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Abstract

The rapid progress of n-type metal oxide thin film transistors (TFTs) has motivated
research on p-type metal oxide TFTs in order to realise metal oxide-based CMOS circuits
which enable low power consumption large-area electronics. Cuprous oxide (Cu,QO) has
previously been proposed as a suitable active layer for p-type metal oxide TFTs. The two
most significant challenges for achieving good quality Cu,O TFTs are to overcome the low
field-effect mobility and an unacceptably high off-state current that are a feature of devices
that have been reported to date. This dissertation focuses on improving the carrier mobility,
and identifying the main origins of the low field-effect mobility and high off-state current
in Cu,O TFTs.

This work has three major findings. The first major outcome is a demonstration that
vacuum annealing can be used to improve the carrier mobility in Cu,O without phase
conversion, such as oxidation (CuO) or oxide reduction (Cu). In order to allow an in-depth
discussion on the main origins of the very low carrier mobility in as-deposited films and
the mobility enhancement by annealing, a quantitative analysis of the relative dominance
of the main conduction mechanisms (i.e. trap-limited and grain-boundary-limited
conduction) is performed. This shows that the low carrier mobility of as-deposited Cu,0 is
due to significant grain-boundary-limited conduction. In contrast, after annealing, grain-
boundary-limited conduction becomes insignificant due to a considerable reduction in the
energy barrier height at grain boundaries, and therefore trap-limited conduction dominates.
A further mobility improvement by an increase in annealing temperature is explained by a
reduction in the effect of trap-limited conduction resulting from a decrease in tail state
density.

The second major outcome of this work is the observation that grain orientation ([111]
or [100] direction) of sputter-deposited Cu,O can be varied by control of the incident ion-
to-Cu flux ratio. Using this technique, a systematic investigation on the effect of grain
orientation on carrier mobility in Cu,O thin films is presented, which shows that the [100]

Cu,0 grain orientation is more favourable for realising a high carrier mobility.
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4 Abstract

In the third and final outcome of this thesis, the temperature dependence of the drain
current as a function of gate voltage along with the C-V characteristics reveals that
minority carriers (electrons) cause the high off-state current in Cu,O TFTs. In addition, it
is observed that an abrupt lowering of the activation energy and pinning of the Fermi
energy occur in the off-state, which is attributed to subgap states at 0.38 eV below the
conduction band minimum.

These findings provide readers with the understanding of the main origins of the low
carrier mobility and high off-state current in Cu,O TFTs, and the future research direction

for resolving these problems.
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Ry Total resistance (R = R.pL + 2R) kQ

Si0, Silicon dioxide

SS Sub-threshold slop V/dec

o Conductivity Slcm

o Pre-e>_<ponential factor of the temperature-dependent o s/em
equation

0 Bragg angle °

ten Channel layer thickness nm

T Measurement temperature K

Ta Annealing temperature °C

T Characteristic temperature of the tail states K

T, Characteristic temperature of the VRH model K

Veu Copper vacancies

Vo Oxygen vacancies

Vp, Ve Voltage at the drain and gate

Vbs, Vs Drain-source and gate-source voltage \Y
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Chapter 1

Introduction

This chapter introduces the motivation behind the work presented in this thesis and the

outline of the thesis chapters.

1.1 Motivation

The Internet of Things (loT) enables a truly ubiquitous electronic environment in which
people are always connected by intuition to the internet by touch, sight, sound and even
without conscious action. This can be realised by using large-area electronics to integrate
all functional devices (e.g. various sensors, radio frequency identification (rfID), logic
circuits, memories, power supplies and displays) into everyday objects [1]. Metal oxide
thin films have come into the spotlight as promising materials in terms of achieving high
performance large-area electronics because the performance of thin film transistors (TFTs)
using metal oxides is known to be superior to that of hydrogenated amorphous silicon (a-
Si:H) and organic TFTs [2].

loT-enabled electronics (e.g. wearable devices) require not only high performance but
also a low power technology since the limited battery lifetime is a challenge to the
operation of the wearable devices [3]. In order to meet this requirement, it is necessary to
use complementary metal-oxide-semiconductor (CMOS) circuits, consisting of a pair of n-
and p-type TFTs, as the fundamental building block for complex integrated circuits and
digital logic. This is because one TFT of the pair is always in the off-state and thus CMOS
circuits ideally have almost no static power dissipation. However, contrary to the rapid

progress of n-type metal oxide TFTs, p-type oxide TFTs are still at a low technology
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readiness level and their performance is very poor compared to their n-type counterparts
[2]. For this reason, most of metal oxide-based logic circuits such as inverters and ring
oscillators have been fabricated using conventional monotype digital designs (e.g. the
diode-load design), leading to high power dissipation and low noise margin [4-6]. As a
design solution, pseudo-CMOS circuits have been developed, but this technique has its
limitations relative to CMOS (e.g. increased circuit complexity and higher static power
consumption) [6]. As an alternative, the use of a hybrid complementary technology
combining n-type metal oxide and p-type organic TFTs has been proposed, but its
limitations (e.g. complex process integration, asymmetry of performance and worse
lifetime of organic) hinder its use for practical applications [7, 8]. In this regard, the
importance of research on p-type metal oxide TFTs cannot be overemphasised.

Many researchers have proposed cuprous oxide (Cu,0) as a promising channel layer
for p-type metal oxide TFTs [2]. This is because it has intrinsically stable p-type
conductivity due to the ease of formation of native acceptors (i.e. copper vacancies) with a
shallow acceptor level and the lack of potential hole Killers (i.e. copper interstitials and
oxygen vacancies) [9]. Furthermore, in contrast to most metal oxides where the valence
band maximum (VBM) is strongly localised by O 2p orbitals, Cu,O has a unique orbital
configuration with the comparable energy levels of the Cu 3d and O 2p orbitals, leading to
considerable covalency in the ionic metal-oxygen bonds. This not only decreases the
localisation nature of the VBM but also broadens the valence band, resulting in more

effective carrier transport [10, 11].

However, the existing literature on p-type Cu,O TFTs has shown a very low field-
effect mobility (< 1 cm?/V-s) in spite of a rather higher Hall-effect mobility of Cu,O thin
films. Furthermore, Cu,O TFTs suffer from a high off-state current, leading to a low on/off
current switching ratio (typically 10~10%) [12-14]. These are significant challenges to the
development of metal oxide-based CMOS circuits, but their main causes have not been
clearly explained yet. Against this background, this thesis focuses on improving the carrier
mobility of Cu,0 thin films, and on investigating the causes behind the poor performance
of Cu,0O TFTs.
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1.2 Outline of this thesis

Chapter 2 presents an introduction to Cu,O with a particular emphasis on the fundamental
Cu,0 properties and degradation mechanisms of the carrier mobility. Chapter 3 describes
the techniques used for copper oxide deposition, thin film characterisation, and TFT
analysis. Chapter 4 describes the process of finding the optimum sputtering condition for
stoichiometric Cu,O thin films using a high target utilisation sputtering system which is

known to give better process control than magnetron sputtering [15].

Chapter 5 demonstrates that vacuum annealing can be used for improving the carrier
mobility in Cu,O thin films without phase conversion to either CuO by oxidation or Cu by
reduction. Using the vacuum annealing technigue, annealing effects on the sputtered Cu,O
thin films are investigated based on the crystallographic, optical and electrical
characteristics. In addition, a quantitative analysis as regards the relative dominance of the
main conduction mechanisms (i.e. trap-limited and grain-boundary-limited conduction) in
Cu,0 films is presented. This particularly provides detailed insight into a change in the

carrier mobility by annealing.

Chapter 6 shows that grain orientation of sputtered Cu,O films can be varied in the
direction of either [111] or [100] relative to the surface normal through control of the
incident ion-to-Cu flux ratio. Using this technique, this chapter mainly focuses on which

one of the two is more favourable in terms of the carrier mobility.

Chapter 7 first shows a TFT-level investigation on the annealing effects, and then
proceeds to a discussion on the main reason why Cu,O TFTs exhibit a significantly lower
field-effect mobility compared to the Cu,O Hall mobility. In addition, this chapter
identifies the main origin of the high off-state current in Cu,O TFTs.

The final chapter summarises key findings in this thesis and provides future research

directions for realising high performance p-type Cu,O TFTs.
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Chapter 2

Background

This chapter briefly reviews the fundamental knowledge and concepts that will be used in
this thesis. This starts with a historical overview of metal oxide TFTs, and then proceeds to
explain why Cu,O has received much attention as a p-type metal oxide material.
Subsequently, the fundamental Cu,O properties and degradation mechanisms of the carrier
mobility in metal oxides are introduced.

2.1 Historical background of metal oxide TFTs

The concept of the field-effect transistor was proposed for the first time by Julius Edgar
Lilienfeld in 1925 and patented in 1930 [2]. In this patent, the basic principle of what is
called today as the metal-semiconductor field-effect transistor (MESFET, Figure 2.1 (a))
was introduced [2, 16]. Lilienfeld’s later patent from 1933 described the concept of the so-
called metal-insulator-semiconductor field-effect transistor (MISFET) where an insulator
layer (aluminium oxide) is inserted between the copper sulphide (Cu,S) channel and the Al
gate electrode [2, 17].

The first working TFT using polycrystalline cadmium sulphide (CdS) as an active
layer was demonstrated by Weimer at the RCA Laboratories in 1962 (see its schematic
structure in Figure 2.1 (b)) [18]. In 1964, Klasens and Koelmans proposed a metal oxide
TFT using SnO; for the first time [19] and Boesen and Jacobs reported a TFT with
lithium-doped ZnO in 1968 [20]. However, in the mid-1960s, the emergence of crystalline
silicon-based MOSFET technology gave rise to a decrease in TFT development activity by
the end of the 1960s [21].

25



26 Chapter 2. Background

a) cu,s -— A

source . . drain

control gate

insulator
cds o
b)

source drain

insulating substrate

Figure 2.1. Simplified cross-sectional views of (a) an MESFET, the first field-effect
transistor proposed by Lilienfeld, and (b) the first working TFT fabricated by Weimer.

Image reproduced from [21].

TFT technology was back in the spotlight in the 1970s because some applications (e.g.
active matrix flat-panel displays) required large arrays of low cost transistors [21]. Brody
et al. successfully demonstrated the first active matrix liquid crystal display (AM-LCD)
using a CdSe TFT as a switching device for each pixel in 1973 [22]. After the first
hydrogenated amorphous silicon (a-Si:H) TFT was demonstrated by LeComber and Spear
in 1979 [23], many laboratories started to develop AM-LCDs using a-Si:H TFTs [21].
Since the mid-1980s, the silicon-based TFTs, either based on a-Si:H or polycrystalline
silicon, have successfully dominated the large area AM-LCD market [21, 24].

However, a-Si:H TFTs have drawbacks such as a low field-effect mobility (< 1
cm?/V-s) and instability under electrical bias stress (i.e. a change in threshold voltage (Vi)
[25, 26]. Specifically, a-Si:H has a strong tailing (i.e. a broad distribution of localised tail
states) in its band gap, and carrier trapping in the tail states is known as the main cause of
the low carrier mobility. The instability corresponding to the Vi, change is generally

explained by two mechanisms: defect (i.e. dangling bond) creation in the a-Si channel and
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charge trapping in the gate insulator [27]. The low mobility and instability are not critical
for AM-LCDs operating at a low frame rate (e.g. 60 Hz) since a field effect mobility of
only ~0.5 cm?/V's is sufficient to drive AM-LCD panels up to 90 inches in size and the
instability can be compensated by LCD driver circuits. However, TFTs with a high
mobility are required in active matrix organic light-emitting-diode (AM-OLED) displays
because an OLED is a current-driving device and therefore TFTs must provide high
currents. Furthermore, a small variation in Vg, of only £0.1 V results in a change in the
OLED Iluminance by 16 % [26, 28]. This leads to an unacceptable difference in the
brightness of OLED pixels, which causes a serious mura problem. For this reason, the
OLED displays using a-Si:H and organic TFTs with poor Vy, stability must employ
complex compensation circuits (e.g. 4T2C or 5T2C circuits where T and C denote the
number of transistors and capacitors). As seen in Figure 2.2, displays with higher
resolution, a faster frame rate and a larger panel size also require a higher carrier mobility;

for instance, it was reported that AM-LCDs > 55 inches and operating at high frame rates
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Figure 2.2. Required carrier mobility according to resolution, frame rate and panel size.

Image reproduced from [26].
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> 120 Hz cannot be driven by low-mobility a-Si:H TFTs. In the case of three-dimensional
(3D) displays, since the displays must provide two or more alternating image frames for
the left and right eyes, a higher frame rate (e.g. 480 Hz) is required to enhance their image
quality [26].

With a demand for high-mobility TFTs compatible with high-frame-rate LCDs, OLED
and 3D displays, metal oxide TFTs have come into the spotlight again since 2003 [25, 26].
In particular, polycrystalline ZnO (poly-ZnO) TFTs were researched intensively [29-32]
because it was expected that poly-ZnO TFTs should have better performance compared to
a-Si:H and organic TFTs based on the high Hall-effect mobility (200 cm?/V-s) of single-
crystal ZnO [25]. However, ZnO is actually a transparent conductive oxide containing a
high density of intrinsic free electrons (typically > 10" cm™) because of a large number of
native point defects (e.g. oxygen vacancies and zinc interstitials), thereby leading to
difficulty in controlling the channel conductance and the threshold voltage, and fabricating
normally-off TFTs [26]. As a solution to this problem, in 2003, Nomura et al. (in the
Hosono Group at Tokyo Institute of Technology) proposed single-crystalline
InGaO3(Zn0)s (sc-1GZO) with a low intrinsic carrier concentration as a channel layer of
TFTs, and demonstrated normally-off TFTs with impressive performance: a high field-
effect mobility of ~80 cm?/V-s and an on/off current ratio of ~10° [33]. Although a very
high annealing temperature of 1400 °C was required to obtain the sc-1GZO layer, this
paper drew worldwide attention because it demonstrated that high-performance metal
oxide TFTs are a reality [2]. The Hosono group also found that, contrary to transparent
conductive oxides such as amorphous Sn-doped In,03 (a-1TO) and poly-ZnO, a low carrier
concentration can be obtained in amorphous IGZO (a-1GZO) [26]. This is because, as
demonstrated by first-principles density-functional calculations [34], Ga ions have much
stronger chemical bonds with oxygen than In and Zn ions and thus the incorporation of Ga
into multicomponent oxides suppresses the formation of oxygen vacancies and the
consequent creation of electrons. However, the addition of a high Ga content lowers the
carrier mobility and therefore it is important to use an appropriate amount of the Ga ions
for obtaining the optimum TFT performance [25]. Using the a-IGZO as a channel layer,

Nomura et al. demonstrated the room-temperature fabrication of fully transparent TFTs on
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a flexible substrate in late 2004 [35]. Although the a-IGZO TFTs exhibited inferior
performance compared to the sc-1GZO TFTs, a field-effect mobility of ~6-9 cm?/V-s and
an on/off current ratio of ~10° could still be obtained using room-temperature processing
[2, 35].

Nomura’s work showed the enormous potential of metal oxide materials for TFT
applications, and led to intensive research into TFTs using various amorphous
multicomponent oxides such as indium gallium zinc oxide (IGZO) [36-39], indium zinc
oxide (1ZO) [40, 41] and zinc tin oxide (ZTO) [42-46]. Thanks to continuous
improvements in the performance of these TFTs, metal oxide TFTs currently show
remarkable performance such as a field-effect mobility > 10 cm?/Vs and an on/off current
ratio > 10'; this performance is vastly superior to that of a-Si:H and organic TFTs [2].

Figure 2.3 summarises these main breakthroughs in TFT technology.

Contrary to the significant progress of n-type metal oxide TFTs, p-type oxide TFTs
still exhibit very poor performance such as a very low field-effect mobility and a high off-
state current [2]. For this reason, the use of metal oxide TFTs are limited to n-type

switching devices for display backplanes as in a-Si:H TFTs. As pointed out in Chapter 1,
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Figure 2.3. Main breakthroughs of the TFT technology. Image reproduced from [2].
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in order to extend the use of the oxide TFTs into loT-enabled electronics (e.g. wearable
devices), research on p-type metal oxide TFTs is required for realising metal oxide-based
CMOS circuits enabling low power consumption of the electronics. This is because a low

power technology is critical for operating the loT-enabled mobile electronics due to their

limited battery lifetime.

2.2 p-type metal oxide semiconductors

2.2.1 Problems and challenges

Most of metal oxide conductors and semiconductors (e.g. ZnO, In;O3, SnO;,) are naturally
n-type and cannot easily be doped p-type since their charge neutrality levels (CNLs) lie
very close to or even above the conduction band minimum (CBM) as seen in Figure 2.4

[47]. The CNLs lie far above the valence band maximum (VBM) in ZnO, In,03 and SnOs,,
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Figure 2.4. Band diagrams of various semiconductors aligned according to their charge
neutrality levels (CNLs) with dopant pinning levels (Epinn and Epinp). Image reproduced

from [47].
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which indicates the difficulty in p-type doping in these materials. To be specific, in the
case of ZnO, it cannot be doped p-type by native defects (e.g. zinc vacancies, Vz,) under
thermal equilibrium although the Vz, have a negative charge state V. in ZnO (see Figure
2.5). This is because native donors (e.g. oxygen vacancies, Vo, and zinc interstitials, Zn;)
have much lower formation enthalpies compared to Vz, and therefore a large number of
inherent Vo and Zn; defects compensate p-type doping [48]. In addition, since nitrogen (N)
was regarded as a shallow acceptor in ZnO based on its acceptor level (~0.4 eV above the
VBM) calculated by density functional theory within the local density approximation

(DFT-LDA) [49], there were many attempts to realise p-type ZnO using extrinsic N

LDA-Corrected Defect Formation Enthalpy (eV)

(@) Zn-rich limit (b} O-rich limit

4 (n,=0) | (n, =-3.1eV)

0 1 2 3 0 1 2 3
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Fermi Energy EF (eV)

Figure 2.5. Defect formation energies in ZnO as a function of the Fermi energy Er at (a)
Zn-rich and (b) O-rich limits. Here, -2, -1, 0 and +2 denote the charge states of the defects,
and the defect transition (i.e. ionisation) energies &(g/q”) are indicated with solid dots.

Image reproduced from [48].
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doping (see reference [50, 51] for a thorough list of studies in this field). It was also
proposed by theoretical calculations that simultaneous codoping using N with reactive
codopants (Al, Ga or In) can not only improve the solubility of the N acceptor but also
lower its ionisation energy [52]. Using this codoping method, Joseph et al. reported p-type
conductivity in N-doped ZnO [53], but the experimental results have not been reproduced.
Furthermore, based on advanced first-principles calculations (DFT with hybrid
functionals), Lyons et al. have recently demonstrated that N in fact acts as a deep acceptor
with the ionisation energy of 1.3 eV, which explains why N doping cannot lead to

reproducible p-type conductivity in ZnO [51].

Another serious problem with metal oxides is a very low hole mobility. This can be
understood based on the bandgap formation mechanism in ionic oxide semiconductors
(Figure 2.6). The difference in electron affinity between metal (M) and oxygen atoms
causes electron transfer from metal ns orbitals to oxygen 2p orbitals as seen in Figure 2.6
(@) (here n is the principle quantum number). The Madelung potential formed by the
ionised atoms stabilises the ionic charge distribution, raising the energy levels in the metal
cations (M?*) and lowering the levels in the oxygen anions (O%). As a result, the CBM

mainly consists of unoccupied s orbitals of the metal cations and the VBM is formed by
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Figure 2.6. Schematic diagram showing the bandgap formation mechanism in ionic oxide
semiconductors. Image reproduced from [25].
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fully occupied O 2p orbitals as seen in Figure 2.6 (b). The s orbitals of the heavy metal
cations have large spatial sizes and spread spherically. This results in broad band
dispersion of the CBM and therefore a small electron effective mass (i.e. a high electron
mobility) [25, 34]. By contrast, the VBM tends to be strongly localised by 2p orbitals of
oxygen anions and thus has a small dispersion (i.e. a large hole effective mass), which is

the reason for the very poor hole mobility [10, 47].

2.2.2 Solution: Chemical modulation of the valence band

In order to reduce the strong localisation nature of the VBM, Kawazoe et al. [10, 11]
proposed a method of hybridising the O 2p orbitals with d orbitals of cations, which is

called chemical modulation of the valence band (CMVB). Figure 2.7 (a) represents the
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Figure 2.7. (a) Schematic illustration of modulation of the energy band structure and (b)
variations in the energy levels of 3d'° orbitals on Period 4 atoms and those of 4d™° orbitals
on Period 5 atoms with an increase in atomic number. In (a), the cation is assumed to have
a closed d shell whose energy is equivalent to that of O 2p orbitals. Image reproduced from
[11].
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requirements of metallic cations. The outermost d orbitals of cations should have a closed
shell electronic configuration (i.e. d'°) whose energy is comparable to that of the O 2p
orbitals. The closed d shell is required to prevent coloration caused by electron transitions
between a lower energy d orbital and a higher energy d orbital (i.e. d-d transitions). The
comparable energy levels of the outermost cation d and O 2p orbitals increase the
efficiency of their hybridisation, which leads to considerable covalency for their bonding
and anti-bonding levels. Since both of the orbitals are fully occupied by electron pairs, the
anti-bonding level becomes the highest occupied level. Consequently, the VBM shifts
from the O 2p orbitals to the anti-bonding level as shown in Figure 2.7 (a) [10, 11]. This
not only reduces the localisation nature of the VBM but also increases the dispersion of the
VBM and this in turn leads to a reduction in the effective hole mass (i.e. an improvement
in a hole mobility) [10, 47]. The Cu 3d™° orbital is the best case of this because its energy
level is the closest to that of the O 2p orbital (see Figure 2.7 (b)) [10, 11]. For this reason,

copper oxides, particularly Cu,O, have received much attention as a p-type oxide material.

2.3 Fundamental properties of cuprous oxide (Cu,0)

2.3.1 Origin of p-type conductivity

There are three requirements for p-type doping via native defects in metal oxides [9]:

(a) Low formation energy of native acceptors (e.g. cation vacancies and anion interstitials);
(b) Small ionisation energy of the acceptors (i.e. a shallow acceptor level with respect to
the VBM) in order to effectively produce holes;

(c) High formation energy of native donors that compensate holes (e.g. cation interstitials

and anion vacancies).

Figure 2.8 represents the calculated formation energies (solid lines) and transition (i.e.
ionisation) energies of intrinsic point defects in Cu,O under both Cu-rich/O-poor and Cu-
poor/O-rich conditions, which clearly shows that Cu,O satisfies all the above requirements.

Specifically, there are two possible native acceptors in Cu,O: copper vacancies (V¢y) and
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Figure 2.8. Defect formation energies in Cu,0O as a function of the Fermi energy Er under
(@) Cu-rich/O-poor and (b) Cu-poor/O-rich conditions. Here, (-2), (-) and (+) denote the
charge states of the defects, and the superscripts, tet and oct, mean the tetrahedral and
octahedral interstitial positions. The defect transition energies £(g/q’) are indicated with

solid dots. Image reproduced from [54].

oxygen interstitials (O;). Since O; (in tetrahedral and octahedral positions) have deep
acceptor levels (i.e. very high ¢(0/-) and ¢(-/2-) transition levels with respect to the VBM),
they cannot produce holes. Here, the terminology ¢(q/q’) means the transition level that the
charge state of defects changes (i.e. ¢ — q'); for example, &(0/-) means the transition level
that the charge state changes from the charge-neutral state to the (-1) charge state. In
contrast, under both the Cu-rich and Cu-poor conditions, V¢, have the lowest formation
energy with a shallow acceptor level (i.e. small ¢(0/-) ionisation energy of Ey + 0.28 eV)
[9]. This indicates that V¢, are the main origin of holes in Cu,O and fulfil the requirements
(@) and (b).
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Potential native donors in Cu,O are oxygen vacancies (Vo) and copper interstitials
(Cui). As seen in Figure 2.8, although Vo have a rather low formation energy, they do not
have a charge transition level inside the band gap. This means that they are only stable in
the charge-neutral state and therefore cannot compensate holes created by V..
Furthermore, even though Cu; have a positive charge state Cu;j, their formation energy is
considerably higher than that of V¢, and they are thus incapable of efficiently
compensating holes [9]. For these reasons, p-type conductivity attributable to V¢,
dominates in Cu,O and therefore Cu,O has intrinsically stable p-type conductivity under

all growth conditions.

2.3.2 Crystalline structure

Cu,0 has the cuprite structure which is a simple cubic Bravais lattice with the symmetry of

the 224th space group (i.e. Pn3m or Of) as seen in Figure 2.9. Inside the unit cell, the

Figure 2.9. Cu,0O crystal structure represented by four unit cells. The big blue and small

red spheres are copper and oxygen atoms, respectively. Image reproduced from [55].
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copper atoms are positioned in a face-centred cubic (fcc) sub-lattice (blue spheres) and the
oxygen atoms are located on a body-centred cubic (bcc) sub-lattice (red spheres). As a
result, the copper atoms are located on the vertices of a tetrahedron centred on the oxygen
atom and are linearly twofold coordinated with the oxygen atoms as nearest neighbours,
while the oxygen atoms are fourfold coordinated with the copper atoms as nearest
neighbours [55, 56].

As for crystallographic properties of Cu,0, the lattice constant, Cu-O bond length, O-O
separation and Cu-Cu separation are a = 4.27 A, dcy-0 = 1.85 A, do.o =3.68 A and dey.cy =
3.01 A, respectively. The molar mass and molar volume are M = 143.092 g/mol and Vy, =
23.46 cm®/mol and thus the density of Cu,O is p = 6.10 g/cm® [56].

2.3.3 Band structure and effective masses

Figure 2.10 shows the band structure of Cu,O schematically. The valence band (T',s-) is
split by spin-orbit interaction into I'7 and I'y states, and the lowest conduction-band state
derived from T'; has the same parity (I'F). For this reason, the lowest absorption transitions
(i.e. T3 > T¢ and g - T'E) are not allowed. In contrast, the second lowest conduction-
band state has the allowed parity (I'y) and thus strong optical absorption occurs at the

transitions (i.e. 'y - I'y and I'g — I'g) [55].

Table 2.1 shows calculated effective masses at I' along the I' — X (100), I' — M (110)
and I' — R (111) directions as well as their experimental data. The electron (m}) and light
hole effective masses (m;;,) are isotropic whereas other hole effective masses (i.e. heavy
hole, my,;,, and spin-orbit hole masses, ms,;) are anisotropic. As mentioned above, due to
the spin-orbit splitting of the valence band at T, the top of the valence band has the I'} state
with m;;, which is even smaller than m; [55, 57]. This is contrary to n-type metal oxides
where the hole effective mass is much larger than the electron effective mass, and this is an
attractive property for a p-type TFT channel layer. In addition, the effective masses
calculated by DFT-LDA are smaller compared to the experimental data, which is related to

the bandgap underestimation of the LDA calculations [57].



38

Chapter 2. Background

.78

[ | |
LH HH SO T K

F T _1-12'
_]‘1
2|
3(g(3i®
2 Blelc
—— g
r<0 2=0

Figure 2.10. The E-k diagram of Cu,O near the Brillouin zone centre (left); a simplified

band diagram at the I'-point with (A # 0) and without spin-orbit interaction (A = 0),

representing the interband transitions (right). Here, LH, HH and SO denote the light hole,

heavy hole and spin-orbit hole, respectively. Image reproduced from [55].

Table 2.1. Electron and hole effective masses (in unit of the electron rest mass, m,) from

DFT-LDA calculations and from experiment. Subscripts (e, Ih, hh, soh) denote electron,

light hole, heavy hole and spin-orbit hole, respectively. Table reproduced from [55]

Mass Band 1(1160))( 21_1(1)‘)4 I(‘lzll)I Average  Experiment
ms ry 0.92 0.92 0.92 0.92 0.99 (0.93%
mp, r 0.36 0.36 0.36 0.36 0.58 (0.56%)
min, r; 2.83 0.91 0.72 1.49
me,n, r; 0.21 0.25 0.27 0.24

#Polaron correction value (see reference [58]).
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2.3.4 Dominant intrinsic scattering mechanisms

The free carrier mobility is affected by intrinsic scattering mechanisms. Based on the
theory of carrier-lattice interactions in polyatomic crystals, Shimada and Masumi [59]
calculated the theoretical limit of the free carrier (hole) mobility in Cu,O by longitudinal-
optical (LO) phonon scattering (see pio phonon IN Figure 2.11), and Lee et al. [60]
calculated its theoretical limit by ionised impurity scattering (see py 3; in Figure 2.11). This
shows that the dominant intrinsic scattering mechanisms in Cu,O are phonon scattering at

high temperatures and ionised impurity scattering at low temperatures (< 200 K).
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Figure 2.11. Theoretical limits of the free carrier mobility in Cu,O. Lines show its limits
by LO phonon scattering and ionised impurity scattering. Open symbols represent
temperature-dependent Hall mobilities of monocrystalline Cu,O from various references
(see reference [60]), and close symbols represent Hall mobilities of Cu,O sputtered at

temperatures (600 and 1070 K). Image reproduced from [60].
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2.4 Carrier mobility degradation mechanisms in metal oxides

Apart from the intrinsic scattering mechanisms, the carrier mobility in metal oxides is
strongly affected by other degradation mechanisms: grain-boundary-limited conduction,
percolation conduction and trap-limited conduction. For this reason, in order to fully
understand the carrier transport property in metal oxide materials, the degradation

mechanisms should be considered.

Polycrystalline metal oxides (e.g. ZnO and In,O3) have potential energy barriers at
grain boundaries, which impedes carrier transport (grain-boundary-limited conduction, see
Figure 2.12 (a)) [61]. Mixing of two or more metal cations with different sizes and ionic
charges (e.g. Ga>* and Zn®*) forms amorphous multicomponent oxides such as a-1Z0, a-
ZTO and a-1GZO [25]. However, random distribution of the metal cations leads to
potential fluctuations in the CBM, which results in a distribution of percolation barriers in
the CBM [62, 63]. For this reason, electrons take a longer winding path and this gives rise

to degradation of the carrier mobility (percolation conduction, see Figure 2.12 (b)) [25].

localized tail states (traps)

N
percolation barrier

(a) (b) (c)

Figure 2.12. Schematic illustration of three degradation mechanisms of the carrier
mobility in metal oxides: (a) grain-boundary-limited conduction, (b) percolation
conduction and (c) trap-limited conduction related to localised tail states. Here, ‘e’ denotes
a free electron. ¢pg means the potential barrier height at grain boundaries in (a) and the
percolation barrier height caused by random distribution of various metal cations (e.g.

Ga** and Zn*"). Image reproduced from [63].
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Since the work of Anderson [64], it is well known that structural disorder causes localised
tail states below the CBM and above the VBM [47]. The carrier mobility is strongly
affected by multiple carrier trapping and thermal release at the localised tail states (trap-
limited conduction, see Figure 2.12 (c)) [65, 66].

In fact, electron transport in metal oxides is not significantly affected by the trap-
limited conduction due to a very small effect of disorder on the CBM mainly consisting of
metal s orbitals. To be specific, spherical overlapping s orbitals are insensitive to angular
disorder and ion packing keeps the metal-metal distance rather constant (i.e. insignificant
bonding distance disorder) because of the large spatial size of the metal ions [47]. In
contrast, hole transport in p-type Cu,O is significantly degraded by the trap-limited
conduction. The reason for this is that non-spherical Cu 3d orbitals mainly forming the
VBM cause considerable angular disorder and this gives rise to a strong tailing (i.e. a
broad distribution of localised tail states) near the VBM [47]. Given that the low carrier
mobility in a-Si:H is mainly due to severe carrier trapping by a strong band tailing
stemming from p states around its band gap [47, 65], p-type Cu,O is expected to have a

low carrier mobility as a-Si:H.

In the case of p-type Cu,O, percolation conduction is excluded from the main
degradation mechanisms of the carrier mobility since it is a binary oxide. Based on its
polycrystalline phase and the highly disordered nature of the VBM, it is expected that the
carrier mobility in Cu,0O is strongly affected by grain-boundary-limited and trap-limited
conduction. This will be discussed in detail in section 5.5 (relative dominance of

conduction mechanisms).
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Chapter 3

Experimental methodology

3.1 Thin film deposition: High target utilisation sputtering

This section introduces the high target utilisation sputtering (HiTUS) system used in this
study for deposition of copper oxide thin films and discusses effects of the main sputtering

parameters on film properties.

Magnetron
back plate

Magnet
holding plate

Magnetic
field lines

ExB
drift path

Figure 3.1. Schematic diagrams showing the principle of the racetrack formation in a
circular planer magnetron target (left side) and a photograph of a copper target with a
racetrack (right side). Image reproduced from [68].

43
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Originally, the HiTUS deposition system (Plasma Quest Limited) was designed in
order to maximise target utilisation through eliminating the racetrack which occurs in
magnetron sputtering systems [69]. To be specific, in a magnetron sputtering system (see
Figure 3.1), a permanent magnet array is placed behind the target, creating a static
magnetic field parallel to the target surface. Secondary electrons emitted from the target

are constrained by this magnetic field, forming a current loop of drifting secondary

electrons (i.e. E x B drift ring). Collisions of the electrons and Ar gas atoms lead to an
extremely dense plasma in this drift ring and as a result, a deep groove (i.e. race-track)
forms by heavy sputter erosion over the drift ring as seen in the right hand side of Figure
3.1 [68, 70]. Because of this phenomenon, only about 25 % of the magnetron target is

utilised in the sputtering process [69].

As seen in a schematic diagram of the HiTUS system (Figure 3.2), a high density Ar
plasma is generated in a sidearm to the main sputtering vacuum chamber by an inductively
coupled RF (13.56 MHz) plasma (ICP) source. The Ar plasma is then guided to the target
by a combination of two electromagnets [15], which enables formation of a high density
Ar plasma at the target surface without the addition of the magnet array behind the target.
Therefore, the HITUS system in which the magnet array of the target is eliminated allows
> 90 % target utilisation with uniform target erosion (i.e. without a racetrack). This is why

this system is named as high target utilisation sputtering [69].

Another striking feature of this system is to enable independent and precise control of
the Ar ion density and ion energy [15]. Specifically, the remote plasma source generates a
high density Ar plasma with a low ion energy due to the inductive coupling (ion density >
10" cm™ and ion energy < 10 eV) [71]. For this reason, sputtering only occurs when a
sufficient DC target bias is applied to accelerate the initially low energy ions towards the
target surface. This decouples the ion density (controlled by the remote RF antenna power
supply) from the ion energy (controlled by the target bias power supply) [15, 72], which is
not possible under a conventional sputtering system where the Ar plasma is generated in a

main chamber by a single (DC or RF) power supply.
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Figure 3.2. A schematic diagram of the HiTUS system with a remote Ar plasma chamber.

Image reproduced from [15].

There are four main sputtering parameters affecting film properties in the HiTUS
system: (1) oxygen flow rate, (2) target bias voltage, (3) ion current and (4) process
pressure. Here, the ion current is a parameter related to the Ar plasma density at the
surface of the Cu target. The oxygen flow rate is related to the amount of oxygen being
able to react with sputtered Cu atoms while the target bias voltage and ion current are
associated with the number of sputtered Cu atoms (i.e. a Cu flux). Thus, these sputtering
parameters have a significant effect not only on film stoichiometry but also on the

formation energies of intrinsic defects (see Figure 2.8 in Chapter 2). Furthermore, a
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combination of these parameters determines the dominant phase (i.e. Cu,O or CuO) of
copper oxide films. The process pressure has an influence on the film morphology (e.g.
grain size, film densification and roughness) [73]. To be specific, A lower process pressure
(i.e. a lower Ar flow rate) decreases the probability of collisions with the Ar background
gas during the transit of the sputtered atoms from the target to the substrate, which leads to
an increase in kinetic energy of the adatoms. This improves the surface and bulk diffusion
ability of the adatoms, resulting in a dense film with a larger grain size.

3.2 Thin film characterisation

This section briefly describes the techniques used for characterisation of copper oxide thin

films. Unless specifically stated otherwise, all work was carried out solely by the author.

3.2.1 X-ray diffraction

X-ray diffraction (XRD) is a powerful tool used for investigating crystallographic
characteristics (e.g. the phase of a crystalline material, crystallographic orientation and
film crystallinity). Intense diffraction peaks (i.e. Bragg peaks) are observed when x-ray
beams scattered from lattice planes undergo strong constructive interference. Specifically,
as seen in Figure 3.3, when incident two beams with an identical wavelength and phase are
scattered from lattice planes with the inter-planar spacing d, beam 2 traverses an extra
length of 2dsind. The strongest constructive interference occurs when the path difference

between two beams is a multiple of the x-ray wavelength (1) based on Bragg’s law [74],

nl = 2dsind, 3.1)

where n and 6 are a positive integer and the incident angle, respectively. Bragg peaks
satisfying this Bragg condition determine the unique angle (i.e. Bragg angle) for each
crystal plane (e.g. 26 = 32.6°, 36.4°, 42.3° for CuO (110), Cu,0 (111), Cu,0 (200)). Thus,
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Figure 3.3. Schematic illustration explaining Bragg’s law. Image reproduced from [75].

the phase of copper oxide films (i.e. CuO, Cu,O or a mixed phase) can be determined
through observation of Bragg peaks.

In this dissertation, XRD patterns were used for the purpose of examining the phase
and crystallographic orientation of sputtered copper oxide films and estimating the grain

size L using the Scherrer equation [76],

0.944
L —

~ Bcosh’ (3-2)

where 1 and 8 denote the X-ray wavelength of Cu K,; radiation (0.154 nm) and the Bragg
angle in degrees, respectively. Here, g is the full width at half maximum (FWHM)
corrected by (82, — 82)/? where B,,and f3; are the measured and instrumental FWHM in
radians [77]. XRD was carried out by a Bruker D8 Discover X-ray diffractometer using a
Cu K, x-ray source (4 = 0.154 nm) in the Cavendish Laboratory. Diffraction peaks were
analysed based on JCPDS database files with reference numbers 80-1917 (CuQ), 04-007-
9767 (Cu20) and 85-1326 (Cu). The peak intensities were obtained by subtracting each

baseline (i.e. background noise) from the peak maximum.
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3.2.2 UV-visible spectroscopy

UV-visible spectroscopy is used for analysing optical characteristics (e.g. transmission,
absorption coefficient, optical band gap and Urbach energy) of thin films. Transmission
spectra of copper oxide films deposited on quartz (Spectrosil B) were obtained as a
function of wavelength by an ATI Unicam UV/Vis spectrometer (UV2-200). Based on the

Beer-Lambert law, I = I,e~%t [78], the absorption coefficient («) is given as follows,

1. 1
a==n 7" (3.3)
where Iy and | denote the optical intensities of incident light and transmitted light
respectively, and t is the film thickness. Assuming minimal reflection relative to
absorption based on the fact that copper oxide thin films have low reflectance [79], I,/1
can be obtained by the reciprocal of transmission (i.e. 1/T), and thus a can be roughly
calculated using the measured transmission data and film thickness [80]. Although «

values can be overestimated to a certain degree due to the assumption of minimal

reflection, this has no effect on extracting the optical band gap (Egopt) and Urbach energy

(E,)- This is because Egpt and E,, are estimated from the intercept of the linear portion of
the (ahv)? versus photon energy (hv) plot at @ = 0 and the reciprocal of the slope of the
linear region in the In(a) versus Ao plot, respectively. The detailed extraction methods for

E;”t and E,, will be discussed in section 4.4 and subsection 5.3.2, respectively.

3.2.3 Raman spectroscopy

For the purpose of confirming a change in the copper oxide phase according to the oxygen
flow rate, Raman spectra were recorded with a Renishaw inVia Raman microscope using a
x100 objective. This was performed by Dr. Philipp Braeuninger in the Hofmann Group,
University of Cambridge. For sample excitation, an Ar laser with 488 nm emission
wavelength was used. Characteristic phonon modes related to Cu,O and CuO were
identified based on references [81-84].
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3.2.4 Scanning electron microscopy

With the purpose of examining a change in grain size according to annealing temperature,
scanning electron microscopy was performed by a Phillips LEO GEMINI 1530VP FEG-

SEM in the Nanoscience Centre, University of Cambridge.

3.2.5 Van der Pauw method Hall measurements

Van der Pauw demonstrated that the sheet resistance (R,) of samples with arbitrary shape
can be calculated using resistances measured along a vertical edge and a horizontal edge
(i.e. Ryertical @nd Rporizontal, Se€ Figure 3.4) based on the following relation [85],

R ; Ry pri
exp (—T[ vertwal) + exp (—T[ horlzontal> =1 (3'4)
R R

Using the four-probe van der Pauw method, the sheet resistance (or electrical resistivity) of

thin films can be determined from a total of eight resistance measurements as seen in

+ V3 -

R vertical

Rhorizontal

2

Figure 3.4. Horizontal direction resistance Rporizontat @nd vertical direction resistance

Rvertical OF @ flat sample with arbitrary shape.
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Figure 3.5. Specifically, for each resistance measurement, a current is supplied along one
edge of the thin film (e.g. 112) and the voltage across the opposite edge (e.g. Vai3) is
measured by a voltage metre, then the resistance (in this case, Riz43) is obtained using
Ohm’s law. An improvement in the accuracy of Ryorizontat @Nd Ryerticar 1S Obtained by making
reciprocal measurements, based on the reciprocity theorem (i.e. R1243 = R43.12 fOr Rhorizontal
and Ri4.23 = Ra3.14 TOr Ryeriical), and by repeating reversed polarity measurements (i.e. R2y 34,
R34.21 TOr Rhorizontal @Md Ra132, R3241 fOr Ryeriicar), @nd then by averaging them respectively.
Using the average values of Riorizontat @Nd Ryertical, the sheet resistance is determined by
solving Equation (3.4) numerically. The electrical resistivity p [Q-cm] is calculated by

p = Rst where t is a film thickness [86].

A Hall measurement is very useful for semiconductor material characterisation since

electrical properties (i.e. the majority carrier type, density and mobility) can be obtained

2 1 2
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las l34
Rhorizontal = (R12.43 + Rz 12 + Ra134 + R3421)/4 Ryerticat = (R1423 + R23.14 + Ryq32 + R3p41)/4
(2) Rporizonta; Measurement (b) Ryerticq measurement

Figure 3.5. Eight resistance measurements for obtaining average Rporizontat @Nd Ryerticar Of

thin films. Image reproduced from [87].
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from the induced Hall voltage. The Hall voltage (V) can be measured using the same van
der Pauw sample with an applied magnetic field (B) as seen in Figure 3.6. Here, V,,p
denotes the Hall voltage measured across contacts 2 and 4 for the applied /,; and a
magnetic field in the positive z-direction. For improving the accuracy of the measured Hall
voltage, as in the resistivity measurement, reciprocal (i.e. V;3p for I,,) and reversed
polarity measurements (i.e. V,,p for I3; and V5,p for 1,,) are performed. Additionally, in
order to correct for the offset voltage occurring during the measurement, the Hall voltage
measurements (Voun, Visn, Vaon and V) are repeated under a reversed (i.e. negative)

magnetic field [86]. The overall Hall voltage is then calculated by

_ (Vizp = Vizn) + (Voup — Voun) + (Va1p — Vaan) + (Vazp — Vaow)

. (3.5)

Vi

The type of the majority carrier is determined by the polarity of this Hall voltage; if Vy is
positive, the majority carrier is holes (i.e. p-type). The Hall coefficient R, [cm*/C] is

calculated using the measured V and the following equation [88],

Coordinate
System

J H J 24P

Figure 3.6. Hall voltage measurement using the four-probe van der Pauw configuration.

Image reproduced from [89].
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1
Ry=—=—; > n, 3.6
H ap p (3.6)

where g and p are the elementary charge and carrier (i.e. hole) density for a p-type sample,
respectively. The carrier density is determined from the calculated R, and Equation (3.6).
Finally, using the Hall coefficient and p~! ~ qpuyqy (i.e. when p > n) [88], the Hall

mobility (pyqn) 1S given as

1 Ry
Uuan = (@P)Huan (%) = 7 (3.7)

Thus, uyq; 1S obtained by a simple calculation using the calculated Ry and p.

In order to obtain the electrical characteristics (i.e. electrical resistivity, carrier density
and mobility) of Cu,O thin films, the van der Pauw samples (see Figure 3.7) were
fabricated by forming Au electrodes at the four corners of the Cu,O films deposited on
square glass substrates (8 mmx8 mm) using a thermal evaporator (Edwards E306A) and a
shadow mask. The resistivity and Hall measurements were performed using an MMR

Technologies Hall Effect Measurement System (K2500-7) at room temperature.

8 mm

ww g

Au

v _

Figure 3.7. Schematic van der Pauw geometry for the Hall measurement.
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3.3 Thin film transistor analysis

This section describes important parameters used for evaluating TFT performance and the
techniques that were used for identifying the main origins of the poor performance of p-
type Cu,0O TFTs.

3.3.1 Current-voltage characteristics

The conventional equations describing the current-voltage (I-V) characteristics of TFTs
are derived from the charge control model based on Shockley’s gradual channel
approximation as in MOSFETs [26, 27, 65, 90, 91]. Since the gradual channel
approximation is based on the assumption that the change in the electric field
perpendicular to the channel (y-component) is much larger than the change in the lateral
electric field along the channel (x-component) [92], this model is only valid for long

channel devices.

This model begins by describing the mobile accumulation charge (Q,.c) per unit area

of the TFT channel with consideration for the channel potential (V. (x)), that is,

Qacc = Ci(VGS —Vr— VC(x))' (3.8)

where C;, Vs and V. are the capacitance per unit area of the gate insulator, gate-source
voltage and threshold voltage, respectively. Neglecting the diffusion current, the drain-

source current (Ipg) can be written as

IDS = WQacc.uFEE(x)' (39)

where E (x) = dV.(x)/dx is the magnitude of the electric field in the channel, W and upg
denote the channel width and the field-effect mobility. By substituting Q.. with Equation
(3.8) and E (x) with dV.(x)/dx, Equation (3.9) can be rewritten as



54 Chapter 3. Experimental methodology

Ipsdx = W:“FECi(VGS —Vr — Vc(x))ch(x)- (3.10)

By integrating both sides of Equation (3.10) over x along the channel from x = 0 (source)
to L (drain) and over V.(x) from 0 to Vs, respectively, the I, equation in the linear
operating region of TFTs is given as
w V2

IDS = T:UFECi (VGS - VT)VDS - T ) VDS < VGS - VT' (311)
where L and Vg are the channel length and drain-source voltage. When Vg = Vg — Vi,
the drain current saturates due to channel pinch-off and thus Equation (3.11) is no longer
valid for Vpg = Vg — V. In fact, a further increase in Vs above (Vs — V) causes the
pinch-off point to move slightly away from the drain. However, since this slight reduction
in the effective channel length (i.e. channel shortening) can be negligible for long channel

TFTs [93, 94], the drain saturation current (Ipssq¢) Can be obtained by substituting

Vs — Vr for Vg as follows,

w
Ipssar = iﬂsatci(VGS —Vr)?% Vps = Ves — Vp. (3.12)

Several other models with modifications to account for the localised states near the
band edges and nonidealities such as contact resistance have been also proposed, which
allows accurate and reliable TFT circuit simulation [95-97]. However, it is a convention to
extract upg of TFTs based on Equations (3.11) and (3.12) [2, 26]. Therefore, in this thesis,
the conventional I, model is used for estimating uzr and comparing it with previous

reported pgp values.

3.3.2 TFT parameters

The performance of TFTs is assessed by using several parameters: field-effect mobility,

off-state current, on/off current ratio and subthreshold slope.
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Field-effect mobility (ugg): On-state current (I,,) depends on the TFT geometry (i.e.
channel length L and width W), gate insulator capacitance C; (i.e. dielectric constant and
thickness of the gate insulator) and applied voltages (see Equations (3.11) and (3.12)) [26].
For this reason, instead of I,,, the ugz is used for evaluating the efficiency of carrier
transport in TFTs, and this parameter has direct effects on the maximum I,,, and operating
frequency of TFTs [2]. The uzr measured using a TFT should be expected to differ from
the actual carrier mobility (i.e. uy,;;) Of a channel material due to the effects of the vertical
field induced by Vs and contact resistance (R.). To be specific, since carriers accumulated
by the vertical field flow in the vicinity of the interface between the channel layer and the
gate insulator, carrier transport can be significantly degraded by severe carrier trapping at
the interface if there exists a high density of interface traps. Furthermore, the R, of
source/drain contacts can also lead to a lower gz than its actual intrinsic value in the

channel region [98, 99]. These will be discussed in more detail in section 7.4.

The ugg can be estimated using different approximations from the saturation or linear
operating region. The saturation mobility (us4) is obtained from the slope of a ,/Ips sat

versus Vg plot (i.e. when Vg > Vi — V) using the following equation derived from
Equation (3.12),

2
d IDS sat 2L
_ ’ _ (3.13)

Urg in the linear operating region of TFTs is obtained from the transconductance (g,, =

0Ips1in/0Vgs) using the following equation,

L

UrE = 9m

This equation is derived from the approximated I,s equation (i.e.
Ips = (W /L)upgCiVps(Ves — Vr)) based on the assumption of Vg < V.
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Off-state current (I,5¢) and on/off current ratio (I1o,/1o5f): 1,5 is also a significant
parameter since it determines the minimum power consumption of TFTs [26]. I, ¢/ (scaled

for channel width) < 1 pA/um is required for display applications [100]. The on/off current

ratio is simply defined as I,,/I,fr and a large on/off ratio (> 10°) is required for TFTs to

be used as electronic switches [2].

Subthreshold slope (S): The sub-threshold slope is another critical parameter since it
determines the minimum change in V¢ necessary to turn TFTs from the off-state to the
on-state [26]. It is defined as the value of V¢ required to increase I,5 by one decade in the

subthreshold region [2]:

g = <610g(105)

-1
. (3.15)
aVGS l’l’lélX>

A small S value is required for low power consumption and a high operating frequency of

TFTs [2]. In addition, the S value provides significant information on the trap density in
the bulk channel layer and at the channel/gate insulator interface [101], which will be

discussed more in detail in subsection 7.4.2.

These TFT parameters are obtained from transfer characteristics where I, is plotted as
a function of V;; at a fixed V5. The channel pinch-off (i.e. I saturation) is observed in
the output characteristics where I, is plotted as a function of V¢ for various V5. The
transfer and output characteristics were measured using an HP 4140B pA meter/dual DC

voltage source in a dark box.

3.3.3 Transmission line method

The transmission line method (TLM) is a well-known technique for determining the
contact resistance of a metal/semiconductor contact. Specifically, a semiconductor with

two metal contacts can be considered as a semiconductor resistance (Rg,.,;) in series with
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two contact resistances (2R.) and thus a measured total resistance (Ry) between the two

contacts is simply expressed as [102]

R
Ry = Reomi + 2R = WSL + 2R.. (3.16)

Here, R, is the sheet resistance of the semiconductor, and L and W denote the length and
width of the semiconductor area between the contacts. By fabricating a series of metal
contacts separated by different L on a semiconductor layer (see Figure 3.8 on the left), Ry
as a function of L can be measured and plotted as shown in Figure 3.8 on the right. Based
on Equation (3.16), R can be obtained from the intercept when L = 0 (i.e. 2R) of the
linear fit of the measured R, values. As a secondary benefit, R can also be obtained from
the slope of the linear fit [102].

For estimating the S/D contact resistance and the channel resistance per unit channel
length of fabricated Cu,O TFTs, TFT structures with a channel width W = 1 mm and
different channel lengths L in the range of 10~100 um were used as the TLM patterns, and

each R was measured using an HP 4140B pA meter/dual DC voltage source.
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Figure 3.8. Schematic structure of a standard TLM array (left) and an R, versus L plot

determining the contact and sheet resistances (right). Image reproduced from [103].
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3.3.4 Capacitance-voltage measurements

If the source and drain of a TFT have equal potential, the gate-insulator-channel structure
of the TFT can be regarded as a MIS capacitor having the metal-insulator-semiconductor
structure. Thus, a capacitance-voltage (C-V) curve of the MIS capacitor can be used for
studying the charge response in the TFT channel layer to an applied gate voltage: majority
carrier accumulation, depletion and inversion (i.e. minority carrier accumulation).
Specifically, the capacitance (C,;s) of the MIS structure can be represented as a series
connection of the insulator capacitance (C;) and the depletion layer capacitance (Cgep)

[104],

Ci Cdep

=0 3.17
Ci + Caep (3.17)

CMIS
If the MIS structure is biased into accumulation mode, majority carriers are accumulated at
the insulator/semiconductor interface, and a change in the AC voltage only affects the
majority carrier charge at the interface, thereby C,;s = C;. In the depletion mode, the
majority carriers are depleted, and the C,;s decreases steadily until the depletion width
reaches its maximum value or the semiconductor is fully depleted. If an accumulation of
minority carriers occurs at the interface between the insulator and the semiconductor, a
change in the AC voltage primarily affects the minority carrier charge at the interface, and

thus the Cy,;s increases to €y, = C; again.

In this thesis, C-V characteristics of a metal-oxide-semiconductor (MOS) capacitor
with a p*-Si/SiO,/Cu,0 structure and an Au top contact were measured using an Agilent
B1500A semiconductor parameter analyzer at room temperature for the purpose of
identifying the origin of the high off-state current in Cu,O TFTs (subsection 7.5.1). The
measurement frequency and AC voltage were set to 500 kHz and 250 mV, respectively,
and the DC-bias voltage was swept from -8 to 8 V.



3.3 Thin film transistor analysis 59

3.3.5 Temperature-dependent electrical characterisation

Transfer characteristics at various temperatures (323~373 K in steps of 5 K) were
measured on a thermocouple hotplate probe-station using an HP 4140B pA meter/DC
voltage source. Vg was swept from —10 to +10 V in steps of 0.5 V at a fixed V5 of -1 V,
and each temperature was allowed to stabilise for 5 min. In subsection 7.5.2, the measured
data were used for examining a change in activation energy (i.e. Er position) within the
channel as a function of V¢ and demonstrating the dominant conduction mechanism of the
high off-state current in Cu,O TFTs.
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Chapter 4

Sputtering condition optimisation for Cu,O

4.1 Introduction

It is difficult to obtain pure Cu,O films since moderate excess of oxygen leads to the
formation of CuO in lieu of Cu,0 and even slight excess or shortage of oxygen gives rise
to a mixed phase (i.e. Cu,O/CuO or Cu/Cu,0, respectively) as seen in Figure 4.1. Thus, it
is required to control the stoichiometry of copper oxide precisely in order to form pure
Cu0 films [72].

In this chapter, the film stoichiometry is precisely controlled by the oxygen flow rate

during deposition, and the copper oxide phases in films sputtered at various oxygen flow

Increase in O,

>
Cu — Cu/Cu,0 —— Cu,0 — Cu,O/CuO —— CuO
l4Cu T 0, 5 2Cu,0 ;

2Cu + 0, — 2Cu0

Figure 4.1. Schematic illustration representing a change in the copper oxide phase

according to an increase in oxygen.
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rates are examined using UV-visible spectroscopy, Raman spectroscopy and XRD in order

to find the optimum sputtering condition for stoichiometric Cu,O thin films.

4.2 Experimental details

Quartz and silicon substrates were firstly cleaned by acetone in an ultrasonic bath for 10
min in order to remove oils and organic contaminants on substrate surfaces, and then
soaked in isopropyl alcohol (IPA) for 5 min to remove acetone residues on the surfaces.
This is followed by a rinse in deionised (DI) water and a nitrogen blow to dry the
substrates. A dehydration step was then performed on a hot plate in air at 150 °C for 5 min

to remove moisture on the substrate surface completely.

Copper oxide thin films were deposited on the cleaned substrates by reactive sputtering
using the HiTUS system without intentional substrate heating, from a 4-inch diameter
copper target of 99.999 % purity (Kurt J. Lesker Company) in an atmosphere of argon and
oxygen gases (BOC Gases Ltd). After pumping to a base pressure of about 6.0x10° mbar,
the chamber was filled to a process pressure of 1.5x10° mbar with the Ar gas. The
sputtering process consists of four steps: 1) Ar plasma surface treatment, 2) target cleaning,
3) stabilisation of the sputtering condition and 4) film deposition. To be specific, a low-
intensity Ar plasma treatment on the substrate surfaces (RF launch power of 600 W
without DC bias power) is performed for 5 min in order to not only remove organic
residues completely but also improve thin film adhesion. This is followed by a copper
target cleaning step (RF launch power of 1200 W and DC bias power of 800 W) for 10
min to remove surface contaminants on the target. After reactive sputtering is performed
for 15 min with the shutter closed in order to stabilise the sputtering condition, a copper
oxide thin film is finally deposited on substrates. Here, the oxygen flow rate was varied at
two different target bias conditions (230 and 690 V) in order to find a sputtering condition
for stoichiometric Cu,0. The thickness of deposited films was obtained by measuring a
step edge, provided by kapton tape masking, using surface profilometry (Veeco Dektak
200SI).
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Table 4.1. Comparison of characterisation methods for confirming the copper oxide phase.

Techniques XRD XPS Raman
Detection area Bulk Surface Both
u . 0
(Bulk or surface) (usua(ljlélp(t)hio nm
Detection structure .
Crystalline Both Both
(Crystalline or amorphous)
Film phase Film phase Film phase
Detection information | Film orientation Chemical and Film orientation
Crystallite size glg%g&c Stales oF

There are three characterisation techniques for confirming the copper oxide phase (i.e.
Cu,0 or CuO): XRD, XPS and Raman. Since the XPS only provides information on the
film surface, XRD and Raman were used for confirming the phase in copper oxide films in
this thesis. The XRD was also used for obtaining the information on grain orientation and

size in Cu,O films.

4.3 Results and discussion

Figure 4.2 shows the optical transmittance spectra and absorption coefficient (a) of copper
oxide films deposited at various oxygen flow rates and a fixed target bias voltage of 230 V.
A notable change in optical characteristics of copper oxide films is observed for low
oxygen flow rates (6.5-7.5 sccm): an increase in optical transmittance in the visible
wavelength regime and a left shift of the absorption edge from approximately 680 nm

(9.5-13.5 sccm) to 520 nm. This is indicative of an increase in the optical band gap.

Since Cu,0 has a wider optical band gap (2.2-2.6 eV) than that of CuO (1.4-1.9 eV)
[13, 105-109], by extracting the optical band gap, it can be roughly decided whether the
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Figure 4.2. (a) Transmittance spectra and (b) absorption coefficient « of copper oxide

films formed at various oxygen flow rates and a target bias voltage of 230 V.
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Figure 4.3. (ahv)? versus photon energy plots of copper oxide films deposited at various
oxygen flow rates and a fixed target bias voltage of 230 V for extracting the optical band
gap.
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film is predominantly either Cu,O or CuO. The optical band gap (E;pt) can be estimated

using the Tauc relation [110, 111]:

ahv = ay(hv — E;pt)n, (4.1)

where a, and hv are a prefactor and the incident photon energy (eV). Here, the value of
the exponent n depends on the type of an optical transition: n = 1/2, 3/2, 2, 3 for direct
allowed, direct forbidden, indirect allowed and indirect forbidden optical transitions,
respectively [111]. All the reported E;pt values of copper oxide films were obtained by
assuming a direct allowed transition [105-109]. Based on this convention, n was assumed
to be 1/2, and therefore the E;”t was extracted from the intercept of the linear portion of
the (ahv)? versus photon energy (hv) plots at a = 0 as seen in Figure 4.3. The extracted

Eg”t increases from 1.8-1.9 eV to 2.3-2.4 eV for a decrease in the oxygen flow rate from

9.5-13.5 sccm to 6.5-7.5 sccm. These values are in the range of the reported E;pt values

of CuO and Cu,O thin films respectively [105-109], which indicates the formation of
Cu,0 (6.5-7.5 sccm) and CuO (9.5-13.5 sccm).

In order to confirm this, a Raman scattering investigation was performed (Raman raw
data were obtained by Dr. Philipp Braeuninger in the Hofmann Group, University of
Cambridge). Here, an Ar (488 nm) laser was used as an excitation source. This is because
the 488 nm excitation (2.55 eV) is in near-resonance with the bandgap energy of Cu,O and
therefore several forbidden Raman modes (e.g. 150 and 211 cm™ lines) of Cu,O are
detected when excited with 488 nm [81]. As seen in Figure 4.4, seven distinct Raman lines
are observed at ~150, 210, 294, 344, 418, 630 and 640 cm™. The 150, 210, 418 and 640
cm™ lines are related to Cu,O while 294, 344 and 630 cm™ lines are associated with CuO
[81]. To be specific, the copper oxide films deposited at higher oxygen flow rates (10.5
and 13.5 sccm) show three Raman peaks at 294 (Ay mode), 344 (B4 mode) and 630 cm™
(Bg mode) which are the Raman-allowed optical phonon modes of CuO [81, 82]. This
confirms that the films are composed of the CuO phase. With regard to a lower oxygen
flow rate of 7.5 sccm, five Raman lines are detected at 150, 210, 294, 418 and 640 cm™.
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Figure 4.4. Raman spectra of copper oxide thin films deposited at various oxygen flow
rates using Ar 488 nm laser excitation at room temperature. Inset shows an enlarged CuO

peak of the film formed at an oxygen flow rate of 7.5 sccm.

The 150 and 640 cm™ lines are related to the longitudinal optical (LO) and transverse
optical (TO) phonon scattering of Cu,0, respectively. The 210 cm™ line is associated with
a two-phonon scattering of the 110 cm™ mode of Cu,O [81, 83, 84]. However, the 294 cm™
Raman peak (i.e. CuO Ay mode) is also observed in this film as seen in the inset of Figure
4.4. The intense peaks of the Cu,O forbidden Raman modes are due to resonance
enhancement by 488 nm excitation [81], and therefore the higher intensities of the Cu,O
Raman peaks compared to the CuO peak do not necessarily mean that the film is mainly
composed of the Cu,O phase. For this reason, the copper oxide phases in the film formed
at an oxygen flow rate of 7.5 sccm were examined by an X-ray diffractometer. As seen in
Figure 4.5, three peaks are detected at 32.6°, 36.4° and 43.3° which are related to the CuO
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Figure 4.5. An X-ray diffraction pattern of the copper oxide film deposited at an oxygen
flow rate of 7.5 sccm and a target voltage of 230 V.

(110) [JCPDS 80-1917], Cu,O (111) [JCPDS 04-007-9767] and Cu (111) [JCPDS 85-
1326], respectively. This shows that the film actually consists of a mixed phase of Cu,O

and CuO with a small trace of the Cu phase.

In order to find a sputtering condition for pure Cu,O thin films, the oxygen flow rate
was varied at a different target bias condition of 690 V. A deposition rate was doubled
from ~25 to 50 nm/min with an increase in target bias voltage from 230 to 690 V. This is
because a higher target bias voltage gives rise to an increase in accelerating energy of Ar
ions that collide with the copper target, thereby leading to a rise in the number of copper
atoms out per an incident Ar ion. The increase in deposition rate (i.e. the number of
sputtered copper atoms) requires a higher oxygen flow rate for obtaining Cu,O thin films.
For this reason, higher oxygen flow rates (15-17 sccm) were provided for this target bias

condition. As seen in Figure 4.6, the copper oxide films deposited at oxygen flow rates
(15-16 sccm) show E;P* of ~2.3 eV which is in the range of the reported E;7* values of

Cu,0 [13, 105-108]. Figure 4.7 shows an XRD pattern of the copper oxide film formed at
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Figure 4.7. An X-ray diffraction pattern of Cu,O formed at an oxygen flow rate of 16

sccm and a target voltage of 690 V.
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an oxygen flow rate of 16 sccm. The XRD pattern shows an intense peak close to 42.33°
which is related to the (200) diffraction peak of Cu,O [JCPDS 04-007-9767] without other
peaks associated with Cu and CuO phases, demonstrating the formation of a stoichiometric
Cu,0 thin film. Finally, electrical characteristics of this film were examined by Hall
measurements. This film exhibited a p-type characteristic with a Hall mobility of 0.14

cm?/V-s and carrier density of 1.68x10'° cm?

, and especially the Hall mobility
significantly improved compared to that (~0.03 cm?/V-s) of the mixed-phase copper oxide
film (7.5 sccm and 230 V). This sputtering condition (oxygen flow rate of 16 sccm and
target bias voltage of 690 V) will be used to investigate annealing effects on Cu,O film
characteristics (Chapter 5) and form a Cu,O active layer for p-type metal oxide TFTs

(Chapter 7).
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Chapter 5

Annealing effects on Cu,O film characteristics

5.1 Motivation and background

The as-deposited p-type Cu,O thin film shows a Hall-effect carrier mobility of ~0.14
cm?/V-s. Considering a carrier mobility (10~40 cm?®/V-s) of n-type metal oxides [112-116],
this mobility is unacceptably low for a p-type channel layer of CMOS and therefore it is
required to enhance the carrier mobility of the Cu,O thin film. Thermal annealing is a
conventional method for improving the carrier mobility as it can reduce the defect density
[33, 117, 118]. However, copper oxide films are also vulnerable to phase conversion (i.e.
Cu,0 — CuO or vice versa) by either oxidation or oxide reduction according to the
annealing environment (i.e. air or vacuum) [119]. Specifically, air annealing leads to Cu,O
oxidation (Cu,0 — CuO) induced by oxygen in-diffusion into films and the following
reaction, 2Cu,0O + O, — 4CuO [106]. In contrast, vacuum annealing gives rise to oxide
reduction (CuO — Cu,O — Cu) resulting from oxygen out-diffusion under vacuum
through the reactions of 4CuO — 2Cu,0 + O, and 2Cu,0 — 4Cu + O [120, 121]. For this
reason, although few groups have fabricated p-type Cu,O TFTs using thermal annealing,
their TFT performance is still poor and the phase conversion of Cu,O was observed [13,
122, 123]. To be specific, Cu,O TFTs annealed at 200 °C in air showed a field-effect
mobility (upg) of ~1.2x10°° cm?V-s [122] and a CuO peak was observed in the XRD
pattern [13]. upz of ~0.06 cm?/V-s was reported from Cu,O TFTs annealed at 800 °C in
vacuum and the XRD pattern showed Cu peaks along with Cu,0 peaks [123]. Wang et al.
examined annealing effects on Cu,O films only at a low temperature range up to 280 °C

since above 300 °C, phase conversion to CuO occurred by annealing in air [124].

71



72 Chapter 5. Annealing effects on Cu,0 film characteristics

Po,(atm)
Tt X T T T T L
0! OXYGEN ANNEALING

10 — -
B CU20(L) 7
IO-I n N
Io'z — Cu0 71
B / d
=3 -
= // ]

- Cu,0
104 2 .
10° =
T*hd ng Cu(L)

-7 .
10 = CU2O (.'U ]
168 L—/VACUUM ANNEALING -~

A I | i | 1 | 1
600 800 1000 1200 4

T(C)

Figure 5.1. Pressure-temperature diagram in the copper-oxide system. Image reproduced
from [119].

In this chapter, it is demonstrated that it is possible to anneal Cu,O thin films in
vacuum up to 700 °C without any phase conversion. Here, the oxidation is prevented by
annealing in vacuum, and the Cu,O films are also screened from oxide reduction since it
requires a higher temperature > 800 °C in vacuum (see Figure 5.1). This allows an
investigation of the pure annealing effects on Cu,O film characteristics without phase
conversion at a much higher temperature range applied here (500-700 °C) than previously
studied [124]. In addition, for an in-depth discussion on the main causes of the very low
carrier mobility in as-deposited films and the mobility improvement by vacuum annealing,
a quantitative and analytical investigation on the conduction mechanism is performed
based on analysis of the relative dominance of trap-limited and grain-boundary-limited
conduction. In the last part of this chapter, a simple extraction method for the density of
copper vacancies is proposed in order to provide a quantitative insight into the annealing

effect on the copper vacancy density in Cu,O thin films.
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5.2 Experimental details

For an investigation of annealing effects on Cu,O film properties, the as-deposited Cu,O
films (sputtering condition: RF launch power of 1.2 kW, process pressure of 1.5x10™° mbar,
oxygen flow rate of 16 sccm and DC bias power of 0.95 kW with a DC bias voltage of
~690 V) were annealed in vacuum (~9.5x10™® mbar) in an Aixtron Cambridge
Nanoinstruments Black Magic 2 system at temperatures of 500, 600 and 700 °C for 10 min.
The annealing temperature was monitored with an infrared (IR) radiation pyrometer
(Infratherm 1GA8 plus). The temperature ramp rate, cooling time and unloading
temperature were 5 °C/s, 20 min and 50 °C, respectively. In order to conduct Hall
measurements using the van der Pauw method, Au electrodes were formed at the four
corners of the Cu,0 thin films deposited on 8 mmx8 mm glass (Corning 7059) substrates
using a thermal evaporator (Edwards E306A) and a shadow mask. Crystallographic,
optical and electrical characteristics of the Cu,O films were examined using the
characterisation techniques (i.e. XRD, UV-visible spectroscopy, Hall measurements and
SEM) described in Chapter 3.

5.3 Film properties

5.3.1 Crystallographic characteristics

As seen in Figure 5.2, the Cu phase is not detected in any of the annealed Cu,O films,
showing that it is possible to perform the thermal treatment of Cu,O films up to 700 °C in
vacuum without a concern about phase conversion. In addition, a significant increase in the
intensity of the Cu,O (200) peak is observed: 95 cps (as-deposited), 650 cps (500 °C),
3200 cps (600 °C) and 4175 cps (700 °C). Here, cps means counts per sec and the peak
intensity was obtained by subtracting each baseline (i.e. background noise) from the peak
maximum value. This clearly indicates that film crystallinity improves significantly with

an increase in annealing temperature.
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Figure 5.2. XRD patterns of Cu,O films before and after annealing in vacuum at 500, 600
and 700 °C. Inset indicates an enlarged XRD pattern of the as-deposited thin film [125].

5.3.2 Optical band gap and Urbach energy

As seen in Figure 5.3, the optical band gap is simply extracted from the x-intercept of the
linear part of the Tauc plot as explained in section 4.3. This clearly shows widening of the
optical band gap with an increase in annealing temperature: 2.28 eV (as-deposited), 2.36
eV (500 °C), 2.39 eV (600 °C) and 2.43 eV (700 °C).

Wang et al. [124] also observed the widening of the optical band gap at a low
annealing temperature range (180-280 °C), and they interpreted this as a reduction in the
valence band tail width as seen in Figure 5.4. To be specific, a high density of tail states
near the VBM in the as-deposited film leads to a narrowing of the optical band gap (see
Figure 5.4 (a)). The band tail decreases by thermal annealing, which results in the optical
band gap widening (see Figure 5.4 (b)). This interpretation was supported by a reduction in
Urbach energy which is a parameter reflecting the width of the band tail. The author agrees
with this interpretation based on the highly disordered nature of the VBM in Cu,O.

Specifically, as seen in Figure 5.5, while the CBM in Cu,O consists of spherical
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Figure 5.4. Schematic band structures of (a) as-deposited and (b) annealed Cu,O films.

Image reproduced from [124].
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Figure 5.5. Schematic bonding structures of the conduction band minimum and valence

band maximum in Cu,O.

overlapping Cu 4s orbitals, the VBM is formed from non-spherical Cu 3d orbitals with
spatial directivity causing a variation in bonding angle [13]. This is a strong source of
disorder in the VBM, which causes a broad distribution of localised tail states (i.e. a strong
tailing) near the VBM [47]. It is also known that a high density of tail states in disordered

materials can be reduced by thermal annealing [126, 127].

In order to verify this, the Urbach energy (E,) was extracted using the following

method. The optical absorption tail empirically follows an exponential law represented by

hv

a(v) = agexp (E—u), (5.1)

where a, ag, h and v are the optical absorption coefficient, a constant, the Planck constant

and the photon frequency, respectively [128, 129]. Equation (5.1) can be rewritten as

1
In(a) = (E—> hv — In(ay), (5.2)

and therefore E,, is estimated from the reciprocal of the slope of the linear region in the

In(a) versus Ao (i.e. photon energy) plot as seen in Figure 5.6. This shows a reduction in
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Figure 5.6. In(a) versus photon energy plots of Cu,O films with different annealing

temperatures for extracting the Urbach energy [125].

E,, with an increase in annealing temperature: 223 meV (as-deposited), 166 meV (500 °C),
128 meV (600 °C) and 78 meV (700 °C), which quantitatively demonstrates that the

widening of the optical band gap results from a decrease in the band tail.

Figure 5.7 also shows that there is a linear relation between the Urbach energy and the
optical band gap. This allows extraction of the optical band gap in the absence of the band
tail (i.e. E,, = 0) from the y-intercept of the linear fit. Using this method, the value of about
2.52+0.02 eV is expected for the optical band gap at E,, = 0 eV. In fact, as seen in Figure
5.4 (a), this extracted optical band gap represents the energy gap between the VBM (T',5/)
and the second lowest conduction band (I';,-) at the I'-point. This is because, as described
in subsection 2.3.3, the lowest absorption transition is not allowed because of the same
parity of the I'7 (the highest valence-band state derived from I',s-) and I'{ (the lowest
conduction-band state derived from I'y), and therefore strong light absorption occurs at the
optical transition between the I',s- and the second lowest conduction band (I';,-) with the
allowed parity (I'g). Thus, considering the energy difference between the first CBM (T';)
and the second CBM (I';,-) is ~0.51 eV calculated by density-functional theory (DFT)
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Figure 5.7. The relation between the optical band gap and the Urbach energy for Cu,O
thin films annealed at different temperatures.

[130], the actual band gap of Cu,O (i.e. the energy gap between the VBM and the first
CBM) in the absence of the band tail is evaluated to be ~2.01+0.02 eV. This value is
consistent with the theoretical value of 2.01 eV calculated by DFT [130] and the estimated
value (2.00 ~ 2.06 eV) from the optical band gap [124].

5.3.3 Hall mobility and carrier density

Figure 5.8 (a) shows a significant improvement in Hall mobility (uy,;;) from ~0.14 to 28
cm?/V-s with an increase in annealing temperature. Compared to the work of Wang (141
= 2.67 cm?/V's for Cu,O annealed at 280 °C in air) [124], an increase in annealing
temperature, enabled by vacuum annealing, allows a much more considerable mobility
enhancement. The main causes of the uy,; improvement will be discussed in detail in the
following sections (5.4 and 5.5). In addition, as seen in Figure 5.8 (b), an increase in

annealing temperature leads to a significant reduction in carrier density from 1.68<10 to

1.85x10" cm™, which results in an increase in electrical resistivity from 2.7<10° to
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Figure 5.8. (a) Hall mobility and (b) electrical resistivity and carrier density of Cu,O films

as a function of annealing temperature [125].

1.4x10* Q-cm. The reduction in carrier density suggests a decrease in copper vacancies,
which is the main origin of holes in Cu,O. In section 5.6, the annealing effect on the
copper vacancy density will be quantitatively examined. The changes in py,y;, carrier

density (i.e. free hole concentration, py,..) and E;, according to annealing temperature (Tx)

are summarised in Table 5.1.

Table 5.1. Summary of parameters (ppyqy ., Prree and E, ) for different annealing

temperatures [67].

Ta [°C] As-deposited 500 600 700
Upan [cm?/V:s] 0.14 3.75 7.42 28
Pfree [CM™] 1.68x10" 1.30x10™ 7.34x10" 1.85x10"

E, [meV] 223 166 128 78
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5.4 Interpretation of Hall mobility enhancement

5.4.1 Two main conduction mechanisms

The carrier transport in nanocrystalline materials such as Cu,O is mainly governed by two
conduction mechanisms: grain-boundary-limited conduction related to the potential barrier
at the grain boundary and trap-limited conduction associated with localised band tail states,
as described in section 2.4. To be more specific, Cu,O thin films have a nanocrystalline
structure, which suggests the presence of potential energy barriers at grain boundaries as

seen in Figure 5.9. This impedes hole transport in Cu,O films [61, 131]. Furthermore, if

Grain Boundary \

Grain

(a) Crystalline Structure

Q

A\ 4

L | L | X

(b) Charge Distribution

(c) Energy Band Structure

Figure 5.9. (a) The schematic crystal structure; (b) the charge distribution of a depletion

region within grains and at grain boundaries; (c) the energy band diagram of Cu,O films.
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the band tail width in nanocrystalline materials is larger than the thermal energy, kT, a
large portion of thermally excited carriers are trapped at the band tail states [132], and the
carrier transport is significantly degraded by multiple carrier trapping and thermal release
at the tail states (i.e. trap-limited conduction) [65, 66]. Since Cu,0O thin films have a much
larger valence band tail width than the thermal energy based on the highly disordered
nature of the VBM in Cu,O (see subsection 5.3.2) and the extracted E,, (see Table 5.1),
trap-limited conduction can also significantly degrade a hole mobility in Cu,O films [123].
For this reason, in this section, the main causes of the carrier mobility enhancement by

annealing are discussed in terms of the two conduction mechanisms.

5.4.2 The density of tail states and trapped hole concentration

First of all, in order to explain the uy,;; improvement with an increase in T, from the trap-
limited conduction perspective, a change in the density of tail states at the valence band
( Nygeail(E) ) was examined. Nypg:qi(E) can be approximated as an exponential
distribution using O’Leary’s empirical model for the distribution of electronic states of
disordered semiconductors as follows [133],

Ey, —E
Nyseau(B) = Newexp (), 53)
u

V2m;*? |E, 1
_ By (1 5.4
New=—aps— |2 eXp( 2)' G4

Here, Ey, N, E,, and m;, denote the energy of the valence band edge, the tail state density
at E = Ey,, the Urbach energy reflecting the width of the valence band tail and the density-
of-states effective mass of holes in the valence band, respectively. The majority of holes
are produced from the light hole band since the band is situated at the top of the valence
band (see subsection 2.3.3). Therefore, m,, can be regarded as the band mass of light holes

(my), which is about 0.56m, [55], where m, is the electron rest mass. Using this value,
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the extracted E,, and Equations (5.3) and (5.4), Nyptqeii (E) and Ny, were estimated as

shown in Figure 5.10.

As for the carrier density trapped at the tail states (n.qp), it was demonstrated that
Nrap has an exponential dependence on KT rather than KT in the case of the tail state

energy kT < KT (T is the characteristic temperature of the tail states) and an exponential
dependence on kT in the case of kT > kT as seen in Table 5.2 [66]. In the p-type case (i.e.

the majority carrier is a hole), the hole concentration trapped at the tail states (p;qp) Can

-
©

-
o

N\
\

3 41
NVBtaII(E) (cm~eV')
3,
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10 | |—s00°C 2 \
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Figure 5.10. The extracted density of (a) tail states at the valence band (Nyg:qi;(E)) and
(b) tail states at E = E}, (N,,,) in Cu0 thin films as a function of annealing temperature
[67].

Table 5.2. The carrier concentration trapped at the tail states (n..,,) according to the
conditions (kT; < kT and kT; > KkT). Here, E- and N, denote the energy of the conduction
band edge and the tail state density at E = E, and this is the n-type case (i.e. the majority

carrier is an electron) [66].

Conditions kT < kT kT:> KT

Trapped | "trap Nerap

carrier 1 2(Ec — Ep) Er — E; (EF - EC>
- ~ = _ ~ N, kT,
concentration 2 NeckTy ( ) exp ( ) tcltle€xp KT,
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be estimated by integrating Equation (5.3) weighted by the Fermi-Dirac distribution
function (i.e. the probability of occupation of the donor-like tail states by an electron),
F(E) = 1/[1 + exp{(E — Er)/kT}] where Eg is the Fermi energy, as follows,

prap = | Noseaa ()1 = F(E)1dE. (5.5)

Ey
Here, it is assumed that all ionised donor-like tail states filled with a hole (i.e. psqp) are
located above Er (i.e. F(E) =0 at E > Ep, F(E) = 1 at E < Eg), corresponding to the
condition kT; = E,, > KT (see Table 5.1) [65, 134]. This yields an analytical expression for

Ptrap aS

Ey — EF)

I (5.6)

Ptrap = NtvEueXp<

Ey — Er can be estimated using the measured py,... (see Table 5.1) and its formula given

by the Boltzmann approximation [135],

&_%) (5.7)

Pfree = NVeXp< kT

Here, Ny, denotes the effective density of states for free carriers in the valence band and is
given by [135]

_(2mmukT 3/2
Ny =2 ()

Using the calculated Ny, (1.05x10™ cm™ for m}, = 0.56m,) and Equation (5.7), E, — E
was obtained: —0.166 eV (as-deposited), —0.29 eV (500 °C), —0.31 eV (600 °C) and —0.34

eV (700 °C). Finally, p.,,, was analytically estimated using the extracted parameters (N,

(5.8)

E, and E, — Er) and Equation (5.6) as seen in Figure 5.11. This shows a reduction in

Perap With an increase in Ta, which quantitatively demonstrates that the uy,;; enhancement
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Figure 5.11. Extracted trapped hole concentration (p-qp) as a function of annealing

temperature.

is due to a reduction in hole trapping events resulting from a decrease in valence band tail

states.

5.4.3 Scanning electron microscopy images

In this subsection, in order to provide an interpretation of the uy,;; enhancement from the
grain-boundary-limited conduction point of view, a change in the grain size was examined
using scanning electron microscopy. Figure 5.12 shows that an increase in T leads to an
increase in the grain size (i.e. a reduction in the number of grain boundaries), which can
also result in the uy,; enhancement. The changes in the grain size and energy barrier

height at grain boundaries will be quantitatively discussed in subsection 5.5.4.
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As-deposited

—
100 nm

Figure 5.12. SEM images of Cu,O film surfaces before and after annealing at 500, 600
and 700 °C [67].
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5.5 Relative dominance of conduction mechanisms

For an in-depth discussion on the main causes of the very low uy,;; of the as-deposited
Cu,0 as well as the uy,;; enhancement by annealing, a quantitative and analytical study on
the relative dominance of trap-limited conduction (TLC) and grain-boundary-limited
conduction (GLC) is presented in this section.

5.5.1 Hall mobility definition

If there are several mobility degradation mechanisms and they are mutually independent,
then the effect of the individual degradation mechanisms on the measured carrier mobility

can be easily visualised using Matthiessen’s rule as follows,

= Zui‘l. (5.9)

where y; is a mobility limited by an individual degradation mechanism. Using this rule,

the effects of TLC and GLC can be incorporated into pyq;; as

1 1 1 1 1 1

= + — + : (5.10)
Ugant Mo Hrrc Herc HMoric HeLc

— =t (5.11)

where u, is the free carrier mobility determined by several intrinsic scattering mechanisms
such as phonon (lattice) scattering (u,,) and ionised impurity scattering (u;;), and ur ¢
and ug.c denote the mobilities limited by TLC and GLC, respectively. Here, ug® + uri.
can be expressed as ugr.c (i-e. ugt + Uric = UgrLc, Where porpc denotes the effective

carrier mobility degraded by TLC). Using trap-limited conduction theory, o r1c is given
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by uo weighted by fr,c which is the ratio of pf,.. to the total carrier concentration (i.e.

Dfree t Pirap) as follows [63, 132],

Koric = MoPrrc (5.12)
pfree
Bric = <—> (5.13)
rie pfree + Ptrap

Using Equations (5.10) and (5.12), ugqn i then given by

MoBricheLe
UHa = ticBrre + flore = WoQgLcPrLc (5.14)

HeLc
toBric + Mere

Qgrc = (5.15)
where a;c (0 < agc < 1) denotes the GLC coefficient quantifying the effect of GLC on
Uuau- Here, agre = 1 (1. pgre > UoBric) represents the condition when py,; is affected
by only TLC.

5.5.2 Analytical calculation of mobility parameters

GLC coefficient (agc)

The GLC effect on uy,; was first quantified by extraction of a; . The ag. - can be
determined based on the difference between pirap(naiy (Perap Calculated from measured
tuau including the effects of TLC and GLC) and ptrap(pos) (Perap Calculated from the
extracted Nygqqi; (E) including only the TLC effect). To be specific, using Equations (5.13)
and (5.14), prrqp is given by

grcHo 1)

5.16
Uhanl ( )

Ptrap = Prree (
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If ag.c is not deliberately considered in Equation (5.16), perapuany Can be analytically

obtained from

Ho
Ptrap(Hall) = Pfree (_ - 1)- (5.17)
Huau

If there is the GLC effect on py,,;, then the calculated piyqpcuany is Overestimated since
Acre (0 < agre < 1). This is reflected in the degradation of u, by GLC, and is not
considered in Equation (5.17). This leads to the discrepancy between perap(mau) and
Perappos)- Including the peapmaiy ad Prrappos) in Equation (5.16) allowing for ag¢

as follows,

_ AgLcHo Ho Ho
PtrapD0os) = Pfree -1)+

Uyal HUhgau  HHau

Ho Ho
=p [(—_1>_ 1-a )]
free o U GLC (5.18)

pfree.uo

= Ptrap(Hall) — (1= agre)s

Hall

means that a.; . can then be estimated by

HHau <ptrap(Hall) - ptrap(DOS)> (5.19)

Agre =1— 0
0

Pfree

Here, u, is assumed to be 270 cm?/V-s (the theoretical mobility limit by longitudinal-
optical (LO) phonon scattering at room temperature) since phonon scattering is dominant
above 200 K [55, 60]. In addition, a;;. for Ta = 700 °C is assumed to be a; - = 1 (i.e.
PerapHatr)(700 °C) = Dirap(pos) (700 °C)) based on the fact that a Cu,O TFT annealed at
700 °C obeys the Meyer-Neldel (MN) rule indicating that carrier transport is governed by
trap-limited conduction [123, 136, 137]. Specifically, Figure 5.13 shows an exponential
relation between the prefactor (|Ipo]) and activation energy (E,) extracted from I, =
Ipoexp(—E,/kT), where I is a measured drain-source current of a Cu,O TFT annealed
at 700 °C, which follows the Meyer-Neldel (MN) rule. It has been demonstrated that trap-
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Figure 5.13. Prefactor (|Ip0|) (log scale) versus activation energy (E,) for the Cu,O TFT
annealed at 700 °C.

limited conduction always exhibits the MN rule [136], which allows the assumption of
agc = 1 for Ta = 700 °C (i.e. carrier transport is governed by only TLC). In order to
determine the extent of the discrepancy between pirapany aNd Derappos) (i-€.
Dtrap(Hall) — Ptrap(pos)), Perap Calculated from the extracted Ny g, (E) (see Figure 5.11)
was corrected by the product of p..,, (normalised to the value at T, = 700 °C) and
Perapair) (700 °C) (S€€ pirappos) IN Figure 5.14 (a)). Figure 5.14 (a) shows a large
discrepancy between pirqpuany and Perappos) for the as-deposited Cu,O thin film; the
discrepancy decreases significantly after annealing at To > 500 °C. Using Equation (5.19)
and the difference between piyqapmaiy AN Pirappos), Aerec Was finally estimated as seen
in Figure 5.14 (b). This shows that a very low ag;; (significant grain-boundary-limited
conduction) of the as-deposited Cu,O film increases considerably after annealing at 500 °C
and ag; . approaches unity (no grain-boundary-limited conduction) as T increases further:
0.0014 (as- deposited), 0.76 (500 °C), 0.96 (600 °C), 1 (700 °C). This suggests that while
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Figure 5.14. (8) Peraprawy A Perappos) and (b) agc, estimated from the extent of the
discrepancy between pirap(Hai) aNd Derappos), @S a function of annealing temperature
[67].

GLC has a significant effect on carrier transport in the as-deposited thin film, the GLC

effect on carrier transport becomes insignificant after high-temperature annealing.

Extraction of pg grc and prpc

The relative dominance of TLC and GLC was quantitatively investigated by extraction of
to,cLc (the effective carrier mobility degraded by GLC) and uy;c. Using Equations (5.14)
and (5.15), ugc is first given by

ot = MoQcrcBric _ Muan
GLC = = .
1—agc 1—agic

(5.20)

The assumption (ag,c = 1 for T = 700 °C, i.e. GLC has no effect on py,;;) results in
Uerc = o, wWhich physically means the relative insignificance of GLC compared to TLC
(i.e. ugLe > urrc), not actually infinite ug; . For this reason, in order to provide a
quantitative comparison with pur.c, togrc Was calculated using the following equation

derived from pg g c = ot + pgic and Equation (5.20),
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" . HolHall
0,GLC 1o (1 —

. 5.21
acre)MHau ( )
Using Matthiessen’s rule (i.e. unl; = ugt + pgic + tric = ll(?,éLc + uric), Uric is given
by

Ho,cLcUHall

Uppe = (5.22)

Ho,GLc — MHall
The calculated results along with measured uy,;; (see Figure 5.15) show that py,y; iS
entirely determined by pg ¢, for the as-deposited film, while 4, is limited by pr; ¢ after
annealing at Ta > 500 °C. This means that carrier transport in the as-deposited film is
governed by GLC, whereas GLC becomes insignificant and TLC dominates after high-
temperature annealing, suggesting that the very low as-deposited py,;; results from the

significant GLC, and the py,; improvement by annealing is determined by TLC.
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Figure 5.15. Measured pyq,, extracted pur;c and uggc as a function of annealing

temperature [67].
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5.5.3 Grain size and energy barrier height at grain boundaries

In this subsection, in order to explain the significant reduction in the GLC effect by
annealing, changes in the grain size (Ly) and the potential energy barrier height (Ep) at
grain boundaries were quantitatively investigated. Using the line broadening of the intense
Cu,0 (200) peak of the XRD patterns (see Figure 5.2), L, can be estimated by the Scherrer

equation (Equation 3.2). pogic is given by pgerc = Lyqy/1/2nm*kT exp(—Ep/kT),

where g denotes the elementary charge [61]. Using this equation, the E is given as

V2mm*kT
HocLcV2mm™k ) (5.23)

Ep = —kTln
g < Lgq

Lg and E were extracted using Equations (3.2) and (5.23), respectively, as seen in Figure
5.16. This quantitatively shows an increase in L, and a reduction in E with an increase in

Ta, providing a clear explanation for the decrease in the GLC effect. In addition, Eg is

50 T T T T T T T T 200
. _'_Lg
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Figure 5.16. The estimated grain size (L,) and potential barrier height (Eg) as a function

of annealing temperature. Here, the red dot line shows the thermal energy kT at room

temperature [67].
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reduced to Ez < kT (~26 meV) at Ta = 700 °C, which is considered to be the main reason
for the insignificance of the GLC effect in the Cu,O film annealed at 700 °C.

5.5.4 Fermi energy effect on trap-limited conduction

Although the as-deposited thin film has the largest E;,, it exhibits the highest ur; - (i.e. a
relatively insignificant TLC effect in the as-deposited film) as seen in Figure 5.15. This
can be explained by the Ej effect on TLC. Figure 5.17 (a) shows calculated values for
Dfreer Ptrap = Perapos) Protal = Prree T Ptrap and Pryc (i.e. the ratio of pgre. to
Dfree T Derap) OF the as-deposited Cu,O film with E,, = 223 meV as a function of E — Ey,.
This shows that since the gradient of py,. is higher than that of pe.q, (i.e. (kT)™! >

(E,)™Y), Broc approaches unity with a decrease in Er — E,,. Based on trap-limited

. : 107 ’ g
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Figure 5.17. (a) calculated pfree, Prraps Protar @Nd Bric O as-deposited Cu,O with E,, =
223 meV and (b) Br.c of all the samples with E,, = 223 meV (as-deposited), 166 meV
(500 °C), 128 meV (600 °C), 78 meV (700 °C) as a function of Ep — Ey. In (), Dfree Was
estimated using Equation (5.7) given by the Boltzmann approximation which is valid for
Ep — Ey = 3KT. In (b), Ery, Ersoo, Ereoo @nd Epsqo denote the Fermi energy before and
after annealing at 500, 600 and 700 °C, and the corresponding Sy values are Brico =

036, ﬁTLCSOO = 0018, BTLC600 = 0.029 and BTLC700 = 01, I‘ESpeCtIVE|y [67]



94 Chapter 5. Annealing effects on Cu,O film characteristics

conduction theory (see Equation (5.12)), this means that the TLC effect decreases as Ex
approaches to Ey,. This suggests that not only E;, but also the position of E have an effect
on pur.c. In order to help understanding of this, Figure 5.17 (b) shows the calculated S
values of all the samples with E,, = 223 meV (as-deposited), 166 meV (500 °C), 128 meV
(600 °C) and 78 meV (700 °C) as a function of Er — E},. If ER of all the samples lay at the
same energy, as-deposited Cu,O with the largest E,, would have the lowest S, value (i.e.
the most significant TLC effect). However, since the as-deposited film has a much smaller
(Er — Ey) value than those of annealed films, it has the highest B, value as seen in
Figure 5.17 (b). This is the reason for the relative insignificance of the TLC effect (i.e.
high uy.c) in the as-deposited Cu,O film.

5.6 The density of copper vacancies

Figures 5.8 (b) and 5.13 (a) show a decrease in the total hole concentration (piorar =
Dfree T Perap) With an increase in Ta. This suggests that an increase in T leads to a
reduction in copper vacancies (V,,) which are the main origin of holes in Cu,O [9, 124]. In
this section, a simple method for extracting the density of copper vacancies (Ny,, ) is
proposed in order to provide a quantitative insight into the decrease in V,. This model
begins with the charge neutrality condition (i.e. p + N3 = n + N;) [135]. Here, p and n
denote free hole and free electron concentrations, and N7 and N, are the densities of
ionised donors and ionised acceptors, respectively. Since there is a broad distribution of
localised tail states at the valence band (i.e. donor-like states) in Cu,O films and holes are
trapped at the tail states, this charge neutrality condition should include the density of
ionised tail states (Nfg), p + NJ + Nfs =n+ N, . Considering that N3 and n are
negligible (i.e. p + Nfs > Nj, Ny » n) [135], this condition becomes p + Nfg = N, .
Additionally, contrary to the shallow V., acceptor level, oxygen interstitials (0;) are
another possible hole producer and have deep acceptor levels [9]. For this reason, it can be

assumed that the majority of holes are produced by V,,, and therefore the density of
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ionized copper vacancies (Ny ) can be substituted for N, Substituting p¢,, for N7, the

final form of the charge neutrality condition is obtained as follows,

NV_Cu ~ pfree + ptrap- (5-24)

Using the formula for the ionised acceptor concentration [135], Ny, could be given by

E, — EF)' (5.25)

where g, and Ey_, denote the acceptor-site degeneracy factor and the energy level of
copper vacancies, respectively. Here, representing Ey. — Ef as (EVCu - EV) + (Ey — Ep),

Equation (5.25) can be written as

NVCu

Ey., —E E, — E-\ (5.26)
1+gAexp( VCkT V)exp( VkT F)

NVCu =

Using Equations (5.7), (5.24) and (5.26), Ny, is finally given by

EV u - EV pf
Nye, = (Pfree + Prrap) [1 + gAeXp( ST ) Nm]. (5.27)
|4

Here, Ey., — Ey = 0.28 eV is used; this has been calculated by DFT [9]. Since the
valence band (I',s/) of Cu,O is split into an upper band (I'}) and a lower band (%) by
spin-orbit interaction (see subsection 2.3.3) [55], Cu,O has one degenerate valence band
(i.e. T'F) at the VBM. This means that each copper vacancy state (i.e. each acceptor state)
can accept one hole with either spin or can have no hole [135], and thus g, = 2. Using
these parameters and Equation (5.27) along with the measured ps... and extracted
Ptrapos) fOr Dirap, Ny, was analytically estimated as shown in Figure 5.18. This

quantitatively shows that an increase in Ta gives rise to a significant decrease in V,,.
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Figure 5.18. The extracted density of copper vacancies as a function of annealing
temperature [67].

5.7 Conclusions

In this chapter, it was demonstrated that Cu,O thin films can be annealed in vacuum
without any phase conversion, such as oxidation (CuO) or oxide reduction (Cu). Using
vacuum annealing, annealing effects on Cu,O films were investigated based on the
crystallographic, optical and electrical characteristics. This shows that an increase in
annealing temperature leads to (1) an enhancement of film crystallinity, (2) widening of
the optical band gap, (3) a significant improvement in carrier mobility and (4) a
considerable reduction in carrier density. The widening of the optical band gap is

explained by a reduction in the band tail based on the extracted Urbach energy.

In order to provide insights into the very low carrier mobility in as-deposited Cu,O and
the mobility enhancement by thermal annealing, a quantitative analysis of the relative
dominance of the main conduction mechanisms (i.e. grain-boundary-limited and trap-

limited conduction) in Cu,O films was performed based on the analytical calculation using
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Matthiessen’s rule and the difference between pyqpmaiy aNd Derappos)- This shows that

GLC is a dominant mobility degradation mechanism in as-deposited thin films, whereas
after annealing at Ta > 500 °C, GLC becomes insignificant due to a significant decrease in
the potential barrier height at grain boundaries, and thus carrier transport in annealed thin
films is governed by TLC. This suggests that the significant GLC leads to the very low
carrier mobility in as-deposited Cu,0O films, and the mobility improvement by annealing is
due to a considerable reduction in the GLC effect. However, the carrier mobility in
annealed Cu,0 films is still limited by TLC, which also suggests that research for a further
improvement in the carrier mobility should focus on a reduction in localised tail states
leading to TLC. In particular, the analysis method proposed here can be widely used for
identifying the dominant conduction mechanism in nanocrystalline materials with a high

density of localised tail states (i.e. kT; > KT).

Lastly, an increase in annealing temperature leads to a reduction in the total hole
concentration (i.e. psree + Prrap), Which suggests a decrease in copper vacancies in Cu,0O
thin films. This was quantitatively confirmed by the analytical calculation using the charge
neutrality condition, allowing for ionised valence band tail states, and the formula for the

ionised acceptor concentration.
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Chapter 6

Control of grain orientation and its impact on

carrier mobility

6.1 Introduction

Most of the existing literature on control of the Cu,O grain orientation is based on the
electrodeposition technique and it was demonstrated that the film growth orientation is
controllable by its several deposition parameters (e.g. electrolyte pH and potential applied
to the electrode) [138-142]. However, the conductive substrate that is required for
electrodeposition leads to difficulty in accurately measuring electrical characteristics of a
Cu,0 film itself, which hinders a systematic study on the effect of the grain orientation on
the carrier mobility in Cu,O thin films. This problem can be easily solved through control
of the grain orientation by reactive sputtering allowing the use of an insulating substrate

such as glass.

This chapter shows that using reactive sputtering, the grain orientation in Cu,O thin
films can be controlled in the direction of either [111] or [100] normal to the surface by
adjusting the ion-to-metal flux ratio incident at the growing film surface. This allows a
systematic investigation to determine which grain orientation is more favourable for a p-
type Cu,O channel layer in terms of the carrier mobility. Conduction is not isotropic in
polycrystalline Cu,O thin films because grain boundaries impede in-plane carrier transport.
This chapter focuses on the in-plane carrier mobility in Cu,O thin films since this is the

direction of current flow in TFTs. Furthermore, the grain orientation impact on the in-

99



100 Chapter 6. Control of grain orientation and its impact on carrier mobility

plane carrier mobility in annealed Cu,O thin films will be discussed from the viewpoint of

the Urbach energy, crystallinity and surface morphology.

6.2 Cu,0 (111) and (100) surfaces

The atomic structure and surface energy (Es) of Cu,O (111) and (100) are briefly
discussed in this section. An ideal Cu,O (111) surface has hexagonal symmetry. Single

atomic layer does not consist of both copper cations and oxygen anions. Each copper plane

Figure 6.1. Ball-model illustrations of (a) the ideal nonpolar Cu,O (111) surface and (b)
the ideal polar Cu-terminated Cu,O (100) surface. The large open circles show O® anions,

whereas the small solid circles show Cu” ions. Image reproduced from [143].
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is sandwiched between two oxygen planes. The copper plane has four Cu® cations per
surface unit cell with a 4+ charge, whereas the oxygen plane contains one anion per unit
cell with a 2- charge [143]. Therefore, the sum of the potential over the three-plane repeat
unit is zero and so there is no dipole moment normal to the surface. This is classified as a
Tasker class 1I surface which is nonpolar [144]. It has been demonstrated by DFT
calculations that the nonpolar (111) surface has the lowest surface energy of 0.677 J-m™
[145]. Figure 6.1(a) shows a ball-model illustration of the ideal, stoichiometric Cu,O (111)

surface.

The ideal Cu,O (100) surface possesses square symmetry. As on the (111) surface,
single atomic layer does not contain both copper cations and oxygen anions. The copper
plane consists of two Cu” cations per unit cell with a total 2+ charge, while the oxygen
plane has one anion per unit cell with a 2- charge. The structural arrangement alternates
between the copper and oxygen planes [143], which produces a dipole moment
perpendicular to the surface. This is classified as a Tasker class III surface which is polar
[144]. The polar (100) surface has a higher surface energy of 1.194 J-m™ [145]. Figure

6.1(b) shows a ball-model illustration of the ideal, stoichiometric Cu,O (100) surface.

6.3 Control of grain orientation

Considering the surface energy, the preferred grain orientation of Cu,O thin films is
expected to be [111] since films generally tend to grow with the crystal plane of the lowest

surface energy parallel to the substrate to minimise the surface energy [146].

In a recent report by Wang et al. [147], it was demonstrated that the preferred grain
orientation in sputtered Cu,O films can be controlled from the [111] direction to the [100]
direction (which has the highest surface energy) by an increase in kinetic energy of
adatoms through adjusting the process pressure. In addition to the process pressure,
varying the ion-to-metal flux ratio (J;//me) incident at the growing film during sputter
deposition is known to be an effective method for controlling kinetic energy of adatoms

[148, 149]. For instance, an increase in J; /J,,. means that more energetic ions collide with
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each metal adatom at the growing film surface, thereby leading to an increase in ion-
adatom momentum transfer (i.e. higher kinetic energy of adatoms). For this reason, it is

worth examining the effect of J;//., on the grain orientation in Cu,0 thin films.

The HIiTUS system used for Cu,O deposition enables a precise control of J;/ -, by
simply adjusting the ion current i; (a sputtering parameter related to an Ar plasma density
at the surface of a Cu target). To be specific, the dominant sources of the ion flux (J;)
incident at the growing film are the ions generated by the Ar and O, plasma near to the
grounded substrate holder. An increase in ic means an increase in the Ar plasma density at
the Cu target surface and this results in more Cu atoms coming out from the target (i.e. a
higher Cu flux, J-,). On the other hand, the change in i. has a negligible effect on the Ar
plasma density near to the substrate and the O, plasma can remain constant by using the
same oxygen flow rate, allowing the assumption of a constant J;. As a result, an increase in
ic leads to a decrease in J; /], (i.e. ic is inversely related to J;/J,). Therefore, in order to
investigate the J; /], dependence on the Cu,O grain orientation, i was varied from 1.38 to
1.52 ampere (A) under a constant process condition: process pressure of 1.5x10 mbar,
target bias voltage of 690 V, oxygen flow rate of 16 sccm and no intentional substrate

heating.

The XRD patterns of Cu,O thin films deposited at different ion currents are shown in
Figure 6.2. For ic > 1.5 A (i.e. a lower J;/Jc.), the intense diffraction peak related to the
(111) plane of Cu,O is detected, while the (200) diffraction peak of Cu,O is observed for i.
< 1.5 A (i.e. a higher J;/Jc.). The small peak close to 38° does not match any of the
reference peaks of Cu,0O, CuO and Cu. The same peak is also observed in XRD patterns of
Cu,0 films in reference [55], and the authors mentioned that the peak is due to the sample
holder. Based on this, the small peak seems to be an experimental artefact caused by the
sample holder. The result from Figure 6.2 clearly shows a change in the preferred grain
orientation of Cu,O thin films from [111] with low surface energy to [100] with high
surface energy by an increase in J;/Jc,. Considering the fact that an increase in J;/Jcu
leads to higher kinetic energy of adatoms, this result is consistent with Wang’s result

showing that the high surface energy configuration (i.e. [100] orientation) can be obtained
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Figure 6.2. XRD patterns of as-deposited Cu,O films formed at various ion currents.

by an increase in kinetic energy of adatoms [147]. Petrov et al. also showed that the
preferred orientation in polycrystalline TaN films can be controlled by the ion-to-metal
flux ratio (J;/Jr4) using a magnetron sputter deposition system [150]. Contrary to their
result showing a gradual transition of grain orientation in TaN films from [111] to [111] +
[001] and to complete [001] with an increase in J;/Jr, (see Figure 12 in reference [150]),
Cu,0 films deposited by the HiTUS system show a sharp transition from [111] to [100]

with an increase in J; /], as seen in Figure 6.1.

6.4 Grain orientation effect on carrier mobility

In order to examine the effect of the grain orientation on the carrier mobility in Cu,O films,
the samples deposited at i = 1.38 A and i = 1.52 A were chosen as the [100] and [111]-
oriented Cu,O films, respectively, and the Hall mobility (uy4;;) of their as-deposited and
annealed films was measured. Here, the post-deposition annealing was performed at the

same condition as in section 5.2 (i.e. base pressure of 9.5x10™ mbar and annealing time of
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Figure 6.3. Hall mobility of [100] and [111]-oriented Cu,O films as a function of

annealing temperature.

10 min). As seen in Figure 6.3, g,y in as-deposited films is similar for both grain
orientations, while a distinct difference in the extent of mobility enhancement occurs after
annealing (i.e. the [100]-oriented film shows a much more significant improvement in

HHait)-

The hole effective mass for the light hole state was found to be isotropic (see Table 2.1)
by DFT calculations based on the assumption that Cu,O has a perfect crystal structure [57].
However, an actual Cu,O film includes grain boundaries with a high degree of structural
disorder causing many defects, which leads to a significant degradation of the carrier
mobility. For this reason, in order to interpret the result (Figure 6.3), the degree of
structural disorder in the films should be considered. It is well-known that Urbach energy
(Ey) is a measure of the structural disorder in films [151, 152]. Thus, E,, was extracted
using optical absorption coefficients measured by UV-visible spectroscopy and Equation
(5.2) (see subsection 5.3.2 for a detailed extraction method) for comparing the level of

structural disorder in the films. As seen in Figure 6.4, while E;, of the as-deposited films is
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Figure 6.4. Extracted Urbach energy of [100] and [111]-oriented Cu,O films as a function

of annealing temperature.

similar for both orientations, E,, of the [100]-oriented film is reduced more significantly

compared to that of the [111]-oriented film after annealing.

The similar uy,; in the as-deposited films can be explained by the isotropic hole
effective mass (i.e. the same mobility in defect-free grains in the direction of [100] and
[111]) and a similar E,, (i.e. a similar degree of disorder in the films). For the annealed
films, based on the extracted E,,, a more significant reduction in disorder in the [100]-
oriented film is considered to be the main reason that the [100]-oriented film exhibits a

much higher uy,;; compared to that of the [111]-oriented film.

In order to identify the main cause of the difference in the extent of the reduction in
disorder by annealing between the [100] and [111]-oriented films, the crystallographic
characteristic and surface morphology of the 700 °C-annealed films were examined by
XRD and SEM. As seen in Figure 6.5, annealing leads to an increase in the intensity (I) of

each diffraction peak of the [100] and [111]-oriented Cu,O films (i.e. I;200): 95 cps (as-
deposited) — 4175 cps (700 °C) and I(111y: 188 cps (as-deposited) — 298 cps (700 °C)).
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Figure 6.5. XRD patterns of [100] and [111]-oriented Cu,O films annealed at 700 °C.

Here, all the XRD patterns were obtained from the same XRD system (Bruker D8
Discover X-ray diffractometer) and same measurement set-up: the X-ray generator power
(40 kV and 40 mA), monochromator slit size of 0.2 mm and scanspeed of 1.5 sec/step.
This result indicates that crystallinity of the [100]-oriented film tends to improve more
significantly than that of the [111]-oriented film after annealing, which is consistent with
the extracted result of E,, (i.e. the more considerable reduction in disorder in the [100]-
oriented film). In addition, it is observed that annealing leads to a slight shift of the (111)
peak of the [111]-oriented Cu,O film from 36.74° (as-deposited) to 36.46° (700 °C) which
is closer to the reference peak of 36.44° [JCPDS 04-007-9767]. This can be explained by
the release of the compressive stress in the film by annealing given that the compressive
stress in a film leads to a reduction in the lattice constant and this in turn results in a shift

of the position of its diffraction peak to a higher angle based on Bragg’s law (Equation 3.1).

As seen in the SEM images (Figure 6.6), interestingly, contrary to the [111]-oriented
film, grains in the [100]-oriented film seem to be completely coalesced by annealing at
700 °C. This suggests that the [100] grain orientation is a favourable texture for grain

growth (i.e. grain coalescence) by thermal annealing. This is considered to be the main
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Figure 6.6. SEM images of [100] and [111]-oriented Cu,O films annealed at 700 °C.

cause of the higher crystallinity and lower degree of disorder in the [100]-oriented Cu,O
film after annealing, which in turn results in a much higher carrier mobility compared to
that of the [111]-oriented film.

6.5 Conclusions

In this chapter, it was demonstrated that the grain orientation in sputtered Cu,O films can
be controlled in the direction of either [111] or [100] by adjusting the ion-to-Cu flux ratio
(Ji/]cw) incident at the growing film. Specifically, a low J; /], yields Cu,O films with the
[111] grain orientation of the lowest surface energy, while an increase in J;/J., leads to a

change in the preferred grain orientation to [100] with the highest surface energy.

In addition, a systematic investigation on the effect of the grain orientation on the
carrier mobility in Cu,O thin films was performed. This shows that the carrier mobility in
as-deposited films is similar for both grain orientations due to the isotropic hole effective
mass and a similar degree of disorder in the films. In contrast, after annealing, the [100]-
oriented film exhibits a much higher carrier mobility due to the more enhancement of film
crystallinity (i.e. more reduction in disorder in the film) compared to the [111]-oriented

film. Lastly, it was found that the [100] grain orientation is favourable for grain
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coalescence by thermal annealing, which is believed to be the main reason for the higher
crystallinity and lower degree of disorder in the [100]-oriented film after annealing. These
experimental results suggest that the [100] preferred grain orientation is favourable for the

Cu,0 channel layer of p-type metal oxide TFTs requiring a high carrier mobility.



Chapter 7

p-type Cu,O thin film transistors

7.1 Introduction

A Cu,0 film level study on vacuum annealing effects was conducted in Chapter 5, which
clearly showed that vacuum annealing significantly improves the carrier mobility in Cu,O
thin films without any phase conversion. In this Chapter, a TFT level investigation on the
annealing effects is performed using the [100]-oriented Cu,O thin film as an active layer
based on the experimental result (Chapter 6) that the [100]-oriented Cu,O film is more
favourable than the [111]-oriented film in terms of the mobility enhancement by annealing.

In addition, most n-type metal oxide TFTs exhibit a similar pzz (10~40 cm?/Vs) to the
metal oxide film mobility (i.e. puyqy;) [112-116]. In contrast, p-type Cu,O TFTs show a
significantly lower uyz (<1 cm?/V-s) despite a comparable 4y wWith that of n-type metal
oxide films [12-14, 131], which is one of the significant challenges for developing the
metal oxide-based CMOS technology. There are two possible factors behind the notable
difference between upr and gy, - the contact resistance of source/drain (S/D) contacts and
the interface traps between the channel layer and the gate insulator. Using the conventional
S/D electrodes (Au) and gate insulator (thermal SiO,), Section 7.4 studies the main origin
of this effect based on the S/D contact resistance and the density of the interface traps.

Lastly, a high off-state current is widely observed in p-type Cu,O TFTs, which leads to
an unacceptably low on/off current ratio (typically 10~10*) [12-14, 108] compared to that
(>10") of n-type metal oxide TFTs [2]. This is another significant challenge for realising
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CMOS circuits using metal oxide TFTs, but the origin of the high off-state current in Cu,O
TFTs has not been identified yet. In the last part of this chapter, its main origin is identified
based on capacitance-voltage (C-V) characteristics and the activation energy estimated

from the temperature dependence of I, at various gate-source voltages (V;s).

7.2 Experimental details

The p-type Cu,O TFTs were fabricated in a bottom-gate staggered structure as seen in
Figure 7.1 (a), where the p*-Si (0.01~0.02 Q-cm) and thermal SiO, (~260 nm) were used

as a common gate electrode and a gate insulator, respectively.

Prior to Cu,O deposition, a commercial 4 in. SiO,/p*-Si wafer was cleaned by solvent
chemicals (acetone and IPA). After solvent cleaning, the wafer was subsequently cleaned
with a sulphuric acid (H,SO,4) and hydrogen peroxide (H20;) mixture (SPM) in order to
completely remove organic contaminants on the wafer surface. The volume ratio of the
SPM was 4:1 (H,SO4:H,0;) and the SPM cleaning was performed for 10 min. This is an
essential cleaning step for bottom-gate TFT fabrication since the organic contaminants are
not completely eliminated by the solvent cleaning and this leads to high-density trap states
at the Cu,O/SiO, interface. However, after SPM cleaning, hygroscopic sulphur (S)
residues remain on the surface and absorb moisture, which leads to sulphur-related defects
on the surface [153]. In order to prevent the residues from remaining on the wafer surface,
the wafer was thoroughly rinsed with DI water for 10 min. A dehydration step was then

performed on a hot plate at 150 °C for 5 min to remove moisture from the surface.

Cu,O (=130 nm) was deposited on the cleaned SiO,/p*-Si substrates with AZ5214E
photoresist patterns to define active layers using the [100]-orientation sputtering condition
(see sections 6.2 and 6.3) without intentional substrate heating. This was followed by a lift-

off process in order to obtain the patterned Cu,O active layers. The as-deposited Cu,O
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Figure 7.1. (a) A schematic cross-sectional view and (b) a top view of the Cu,O TFT
fabricated in a bottom-gate staggered structure, and (c) a schematic structure of the Cu,O
MOS capacitor. Here, Vg and Vp denote the gate and drain voltage, and L and W are the
channel length and width of the fabricated TFT.

active layers were subsequently annealed in vacuum (9.5x10™ mbar) at 500, 600 and
700 °C for 10 min. Au of ~100 nm thickness (without an adhesion layer) was deposited on
the annealed Cu,O active layers by a thermal evaporator, and S/D electrodes were formed

by the lift-off process as seen in Figure 7.1 (b). For applying the gate voltage signal to
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TFTs, Al foil was attached to the backside of the p*-Si substrate using silver paste. The
electrical characteristics were measured using an HP 4140B pA meter/DC voltage source
in a dark box.

For C-V measurements of the Cu,O active layer, metal-oxide-semiconductor (MOS)
capacitors using a p*-Si/SiO,/Cu,O structure with an Au top contact were simultaneously
fabricated as seen in Figure 7.1 (c). The C-V characteristics were obtained by an Agilent
B1500A semiconductor parameter analyzer at room temperature, where a voltage was

applied to the p*-Si through the Al foil and the Au electrode was grounded.

7.3 Annealing effects on Cu,0 TFT characteristics

7.3.1 Transfer and output characteristics

Figure 7.2 (a) shows the transfer characteristics of Cu,O TFTs annealed at 500, 600 and
700 °C. Here, V;s was swept from —100 to +80 V at a fixed Vg of -5 V. The measured
TFTs have a channel width-to-length ratio (W/L) of 10 with a channel width of 1000 pum,
and |Ipg| is scaled by the channel width. All the TFTs show p-channel behaviour yielding
an increase in |Ipg| (i.e. channel conductivity) with an increase in the magnitude of the
negative V. In addition, an increase in annealing temperature leads to enhancement of the
transfer characteristic (i.e. I, modulation by V) in the on-state region and a decrease in
an off-state current from ~1.35 nA/um (500 °C) to ~0.1 nA/um (700 °C). The
improvement in the transfer characteristic in the on-state regime and the reduction in the
off-state current result in enhancement of the on/off current ratio from ~3 (500 °C) to 340
(700 °C). However, the off-state current is very high compared to the required value (< 1
pA/um) for display applications [100]. The main origin of the high off-state current will be
discussed in section 7.5. The output characteristics are shown in Figures 7.2 (b)—(d), where
Vps was swept from 0 to -50 V and V¢ was varied from +10 to —60 V in steps of —10 V.
They show that the linear and saturation regions become more distinct with an increase in

annealing temperature, and especially the 700 °C-annealed sample exhibits a clear pinch-
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Figure 7.2. (a) Transfer characteristics of fabricated Cu,O TFTs at Vs = -5 V and output
characteristics of the TFTs annealed at (b) 500, (¢) 600 and (d) 700 °C. The channel length
and width of the measured TFTs are 100 and 1000 um, respectively [125].

off behaviour. This indicates that the channel controllability by V¢ and Vs improves as
annealing temperature increases. Additionally, the output characteristics in the low Vjg
region show linear curves, indicating that S/D contacts have Ohmic-like behaviour. The

S/D contact quality will be discussed in detail in the following section 7.4.

7.3.2 Field-effect mobility

In this work, since Cu,O TFTs annealed at 500 and 600 °C do not show clear saturation
regions, upg in the linear operating region of the TFTs was estimated using the transfer
curves at Vs = -5 V and Equation (7.1) derived from the I equation in the linear region

(see subsection 3.3.2),
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_Ollps| L
KrE = 5y WCVps

(7.1)

The extracted ugr as a function of Vi is shown in Figure 7.3. This shows that upg
increases linearly with an increase in |V;g|, and then saturates at high |Vgs|. The ppg
dependence on the gate bias is widely observed in field-effect transistors [154-158].
Additionally, the maximum 5 improves considerably from ~0.03 cm?/V-s (500 °C) to
~0.9 cm?/V:s (700 °C), and especially the 700 °C-annealed sample exhibits a much higher
pipp OF 0.9 cm?/V-s compared to those (10°°~10 cm?/V-s) of sputter-deposited Cu,O TFTs
using post-deposition annealing [122, 131, 159].
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Figure 7.3. The extracted field-effect mobility of fabricated Cu,O TFTs as a function of
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7.4 The origin of low field-effect mobility

The extracted ppz (~0.9 cm?V-s) is much lower compared to the Cu,O film mobility
(Upqu = 28 cm?/V-s). This is similar to previously-reported Cu,O TFTs [12-14, 131]. In
this section, its main cause is discussed based on the S/D contact resistance and the trap
density at the Cu,O/SiO;, interface.

7.4.1 Contact resistance

It is well known that the contact resistance (R.) of the S/D contacts has a significant effect
on ugg [98, 99]. To be specific, a TFT can be considered as a channel resistance (Rcy) in
series with the S/D contact resistances (i.e. 2R.) as seen in Figure 7.4. The S/D contact
resistances lead to a decrease in the effective Vpg (Vpserr) and effective Vis (Vgserr)

applied to the channel as follows [157],

Vs Gate
- —
1
i e GS,eff
| l
: i
]

Source (#)—/\f\f\/\ O O /\NV\—O Drain
1 ! 1 I
{ R E Rey | R¢ §
: - » ;
! Vos,er
>

Figure 7.4. An equivalent circuit of a TFT allowing for the source and drain contact
resistances. Here, R and R,y are the contact resistance of the S/D contacts and intrinsic
channel resistance, and Vs .r¢ and Vg rr denote the effective Vi and Vg applied to the

channel, respectively.
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VDS,eff = Vps — Ips2Rc, (7.2)

VGS,eff = Vgs — IpsRc. (7-3)

The reduction in Vpg,.rr and Vgs e by the parasitic R results in the degradation of an

apparent pipg.

Figure 7.5 represents the extracted uz; of 700°C-annealed Cu,O TFTs with different
channel lengths as a function of Vs at a fixed Vg of -5 V. This shows that the ugpg
decreases with a reduction in the channel length. This is due to the fact that a reduction in
the channel length leads to an increase in the ratio of the S/D contact resistances relative to
the total resistance (i.e. 2R;/(Rcy + 2R()) because of a decrease in Ry, and thus a
relatively larger fraction of the applied Vs drops over the S/D contact regions for shorter

channel lengths [98, 157]. Considering a much longer distance between Au contacts (e.g.
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Figure 7.5. The extracted field-effect mobility of 700°C-annealed Cu,O TFTs with

different channel lengths as a function of Vs at Vg =-5 V.
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the diagonal dimension of ~8 mm) of the van der Pauw geometry for the py.u
measurement (see Figure 3.7) compared to the channel lengths (10~100 um) of the
fabricated TFTs, the R, effect on the measured uy,;; can be negligible. Therefore, part of

the significant difference between uzr and py,;; can be due to the S/D contact resistances.

As explained in subsection 3.3.3, the R and the channel resistance per unit channel
length (R.,) can be estimated using the transmission line method (TLM). Here, TFT
structures with W = 1 mm and a different L (10~100 um) were used as the TLM patterns.
Additionally, contrary to silicon based field-effect transistors where the R is determined
by a heavily doped S/D contact region, metal oxide based TFTs have the R, dependence
on Vg since S/D electrodes are directly contacted with the active layer without highly
doped S/D contact regions [160, 161]. For this reason, R as well as R_; were examined

for various Vgg.

The total resistance (R;) was first obtained as a function of L for different V¢ as seen

in Figure 7.6 (a). A straight line was fitted for each Vg, and R.;, and 2R were extracted
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Figure 7.6. (a) The total resistance (Ry) as a function of the channel length (L) for various
Ves and Vps = -5 V, and (b) width normalised contact resistance R-W (left-axis) and
channel resistance per unit channel length R, (right-axis) extracted from the R -intercept

and the slope, respectively, of the linear fits in (a).
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from the slope and intercept on L = 0, respectively, of the linear fits of the R versus L plot
based on Ry = R.,L + 2R. The extracted R, and width normalised R (i.e. RcW) as a
function of Vg are shown in Figure 7.6 (b). This shows that both R, and R, decrease
with an increase in |V;g|. The decrease in R, is because as |Vjg| increases, more holes are
accumulated in the channel and this leads to an increase in the channel conductivity.
Additionally, the reduction in R, can be explained by narrowing of the Schottky barrier
width resulting from an increase in the effective carrier concentration of the S/D contact
regions. Specifically, based on the Schottky-Mott rule (i.e., @5 = (x5 + E;) — &, for a
metal/p-type semiconductor contact, where @5, x;, E; and @, are the Schottky barrier
height, the electron affinity and band gap of the semiconductor, and the work function of
the metal, respectively) [162], it can be assumed that there is a Schottky barrier at the
AU/Cu,0 contacts with y; + E; = 3.2+ 2.1 =5.3 eV [13, 108, 163] and ¢,,, = 5.1 eV [93].
The accumulated carriers flow via the thermionic emission over the Schottky barrier, and
tunneling through the thin barrier [157]. As |V;s| increases, more accumulated carriers

flow into the S/D contact regions and this leads to an increase in the effective carrier
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Figure 7.7. 2R, and R, L when L = 10 and 100 um as a function of V.
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concentration of the contact regions, thereby narrowing the Schottky barrier width. The
narrower barrier results in an increase in the tunneling current (i.e. a reduction in R.) [157,
164].

In order to quantitatively examine the change in the ratio of the S/D contact resistances
(2R.) to the total resistance (R.,L + 2R.) according to the channel length, 2R and the
channel resistances (R.,L) when L = 10 and 100 um as a function of Vs were plotted as
seen in Figure 7.7. For L = 100 pum, the channel resistance is dominant, suggesting that the
R effect on ugg is insignificant. In contrast, the channel resistance is comparable to the
S/D contact resistances for the shorter channel length of 10 um, indicating that as a

channel length decreases, the R effect on uz; becomes significant (see Figure 7.5).

Lastly, ugg corrected for R, can be estimated from the derivative of the (AR /AL)™?!
versus Vi;s. To be specific, in the linear operating region of the TFTs, the channel

resistance per unit channel length is given approximately as [165, 166]

AR; 1
—_— RCh = .
AL W ppCi(Ves — Vr)

(7.4)

where y; pg is the intrinsic channel field-effect mobility that the R, effect is excluded.

Using Equation (7.4), u; rr can be obtained as follows [98, 99],

AR\!
N a[(?ﬁf) ] (7.5)
HiFe = we, Wes

The maximum y; pr Was estimated to be ~0.94 cm?/Vs as seen in Figure 7.8. This value is
similar to the apparent uzz (~0.9 cm?/V-s) of the TFT with L = 100 um since the channel
resistance is dominant (i.e. the R effect is insignificant) for the channel length of 100 um
(see Figure 7.7). Thus, it can be concluded that the S/D contact resistance is not the factor

causing the significant difference between ugr and pyq;-
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Figure 7.8. Field-effect mobility corrected for the contact resistance as a function of V.

7.4.2 The density of interface trap states

A much higher density of trap states at the Cu,O/SiO; interface than the density of Cu,0O
channel bulk traps can be another possible reason causing the considerable difference
between upp and uyq;; [167]. In order to confirm this quantitatively, the densities of

interface traps and channel bulk traps are examined in this subsection.

It is well known that there is a correlation between the sub-threshold slope (S) and the
total trap density in the bulk channel layer and at the channel/gate insulator interface as
follows [101, 168, 169],

P kTIn10 i+ q*(Ngsten + Dip)]  qkTIn10(Nggt.p, + Dyt)

: (7.6)
q o C;
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where Ngg and D;; denote the trap density in the bulk channel layer (per unit volume and
unit energy) and at the channel/gate insulator interface (per unit area and unit energy),
respectively. t., and kTIn10/q are the channel layer thickness and the minimum S value
(e.g. ~60 mV/dec at room temperature). Here, since the S (~26 V/dec) of the fabricated
TFT is much larger than the minimum S value (60 mV), the relation between S and the
total trap density can be approximated as seen in Equation (7.6). Thus, the density of the

total traps (Ny) can be given as

_ Cilog(e)S

Nr = Ngsten + Dy = kT (7.7)

Using Equation (7.7), Ngg and D;; can be estimated from the slope and intercept on ¢t =0,
respectively [115]. S values (26 V/dec for t., = 130 nm, 29.5 V/dec for t.;, = 260 nm)
were used for extraction of Ngg and D;,, which provided Ngg = 3.73x10*" cm™-eV™* and D;,
= 3.12x10" cm?eV™. Using the N value, the area density of the traps in the channel
bulk region (Ngst,,) Was estimated to be 4.85x10%? cm®eV™ for t., = 130 nm, which
shows that the density of interface trap states is one order higher than the density of
channel bulk traps. This suggests that ur5 is predominantly determined by severe carrier
trapping at the Cu,0O/SiO, interface and this leads to the notable difference between upg
and pyqy; in Cu,O TFTs. Furthermore, considering n-type metal oxide TFTs showing a
comparable pgpg With py,; [112-116], a much lower pgg of p-type Cu,O TFTs compared
to that of n-type metal oxide TFTs is mainly due to a very poor interface quality between
the Cu,O channel and gate insulator. Therefore, if the interface quality improves
significantly (i.e. the interface traps are reduced to D;; < Ngst.p), it is expected that it is

possible to obtain a p-channel uzg as high as that of n-type metal oxide TFTs.
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7.5 The origin of high off-state current

In order to achieve full depletion of the Cu,O channel layer, t.; must be thinner than the

maximum depletion width (x,47) [135, 170],

2

4"’t"*‘O‘(;‘C‘lLZO(I)b)1/ (78)

ten < Xgr = ( aN
ch

where &y, cu20 and N, denote the vacuum permittivity, the dielectric constant of Cu,0O
and the carrier density in the channel layer, and @, (in volts) is the Cu,O bulk potential
which is defined by {Eg/z — (Er — Ey)}/q. The Cu,0 static dielectric constant at 293 K
is 7.5 [171]. N,y is 1.85x10™ cm™ (see the Hall measurement result in Table 5.1) and the
resultant @, is 0.71 V. Using these parameters and Equation (7.8), x4 is estimated to be
~8 um, which is much larger than t., = 130 nm. Thus, the fabricated TFTs are expected to
be fully depleted in the off-state. However, as seen in Figure 7.2 (), the fabricated Cu,O
TFTs suffer from an unacceptably high off-state current like previously-reported Cu,O
TFTs [12-14, 108].

7.5.1 Minority carrier accumulation

In order to investigate the origin of the high off-state current in Cu,O TFTs, the C-V
characteristic of the Cu,O channel layer was measured using a Cu,O MOS capacitor as
seen in Figure 7.9. In contrast to the C-V characteristics of n-type metal oxides such as
IGZO where minority carrier (hole) accumulation does not occur [172, 173], surprisingly,
Figure 7.9 shows that minority carriers (electrons) are accumulated in the off-state regime.
The formation energy versus E plot for intrinsic defects in Cu,O (see Figure 2.8) provides
a possible explanation for where the electrons come from. Specifically, there are two
potential donors for the minority carriers (electrons) in p-type Cu,O: oxygen vacancies (Vg)
and copper interstitials (Cu;). The Vg are only stable in the charge-neutral state considering
the fact that there is no charge transition level in the band gap, and therefore they cannot

act as donors [9, 54]. By contrast, Cu; exhibit the amphoteric characteristic with both ¢(+/0)
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Figure 7.9. The low frequency (500 kHz) capacitance-voltage characteristics of a Cu,O
MOS capacitor [174].

and &(0/-) charge transition points in the band gap. The &(+/0) is at E}, + 1.3 eV [54],
meaning that when E, — E, < 1.3 eV, Cu; become positively charged (i.e. they act as
donors for minority carriers in p-type Cu,O. This suggests that the electrons come from
Cu; defects in Cu,0.

7.5.2 Fermi energy pinning

In order to confirm that the accumulated electrons are the source of the high off-state
current in p-type Cu,O TFTs, a change in the E position within the channel according to

Vs is examined in this subsection. The thermally activated I, is described as follows,

—E
Ips = Ipsoexp (k_Ta) (7.9)
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Here, E, is the activation energy which represents the position of E relative to either the
valence band (i.e. Er — E}) for a p-type channel or the conduction band (i.e. E. — Eg) for

an n-type channel [175, 176]. Equation (7.9) may be expressed as

a

—E
In(llps|) = ==+ In(lnso ), (7.10)

and thus E, can be estimated from the slope of an In(|Iyg|) versus 1/KT plot (see Figure
7.10 (a)). Figure 7.10 (b) shows the extracted E, as a function of V5. Contrary to n-type
IGZO TFTs showing an increase in E, in the off-state regime [176], this shows that E,, is
reduced abruptly in the off-state regime. This indicates that Er becomes closer to the
conduction band (i.e. the channel inverts from p-type to n-type), which is consistent with

the C-V characteristic of Figure 7.9.

Furthermore, interestingly, Er is not modulated by Vg in the off-state regime as seen
in Figure 7.10 (b). This normally indicates that E is pinned in subgap states [177], which

in this case is due to subgap states in the upper half of the band gap. It was demonstrated
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Figure 7.10. (a) Temperature dependence of Ipg at Vpg = —1 V for various V¢ and (b)

activation energy extracted from the slopes in (a) as a function of Vg [174].
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that there exist subgap states at ~0.38 eV below the conduction band in Cu,O based on
photoconductivity [178] and photoluminescence [179] measurements. As for the origin of
the subgap states, the authors [178, 179] argued that the subgap states originate from V),
but Scanlon et al. strongly suggested that the V, level is actually located below the valence
band and therefore V cannot be the origin of the subgap states based on DFT analysis [54].
Although the source of these subgap states is not certain, it is likely that they cause the Ep
pinning near 0.38 eV below the conduction band observed in the Cu,O TFTs in this work.
The conduction mechanism of the accumulated electrons in the off-state can be explained
by variable range hopping (VRH) conduction between the localised subgap states near the
Fermi energy (i.e. 0.38 eV below the CBM).

In the VRH model [180, 181], the conductivity (o) of materials where VRH is the

dominant conduction mechanism is given by [182]
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Figure 7.11. Temperature dependence of the conductivity plotted as Ino versus T~1/4,

showing a linear relation between Ing and T-%/# (i.e. a variable range hopping
conduction).



126 Chapter 7. p-type Cu;O thin film transistors

0 = 0pexp l— (%)1/41, (7.11)

where o, and T, denote a pre-exponential factor and a characteristic temperature
coefficient, respectively. Based on Equation (7.11) (Mott law), a linear relation between
Ino and T~/ is indicative of the VRH conduction [123, 182, 183]. Figure 7.11 shows the
Ino versus T~1/# plot where o was obtained from the off-state current at Vo = 5 V and
Vps =—1 V. The linear dependence of Ing and T~/# in Figure 7.11 indicates that the VRH
conduction of the accumulated electrons causes the high off-state current in p-type Cu,O
TFTs.

Using Mott’s model of the VRH conduction, the hopping probability (P) between

localised states with distance [ and energy AE is given as

P <_Zl AE) for AE > 0
= vyexp|———-——=] for ,
lop, kT
_9 (7.12)
P = yyexp (l—) for AE <0,
0

where [ is the distance between localised states, and v, and [, denote an attempt-to-escape
frequency and the spatial extent of the wavefunction [132, 182]. Equation (7.12) shows the
dependence of the hopping probability and the distance between localised states (i.e.
hopping sites). Based on this, the high off-state current in Cu,O TFTs can decrease by
reducing the subgap states near 0.38 eV below the conduction band.

Lastly, transfer characteristics as a function of V¢ and the channel length are shown in
Figure 7.12. In contrast to n-type 1GZO TFTs, where minority carrier accumulation does
not occur in the off-state, showing no dependence of the off-state current on V¢ [184] and
the channel length [185], Figure 7.12 shows that as |Vj¢| increases and the channel length
decreases, the off-state current increases. This can be explained by the off-state channel

resistance attributable to the accumulated electrons. Specifically, because of the off-state
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Figure 7.12. Transfer characteristics as a function of (a) Vs of Cu,O TFTs with a channel
length of 100 um, and (b) the channel length at a fixed Vs of -5V [174].

channel resistance, the off-state current increases with an increase in |Vp¢| based on Ohm’s
law (see Figure 7.12 (a)). In addition, a decrease in the channel length means a reduction in
the off-state channel resistance, thereby increasing the off-state current as seen in Figure
7.12 (b). The dependence of the off-state current on Vs and the channel length further
supports the finding that the accumulated electrons cause the high off-state current in Cu,O
TFTs.

7.6 Conclusions

By vacuum annealing, the performance of p-type Cu,O TFTs improves significantly: both
in terms of ugg and the on/off current ratio. Cu,O TFTs annealed at 700 °C exhibited upg

of ~0.9 cm?/V-s and an on/off current ratio of ~3.4x10°.

However, a significant difference between upg and uy,;; Was observed, and this has
been previously reported for Cu,O TFTs. Its main origin was discussed on the basis of the
S/D contact resistance and the density of Cu,O/SiO, interface traps. It was demonstrated
that although the R effect on ugz becomes significant with a decrease in the channel

length, the R effect on ugg in a long-channel TFT with a channel length of 100 um is
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insignificant since the channel resistance is dominant, which was quantitatively confirmed
by an extracted intrinsic channel field-effect mobility similar to an apparent upg. Instead, it
was found that the density of Cu,O/SiO, interface traps is one order higher than the density
of Cu,O channel bulk traps. This indicates that the considerable difference between gy
and pyq in CuO TFTs is because ugg is significantly degraded by severe carrier trapping
at the Cu,0O/SiO; interface. Considering a similar uzg to g,y in N-type metal oxide TFTs,
a very poor interface quality between the Cu,O channel and gate insulator is considered to
be the main reason why p-type Cu,O TFTs exhibit a much lower ugg than that of n-type
metal oxide TFTs even though Cu,O films have a comparable py,; With that of n-type
metal oxide films. Thus, if the interface quality enhances considerably, it is expected to

obtain a comparable p-channel ugg with that of n-type metal oxide TFTs.

In the last part of this chapter, the main origin of the high off-state current in p-type
Cu,O TFTs was investigated based on the activation energy, extracted from the
temperature dependence of I, as a function of Vg along with the C-V characteristics.
This shows minority carrier (electron) accumulation and pinning of the Fermi energy in the
off-state. The electron accumulation and E pinning are considered to be due to minority
carriers coming from Cu; defects in Cu,O and the subgap states near 0.38 eV below the
conduction band, respectively. The linear relation between Ing and T~/# in the off-state
indicates that the electron hopping conduction among the subgap states causes the high
off-state current in Cu,O TFTs. Therefore, reducing the subgap states is critical for

lessening the off-state current (i.e. enhancing the switching ratio) in Cu,O TFTs.

The findings in this chapter provide the understanding of the main origins of the
significantly low field-effect mobility and unacceptably high off-state current in Cu,O
TFTs. These also suggest the research direction (i.e. improvement in the interface quality
between the Cu,O channel and gate insulator, and a reduction in the subgap states near
0.38 eV below the CBM) for achieving high-quality p-type Cu,O TFTs comparable to n-
type metal oxide TFTs.
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Conclusions and future work

This chapter briefly recounts the significant contributions presented in this thesis and

suggests the future research direction for realising high quality p-type Cu,O TFTs.

8.1 Summary of key findings

The first major contribution of this thesis was to provide detailed insight into annealing
effects on nanocrystalline Cu,O thin film characteristics with particular focus on an in-
depth discussion of the effect on the carrier mobility. To be specific, it was observed that
an increase in annealing temperature gives rise to (1) an improvement in film crystallinity,
(2) widening of the optical band gap, (3) a decrease in Urbach energy, (4) an increase in
carrier mobility and (5) a significant reduction in carrier density. Based on the reduction in
Urbach energy, the increase in the optical band gap can be understood as a decrease in the
band tail width. Through a quantitative analysis of the relative dominance of the main
conduction mechanisms (i.e. grain-boundary-limited and trap-limited conduction) in
nanocrystalline Cu,O thin films, it was found that the low carrier mobility of as-deposited
Cu,O is mainly due to grain-boundary-limited conduction. In contrast, after high-
temperature annealing, grain-boundary-limited conduction becomes insignificant because
of a significant reduction in the energy barrier height at grain boundaries, leading to an
increase in the carrier mobility. However, it was found that the carrier mobility in the
annealed films is still limited by carrier trapping at localised tail states (i.e. trap-limited
conduction), suggesting that more effort to reduce the tail states is required for a further

improvement in the carrier mobility.

129
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The second major contribution was to demonstrate that the grain orientation in
sputtered Cu,O films can be varied in the direction of either [111] or [100] by controlling
the incident ion-to-Cu flux ratio. This allowed a systematic study on the effect of the grain
orientation on the carrier mobility in Cu,O films. It was found that the as-deposited films
exhibit a similar carrier mobility for both grain orientations because of the isotropic hole
effective mass and a similar degree of disorder in the films. In contrast, a more significant
reduction in disorder occurs in the [100]-oriented film by annealing, thereby resulting in a
much higher carrier mobility than that of the [111]-oriented films after similar annealing.
This finding indicates that the [100] preferred orientation is more suitable for the Cu,O

channel layer where a high carrier mobility is desired.

The third major contribution was to throw light on the main origins of the considerably
degraded field-effect mobility (ugg) relative to Hall mobility (uy4;) and high off-state
current; these are the two most significant challenges for the development of high
performance Cu,O TFTs. Specifically, using the conventional source/drain (S/D)
electrodes (Au) and gate insulator (thermal SiO;), the former cause was discussed based on
the S/D contact resistance and the density of Cu,O/SiO; interface traps. It was found that
the effect of the contact resistance (R;) on ugg is insignificant in the case of long-channel
TFTs, which was confirmed by a similar value of the apparent uz; and intrinsic channel
field-effect mobility that the R, effect is excluded. On the contrary, the density of
Cu,0O/SiO; interface traps was found to be one order higher than the density of Cu,O
channel bulk traps. This suggests that the significant reduction in uzr compared to pyq; 1S
mainly due to severe carrier trapping at the Cu,0/SiO, interface. As for the main cause of
the high off-state current in p-type Cu,O TFTs, minority carrier (i.e. electron)
accumulation and pinning of the Fermi energy at around 0.38 eV below the conduction
band were observed in the off-state. The electrons are considered to come from copper
interstitials acting as donors for minority carriers in p-type Cu,O. It was already
demonstrated by photoconductivity and photoluminescence measurements that there exist
subgap states at ~0.38 eV below the conduction band in Cu,O. Considering this, the
subgap states near 0.38 eV below the conduction band are believed to cause the E pinning

observed in the Cu,O TFTs in this work. The off-state current was found to follow Mott’s
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model of the variable range hopping conduction (i.e. a linear relation between Ino and

T-1/%), indicating that electron hopping conduction among the subgap states causes the
high off-state current in Cu,O TFTs.

8.2 Future work

These findings suggest the future research direction for solving the two significant
challenges (i.e. very low field-effect mobility and high off-state current) to the

development of high quality p-type Cu,O TFTs comparable to n-type metal oxide TFTs.

1) Low field-effect mobility: Given that n-type metal oxide TFTs generally exhibit a
similar upg to tyqy and Cu,O films can have a comparable uy,;; with that of n-type
oxide films, it is expected that the improvement in the poor quality of the Cu,O
channel/gate insulator interface allows the realisation of a p-channel ug as high as that
of n-type TFTs. Therefore, more effort to improve the interface quality (i.e. reduce the
interface trap density) is required.

The interface quality can be engineered by several methods:

(1) Chemical treatments on the gate insulator surface prior to deposition of the Cu,O
channel layer;

(2) Plasma treatments on the gate insulator surface;

(3) The use of the buffer layer between the gate insulator and the Cu,O channel layer.

Considering a small lattice mismatch of only 1.4 % between MgO and Cu,O [12],

MgO is expected to provide a high quality interface with the Cu,O channel layer, and

therefore it seems to be the best candidate for either the buffer layer or the gate

insulator.

2) High off-state current: The experimental results indicate that electron hopping

conduction among the subgap states near 0.38 eV below the conduction band causes
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the high off-state current in Cu,O TFTs, and therefore reducing the subgap states is

critical for lessening the high off-state current.

Based on the experimental results, the high off-state current might be reduced by the

following methods.

(1) It is well known that thermal annealing can reduce the density of subgap states in
disordered materials. Thus, although the origin of the subgap states at around 0.38
eV below the conduction band is not certain, their density is expected to decrease
by optimisation of the annealing condition (e.g. the temperature ramp rate and
annealing time).

(2) In the case of a-Si:H TFTs, although minority carriers (holes) are accumulated in
the off-state, the hole flow is blocked by n*-doped S/D contact regions [27, 175],
and thus the effect of holes on the off-state current is negligible. Considering this,
the high off-state current in p-type Cu,O TFTs might be significantly reduced by
forming p*-doped S/D contact regions since it is expected that the p*-doped S/D
regions block the electron flow in the off-state.
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