENIMAT). Your friendliness and result orientated research are awesome.

To my local spiritual worship center (church) here in Tallinn, | really appreciate your
love and prayers. The Bible states that, “For our light affliction, which is for a moment
would produce a glorious result far beyond comparison”. | know that glorious moment
is now, and | appreciate you for been part of it.

My profound gratitude goes to my siblings and parent “one who lost their patience
million times because parenting is hard” (my parent). | hope this time it would put
smile on your face because those hard times have yielded a positive result. | may have
garnered lots of mentors, but you are still my “lesson teacher”, my “SUPER-HEROE”, my
“go-to-mama strategy”. Often when my emotional strength fails or when I’'m just being
lethargic, you always have the right word to get me back on track. | will like to say,
“THANK YOU”, to you all.

From my grateful heart and churchy mind, | give GOD the Glory for keeping me safe
and upholding me throughout this trying time. Just like mere men, | cannot count the
number of times I've taken the path of least resistance (quitting), but it was you that kept
my eyes on a greater glory. | appreciate you for the successful completion of my PhD
goals.

This work was carried out at the Laboratory of Thin Film Chemical Technologies, and
was financially supported by the Estonian Ministry of Education and Research under the
following projects: IUT 19-4, Estonian Research Council grant PRG627, TTU based
financing project B24, European Regional Development Fund through the projects TK114
(Centre of Excellence: “Mesosystems: Theory and Applications”), and TK141 (Centre of
Excellence: “Advanced materials and high-technology devices for sustainable energetics,
sensorics and nanoelectronics”).

59



This work was partially supported by the ASTRA “TUT Institutional Development
Programme for 2016-2022"” Graduate School of Functional Materials and Technologies
(2014-2020.4.01.16-0032).

I will like to appreciate the Archimedes Foundation for supporting my long-term
research mobility program for about nine-month in Portugal. The grant was awarded to
me through the Dora plus action program.

60



Abstract

High-k metal oxide thin film by chemical spray pyrolysis:
From optimization of material properties to application in
thin film transistor

In today’s electronic market, the demand for durable, flexible, and reliable electronic
products have increased; hence electronic gadgets are becoming smaller in size, and they
perform better than they have been in the past. The invention of transistor as an
electronic component has been the major driving force for this rapid improvement.
However, the current methods for fabricating thin film transistors (TFT) involves the
stepwise deposition, patterning, and etching of either the channel or dielectric layer
materials of TFT. This involves complex vacuuming or lithographic process, which add to
the fabrication cost of TFT devices. For this reason, there has been a growing interest in
the development of solution processed methods as an alternative TFT fabrication
method. The unique advantage of solution processed method is the low processing cost,
simplicity, and improved scalability. Despite the importance of solution processed
methods, the unique potential of chemical spray pyrolysis (CSP) method has not been
fully maximized in TFT fabrication. Although, due to densification or stability issues,
this method is limited to high processing temperature, which inhibit its application in
flexible electronics. Thus, to extend the application of spray pyrolysis in flexible electronic
fabrication, it is important to focus on the reduction in the processing temperature of
this method below 400 °C.

In light of fabricating metal oxide (MO) TFTs by CSP, many of the studies have focused
on developing the channel layer of TFT, while the dielectric layer is neglected. Some
studies on the dielectric layer have focused mainly on the effect of the growth
mechanism such as high processing temperature (~¥300 °C), and the substrate system
(glass or silicon) on the properties of fabricated dielectric layer. However, there exist a
knowledge gap on the fabrication of MO-TFTs by CSP at low processing temperature.

Therefore, this thesis is aimed at strategizing the development of amorphous MO gate
dielectric for TFT at low temperature, which will be suitable for low power consumption,
and flexible electronic application by employing CSP method. The scope of this work is
based on process optimization, thin film characterization and device fabrication.

The results presented in this thesis is based on four published papers: (1) the
development of zirconium doped TiOz (Zr-TiOz) thin film by CSP was discussed, (2) the
development of ZrOx thin film by CSP, (3) ultraviolet-ozone (UVO) post-deposition
treatment of CSP deposited ZrOx was discussed in order to lower the processing
temperature of CSP deposited ZrOx films, (4) application of ZrOx thin film as the gate
dielectric layer of TFT.

Zirconium doping was employed as a strategy to improve the properties of CSP
deposited TiO:z thin films and its influence on the morphological, optical, structural, and
electrical properties of CSP deposited TiO2 film was investigated. The surface morphology
of the as-deposited Zr-TiO2 films were uniform and smooth. The structural studies
obtained from both X-ray diffraction (XRD) and Raman spectroscopy revealed that the
Zr-dopant promotes amorphization in the film by inhibiting the TiO. growth rate.
The as-deposited Zr-TiO2 thin film was transparent with higher bandgap (3.52 eV,
40 mol% Zr-TiOz) than the as-deposited undoped TiO: (3.14 eV). As a result of doping,
the leakage current density was reduced from 1.7 x 10°* A/cm? (in undoped TiO: film) to
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4.5 x 10° A/cm? (in 40 mol % Zr-TiO; film). However, due to small bandgap value, the
deposited Zr-TiO2 film cannot be tested as gate dielectric layer in TFT. Thus, it is crucial
to optimise and develop dielectric material with wider bandgap such as ZrOx.

The influence of growth temperature on the structural and electrical properties of
ZrOx thin film was studied in order to establish the conditions to deposit a uniform and
amorphous ZrOx with high electrical performance. The SEM and XRD analysis revealed
that a smooth and amorphous ZrOx film can only be obtained at a deposition
temperature below 500 °C. As the ZrOx film deposition temperature was increased from
200 °C to 400 °C, the capacitance increased from 0.4 to 0.8 pF/cm?, the relative
permittivity increased from 8.5 to 22.7, and the leakage current density decreased from
43 x10*A/cm?to 3.6 x 10° A/cm?.

In addition, the processing temperature of sprayed ZrOx thin film was lowered down
to 200 °C by introducing ultraviolet-ozone (UVO) post-deposition treatment. The changes
in the surface chemistry of the deposited ZrOx thin film at different UVO exposure time
was investigated by performing the X-ray photoelectron spectroscopy (XPS) and AFM
analysis. By increasing the UVO treatment time from 0 to 120 min, the ZrOx dielectric film
demonstrated a slight increase in the [Me-OH]/[Me-O] component ratios from 0.94 to
1.22, and a decrease in the [Vo]/[Me-0O] ratio from 0.65 to 0.38. The electrical properties,
which was obtained through a DC and AC voltage revealed that the leakage current in
the film was reduced by 3 order of magnitude from 2.0 x 10> A/cm? (untreated sample)
to 1.0 x 108 A/cm? (120 min treated sample), and the area capacitance increases from
50 nF/cm? to 280 nF/cm? as the UVO treatment time increases from 0 to 120 minutes.

Furthermore, fully solution processed TFT was fabricated by employing the optimised
CSP deposited amorphous ZrOx thin film (at 400 °C) as the gate dielectric layer, and an
amorphous zinc tin oxide deposited by spin coating (ZTO, at 350 °C) as the channel layer.
The device demonstrated an excellent electrical performance with low hysteresis
(—0.18 V), high lon/loff current ratio of 10° orders of magnitude, saturation mobility of
4.6 cm?Vv-1s7l, subthreshold slope (SS) of 0.25 V dec™, and operating at a low voltage
window of 3 V. However, as a proof of concept, the low temperature (200 °C) processed
ZrOx thin film was integrated in TFT without and after UVO treatment, and sputtered
IGZO was employed as the channel layer. The TFT device with the untreated ZrOyx gate
dielectric performs poorly, while the TFT device with the UVO treated ZrOy gate dielectric
exhibited better performance with saturation mobility ~ 8.4 cm?V-s2, low lon/loff current
ratio ~103, and operates at a low voltage window of 5 V.

In conclusion, the strategy to improve the properties of CSP deposited TiO: film by
doping, and the possibility to fabricate MO-TFT by CSP method at 200 °C is first reported
in this thesis. The presented results are of practical importance in the development of
solution process metal oxide TFTs for low-cost and wide area fabrication. The simplicity
and wide area uniformity of CSP is been exploited in this work. And concept of UVO
post-deposition treatment adopted in this work will extends the potential of CSP to
flexible electronic applications.
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Liihikokkuvote

Metallioksiidi ohukesed kiled keemilise pihustuspiiroliiiisi
meetodil: materjali omaduste optimeerimine ja rakendamine
ohukesekilelistes transistorides

Tanapdeva elektroonikaturul kasvab ndéudlus vastupidava, painduva ja tookindla
elektroonika jarele — elektroonikaseadiste moddud kahanevad, kuid joudlus kasvab
varasemaga vorreldes. Transistori kui elektroonikakomponendi leiutamine on olnud
elektroonilise aparatuuri kiire arengu peamiseks liikumapanevaks jouks. Praegu
rakendatakse Ohukesekileliste transistoride (TFT) valmistamisel jarjestiksadestamise
skeemi ja keerulisi vaakum- vGi litograafiaprotsesse soovitud konfiguratsiooni
saavutamiseks, mis teeb TFT-de valmistamise kulukas.

TFT-de valmistamine keemiliste vedeliksadestusmeetoditega on alternatiiv senistele
tavapdrastele valmistamismeetoditele. Keemiliste vedeliksadestusmeetodite peamisteks
eelisteks on kulutdhusus, lihtsus ja valmistatava kihi Ghtlus, mis loob eelduse nende
meetodite kasutamiseks t00stuses. Hoolimata keemiliste vedeliksadestusmeetodite
eelistest, ei ole keemilise pihustuspiroliilisi (CSP) meetodi ainulaadset potentsiaali
TFT-de tootmises veel tdielikult rakendatud. CSP meetodi rakendamist painduvate
elektroonikaseadiste valmistamiseks on siiani piiranud suhteliselt kdrged sadestamis-
ja/vdi jareltootluse temperatuurid ja sellega kaasuvad tihenemis- ja pusivusprobleemid.
CSP rakendamiseks painduvate elektroonikaseadiste tootmises on esmatahtis langetada
valmistamisprotsessi temperatuur alla 400 °C.

Kirjanduses toodud uuringute jargi on CSP meetodil metalloksiidi (MO) TFT-de
valmistamisel keskendutud TFT kanalikihi véljaarendamisele, ent dielektrilise kihi
valjatédtamine on jaetud suurema tdhelepanuta. Senistes dielektrilise kihi arendamise
uuringutes on keskendutud peamiselt kile kasvumehhanismi, sadestus- ja jareltootluse
temperatuuri ja alusmaterjalide (klaas, rdni) moju uurimisele valmistatud kilede
omadustele. Senini puudub teadmine, kas CSP meetodit on vdimalik rakendada
MO-TFT-de valmistamiseks madalatel temperatuuridel.

Kdesoleva doktorito6 eesmark on valja to6tada strateegia amorfse metalloksiidi
dielektriku kihi sadestamiseks keemilise pihustusptroliilisi meetodil TFT jaoks, mis sobiks
rakendamiseks energiatohusas ja painduvas elektroonikaseadises. Doktorit6o keskendub
metallioksiidide valmistamise protsessi optimeerimisele, materjalide omaduste uurimisele
ja antud materjalidest TFT -de koostamise e ja karakteriseerimisele.

Doktoritoo p&hineb neljal avaldatud teadusartiklil: (1) Zr-legeeritud TiO2 (Zr-TiO2)
O6hukese kile tehnoloogia valjatéotamine CSP meetodil, (2) ZrOx ohukese kile
véaljaarendamine CSP meetodil, (3) CSP meetodil sadestatud ZrOx kilede jareltootluse
tehnoloogia valjaté6tamine ultraviolettkiirguse ja osooni (UVO) koosmdju all eesmargiga
alandada ZrOx kilede sadestuse- ja jareltdootluse temperatuuri (4), CSP meetodil
valmistatud ZrOx Shukese kile rakendamine TFTs dielektriku kihina.

Uuriti Zr-ga legeerimise mdju TiO:2 kilede morfoloogilistele, optilistele, struktuursetele
ja elektrilistele omadustele eesmargiga parendada CSP sadestatud kilede omadusi. Leiti,
et Zr-ga legeerimine parsib kristallilise TiO2 moodustumist, suurendab kilede keelutsooni
vairtust 3,14 eV kuni 3,52 eV-ni (40 mol% Zr) ja vihendab lekkevoolu 1,7 x 103 A (TiO2)
kuni 4,5 x 10° A (40 mol% Zr-TiO2). Paraku ei ole Zr-legeeritud TiO: kile keelutsooni
vadrtus piisav, et seda oleks otstarbekas kasutada TFT-s dielektrikuna. Seega on (lioluline
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valja arendada ja optimeerida laiema keelutsooniga dielektrilise materjali nagu ZrOx
kilede valmistamise tehnoloogia.

ZrOx 0hukese dielektrilise kile tehnoloogia valjatéotamiseks uuriti kasvutemperatuuri
moju CSP meetodil sadestatud kile struktuursetele ja elektrilistele omadustele. SEM ja
XRD analiiUsist selgus, et sile amorfne ZrOx kile tekib kui sadestustemperatuurid on alla
500°C. Kilede kasvatamise temperatuuri tdstmine 200°C kuni 400°C suurendab nii kile
mahtuvust (0,4 u F cm2 vs 0,8 i F cm2) kui suhtelist dielektrilist lbitavust (8,5 vs 22,7).
ZrOx kile valmistamise temperatuuri saab alandada kuni 200°C-ni kui rakendada
sadestamisjargselt UVO too6tlust. ZrOx kile pinna keemilise koostise ja kareduse muutusi
soltuvalt UVO tootluse ajast uuriti rontgenfotoelektron-spektroskoopia (XPS) ja AFM
meetoditel. XPS tulemuste analiiisist selgus, et UVO to6tluse aja suurenemisega kuni
120 minutini vdhenes hapniku vakantside osakaal ([Vo]/[Me-O]) 0,65-It 0,38-ni.
Mahtuvustakistuse modtmistest ilmnes, et 120 minutit UVO tootlust vahendab kile
lekkevoolu tihedust 3 suurusjarku (1,0x 108 A/cm?2 vs 2,0x10°Acm?) ning
mahtuvustihedus suurenes enam kui viis korda (280 nF cm™ vs 50 nF cm™).

Taielikult vedeliksadestuse meetoditel pohinev TFT valmistati kasutades optimeeritud
CSP tehnoloogiat amorfse ZrOx dielektrilise kihi valmistamiseks 400°C juures ja
pindvurritamise tehnoloogiat amorfse tsinktinaoksiidi (ZTO) kanalikihi jaoks. TFT
elektrilised niitajad on: vdhene histerees (-0,18V), Isees/lvajos =1x108, kiillastunud
laengukandjate liikuvus 4,6 cm? Vsl lavieelne kalle (SS) 0,25 V dec?, ja madal 3 V-ne
té6pinge. Madalal temperatuuril (200°C) sadestatud ZrOx 6huke kile integreeriti TFT-sse
tootlemata kujul ja UVO téodelduna. Kanalikihina kasutati katoodsadestuse meetodil
valmistatud InGaznO (IGZO) kilet. Tootlemata ZrOx-dielektrikuga TFT oli kasina
t66voimega, samas kui UVO toodeldud ZrOx dielektriku kihiga TFT elektrilised naitajad
on: tithine hiisterees, Isees/lvijos =1x103, kiillastusliikuvus 8 cm? Vs, ja madal 5 V-ne
t6o6pinge.

Kokkuvotteks, doktoritéos tootati valja strateegia CSP-TiO: dielektriliste omaduste
parendamiseks kasutades selleks tsirkooniumiga legeerimist. Selles t66s naidati
esmakordselt, et CSP meetodit on vdimalik kasutada dielektrilise kihi sadestamiseks nii
madalal temperatuuril nagu 200 °C kui sadestusjargselt rakendada UVO jareltdotlust.
Pihustussadestatud MO kihid nditavad omadusi, mis vGimaldab neid kasutada TFT-des.
Saadud tulemused on andnud olulise panuse vedeliksadestuse meetoditel valmistatud
TFT-de védljatodtamise strateegiasse ja loonud aluse TFT-de kuluefektiivseks tootmiseks.
Kaesolevas vaitekirjas rakendatakse CSP lihtsust ja vGimet tagada sadestatud pinna
Gihtlus suurel pindalal. Selle t66s arendatud ja rakendatud UVO jarelt66tlus voimaldab
CSP meetodit integreerida painduvate elektroonikaseadiste tootmisse.
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Abstract. Doping is an effective material re-engineering technique, which provides a possibility of improving properties of
materials for different applications. Herein, a Zr-doped TiO, thin film was deposited applying the chemical spray pyrolysis
method and the influence of varying zirconium dopant concentrations on the properties of the film was studied. Morphological
studies showed that the Zr-TiO, films were homogeneous with smaller grain sizes compared to the undoped TiO, films. As-
deposited Zr-TiO, films were amorphous while the undoped TiO, films were crystalline with anatase structure as revealed
by both X-ray diffraction and Raman spectroscopy studies. The optical band gap of the Zr-TiO, film was higher (3.44 ¢V)
than that of the undoped TiO, films (3.13 eV) showing a strong dependence on the phase composition. As revealed by energy
dispersive spectroscopy analysis, the Zr/Ti ratio in the film increased from 0.014 to 0.13 as the doping concentration in the spray
solution was increased from 5 to 40 mol%. The current—voltage (I-V) characteristic revealed a reduction of the leakage current
in the Zr-doped TiO, film (6.06 x 107 A) compared to the undoped TiO, films (1.69 x 10~ A) at 1 forward bias voltage.
The dielectric relaxation response at the oxide—electrode interface dipole was strongly influenced by the Zr doping concentration
in the film.

Key words: chemical spray pyrolysis, doping, thin films, dielectric relaxation, Zr—TiO,.

1. INTRODUCTION to their demonstrated uniformity over a large area and a

suitable dielectric constant [1,2].

Recently, silicon-based materials have been in limited
use because of the growing interest in cost-effective and
low-temperature processing materials that could for
example replace the SiO, gate dielectric layer of most
conventional thin film transistor (TFT) devices [1].
However, solution-processed metal oxide materials such
as titanium oxide (Ti0,), zirconium oxide (ZrO,), hafnium
oxide (HfO,), aluminium oxide (Al,O;), tantalum oxide
(Ta,05), and their mixtures are tenable alternatives due

! Corresponding author, abayomioluwabi@gmail.com

Titanium oxide and its polymorphs have attractive
and promising unique properties ranging from optical
to electronic properties, hence it has gained its use in
a wide range of applications, especially in TFTs [3-7].
Many routes have been adopted to enhance its properties,
but the doping of TiO, with different metallic or non-
metallic elements has displayed its effectiveness [8,9]
owing to the fact that doping affects the phase transition
temperature [10] and it can be easily harnessed by
controlling the composition of mixed oxides [8].
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The Zr doping in TiO; is chosen because Zr and Ti
are isovalent, which supports adequate incorporation of
Zr into the Ti0, lattice thereby increasing its bond length
to form a solid solution of Ti, ;Zr,O, and stabilizing
the anatase phase by delaying crystallite growth [8,11].
In the microstructure of the film formed from the
mixture of TiO, and ZrO,, whose band gap (5.8 eV) and
ionic radius (0.084 nm) are higher than those of TiO,
(band gap 3.0-3.4 ¢V and ionic radius 0.061 nm), plays
an important role [1,8]. Owing to these remarkable
properties, different research groups have reported
Zr-doped TiO, thin films, nanorods, and microspheres
for different applications [12,13]. Lukac et al. [14]
reported the effect of the annealing temperature on the
photo-catalytic performance of Zr-doped TiO, films.
Wang’s research group [15] investigated the behaviour
of Zr*" dopant ion in Zr-doped TiO, nanoparticles.

Several methods such as chemical vapour deposition,
the sol-gel method, reactive sputtering, and ultrasonic
spray pyrolysis have been used to deposit Zr-doped
TiO, films ([11] and references therein). Among these
methods, chemical spray pyrolysis (CSP) is an attractive
technique for the preparation of thin films because it is
simple to operate and use, film thickness and deposition
parameters are easy to control, it can be operated at
moderate temperatures, it does not require vacuum, and
it is not selective in the choice of substrate [11]. This
technique offers an opportunity to deposit uniform and
compact films for a wide area of device applications,
while the film properties strongly depend on the pre-
cursor reagent and on the deposition conditions [16].
Castaiieda et al. [17] reported deposition of TiO, thin
films by spray pyrolysis in the substrate temperature
range of 300-500 °C. Okuya et al. [18] also reported the
influence of additives in the precursor solution on the
mechanism of the crystallization of TiO,. The properties
of TiO, films prepared by the spray pyrolysis method
are also reported in [6]. To the best of our knowledge,
the properties of Zr-doped TiO, thin films deposited by
CSP have not been completely studied.

In our study, Zr-doped TiO, thin films were
deposited using CSP by varying the Zr/Ti mole ratio in
the solution. The structural, morphological, optical, and
electrical properties of the deposited films were investi-
gated for their application as the dielectric layer in a TFT.

2. EXPERIMENTAL

The Zr-doped TiO, films were deposited from analytical-
grade titanium(IV) isopropoxide (TTIP) and zirconium
acetylacetonate (Zr(AcacH),) reagents (from MERCK
and ALDRICH, respectively) as the precursors. The
synthesis of the TiO, precursor was performed as
follows: TTIP (1.8 mL) was stabilized with acetylacetone

(1.2 mL) in the ratio 1 : 2, which was maintained all
through the experiment. To this solution, 13.5 mL of
ethanol was added and the solution was stirred to
ensure homogeneity. The prepared solution was sprayed
onto preheated quartz and silicon substrates using
a pneumatic spray set-up. The films deposited on the
quartz substrate were used for structural studies, while
the films deposited on the silicon substrate were used
for electrical studies.

The Zr-doped TiO, solution was prepared by adding
quantitative amounts of Zr(AcacH), corresponding to
Zr/Ti mole ratios of 5, 10, 20, and 40 mol% into an
already stabilized TTIP and the above procedure was
repeated. The substrates were placed on a tin bath (7sn)
maintained at 450 °C and the precursors were sprayed at
a rate of 2.5 mL/min with compressed air as the carrier
gas. The flow rate of the carrier gas was 8 L/min with
one spray cycle consisting of 60 s spraying plus 60 s
pause. Ten spray cycles were made from each solution.
The samples were then annealed in air for one hour at
temperatures from 500 °C to 900 °C using a Nabertherm
L5/11/06D furnace. The as-deposited and annealed
films were labelled ‘undoped TiO,’ and ‘x-Zr-TiO,’ for
the undoped and doped samples, respectively, where x
corresponds to the mol% concentration of Zr in the
sprayed solution.

Optical measurements were performed by measuring
total transmittance and total reflectance spectra using
a Jasco-V670 spectrophotometer equipped with an
integrating sphere in the wavelength range 300—800 nm.
The X-ray diffraction (XRD) patterns were obtained
using a Rigaku Ultima IV diffractometer, which has
a silicon line detector and a Cu K, radiation source
operated at 40 kV and 40 mA. The surface morphology
and elemental composition were studied using a ZEISS
HR Ultra 55 scanning electron microscope (SEM) with
a Bruker energy dispersive spectroscopy (EDS) system
ESPRIT 1.8. The acceleration voltage for SEM measure-
ments was 4.0 kV and for EDS, 7.0 kV. Raman spectra
were acquired using a micro-Raman spectrometer
HORIBA Jobin Yvon Model HR800 with 532 nm laser
excitation line, which delivers 5 mW of power at 10 um
laser spot size during measurements. Raman peak analysis
was based on Lorenzian fitting. To access the electrical
properties of the as-deposited films, we produced a
metal-oxide semiconductor (MOS) device by growing
gold contact using a Quorum K975X vacuum evaporator
on top of the TiO, film surface with a contact area of
1.7 mm?, giving a Si/TiO,[Zr]/Au structure. The c-Si
wafer was contacted through a eutectic indium alloy
to ensure ohmic conductivity. The current—voltage
and impedance data were obtained using AUTOLAB
PGSTAT30/2 and analysed using frequency—-response
analysis software. A schematic presentation of the
investigated MOS structure is given in Fig. 1.
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Fig. 1. Metal oxide semiconductor device for measuring
electrical properties of x-Zr—TiO, thin films (0 <x <40 mol%).

3. RESULTS AND DISCUSSIONS

3.1. Surface morphology and composition

The SEM images were used to study the influence of
varying Zr concentrations in the precursor solution on
the morphology of the TiO, films. Figure 2 presents the
SEM images of the as-deposited (7sn = 450 °C) samples
and those annealed at 600 and 800 °C. The as-deposited
undoped TiO, and (5, 20)-Zr-TiO, films were uniform
and compact. Grains started to increase in the film after
annealing at 600 °C (Fig. 2 B, E, H). After annealing at
800 °C the surface of the undoped-TiO, film consisted
of smaller and larger grains of up to about 250 nm in
size (Fig. 2C); however, the surface of the 20-Zr—TiO,
film (Fig. 2I) consisted of grains with a size of up to
about 50 nm.

The thicknesses of films are shown in the insets of
Fig. 2. The results obtained revealed that the undoped
Ti0O, film was thicker than both 5-Zr-TiO, and 20-Zr—
Ti0, films (330 nm, 310 nm, and 250 nm, respectively),
which means that the thickness of a film decreased with
increasing the Zr concentration in the spray solution.
This is a common behaviour of spray deposited doped
films [19], which could be due to the fact that in-
creasing the dopant concentration in the solution
retards the growth of the film. The film thicknesses in
both undoped TiO; (322 nm) and 5-Zr-Ti0; (302 nm)
films changed slightly after annealing at 800 °C, but
changed significantly in the 20-Zr-TiO, film (167 nm).
A similar result was reported for zirconium doping by
atomic layer deposition [20].

The presence of Zr in the as-deposited Zr-doped
TiO, film was confirmed by EDS analysis, which
revealed an increase in the Zr/Ti atomic ratio in the film
from 0 to 0.13 as the mole ratio in the precursor solution
was increased from 0 to 40 mol%. The evaluation of Zr
content in the film revealed that more than 10% of the
Zr content in the precursor solution adequately doped
into the film, which indicates that Zr was actually present
in the deposited film. This is similar to what was
observed for Zr-doped ZnO films deposited by the spray
method in [19].

Fig. 2. SEM images of undoped TiO, (A-C), 5-Zr-TiO, (D-F), 20-Zr-TiO, (G-I) thin films; as-deposited (A, D, G) and after
annealing at 600 °C (B, E, H) and 800 °C (C, F, I). The inset contains their corresponding SEM cross-sectional images. (Films

were deposited on a Si substrate.)
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3.2. Structural and phase characterization
3.2.1. XRD study

The obtained XRD patterns of undoped TiO, and Zr-
doped TiO, films are shown in Fig. 3. For the as-
deposited samples (Fig. 3a), the undoped TiO, film
shows a sharp peak and the 5-Zr-TiO, film, a weak
peak at 20 =25.40° belonging to the anatase (101)
phase (PDF powder diffraction-01-075-1573). The (10,
40)-Zr-Ti0, films were amorphous, which indicates an
amorphization effect of incorporating Zr into the TiO,
lattice structure. Gao et al. also reported that Zr doping
delays the transition of the amorphous to the anatase
phase of TiO, deposited by the sol-gel method [21].
The (5, 40)-Zr-TiO, films showed amorphous to
anatase phase transition after annealing at 500 °C,
which was sustained up to 700 °C. After annealing at
700 °C and 800 °C (Fig. 3b and c), the undoped TiO,
film showed a mixture of both rutile and anatase phases
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with the anatase (101) peak at 20 = 25.40° and the rutile
(110) main peak at 20 = 27.43° (PDF01-0714808) while
the doped films remained anatase. However, anatase
and rutile mixed phases appeared in the 10-Zr—TiO,
film after annealing at 800 °C, which is an indication of
the stabilization of the anatase phase thereby delaying
the formation of the rutile phase. A similar result on the
formation of anatase and rutile mixed phases was also
reported by research groups of Schiller et al. and Wang
et al. on sol-gel deposited Zr-doped TiO, powders and
films, respectively [8,15].

Figure 3d reveals the shift in the position of the
anatase (101) main peak as a function of the Zr concen-
tration in the solution after annealing at 500 °C. The
position of the (101) diffraction peak shifted to lower
values of the diffraction angle 26 (from 25.79° to 25.60°)
in the diffraction pattern with the increasing Zr amount
in the film, which confirms the incorporation of Zr*" in
the TiO, lattice structure. The presence of Zr**, which
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Fig. 3. XRD patterns of undoped and x-Zr—TiO, films where x =0, 5, 10 mol%: (a) as-deposited at 450 °C, (b) after annealing
at 700 °C, and (c) 800 °C. The shift in the anatase (101) main diffraction peak position (P.P) as a function of the Zr/Ti mole ratio
in the spray solution is presented in (d) after annealing at 500 °C. (Films were deposited on a quartz substrate.)
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has a larger ionic radius of 0.072 nm compared to Ti*"
(0.061 nm) in the TiO, matrix, causes an increase in
the unit cell parameters, which brings about a shift in
the peak position to a lower 20 angle as explained by
Bragg’s law [21].

The mean crystallite size of the undoped TiO, and
Zr-doped TiO, films annealed at different temperatures
was calculated by applying the Scherrer formula on the
(101) anatase peak; the values obtained are presented
in Table 1. The Zr-doped TiO, films have smaller mean
crystallite sizes than the undoped TiO, films, which
decrease with an increase in the Zr concentration in
the film. At temperatures above 700 °C, the Zr-doped
samples displayed distinctively smaller crystallite sizes
than the undoped TiO, sample, which is an indication
of increased amorphization due to Zr doping. This
phenomenon is explained by the increase in the number
of nucleation sites that inhibit the growth of larger
crystallites with doping [8,22,23].

Table 1. Mean crystallite size of undoped TiO,, 5-Zr-TiO,,
and 20-Zr-TiO, films calculated by applying Scherrer’s
formula on the anatase (101) peak at different temperatures
of annealing

Annealing 7' (°C) Mean crystallite size, nm

TiO, 5-Zr-TiO, | 20-Zr-TiO,
500 40 50 30
600 30 30 20
700 35 30 25
800 40 35 30
1000 50 45 40

3.2.2. Raman study

The Raman spectra for the undoped and Zr-doped TiO,
films are shown in Fig. 4. The as-deposited TiO, spectrum
reveals a Raman band at 141 cm™ belonging to the TiO,
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Fig. 4. Raman spectra of the as-deposited undoped and (10, 20)-Zr-TiO, films grown at 450 °C (a), undoped TiO, film after
annealing at 800 °C (b), and (10, 20)-Zr-TiO, films after annealing at 900 °C (c). The FWHM as a function of Zr/Ti mol ratio in
the spray solution after annealing at 500 °C is presented in (d). (Films were deposited on a quartz substrate.)
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anatase phase while the doped films are amorphous,
concurring with the XRD data (Fig. 4a). After annealing
at 800 °C the undoped TiO, films revealed Raman peaks
at 141, 191, 398, 513, and 639 cm™" (Fig. 4b), which
are characteristic of the crystalline TiO, anatase phase
[24]. The peaks at 141, 191, and 639 cm™ correspond to
E, vibration modes, while the 398 and 513 em™" peaks
correspond to By, and A, + B;, modes of the anatase
phase, respectively [25]. In addition to those, the undoped
TiO;, film Raman spectrum shows additional peaks at
232 and 499 cm™', which belong to the TiO, rutile phase
after 800 °C (Fig. 4b).

The observed intensity of the Raman peaks de-
creased upon the introduction of Zr (figure not shown).
This indicates an increase in lattice imperfections due to
the incorporation of Zr [26]. The undoped TiO, film
shows additional peaks at 232 and 449 cm™, which
belong to the TiO, rutile phase after annealing at 800 °C
(Fig. 4b). Also after annealing at 900 °C, the 10-Zr—TiO,
and 20-Zr-TiO, films show mixed anatase and rutile
phases (Fig. 4c). The full width half maximum (FWHM)
values as a function of doping concentration presented
in Fig. 4d are those of the anatase main peak positioned
at 141 cm ™ after the films were annealed at 500 °C. The
FWHM increases from 14.5 cm™ to 22.23 cm™ with the
concentration of Zr*" dopant, indicating a reduction in
the size of the crystallite.

Table 2 summarizes the XRD and Raman results of
Zr-doped TiO, thin films at different annealing tem-
peratures for different Zr doping concentrations present
in the precursor solution. As-deposited x-Zr-TiO, films,
where values of x are in the range 5 < x <40 mol%, are
mainly amorphous with no trace of other crystalline
phases detected in the samples. This is an indication that
Zr inhibits the crystallization of TiO, films and that Zr
is distributed into the TiO, matrix as a dilute solid
solution [21]. The higher the doping concentration, the
more phase transition temperature is shifted to higher
temperatures. The 40-Zr—Ti0, films show that the anatase
phase is stable even after annealing at 900 °C, indicating
high phase stability.
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3.3. Optical properties

Figure 5 shows the total transmittance spectra for the as-
deposited TiO, thin film at different Zr-doping concen-
trations in the wavelength range between 300 and
800 nm. All the thin films show interference patterns
with optical transparency above 60% in the visible
region (from 400 to 800 nm). The interference patterns
are a result of multiple reflections at the air—film and
film—substrate interfaces due to the difference in the
refractive index between the air, the TiO, film, and the
substrate. This confirms that the films were transparent
in the visible region, homogeneous, and uniformly coated
on the substrates [27,28] as seen in the SEM images
(Fig. 2). The interference occurs when the film surface
is reflective with less scattering or absorption in the
bulk. If the film surface is rough, the incident light will
be scattered in all directions without reflection [28].
The total transmittance increases as the concentration
of Zr in the solution is increased. A blue shift in
the absorption edge of the transmittance spectra of the
Zr-doped Ti0O, films compared with the TiO, spectrum
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Fig. 5. Total transmittance spectra of the as-deposited TiO,

films with different Zr-doping concentrations. (Films were
deposited on a quartz substrate.)

Table 2. Phase composition of Zr-doped TiO, thin films at different annealing temperatures 7,,. The phases are shaded in the

cells: A — anatase, R — rutile, amorf — amorphous

[Z?]; As-deposited Tw=500°C | T,,=600°C | T,,=700°C | T,,=800°C | T,,=900°C | T,,=1000°C
mol%

;I:)lsu%gz Raman XRD | Raman | XRD | Raman | XRD | Raman | XRD | Raman | XRD | Raman | XRD | Raman | XRD
0 A A A A A A A A+R  A+R  A+R A+R A+R - A+R
10 A A A A A A A A+R  A+R A+R - A+R
20 A A A A A A A A A+R  A+R - A+R
40 A A A A A A A A A A - A+R
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denotes an increase in the optical band gap with an
increasing Zr concentration caused by a change of the
lattice constant.

The optical direct band gap energy of the deposited
films was calculated by applying expression (1) on
a Tauc plot [29] after taking into consideration the
reflectivity, absorption coefficient, and film thickness as
these strongly affect the transparency of the film.

(ahv) = A(hv=E,)". (1)
Here a is the optical absorption coefficient, Av is the
photon energy, 4 is a constant called critical absorption,
the value of n varies depending on whether the band
transition is direct or indirect, and E, is the optical
band gap. The values of E, for undoped and Zr-doped
TiO, films were obtained by plotting (ahv)"'" against
the photon energy (4v) when the value of n=10.5 for
direct transition. The linear part of the curve was then
extrapolated to the hv axis as shown in Fig. 6a for
(0-10)-Zr-TiO, films [30,31]. The band gap energy of
the 10-Zr-TiO;, thin film (3.2 V) was higher than that
of the undoped TiO, film (3.14 eV). The value of E,
increased slightly (from 3.23 eV to 3.38 eV) with
annealing temperature rising up to 600-700 °C and later
decreased (to 3.05 eV) as the rutile phase started to form
in the 10-Zr—TiO; thin film (Fig. 6b).

Theoretical calculations of the electronic properties
of Zr-doped TiO, films show no change in the band gap
[32,33] while experiments have given mixed results
depending on the method of the preparation and the
nature of doping. An increase in the band gap was
reported for nanocrystalline samples, which was attributed
to the quantum confinement effect because of the small
particle sizes [34]. The increase in the band gap and
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decreased crystallite sizes with Zr-doping were reported
for sol—gel deposited samples [17,28]. The slight change
in the band gap values observed in this work can there-
fore be due to structural changes caused by Zr-doping
and annealing [14].

3.4. Electrical studies

3.4.1. Current—voltage characteristics

The leakage current in the forward bias regime is
illustrated in Fig. 7 for the as-deposited undoped TiO,
and (20, 40)-Zr—TiO, films. The leakage current at 1 V
amounted to 1.7 x 107 A, 6.1 x 107 A, and 4.5 x 10™ A
for undoped-TiO,, 20-Zr-TiO,, and 40-Zr-TiO,, re-
spectively. The Zr dopant helped to reduce the leakage
current by two orders of magnitude. Considering the
fact that the leakage current is exponentially dependent
on the thickness of the insulating layer, we normalized
the thickness value in both undoped TiO, and Zr-doped
Ti0, layers to 200 nm in our calculations. This helped
us to prove that the tendency we show in Fig. 7 was due
to the dopant effect. For TiO, deposited by the CSP
technique, leakage currents of similar magnitudes were
reported in the literature [35]. The zero-bias barrier
heights of the undoped and Zr-doped TiO, samples were
determined from the vertical intercept of the In(/)-V
plots (plot not shown) and calculated using the following
expression [36]:

*2
)

p I 2

where 4 is the effective area of the diode, 4" is the
effective Richardson constant equal to 1200 A cm™ T2
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Fig. 6. (a) Determination of the optical band gap of as-deposited undoped and Zr-doped TiO, films and (b) the variation of the
band gap of the undoped and Zr-doped TiO, films with the annealing temperature. (Films were deposited on a quartz substrate.)



154

—u— 0 mol%
—p»— 20 mol%
—b— 40 mol%

10 15 20

Voltage (V)

0.5

Fig. 7. Leakage current as a function of forward bias voltage
for x-Zr-TiO, films where the concentration of Zr in the
solution x = 0, 20, and 40 mol%. The metal oxide semiconductor
structure is Si/TiO,[Zr]/Au.

for TiO, [37], k is the Boltzmann constant, and @y is the
Schottky barrier height.

The reverse saturation current /, amounted to
8.45x 107 A/em™, 3.84 x 107 A/em>, and 2.53 x 10
Alem™ for the undoped TiO,, 20-Zr-Ti0,, and 40-Zr—TiO,,
respectively. The values of @g obtained using Eq. (2)
amounted to 0.536, 0.562, and 0.571 eV for the undoped
Ti0,, 20-Zr-Ti0,, and 40-Zr-TiO,, respectively. The
decrease in the leakage current observed could be due
to the possibility of the material losing its conductivity
in the forward regime. These values compare well with
those found in the literature for similar structures of TiO,
deposited by other methods such as spray pyrolysis [35],
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magnetron sputtering [38], plasma enhanced physical
vapour deposition [39], and dip coating [40], for which
Schottky barrier heights between 0.4 and 1.0 eV were
reported. It is evident that the electronic properties of
Ti0, thin films and their derivatives depend strongly on
the deposition method and conditions.

3.4.2. Frequency response analysis

Figure 8a shows the Nyquist plot for the as-deposited
undoped TiO, and Zr-doped TiO, thin films on Si sub-
strates. The plots from the undoped TiO, and 20-Zr-TiO,
with Zr/Ti =20 mol% were multiplied by a factor of
50 for better presentation and comparison. The Nyquist
plot for the undoped TiO, film shows more than one
semicircle, implying that the sample could be modelled
by more than one parallel resistor—capacitor (RC)
circuit combination. For the (20, 40)-Zr-TiO, films,
it appears that the semicircles enlarge and overlap
to form a larger semicircle. The increase in the Z’
component is much greater than that in the Z" com-
ponent, indicating a strong increase in the parallel
resistance compared to the change in the capacitance
of the TiO, with doping.

In Fig. 8b a slight increase in the total impedance for
the 20-Zr—TiO, sample and a strong increase in the
40-Zr-TiO, sample by almost two orders of magnitude
can be observed. The undoped-TiO, sample shows two
points of inflection (where the gradient changes) at
frequencies of 4 kHz and 110 kHz, while the doped
samples have inflection points at 42 kHz and 620 Hz for
the 20-Zr-Ti0O, and 40-Zr-TiO, samples, respectively.
The Bode phase plots show phase angles close to 90° in
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Fig. 8. Nyquist plot (a) and Bode plot (b) for the x-Zr-TiO, film where the concentrations of Zr in the solution x =0, 20, and
40 mol%. The impedance plots for the TiO, and 20-Zr—TiO, samples were multiplied by a factor of 50 for the purpose of
comparison. The metal oxide semiconductor structure is Si/TiO,[Zr]/Au.
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the high frequency region, exhibiting more capacitive
behaviour, but in the low frequency region, the phase is
close to zero. The undoped TiO, film shows two peaks
in the mid- and high-frequency regions. However, the
(20, 40)-Zr-TiO, films show one broad peak spanning
the mid- and high-frequency regions, which broadens as
the amount of Zr dopant in the film increases from 20 to
40 mol%.

By plotting Z' vs wZ" as proposed by Abrantes et
al. [41] and Walke et al. [42], the contributions from
different relaxation frequencies that correspond to the
circuit time constant can be resolved. The relaxation
frequencies are determined from the slopes of the linear
sections of the Z' vs wZ" plots as demonstrated in Fig. 9.
The undoped TiO, film shows three different slopes
resulting in three relaxation frequencies of 72 kHz, 6 kHz,
and 650 Hz. Based on this result, the undoped TiO,
film can be accurately represented by an equivalent
circuit composed of three parallel RC components. The
20-Zr-TiO, film shows only two slopes of relaxation
frequencies 47 kHz and 30 kHz, which are quite close.
The 40-Zr—Ti0O, film shows three slopes with relaxation
frequencies 750 Hz, 540 Hz, and 186 Hz. It was observed
that as the concentration of the dopant was increased,
the relaxation frequency shifted to much lower frequencies.
This implies that with higher Zr doping the dielectric
response due to the oxide—electrode interface dipoles
dominates the dielectric properties of the Si/Zr-TiO,/Au
structure [43]. Understanding the nature of such interfaces
as a function of the dopant type and concentration is
therefore crucial to the performance of any electronic
devices.
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Fig. 9. Real part of the impedance vs imaginary part divided
by the frequency for x-Zr-TiO, films where the concentrations
of Zr in the solution x = 0, 20, and 40 mol%. The scale for the
40-Zr-TiO, film sample is top and right. The metal oxide
semiconductor structure is Si/Ti0,[Zr]/Au.

4. CONCLUSIONS

The CSP method was successfully used to deposit
a uniform and homogeneous Zr-doped TiO, film. The
XRD data reveal that the as-deposited Zr-doped TiO,
samples were amorphous, which became crystalline
with anatase crystal structure after annealing at 500 °C.
The average crystallite sizes were between 20 and 50 nm.
A mixture of anatase and rutile phases was observed
for the Zr-doped TiO, after annealing at 800 °C. Raman
analysis, which complements the XRD results, showed
that the FWHM value of the anatase main peak at
141 cm™ increased with Zr/Ti mole ratio in the precursor
solution, confirming the decrease in the crystallite sizes
with enhanced Zr doping. The leakage current in the as-
deposited TiO, was reduced by two orders of magnitude
with Zr doping of TiO, and the dielectric relaxation
response at the oxide—electrode interface shifted to lower
frequencies, from 72 kHz to 750 Hz, as the Zr concen-
tration in the sprayed solution was increased, thus
influencing the dielectric properties of the Si/Zr-TiO,/Au
structure. The results indicated that Zr dopant influenced
the properties of CSP deposited TiO, films, being
compatibly useful as the gate dielectric layer in the
transistor application of thin film.
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Zr-legeerimise mdju pihustuspiiroliiiisimeetodil sadestatud TiO, dhukeste kilede
struktuursetele ja elektrilistele omadustele

Abayomi T. Oluwabi, Albert O. Juma, Ilona Oja Acik, Arvo Mere ja Malle Krunks

Antud uurimistoos sadestati zirkooniumiga legeeritud TiO, (Zr-Ti0O,) kiled keemilisel pihustuspiiroliiiisimeetodil.
Uurimistoo eesmirk oli uurida Zr kui legeeriva elemendi mdju pihustatud TiO, kilede morfoloogilistele, struktuu-
rilistele, optilistele ja elektrilistele omadustele ning hinnata antud materjali voimekust tootada dielektrilise kihina
ohukesekilelistes transistorides. Leiti, et pihustatud Zr-TiO, kiledel on vidiksem tera suurus kui legeerimata TiO,
kiledel. EDS-analiiiis nditas, et Zr/Ti aatomsuhe kiledes suureneb 0,014 kuni 0,13, kui tdsta Zr kontsentratsiooni
pihustuslahuses vahemikus 540 mol%. XRD- ja Ramani analiiiis niitas, et dsja sadestatud TiO, kiled on kristalli-
lised anataasi struktuuriga, kuid Zr-TiO, kiled on amorfsed. TiO, kilede kuumutamisel 700 °C ja Zr-TiO, kilede
kuumutamisel 800 °C juures saadi kiled, mis koosnesid anataasi ning rutiili faaside segust. TiO, ja Zr-TiO, kiled
naitasid optilist keelutsooni vaartust vastavalt 3,13 ning 3,44 eV. Asja sadestatud 20-Zr-TiO, kiled naitavad raken-
datud paripinge 1 V juures viiksemat lekkevoolu (6,06 x 10~ A) kui TiO, kiled (1.69 x 107 A). T66 tulemusena
leiti, et pihustuspiiroliiiisimeetodil sadestatud ja jarelkuumutatud Zr-TiO, kiledel on perspektiivi, kasutamaks neid
dielektrilise kihina dhukesekilelistes transistorides.
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ARTICLE INFO ABSTRACT

As the applicability of high-k oxides in field-effect transistor became enormous, the physical and chemical un-
derstanding of their dielectric properties as well as preparation technique should be diligently studied. Herein,
we have studied the deposition of zirconium oxide (ZrO,) thin film by chemical spray pyrolysis and we have
investigated the influences of deposition temperature (200, 300, 400, 500 °C) and annealing temperature (500,
800 °C) on the morphological, structural, optical, and electrical properties of the film. It was observed that the as-
deposited ZrO, thin films at temperature below 500 °C were smooth, dense, and structurally amorphous — while
the ZrO, thin film deposited at 500 °C are poorly crystalline. As confirmed by Raman and X-ray diffraction peak
deconvolution, ZrO, tetragonal phase was predominant in the film upon annealing at 500 °C, and the monoclinic
phase favoured after annealing at 800 °C. As-deposited ZrO, thin film are optically transparent (above 80% in the
visible region) with a slight decrease in transmittance upon annealing at higher temperature. The optical band
gap of ZrO, film was in the range 5.39-5.68 eV and the dielectric constant (k) in the range 4.3-13.0, depending
on the deposition temperature.

Keywords:

Thin films

Chemical spray pyrolysis
High-k oxides

Zirconium oxide
Dielectric properties

1. Introduction

After the invention of the first microprocessor, the technological
demand of transistor became enormous in integrated circuit, which led
to its constant evolutionary improvement [1]. Now, the current interest
in miniaturization in modern electronic devices has limit the silicon-
based materials, because of increased gate leakage current due to
quantum tunnelling effects [2], however, the use of structurally
amorphous high-k materials offer the possibilities of controlling this
problem owing to their wide band gap and high dielectric constant [3].
Moreover, amorphous high-k materials also help to improve the inter-
face properties of thin film transistor (TFT) device compared to poly-
crystalline ones, because the former are smoother with no grain
boundaries than the latter [1]. Nowadays the applicability and pro-
cessability of various high-k materials (such as; Al,O3, Y203, TasOs,
ZrO,, HfO, etc.) have been studied by different researchers as the gate
dielectric layer in TFT [3-6].

Among the plausible high-k materials, zirconium dioxide (ZrO,) is a
desirable gate insulator because it offers the possibility of ensuring an
optimum band offset (above 2 eV) with the channel layer. Additionally,
its optical property, high band gap energy, high refractive index, high
thermal stability and high dielectric constant has all together

* Corresponding authors.

contributed to its attractive study in different applications [4, 5, 7].
Generally, the properties of metal oxide material are structurally de-
pendent and ZrO, is not an exception. Three different polymorphs of
ZrO, exist; namely tetragonal (t), cubic (¢), and monoclinic (m), with
each having relatively different dielectric properties [8, 9]. For ex-
ample, Vanderbelt et al., reported the average dielectric constant (k) for
three ZrO, polymorphs (t-47, ¢-37, m-17) using computational techni-
ques [10]. Kukli et al., have reported a mixture of t-ZrO, and c-ZrO,
phases with a high dielectric constant (30) for ZrO, thin film deposited
by atomic layer deposition (ALD) [11], and the performance of amor-
phous phase ZrO, thin film has been tested as a better and acceptable
phase in TFT device operation [4, 12, 13].

In previous years, ZrO, thin films have been deposited by vacuum-
based technology, which is a cost ineffective technique and not suitable
for large area deposition. On the quest to overcoming this impediment,
researchers have focus on the solution-processed techniques as an al-
ternative deposition process, which includes chemical spray pyrolysis
(CSP), spin-coating, dip coating, combustion synthesis [4, 6, 14, 15].
The operational simplicity, possibility of depositing uniform film over a
large surface area, high degree of freedom in mixing precursor solution,
and cost effectiveness distinguishes CSP technique among every other
solution process methods. G.Adamopoulos et al., reported a low-
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Fig. 1. SEM images of ZrO, thin film as-deposited at both (a) 300 °C, and (b) 500 °C from 0.025M precursor solution; and their morphological changes after
annealing at 800 °C in (c), and (d) for both deposition temperatures respectively. Corresponding cross-sectional images in the inset of (a), (b), (c¢) and (d).

voltage, high-electron mobility TFT based on ZrO, dielectric layer,
which was fabricated by CSP [16], A. Ortiz et al., deposited cubic-phase
ZrO, thin film layer by CSP [17], while A. Lintanf-salaun et al., have
reported deposition of zirconia film by electro-spray deposition method
[5].

Several Zr-precursor sources have been reported such as zirconium
oxychloride, zirconium n-propoxide zirconium acetylacetonate etc.,
however, the zirconium acetylacetate demonstrated better advantage
over others because no additional additive (or chelating agent) is
needed to stabilize their sensitivity to hydrolysis or pyrolysis [15].
Despite the studies of ZrO, as the gate dielectric in TFT, comprehensive
study on the effect of deposition temperature on structural and elec-
trical properties of ZrO, thin film is still missing.

The aim of this work was to deposit high-k ZrO, thin film by CSP
method - investigating the influences of deposition and annealing
temperature on their structural and electrical properties as the gate
dielectric layer in TFT application.

2. Experimental details
2.1. Precursor solution preparation

Zirconium (IV) acetyl acetonate [Zr(CsH;05)4; Sigma-Aldrich, 98%]
was dissolved in methanol (Me-OH, CH30H; Sigma-Aldrich, 99%) at
room temperature to yield a solution with Zr** ion concentrations of
0.025M and 0.05 M; on both cases, the solution was constantly stirred
for at least 30 min to ensure complete dissolution of the solute in the
solvent.

2.2. Thin film deposition and characterisation

Before the deposition, all substrates (n-type silicon wafer and quartz
with 2 x 2 cm?) were rinsed in an ultrasonic bath at 50 °C with acetone,
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ethanol, and distilled water for 15 min respectively; and later dried in
air. Thin films were deposited by ultrasonic spray pyrolysis (USP)
technique, which consist of a nebulizer operated at 1.5 MHz. The neb-
ulized ZrO, precursor solution and its resulting aerosol was transported
and directed onto a heated quartz and Si-wafer substrates with the aid
of a compressed air as carrier gas (flow rate; 3 L/min) and director gas
(flow rate; 1 L/min). In order to optimise and develop the deposition
process, the deposition time (22 min), spray cycle (20 cycle) and carrier
gas parameters were fixed, while the deposition temperature
(T4ep = 200, 300, 400, 500 °C) and ZrO, precursor concentration were
varied. The samples were annealed in air for one hour at temperatures
(Tann) of 500 °C and 800 °C using Nabertherm L5/11/06D furnace. The
films deposited on c-Si substrate were used for electrical, morphological
and structural characterisation, while the films on quartz substrate were
used for optical studies.

Optical measurements were performed by measuring total trans-
mittance and total reflectance using Jasco-V670 spectrophotometer
equipped with an integrating sphere in the wavelength range
200-800nm. X-ray diffraction (XRD) patterns were obtained using
Rigaku Ultima IV diffractometer, which has a silicon stripe detector and
a Cu K, radiation source operated at 40kV and 40 mA. Surface mor-
phology and elemental composition were studied using ZEISS HR Ultra
55 scanning electron microscope (SEM) with Bruker EDS system
ESPRIT 1.8. The acceleration voltage for SEM measurements was 4.0 kV
and for EDS was 7.0 kV. Raman spectra were acquired using a micro-
Raman spectrometer HORIBA Jobin Yvon Model HR800 with 532 nm
laser excitation line, which delivers 5 mW of power at 10 um laser spot
size during measurement. To access the electrical properties of the as-
deposited and annealed films, we fabricated a metal-oxide-semi-
conductor (MOS) device by depositing aluminium contact using
Quorum K975X vacuum evaporator on top of ZrO, film surface with
contact area of 1.7 mm?, giving a Si/ZrO,/Al structure. The c-Si wafer
was contacted through a carbon paste to ensure ohmic conductivity.
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Impedance date were obtained using AUTOLAB PGSTAT30/2 and
analysed using the frequency-response analysis software.

3. Results and discussions
3.1. Morphology

Fig. 1, shows the surface and cross-sectional images of 0.025 M ZrO,
thin film deposited at 300°C, 500 °C, and their corresponding film
morphology after post-deposition annealing treatment at 800 °C. The
as-deposited ZrO, thin film formed from both deposition temperatures
[Fig. 1(a) and (b)] show a flat, uniform and homogenous surface, which
implies that the surface of the deposited ZrO, film is very dense and
smooth. The ZrO, film thicknesses obtained from the SEM cross-sec-
tional images [inset of Fig. 1(a) and (b)] show that ZrO, films deposited
at 300 °C has lower thickness (—~65nm) than ZrO, film deposited at
500 °C (~167 nm). However, it is imperative to point out that irre-
spective of the spray solution concentration and deposition tempera-
ture, the ZrO, film surface morphology do not change, as they were still
very smooth and compacted. The smooth and compact morphology of
the film was retained with the absent of cracks or porosity even after
post deposition annealing treatment was done, as depicted in Fig. 1(c)
and (d). However, the ZrO, film thicknesses was reduced to ~51 nm,
and ~75nm for films deposited at 300 °C, and 500 °C in respective
order, this could be attributed to densification of film after annealing at
800 °C. To support the surface morphology obtained by SEM analysis,
Atomic force microscopy (AFM) analysis was performed (images not
shown) only on the ZrO, film deposited at 500 °C, we found out that the
uniformity obtained by AFM conforms with that of SEM, and the cal-
culated room mean square roughness amounted to ~0.45 nm.

Fig. 2 shows the variation in ZrO, thin film thickness as a function of
deposition temperature for films deposited from 0.025M and 0.05M
spray solutions. The film thickness value was obtained from the SEM's
cross section taken at three different points on the ZrO, film, and the
average of the thickness gotten from these points was calculated with
their error margins. The ZrO, thin film deposited from 0.025M spray
solution has a reduced film thickness (26-167 nm) than in the film

300
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Fig. 2. ZrO, thin film thickness as a function of deposition temperature. The
thickness value was obtained from SEM's cross-section of the ZrO, films de-
posited with [Zr] = 0.025M and 0.05M in the spray solution.
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Table 1
O/Zr atomic ratio in the ZrO, thin film deposited from a solution with
[Zr] = 0.025 M at different deposition temperature (300-500 °C).

O/Zr ratio in the film at different deposition temperature

300°C
4.5

400°C
4.0

Concentration [M] 500°C

0.025

deposited from 0.05 M spray solution (132-271 nm), but in both cases,
thickness was increasing with deposition temperature. The increase in
the observed film thickness with deposition temperature could be re-
lated with the zirconium acatylacetate [Zr(acac),] precursor source
being a volatile precursor. Just as it has been reported in the literature
by several authors that decomposition mass loss of Zr(acac), is tem-
perature dependent [18]. This means that more evaporation of volatile
precursor source occurred during low temperature (200 °C) deposition,
which led to higher loss of precursor solution, and thinner film was
formed. However, as deposition temperature was increased, techni-
cally, evaporation of volatile precursor solution was reduced, which
resulted in lower loss in precursor solution, and thicker films were
formed. The technological consideration of this was to ensure optimi-
sation, which was what we did in order to reduce the ZrO, film
thickness, as well as showing that it is possible to deposit a thin layer by
spray technology by reducing concentration of spray solution to
0.025M and depositing at temperature from 200 to 500 °C in steps of
100.

According to the EDS results presented in Table 1, the O/Zr ratio is
greater than 2 in the ZrO, films deposited at low temperature (below
500 °C), while the films deposited at 500 °C exhibited O/Zr ratio lesser
than 2. The result explains that the films formed at low temperature are
not stoichiometric, while the 500 °C deposited films were nearly stoi-
chiometric. One possible explanation for such behaviour could be due
to an incomplete chemical reaction needed for the oxidation of zirco-
nium in the film at low deposition temperature. Similar result has been
reported by Ortiz et al. for spray deposited ZrO, film [17].

3.2. Structural properties

XRD patterns of the 0.025M ZrO, thin films annealed at different
temperatures in air for different deposition temperatures (200, 300,
400, and 500 °C) were shown in Fig. 3. Fig. 3(a), shows the XRD pattern
of ZrO, thin film as-deposited at 200 °C and annealed in air for 1 h at
500 and 800 °C. According to the result, the film deposited at 200 °C are
amorphous, however, after annealing at 800 °C a weak peak centred at
20 = 30.35° appeared. Fig. 3(b, ¢), shows the XRD pattern of ZrO, thin
film deposited at 300 and 400 °C respectively. The ZrO, thin films de-
posited at both temperatures are also amorphous, but after annealing at
500 °C a broad peak appeared, centred at approximately 20 = 30.57° in
both films. Furthermore, an additional peak located at
20 = 35.42°%ppeared in the ZrO, thin film, which was deposited at
400 °C. Owing to the broad nature of the peak centred at “26 = 30.57°”,
differentiating between the t-ZrO, and c-ZrO, phases by XRD becomes
very difficult as they were both positioned at different points within the
broad peak. This was confirmed from the ZrO, powder X-ray diffraction
files (PDF 01-088-1007 and 01-077-3168) and their positions were also
marked on the plots. The reason for such an overlap could be due to an
internal stress within the film. As the annealing temperature was in-
creased up to 800 °C, the peak centred at 20 = 30.57°becomes a bit
narrow and intense, with the appearance of an extra shouldered peak
located at 26 = 31.48°, which belongs to the m-ZrO, phase (PDF 01-
080-0966) in the 400 °C deposited film.

Fig. 3(d) shows the XRD pattern of the ZrO, thin film deposited at
500 °C. As opposed to the as-deposited ZrO, films at lower tempera-
tures, the film shows a broad diffraction peak at 26 = 30.57° and an-
other peak at 20 = 35.42°. The peak remains broad and intense after
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Fig. 3. X-ray diffractograms of ZrO, thin films as-deposited (T,sq) from 0.025 M precursor solution at (a) 200 °C (b) 300 °C, (c) 400 °C, and (d) 500 °C; and the effect
upon annealing (T,,) at both 500 °C and 800 °C, where “T”, “C”, and “M” denote tetragonal, cubic, and monoclinic phases of ZrO, respectively.

annealing in air at 500 °C. However, after annealing at 800 °C the ad-
ditional peak located at 26 = 31.48° which also belongs to the m-ZrO,
phase (PDF 01-080-0966), became very visible and intense. The for-
mation of the monoclinic phase after annealing at 800 °C could be due
to the crystallisation in the ZrO, dielectric film because of high pro-
cessing temperature. However, it is known that the m-ZrO, phase is
thermodynamically stable at temperature below 1200 °C, similar phase
transition has been reported in [10, 11] for ZrO, film deposited by spin
coating and ALD. The reason for the amorphous nature of the ZrO, thin
films deposited at low temperature (200, 300, 400 °C) could be related
to the fact that the impinging ZrO, precursor solution lacks enough
surface mobility to produce crystal growth [17]. Similar behaviour of
such overlapping between the t-ZrO, and c-ZrO, has been reported
[19].

In order to separate the contributions from the two over lapping t-
ZrO, and c¢-ZrO, peaks in the broad peak located at 20 = 30.35° de-
convolution of the diffraction peaks located in the range
29.2° < 26° = 32.0° was carried out after annealing at 800 °C for the
ZrO, thin films deposited at 200, 300, 400, and 500 °C as depicted in
Fig. 4(a, b, ¢, d). The XRD peak centred at 260 = 30.35° was fitted by a
Lorenzian distribution into two different fractions centred at
“20 = 30.27°” and “26 = 30.55°” respectively. It is known from the
powder diffraction peaks that the peak at 26 = 30.27° corresponds to
the t-ZrO, phase and the peak at “26 = 30.55°” correspond to ¢-ZrO,
(PDF 01-088-1007, PDF 01-077-3168, and PDF 01-080-0966). It can be
clearly seen that the intensity of the c-ZrO, fraction decline as the de-
position temperature was increased, while the peak intensity of the t-
ZrO, fraction increases as the deposition temperature of ZrO, thin film
was increased to 500 °C, indicating that t-ZrO, phase was a major
fraction in the broad peak. According to Fig. 4 (c) and (d) the m-ZrO,
phase centred at “20 = 31.48°” appeared slightly in the film deposited
at 400 °C, which later became clearly visible in the 500 °C deposited
film. Some groups have explained such structural transformation to be a
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Fig. 4. Deconvolution of XRD peaks at range 29.2° < 26° = 32.0° after an-
nealing (T,,,) at 800 °C for ZrO, thin films deposited (T,sq) at (a) 200 °C, (b)
300 °C, (c) 400 °C, and (d) 500 °C. Note: “T”, “C” and “M” denote characteristic
peaks from tetragonal, cubic, and monoclinic phases, respectively.
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Fig. 6. Optical transmittance spectra of ZrO, thin film deposited from 0.025 M
precursor solution at various temperatures. The insect shows their corre-
sponding bandgap determination on a Tauc plot.

Table 2
Summary of the changes in the bandgap of ZrO, thin films deposited (T,sq) from
200 to 500 °C, and after annealing at T,,, = 500, 800 °C.

Band gap value (eV) of ZrO, (0.025 M films)

Tasa (°C) As-deposited Tann-500 Tann-800
200 5.68 5.39 5.25
300 5.43 5.48 5.58
400 5.21 5.58 5.60
500 5.39 5.25 5.14

result of sonication process — thus stabilizing the cubic phase at room
temperature [17, 20]. We are considering the dominant phase to be the
t-ZrO, phase rather than the c-ZrO, phase, because amorphous and
doped ZrO, films synthesized by other solution-based or sol — gel pro-
cesses have been reported to crystallize into mostly t-ZrO, ([21]: re-
ferences therein,) [22].

Raman spectroscopy — a more precise analytical technique for de-
tecting structural changes was used to study the corresponding struc-
tural changes in ZrO, thin film upon annealing, the result obtain for the
500 °C deposited film is shown in Fig. 5. The Raman spectrum of the as-
deposited ZrO, films depict three identifiable peaks, one at ~139 cm ™’
which belongs to t-ZrO, By, vibration mode, while the other two peaks
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at ~304cm ™! and ~438 cm ™! are from the silicon substrate [19, 21,
23]. The absence of no other peaks corresponding to other ZrO, phases
shows that the as-deposited films were predominantly tetragonal. As
the annealing temperature increases to 500 °C, t-ZrO, was sustained in
the film, with additional two weak peaks at ~178cm™ ! and
~189cm ™! belonging to m- ZrO, A, + B, and A, vibration modes re-
spectively [24, 25]. Further annealing at 800 °C, the m-ZrO, fractions
became visible, while the t-ZrO, was sustained in film. The Raman
study identified the t-ZrO, phase formed in the ZrO, films deposited at
500 °C, which later transformed to tetragonal-monoclinic mixed phases
upon annealing at higher temperature. The result also corroborate the
XRD peak deconvolution result, which demonstrated that t-ZrO, phase
was the major fraction.

3.3. Optical properties

The optical transmittance spectra of the 0.025M ZrO, thin film
deposited at 200, 300, 400, and 500 °C on quartz substrate is shown in
Fig. 6. All deposited ZrO, thin films demonstrated a high optical
transparency, with an average transmittance above 80% in the visible
range (400-700 nm), which indicates their applicability in transparent
electronics. The absence of interference fringes on the spectra of the
films deposited at both 200, and 300 °C show that they are thin and
there are no multiple reflections at the air/film and film/substrate in-
terfaces, thereby making it possible for maximum amount of the tra-
velled beam of light to be transmitted through the films [13]. However,
as the deposition temperature was increased to 400 °C and later to
500 °C, interference fringes appeared. The obtained increase in the
number of interference fringes with deposition temperature suggested
an increase in the film thickness, which support the SEM cross-sectional
results. Upon annealing at 800 °C (plot not shown), transmittance de-
creases slightly in all deposited ZrO, thin films and the interference
fringes remain. The decrease in transmittance can be attributed to the
elimination of interstitial oxygen at higher annealing temperatures;
however, different groups have reported similar observation on low-
temperature solution processed ZrO, films [26-29]. The corresponding
optical direct bandgap energy of all deposited ZrO, thin film was cal-
culated after taken into consideration the reflectivity, absorption coef-
ficient, and film thickness, as these strongly affect the transparency of
the film. The interference peaks was eliminated by relating transmit-
tance (T) to absorption coefficient (a) in Eq. (1)

T~(1-R™™ [€))]

where R is the reflectance and d is the thickness of the ZrO, dielectric
layer by applying expression (2) on a Tauc plot [30].

(ahv) = A(hv — Eg)" 2

where hv is the photon energy, A is a constant called critical absorption,
n = 0.5 for direct transition and E, is the optical band gap. The values of
E, for as-deposited and annealed ZrO, films were obtained by plotting
(ahv)? against the photon energy (hv) and extrapolating the linear part
of the curve to the energy axis as shown in the inset of Fig. 6. The band
gap values of all the as-deposited ZrO, film at 200, 300, 400, and 500 °C
are 5.68, 5.43, 5.21, and 5.39 eV respectively. The decrease in the en-
ergy bandgap is strongly dependent on the structural changes in the
ZrO, film from amorphous to crystalline phase. However, the summary
of the bang gap changes in the 200, 300, 400, and 500 °C deposited
ZrO, thin films with annealing temperature are presented in Table 2.
The band gap energy changes differently in the films just as annealing
temperature was increased from 500 to 800 °C, and it could be due to
the structurally disordered nature of amorphous materials [28, 29].
Furthermore, just as we have already shown by XRD that a mixture of t-
ZrO,, and m-ZrO, with a fraction of ¢-ZrO, phases was formed in the
film, and the EDS result showing a nonstoichiometric ZrO, films could
also be a reason for this behaviour.

In addition to the bandgap results, structural changes in the film has
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Fig. 7. Capacitance — frequency curves of ZrO, thin films as-deposited (Tasq) from 0.025 M precursor solution at (a) 200 °C (b) 300 °C, (c) 400 °C, and (d) 500 °C; and

the effect upon annealing (T,,) at both 500, and 800 °C.

been the reason mostly stated in the literature for experimentally stu-
died ZrO, thin films, because different polymorphs of ZrO, have dif-
ferent bandgap values. The E, value of 5.78 eV (for t-ZrO5), 5.83 eV (for
m-ZrO,) and 6.10 eV (for c-ZrO,) have been reported for the bulk form
of ZrO, [10, 31] and Gao et al. [29] have reported an Eg value of
5.65 eV for ZrO, film formed by liquid phase deposition method. While
the Eg values we obtained in our study are comparable with most of the
reported ones by wet-chemical process [28, 29, 31], and even much
higher than reported ones for ZrO, thin film prepared by sputtering
(4.52-4.67 eV) [32]. Secondly, the general high band gap obtained
from our result is a good indication that the spray deposited ZrO, film
could effectively prevent the conduction of carriers between the semi-
conductor layer and dielectric layer. It is also worth pointing out that
film thickness generally affect the properties of sprayed films [33, 34],
however, in this study the effect of film thickness is not obvious in the
optical properties of our films. As we experience no significant changes
in the transmittance (above 80%) and band gap values (5.56-5.66 eV)
of the as-deposited ZrO, film (from 0.05M precursor solution), com-
pared to as-deposited ZrO, films (from 0.025M precursor solution),
which are relatively thinner than the former at different deposition
temperatures (300, 400, and 500 °C).

3.4. Electrical properties

To characterise the electrical properties of the deposited ZrO, thin
films, films deposited with a molar solution of 0.025M were con-
sidered, because they were comparably thinner, and they were em-
ployed in capacitor with a structure of Al/ZrO,/n-Si. From the Nyquist
plot (not shown), we obtained the resistive property of the film by
determining the impedance parallel resistance (Rp) after fitting the plot
in the frequency range 100 Hz — 1MHz with an equivalent circuit
consisting of a constant phase element. The Rp of the as-deposited ZrO,
thin films at 200, 300, 400, and 500°C were 6.0 X 10°, 1.6 x 10°,
1.1 x 10% and 8.0 x 10° Q respectively, which shows that the values of
Rp varies differently in the films. This gives an indication that the grain
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boundary or ionic transportation path in the deposited ZrO, capacitors
are different at different deposition temperature, and it could be in-
timately linked with the structural changes within the ZrO, film, thus
influencing electronic behaviour. A similar behaviour has been reported
on ZrO, powdered film calcinated at different temperatures [35].

The dispersion curve of the capacitance value for both the as-de-
posited and annealed ZrO, films, which was calculated from the ima-
ginary impedance in the range 1 kHz and 1 MHz are shown in Fig. 8 for
all the deposited ZrO, thin films. As shown in Fig. 7a, b, ¢ and d, for
200, 300, 400, and 500 °C deposited ZrO, film respectively. It was
found that irrespective of the deposition temperature, the changes in
capacitance value is strongly dependent on frequency in all as-de-
posited films. After annealing at 500 °C both 300, and 400 °C deposited
films shows lesser dependence on frequency, with capacitance value
still stable until approximately 10 kHz before decreasing. However, the
200 °C deposited film shows a less dependence on frequency, while the
500 °C film was still strongly dependent on frequency. After 800 °C,
capacitance value became strongly independent of frequency irrespec-
tive of the ZrO, deposition temperature. The observed stability at
higher annealing temperature could be due to high densification of film
leading elimination of interface capacitance. It is important to point out
that the capacitance value did not increase with annealing treatment,
however, the increase shown by the 300 °C deposited ZrO, film after
annealing at 500 °C in Fig. 7b, could be due to interface capacitance.
The decreased capacitance at higher temperature could be attributed to
the formation of a low permittivity at the film-electrode interface in-
form of a passive layer, which is capable of causing high concentration
of defects, thereby serving as trap-centre for mobile charge carriers
[36].

According to equation C = ¢okA/d: where, ‘C’ is capacitance, ¢, is
the permittivity of free space, ‘k’ is the dielectric constant, ‘A’ is the
contact area, ‘d’ is the ZrO, film thickness, the dielectric constant of all
the deposited ZrO, films were calculated. Fig. 8 shows the dependence
of dielectric constant on frequency for all deposited ZrO, films after
annealing at 800°C. We found out that irrespective of deposition
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800 °C.

Table 3
Summary of electrical characterisation result of the ZrO, capacitors at different
deposition temperature after annealing at 800 °C.

Electrical characteristics of ZrO, capacitor after annealing at 800 °C

Deposition Thickness Resistance (Q)  Resistivity Dielectric

temperature °C (nm) (Q.cm) constant
(1 kHz)

200 24 7.6 x 10° 5.5 x 10" 4.3

300 51 1.2 x 107 4.1 % 10° 13.0

400 73 1.6 x 10° 3.7 x 10 7.8

500 120 8.0 x 10° 1.1 x 10° 9.8

temperature, dielectric constant was strongly independent of frequency.
However, its value was also increasing with deposition temperature,
which is as a result of structural changes in the film from amorphous to
a mixture of monoclinic-tetragonal ZrO, phases. ZrO, film deposited at
300 °C exhibited the maximum dielectric constant value (13.0) after
annealing at 800 °C, same film also exhibited a larger fraction c-ZrO,
phase, which happens to be a metastable phase with high dielectric
constant. Similar changes in electronic behaviour due to structural
phase transformation have been reported in the literature by Soliz et al.
[35], and KukKli et al. on ZrO, film grown by chemical vapour deposi-
tion [11].

The summary of the electrical properties of the various ZrO, capa-
citors at different deposition temperature are presented in Table 3.
Based on this result, all the deposited ZrO, thin films exhibited a stable
but different dielectric properties depending on deposition temperature
and structural changes in the films, the obtained results are comparable
to that of the polycrystalline ZrO, films grown from ZrCly by ALD,
where the dielectric constant did not exceed 20 [11]. Thereby ex-
plaining the fact that spray deposited ZrO, films can effectively serve as
the dielectric layer of thin film transistor, capable of working for low
frequency applications.

4. Conclusion

In summary, CSP was successfully adopted for the deposition of a
smooth and homogenous zirconium oxide thin film at different de-
position temperatures. As a result, the as-deposited ZrO, films displayed
a high optical transparency above 80% and high optical band gap be-
tween 5.21 and 5.68 eV, as well as an amorphous structure at different
deposition temperatures (200-500 °C). The phase transformation of
ZrO, film was predominantly amorphous to tetragonal after annealing
at 500 °C with the mixture of both tetragonal and monoclinic phases
formed after annealing at 800 °C. Annealing temperature was effective
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in stabilizing the electrical performance, thus yielding ZrO, thin films,
which was highly resistive with dielectric constant in the range
4.3-13.0, depending on the deposition temperature (200-500 °C).
Based on high optical band gap, high resistive property, and dielectric
constant obtained from this study, CSP deposited ZrO, thin film may
find practical application as the gate dielectric layer in thin film tran-
sistor applications.
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Solution processing of metal oxides has been the focal point of interest for many researchers mainly
because of the cost effectiveness and improved properties of metal oxides. However, achieving uniform
and high-quality film deposition has been a recurring challenge using various wet-chemical techniques.
Herein, we report a fully solution-based fabrication process exploiting both the ultrasonic spray pyrolysis
(USP) and spin coating techniques owing to their simplicity, high degree of freedom for mixing metal
oxide precursor salt, and larger area deposition. An amorphous zirconium oxide (ZrO,) dielectric and
zinc tin oxide (ZTO) semiconductor were deposited, respectively. The dielectric characteristics of the
ZrOy thin films were accessed by fabricating MIS-devices for the samples deposited at 200 °C and
400 °C, which exhibited a capacitance of 0.35 and 0.67 uF cm™~2 at 100 kHz and relative permittivity of
8.5 and 22.7, respectively. The ZrO, thin film was then integrated as the gate dielectric layer in ZTO
solution-processed thin film transistors, exhibiting a high electrical performance with low hysteresis
(—0.18 V), high on/off current ratio of 10° orders of magnitude, saturation mobility of 4.6 cm? V s,
subthreshold slope of 0.25 V dec™?, and operating at a low voltage window of 3 V. Based on these
results, the as-fabricated ZTO/ZrO, TFT opens the potential application of solution-processed transistors
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1. Introduction

Metal oxide materials are an excellent class of materials with
enormous electronic functionalities depending on their area of
usefulness, either as an insulator or a semiconductor. Recently
metal oxide thin films have attracted significant interest for
future electronic applications especially in thin film transistors
(TFTs) due to their large-area uniformity, high mobility,
good optical transparency in the visible light region, thermal
stability, and excellent environmental impact, and they can be
produced at low cost.'™ However, most of these metal oxide
transistors are incorporated into traditional silicon dioxide
(SiO,) dielectrics and they are operated at a high voltage
window above 30 V, which hinder their use in low-voltage,
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smart and portable applications. Since the induced electric
field directly corresponds to charge accumulation, replacing
the SiO, gate dielectric layer of TFTs with a high permittivity
(high-x) material would help accomplish low operation voltage.
Furthermore, the scaling-down of electronic devices (below
100 nm) has also called for the need to replace the SiO, gate
dielectric layer because of the problem of leakage current
caused by the quantum tunnelling effect.® Also, at a lower
thickness (10-100 nm), a high-x gate dielectric can achieve high
capacitance, allowing enough charge injection into the active
layer of the transistor.>” Several inorganic high-« oxides such as
titanium dioxide (TiO,), zirconium dioxide (Zr0,),*° yttrium oxide
(Y,0;), tantalum oxide (Ta,0s),"”'" hafnium oxide (HfO,)">'*
and aluminium oxide (ALLO;)'* have been investigated as
attractive candidates to replace the SiO, gate dielectric in
TFTs. Barquinha et al.'' studied the behaviour and stability
of transparent TFTs produced at low temperature using a
multicomponent amorphous dielectric material. Their findings
revealed that the Ta,Os dielectric can help to improve the
device performance based on the fact that this material has
the tendency to increase amorphization when mixed with other
dielectric materials with lower permittivity.

This journal is © The Royal Society of Chemistry 2020
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Among the inorganic high-« dielectrics, zirconium oxide (ZrO,) is
a desirable gate insulator because bulk ZrO, has a high permittivity
value (~25), low leakage current, good thermal stability, adequate
band alignment and forms good adhesion with Si-substrates.>'
Most importantly, the wide bandgap (5.0-7.8 eV) of ZrO, is beneficial
to suppress charge penetration from the gate electrode and to
reduce the generation of charge as a result of the thermal/
photoexcitation process.® In the past, good quality ZrO, thin
films have been deposited using different methods, for example,
atomic layer deposition, sputtering, chemical vapour deposition,
and e-beam evaporation,'® but these methods are very expensive
and the growth rate of the thin film is time consuming due to the
high vacuum. As opposed to the vacuum-based methods,
solution-based method such as spin coating, dip coating, inkjet
printing, and spray pyrolysis (SP) offer additional advantages
including cost effectiveness, simplicity, high degree of freedom,
and larger area of deposition.” "™

Interestingly, among the many wet-chemical methods, ultra-
sonic spray pyrolysis (USP) is an excellent thin film deposition
technique, offering an easy deposition process that gives room
for free mixing of precursor solutions at the molecular level
before deposition. The cost-effectiveness and non-selective
tendency to any substrate of USP distinguish it among several
other solution processes. It can easily be scaled up for industrial
or commercial fabrication processes and still maintain good film
uniformity over a wide area.’®?® Ortiz et al.>" fabricated a cubic
phase of ZrO, thin film by SP, and Oluwabi et al.'”° reported
the deposition of a ZrO, thin film by USP. Wang et al.>* reported
that a ZrO, dielectric deposited by SP has a low leakage
current (1.2 x 1077 A cm ) and a high dielectric breakdown
of 9.5 MV em ™' at a substrate temperature below 350 °C.

Moreover, to achieve reliable TFTs, the optimum band offset
between the conduction band of the dielectric in an n-type
transistor device must be above 1 eV with respect to that of the
channel layer in order to reduce the leakage caused by the
Schottky effect,”* and ZrO, can help prevent such effect.
Owing to its physical and chemical properties, ZrO, has been
employed in various TFTs, such as MoS, organic, graphene and
oxide TFTs.**?® As part of the TFT, the channel layer is
significant especially in transparent amorphous semiconductors,
as suggested by Honoso et al*’ Although solution-processed
metal oxide semiconductors, namely, indium zinc oxide (IZO)
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and indium gallium zinc oxide (IGZO), have been reported as
attractive choices of the channel layer, indium-free semiconduc-
tors such as zinc tin oxide (ZTO), among others have also attracted
significant attention due to the scarcity of naturally available
indium resources,””* enabling competitive device performance
in comparison with their indium-based counterparts.”**® The
ZTO semiconductor has good applicability in TFT, but typically
requires a high deposition temperature (above 350 °C), and the
mechanism of its synthesis has not been fully comprehended.
Salgueiro et al®' reported the role organic solvents in the
performance of solution-processed zinc tin oxide (ZTO)-based
TFTs. Table 1 presents the reported solution-processed ZrO,
dielectric TFTs. Adamopoulos et al.** reported a fully solution-
processed TFT by SP with a ZrO, gate dielectric operating at a low
voltage with high mobility. Similarly, Xinge et al.>* fabricated a
fully solution-processed TFT by spray combustion synthesis
(SCS) to achieve a device with high carrier mobility and good
reliability. Also, several solution-processed ZrO, dielectric TFTs
have been reported via spin coating.>?*>%%3

In this work, we demonstrate a combination of ultrasonic
spray pyrolysis (USP) and spin coating in the fabrication of high-
quality ZrO, gate dielectrics and ZTO semiconductor, respec-
tively, onto a rigid substrate. To the best of our knowledge, this is
the first report of an all-amorphous oxide TFT with low opera-
tional voltage. Furthermore, the introduction of USP into our
device fabrication process allowed the fabrication of the TFT
over a larger area, it improved the properties of the gate dielectric
layer and eliminated the problem of pinholes, which have the
tendency to jeopardise the final performance of the TFT device.
In our previous publication, ZrO, thin films were tested only as a
capacitor, but herein, we further tested a ZrO, thin film with a
thickness of ~30 nm as both a capacitor and gate dielectric in
TFTs, which is considerably lower than the thickness of ZrO, in

our previous report.'”*82°

2. Experimental details
2.1 Precursor solution preparation

The ZrO, precursor solution was prepared by dissolving
zirconium(iv) acetyl acetonate (Zr(CsH,0,),; Sigma-Aldrich, 98%)
in methanol (Me-OH, CH;OH; Sigma-Aldrich, 99%) at room

Table 1 Reports on the various solution-processed ZrO, gate dielectrics at different temperatures in the range of 250 °C < T < 500 °C tested in

TFT devices

Gate dielectric layer Channel layer

Transistor parameters

Mobility SS
Method Material 7 (°C) Structure ~ Method Material T (°C) Structure  (em®V 'S Vo, (V) (Vdec ') Ref.
Spin coating ~ ZrO, 400  Crystalline Spin coating  InO, 300  Crystalline 4.42 0.31 0.07 3
Spin coating ~ ZrO, 300  Amorphous Spin coating  NiO, 250  Amorphous 4.8 -1.6  0.35 8
Spin coating ~ ZrO, 250  Amorphous Spin coating  InO, 250  Amorphous 10.0 0 0.1 8
Spin coating  ZrO, 500 Crystalline  Spin coating ~ ZTO 500 Crystalline  2.50 1 0.23 34
Spin coating  ZrO, 350  Amorphous Spin coating  1ZO 250  Amorphous 0.16 0 1.49 26
Spin coating ~ ZrO, 400  Crystalline Spin coating ~ SnO, 350  Crystalline 2.50 —0.5  0.30 33
SCS ZrO, 350  Amorphous SCS 1GZO 350  Amorphous 28.5 0.3 — 22
Spray pyrolysis ZrO, 400  Crystalline Spray pyrolysis ZnO 400  Crystalline 32.0 -1 — 32
Spray pyrolysis ZrO, 400  Amorphous Spin coating ~ ZTO 350  Amorphous 4.60 -0.9 0.25 Present study

This journal is © The Royal Society of Chemistry 2020
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temperature to yield a solution with a Zr*" ion concentration of
0.025 M, and the solution was constantly stirred for at least
30 min to ensure complete dissolution of the solute in the
solvent. The solution was completely transparent and remained
transparent even after aging.

The zinc oxide precursor solution was prepared by dissolving
zinc nitrate salt (zinc nitrate hexahydrate; Sigma-Aldrich, 98%)
in 2-methoxyl ethanol (ME) (Roth, 98%). The tin oxide precursor
was prepared from a tin chloride source (tin(u) chloride; Sigma-
Aldrich, 98%) dissolved in ME solvent. Both the zinc and tin
oxides solutions were prepared at a metal ion concentration of
0.1 M and stirred for about 12 h. The ZTO precursor was made by
mixing the corresponding zinc and tin oxide precursor solutions
in the ratio of 2: 1. The resulting solution was then stirred for 1 h
to ensure homogeneity and finally filtered through a hydrophilic
filter with a 0.20 pm pore size before use.

The ZTO precursor solution was characterized by thermogravi-
metry and differential scanning calorimetry (TG-DSC) analysis of
the 0.1 M solution of the ZTO precursor to account for methoxy
propanol solvent evaporation events. TG-DSC analyses were per-
formed under an air atmosphere up to 550 °C with a 10 °C min "
heating rate in an aluminium crucible using a simultaneous
thermal analyser (TG-DSC - STA 449 F3 Jupiter, Netzsch).

2.2 Thin film deposition and characterisation

Prior to the film deposition, all substrates (p-type silicon wafer
and quartz with 2 x 2 cm?) were rinsed in an ultrasonic bath at
60 °C in acetone, isopropanol, and distilled water for 15 min
respectively, and were later dried in air. ZrO, dielectric films
were deposited via the ultrasonic spray pyrolysis (USP) tech-
nique as shown in Fig. 1a, and the deposition parameters have
been reported in.'” For the purpose of this study, the films were
deposited at both 200 °C and 400 °C without further annealing.

The film structure was assessed by glancing angle X-ray
diffraction (GAXRD) performed on an X’Pert PRO PANalytical
powder diffractometer using Cu Ko, line radiation (7 = 1.540598 A)
with the angle of incidence of the X-ray beam fixed at 0.9°.
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The thickness of ZTO and ZrO, was obtained by spectroscopic
ellipsometry measurement in the energy range of 1.5-6.0 eV
with an incident angle of 70° using a Jobin Yvon Uvisel system.
Total transmittance spectra were obtained using a Jasco-V670
spectrophotometer equipped with an integrating sphere in the
wavelength range of 200-800 nm, which was later used to calculate
the optical bandgap of the ZrO, dielectric at different deposition
temperatures. Surface morphology was studied using a ZEISS HR
Ultra 55 scanning electron microscope (SEM). The acceleration
voltage for SEM measurements was 4.0 kV. Attenuated total
reflectance (ATR) Fourier transform infrared spectroscopic char-
acterization of the thin films deposited on silicon substrates was

performed in the range of 4500-560 cm ™.

2.3 Fabrication of ZrO, MIS devices

The dielectric characteristics of ZrO, were accessed through
metal-insulator-semiconductor (MIS) capacitors by depositing
the ZrO, thin film onto p-type silicon substrates (1-3 Q cm),
as described above. Al gate electrodes (80 nm thick) with an
area of 8.0 x 10~ cm?* were deposited by thermal evaporation
via a shadow mask, and a similar thickness of Al film was
also deposited on the back of the silicon wafer to improve the
ohmic conductivity. Electrical characterization was performed
by measuring both the current-voltage (I-V) and capacitance-
voltage (C-V) characteristics of the devices using a semiconductor
device analyser (Keysight 1500A) connected to a Casecade M150
microprobe station inside a dark box at room temperature with
humidity between 30% and 40%. The capacitance-frequency
(C-F) curve was obtained from the impedance data measured in
the range of 10 Hz to 1 MHz using an AUTOLAB PGSTAT30/2.

2.4 Fabrication of ZrO, TFT devices

TFTs were produced in a staggered bottom-gate, top-contact
architecture by depositing the ZrO, thin films onto p-type
silicon substrates, as described above and shown in Fig. 1a
and b. The ZTO active layer was later deposited by spin coating
(using a Laurell Technologies instrument). Four layers of 0.1 M

w
Carriergas
source

rOx dielectric
substrate

Fig. 1 Fabrication stages of ZrO, gate dielectric TFT devices with ZTO semiconductor layer: (a) spraying of ZrO, precursor solution, (b) deposition of
ZrO, dielectric onto Si-substrate, (c) spin coating ZTO semiconductor onto ZrO,/Si, and (d) aluminium electrode deposition, yielding a TFT device with

the channel width (W) of 1400 pm and length of 100 pm (W/L = 14).
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ZTO precursor solution was spun for 35 s at 2000 rpm onto the
ZrO, thin films and annealed at 150 °C, 250 °C, and 350 °C
for 30 min (Fig. 1c). Finally, the source and drain aluminum
electrodes (100 nm thick) were deposited by thermal evapora-
tion via a shadow mask onto the annealed films (Fig. 1d).
The output and the transfer characteristics of the devices
were obtained in continuous mode with both back and forth
sweeps recorded in ambient conditions inside a Faraday cage
(in dark conditions) using a semiconductor parameter analyzer
(Agilent 4155C).

The saturation mobility (us,) was determined from the
following equation:'*

C T B sal

where Cyz is the gate dielectric capacitance per unit area,
Band L are the channel width and length, respectively, Vg is the
gate voltage, and V7 is the threshold voltage, which was
determined in the saturation regime by fitting of the curve of
I§? versus Vg and extrapolating the linear part to Vg axis.

3. Results and discussion
3.1 ZrO, dielectric thin film characterisation

The surface morphology of the ZrO, dielectric films deposited
at different temperatures was observed via atomic force micro-
scope (AFM, Fig. 2a and c) and SEM analysis (Fig. 2b and d).
The films surface roughness was estimated from the AFM height
profile and scanned through an area of 1 um x 1 pm. The ZrO,
films deposited at 200 °C (Fig. 2a) demonstrated a higher surface
roughness with a root mean square (RMS) roughness value of
0.33 nm compared with that deposited at 400 °C with an RMS
value of 0.29 nm. The decrease in the film surface roughness at
higher temperature could be due to film densification, which was
aided by the decomposition of volatile organic precursor during
the spray pyrolysis process. According to the TG/DTG/DTA results
of Oja et al.*>*° for spray-deposited TiO, dielectrics, the complete
decomposition of volatile organic complexes occurs above 400 °C.
In addition, the deposited ZrO, films were structurally amorphous

2r0,-200 °C

2r0,-400 °C

Fig. 2 Surface morphology of the solution-processed ZrO, dielectric
films. AFM deflection images of the as-deposited ZrO, dielectric at both
(a) 200 °C, and (c) 400 °C; and their corresponding SEM images at (b)
200 °C and (d) 400 °C on an Si-substrate.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 FTIR ATR absorbance spectra of ZrO, dielectric films deposited at
200 °C and 400 °C.

(see Fig. S1 in the ESIf) as confirmed by X-ray diffraction.
Furthermore, as depicted by the SEM images (Fig. 2b and d),
the ZrO, dielectric films were uniform, compact, and very smooth.

The FT-IR spectra of the deposited ZrO, dielectric thin films
deposited at 200 °C and 400 °C on Si-substrates is shown in
Fig. 3. All the films show a sharp infrared absorbance peak at
1120 cm™ !, which can be ascribed to the optical stretching
of the Si-O bond from the Si-substrate. The asymmetric CH;
deformation vibration centred at 1430 cm ™" was observed and a
slightly broad peak at 3545 cm™ ' associated with the bending
and stretching vibrational bond of the native O-H group from
the adsorbed water molecules on the surface of the ZrO,
dielectric was also observed."?

Furthermore, a weak absorbance peak centred at 2110 cm ™
corresponding to the C-H bond stretching was observed for
both films, which can be ascribed to the organic residues from
the ZrO, precursor reagent; thereby suggesting the presence of
organic residue in the ZrO, dielectric film network even after
annealing at 400 °C. Both the ZrO, dielectric films deposited at
200 °C and 400 °C exhibited infrared absorption peaks centred
at 880, 750, and 945 cm ', which are related to the metal
oxygen bond (Zr-O) stretching.'**!

The optical transmittance of the as-deposited ZrO, dielectric
film at 200 °C and 400 °C is shown in Fig. 4a. The absence of
interference fringes on the transmittance spectra indicates that
the films are very thin, which was later confirmed by spectro-
scopic ellipsometry (~20 nm and ~30 nm thick for the 200 °C
and 400 °C deposited films, respectively). It was observed
that both deposited ZrO, dielectric films demonstrated a high
optical transparency in the visible region (350-700 nm) with a
percentage transmittance of above 80%.

In addition, the transmittance decreased with an increase in
the deposition temperature, which can be attributed to the
changes in the film microstructure, although it was impossible
to be detected by XRD since the films are amorphous according
to the XRD result (ESIT S1, XRD). Another reason may be because
of the removal of oxygen vacancies in the film when they were

1
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Fig. 4 (a) Total transmittance spectra of the ZrO, dielectric film deposited
Tauc plots.

grown at 400 °C. A similar tendency was reported in our previous
publication.®'” The optical bandgap (E,) was estimated by fitting
the transmittance spectra to the standard Tauc plot,” which was
determined to be 5.78 and 5.35 eV for the ZrO, films deposited
at 200 °C and 400 °C, respectively (Fig. 4b). The reduction in the
E, value with the deposition temperature can be attributed to
many reasons, including microstructural changes within the
film, the presence of localised defects within the ZrO, band
structure thereby causing a reduction in the E, value, and the
disordered nature of the amorphous materials.>®"” Neverthe-
less, the E, values being generally high above 5 eV is a good

Photon energy (eV)

at 200 °C and 400 °C and (b) corresponding bandgap extrapolation in the

indication that the spray-deposited ZrO, dielectric film would
provide enough barrier needed to prevent carrier conduction
between the active layer and the gate dielectric layer of TFT.

3.2. ZrO, MIS characterisation

To demonstrate the insulating property of the sprayed ZrO,
dielectric thin film, an MIS-capacitor with the Al/p-Si/ZrO,/Al
structure was fabricated. The capacitance-frequency (C-F)
dispersion curves in Fig. 5a show that the area capacitance at
100 kHz for the ZrO, dielectric film deposited 200 °C and 400 °C
is 0.37, 0.67 UF cm ™%, corresponding to a permittivity of 8.4
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Fig. 5
the ZrO, films obtained at various deposition temperatures.
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(a) Capacitance—frequency curve, (b) capacitance-voltage, and (c) current—voltage characteristics of Al/p-type Si/ZrO,/Al MIS capacitors with
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and 22.7, respectively. The observed increase in the permittivity
value of the 400 °C deposited film can be due to the densification
of the film at a higher temperature. An important point is that the
observed increase in the dispersion curve for ZrO, deposited at
200 °C as the frequency decreases may be an indication that there
is another dielectric relaxation mechanism at lower frequencies
related with mobile ionic species as a result of the incomplete
decomposition of the ZrO, precursors at a low temperature.

Fig. 5b shows the capacitance-voltage curves for both the
200 °C and 400 °C deposited ZrO, dielectric films. The voltage bias
was carried in the forward and reverse sweep at 100 kHz, to ascertain
the stability of the MIS capacitor. When the ZrO,, film was deposited
at 400 °C, there was a saturation of the capacitance in the accumula-
tion regime, which did not occur for that at 200 °C due to the
leakage current (as confirmed in Fig. 5¢). Moreover, and contrary to
that for the film deposited at 200 °C, there are no bumps when
reaching accumulation, indicating a reduction in the density of
electron trap sites at the interface between ZrO,-silicon. Depending
on the type of shift in the C-V curve, an understanding about the
charge trapping/de-trapping within the oxide band structure can be
obtianed.™ In our case, the device produced at 200 °C showed that a
more negative bias was needed to complete accumulation due to
electron trapping, corroborating the C-F results.

Fig. 5¢ shows the plot of the current density against voltage
for the 200 °C, and 400 °C deposited ZrO, dielectrics. From the
plot, the leakage behaviour of the ZrO, gate dielectric films was
estimated from in the reverse bias regime at 1 V. It was observed
that the ZrO, deposited at 400 °C has a lower leakage current
of 3.56 x 10 ® A cm ™ that is lower than the one measured for
the 200 °C deposited dielectric film (4.26 x 10~* A cm™?). The
observed decrease in the leakage current is 2 orders of magni-
tude and can be attributed to the decomposition of volatile
organic compounds in the film at higher temperature, resulting
in the improvement of the density of the dielectric films.*"”

3.3 ZTO semiconductor thin film formation and
characterisation

The semiconductor, ZTO, film was formed via a simple sol-gel
synthesis approach, and the ZTO precursor is a mixture of both

(a) ZTO- thin films
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Zn-nitrate and Sn-chloride salts and dispersed in ME at a mole
ratio of 2:1 at room temperature. The thermal gravimetry and
differential calorimetry analyses for both the Zn-nitrate and the
Sn-chloride precursor solution were studied and are presented
in Fig. S2(a) and (b), ESL respectively. The degradation of the
Zn-nitrate precursor is very fast with almost 80% degradation
below 200 °C, while the degradation of the Sn-precursor is fairly
slow requiring a minimum temperature of 400 °C to complete
the decomposition process. On the other hand, the gravimetric
and differential scanning calorimetry analyses for the ZTO
precursor solution is presented in Fig. S3(a and b), respectively,
and the total residual mass loss for the decomposition process
from 20-550 °C is 70.28%. Thus, to obtain the desired ZTO thin
film phase, the reaction is expected to occur at a much higher
temperature (preferably, above 400 °C).

The FTIR spectrum of the ZTO precursor solution made from
the ME solution is presented in [S5] and the FTIR spectra of the
ZTO semiconductor thin films produced from this solution at
various annealing temperatures are presented in Fig. 6a. All the
ZTO semiconductor films show a sharp infrared absorbance peak
at 1120 em ™', which can be related to the optical stretching of the
Si-O bond from the Si-substrate, and they equally exhibited infra-
red absorption peaks centred at 880, 750, and 945 cm” ', corres-
ponding to the metal oxide bond (Zn-O and Sn-O) stretching."***
This result indicates that the ZTO films were composed of some
metal oxygen bonds and organic residues. The microstructures of
the ZTO thin films at various annealing temperatures were mea-
sured using XRD, and the results are shown in Fig. 6b. The absence
of obvious peaks in the X-ray diffraction patterns demonstrate the
amorphous nature of the ZTO thin films.

3.4 Electrical properties of solution-processed TFTs based on
SiO, gate dielectric

Based on the above discussion on the properties of the
ZrO, thin film, it can be inferred that the films deposited at a
higher temperature displayed better dielectric characteristics.
Nevertheless, to juxtapose this behaviour in TFTs, we first
investigated the feasibility of a solution-processed ZTO active
layer in a bottom gate and top source/drain contact architecture.

ZTO thin film

Intensity (a.u)

1 1 1

20 30 50 60

40
26 ()

(a) FTIR spectra of the ZTO semiconductor thin films annealed at various temperatures. (b) XRD patterns of the ZTO semiconductor thin films
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structure is shown in (c).

The conventional SiO,/Si-substrate was used as the gate elec-
trode and gate dielectric because of its reliability and low defect
density. Fig. 7 shows the output and the transfer characteristics
of the solution-processed ZTO-TFT and scheme of the TFT
architecture. The output curve of the ZTO-TFT after annealing
at 350 “C shows that the device has a clear distinction between
the linear and the saturation regimes (Fig. 7a). The absence of
overcrowding data points at the low drain voltage region demon-
strates the excellent ohmic contact between the Al electrode and
the ZTO channel layer. The TFT trans-conduction characteristics
are depicted in Fig. 7b, which showed very little hysteresis during
the sweep of the gate voltage in both the forward and reverse
directions. The result of the saturation mobility was extracted by
fitting the transconductance curve to eqn (1), and the statistical
summary of both the TFT and MIS devices is presented in
Table S1 (ESIt). The calculated saturation mobility (us) is
~0.5 cm® V' s, the threshold voltage (Vi) is 1.3 V, the
on-off current ratio (Ion/Iof) is up to 10%, the sub-threshold swing
(S.S.) is 760 mV per decade, the hysteresis is —0.4 V, and the on-
voltage (V,n) is —0.5 V. The extracted device parameters are also
summarised in Table 2. The SS value was used to estimate
the density of the interface state (D) of 1.1 x 10" cm? for the
ZTO-TFT device using eqn (2):

Dy — [SSlog(e) 3 1] @

kT /q q

&)

where &, T, and g are Boltzmann’s constant, absolute temperature,
and electronic charge, respectively. However, the Dit value is signifi-
cantly lower as opposed to what has been reported for ZTO-TFTs

fabricated using other techniques.®® It can also the attributed to
the ZTO thin film deposition technique yielding good quality film
(Fig. $4 in the ESIT) at a high annealing temperature, which aided
the good adhesion between the ZTO/SiO, interface.*

On the contrary, the behaviour of ZTO-TFT produced after
annealing at 250 °C (see Fig. S6 in the ESIT) is of poor quality and
the device exhibited a huge hysteresis voltage and high Vg, of
about 8 V, meaning that more power will be required to turn-on
the device. This can be due to the low quality of the channel layer
at a lower temperature because the ZTO semiconductor layer at
250 °C has more organic residue compared to that at 350 °C. This
assumption is consistent with the observation from the TG
analysis of the Zn(u) precursor compared with the Sn(u) precursor
(see Fig. S1a and b in the ESI}). According to the study by Sanctis
et al.,”® the degree of oxidation of the ZTO semiconducting layer
plays a crucial role in the performance of ZTO-based TFTs because
of the of oxygen defects arising from the highly defective SnO,
within the ZTO semiconductor layer.

3.5 Electrical properties of solution-processed TFT based on
ZrO, gate dielectric

The electrical performance of the TFTs presented in the previous
section proved that solution-processed ZTO can be adopted as
the active layer in TFTs. Here, we demonstrate the applicability
of the ZrO, dielectric as a likely replacement for the SiO,
dielectric layer in improving the performance of ZTO-based
TFTs. To avoid the problem of charge trapping at the interface
between the dielectric and channel layers, only the ZrO, thin film
processed at 400 °C was tested, and to reduce the inaccuracy when

Table 2 Summary of the TFT parameters for both the ZTO/SiO, and ZTO/ZrO, devices

Device Von (V) Ton/loge Sat. mob. (em* V™' s Vi (V) SS (V dec™) Hysteresis (V) Dy (em™?)
ZT0-250/Si0, 7.80 = 0.2 ~10* — ~8.45 — 1.71 £ 0.5 —

ZT0-350/Si0, —0.30 = 0.5 ~10° 0.47 £+ 0.01 1.32 + 0.08 0.76 £+ 0.01 —0.37 = 0.08 1.1 x 10%?
ZTO-350/ZrO,-400 —0.94 + 0.04 ~10° 4.61 £ 0.06 0.03 + 0.02 0.25 £ 0.01 —0.18 £+ 0.06 5.7 x 10"
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made device and the performance after 3 months shelf-life, and the schematic representation of the device structure is shown in (d).

calculating the mobility and SS since the devices are characterised
in a quasi-static regime, the capacitance (C = 1.0 puF cm™?) of
ZrO, was calculated at 50 Hz. The typical transfer and output
characteristics of the as-fabricated TFTs and the corresponding
device schematic are shown Fig. 8a-d. It can be seen in Fig. 8a
that again, the device exhibited a clear distinction between the
linear and saturation regimes and no current crowding was
observed. Fig. 8b shows the typical transfer characteristics of
the ZrO,-TFT device, and it can be seen that the off-state (L)
current increased with a decrease in the gate voltage. This
observation is typical of most high-x metal oxide derivatives,
which has been reported to be caused by their relative narrow
bandgap.'®!" Contrary to the ZTO/SiO, TFTs, the ZTO/ZrO, TFT
demonstrated a significant reduction in its operation voltage
window (between —1 V and 3 V), higher saturation mobility of
4.6 cm> V' s I/l ratio of 10°, small SS value of 250 mV per
decade, and a turn-on voltage of —0.9 V. The improvement in the
transistor parameters is mainly due to the higher permittivity of
the ZrO, thin film compared with that of the SiO, dielectric. The
ZrO,-based TFT dissipated a much lower power (0.3 mW) than
TFT based on the SiO, dielectric (30 mw).®

In our case, the clockwise hysteresis was estimated to be
—0.1 V, which means that electron trapping occurred during
forward sweeping. During the reverse gate voltage sweeping,
these states remain filled until the trapped electrons were
thermally de-trapped.® Moreover, D; is very important for device
stability and charge carrier mobility, which was estimated to be
5.7 x 10" em 2 for the ZTO/ZrO, TFT. These results show that
we obtained a good interface between the ZrO, gate dielectric
and the ZTO channel layer. Also, despite being larger than
that using SiO, as the dielectric, the Dj value is comparable to the
reported values for solution-processed ZrO, TFTs (1 x 10'> cm™?),%8

This journal is © The Royal Society of Chemistry 2020

and much lower than that for sputtered TFT devices.*’ The
improved performance is believed to have originated from the
thin and amorphous structure of the ZrO, gate dielectric,
providing a smooth interface between the ZrO, dielectric and
ZTO semiconductor layer.

The aging stability of the fabricated ZTO/ZrO, TFT device
was accessed by re-measuring its performance after 3 months
of storage without encapsulation or any specific storage condi-
tions (Fig. 8c). The device showed excellent stability with time
and no significant changes in its electrical performance was
observed, indicating it demonstrates an effective performance
towards cost-effective and low operation voltage solution-based
oxide electronics. This may be as a result of the slow sensitivity
of the active ZTO layer to native contaminants such as dust and
moisture, which have a tendency of increasing the surface
energy of semiconductor materials. Moreover, the degradation
of the active layer of metal oxide-based TFTs is mostly due their
sensitivity to surface adsorbates such as H,O molecules and
humidity, which act as trap sites for mobile carriers, and
therefore cause depletion of the active layer material.*' Another
reason for the shelf-life stability of the device can be due to the
in situ deposition of the ZTO layer at high temperature, which
led to the formation of a ZTO film with less defects, surface
adsorbed species, and organic contaminants. Riedl et al*'
demonstrated that in situ annealing can also be used to
improve the stress stability of ALD-processed ZTO-based TFTs.

4. Conclusions

In summary, we successfully reported the solution processing of
ZrO, thin films via a low-cost ultrasonic spray pyrolysis method
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and explored their applicability as a gate dielectric layer in TFTs.
The fabricated ZrO, films were uniform, smooth, amorphous,
and optically transparent with an E, value of 5.35 eV. The ZrO,
film exhibited a relative permittivity value of 22.7 (50 Hz) and
leakage current of 3.56 x 107 ® A em* at a bias of 1 V. The
optimized ZTO/SiO, TFTs annealed at 350 °C exhibited excellent
electrical performances, including a saturation mobility of
0.5 cm? V' s, a high I,/Iog value of 10%, a threshold voltage
of 1.32 V, and a small sub-threshold swing value of 0.76 V dec ™.
The SiO, gate dielectric was replaced by the sprayed-deposited
ZrO, dielectric to achieve a cost-effective and fully solution-
processed device. The ZTO/ZrO, TFTs exhibited a low operation
voltage of 3 V with optimized performances, including a high
saturation mobility of 4.6 cm® V™' s, a low threshold voltage
of 0.03 V, appreciable I,,/I ¢ current ratio of 10°, and a small
sub-threshold swing of 0.25 V dec . These results demonstrate
that the use of a very simple technique, such as both ultrasonic
spray pyrolysis and spin coating for the sequential deposition
of high-x gate dielectrics and metal oxide semiconductors repre-
sents a significant step towards the development of low-cost,
large-area oxide TFTs.
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Abstract: Solution-processed metal oxides require a great deal of thermal budget in order to achieve
the desired film properties. Here, we show that the deposition temperature of sprayed zirconium
oxide (ZrOy) thin film can be lowered by exposing the film surface to an ultraviolet (UV) ozone
treatment at room temperature. Atomic force microscopy reveals a smooth and uniform film with
the root mean square roughness reduced from ~ 0.63 nm (UVO-O) to ~ 0.28 nm (UVO-120) in the
UV-ozone treated ZrOj films. X-ray photoelectron spectroscopy analysis indicates the formation of a
Zr-O network on the surface film, and oxygen vacancy is reduced in the ZrOj lattice by increasing
the UV-ozone treatment time. The leakage current density in Al/ZrOx/p-Si structure was reduced
by three orders of magnitude by increasing the UV-ozone exposure time, while the capacitance was
in the range 290-266 nF/cm?, corresponding to a relative permittivity (k) in the range 5.8-6.6 at
1kHz. An indium gallium zinc oxide (IGZO)-based thin film transistor, employing a UV-treated ZrOy
gate dielectric deposited at 200 °C, exhibits negligible hysteresis, an Ion/Iog ratio of 10%, a saturation
mobility of 8.4 cm? V71571 a subthreshold slope of 0.21 V.dec™!, and a Von of 0.02 V. These results
demonstrate the potentiality of low-temperature sprayed amorphous ZrOy to be applied as a dielectric
in flexible and low-power-consumption oxide electronics.

Keywords: spray pyrolysis; low-temperature; zirconium oxide; Indium-Gallium-Zinc-Oxide;
UV-ozone; high-k dielectrics; thin film transistor

1. Introduction

Zirconium oxide (ZrOy) has gained a large amount of attention in different applications such as
thin film transistors (TFT) [1,2], sensors [3,4], display technology [1], and memory technology [5,6] due
to its unique thermal stability, optical, and electronic properties. Additionally, in TFT applications,
ZrOy has been employed as a plausible replacement for the silicon oxide dielectric layer, owing
to its high permittivity () (~25), and wide bandgap (5.1-7.8 eV) [7-9]. However, the production
of ZrOy dielectrics by a wet chemical process is still slow because of high processing temperature
(above 400 °C), arising from the need to decompose the organic moiety from the film’s matrix, which
in turn increases the thermal budget [10,11].
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Different authors have reported on the solution-processing technologies that can be used to produce
ZrOy dielectric films and the need for post deposition heat treatment in order to achieve a good-quality
film that will yield promising electrical performance in TFTs [12-15]. For instance, according to
Park et al., a ZrOy dielectric was synthesized by adding hydrogen peroxide, and the fabricated
dielectric film was tested as a TFT, which demonstrated a low leakage current with high breakdown
strength (3.4 MV/cm) after film treatment at 350 °C [12]. Lee et al. [13] fabricated a solution-processed
ZrOx TFT on a glass substrate; however, the desired carrier mobility (~25 cm?/Vs) was achieved at a
high annealing temperature of 500 °C. Ha and co-workers [14] employed solution-processed ZrOy as a
gate dielectric layer of Zinc Tin Oxide (ZTO)-TFTs, which demonstrated a low operating voltage (<5 V)
and high channel carrier concentration, but the optimized annealing temperature of the ZrOy dielectric
film was as high as 500 °C. Oja et.al [16], Juma et al. [17], and Oluwabi et al. [18,19] have deposited metal
oxide films by spray pyrolysis; in light of their results, the desired morphology and electrical properties
were attained after annealing at temperatures above 700 °C. Also, Morvillo et.al [20] reported that
annealing does not only influence the performance of metal oxide films but also influences electronic
changes in their underlying substrate (e.g. ITO), which eventually makes the optimization process
very challenging.

In recent years, different approaches have been reported regarding material selection and
curing conditions that can reduce the processing temperature (<250 °C) of solution-processed metal
oxide films [21-24]. These approaches can be grouped into two groups: (1) chemical methods that
deal with the chemistry of the precursor solution to facilitate a low external temperature [25]—for
instance, in combustion synthesis [10,26,27]—and (2) annealing methods that use alternative energy
sources or mediated annealing conditions to reduce the processing temperature of metal oxide thin
films [25]—examples of this approach are vapour, photo, and vacuum annealing [28].

Among the annealing methods, photo-assisted annealing such as UV, laser, and pulsed light
are potential alternatives to traditional high-thermal annealing because an adequate amount of light
energy can directly illuminate the surface of the film. Kim et al. proposed an effective way to fabricate
solution-processed metal oxide films using deep ultraviolet (DUV) irradiation at 150 °C [29]. Although
the approach was highly efficient, the damage caused by such UV equipment may render it unattractive
for production. Therefore, it is of great significance to develop a simple route to fabricate high-quality
dielectrics at low temperature, as it would be suitable as a gate-dielectric layer in TFT application.

Here, we present a systematic study of the effect of the UV-ozone (UVO) treatment of s
solution-processed ZrOy dielectric by the ultrasonic spray pyrolysis (USP) method; the influence of
UVO treatment was investigated with respect to the film’s morphology and electrical properties, while
the optimized ZrOy thin film was tested in indium gallium zinc oxide (IGZO)-based TFT devices.
It is essential to point out that UVO treatment is newly introduced for sprayed ZrOy dielectric films
and will be informative for future studies, opening the possibility of depositing ZrOy thin films onto
flexible substrates for electronic applications. The deposition temperature reported in this study differs
from a related work on the characterization of ZrOy deposited by the wet chemical method [24,30].
Most literature usually adopts thermal annealing plus UV treatment, whereas in this present work,
the photochemical post-deposition treatment was done at room temperature.

Mechanism of UV-Ozone Irradiation

UVO irradiation has been widely studied owing to its broad applicability in different fields,
and two regions of wavelengths have been significantly reported in the production of ozone. First,
light at A < 243 nm splits the atmospheric oxygen molecules, and secondly light at 240 <A <320 nm
decomposes ozone molecules to oxygen free radicals (O), which effectively performs the oxidative
treatment of the ZrOy films. The chemical reactions involved when the atmospheric air is used for
ozone production are [24,31] as follows:

O, (air) + (A < 243 nm) — 20 (free radicals)
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O + Oy = O3 (Ozone)
O3+ (240nm <A <320nm) —» O, + O
O+ 03 =20,

2. Materials and Methods

ZrOx thin films of about 20 nm thickness were deposited (Tgep) at 200 °C by the ultrasonic spray
pyrolysis (USP) technique, which uses a nebulizer operated at 1.5 MHz. The nebulized precursor
solution consisted of zirconium acetylacetate (Zr(acac)s) and methanol. The resulting aerosol was
transported onto a heated p-Si-wafer with the aid of air as the carrier gas (flow rate; 3 L/min). After the
deposition process, the UVO cleaning process was carried out using a commercially available UVO
system (NOVASCAN PSD-series, from Novascan Tech Inc., Boone, NC, USA) with UV-light (184.9 nm
and 253.7 nm) generated by a mercury vapor lamp. The UVO exposure time was varied at 30, 60,
and 120 min, respectively. The corresponding sample data in figure are labelled as UVO-0, UVO-30,
UVO-60, UVO-120 for 0, 30, 60, and 120 min of exposure time, respectively.

The surface morphology of the ZrOx dielectric film was determined by the atomic force microscopy
(AFM, from NT-MDT, S & L, Ireland) technique in a non-contact mode. All the scans were taken
in air using the instrument NT-MDT solver 47 pro with a resolution in the range of 3 nm, and the
investigated area was 2 um X 2 pm per scan. A silicon cantilever was employed as a probe for the
AFM image acquisition and connected to a resonator. AFM measurements were carried out on both
the untreated and UV-ozone (UVO)-treated ZrOx thin films to investigate the surface morphology
and root mean square (RMS) roughness. The RMS roughness was estimated using the Gwyddion
software (Version 2.54, GNU, General public license). The wettability of the ZrOy dielectric films was
studied using a DSA 25-KRUSS instrument (from Kriiss GmbH, Hamburg, Germany). The contact
angle (CA) of water on the film surface was measured at room temperature using the sessile drop
fitting method. X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos
Axis Ultra DLD (delay line detector) spectrometer (from Kratos Analytical Ltd., Manchester, England)
in conjunction with a 165 mm hemispherical electron energy analyzer. Analyses were carried out with
a monochromatic Al K« X-ray source (1486.6 eV) operating at 150 W. The XPS spectra were recorded
using an aperture slot of 300 um x 700 um and a base pressure of 2 X 10~ Torr. The spectrometer was
configured to operate with a 20 eV pass energy and a 90° take-off angle from the surface. The spectra
were calibrated using a C 1s core level peak centered at a binding energy of 285.0 eV.

Al contact was made using Quorum K975X vacuum evaporator (from Quorum Tech. Ltd.,
East-sussex, England) on top of the ZrOy film surface with a contact area of 1.7 mm?, giving an
Al/ZrOy/p-Si structure. The crystalline p-Si wafer was contacted through an indium metal electrode.
The I-V curves were measured by applying a DC bias voltage from —1 to 1 V, while impedance
measurements were taken by applying an AC signal of amplitude 20 mV in the frequency range of
100 Hz-1 MHz using AUTOLAB PGSTAT30/2.

The TFTs were produced in a staggered bottom-gate, top-contact structure by depositing AlOy
thin films onto p-type silicon substrates (1-10 Qdcm). The IGZO semiconductor film was sputtered
onto the ZrO, thin films via a shadow mask from a commercial 2:1:1 IGZO ceramic target (from LTS
Chemical Inc., Orangeburg, NY, USA) by radiofrequency magnetron sputtering without intentional
substrate heating in an AJA 1300-F system. The sputtering atmosphere included an Ar/O, flow ratio of
14:2, a 0.3 Pa deposition pressure, a power density of 4.9 W cm?, and a deposition time of 13 min 30 s
to obtain a 30 nm thickness [32].

Finally, source and drain aluminium electrodes (80 nm thick) were deposited by thermal
evaporation through a shadow mask onto films, and the ratio between the channel length and
width was 10. Thereafter, the IGZO TFTs with the ZrOy gate dielectric produced by spray were
annealed at 150 °C temperature for 1 h in air. The output and the transfer characteristics of the devices
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were obtained in both forward and backward sweeps recorded in ambient conditions inside a Faraday
cage using a semiconductor parameter analyser (Agilent 4155C, from Santa Clara, CA, USA).

3. Results and Discussion

3.1. Surface Morphology and Wettability of the ZrOx Gate Dielectric Film

Figure 1 depicts the 3D AFM images (2 pm X 2 pm) for the ZrOx dielectric films at different
UV-ozone exposure times (0-120 min), labelled as UVO-0, UVO-30, UVO-60, and UVO-120, respectively.
Irrespective of the UVO treatment time, the ZrOx thin films demonstrated a plane surface morphology.
The RMS roughnesses of the ZrOy thin film at different UVO exposure times of 0, 30, 60, and 120 min
were evaluated to be 0.63 nm, 0.51 nm, 0.32 nm, and 0.28 nm, respectively, indicating that the ZrOx
thin films are smooth and that increasing the UVO exposure time reduces the surface roughness of the
films. This reduction relative to UVO treatment is due to the removal of organic residue by the oxygen
radicals produced during the UVO process, leaving the surface of the film very smooth with a low
RMS roughness [11]. A smooth surface is a convenient requirement for the dielectric layer in TFTs
because the surface roughness of a dielectric layer strongly influences the quality of the interface with
the channel layer, which in turn plays a significant role in the operation of the TFT device [10].

RMS =0.51 nm

UVvO-120

RMS = 0.28 nm

RMS =0.32 nm

Figure 1. Atomic force microscopy (AFM) morphologies of (a) UV-ozone (UVO)-0 (untreated),
(b) UVO-30, (c) UVO-60, and (d) UVO-120 treated ZrOx dielectric thin films.

The wettability of the ZrOy dielectric surface was studied by measuring the water contact angle
(CA), although the XRD pattern of the films indicated an amorphous structure (figure not shown).
Figure 2 shows the droplet pictures alongside the mean CA values of water on both UVO-0 and
UVO-120 treated ZrOy films. It also shows the changes in CA values with aging. In the observed results,
the UVO-120-treated ZrOy dielectric is super-hydrophilic with a CA of 7°, while the UVO-0 film is
hydrophilic with a CA of 48°.The intermediate treatment time (30 and 60 min) shows a CA value of 40°,
which was 17° for UVO-30 and UVO-60, respectively. It is undoubtedly true that the UVO irradiation
induces the presence of more OH-groups on the surface of the ZrOy film due to the simultaneous
conversion between the Zr-O-Zr and Zr-OH groups, thereby increasing the hydrophilicity of the
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ZrOy film. A similar observation that supports this hypothesis was reported for ZrOy thin films
grown by dip-coating [33]; however, for ZrOy dielectric films deposited by both sputtering [34] and
electrochemical methods [35], a hydrophobic property was indicated. Gromyko et al. have also
reported a difference in CA values for ZnO rods grown by both spray pyrolysis and electrodeposition
methods [36].

After After day | After day After day

deposition |one two three

UVO-0 | ca=a4ase CA=62° | CA=71° | CA=80°

UvO-120 CA=7° CA=23° |CA=42° CA=54°
—— T ¥ N

Figure 2. Images of the water contact angle (CA) measurements for both treated (UVO-120) and

untreated (UVO-O) ZrOy thin film and their corresponding contact angles after aging for three days.

Furthermore, after both samples were kept in a Petri-dish and allowed to age for three days, it was
observed that the CA increased slightly in both UVO-120 and UVO-0 ZrOy dielectric films. This indicates
that the surface properties of the ZrOy dielectric thin film can change owing to surface contamination
from native carbon-containing species and that ZrOy test samples should be kept in special conditions.
This is because, during the treatment process, the oxygen radicals are produced to remove the organic
residues present on the film’s surface, leaving the ZrOy very active, and since test samples were not
kept in any special conditions, this makes them vulnerable to native or environmental contaminants.

3.2. XPS Characterization of ZrOx Gate Dielectric Film

To study the surface composition of the deposited ZrOx thin films, XPS measurement was carried
out. Figure 3 shows the survey XPS spectra for both the UVO (30-120)-treated and untreated ZrOy
dielectric films. The spectra showed zirconium features at Zr 3s (432.4 eV), Zr 3d (182.0, 184.4 eV),
Zr 3p (346, 322 eV), and Zr 4p (30.8 eV) [37,38]. The C 1s peak of adventitious carbon is present at
284.6 eV for all films including the UVO-treated samples. Auger peaks for O (KLL) are also detected at
the high-binding-energy region. The peak intensity of Zr 3d increases slightly with increasing UVO
exposure time. In addition, the intensity of the O 1s peak was increased. Here, our discussion will be
based on the O 1s and Zr 3d core levels, making a correlation between the UVO-0 and UVO-60 samples.

Figure 4 shows the XPS spectra of the O 1s core level for two different UV-ozone treatment
conditions. All the XPS spectra are asymmetric, and they were deconvoluted using Lorentzian-Gaussian
(function pseudo-Voigt) distribution. Figure 4a displays the measured intensity of the O 1s core level
of the UVO-0 sample; the peaks observed were fitted in four different components and centred at the
binding energy (BE) values of 530.1, 531.3, 532.0, and 533.4 eV. The peak centred at 530.1 eV can be
attributed to the BE of a well-bonded oxygen to zirconium (Me-O) in the ZrOx dielectric film lattice,
while the peaks cantered at 531.3 imply the presence of an associated oxygen atom in the form of surface
defects or vacancies in the film lattice (Vo). In addition, the peaks centred at 532.0 eV and 533.4 eV can
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be attributed to the oxygen in hydroxide-form (Me—OH) as a result of the high electronegativity of
hydrogen atoms and the adsorbed oxygen (O,4s), respectively [11,39]. Similarly, Figure 4b displays the
measured intensity of the O 1s core level after a 60 minute UV-ozone treatment (UVO-60). The peaks
on the XPS spectra are all located at BE and centred at BE values of 530.1, 531.3, 531.8, and 533.2 eV.
The relatively weak peak component located at 533.2 eV is either due to oxygen connected with carbon
or due to adsorbed oxygen in the form of moisture on the surface of the film [11,40,41]. This is certainly
not connected to our samples, but to the environment (note that the films well sprayed directly on the
Si-substrate were kept in a plastic box).

4.2x10° |
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Figure 3. X-ray photoelectron spectroscopy (XPS) survey spectra of ZrOx thin films at different
UV-ozone treatment times.
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Figure 4. XPS spectra of the O 1s core level for (a) 0 minute and (b) 60 minutes of UVO treatment of the
ZrOx dielectric film; the corresponding XPS spectra for the Zr 3d core level for the ZrOy dielectric film
is presented in (c).

To resolve peak quantification properly, the peak ratios of all the components (MeO, Vo, —OH,
H,0,4s) found in the O 1s core level spectrum of UVO-0, UVO-30, UVO-60, and UVO-120 ZrOx
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dielectric films were calculated from integrated areas of the O 1s spectrum using Scofield’s cross-sections,
and their corresponding values are summarized in Table 1. We observe that, by increasing the UVO
treatment time from 0 min to 120 min, the ZrOy dielectric film demonstrated a slight increase in the
[Me—-OH]/[Me-O] component ratios, and a decrease in the [Vo]/[Me-O] ratio. It is confirmed that the
UV-ozone treatment helps to eliminate the organic residues from the surface of the film, which makes
our observation very reasonable, and a similar observation has been reported for solution-processed
metal oxide films in [36,39,42]. The increase in the Me—~OH component is an indication that the XPS
study corresponds to the wettability study, suggesting that a high amount of -OH group at the film
surface aided hydrophilicity in the UV-ozone treated ZrOy films.

Table 1. Binding energy of O 1s components and their corresponding ratios for UVO-0, UVO-30,
UVO-60 and UVO-120 ZrOy dielectric films.

Treatment Binding Energy (eV) Component Ratios
Conditions  Me-O Vo Me-OH OH,q [Vol/[Me-O] [Me-OHJ/[Me-O]
Uvo-0 530.1  531.3 5320 533.4 0.65 0.94
UvO-30 530.1  531.3 5320 533.3 0.59 1.04
UVO-60 530.1  531.3 5318 533.2 0.41 1.10
UVO-120 530.1 5314 5328 533.2 0.38 1.22

Figure 4c shows the corresponding XPS spectra of the Zr 3d core level for both UVO-0 and UVO-60
ZrOx thin films. All the films showed the typical Zr 3d spectra with spin-orbit doublets (ds;, = 182.3 eV,
and dz) = 184.7 eV) separated by ~2.4 eV, which suggests the formation of ZrOy thin films [17,43].
A similar BE has been reported for Zr 3d in our previous study on Zr-doped TiO; films by spray
pyrolysis [17].

According to the material characterisation section, an oxygen radical is generated by the UVO
treatment to remove organic impurities, thereby effecting a change in the chemical properties of the
ZrOy film’s surface. This effect is evidently seen by the reduction in the donor defects (Vo) as well as
an increase in the hydroxide group (Me-OH), actively changing the wettability and surface roughness
of the ZrOy dielectric film. The UVO treatment serves as a good insight to reduce the thermal budget
of solution-processing techniques—especially spray pyrolysis. Furthermore, the amorphous structure
of the ZrOy dielectric film is essential to enhance the interface quality between different layers and to
improve the electronic performance of the fabricated TFT device.

3.3. Electrical Characterization of ZrOx Capacitor

The electrical properties of the amorphous ZrOy dielectric film was assessed by fabricating a
metal insulator semiconductor (MIS) capacitor with the structure Al/ZrO,/p-Si. Figure 5a shows the
plot of leakage current density—voltage (J-V) for ZrOy dielectric films at different UVO treatment times.
An asymmetric behavior can be seen due to the difference in the Schottky barrier height at the electrode
interface. However, the leakage current density was calculated in the reverse bias regime, and it
was found that the leakage current density in the UVO-0 ZrOy dielectric film is ~ 2.0 x 107> A/cm? at
1 V. A similar behavior has been reported for a ZrOy dielectric deposited by atomic layer deposition
(ALD) [44]. In contrast to the untreated sample, the UVO-treated samples demonstrated a remarkable
reduction in leakage current density. Thus, by increasing the UVO treatment time to 30 min, the leakage
current density was ~ 8.0 X 1077 A/cm?, and a further increase in exposure time to 2 h yielded a leakage
current density of ~ 1.0 X 1078 A/cm? at 1 V. It was reported that UV irradiation (A > 185 nm) can
produce hydroxyl radical (OH") at a high quantum yield, which however aids the condensation reaction
process of sol-gel metal oxide precursor films [25]. Therefore, it can be inferred that the reduction in
the leakage current could be due to densification in the ZrOy thin film, which occurred as a result of the
longer UVO exposure time, increases the formation of metal-oxygen lattices and lowers the amount of
oxygen defects on the surface of the ZrOy thin film. A detailed explanation is given in the XPS study in
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Section 3.2. The zero-bias barrier heights of both the untreated and UVO-treated ZrOx dielectric were
calculated by fitting the right part of Figure 6 into the following expression [42]:

*2
kT (AAT) (1)

@p = —In
B 7 Io

where A is the effective area of the capacitor; A" is the effective Richardson constant, which is equal to
36 Acm™2T72 for ZrO,, assuming an electron effective mass 0.3 m,, for ZrOy; m, is the free electron
mass [30,44]; k is the Boltzmann constant; and @p is the Schottky barrier height.
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Figure 5. Electrical characterization of the metal insulator semiconductor (MIS) device made from ZrOx
dielectric: (a) current-voltage curve under positive and negative biases; and (b) capacitance—frequency
dispersion curve in the range between 1 kHz and 1 MHz at different UV-ozone treatment times.
The device has an Al/ZrOx/p-Si structure.

The values of @p extracted from Equation (1) amounted to 0.76, 0.84, 1.04, and 1.09 eV for UVO-0,
UVO-30, UVO-60, UVO-120 samples, respectively. The increase in @p could be due to surface changes
at the ZrOy/electrode interface, which is caused by a change in surface energy due to UVO oxidative
treatment. These values compared well with a similar report on a uniform and amorphous-ZrOy
dielectric film deposited on the native tungsten oxide surface by ALD [44,45]. The observed changes in
the barrier height showed that the energy barrier at the electrode/dielectric interfaces is influenced
by chemical changes at the surface of dielectric apart from the effect of the image charge build-up
at the electrode. To fully understand the changes in the observed barrier height, the effect of charge
traps in the dielectric located at the electrode interface of the capacitor constituent layers must be
considered [46]. The obtained result is a good indicator of the potential applicability of UVO treatment
in reducing the process temperature of solution-processed dielectric films by changes in the surface
chemistry of the ZrOx dielectric layer.

To account for the dielectric properties of the deposited ZrOy films, the capacitance-frequency
(C-F) relation was measured at 0 V biased voltage. Figure 5b shows the C-F dispersion curve
of ZrOy capacitors measured at different UVO treatment times. The untreated ZrOy dielectric
demonstrated a high capacitance at the low frequency region, which suggests the contribution of ionic
polarization [10]. On other hand, the UVO-treated samples exhibited a slight increase in capacitance
(268, 272, and 290 nF/cm? for UVO-30, UVO-60, and UVO-120 samples, respectively), which was
stable in the high-frequency region. The result obtained from the UVO-treated samples revealed that,
by increasing the UVO exposure time, the contributions from the interface or native oxide capacitance
can be eliminated. This result concurs with the AFM and XPS results on the condensation and defect
reduction from the surface of the UVO treated ZrOy dielectric films.
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Figure 6. Thin film transistor (TFT) characteristics of indium gallium zinc oxide (IGZO)/ZrOx devices.
(a) Schematic representation of device structure, (b) transfer and output (inset) characteristics of the
devices with an untreated ZrOx gate dielectric, (c) output characteristic of a TFT-device with a treated
ZrOx gate dielectric for 60 min, and (d) the transfer performance of the TFT devices with a treated ZrOx
gate dielectric at different UV-ozone exposure times.

According to the equation C = egxA/d, where C is capacitance, ¢ is the permittivity of free space,
K is the relative permittivity, A is the contact area, and d is the ZrOy film thickness (~ 20 nm), the relative
permittivity (k) of all the deposited ZrOy films was calculated. As with the capacitance, the value of k
increases slightly from 5.8 to 6.6 with an increase in the UVO exposure time. It can be inferred from
our previous study on ZrOy dielectric films by spray pyrolysis that thermal annealing (~800 °C) was
needed to obtain a  value of 4.8 [19]. However, in this study, with UVO treatment, a k value of 6.6 is
obtained, thus indicating the advantage of UVO treatment in improving the properties of high-k oxide
dielectric films.

Generally, we observed that the value of k is smaller compared to the most anticipated theoretical
k value for ZrOy. This could be due to the influence of interfacial barriers in the film’s microstructure
during deposition. Also, the sprayed deposited ZrOy films are amorphous and inevitably contain
pores because of the low deposition temperature. Nevertheless, this does not limit the performance of
our film, as a similar value has been reported for a ZrOy dielectric deposited by spin-coating in [2,11].

3.4. TFT Characterization of the Fabricated IGZO-Based Device

In order to ascertain the applicability of the deposited sprayed ZrOj film in TFT, we fabricated
a TFT with a bottom-gate—top-contact configuration, and the alignment between the channel and
dielectric layer was patterned and staggered to reduce the probability of the source/drain infringing on
the channel. Both the architecture and electrical performance of the TFT devices are shown in Figure 6,
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with the extracted electrical parameters presented in Table 2. All transistors which were fabricated
are working and show a clear gate dependence corresponding to the n-type channel. The transfer
characteristics of the IGZO based devices, which were measured in forward and backward sweeps for
both the untreated and the UVO-treated ZrOx gate dielectric, are shown in Figure 6b,d respectively.
The device with the untreated gate dielectric showed a poor performance with a negative Vo, of
about —2 V, which means that the device was working in a depletion mode, and the ratio between
the on current and off current (Ion/Ioff) was very low at about 40 the leakage current (Igs) flowing
through the gate was about 3.4 x 1072 A. However, the device with a UVO-treated ZrOy gate as its
dielectric layer showed better electrical performance with negligible hysteresis, which later improved
by increasing the UVO exposure time. The V,, changed from —0.3 V to 0.02 V when the UVO treatment
time was increased from 30 to 120 min, respectively, indicating that the device changes its mode of
operation from the depletion mode to enhancement mode. The positive shift in the device V, could
stem from the influence of the UV treatment influencing the surface potential of the ZrOy dielectric.
As the UV-ozone exposure time increases, a new chemical state is induced on the surface of the ZrOy
dielectric which is capable of effecting high electron trapping at the interface, particularly when a gate
bias is applied to the device. Therefore, in order to compensate the charge, more mobile hole charges
are induced, which explains the positively shifted threshold voltage of the TFT [47].

Table 2. Summary of the extracted TFT parameters for an average of ten IGZO/ZrOx devices at different
UV-ozone treatment times.

Treatment Von Ton/I Vin S Usat- IGS;; :’,GS

Conditions ) on/ off ) (V.dec1) cm? v-1s-1 )
As-dep -20+10 ~40 - - ~0.02 ~3.4 %1072
30 min -03+0.02 ~1.0x10° -0.12 £ 0.02 0.27 £ 0.02 29+0.5 ~7.4x107°
60 min -012+0.1 ~04x10* 0.02 £ 0.01 0.22 £ 0.01 7.0+ 0.01 ~23x107°
120 min 0.02 +£0.01 ~1.0 x10* 0.01 + 0.005 0.21 £ 0.01 8.4 +0.01 ~3.8x1077

This result concurs with the wettability measurement as well as the Schottky barrier determination,
demonstrating an increase in the energy barrier height caused by changes in the surface potential of
the ZrOy dielectric layer during the UV-ozone treatment. Furthermore, the magnitudes of the on—off
current ratio, Ion/Iof, are 1 X 103, 0.4 x 10%, and 1 x 10* when the UVO treatment time increases from 30,
60 to 120 min, respectively. The Figure 6c shows the typical output characteristic curve for the 60 min
UVO-treated ZrOy gate dielectric TFT. It can be seen that the UVO-treated TFTs exhibit typical n-type
channel conduction behavior with a clear pinch-off voltage and current saturation.

The fabricated TFT parameters, such as saturation mobility (us,t), threshold voltage and
sub-threshold slope, were extracted from the following equation [45] and are summarized in Table 2.

(CZrOB[—lsat
Ij=|————

o )(VG— v)? @

where Cyz,( is the gate dielectric capacitance per unit area, B and L are the channel width and length,
V¢ is the gate voltage, and V' is the threshold voltage, which was determined in the saturation regim
by the fitting of the curve of Id% versus V and extrapolating the linear part to the V axis. As expected,
the devices with a UVO-treated ZrOx dielectric layer have better mobility, which increases from 2.9 to
8.4 cm? V71571 with increasing treatment time (from 30 to 120 min).

The observed changes in mobility may be due to an increase in the capacitance of the ZrOy
gate dielectric layer when exposed to UVO treatment. According to Dong et al. [24] in their recent
publication, there is the possibility of using UVO treatment to improve the device performance of
InO/ZrOy TFTs. Also, Carlos et al. [46] demonstrated the possibility of reducing the gate leakage current
of IGZO/AIOy TFT devices by using a very powerful UV lamp. The device demonstrated a positive
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shift in its threshold voltage (Vth) from —0.12 to 0.01 V, and a slight decrease in the sub-threshold
slope (S) with increasing UVO treatment. The positive Vy, indicated that the device can completely be
switched off and can be turned on by a voltage as minimal as 0.01 V. In addition, the small S value
extracted from the TFTs may be attributed to the large area capacitance at the ZrOy gate dielectric layer
and smoother surface due to the UVO cleaning of the layer, thereby improving the interface quality
between IGZO and ZrOy [11,39].

4. Conclusions

In summary, we have demonstrated the possibility of lowering the processing temperature of
ultrasonically sprayed amorphous ZrOy thin films by introducing UV-ozone post deposition treatment.
It was confirmed by XPS and wettability measurement that by increasing the UVO exposure time,
the surface of the sprayed ZrOy films became less defective and hydrophilic, with a contact angle
of 7°, indicating the removal of organic impurities associated with the precursor reagents from the
surface of the film. The AFM result showed that the deposited ZrOy film was smooth, and the surface
roughness was reduced from 0.63 nm (UVO-0 film) to 0.28 nm (UVO-120 film). Finally, to demonstrate
the electrical performance of the film, a MOS-capacitor was fabricated, and we observed a reduction in
the leakage current density by three orders of magnitude by increasing the UV-ozone treatment time.
The UVO treated ZrOy capacitor attained desirable dielectric properties, such as a low leakage current
density of 1078 A/em?, a capacitance of 290 nF/cm? and relative permittivity of 6.6 (both at 1 kHz).

As a proof of concept, both untreated and UV-ozone post deposition-treated ZrOy thin film were
used as the gate dielectric in TFT. The fabricated TFT with the treated ZrOx films demonstrated an
improved performance compared to a device produced with the untreated ZrOx dielectric thin film.
The former operates in an enhancement mode (Von > 0), with low power consumption and a high
saturation mobility of 8 cm? Vs, UV-ozone treatment is the key to developing a metal oxide film at
low temperature by wet chemical techniques. This concept thus opens the potential application of
ultrasonic spray technology in flexible electronics.
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