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Preface

Thin film transistor (TFT) is a special type of field effect transistor
widely used in present day display applications. It consists of a thin film
of a semiconducting material which forms the conducting channel between
metallic source and drain electrodes. There will be a dielectric layer be-
tween the semiconducting material and gate electrode to prevent the cur-
rent flow between the channel and gate. The most important field of TFT
application is in liquid crystal displays (LCD) wherein TFTs are integrated
to each of the sub pixels to modulate the amount of light reaching ob-
server’s eyes. In addition to this, TFTs are widely used in medical imaging
equipments, organic light emitting diode displays, flat panel displays, field
emission displays, imagers, scanners and various types of sensors etc.

Presently, all these applications make use of hydrogenated amorphous
silicon (a-Si:H) as the semiconducting material for channel formation. Be-
cause of the disordered nature, the mobility of charge carriers is extremely
low in this material. Hence, the field effect mobility of an a-Si:H channel
TFT is around 1 ecm?/Vs. This mobility is not enough in certain appli-

cations like in video decoding electronics in which an active matrix LCD

Xix



requires microsecond switching speed, which is too fast for an a-Si:H TFT.
In addition to this, these TFTs suffer from threshold voltage instabili-
ties under bias stressing. Metallic capping is provided to these TFTs to
avold light induced carries generation in channel layer. Above all, these
are opaque to light because of its very small band gap values. Hence when
they are used in display applications, light is blocked from the regions oc-
cupied by the TFT. This severely affects the clarity and display resolution
in active matrix LCD displays.

Scientists had been looking for an alternative material to overcome the
drawbacks of a-Si:H TFTs. Eventhough poly-silicon TFTs show much bet-
ter performance compared to a-Si:H TFTs, they are not feasible in large
area applications. They also suffer from the grain boundary effects which
affects the uniformity of device performance. Organic TFTs have been
proposed as another possible candidate, These are very promising class of
materials for low temperature fabrication to achieve light weight flexible
displays that can be rolled up like a map. But, still after about twenty
years form their invention, their performance is very poor and they also
suffer from low field effect mobility. TFTs based on wide band gap ox-
ide semiconductors were invented in the year 2003 by a group of scien-
tists from U.S.A and Japan. Soon after that, many laboratories started
the development of TFTs on different types of substrates using different
types of wide bandgap oxide semiconducting materials. This led to the
realisation of flexible transparent TFTs with field effect mobilities much
higher than conventional a-Si:H TFTs. Eventually, amorphous ionic oxide
materials were identified as most suitable for TFT applications owing to

their high performance even in amorphous nature. In all aspects, these



amorphous oxide TFTs are superior to a-Si:H TFTs. Amorphous transpar-
ent conductors are much attractive because of low processing temperature
requirement and the ability to grow on plastic substrates. TFTs using
transparent oxide semiconductors (TOSs) as the channel layer have several
merits compared with the conventional Si TFTs when applied to flat panel
displays. These include the insensitivity of device performance to visible
light illumination and efficient use of backlight in LCDs or emitted light
in organic light-emitting diodes (OLEDs). In addition, oxide TFTs have
potential advantages over the covalent semiconductor-based TFTs in terms
of their high voltage, temperature, and radiation tolerances.

Most of these amorphous materials are multicomponent in nature and
plenty of works remaining to be surveyed to improve active layer materials
with new chemical compositions. It is not easy to vary the film chemiecal
composition by a conventional sputtering technique because one needs to
prepare a ceramic target for each chemical composition. The present work,
studied the optical and electron transport properties of amorphous zinc
tin oxide (ZTO) and zinc indium tin oxide (ZITO) system because there
have been no systematic study on the effects of the chemical composition
in TFT performance. In the present investigations, Pulsed laser deposi-
tion.(PLD) and co-sputtering technique was used to develop thin films and
TFTs. PLD is relatively a new technique in thin film deposition and allows
the thin film deposition at higher oxygen pressures which helps to control
the carrier density in the channel layer of a TFT. Co-sputtering is an ef-
fective technique for a multicomponent film to control the film chemical
composition in a systematic and easy way. The optoelectronic properties
of amorphous and transparent ZTO and ZITO films and the characteristics

of ZITO TFTs were examined as a function of the chemical composition.



Chapter 1 presents a brief description about the fundamentals of amor-
phous semiconductors and a brief review of oxide thin film transistors. Daf-
ferent band models for amorphous semiconductor materials are described
in this chapter. This includes the Cohen-Fritzsche-Ovshinsky (CFQ), the
Davis-Mott, the small-polaron and Weaire and Thorpe models. The optical
absorption and electronic transport in amorphous materials are described.
This chapter also provide the basic working hypothesis of transparent amor-
phous oxide semiconductors and their electronic structure. A literature re-
view of thin film transistors using transparent oxide semiconductor material
channel is given in the last part of this chapter.

Chapter 2 describes in detail the thin film growth techniques and char-
acterization tools employed in the present work. Thin film growth was
accomplished using pulsed laser deposition (PLD) and co-sputtering tech-
niques. So this chapter describes the basic mechanism of DC & RF sputter-
ing and PLD. Thickness of the films was measured using stylus profilometer.
Structural characterization was performed by glancing angle x-ray diffrac-
tion method and atomic force microscopy (AFM). Compositional analysis
was performed by x-ray fluorescence (XRF) studies. Band gap investi-
gations were done by optical transmittance and reflectance studies using
a UV-Vis-NIR spectrophotometer. The electrical properties of the films
were carried out by a room temperature Hall Effect measurement system.
The basic operation and specifications of all these characterisation tools
are described in this chapter. A detailed description about TFT is given
towards the end of this chapter. This section includes thin film transis-
tor structures, the basic device operation, modes of operation, dielectrics,
amorphous oxide channels, comparison between TFT and MOSFET, TFT

characterisation etc.



xxiil

Chapter 3 deals with the pulsed laser deposition and characterization of
zinc tin oxide thin films. Zinc tin oxide films have the advantages of both
ZnO (higher transparency and more stability in activated hydrogen envi-
ronments than ITO and SnO2) and SnO- (high stability in acidic and basic
solutions and in oxidizing environments at higher temperatures). Struc-
tural, electronic and optical properties of amorphous and transparent zinc
tin oxide films deposited on glass substrates by PLD were examined as a
function of chemical composition and oxygen partial pressure (Pgp,). Two
chemical compositions Zn:Sn = 1:1 and 2:1 were mainly investigated. The
optical band gaps (Tauc’ gaps) were 2.80 - 2.85 eV and almost independent
of Po,, which are smaller than those of the corresponding crystals (3.35 -
3.89 eV). Films deposited at low Pp, showed significant subgap absorp-
tions, which were reduced by post thermal annealing. Hall mobility showed
steep increases when carrier concentration exceeded threshold values and
the threshold value depend on the film chemical composition. The films
deposited at Po, < 2 Pa had low carrier concentrations. It is thought
that the low Po, produced high-density oxygen deficiencies and generated
electrons, but these electrons were trapped in localized states which was ob-
served as the subgap absorptions. Similar effects were observed for 600°C
crystallized films and their resistivities were increased by formation of sub-
gap states due to the reducing high-temperature condition. High carrier
concentrations and large mobilities were obtained in an intermediate Po,
region for the as-deposited films.

Chapter 4 deals with the deposition of zinc tin oxide (ZTO) thin films
by co-sputtering technique and their optical and electrical characterisation.
The ZTO thin films were deposited via a DC-RF co-sputtering method us-
ing high purity ZnO and SnO; powder targets. Chemical composition of



XXiv

the films was shown systematic variation with proper control of sputtering
power to the targets. The films were polycrystalline for low RF powers to
SnOs target and became amorphous at high RF powers. All films were
highly transparent in visible region. Amorphous films were shown bet-
ter mobility compared to polycrystalline films which were explained as a
consequence of grain boundaries. This chapter also gives a comparison of
properties of ZTO films prepared by PLD and co-sputtering.

Chapter 5 describes the deposition of amorphous zinc indium tin oxide
(a-ZITO) thin films by co-sputtering of ZnO and In2SnyO+ targets. This
chapter is divided into two parts. First part gives the deposition and anal-
ysis of a-ZITO thin films as a function of chemical composition. Second
part gives the effect of oxygen partial pressure on the optical and electrical
properties of deposited films. Conductive transparent thin films of amor-
phous zinc indium tin oxide were prepared at room temperature. Film
composition was varied by adjusting the power to the sputtering targets.
Hall mobility was found to be strongly depending on the type of cationic
contents in the films. The effect of thermal annealing (at 300°C' in air) on
the properties of the films was investigated. Annealing reduced the carrier
concentration and carrier mobility in the films. The optical and electrical
properties of co-sputtered a-ZITO films were also investigated as a function
of oxygen partial pressure in the deposition chamber. There was a sharp
change in optical band gap values between the films prepared with and
without oxygen partial pressure owing to the effect of subgap states. Car-
rier concentration and Hall mobility decreased with the increases of oxygen
partial pressure. Temperature dependent conductivity analysis showed the
existence of non-localized tail states around conduction band bottom with

potential barriers due to the random distributions of various cations.



Chapter 6 deals with the fabrication and analyses of TETs using a-
ZTO and a-ZITO semiconductors as channel layer. ZTO channel TFTs
were fabricated by PLD and co-sputtering methods. Eventhough amor-
phous channel ZTO TFTs fabricated on silicon substrates showed typical
transistor behaviour, its performance was very poor due to the presence of
high density of subgap states. This caused very low mobility values and
moderately high leakage currents. Amorphous ZITO TFTs with different
chemical compositions were deposited on silicon substrates by co-sputtering
from ZnO and InsySn2O7 targets. Effects of post annealing on ZITO TFT
characteristics were analysed. The as-deposited films had high electron
densities and did not produce operating TFTs. The thermal annealing at
300°C reduced the electron densities and produced operating TFTs. The
TFT characteristics showed systematic variation with the chemical compo-
sition of the channels. The TFT having the largest Zn content (48 at%)
showed a field effect mobility of ~ 3.4 em? /V's, a current on-off ratio > 108,
and a ponsitive threshold voltage of 12.1 V . The TFT having lowest Zn
content (5 at%) showed a negative threshold voltage —19 V' and a depletion
mode operation. Co-sputtering has been demonstrated as an effective tech-
nique for multicomponent oxide channel layer deposition. Enhancement
mode operation of transparent thin film transistors with amorphous ZITO
as active channel layer has also demonstrated. Channel layer was deposited
by a DC-RF co-sputtering method from ITO and ZnO targets. Resulting
film was amorphous with Zn:In:Sn atomic ratio 0.37:0.567:0.06. Fabricated
transistors showed > 70% transmission in the visible region. Room tem-
perature fabricated transistor showed typical n-channel enhancement mode
operation with a threshold voltage of 6 V and field effect mobility of 5.7

¢m?/Vs and on-off ratio of 10° without any kind of thermal treatment.
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Chapter 7 summarizes the main results in the thesis and recommends the

scope for future works.
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Chapter 1

Amorphous Semiconductors
and Amorphous Oxide Thin

Film Transistors

First part of this chapter gives a broad introduction to amorphous semi-
conductors and their optical and electrical properties. Second part gives a

review of thin film transistors limited to amorphous oxide channel devices.

1.1 Amorphous materials: An introduction

History of civilization is intimately connected with advances in material
research. Materials science is an interdisciplinary area which comprehends
the areas of physics and chemistry. Materials, in a broad sense, can be
classified into crystalline and amorphous materials. A perfect crystalline
material has a translational symmetry and a unit cell when extended in

three dimensions give the structure of the material. Unlike the case of



2 Amorphous Semiconductors and Amorphous Oxide TFTs

crystalline materials, amorphous materials lack the long range periodicity.
Until the end of last century, it was only the crystalline materials which
got the attention of scientific community. It was believed that, due to
the disordered nature of the amorphous materials, they will not find any
technological applications.

In thermodynamic view point, an amorphous solid is in a non-equilibrium
state; therefore its structure and bond configurations are not fixed but can
be changed, sometimes reversibly, not only by thermal treatment but also
by light irradiation. This is fundamentally different from the case of crys-
talline solids. Since amorphous phase is less thermodynamically stable (it
possesses a greater free energy) than the corresponding crystalline forin,
the preparation of amorphous materials can be regarded as the addition
of excess free energy to some manner into the crystalline polymorph. How
this is done can vary widely, but it is a rule of thumb that the faster the
rate of deposition or cooling, the further the amorphous solid lies from
equilibrium.

The term “glass”and “amorphous” were widely used in the same sense in
literature to describe the disordered materials. In a more precise form, usu-
ally the term “glass”is used for only those materials which can be quenched
from the super-cooled melt and usually exhibit a glass tramsition and the
term “amorphous”refers non-crystalline materials which can normally be
prepared only in the form of thin films by deposition on substrates which
are kept sufficiently cool to prevent crystallisation [1]. This convention
will be followed when referring to “amorphous” materials throughout this
thesis.

Randomness can occur in several forms, like topological, spin, substitu-

tional, vibrational disorders etc (Figure 1.1) [2]. Disorder is not a unique



Structure of amorphous materials 3

5
et et
! &

P L A !

I 9_?- .. -’ . q-{' 5
. \ o] -
Loy . o
o [
0500 eigte.s
o 9 .

Figure 1.1: Types of disorder: (a) topological disorder (no long range order);
(b)spin disorder on regular lattice; (c)substitutional disorder on regular lattice;
(d)vibrational disorder about equilibrium positions of a regular lattice.

property, and must be compared to some standards, and that standard
is the perfect crystal. A perfect crystal is that in which the atoms are
arranged in a pattern that repeats periodically in three dimensions to an

infinite extend.

1.2 Structure of amorphous materials

Knowledge of the structural arrangement of atoms of a crystalline or amor-
phous solid substance is an essential prerequisite to any detailed analysis of
the physical or chemical properties of the solids. Crystalline solids are char-
acterised by long range periodic order. The constraint of three-dimensional
periodicity imposes the severe limitation of the existence of only seven

crystal systems, 32 crystallographic point groups, and 230 space groups
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resulting from the application of the translational symmetry operations of
the crystal. Once the lattice vectors a1, a2, a3 and the position of the atoms
within the unit cell are known, the positions of all the atoms in the crystal
can be described simply because of the periodicity in three dimensions.

The determination of structure of amorphous solids is an exceptionally
difficult task, and no single experimental technique is wholly sufficient.
Instead of the exact structural properties, a type of statistical description
of the atomic arrangement is sought. We look the average coordination of
the each atomic species in the material, the types, numbers and the average
distance to the near neighbours etc.

The different methods for structure determination include Radial Dis-
tribution Punction (RDF), Extended X-ray Absorption Fine Structure (EX-
AFS), diffuse scattering of z-rays and neutrons, etc.

RDF's give the distances and coordination numbers out to third or forth
neighbours and are useful for elemental amorphous materials. They are also
extremely good for many oxide glasses and other systems where there are
distinct distances that can be recognised, and where the structures of the
amorphous materials are close to those of the crystalline. Under these
circumstances, good models can be generated which fits the RDF. In many
other polyatomic systems, the technique is far from good. In such cases,
the A-A, A-B, and B-B neighbour distances are about the same, and all
lead to one big broad first neighbour peak. As a result of that, one cannot
obtain unique coordination numbers and unique structural interpretations
of the RDFs.

EXAFS is atom specific since the x-ray absorption edge energy is char-
acteristics of a given element and so the local structure around a particular

type of element. In EXAFS, the scattering expression is a local function



Electronic states 5

and does not depend on translational periodicity; the technique is there-
fore equally applicable to crystalline and disordered materials. Structural
information can be extracted by fitting the experimental amplitude to the-
oretical equations. EXAFS analysis yields information about the average
atomic arrangement around a particular atomic species in the material.
The draw back is that EXAFS provides information only about near neigh-
bours in amorphous materials. EXAFS may even be misleading for near

neighbours when there is a broad distribution of those neighbours.

1.3 Electronic states

The Hamiltonian describing a perfect crystal can be written as

!

Z;Z;
H= sz,+22M 2Z4mso|R 6R|
2

Z;e? 1 e
— S — (1.1
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where r; denotes the position of the ith electron, R; is the position of
the j** nucleus, Zj; is the atomic number of the nucleus, P; and P; are the
momentum operators of of the electrons and nuclei respectively. Prime over
summation means that, summation is only over pairs of indices which are
not identical. Such a many particle Hamiltonian is solved by large number
of simplifications. The approximation is to separate electrons into two
groups: valence electrons and core electrons (electrons in filled orbitals).
Since core electrons are mostly localized around the nuclei, they can be
lumped together with the nuclei to form the ion cores. So the indices j

and 7’ in the above equation denotes the ion core while the electron indices
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i and ¢ label the valence electrons. The next approximation is the Born-
Oppenheimer or adiabatic approximation. The ions are much heavier than
electrons, so they move much more slowly. The electrons can respond to
ionic motion almost instantaneously. Or, in other words, to the electrons
the ions are essentially stationary. On the other hand, ions cannot follow
the motion of the electrons and they see only a time averaged adiabatic
electronic potential. Mean field approximation assumes that every electron
experiences the same average potential V(r).

In almost all cases of crystalline solids, the one-electron approximation
is applied to the Schrodinger equation, in which it is assumed that each
electron moves in the average field due to all the others. This approximation
neglects electronic correlations, i.e., the possibility that two electrons can
correlate their motion in such a manner as to keep away from each other,
and thereby minimise their repulsive interaction.

This formulation of solid state theory depends on the validity of both
the adiabatic and one-electron approximations. In a wide class of materials,
the effect of phonon coupling and electronic correlations are negligible, and
theory and experiments are in good agreement. However, in some situation
the electron-phonon interaction is large, and the adiabatic approximation
becomes inaccurate. Similarly the one-electron approximation becomes er-
roneous in many cases. Electron-phonon interaction can be very strong in
ionic solids. In order to correctly describe the transport in such materials,
we have to consider the effects of polarons, small polarons ete.

The key element in the conventional approach to understanding the
electronic structure of crystalline solids is the simplification of the problem
by making use of the fact that the one-electron potential energy must ex-

hibit the periodicity of the lattice. Theory can be applied to reduce the
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problem to one involving the small number of electrons containing in a sin-
gle primitive cell, from which the crystal can be generated. All electronic
states are extended throughout the solid and have the same probability for
finding in each of the primitive cells. The one electron density of states can
be calculated by solving the one-electron problem in a single primitive cell
and applying periodic boundary conditions. Because of the periodicity, the
density of states (DOS) of any crystalline solid takes the form of alternating
regions of energy with large densities, called bands separated from regions
where no states are possible, called gaps.

Although conventional solid state theory has succeeded in explaining the

behaviour of crystalline solids, it can be criticised on two major grounds
(3)-

1. This model completely neglects the short range order which reflects
the chemistry of constituent atoms. For example, the symmetry of
the primitive cells of covalently bonded ¢-Si is the exactly the same
as that of metallic Ni and ionic NaCl, despite the very different local

coordination.

2. The periodicity seems to be vital to the electronic behaviour of ma-
terials, which is inconsistent with experimental results. If periodic-
ity were essential to the observed electronic transport in crystalline
solids, we should expect large changes in conductivity upon melt-
ing, at which point the long range order spontaneously disappears.
However, melting has only a very small effect on the conductivity of
a large class of materials, including insulators, semiconductors, and
metals. Thus, the basic DOS and mobility cannot be very sensitive

to crystalline periodicity.
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1.4 Effective mass concept

A charge carrier in any solid can only be made free by associating it with
an effective mass through the effective mass approximation. As in the case
of crystalline solids, theories have been developed by several authors for
determining the effective mass of charge carriers in amorphous solids. As
the wave vector k is not a good quantum number in amorphous solids, the
derivation of effective mass of charge carriers has been done in real coordi-
nate space. It enables to determine effective masses in the extended and tail
states separately. The effective mass of a charge is inversely proportional
to the width of the corresponding energy states at a fixed concentration of

atoms contributing to the tail states [4].

1.5 Band models

A model for electronic structure of the material is essential for the proper
interpretation of experimental data of electrical transport properties. Mak-
ing use of mathematical simplifications resulting from the periodicity, Bloch
was able to derive some general properties of the electronic states in the
crystal, from which Wilson developed the band theory of electronic trans-
port. Since their pioneering work, it is known that the electronic structure
of the crystal shows some universal characteristics. For semiconductors, the
main features of the energy distribution of the density of electronic states
N(E) of crystalline solids are the sharp structure in the valence and con-
duction bands, and the abrupt terminations of N(F) at the valence band
maximum and the conduction band minimum (Figure 1.9). The sharp

edges in the density of states produce a well-defined forbidden energy gap.
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Within the band the states are extended, which means that the wave func-
tions occupy the entire volume. The specific features of the band structure
are consequences of the perfect short-range and long-range order of the
crystal. In an amorphous solid, the long-range order is destroyed, whereas
the short-range order, i.e., the interatomic distance and the bond angle,
is only slightly changed. The concept of the density of states is equally
applicable to non-crystalline solids. The DOS in the energy space can be

written as [5]:

T an? \ B2

where, V is the volume of the sample, m? is the electron effective mass and

%\ 3/2
N(E) = (2’”8) E? (1.2)

E the energy. This can be applied to both valence and conduction extended
states using the respective effective masses of charge carriers. This form
of DOS is not depend on the translational symmetry. The above form is
obtained from the Schridinger equation for a free electron by the boundary
condition that, the Eigen functions must vanish at the sample boundaries
and the normalisation condition that the electron is confined in a finite size
sample. Above equation can, therefore, be applied to any solid, crystalline
or non-crystalline, as long as it is a free electron system, because the above
derivations are true only for free electron gas. If the electrons are not free,
they can be made so by using the effective mass approach and then they will
be free with that effective mass. Systems with different effective masses of
their charge carriers will have different density of electron states. The DOS
in amorphous solids is expected to be different since amorphous semicon-
ductors have a different effective mass than compared to crystalline solids.

For most of amorphous semiconductors, for energies, £ > E¢, in the con-
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Figure 1.2: Schematic representation of DOS in crystalline semiconductors. Sym-
bols: Ey is valencc band maximum cnergy, E¢ is conduction band minimum

energy and Ep is the Fermi energy.

duction states, and E < Ey in the valence states, the dependence of DOS
in the equation 1.2 on the energy agrees with observed values. Replacing
E by (E — E¢) for conduction extended states and with (Ey — E) for va-
lence extended states in equation 1.2 suggest a sharp drop in the DOS at
the mobility edges, which is against the observations in amorphous solids.
This is because the derivation of DOS have only considered a fully coordi-
nated network of atoms, which is usually not the case in any amorphous
solid. There are also disorders present, which influence the DOS near the

mobility edges.

Several models were proposed for the band structure of amorphous semi-
conductors, which were the same to the extent that they all used the concept

of localized states in the band tails [6].
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Figure 1.3: Schematic representation of DOS in CFO model. Symbols: Ey is
valence band energy edge corresponding to crystalline case, E¢ is conduction band
energy edge corrcsponding to crystalline case and Eg is the Fermi encrgy.

1.5.1 The Cohen-Fritzsche-Ovshinsky (CFO) model

The CFO model was specifically proposed for the multicomponent chalco-
genide glasses [7]. The authors suggested that in the chalcogenide alloys,
the disorder is sufficiently great such that the tails of the conduction and
valence bands overlap, leading to an appreciable density of states in the
middle of the gap (Figure 1.3). A consequence of the band overlapping is
that there are states in the valence band, ordinarily filled, that have higher
energies than states in the conduction band that are ordinarily unfilled.
As a result, a redistribution of the electrons must take place, forming fiiled
states in the conduction band tail, which are negatively charged, and empty
states in the valence band, which are positively charged. This model, there-
fore, ensures self-compensation, and pins the Fermi level close to the middle
of the gap.

One of the major objections against the CFO model was the high trans-

parency of the amorphous chalcogenides below a well-defined absorption
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edge. It is now almost certain from different observations that the extent

of tailing in chalcogenides is rather limited.

1.5.2 The Davis-Mott model

Based on Anderson’s theory, Mott showed that spatial fluctuations in the
potential caused by the configurational disorder in amorphous materials
may lead to the formation of localized states, which do not occupy all the
different energies in the band, but form a tail above and below the normal
band [8]. According to Davis and Mott, the tails of localized states should
be rather narrow and should extend a few tenths of an electron volt into the
forbidden gap. Further, defects in the structure, such as dangling bonds,
vacancies, etc leads to a distribution of electron states in the middle of the
gap, near the Fermi energy Ep.

Figure 1.4 gives the Davis-Mott model; where, E¢ and Ey represent
the energies which separate the ranges where the states are localized and
extended. The centre band may be split into a donor and an acceptor band,
which will also pin the Fermi level (Figure 1.5). Mott suggested that at the
transition from extended to localized states, the mobility drops by several
orders of magnitude producing a mobility edge. The interval between the
energies Ec and Ey acts as a pseudogap and is defined as the mobility gap
[9]. Cohen proposed a slightly different picture for the energy dependence
of the mobility [10]. He suggested that there should not be an abrupt
but rather a continuous drop of the mobility occurring in the extended
states just inside the mobility edge. In this intermediate range the mean
free path of the carriers becomes of the order of the interatomic spacing,

so that the ordinary transport theory based on the Boltzmann equation
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Figure 1.4: Schematic representation of DOS in Davis-Mott modcl. Symbols:
Ev is valence band energy edge corresponding to crystalline case, E¢ is conduction
band energy edge corresponding to crystalline case, Eg and F4 arc valence band
and conduction band tailing edge and Er is the Fermi energy.

cannot be used. Cohen described the transport as a Brownian motion in
which the carriers are scattered continuously [10].

On the basis of the Davis-Mott model, there can be three processes
leading to conduction in amorphous semiconductors. Their relative contri-
bution to the total conductivity will predominate in different temperature
regions (conduction mechanism in amorphous solids are discussed in section
1.7). At very low temperatures conduction can occur by thermally assisted
tunnelling between states at the Fermi level. At higher temperatures charge
carriers are excited into the localized states of the band tails; carriers in
these localized states can take part in the electric charge transport only by
hopping. At still higher temperatures carriers are excited across the mo-
bility edge into the extended states. The mobility in the extended states
is much higher than in the localized states. Hence it follows that electrical
conductivity measurements over a wide temperature range are needed to

study the electronic structure of amorphous semiconductors.
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Figure 1.5: DOS in modified Davis-Mott model. Symbols: Ey is valence band
energy edge corresponding to crystalline case, E¢ is conduction band energy edge
corresponding to crystalline case, Ep and E4 arc valence band and conduction
band tailing edge and E is the Fermi cuergy.

1.5.3 Small-Polaron model

It is a rival theory for electrical conduction in amorphous solids, particularly
for the case of chalcogenides. The term polaron refers to the quasi-particle
unit comprising the self trapped carrier and the associated atomic displace-
ment pattern (Figure 1.6). If the spatial extend of carrier’s wave function
is severely localized on the scale of interatomic distances, the polaron is
referred to as being small. If the wave function is of much large extend,
it is said to be a large polaron. An important aspect of polaron formation
in solids is that the size of the polaron that can be formed depends upon
the range of the electron-lattice interaction. Small polaron band width is
orders of magnitude smaller than that for non polaronic carriers. As a re-
sult, even rather modest disorder will produce Anderson localization in a
system in which the carriers form the small polarons. Even in the absence

of disorder, the energy uncertainty associated with the scattering of a small



Band models 15

. N @ . . oo . . . @ .

Figure 1.6: The atomic displacement pattern about a self trapped clectron is
illustrated for the charge occupying cach of two adjacent sites.

polaron can be larger than the small polaron bandwidth. In such instances,
which are equivalent to the mean free path being smaller than the intersite
separation, the transport is best characterised by being phonon assisted
hopping motion with rather low mobilities which increases with increasing
temperature. Disorder may produce sufficient localization to enable self
trapping and concomitant extreme localization to occur [11}.
Experimental evidence, mainly coming from luminescence, photocon-
ductivity and drift mobility measurements, has been found for the exis-
tence of various localized gap states, which are split off from the tail states
and are located at well-defined energies in the gap [12]. These states are
associated with defect centers, the nature of which is not always known. It
is clear now that the density of states of a “real” amorphous semiconduc-
tor does not decrease monotonically into the gap but shows many peaks
which can be well separated from each other (Figure 1.7). The position of
the Fermi level is largely determined by the charge distribution in the gap
states. There is no systematic theory developed for amorphous semicon-
ductors to demonstrate that the DOS within the gap is like what is shown

in the figure 1.7.
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Figure 1.7: DOS model in amorphous semiconductors. Symbols: Ey is valence
band encrgy cdge corresponding to crystalline case, Ec is conduction band en-
crgy cdge corresponding to crystalline case, Ep and E4 arc valence band and
conduction band tailing edge and Ef is the Fermi cnergy.

1.5.4 Weaire and Thorpe model

The first demonstration, that short range order alone can produce an energy
gap in the density of states (DOS)of a semiconductor, was given by Weaire
and Thorpe [13, 14]. For tetrahedrally coordinated amorphous structures,

they considered a Hamiltonian of the form;

H="" Viigi) ezl + > Valdbij) (sl (1.3)
ig#3 i

where the atoms are denoted by the subscript ¢ and the bonds by j, the
states are localized sp® hybrid orbitals, and the matrix elements V; and V5
represent the intra-atomic and interatomic interactions, respectively (Fig-
ure 1.8). This Hamiltonian makes it easy to separate the effects of quanti-
tative disorder (i.e., bond angle variations), reflected in a spread of values
of V1 and V;, from topological disorder (i.e., variations in ring size). They

showed that the bonds are essentially of bonding and anti-bonding charac-
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Figure 1.8: Weaire-Thorpe model showing intrasite (V3) and intersite (V7) inter-

actions.

ter, split by the V5 term and broadened by the V; term, and the broadening
of bonds by V; term does not destroy the gap created by the V5 term. There
is always a band gap between two allowed bands, except for the one value
Vi/Va = 1/2, at which they touch.

The importance of the work was that the electronic structure of a system
with a Hamiltonian given by equation 1.3 is independent of the structure in
which the atoms are distributed, provided only that the local coordination
of four neighbours (of tetrahedral coordination) is maintained throughout
the structure. The inclusion of the effects of the local deviations from per-
fect tetrahedral coordination, together with the interaction of more distant
orbitals, generally results in a finite (though presumably small} density of
states in the band gap. With a more generalised Hamiltonian, they were

able to show the existence of band gap in amorphous compound semicon-
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ductors [15].

Thus, the existence of a band gap for a non-crystalline solid can be
understood in terms of chemical concepts.

Other methods in the calculation of DOS of amorphous materials in-

clude:

1. Empirical tight binding technique: in which the matrix elements and
overlap integrals are treated as adjustable parameters to be fitted to

known experimental results.

2. Orthogonalised linear combination of atomic orbitals (OLCAQ): makes
use of expansions of atomic orbitals in terms of Gaussians, with the

potential constructed from all the atoms in a small cluster.

3. Pseudopotential techniques: in which the real potential is replaced by
much smoother effective potential that yields high accuracy results for
the outer electronic states but not the core. This give more accurate

results than tight binding methods.
4. Generalised valence bond (GVB) method.
5. Self Consisted Field X, Scattered Wave (SCF-X,-SW) approach, and

6. Unrestricted Hartree-Fock (UHF) approach.

1.6 Optical absorption in amorphous

semiconductors

The fluctuations in the atomic configurations away from the average are
accompanied by the fluctuations acting on the electron. When the poten-

tial fluctuations are sufficiently deep or wide, the energies of the electronic
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states are perturbed and results band broadening and band tailing [6]. The
symmetry properties of the electrons and of fluctuations of the local order
are both important in determining magnitude of the effect on the DOS.
For example, the energies of the s states are less sensitive to fluctuations
of the local coordination that have nearest neighbour distances fixed but
vary the orientation of the nearest neighbour atoms than are the energies
of p or d states. Thus the effect of disorder is expected to be different
for the valence and conduction band edges of amorphous semiconductors.
On the other hand, the probability of optical transitions between filled and
empty tail states is limited in large extend by the disorder induced or An-
derson localization of the electron states near the band edges. Transitions
are therefore allowed only to the extend that there is spatial overlap of
the localized wavefunctions. In contrast, transitions between localized and
delocalized states beyond the mobility edges are strongly allowed.

The destruction of & as a good quantum number in amorphous solids
affects the optical properties, independent of the extend of band tails. In
crystals, because of very small photon momentum, % is conserved in all
optical transitions which causes relatively weak optical absorption even
above the energy gap in indirect band gap crystalline materials. Since %
is not a good quantum number in the absence of periodicity, this selection
rule is inappropriate for the amorphous solids. In polycrystalline solids,
each grain retains its periodicity, and &% conservation remains applicable
even with a 50 A grain size. The relative spread in _k?, as estimated from

the uncertainty principle, is of the order of [1]

kgz L ’
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Figure 1.9: Schematic density of state diagram for a crystalline and an amor-

phous semiconductor in the vicinity of highest occupied and lowest ecmpty states.

where kpz is the maximum crystal momentum in the first Brillouin zone,
a is the size of the primitive cell, and L is the grain size. For a 50 A
grain size, the spread in k is less than 10% and is relatively insignificant.
However, for smaller grain sizes there is a large spread in & and presence of
such deviations provide a more rigorous definition of an amorphous solid
than does the range of the order. This is also a better criterion than one
involving the existence of extensive band tails, since band tails can also arise
from interface states at the grain boundaries of a polycrystalline solid.
The sharp features (discontinuities in the slope) in the DOS are the
characteristics of crystalline solid (Figure 1.9). For a crystal, DOS function
N(E) is directly derived from the band structure E(_I:) by simply counting
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the states in s space. The sharp structures in N(F) arises from the pres-
ence of special places in ? space at which the gradient ALFE (?) vanishes.
This occurs whenever E(?) has a local maximum or minimum. Since & it-
self, as a quantum number labeling each electron eigenstate, depends for its
validity upon translational periodicity, it follows that the sharp structure in
N(E) is a crystal property which requires long range order for its existence.
In the absence of long-range order, these sharp features disappear.

As mentioned in the previous paragraph, the sharp structure in the
electronic density of states /N(E) arises in a crystal as a band structure
consequence of critical points in * space at which the gradient AkE(E))
vanishes. Since the first order allowed electronic transitions which dom-
inate the ultraviolet region of the optical absorption spectrum of a crys-
talline semiconductor are % conserving direct transitions, that spectrum
mirrors the joint density of states (N (E)). Since N {E) is determined by
Eo{ ?) = Ec(?) - E,,(?) and thus has structure at energies corresponding
to k values for which A xEe = 0, the crystal band structure similarly gives
rise to structure in the optical absorption spectrum. These critical point
spectral singularities (van Hove singularities), which are especially sharp
in the crystal spectrum at low temperatures, are specific consequences of
translational periodicity (;’ as a good quantum number). Hence, similar
fine structure is absent in the amorphous spectrum.

In solids, the interactions between bonds broaden the bonding and anti-
bonding levels into bands. The overall aspect of DOS is similar for both the
crystalline and amorphous solid, since the overall electronic structure arises
from the short-range order. E,, (the energy difference between the centres
of CB and VB) reflects the bonding-antibonding splitting. The effect of

long range disorder in amorphous form (such as tailing of a finite DOS into
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the pseudogap region spanned by E;} do not wash out the main features
of the optical transitions. Amorphous solids, lacking any special directions
associated with crystallographic axes, are optically isotropic.

In tetrahedral semiconductors (Si, Ge etc) the conduction band (CB)
originates from the antibonding levels and valence band (VB) from the
bonding levels. In chalcogenide semiconductors, while the CB originates
from the antibonding levels the highest VB is not formed from bonding
states but instead from nonbonding or lone pair state. This causes chalco-
genides their characteristics double peak feature of their UV spectra.

In a crystal, a photon of energy hv can induce a transition from a filled
state of energy £ to an empty state of energy E + hv only if the initial and
final states have the same wave vector (?) and satisfy certain selection
rules. Thus, among all the pairs of electron states separated by energy
hv, only a very few contribute to optical absorption. But in a amorphous
material, no such restrictions apply. Assuming that we are dealing with
extended states, all such pairs of state ( filled, at energy E, and empty, at

energy E + hv) can contribute to optical processes.

1.6.1 Principle regions of optical absorption

Generally three distinct regions, A, B and C, are observed in the absorp-
tion coefficient of amorphous semiconductors near the electron mobility
edge (schematically shown in figure 1.10). Above the mobility edge, in the
region of strong absorption (region A in figure 1.10), the dependence of the

absorption coefficient a on photon energy hv can be described as [16, 17],

ahv x (hv — Eg)? (1.5)
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Figure 1.10: Three principal regions of optical absorption in amorphous scmi-
conductors.

where Ejp is the optical gap. Usually equation 1.5 is written as

(ah)1? = C(hw — Ey) (1.6)

where C is independent of the photon energy. A plot of (ahu)l/ 2 as a func-
tion of the photon energy hv is called the Tauc plot, and the extrapolation
of straight line region into the energy axis would give the optical gap Ep
(Tauc gap) [18-20]. Equation 1.6 is derived only for transitions from va-
lence extended to conduction extended states, (without the involvement of
any tail states) with the assumption that the matrix element is independent
of the energies in the conduction and valence extended states. The optical
gap thus obtained should correspond to the situation where there are no

tail states, like in crystalline solids.
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Figure 1.11: Schematic representation of the Taue plot in amorphous semicon-

ductors.

In the low absorption region (B region in figure 1.10), « increases ex-

ponentially with energy. In this region it can be written as

a x exp(hv/Ey) (1.7)

where Ey is the width of the localized tail states and usually referred to as
the Urbach tail. In the region C of figure 1.10, the absorption coefficient is

written as another exponential function of the photon frequency

o x explhv/Eq4) (1.8)

where Eg is the width of the defect states, and usually it is found that
E; is larger than Ey. The region C is rather sensitive to the structural

properties of materials [21].
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While there seems to be a general consensus about the Tauc plot of
the absorption coeflicient from valence extended states to conduction ex-
tended states, there are some experimental data which fit much better to

the following relation

(ah)? = Cp(hv — Ey) (1.9)

and have therefore used it to determine the optical gap Ey. Here Cp is
another constant [22]. The cubic dependence on photon energy can be
obtained only when the DOS depends linearly on energy {instead of square
root dependence as shown before), provided the assumption of constant
transition matrix is valid for every amorphous solid.

In Cody’s method of evaluating the matrix element [23), it is considered

as a dependent function of energy, which leads to an expression like:

(ahv) = ()2 [hv — Ep)? (1.10)

Thus there are two different ways of evaluating the transition matrix
element. Applying one approach it is found to be independent of the energy
and momentum of the excited charge carriers, but the second approach
shows that it depends on the photon energy and hence on energy of charge
carriers. If one uses the first approach, then (ahr)Y/2 is found to give the
correct Tauc’s plot (i.e. it is linear with the photon energy). However, if
the second method was used, then {a/hv)!/? would give the correct Tauc’s
plot. As the objective of Tauc’s plot is to determine the optical gap, one

may expect both approaches will produce the same value for the optical

gap.
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The DOS can be made to have parabolic dependence on energy (equa-
tion 1.2) for any particle by associating it with an appropriate effective
mass. Then, the resulting absorption coefficient, obtained within the as-
sumption of constant transition matrix element, will have the square root
dependence on energy involving a different effective mass. In this view,
a deviation from Tauc’s plot cannot be explained by assuming the con-
stant matrix element. However, using energy dependent matrix element,
the RHS of equation 1.10 is a forth-order polynomial. Depending on which
term on the polynomial may dominate, one can obtain a deviation from
Tauc’s plot. Therefore in a material in which a deviation from Tauc’s plot
is observed, the transition matrix element may not be constant.

In chalcogenides the situation is more complicated since the DOS in the
valence and conduction states are expected to have different form. This can

also lead to a deviation from Tauc’s plot [4].

1.6.2 Transition in tail states

An exponential tail in the absorption coefficient of amorphous solids is
usually observed for photon energies below the optical gap which is usually
referred to as exponential tail or Urbach tail.

According to Abe and Toyozawa, the exponential densities of states in
the tail region are caused by static disorder in amorphous solids [24]. The
results also suggest that the effect of disorder plays role in the low energy
region of the absorption, where the DOS also has exponential character,
but the DOS itself is not the cause of Urbach tail.

Based on the experimental results, the current assumption is that the
Urbach tails in amorphous semiconductors are caused by both thermal ef-

fects and static disorder [23]. Hence it can be concluded that, in the lower
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temperature region, the occurrence of Urbach tail may be considered to
be primarily from the structural disorders. As temperature increases, the
thermal vibrations become active and the associated thermal disorders due
to atomic vibrations also contribute to the exponential absorption. Once
a sample is prepared and annealed, the structural disorders may not vary,
however, as the temperature increases high enough the effect of structural
disorders may be overtaken by that of thermal disorders. The temperature
at which such an overtaking occurs is called the fictive temperature, above
which the influence of structural disorders on the absorption spectrum be-

comes relatively negligibly small.

1.6.3 Far infrared absorption

In a crystalline solid, the lattice vibrational excitations are plane waves
characterised by wave vector 7@" as well as frequency v,4. Each mode of
excitation is termed a phonon, and the uph(?) phonon dispersion rela-
tions provide an energy-versus-momentum representation of the vibrational
modes which is analogous to the E(?) band structure representation of the
crystals electronic states. In an amorphous solid, the vibrational modes are
no longer plane waves (and % hasno meaning), but continue to use phonons
as a convenient abbreviation for the vibrational elementary excitations of
the solid. While vph(?) is not a valid concept in an amorphous solid, the
concept of a vibrational density of states Ny{(v) retains its validity [25].

In the case of phonon excitations in crystalline solids, as a consequences
of k conservation, of the 1024 phonon modes that exists in a typical macro-
scopic sample, only a few posses the privilege of interacting with light.
Whereas, in an amorphous solid, all phonons may participate in interac-

tions with light [25].
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1.7 Electronic transport in amorphous materials

1.7.1 Carrier transport in a rigid lattice

In a rigid network of atoms in an amorphous solid, electrons (holes) are as-
sumed to move through the conduction extended-states (valence extended
states) and/or through the localized states without being subjected to the
lattice vibrations. Therefore, the electron-phonon coupling can be ignored
in this case. The electronic configuration of individual atoms in a solid
remains the same in both crystalline and amorphous solids. However the
atomic configurations in amorphous solids are different from crystalline
solids, because of the absence of long-range orders in the former. On the ba-
sis of the tight-binding approach, regardless of the lack of long-range orders,
a fully coordinated atomic network of amorphous solids is expected to offer
crystalline-like behavior to the transport of charge carriers [4]. An electron
spends an equal amount of time on each of the two-bonded atoms. Thus
such networks give rise to the extended states and therefore the transport of
charge carriers in the conduction and valence extended states of amorphous
solids is basically the same as that of charge carriers in the conduction and
valence bands of crystalline solids. However, one can expect the effective
mass of a charge carrier to be different in an amorphous solid from that in
a crystalline solid. The density of states in the region of extended states
deviates little from that in the band regions of crystalline solids and is given
by the density of the free electron states. In which case it is proportional to
the square root of the energy. It is the presence of tail states and dangling
bond states in amorphous solids that makes them behave different from its
crystalline form. Both tail states and dangling bond states are localized

states and transport of charge carriers in these states at low temperatures
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can only be described by quantum tunneling from one site to another. The
border between the extended states and localized states is called the mo-
bility edge. According to Mott, the zero-temperature electronic transport
should vary discontinuously with energy at the mobility edge (leading to

the famous term, minimum metallic conductivity) (26].

1.7.2 Band conduction in non-degenerate state

The nature of the transport of charge carriers gets altered when a charge
carrier crosses the mobility edges F¢ and Ey. The transport above E¢o
is the band conduction type for electrons and transport below Ey is band
conduction type for holes. Transport through localized states is called the
hopping conduction. The electronic transport at relatively high tempera-
tures (near room temperature) in amorphous solid is believed to occur in
the extended states. For electrons this yields an activation-type tempera-

ture dependence for the conductivity as

o = g9 exp(—AE/KT) (1.11)

where AE = E¢ — Er is called the activation energy and is the separation

of Er from the mobility edge Ec and oq is the pre-exponential factor.

1.7.3 Hopping conduction

The term hopping conduction means that localized electrons jump (dif-
fuse) quantum mechanically from site to site. The mechanism of hopping
conduction was first discussed in doped semiconductors [27, 28] and was

then extended to amorphous semiconductors [29]. The hopping may be
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assisted by phonons and hence phonon-assisted hopping between sites will
be treated in this section.

In Mott’s formalism, the hopping process is simplified by assuming that
the dominant contribution to the hopping current is through states within
kgT of the chemical potential p, thereby eliminating the exact occupation
probabilities of the states in the description [29]. In this case the hopping
probabilities { P;;) are the probability of a carrier tunnelling from a localized

state ¢ with energy F; to an empty state j with energy E;:

Py~ {exp (—2aRij - E,%) ifE; > E; (1.12)
exp{—20R;;) if E; < E;

with R the physical distance separating the two localized states, and a the
localization parameter of these states. In a one-dimensional system the o
parameter corresponds with the exponential decay of a wave function in
a potential barrier and is directly related to the height of the potential
barrier. In systems of higher dimensions this relation is less obvious, and
the o parameter is characterised by an integration of all possible tunnelling
paths between two sites. That is, the o parameter reflects the ‘potential
landscape’ surrounding the hopping sites.

In this description, the approximation |Ei—Ej| > kgT is used, although
the validity of this approximation is questioned by several authors {30, 31].

Nearest-neighbour hopping (NNH)

Since the hopping probability depends on both the spatial and energetic
separation of the hopping sites, it is usually described the hopping processes
in a four-dimensional hopping space, with three spatial coordinates and one

energy coordinate. In this hopping space a range R is defined as
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Ry = —in(F) (1.13)

This range, given by the magnitude of the exponent in equation 1.12,
represents a distance in four-dimensional hopping space, indicating the hop-
ping probability. In a system in which localized states are randomly dis-
tributed in both position and energy, the probability distribution function
of all hops originating from one site is generally dominated by the hop to
the nearest neighbouring site in the four-dimensional hopping space, due
to the exponential character of the hopping probabilities. This site at clos-
est range corresponds only with the spatially nearest neighbour if the first
term on the right hand side of equation 1.12 is dominant. This is true if
aRy > 1, with Rp the average spatial distance to the nearest neighbouring
empty localized state. That is in cases of strong localization and/or low
concentration of localized states, the hopping distance R is limited to the
spatial nearest neighbouring hopping site at average distance Ry, and the
corresponding conduction mechanism is called nearest neighbour hopping
(NNH, see figure 1.12).

Variable range hopping (VRH)

If aRy is in the order or less than unity, or in all cases at sufficiently low
temperatures, the second term on the right hand side of equation 1.12
contributes significantly to the hopping probability and hops to sites that
are further away in space but closer in energy might be preferable. This
is the variable range hopping (VRH) process, introduced by Mott (Figure
1.13).

The DC hopping conductivity can be expressed as
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Figure 1.13: Schematic representation of variable range hopping.
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1
o= aoemp(%) ! (1.14)
with
Ty = Op—% (1.15)
0=Cr N .
proportionality constant Cr is given by Cr = %? and
Ne )} 1.1

09 = Vph (W) (1.16)

Large discrepancy is found between the experimental and theoretical
values of pre-exponential factor og in most amorphous semiconductors
[32, 33] and VRH theory is still considered incomplete [4]. Band conduc-
tion in degenerated state is described in section 1.8.2 while discussing the

transparent amorphous semiconductors.

1.7.4 Hall Effect

The basic transport properties usually measured in crystalline semiconduc-
tors are the conductivity o and Hall coefficient Ry. For n-type semicon-
ductors the Ry is negative( positive for p-type) and is given by the general
formula

Ry = -niq (1.17)
where, 7 is the scattering factor, ¢ is the electric charge and n is the electron
density. From o and Ry, we get the Hall mobility as py = |Ry|o. This
interpretation of hall coefficient is valid for materials in which the mean

free path is large compared with the interatomic spacing [34).
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The most anomalous behavior in the carrier transport in amorphous
semiconductor is that the Hall effect has the opposite sign estimated from
the thermoelectric power. It is called as pn anomaly; holes give a neg-
ative sign and electrons positive in the Hall voltage. However, there is
no sign anomaly in degenerate amorphous semiconductors in which elec-
tronic transport occurs well above the mobility edge {discussed in section
1.8). When carrier transport occurs near mobility edge, the mean free path
is expected to be very small and corresponds to the interatomic spacing.
As a consequence, the standard transport theory based on the Boltzmann
equation is not useful.

Applying the concept of hopping polarons developed by Friedman and
Holstein [35], Friedman [36] has put forward a theory for the Hall effect for
carriers moving in amorphous solids near the mobility edge. It produces
interference between two scattering paths involving three atomic sites A,
B and C. One path is from A to B direct and the other from A to B via
C. The Hall mobility deduced in this way is found to be independent of
temperature and in qualitative agreement with the observations, but the
Hall coefficient is always found to be negative whether the carriers are
electrons or holes. This has been interpreted as Friedman’s theory being
correct only in predicting the n-type Hall coefficient for p-type material but
not the p-type Hall coefficient for n-type material.

For explaining the behavior of n-type a-Si:H, Emin has suggested a the-
ory by considering that carriers form polarons located on Si-Si bonds {37].
Emin’s theory requires that the odd order close loops must be predomi-
nant in the structure, because the orbital on each bond is antibonding so
that the wavefunction changes sign at each hop. Although polarons are not

formed in crystalline silicon, Emin has suggested that they can be formed
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in amorphous silicon due to its softened structure. The observed activation
energy in the mobility is then attributed to the polaron hopping. However,
Emin’s theory is not widely accepted, because it demands on the electron
to move from one bond to an adjacent bond, around an odd numbered ring,
which is not always possible in any amorphous structure.

Mott has suggested that the positive Hall coefficient for n-type silicon
can be explained without any assumption of odd-numbered paths, if the
centers which scatter electrons are considered to be the stretched Si-Si
bonds [38]. Such stretched bonds have electron energies different from the
majority of the bonds. Extending then Friedman’s theory to such stretched
bonds as scattering centers, the interference between two paths, AB and
ACB, can lead to a change in the sign of the electronic wavefunction.

Applying a perturbative renormalization-group procedure, Okamoto et
al. [39] have studied the behavior of weak field Hall conductivity near the
mobility edge and found that the anomalous sign in the Hall coefficient
can occur if the mean free path of carriers is shorter than a critical value.
Accordingly, the microscopic Hall conductivity changes its sign near but
above the mobility edge and hence the Hall coefficient also changes its sign.
A quantum interference effect of electron transport near the mobility edge
has been taken into consideration, which is also taken into account in a
metallic conduction regime. The Hall mobility against the carrier mean
free path is deduced. This is also consistent with the observation no sign

anomaly in degenerate amorphous semiconductors [40].

1.7.5 Doping in amorphous semiconductors

Generally, transparent conductors show their highest conductivity in its

crystalline phase. They are also very conductive in its amorphous state and
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can achieve electron mobilities of 10 to 40 cm?/V's. Anderson suggested
that disorder can cause a localization of electron states in the band structure
[41]. Mott and Davis showed that disorder first localizes states at the
band edges, and that the extended states and localized tail states were
separated by an energy called the mobility edge. As the disorder increases,
the mobility edge move further into the bands and eventually whole band
becomes localized.

In pure amorphous silicon, there is large density of band gap states,
which makes this material electronically dirty. The addition of hydrogen
to this has the effect of cleaning out the undesirable band gap states. Hy-
drogen terminates (bonds to) the dangling bonds, removing the gap states
associated with this native defect. Hydrogen opens up the weak recon-
structed bonds associated with the voids and bonds to those Si atoms as
well, replacing each such long Si-Si bond by two Si-H bonds. Since the
Si-H bond is very strong and its bonding-antibonding splitting is larger
than that of Si-Si, the states introduced by the Si-H bonds lie at energies
which are outside of the band gap region of the a-Si host. In case of a-
Si:H, bonds are sp® states, but states around its band gap are p states.
The valence band maximum (VBM) consists of pure p states, whereas the
conduction band minimum (CBM) consists of mixed s, p states. The Si-Si
bond length is relatively fixed in a-Si:H, but the bond angle § varies by 10°
and the dihedral angle ¢ varies by 180°. The ¢ is a strong source of disorder
in the valence band edge and causes a strong tailing of the valence band
edge. Conduction band is less affected by dihedral angle disorder, but it
is affected by bond angle disorder. This bond angle fluctuation gives quite
strong tailing in conduction band edge, but less than for the valence band

edge.
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Figure 1.14: Doping of an amorphous network of Si atoms by a P atom. Band
diagram of undoped and doped a-Si is also shown. The increased occupancy of
the dangling bond level raiscs the Fermi energy.

Doping in a-Si:H is not quite the same as in crystalline Si. In crystalline
materials, doping occurs by substituting impurity atoms. The surrounding
semiconductor network imposes its bonding configuration upon the impu-
rity atoms, which in the case of an acceptor is then one electron short of
full valence or in the case of donor has one electron more than full va-
lence. The former situation produces an acceptor electron energy level just
above the valence band that is easily ionized to produce a free hole in the
valence band, while the latter situation produces a donor level just below
the conduction band that is easily ionized to produce a free electron in the
conduction band {42].

If an impurity is added to an amorphous semiconductor, there is no

constraint on the number of bonds that the impurity will form. For exam-
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ple, if phosphorous were to be added to a-Si:H, the local Si network should
adjust so that only the three bonds required by the phosphorous for perfect
coordination would form. It might be expected, therefore, that amorphous
semiconductors cannot be doped. However, Spear and LeComber demon-
strated both p-type and n-type doping in a-Si:H by the so called “Street
Mechanism” [43]. In this process, most of the dopant impurities will form
the expected number of bonds according to their ideal coordination. For
example, in the case of phosphorous, three bonds will be formed and the P
will be neutrally charged (PJ state). However, it requires only 0.5 eV for
the P atom to form four bonds (PJ state) (This doping site is always ion-
ized so it is P7). In the presence of a weak Si-Si bond, this energy may be
recovered by breaking the weak bond to form a dangling bond. At the same
time an electron is then transferred from the P atom to the dangling bond,
which is then negatively charged (Sij state). Thus doping is expressed by
the equilibrium reaction, P§ + Si§ = P} + Si7. As a result of this process,
a higher proportion of the dangling bond defects in the mobility gap are
negatively charged and the Fermi level rises to accommodate this change
and the material is doped n-type [42]. Similarly in p-type doping, the dan-
gling bonds becomes positively charged, and the Fermi level shifts towards
the valence band. However, above equilibrium pins the Fermi energy Ep
below the donor level, and thus doping in a-Si:H never moves Eg above the

CB mobility edge.
1.7.6 Advantages of amorphous materials over
poly-crystalline materials

Use of amorphous materials in devices helps to overcome the complexities

and limitations of the use high substrate temperature during thin film depo-
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sition. Since amorphous materials are not subjected to any selection rules,
optical absorption is higher compared crystalline materials (see section 1.6).
In solar cell applications, this property helps to reduce the thickness of the
absorbing layer required to produce considerable light absorption compared
to crystalline silicon. In other words, use of a-8i layer consumes less mate-
rial to get the same absorption as that of a crystalline silicon device. Hence
the product cost will be less in this case.

Materials with tunable energy gaps find a variety of applications in
optoelectronic technologies. Crystalline Mg,Zn;_,O alloy has a band gap
tunability over the range 3.3 - 3.99 eV’ by adjusting the Mg content [44, 45].
However, crystal phase segregation between ZnO and MgO was observed
for Mg concentrations z > 36%, due to different crystal structures and
large lattice mismatch between ZnO and MgO [46]. Similarly BeZnO alloys
also have a large band gap tunability but still shows problems with lattice
mismatch between ZnO and BeO {47, 48]. The problems of the crystal
phase segregation between the components of a crystalline alloy and the
lattice mismatch between film and substrate can be avoided by growing an
amorphous structure of the considered alloy [49, 50].

Polycrystalline oxides like ZnO have columnar grain structures even
at room temperature {RT) deposition. Thin film transistors (TFTs) with
polycrystalline oxide channel suffer from problems associated with the grain
boundaries [51, 52] such as the instability to the atmosphere by the gas ab-
sorption/desorption into the grain boundaries; higher film surface rough-
ness because of facet formation ete. amorphous oxides have uniform struc-
tures and smoother surfaces which could yield smooth channel interfaces

to the gate insulators.
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1.8 Transparent amorphous oxide semiconductors

1.8.1 Conductivity mechanism in transparent oxide
semiconductors

Today, optoelectronic materials research are mainly directed to oxide semi-
conductors as many of them are non-toxic and abundant in nature. This
overcome serious resource and environmental issues which the modern in-
dustry are facing. In transparent oxide semiconductors (TOSs), a highly
dispersed band at the bottom of the conduction band provides the high
mobility electrons {due to their small effective masses) and low optical ab-
sorption due to a pronounced Burstein-Moss shift which helps to keep in-
tense interband transitions out of the visible range. However, the interband
transitions from the partially occupied band at the top of the conduction
band prevents from achieving the 100% transparency in the visible range
in the conventional TOSs.

Origin of conductivity in TOSs is generally related to the oxygen vacan-
cies and cation interstitials. It has been postulated for a long time that the
conductivity of transparent materials is related to the existence of shallow
donor levels near the conduction band, formed by oxygen vacancies [53].
Medvedeva et al. [54] attributed the high conductivity of indium tin oxide
(ITO) to the presence of shallow donor or impurity states located close to
the host (InyO3) conduction band. This donor or impurity band is pro-
duced via chemical doping of Sn** for In3+ or by the presence of oxygen
vacancy impurity states in InpOs_, . The excess or donor electron under-
goes thermal ionization at room temperature into the host conduction band
which ultimately leads to a degenerate gas of electrons in the conduction

band. At the same time the fundamental host band gap is left intact, i.e.
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the electrically conductive material remains optically transparent in the
visible region.

In contrast, there are reports which show that oxygen vacancies form
deep levels [55, 56]. First-principles calculations of formation energies and
electrical (donor, acceptor) levels for various intrinsic defects {oxygen va-
cancy Vg, tin interstitial Sn; , tin antisite Sng, tin vacancy Vg,, oxygen
interstitial O;) in different charge states and under different chemical po-
tential conditions in SnO; indicate that Sn; plays a more prominent role

than that of V. They inferred the following:

1. While oxygen vacancy produces a level inside the band gap, owing
to its loosely bound outer electrons interstitial Sn produces a donor
level inside the conduction band, leading to instant donor ionization

and conductivity.
2. Sn; has a very low formation energy.

3. The presence of Sn; lowers the formation energy of Vg, explaining

the natural oxygen deficiency and overall non-stoichiometry of SnQ».

4. The absence of inter-conduction band absorption is a consequence
of a special feature of the band structure of SnQO2, manifesting a
large internal gap inside the conduction band that eliminates optical

transitions in the visible range.

In addition to the general features of an oxygen vacancy model, these
results reveal the important role of tin interstitial. They showed that Sn;
and Vo produce shallow donor levels which explains n-type conduction in
undoped Sn0O;,. The electrons released by Sn; and Vo are not compensated

owing to the absence of spontaneous formation of acceptor like intrinsic
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defects (Vg, and O;), and do not make direct optical transitions in the
visible range due to a large gap between the Fermi level and the energy
level of first unoccupied states.

Similar studies on ZnO shows that {57}:

1. The zinc interstitial Zn; form a shallow donor level, supplying elec-
trons since its formation enthalpy is low for both Zn-rich and O-rich
conditions and native compensating defects of Zn; (i.e., O; or Vz,)
have high formation enthalpies at the Zn-rich conditions so these elec-

tron killers are rare.

2. Since the defects that compensate p-type doping (Vo, Zn;) have low
formation enthalpies at both Zn rich and O-rich conditions, ZnO can-
not be doped p type via native defects (O; , Vz,) {eventhough they

form shallow acceptor levels).

In general, eventhough the contributions of metal interstitials are ac-
knowledged, the oxygen vacancy model is still using to explain the observed

conductivity behaviour in TOSs.

1.8.2 Transparent amorphous oxide semiconductors

Amorphous semiconductors have generally been classified in two categories:
a tetrahedral system (represented by a-Si:H) and a chalcogenides system
(such as a — As3S3). However neither system possesses both high trans-
parency to visible radiation and high conductivity because of their small
band gaps or small mobilities.

Low mobility in conventional amorphous materials causes great diffi-

culty in obtaining transparent amorphous semiconductors. For instance,
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the value of mobility in a-Si:H is of the order of 10"3cm2/Vs, which is
smaller by ~3 orders of magnitude than that in polycrystalline Si . Al-
though amorphous semiconductors based on transition metal oxides such
as V205 have been extensively studied, low mobility (~ 10~* ¢cm?/V's) and
intense colouring make them less interest in transparent electronics.

Since the mobility is proportional to the width of the conduction bands,
a large overlap between relevant orbitals is required to achieve high mobility
in amorphous semiconductors. In addition, the magnitude of the overlap
needs to be insensitive to the structural randomness which is intrinsic to the
amorphous state. Metal oxides composed of heavy metal cations (HMCs)
with an electronic configuration (n — 1)d'%ns® (with n > 4) satisfy these
requirements [58-60]. In amorphous oxide semiconductors, spatial spread-
ing of the ns orbital is large and the overlap between these ns orbitals with
spherical symmetry is large and insensitive to any angular variations in
the M-O-M bonds (where M is a metal cation) compared with p-p or d-p
orbitals having high anisotropy in geometry. Oxide systems have a large
bandgap because of low energy of O 2p orbitals, which constitute the top
of the valence band. The bottom part of the conduction band in these
oxides is primarily composed of ns orbitals of HMCs. These are the major
reasons for the large mobility and finite Hall voltage observed in these ma-
terials. Unlike the case of a-Si:H, these amorphous oxides does not show
any anomaly in Hall voltages.

Double oxides are preferred over single oxides with respect to formation
of an amorphous state. As the thickness of the active layers used to fab-
ricate TFT is in general below 100 nm, the final device performances are

highly dependent on the density of surface states and its morphology. So,
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Figure 1.16: Formation of energy gap in ionic semiconductors.

highly smooth surfaces are easily obtained when the films are amorphous
[61, 62].

In contrast to crystalline solids, oxides have strong ionicity and CBM
and VBM are usually formed by different ionic species. When metal atoms
and oxygen atoms come close, charge transfer occurs due to large differences
in electron affinity and ionization potential, which ionizes these atoms. The
ions form negative electrostatic potential at the cationic sites and positive
potential at the anionic sites (Madelung potential), which consequently
stabilizes the ionized states in the crystal structure (Figures 1.15 and 1.16).
Therefore CBMs are mainly made of the metal cation and VBMs of oxygen

2p orbitals in typical oxides (these are not the cases for transition metals,
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lanthanide and actinide as their d and f orbitals may locate near VBM
or in the bandgap). Main group oxides have large bandgaps because the
large Madelung potential increases the energy splitting. For TCOs such as
SnQ; and ITO, CBMs are mainly made of s orbitals with a large principle
quantum number n (e.g., n = 5 for Sn and In). These s orbitals have large
spatial size and form large hybridization even with second neighbor metal
cations. This is the reason why TCOs have small electron effective masses.
Such oxides can be good electrical conductors as long as high density carrier
doping is possible [63].

In transparent amorphous oxide semiconductors (TAOSs), the conduc-
tion band minimum state is highly localized on the metal s states and its
energy depends mainly on the interaction between second neighbour metal
sites (V(ss)), and not much on the interaction between metal s and oxygen
p states (V(sp)). The Slater-Koster interaction V(I,m) between orbitals
on atoms | and m would depend on their distance (r), the angles 8 between
the orbitals and separation vector r, and their dihedral angle ¢ [64],

V({I,m)=V(r,0,¢) (1.18)

Because of the spherical symmetry, the interaction between two s states
reduces to,

V(ss) = V(r) (1.19)

Hence the only source of disorder is the variation of the metal-metal
distance, and any angular disorder has no effects on s states. In contrast

to covalent bonded amorphous semiconductors, in TAOSs, the Fermi level
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can be moved into the conduction band, creating large free carrier concen-
trations [60]. Since aliovalent dopants does not produce deep gap states in
TAOSs, there are no localized states at the conduction band edge [57, 65].
Hence even in binary and ternary oxide systems, the conduction band edge
is still delocalized and is not affected by compositional disorder. In case
of simple oxides like ZnO, electrical conduction mechanism is controlled by
oxygen vacancies and metal interstitial. Whereas for binary oxides, the the
number of metal ions and their state of oxidation, together with oxygen
vacancies and defects control the electrical conduction [66).

In a-Si:H, H acts as a key catalyst of bond breaking and rearrangement
and hence it suffers from instabilities, called Staebler-Wronsky effects in
solar cells and bias-stress instability in TFTs [67-70]. These instabilities
can never really be removed in a-Si:H; their effects can be minimised by
good design. In TCOs and TAQOSs, hydrogen can exist, but it is present as
ionized H* sites [71]. Atomic H lies next to an O?~ site and forms an OH™
ion releasing an electron. In this configuration, H is not able to catalyse

bond rearrangements.

1.8.3 Electronic structure of amorphous oxide
semiconductors

Structural disorder in amorphous semiconductors make it very difficult to
study the electronic structure of amorphous semiconductors. Narushima
et al. [72] performed ultraviolet photoelectron (PE) and ultraviolet in-
verse photoelectron (IPE) spectroscopic studies on amorphous cadmium
germanate to observe the DOS of the valence band and conduction band,
respectively . There was no substantial difference in the DOS with respect

to the energy distribution at the conduction band bottom between the
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amorphous and the crystalline states. The extended nature of the states at
the conduction band bottorm results comparable electron mobility and effec-
tive mass in the amorphous phase as those of the polycrystalline form. The
magnitude of the overlap between neighboring Cd 5s orbitals was insensi-
tive to the neighboring Cd-Cd distance which results large dispersion of the
conduction band even in the amorphous state. The topological sequence of
the ion arrangement did not show much influence on the electronic prop-
erties as the conduction band bottom is primarily composed of vacant s

orbitals of the metal cations.

1.9 Amorphous thin film devices

The first major application of amorphous semiconductors was in the filed
of Xerography [73}. This process utilizes generally the photoconductivity of
amorphous selenium films. Xerox Corporation has developed colour copier
employing different layers of amorphous chalcogenides. Some of the earlier
application of amorphous chalcogenide materials include the development
of Ovonic threshold switch and Ovonic memory switch [3]. The switching
refers to a rapid change in the electrical conductivity of the amorphous
chalcogenide material when the applied filed reaches of the order of 10°
V/em. In memory switching, high conductivity state is retained even after
the applied voltage is removed. Rectifying junctions have been fabricated
by sputtering amorphous silicon (a-Si) onto crystalline Si substrates [74].
TFTs have been constructed with vacuum deposited a-Si as the semicon-
ductor on single crystalline silicon substrates with 3000 A Si0, layer [75].
Because of large density of localized states in a-Si, these devices exhibit
large threshold voltages (V) > 50 V.
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First report on hydrogenated amorphous silicon (a-Si:H) appeared in
1969 [76]. Thereafter an amorphous p — n junction has been fabricated
by Spear et al. [77] and photovoltaic properties by Carlson et al. [78].
Zanzucchi et al. [79] constructed a photoconductivity cell using a-Si:H in
1977. Electroluminescence was detected in a forward biased a-Si:H diode
[80]. Using the property of reversible, light induced conductivity changes
in a-Si:H [81], the concept of optical storage was given by Staebler [82].
A field-effect type device was fabricated by Spear et al. [83] using a thick
glass substrate as insulator to study the DOS in a-Si:H. In a later work,
a thin film of amorphous Si3sN4 was used as the insulating layer [84]. L.
A. Goodman has successfully fabricated a-Si:H TFTs using a metal-oxide-

semiconductor (MOS) structure with SiO2 insulator [73].

1.10 Literature review on thin film transistors with

transparent oxide semiconductor channels

Transparent amorphous semiconductor based TFTs have recently been in-
vestigated by several research groups. Devices fabricated from oxide semi-
conductor channel TFTs have relatively high mobilities despite their amor-
phous nature. This session gives a detailed review of TFTs using a wide
bandgap oxide channel layer. The basic device structure, its working and
characterisation is given in session 2.3 in the next chapter.

In 1996, Prins et al. [85] reported a field-effect transistor made of trans-
parent oxide thin films, showing an intrinsic memory function due to the
usage of a ferroelectric insulator. The device consists of a high mobility Sb-
doped n-type SnO; semiconductor layer, PbZrg 2Ti9803 as a ferroelectric

insulator, and SrRuQOj3 as a gate electrode, each layer prepared by pulsed
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laser deposition. This report focusses on the ferroelectric nature of the de-
vice and there was no mention about the electrical parameters of the TFT.
Here the optical transparency of the TF'T was limited by the gate electrode
SrRuOj. Following this, J.B. Giesbers et al. [86] of Philips research labo-
ratory reported an all oxide transparent thin film memory transistor using
a 10 nm n-type SnO3:Sb semiconductor channel with a 10 nm BaZrOs
capping layer, In;O3:Sn contact pads, a 250 nm PbZrg3Tigg03 layer as
a ferroelectric insulator, and conducting SrRuQj3 as gate electrode. This
reports an on-off ratio greater than 103. In 1998, Takatsuji et al. [87] re-
ported the fabrication of sputter deposited amorphous indium zinc oxide
(a-1ZO) thin films on LCD grade glass substrate and their application to
TFT.

Over the last few years, much interest has been shown in the develop-
ment of TFTs with wide band gap semiconductor channel layers. Among
the various types of channel layer materials, amorphous oxide semiconduc-
tors (AOSs) appear promising, especially when we consider the factors of
large area deposition on flexible substrates and their mechanical stabil-
ity. Present day large area LCD technology uses TFTs that have been
fabricated on glass substrates. The fragile nature of glass impose a finite
limit-on the thickness reduction of the substrate. The substrates and their
protecting bodies occupy the greater part of the electronics in volume and
determine their total weight. Use of non-fragile soft substrates, like plastics
and metal foils, in TFT fabrication helps to get rid of much of these prob-
lems. Such an approach limits the processing temperature because of their
higher thermal expansion coefficients. Although organic TFTs (OTFTs)
have been widely studied for years for this purpose, they are still facing

the stability problems and facing much lower saturation mobility values.
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In recent years, AOS TFTs emerged as an alternative to overcome much of
these probleins.

Several amorphous wide bandgap semiconductor materials like zinc ox-
ide, indium gallium zinc oxide, zinc tin oxide, gallium nitride, and zinc
indium oxide have been employed as TFT n-channel layers in recent years.
The recent development in the area of TFTs using wide band gap semi-
conductors are summarized in the tables 1.1-1.6. Various parameters like
mobility, threshold voltage, on-off ratio, subthreshold swing etc are shown
in the tables. Table 1.1 shows the ZnO based thin film transistors using
different types of source,drain, gate electrodes and gate insulators.

Following convention is used in the tables 1.1-1.6.
fife: ficld efiect mobility, pear: saturation mobility
p1: Incremental mobility, up;: Peak incremental mobility
Von: Turn on voltage, S-D: Source-Drain
Sub: Substrate, S: Subthreshold slope, Ref: Reference
Sub/annealing temp.: Substrate temperature or annealing temperature
RT: Room temperature, RTA: Rapid thermal annealing
RF: Radio frequency, PLD: Pulsed laser deposition
CBD: Chemical bath deposition
ALD: Atomic layer deposition
PECVD: Plasma enhanced chemical vapour deposition

RF-PERTE: RF plasma enhanced rcactive thermal evaporation
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1.10.1 Stability of oxide TFTs

Though there are many reports about AOS TFTs, studies on the TFT be-
haviour under bias stress is rather limited. In an application view point, it
is necessary to understand how these devices behave under bias stress. Pro-
longed application of gate bias on the TFTs can result the deterioration
of device performance. Two main mechanisms which are responsible for
this instability are defect creation in the channel material and charge trap-
ping in the gate insulator or at the insulator channel interface [129, 130].
Cross et al. [131] have studied the effect of bias stress on a ZnO channel
TFT. ZnO was deposited on to a thermally oxidised p-type Si substrate
by rf magnetron sputtering at room temperature. Thermally evaporated
ITO was used as source and drain terminals. Application of posttive and
negative bias stress caused displacement of the transfer characteristics in
the positive and negative directions respectively. Shift of threshold volt-
age indicates the charge trapping as the dominant instability mechanism.
Unlike the case of a-Si:H TFTs, after both stress experiments, the device
recovered their initial state after a period of relaxation of one hour. For low
gate bias voltages, the subthreshold slope remained unchanged after both
positive and negative stressing. However at large gate bias voltage, the
subthreshold slope initially increased with time and then decreased. This
is explained as some kind of defect creation/removal process taking place
at high biases that becomes dominant over charge trapping.

Stability of transparent ZTQ transistor was analysed by Goérrn et aol.
[132]. ZTO channel layers were deposited on ATO/ITO coated glass sub-
strates by oxygen plasma assisted PLD. PLD deposited ZnQ:Al was used as

source and drain. Stable device performance was observed for Zn:Sn atomic
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ratio 36:64 in the channel. Both saturation mobility and threshold voltage
was studied as a function of gate bias stress. In general, the change in
mobility did not show a correlation to the threshold voltage shift. In this
case, subthreshold voltage has not been shown any change with positive
threshold voltage shift. Defects in the dielectric act as a charge trapping
centre. However, devices with a negative threshold voltage shift have shown
clear variations in subthreshold slope. This behavior has been expalined
due to the presence of traps in dielectric/semiconductor interface or in the
semiconductor bulk material.

Suresh et al. [133] have reported the results of bias stress measure-
ments on amorphous IGZ0O channel TETs. The TFT consists of an ALD
grown ATO insulator and ITO gate electrode on glass substrate. The IGZO
channel and ITO source and drain were deposited by PLD at room tem-
perature. Gate bias stress was carried out at Vpg = 1 V instead of the
saturation regime where the effect of bias stress on the threshold voltage
shift is small. They observed a positive shift in threshold voltage with a
positive gate bias stress. This voltage instability has been attributed to
the charge trapping in the channel/dielectric interface or in dielectric due
to bias stressing. However, no change in subthreshold slope was observed
after bias stressing, which shows that no additional defect states are cre-
ated at the channel/dielectric interface after the device was stressed. It is
also reported that with a negative gate bias stress, the transistor channel
is depleted of electrons at the channel/dielectric interface and there was no
charge trapping.

In a practical point of view, in addition to the stability under bias
stress, the light sensitivity of the TFTs is of critical importance. In a-Si

TFTs, they are shielded from light source. In transparent TFTs, it is not
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possible to use shielding layers to reduce the light sensitivity. In display
applications wavelengths below 430 nm are not relevant and can be blocked
by suitable filters without compromising the overall appearance. Owing to
the wide band gap of oxide semiconductors, the fundamental band to band
absorption of wavelengths in the visible region can be neglected. However,
the amorphous nature of the channel layer may create defects states in
the band gap region and produces band tailing. Hence, even below the
band gap energy, a significant contribution of defect states to the light
absorption can be expected. In a study of the influence of visible light on
transparent zinc tin oxide TFTs, Gorrn et al. [134] found that all light
induced changes are totally reversible. Due to the lower density of defects
in the materials, the TFTs processed with higher substrate temperatures
showed less sensitivity to the light and profound saturation behaviour in
Vr.

Park et al. [135] have studied the effect of water adsorption on the
performance of a-IGZO transistors grown by rf sputtering on SiN,/glass
substrates. The TFTs were dipped and kept in distilled water for 12 hours
and then the electrical characteristics were measured in a vacuum chamber
coupled with a semiconductor parameter analyzer. The adsorbed water
molecules induced the formation of an accumulation layer of extra elec-
tron carriers. It can act as either electron donor or deep level acceptor
like traps depending on the channel thickness. When the channel thick-
ness is larger than the screening length A (the length over which the band
bends to screen the applied gate field from the bulk of the semiconductor),
the created traps did not respond to the applied gate voltage and hence
thicker devices showed lesser degradation to subthreshold swing. For thin-

ner devices (channel thickness < 1)), the change in gate voltage resulted
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band bending and simuiltaneous Fermi level shifting which led to the dete-
rioration in subthreshold swing. Further, the acceptor like trap formation
promotes a positive shift in Vo, which compensate for the negative Vp shift
due to the donor effect of some of the adsorbed HyO molecules. Hence thin-
ner channel TFTs showed smaller Vo shift compared to thicker channels
TFTs.

The effect of long term gate bias stress on the performance of nanocrys-
talline indium oxide channel TFTs were reported by Vygranenko ef al.
[136]. Silicon dioxide layer, deposited on a heavily doped p-type single
crystalline silicon wafers by PECVD at 200 °C, was used as the gate di-
electric. Indium oxide channel layers were deposited by reactive ion beam
assisted evaporation. Mo was used as source/drain contacts and aluminium
as gate electrode. Threshold voltage showed a positive shift initially, when
a positive constant bias voltage is applied to the gate. After a stress time of
around 3000 s, Vr showed a slow decrease while the subthreshold slope did
not, show significant change during the course of stressing. When relaxed,
TFT showed fast recovery of threshold voltage without annealing. The
threshold voltage shift was ascribed to the charge trapping at the channel
insulator interface and/or charge injection into silicon dioxide gate dielec-
tric. Because of the absence of covalent honds, the defect state creation,
which is responsible for instabilities in a-Si TFTs, is overruled in oxide
TFTs.

Rameshan et al. [137] observed the improved performance in terms
of off current and on-off current ratio on rapid thermal annealing (RTA)
and subsequent N2O plasma treated ZnO TFTs. The XPS analysis of the
TFT samples showed that the RTA treated ZnQ surface had more oxygen

vacancies as compared to as deposited samples. These oxygen vacancies
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were reduced by subsequent NoO plasma treatment which caused a better

off current and on-off current ratio.

1.10.2 Conduction mechanism in amorphous oxide TFTs

There are limited resources which deals with the conduction mechanism in
amorphous oxide channel TFTs. Chung et al. [138] investigated the cur-
rent conduction mechanism in rf-sputtered a-IGZO thin films using model
devices designed to mimic the carrier injection from an electrode to an
a-1GZO channel in TFTs. They showed that the large contact resistance
is originated from the bulk a-IGZO itself rather than from the interface
between the source/drain electrodes. Interface limited mechanisms, such
as thermionic emission and Fowler-Nordheim tunnelling, failed to fit the
measured current-voltage curves. Instead, the conduction is governed by
the space charge limited (SCL) mechanism at low electric field. At high
field (> 0.1 MV/cm), thermionic injection of the charge carriers from the
traps becomes important, leading to the enhancement of current flow by

the SCL + Frenkel effect and Poole-Frenkel mechanisms.

1.10.3 Device performance parameters

Eventhough there are many possible applications to oxide TFTs, little ef-
forts have been taken by the researchers to understand the various perfor-
mance parameters. The DC and RF device performance of an IZO TFT has
been reported by Wang et al. [139]. An SiN, gate insulator was deposited
by PECVD. The device showed a threshold voltage of -2.5 V', on-off current

ratio > 10°, and saturation mobility 14.5 cm?/V's. Device also showed a
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unity gain cut off frequency of 180 M Hz and maximum oscillation fre-
quency of 155 M Hz.

1.11 Relevance of present work

Transparent electronics is an emerging technology which are expected to
find numerous applications like invisible electronic circuites, transparent
displays, smart windows etc [140, 141]. The volume of work being carried
out in the filed of transparent electronic materials and transparent elec-
tronic devices by various research labs and industry shows the importance
of this technology. As in all new technologies, a deep understanding of
various parameters of these devices both in basic physics and in applied
level is necessary before realising the final product. Several oxide materials
and their compounds show properties suitable to transparent electronics
and all such materials were not fully explored for this purpose. This work
mainly concentrate to understand the optical and electrical properties of
amorphous zinc tin oxide and amorphous zinc indium tin oxide thin films
for TFT applications. Amorphous materials are promising in achieving
better device performance on temperature sensitive substrates compared
to polycrystalline materials. Most of these amorphous oxides are multi-
component and as such there exists the need for an optimized chemical
composition. For this we have to make individual targets with required
chemical composition to use it in conventional thin film deposition tech-
niques like PLD and sputtering. Instead, if we use separate targets for
each of the cationic element and if separately control the power during the
simultaneous sputtering process, then we can change the chemical compo-

sttion by simply adjusting the sputtering power. This is what is done in
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co-sputtering technique. Eventhough there had some reports about thin
film deposition using this technique, there was no reports about the use
of this technique in TFT fabrication until very recent time. Hence in this
work, co-sputtering has performed as a major technique for thin film depo-
sition and TF'T fabrication. PLD were also performed as it is a relatively
new technique and allows the use high oxygen pressure during deposition.
This helps to control the carrier density in the channel and also favours the
smooth film surface. Both these properties are crucial in TFT.

Zinc tin oxide material is interesting in the sense that it does not contain
costly indium. Eventhough some works were already reported in ZTO based
TFTs, there was no systematic study about ZTO thin film’s various op-
toelectronic properties from a TFT manufacturing perspective. Attempts
have made to analyse the ZTO films prepared by PLD and co-sputtering.
As more type of cations present in the film, chances are high to form an
amorphous phase. Zinc indium tin oxide is studied as a multicomponent

oxide material suitable for TFT fabrication.



Chapter 2

Experimental Techniques,
Characterisation Tools and

Thin Film Transistors

Various techniques that were used in the process of thin film deposition is
briefed in this chapter. RF magnetron sputtering and pulsed laser deposi-
tion have been elaborated since these techniques were used for the growth
of thin films and fabrication of TFTs described in this thesis. Various thin
film characterisation methods, that were used to optimise film properties,
are also discussed. This include stylus profiler, glancing angle x-ray diffrac-
tion, atomic force microscopy, energy dispersive x-ray spectroscopy, x-ray
fluorescence, Hall effect measurements and UV-Vis-NIR spectrophotome-
ter. Last section of this chapter gives the working principle of thin film
transistors, especially an amorphous channel device. Method of deriving
the various device performance parameters like threshold voltage, mobility,

subthreshold voltage swing, on-off ratio etc are also discussed.

69
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2.1 Experimental techniques

A thin film is defined as a low-dimensional material created by condensing,
one-by-one, atomic/molecular/ionic species of matter. The thickness is
typically less than a few micrometers. Thin films differ from thick films.
A thick film is defined as a low-dimensional material created by thinning a
three-dimensional material or assembling large clusters/aggregates/ grains
of atomic/molecular/ionic species [142]. Thin film technology is one of the
oldest arts and one of the newest sciences. Thin films have been used for
more than a half century in making electronic devices, optical coatings,
hard coatings, and decorative parts.

The birth of thin films of all materials created by any deposition tech-
nique starts with a random nucleation process followed by nucleation and
growth stages. Nucleation and growth stages are dependent upon various
deposition conditions, such as growth temperature, growth rate, and sub-
strate chemistry. The nucleation stage can be modified significantly by
external agencies, such as electron or ion bombardment. Film microstruc-
ture, associated defect structure, and film stress depend on the deposition
conditions at the nucleation stage. The basic properties of film, such as film
composition, crystal phase and orientation, film thickness, and microstruc-
ture, are controlled by the deposition conditions.

The chemical composition of deposited films is governed by the sub-
strate temperature and/or the deposition atmosphere. Under low substrate
temperatures, the chemical composition of deposited films coincides with
that of the source materials. Under high substrate temperatures, the chem-

ical composition of deposited films differs from the source materials due to



Experimental tcchniques 71

the re-evaporation of high vapour pressure materials from the films during
the deposition.

Thin films exhibit unique properties that cannot be observed in bulk
materials: unique material properties resulting from the atomic growth
process like size effects, including quantum size effects, characterised by
the thickness, crystalline orientation, and multi-layer aspects.

The properties of thin films are governed by the deposition method.
Almost all thin-film deposition and processing method employed to char-
acterise and measure the properties of films requires either a vacuum or
some sort of reduced-pressure ambient. Different techniques like evapora-
tion, sputtering, laser assisted deposition, chemical vapour deposition etc
are widely used for thin film fabrication. The decision of whether to evap-
orate, sputter, or chemically deposit thin films for particular applications
is not always obvious and has fostered a lively competition among these
alternative technologies.

Vacuum thermal evaporation controllably transfer atoms from a heated
source to a substrate located a distance away, where film formation and
growth proceed atomistically. Thermal energy is imparted to atoms in a
liquid or solid source such that their temperature is raised to the point
where they either efficiently evaporate or sublime. Whereas metals essen-
tially evaporate as atoms and occasionally as clusters of atoms, the same is
not true of compounds. Very few inorganic compounds evaporate without
molecular change and, therefore, the vapor composition is usually different
from that of the original solid or liquid source. As a consequence the sto-
ichiometry of the film deposit will generally differ from that of the source

(143, 144].
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Disadvantages of resistively heated evaporation sources include contam-
Ination by crucibles, heaters, and support materials and the limitation of
relatively low input power levels. This makes it difficult to deposit pure
films or evaporate high-melting-point materials at appreciable rates. Elec-
tron beam {e-beam) heating eliminates these disadvantages and has, there-
fore, become the preferred vacuum evaporation technique for depositing
films. In principle, this type of source enables evaporation of virtually all
materials over a wide range of practical deposition rates. The evaporant
is placed in either a water-cooled crucible or in the depression of a water-
cooled copper hearth. The purity of the evaporant is assured because only
a small amount of material melts or sublimes so that the effective crucible
is the unmelted skull material next to the cooled hearth. For this reason
there is no contamination of the evaporant by Cu. Multiple source units
are available for either sequential or parallel deposition of more than one
material.

Chemical vapor deposition (CVD) is the process of chemically reacting
a volatile compound of a material to be deposited, with other gases, to
produce a nonvolatile solid that deposits on a suitably placed substrate
[144]. It differs from physical vapor deposition (PVD), which relies on
material transfer from condensed-phase evaporant or sputter target sources.
Because CVD processes do not require vacuum or unusual levels of electric
power, they were practiced commercially prior to PVD. Because they are
subject to thermodynamic and kinetic limitations and constrained by the
flow of gaseous reactants and products, CVD processes are generally more
complex than those involving PVD.

Plasma-enhanced chemical vapor deposition (PECVD) is one of the

modifications of the conventional CVD process. In the PECVD system,
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electric power is supplied to the reactor to generate the plasma. The power
is supplied by an induction coil from outside the chamber, or directly by
diode glow-discharge electrodes. In the plasma, the degree of ionization is
typically only 107%, so the gas in the reactor consists mostly of neutrals.
Ions and electrons travel through the neutrals and get energy from the

electric field in the plasma.

2.1.1 Sputtering

Sputtering is a process where atoms are knocked out from a solid target
by the bombardment of energetic ions. Sputtering has become a common
manufacturing process for a variety of industries. First and foremost is
the semiconductor industry, where sputtering technology is used in the
metallization process in the production of virtually every integrated circuit
[142].

Mechanism of sputtering

Upon bombarding a surface, incoming ions may be reflected back, stick or
adsorb, scatter, eject or sputter surface atoms, or get buried in subsurface
layers (ion implantation). Surface heating, chemical reactions, atom mix-
ing, and alteration of surface topography are other manifestations of ion
bombardment.

In single knock-on process, ion-surface collisions set target atoms in
motion and if enough energy is transferred to target atoms, they overcome
forces that bind them and sputter. The minimum energy required to do
this is called the threshold energy, E;. Typical values for E; range from 5

to 40 eV and depend on the nature of the incident ion, and on the mass
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and atomic number of the target atoms, the binding energy of atoms to the
surface (Us). Typically, Us; may be assumed to be the heat of sublimation
or vaporization and ranges between 2 and 5 eV [144].

At higher ion energies, one or more linear collision cascades are initiated.
When this happens the density of recoils is sufficiently low so that most
collisions involve one moving and one stationary particle, instead of two
moving particles. The result of such processes is sputtering, i.e., the ejection
of target atoms. Sputtering in the linear collision-cascade regime has been
theoretically modeled by many investigators [145).

The sputter yield S, varies with the incident ion energy F. In the low-
energy region near the threshold, S obeys the relation § o« E2?. At the
energy region in the order of 100 eV, S « E. In this energy region, the
incident ions collide with the surface atoms of the target, and the number
of displaced atoms due to the collision will be proportional to the incident
energy. At higher ion energies of 10 to 100 keV, the incident ions travel
beneath the surface and the sputter yields are not governed by surface
scattering, but by the scattering inside the target. Above 10 keV, the
sputter yields will decrease due to energy dissipation of the incident ions
deep in the target. Maximum sputter yields are seen in the ion energy
region of about 10 keV [142].

Sputtering of alloys

The primary reason for the widespread use of sputtering to deposit metal
alloy films is its ability to form stoichiometric thin films. In contrast to
the fractionation of alloy melts during evaporation, with subsequent loss of
deposit stoichiometry, sputtering allows the deposition of films having the

same composition as the target source [144]. This suggests that sputtering
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is not governed by thermal processes, but by a momentum transfer process.
However, at very high target temperature, thermal diffusion may change
the composition of the alloy target, and result non-stoichiometric films.
Also under higher substrate temperature, the resultant films show different
chemical compositions because of the re-evaporation of the deposited films
[142).

The sputtering yield and angular distribution of the sputtered particles
are affected by the crystal structure of the target surface. The angular dis-
tribution may be either under cosine law or over cosine law when the target
is composed of polycrystalline materials. Nonuniform angular distribution
is often observed from the single-crystal target. Studies of jon-bombarded
single crystals reveal that atom emission reflects the lattice symmetry. In
FCC metals it has been demonstrated that atoms are preferentially ejected
along the [110] direction, but ejection in [100] and [111] directions also oc-
curs to lesser extents [143]. For BCC metals [111] is the usual direction for
atom ejection. These results are consistent with the idea that whenever a
beam sees a low density of projected lattice points the ions penetrate more
deeply, thus reducing S. Such observations on single crystals confirmed
momentum transfer as the mechanism for atomic ejection; the notion of
ion-induced melting and evaporation of atoms was dispelled because pre-
ferred directions for sublimation of atoms are not observed [144].

The energy of the sputtered atoms is dependent on both the incident ion
species and incident bombardment angles. The average energy distribution
of the sputtered atoms peaks in between typical energies 2 to 10 eV, In the
case of sputtered ions, their average energy is higher than that of sputtered
neutral atoms. [142, 144]. Sputtered atoms may have sufficient energy

to penetrate one to two atomic layers into the substrate surfaces which is
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believed to be the reason for superior adhesion of sputtered film compared
with films deposited by other methods. High energy of sputtered atoms
plays a significant role in the lowering of epitaxial temperature through
enhanced substrate cleaning {143).

Single crystal targets normally sputter preferentially along crystalline
directions at elevated temperatures, but when the targets are cooled sput-
tering is isotropic. Apparently, at lower temperatures the ion bombardment
and radiation damage create sufficient structural defects to amorphize sur-
face layers. At higher temperatures, amorphous regions do not form be-
cause the defects anneal out; the target remains crystalline and sputters
accordingly. Wide variations in S may arise from deep ion penetration or
channeling along certain crystallographic directions and a complex damage
distribution as a function of ion energy and flux.

The sputter yield S also depends on the incidence angle defined between
the directions of ion incidence and the target normal. The yield increases
with the incident angle and shows a maximum between angles 60° and 80°,
while it decreases rapidly for larger angles. The influence of the angle is
also governed by the surface structure of the target {142).

Angular distribution of sputtered atoms from polycrystalline or amor-
phous targets at normal ion incidence is governed by Knudsens cosine law,
which was observed in a thermal evaporation process [143]. Slight devi-
ations from this law have been observed depending on ion energy, metal,
and degree of crystallographic texture in the target.

Sputtering can develop a substantial floating potential at the substrate
which may cause the ions to accelerate out of the plasma and can cause
considerable resputtering [143]. The mechanism through which substrate

temperature may influence the sputtered film properties is quite different
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from evaporated films. Films deposited through sputtering are subjected
to bombardment by ions and/or energetic neutrals which cause damage to
the films through the introduction of point defects. For a growing film, low
substrate temperatures will suffice to anneal out these defects.

The fraction of impurity species trapped in a sputtered film is expected
to be higher than that of the other deposition techniques mainly because of
the higher effective sticking coefficient of impurities. However, this fraction
can be reduced by techniques like getter sputtering and biased sputtering.
In biased sputtering, substrate is deliberately given a negative potential
with respect to the plasma to enhance the resputtering from the film where
most of the impurities are preferentially removed relative to the atoms of
the main film. The possibility of trapping of argon atoms occur only if they
arrive at the film surface at energies approximately of the order of 100 eV
or more. Hence this possibility can be avoided by carrying out sputtering

at high pressures which attenuates the energy of the argon atoms [143].

2.1.2 DC sputtering

In DC sputtering, the sputtering target become the cathode of an electri-
cal circuit, and has a high negative voltage applied to it. The substrate
is placed on an electrically grounded anode. These electrodes are housed
in a vacuum chamber into which argon gas is introduced to some specified
pressure. The electric field accelerates the electrons, which in turn collide
with argon atoms, breaking some of them up into argon ions and more
electrons to produce the glow discharge. The charged particles thus pro-
duced are accelerated by the field, the electrons tending towards the anode
(causing more ionization on the way) and the ions towards the cathode, so

that a current I flows. When the ions strike the cathode, they may sputter
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some of the target atoms off. They may also liberate secondary electrons
from the target which are responsible for maintaining the electron supply
to sustaining glow discharge. The sputtered atoms from the target fly off
in random directions, and some of them land on the substrate, condense
there, and form a thin film [142, 143].

In sputtering, the relative film deposition-rate depends on sputtering
pressure and current. At low pressures, the cathode sheath is wide, ions
are produced far from the target, and their chances of being lost to the
walls is great. The mean free electron path between collisions is large,
and electrons collected by the anode are not replenished by ion-impact-
induced secondary-electron emission at the cathode. Therefore, ionization
efficiencies are low and self sustained discharges cannot be maintained below
about 10 mtorr. Asthe pressure is increased at a fixed voltage, the electron
mean free path is decreased, more ions are generated, and larger currents
flow. But if the pressure is too high, the sputtered atoms undergo increased
collisional scattering and are not efficiently deposited {143).

Despite the simplicity in technique, simple DC sputtering is no longer
employed in production environments because of low deposition rates. These
rates cannot be appreciably raised at higher operating pressures, because
in addition to more gas scattering, increased contaminant levels of Oz and
H20 in chamber gases can oxidize cathodes [142]. Thin insulating layers
that form on the target further reduce the current and deposition rates.
Even at optimum operating conditions, secondary electrons emitted from
the cathode have an appreciable probability of reaching the anode or cham-
ber walls without making ionizing collisions with the sputtering gas.

One of the several variants of DC sputtering that have been proposed

to enhance the efliciency of the process is triode sputtering. A filament
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cathode and anode assembly is installed close to the target, parallel to
the plane of the target-substrate electrodes. When the filament is heated
to high temperatures, thermionic emission and injection of electrons into
the plasma increase the gas-ionization probability. The resulting ions are
then extracted by the negative target potential. A disadvantage of triode
sputtering is the nonuniform plasma density over target surfaces, which

leads to uneven erosion of metal.

2.1.3 Reactive sputtering

In reactive sputtering, thin films of compounds are deposited on substrates
by sputtering from metallic targets in the presence of a reactive gas usu-
ally mixed with an inert working gas (Ar). Since the drift velocity of the
electrons moving through dark space is reduced by the presence of oxygen
atoms which temporarily attach electrons and form negative ions, the ad-
dition of oxygen gas to a glow discharge in argon result in contraction of
dark space and decrease in glow impedance. The most common compounds
reactively sputtered are oxides, nitrides, carbides, sulfides, oxycarbides and
oxynitrides. In practice, sputter rates of metals drop dramatically when
compounds form on the targets. Corresponding decreases in deposition
rate occur because of the lower sputter yield of compounds relative to met-
als. The effect is very much dependent on reactive gas pressure. Sputtering
effectively halts at high gas pressures in DC discharges, but the limits are
also influenced by the applied power. Conditioning of the target in pure Ar
is essential to restore the pure-metal surface and desired deposition rates.
Considerable variation in the composition and properties of reactively sput-

tered films is possible depending on operating conditions [142, 143].
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2.1.4 Radio frequency sputtering

If we apply sufficient DC voltage to two metal electrodes of equal area facing
one another, a dark space develop at the cathode. Instead of DC, if a low
frequency alternating voltage is applied, the system behaves as though it
had two cathodes since a dark space is seen at both electrodes since there
is ample time for a DC discharge to become fully established within each
cycle. At very high frequency of the applied voltage, electrons oscillate in
the RF filed and pick up sufficient energy from the field to cause ionization
in the body of the gas. Thus the minimum pressure required to sustain the
discharge gradually decreases with the increase of the frequency of applied
field. The electron gain energy from the field if it undergoes collisions with
gas atoms while it is oscillating so that its ordered simple harmonic motion
is changed to a random motion. The electron can increase the random
component of its velocity with each collision until it builds up sufficient
energy to make an ionizing collision with a gas atom. Since the energy
absorbed is proportional to the square of the electric field, electron can
continue to gain energy in the field even though it may be moving either
with or against it [142, 143].

Since the applied RF field appears mainly between the two electrodes,
an electron which escapes from the inter electrode space as a result of a
random collision will no longer oscillate in the RF filed and will therefore
not acquire sufficient energy to cause ionization. This will be lost to the
glow. A magnetic filed, applied parallel to the RF field, will constraint the
electron motion and reduces their chance of being lost. Thus magnetic field
is considerably more important for enhancing the RF discharge than it is
for the DC case.
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The net result is that there is no need to rely on secondary electrons
emitted from the cathode to sustain the discharge. Secondly, at radio
frequencies, voltage can be coupled through any kind of impedance so that
the electrodes need not be conductors. This makes it possible to sputter
any material irrespective of its resistivity.

RF sputtering essentially works because the target self-biases to a neg-
ative potential (where the electrode areas are unequal). Once this happens,
it behaves like a DC target where positive ion-bombardment sputters away
atoms for subsequent deposition. Negative target bias is a consequence
of the fact that electrons are considerably more mobile than ions and have
little difficulty in following the periodic change in the electric field. The dis-
parity in electron and ion mobilities means that isolated positively charged
electrodes draw more electron current than comparably isolated negatively
charged electrodes draw positive ion current. For this reason the discharge
current-voltage characteristics are asymmetric.

Because the plasma discharge has capacitive as well as resistive char-
acteristics, efficient coupling of the RF power supply to the target requires
an impedance-matching network consisting of some combination of variable

and fixed capacitors and inductors to ensure maximum power delivery.

2.1.5 Magnetron sputtering

Magnetron sputtering is the most widely used variant of DC sputtering.
One to two orders of magnitude more current is typically drawn in mag-
netron than simple DC discharges for the same applied voltage. Impor-
tant implications of this are higher deposition rates or alternatively, lower
voltage operation than for simple DC sputtering. Another important ad-

vantage is reduced operating pressures. At typical magnetron-sputtering
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pressures of a few millitorr, sputtered atoms fly off in ballistic fashion to
impinge on substrates. Hence we can avoid the gas phase collisions and
scattering at high pressures which randomise the directional character of
the sputtered-atom flux and lower the deposition rate. Here, for the same
electrode spacing and minimum target voltage a stable discharge can be
maintained at lower pressures [142].

In planar magnetron sputtering, targets erode preferentially in the race-
track region where the plasma is most intense. This leaves a kind of race-
track ditch or depression that progressively deepens, surrounded by a much
larger target area that suffers less loss of metal. Such target erosion has a

number of undesirable consequences such as:

1. Low process efficiency {only 10-30% of the target surface area is uti-
lized)

2. Inhomogeneous metal loss during reactive sputtering is such that the
racetrack remains metallic while the surrounding target area becomes

covered with insulator films, enhancing the probability of arcing.
3. The uniformity of deposited films is adversely affected.
4. Nonuniform plasma erosion tends to reduce target life

5. Elastic distortion of the target may result in loss of contact to the
water-cooled backing plate and a corresponding drop in cooling effi-

ciency.

A remedy for many of these interrelated problems is to maintain uni-
form target erosion during sputtering. This is practically accomplished by
mechanically moving the array of permanent magnets over the back face of

planar targets {146].
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Figure 2.1: Principle of magnetic plasma confincment in a (a) conventional and
(b) unbalanced magnetron

Unbalanced magnetron sputtering

The plasma in a conventional magnetron discharge is well confined in a
torroidal magnetron magnetic field and so it is localized in a very close
vicinity of sputtering target {Figure 2.1).

An unbalanced magnetron (UBM) has a proper magnetic field config-
uration in which a finite degree of the field lines from the outer magnetic
pole diverge to the substrate, although the rest of the lines finish on the
inner pole behind the target. Sufficient plasma density and a positive ion
current on a metallic substrate even at a large distance from the target
can be achieved in the UBM as compared with the conventional balanced
magnetron (BM). Thin film deposition by physical sputtering in a UBM
follows considerable positive ion impact on the surface during the process.
The ion impact on the surface has a direct influence on the films morpholog-

ical, compositional and crystallization properties. In particular, the surface
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bombardment of high energy ions causes defects in the crystal structure,
while the low-energy ions enhance crystallization. Therefore, it is of prime
importance to control both the quality and the quantity of the ion bom-
bardment in the magnetron in order to produce a thin film with satisfactory
properties [142, 146).

2.1.6 Specifications of sputtering system

The sputtering system, which is used to carry out the work presented in
this thesis, is a planar magnetron sputtering system. It consists of a box
type steel vacuum chamber which houses two 2” magnetron guns (Sierra
Applied Sciences, USA) and a substrate holder. There are provisions for
supplying the working gas argon and reactive gas oxygen. Gas flow to the
chamber is controlled by separate gas flow meters (GFC 17, Aalborg, USA).
A circular substrate holder is attached to a programmable stepper motor
to rotate it during the deposition.

Required base vacuum is created in the chamber using an oil diffusion
pump backed by an oil rotory pump. Cold water is circulated through the
diffusion pump and magnetron guns. For the deposition of channel layers
in TFTs, co-sputtering method is employed. In this technique, two targets
are simultaneously sputtered so that an alloy of the materials are formed
at the substrate. During co-sputtering, either two separate RF generators
or one RF generator and one DC power source are used to energize the
magnetron guns. We have two RF generators: one 300 W (PFG 300 RF,
Huttinger, Germany) maximum capacity and another one with 150 W ca-
pacity (Digilog Instruments, India). Huttinger RF generator is optically
coupled to an automatic matching network. Digilog RF generator is cou-

pled to plasma chamber through a matching network which is manually
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Figure 2.2: Schematic diagram of co-sputtering setup used in the study. (1)
diffusion pump, (2) rotary pump, (3) baffle valve, (4) box-type vacuum chamber,
(5) stepper motor with substrate holder, (6) magnetron guns, (7) RF generator, (8)
matching network, (9) DC power supply, (10) stepper motor controller, (11&12)
gas flow controllers
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tuned to transfer maximum power to the plasma. DC power sources is a
current controlled high voltage source (1000 V, 500 mA) manufactured by
Digilog instruments. Throughout this study, deposition is carried out at

room temperature without any intentional substrate heating.

2.1.7 Pulsed laser deposition

Pulsed laser deposition (PLD) is one of the newer techniques for depositing
thin films which makes use of the interaction of laser beams with material
surfaces. A schematic diagram of a simple PLD technique is shown in figure
2.3. In its simplest configuration, a high-power laser situated outside the
vacuum deposition chamber is focused by means of external lenses onto the
target surface, which serves as the evaporation source . Most nonmetallic
materials that are evaporated exhibit strong absorption in the ultraviolet
spectral range between 200 and 400 nm. Absorption coefficients tend to
increase at the shorter wavelengths meaning reduced penetration depths.
Correspondingly, lasers that have been most widely used for PLD center
around the solid state Nd:YAG (1064 nm) and gas excimer lasers. In the
case of the former, the 1064 nm radiation is frequency doubled twice so that
outputs of 355 and 266 nm are produced. Although attenuated in power
relative to the fundamental output, they are sufficiently intense for laser
ablation. Other popular gas excimer lasers are the ArF (193 nm), KrF
(248 nm), and XeCl (308 nm) lasers. Commercial versions of these deliver
outputs of ~500 m.J/pulse at pulse repetition rates of several hundred Hz

at ns pulse width.
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Figure 2.3: Schematic diagram of a simple PLD setup.

Mechanisms of PLD

Pulsed laser deposition is a very complex physical phenomenon involving
laser-material interaction under the impact of high-power pulsed radia-
tion on solid target, and formation of plasma plume with highly energetic
species. The thin film formation process in PLD generally can be divided

into the following four stages.
1. Interaction of laser radiation with the target material.
2. Dynamics of the ablated materials.
3. Deposition of the ablation materials on the substrate.

4. Nucleation and growth of a thin film on the substrate surface.
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Various properties of deposited thin film strongly depends on each of
the stages specified above. In the first stage, the laser beam is focused onto
the surface of the target. At sufficiently high flux densities and short pulse
duration, all elements in the target are rapidly heated up to their evapo-
ration temperature. Materials are dissociated from the target surface and
ablated out with stoichiometry as in the target. The ablation mechanisms
involve many complex physical phenomena such as collisional, thermal, and
electronic excitation, exfoliation and hydrodynamics.

During the second stage, the emitted materials tend to move towards
the substrate according to the laws of gas-dynamics. The spot size of the
laser and the plasma temperature has significant effects on the deposited
film uniformity. The target-to-substrate distance is another parameter that
governs the angular spread of the ablated materials.

The third stage is important to determine the quality of the thin film.
The ejected high-energy species impinge onto the substrate surface and may
induce various type of damage to the substrate. These energetic species
sputter some of the surface atoms from the growing film and a collision
region is formed between the incident flow and the sputtered atoms. Film
grows after a thermalized region is formed. The region serves as a source
for condensation of particles. When the condensation rate is higher than
the rate of particles ejected by the sputtering from the substrate, thermal
equilibrium condition can be reached quickly and film grows on the sub-
strate surface. Ions in the plasma are accelerated to as much as 100 to 1000
eV [147).

Nucleation-and-growth of films depends on many factors such as the
density, energy, ionization degree, and the type of the condensing mate-

rial, as well as the temperature and the physico-chemical properties of the



Experimental techniques 89

substrate. The critical size of the nucleus depends on the deposition rate
and the substrate temperature. The film growth depends on the surface
mobility of the adatom (vapour atoms). Normally, the adatom will diffuse
through several atomic distances before sticking to a stable position within
the newly formed film. The surface temperature of the substrate determines
the adatom’s surface diffusion ability. High temperature favours rapid and
defect free crystal growth, whereas low temperature deposition may result
in amorphous structures.

In PLD, the plume is highly directional, and its contents are propelled
to the substrate where they condense and form a film. Gases (Op, N3) are
often introduced in the deposition chamber to promote surface reactions
or maintain film stoichiometry. Precautions are usually taken to minimise
the number of gross particulates ejected as a result of splashing from being
incorporated into the depositing film. Splashing of macroscopic particles
during laser-induced evaporation is a significant drawback of PLD. High
directionality of the plume is another major drawback, which makes it
difficult to uniformly deposit films over large area.

The generation of particulates during splashing is believed to have sev-
eral origins. These include the rapid expansion of gas trapped beneath the
target surface, a rough target surface morphology whose mechanically weak
projections are prone to fracturing during pulsed thermal shocks, and su-
perheating of subsurface layers before surface atoms vaporize. A common
strategy for dealing with splashing effects is to interpose a rapidly spin-
ning pinwheel-like shutter between the target and substrate. The slower
moving particulates can be batted back, allowing the more mobile atoms,
ions, and molecules to penetrate this mechanical mass filter. Window ma-

terials, an important component in PLD systems, must generally satisfy
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the dual requirement of optical transparency to both visible and ultravi-
olet light. Relatively few materials are suitable for this demanding role,
but MgF,, sapphire, CaF4, and UV-grade quartz have served as suitable

window materials.

2.2 Characterisation tools

2.2.1 Thin film thickness

Thickness is one of the most important thin film parameter to be charac-
terised since it plays an important role in the film properties unlike a bulk
material. Microelectronic applications generally require the maintenance
of precise and reproducible film metrology (i.e., thickness as well as lat-
eral dimensions). Various techniques are available to characterise the film
thickness which are basically divided into optical and mechanical meth-
ods, and are usually nondestructive but sometimes destructive in nature.
Film thickness may be measured either by in-situ monitoring of the rate of
deposition or after the film deposition.

The stylus profiler takes measurements electromechanically by moving
the sample beneath a diamond tipped stylus. The high precision stage
moves the sample according to a user defined scan length, speed and stylus
force. The stylus is mechanically coupled to the core of a linear variable
differential transformer (LVDT). The stylus moves over the sample surface.
Surface variations cause the stylus to be translated vertically. Electrical
signals corresponding to the stylus movement are produced as the core po-
sition of the LVDT changes. The LVDT scales an ac reference signal pro-
portional to the position change, which in turn is conditioned and converted

to a digital format through a high precision, integrating, analog-to-digital
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converter {148]. The film whose thickness has to be measured is deposited
with a region masked. This creates a step on the sample surface. Then
the thickness of the sample can be measured accurately by measuring the
vertical motion of the stylus over the step.

The thicknesses of the thin films prepared for the work presented in
this thesis were measured by a stylus profiler (Dektak 6M). Several factors

which limit the accuracy of stylus measurements are [144]:

1. Stylus penetration and scratching of films (makes problem in very
soft films)

2. Substrate roughness. Excessive noise is introduced into the measure-
ment as a result of substrate roughness and this creates uncertainty

in the position of the step.

3. Vibration of the equipment. Proper shock mounting and rigid sup-

ports are essential to minimise background vibrations.

In modern instruments the leveling and measurement functions are com-
puter controlled. The vertical stylus movement is digitized and data can be
processed to magnify areas of interest and yield best-profile fits. Calibration

profiles are available for standardization of measurements.

2.2.2 Structural characterisation
Glancing angle x-ray diffraction (GXRD)

Glancing angle x-ray diffraction (GXRD) is a nondestructive, surface sen-
sitive technigque used to record the diffraction pattern of thin films with
minimum contribution from the substrate. In the conventional XRD pat-

terns of thin films deposited on a substrate, the contribution from the
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substrate to the diffraction can overshadow the contribution from the thin
film. Conventional x-ray diffraction reveals information about a top layer
of a thickness of the order of 5-10 um. By increasing the path length of
the incident x-ray beam through the film, the intensity from the film can
be increased. Thin films as thin as 100 A can be analysed by using a graz-
ing incidence angle arrangement combined with a parallel beam geometry.
This technique is based on the fact that, for high energy x-rays, the re-
fractive index of material is slightly less than unity, as a result of which
material is less refractive (for x-rays)than it is for vacuum. One can there-
fore have total external reflection from a surface if the incident angle is
small enough (typically 1-25 milliradians or 0.05-1.5°), depending on the
substrate electron density and the x-ray energy. At this point the substrate
is not entirely invisible to x-rays, but only an evanescent wave penetrates
into and scatters from it. The x-ray intensity is therefore highest at the
surface [149].

In the conventional 8/28 geometry, a parafocusing arrangement is used
where the x-ray source and the detector slit are at the focal points of the
incident and diffracted beams, respectively. For GXRD, the incident and
diffracted beams are made nearly parallel by means of a narrow slit on the
incident beam and a long Soller slit on the detector side. In addition, the
stationary incident beam makes a very small angle with the sample surface,
which increases the path length of the x-ray beam through the film. This
helps to increase the diffracted intensity, while at the same time, reduces the
diffracted intensity from the substrate. Overall, there is a dramatic increase
in the film signal to the background ratio. Since the path length increases
when the grazing incidence angle is used, the diffracting volume increases

proportionally which subsequently gives increased signal strength. During
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Figure 2.4: Geometries of (a) convectional and (b) glancing angle XRD.
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the collection of the diffraction spectrum, only the detector rotates through
the angular range, thus keeping the incident angle, the beam path length,
and the irradiated area constant. The long Soller slit on the receiving side
allows only those beams that are nearly parallel to arrive at the detector.
This has an added advantage of reducing sensitivity to sample displacement.
from the rotation axis.

In the present study a Rigaku RINT-2000 GXRD with Cu Ko radiation

was used to analyse the deposited thin films.

Atomic force microscopy (AFM)

Scanning probe microscopy (SPM) is a fundamentally simple technology
that is capable of imaging and measuring surfaces on a fine scale and of
altering surfaces at the atomic level. There are three elements common to

all probe microscopes.

1. A small, sharp probe. The interactions between the surface and the

probe are used to interrogate the surface.

2. A detection system which monitors the product of the probe-surface
interaction (e.g., a force, tunneling current, change in capacitance,
ete.).

3. Scanning technique: Either the probe or sample is raster-scanned
with nanoscale precision. By monitoring the interaction intensity,
any surface variation translates to topographical information from

the surface and generates a three-dimensional image of the surface.

The most commonly used SPMs are atomic force microscopy (AFM)

and scanning tunneling microscopy (STM). AFM is the most widely used
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Figure 2.5: Schematic diagram of atomic force microscope.

local probe devices. It gives quick access to a wide range of surface proper-
ties, including mechanical, electrical, magnetic, and other properties, with
good spatial resolution. In AFM, the probe tip is affixed to a cantilevered
beam. The probe interacts with the surface and the resulting force deflects
the beam in a repulsive manner, as described by Hooke's Law. In the same
manner that a spring changes dimensions under the influence of forces, the
attractive and repulsive forces between atoms of the probe and the surface
can also be monitored when brought extremely close to each other. Hence,
the net forces acting on the probe tip deflect the cantilever, and the tip
displacement is proportional to the force between the surface and the tip.
As the probe tip is scanned across the surface, a laser beam reflects off the
cantilever. By monitoring the net (x, y, and z) deflection of the cantilever,

a three-dimensional image of the surface is constructed (Figure 2.5).
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The AFM typically operates in either of two principal modes: constant-
force mode (with feedback control) and constant-height mode (without
feedback control). Once the AFM has detected the cantilever deflection,
it can generate the topographic data set by operating in one of the two
modes-constant-height or constant-force mode. In constant-height mode,
the spatial variation of the cantilever deflection can be used directly to gen-
erate the topographic data set because the height of the scanner is fixed
as it scans. In constant-force mode, the deflection of the cantilever can be
used as input to a feedback circuit that moves the scanner up and down
in the z-axis, responding to the topography by keeping the cantilever de-
flection constant. In this case, the image is generated from the scanner’s
motion. With the cantilever deflection held constant, the total force ap-
plied to the sample is constant. The biggest advantage of AFM is that most
samples can be investigated in their natural state, including biological sam-
ples {even in an aqueous environment), which is otherwise impossible by

electron microscopy methods.

A SPI - 3800N, S.I.I AFM was used for roughness analysis in the present
study.

2.2.3 Compositional analysis

In order to check the stoichiometry of the deposited films, compositional
analysis is essential and the characterisation tools used in the present in-

vestigation is described below.
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Energy dispersive x-ray spectroscopy (EDAX)

EDAX (or EDX) is a technique used for identifying the elemental compo-
sition of the specimen, on an area of interest. The EDAX analysis system
works as an integrated feature of a SEM, and can not operate on its own
without the latter [34, 150].

During EDAX analysis, the specimen is bombarded with an electron
beam inside the SEM chamber. The bombarding electrons collide with the
specimen atom’s own electrons, knocking some of them off in the process.
A position vacated by an ejected inner shell electron is eventually occu-
pied by a higher-energy electron from an outer shell. In this process, the
transferring outer electron must give up some of its energy by emitting an
x-ray. The amount of energy released by the transferring electron depends
on which shell it is transferring from, as well as which shell it is transfer-
ring to. Furthermore, the atom of every element releases x-rays with unique
amount of energy during the transferring process. Thus, by measuring the
energy of the x-rays emitted by a specimen during electron beam bombard-
ment, the identity of the atom from which the x-ray was emitted can be
established.

The output of an EDAX analysis is a spectrum, which is a plot of how
frequently an x-ray is received for each energy level. An EDAX spectrum
normally displays peaks corresponding to the energy levels for which the
most x-rays had been received. Each of these peaks are unique to an atom,
and therefore corresponds to a single element. The higher a peak in a
spectrum, the more concentrated the element is in the specimen. An EDAX
spectrum plot not only identifies the element corresponding to each of its

peaks, but the type of x-ray to which it corresponds as well. For example,
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a peak corresponding to the amount of energy possessed by x-rays emitted
by an electron in the L-shell going down to the K-shell is identified as a
K, peak. The peak corresponding to x-rays emitted by M-shell electrons
going to the K-shell is identified as a Kg peak.

X-ray fluorescence spectroscopy (XRF)

XRF is a nondestructive, rapid, precise, and potentially very accurate
method used for elemental analysis of materials (solids, liquids and pow-
ders) [151]. A x-ray source is used to irradiate the specimen and to cause the
elements in the specimen to emit {or fluoresce) their characteristic x-rays.
The detector system is used to measure the positions of the fluorescent
x-ray peaks for qualitative identification of the elements present, and to
measure the intensities of the peaks for quantitative determination of the
composition. All elements, except H, He, and Li, can be analyzed by XRF.

When an x-ray photon strikes an atom and knocks out an inner sheil
electron, a readjustment occurs in the atom by filling the inner shell va-
cancy with one of the outer electrons and simultaneously emitting an x-ray
photon. The emitted photon (or fluorescent radiation) has the character-
istic energy of the difference between the binding energies of the inner and
the outer shells.

The instrumentation part includes a primary x-ray source, a crystal
spectrometer, and a detection system. A schematic x-ray experiment is
shown in figure 2.6. Fluorescent x-rays emitted from the specimen are
caused by high-energy (or short-wavelength) incident x-rays generated by
the x-ray tube. The fluorescent x-rays from the specimen travel in a certain
direction, pass through the primary collimator. The analyzing crystal,

oriented to reflect from a set of crystal planes reflects one x-ray wavelength
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Figure 2.6: Schematic diagram of x-ray fluorescence spectrometer.

(A) at a given angle (#) in accordance with Braggs law: n) = 2d sinf, where
n 15 a small positive integer giving the order of reflection. By rotating
the analyzing crystal at one-half the angular speed of the detector, the
various wavelengths from the fluorescent x-rays are reflected one by one
as the analyzing crystal makes the proper angle 8 for each wavelength.
The intensity of at each wavelength is then recorded by the detector. This
procec_lure is known also as the wavelength-dispersive method.

Rigaku ZSX100E XRF was used in the present study to analyse chem-

ical composition of the deposited films.

2.2.4 Hall effect measurement

The Hall effect measurement technique is widely applied in the charac-
terisation of semiconductor materials as it gives the resistivity, the carrier

density, type of carriers and the mobility of carriers. When a magnetic field
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is applied to a conductor perpendicular to the current flow direction, an
electric field will be developed at perpendicular to the direction of magnetic
field and the current. This phenomenon is known as Hall effect and the
developed voltage is called Hall voltage.

The force acting on a charge (¢) moving with a velocity v in the presence

of an electric (E) and magnetic (B) fields is given by the vector expression
F=g¢E+7xB) (2.1)

For n-type and p-type samples, the electrons and holes respectively
deflect to the same side of the sample for the same current direction because
electrons flow in the opposite direction to holes and have opposite charge.

The Hall coefficient Ry is defined as

Vud

Ru=Tpr

(2.2)

where d is the sample dimension in the direction of magnetic field B, Vy
is the Hall voltage and I is the current through the sample [34]. Hall

coefficient is related to hole (p) and electron (n) densities by the equation:

1 1
=—7 and n=——— 2.3
-y qRy (23)

Equation 2.3 is derived under the assumption of energy independent

scattering mechanisms. With this assumption relaxed, the expressions for

the hole and electron densities become

r r
=— and n=—— 2.4
P qRy qRy (24)

where 7 is the Hall scattering factor, defined by r = (72)/{7)2, with 7 being

the mean time between carrier collisions. The scattering factor depends on
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Figure 2.7: Lamella-type van der Pauw Hall sample.

the type of scattering mechanism in the semiconductor and generally lies
between 1 and 2. For lattice scattering, r = 1.18, for impurity scattering
r = 1.93, and for neutral impurity scattering » = 1. The scattering factor
is also a function of magnetic field and temperature and can be determined

by measuring Ry in the high magnetic field limit, i.e.,

Rp(B)

= 2.
"~ Ra(B = x) (2:5)
In the high field limit » — 1.
The Hall mobility py is defined by
R
i = Ry 26)

substituting the value of o for hole and electron, the equation 2.6 becomes

BH = Tip; BH = THn (2.7)

for extrinsic p- and n-type semiconductors, respectively. Hall mobilities can
differ significantly from conductivity mobilities since r is generally larger
than unity. For most Hall-determined mobilities, r is taken as unity.

A more general geometry is the irregularly shaped sample in figure 2.7.

The theoretical foundation of Hall measurement evaluation for irregularly
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Figure 2.8: Bridge-type (a) and lamella-type (b-d) Hall configuration.

shaped samples is based on conformal mapping developed by van der Pauw.
He showed how the resistivity, carrier density, and mobility of a flat sample
of arbitrary shape can be determined without knowing the current pattern if
the following conditions are met: contacts should be point contacts located
symmetrically on the periphery of the sample, the sample is uniformly thick,
and does not contain isolated holes. This is not achievable in practice, and
some error is introduced thereby. Some common lamella or van der Pauw
shapes are shown in figure 2.8.

For semiconducting films on insulating substrates, the mobility is fre-
quently observed to decrease toward the substrate. Surface depletion forces
the current to flow in the low-mobility portion of the film, giving apparent

mobilities lower than true mobilities.
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Hall effect measurements are simple to interpret for uniformly doped
samples. Non-uniformly doped layer measurements are more difficult to
interpret. If the doping density varies with film thickness, then its resistivity
and mobility also vary with thickness. A Hall effect measurement gives the
average resistivity, carrier density, and mobility.

Electrical resistivity and Hall coefficients of the films described in this
thesis were measured by four probe van der Pauw configuration with AC
modulation of magnetic field at room temperature using RESITEST 8300

{Toyo Corporation, Japan) Hall effect measurement setup.

2.2.5 Optical characterisation

Optical absorption coefficients of thin films can be determined from optical
transmission or absorption measurements. During transmission measure-
ments light is incident on the sample and the transmitted light is measured
as a function of wavelength. The sample is characterised by reflection co-
efficient R, absorption coeflicient a, complex refractive index (n; — ik;),
and thickness t [34]. The absorption coefficient is related to the extinction
coefficient k; by the equation

dmky
a=——-

3 (2.8)

The transmitted light [, can be measured absolutely or as the ratio of trans-
mitted to incident light. The transmittance T of a sample with identical
front and back reflection coefficient and light incident normal to the sample

surface is
B (1 _ R)? e——cxt
14 R2e20t _ 2R e—%tcosd

(2.9)
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where ¢ = 47nit/\ and the reflectance R is given by

_ {ng — n1)2 + k%

= 2.1
(n() -+ n1)2 + k? ( 0)

where nyp is the refractive index of the surrounding medium.
Semiconductors are generally transparent (o =~ 0) for photon energies

less than the band gap energy (E;) and the transmittance becomes

r__ (-=RY

" 14 R2? — 2Rcos¢ (2.11)

If the resolution of the instrument is insufficient to resolve the fine-structure
oscillations, then above equation becomes

(1-R? 1-R

T=9%% “1+R&

(2.12)

Optical bandgap of the films, presented in the thesis, are determined
from the transmission (") and reflection (R) data. Actual optical trans-
mission is calculated as T* = T/(1 — R). Then, the absorption coefficient

{(a) of the film is given by the equation:

@ = %ln (—%;) (2.13)
where ¢ is the thickness of the film.

As per equation 1.5, the optical bandgap (Tauc gap) of amorphous films
presented in this thesis are determined by plotting (ahv)® versus hv and
taking the intercept to energy axis. For, direct bandgap crystaline films,
bandgap can be estimated from a plot of (ahv)? versus hv.

For the measurement of T and R data, Hitachi U-4000 UV-VIS-NIR

spectrophotometer was used in this study.
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2.3 Thin film transistors (TFT)

Eventhough the basic principle of the field-effect transistor (a junction filed
effect transistor, JFET) was proposed by Julius Edgar Lilienfeld as early
as 1925 it got much attention in late 1970s only. Whilst several device
structures and several semiconductor materials like CdSe, Te, InSb and
Ge were investigated, the competition from the metal oxide semiconductor
field effect transistor (MOSFET), based on the crystalline silicon technol-
ogy, led the TFT technology to backcloth. Towards 1970, the requirement
of low cost electronics for large area applications, like in displays, per-
suaded the scientists to think about alternatives for crystalline silicon. This
helped TFT technology to become a forerunner in this scenario. In 1979,
LeComber, Spear and Ghaith described a TFT using a-Si:H as the active
semiconductor material. After that, technology underwent several modifi-
cations in the use of active channel layer material to achieve considerable
carrier mobility and switching ratio. Since the mid-1980s, the silicon-based
TFTs become the most important devices for active matrix liquid crystal
displays (AMLCDs) and have successfully dominated the large area liquid
crystal display (LCD) product market. Meanwhile, TFTs based on organic
semiconductor channel layers were introduced in 1990 with electron mo-
bilities similar to that of a-Si:H. Eventhough this new class of TFTs are
very promising candidates for integration onto flexible substrates they also
suffer from the reduced carrier mobility which limits its applications in cir-
cuits requiring high current and high s;:eed operations. More recently, the
TFT concept was fused with transparent semiconducting oxides to create

the transparent thin-film transistor (IT'TFT).
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Figure 2.9: Different types of TFT structures. (a) staggered bottom gate, (b)
coplanar bottom gate, (c) staggered top gate and (d) coplanar top gate. Symbols:
S: source, D: drain, G: gate, I: insulator, and C: channel.

2.3.1 Thin film transistor structures

According to the position of the electrodes, there are four basic TFT struc-
tures: co-planar top-gate, co-planar bottom gate, staggered top-gate, and
staggered bottom-gate, as shown in the figure 2.9. In a coplanar configura-
tion, the source and drain contacts and the insulator are on the same side
of the channel whereas, in a staggered configuration, the source and drain
contacts are on opposite sides of the channel from the insulator. Both
the staggered and the coplanag configurations are further categorized as
bottom-gate and top-gate structures.

Different steps adopted for the TFT fabrication typically determines

the selection of a particular structure. Generally, insulator layer deposition
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requires the use of a higher power for evaporation or sputtering as com-
pared to deposition of other layers. In the coplanar top-gate structure, the
semiconductor channel layer is deposited first. Here the maximum semi-
conductor processing temperature is limited only by the semiconductor and
the substrate. However, the high power deposition of insulator layer may
damage the channel-insulator interface which ultimately limits the device
performance. In bottom-gate structures, the insulator is deposited first. If
the insulator is deposited using a plasma-process, such as RF sputtering or
plasma-enhanced chemical vapor deposition, the plasma-induced damage
to the channel layer can be reduced using this structure.

In a-Si:H TFTs, the co-planar structure is difficult to realize. a-Si:H
TFTs utilise ion implantation to form an ohmic contact to the semiconduc-
tor. To avoid the damage from implantation, the channel must be protected
during the implantation process. If the insulator is used as an implant-
block, there is no source/drain-to-gate overlap. Without this overlap, the
series resistance increases and retards carrier injection [152]. In addition,
the co-planar structure has increased parasitic resistance as compared to
the staggered structure due to a smaller effective contact area.

While staggered structures are commonly used in amorphous silicon
TFTs., the coplanar structure is popular in polycrystalline silicon TFTs
(130].

2.3.2 Basic device operation

Field effect is the phenomenon where the conductivity of a semiconductor
is modulated by an electric field applied normal to the surface of the semi-

conductor. In a junction field effect transistor (JFET), the depletion region
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Figure 2.10: Schematic illustration of the basic operation of an amorphous chan-
nel TFT showing energy band bending for different biasing conditions.
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associated with the pn junctions directly modulates the semiconductor con-
ductivity between the source and drain contacts. The operation of a TFT
can be understood on the basis of the working of a MOSFET. Figure 2.10
shows the structure and energy band diagrams of an n-channel, TFT [130].

At zero gate voltages the energy bands are close to the flatband con-
dition. For negative gate voltage (Vgg < 0), the electric filed across the
insulator acts in such way that it repels mobile electrons in the semicon-
ductor layer and pushes them deeper into the semiconductor. This creates
a depletion layer near the insulator-semiconductor interface and relates to
upward band bending in the insulator and the semiconductor (near the
interface).

For positive gate voltages, less than the threshold voltage, electrons in
the semiconductor are attracted towards the interface, creating an accumu-
lation layer (or channel) near the insulator-semiconductor interface and a
depletion region in the bulk. Biasing in this “subthreshold” regime causes
downward band bending in the the insulator and the semiconductor (near
the interface), and the Fermi level moves through the tail states, which
are then occupied. Further increase in the gate voltage modulates the con-
ductivity of the surface layer and causes increased degree of band bending
(Figure 2.10). The gate voltage at which there is an appreciable electron
carrier density present at the interface establishes the threshold voltage (i.e.
Ves = Vr). Now that channel formation has been established, application
of a positive voltage on the drain attracts electrons towards the drain and
accounts for the drain current, Ip (Figures 2.11 a & b). Initially, the drain
current increases linearly with drain-source voltage Vpg (Figures 2.11 ¢ &
f). As the drain voltage increases, the width of the depletion region near

the drain also increases. The voltage at which the channel region near the
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drain is depleted of carriers, negating the effect of the surface accumulation
layer, is the pinch-off voltage Vp or the saturation voltage V4 (Figures
2.11 d & g). Further increase in Vg confines the channel more towards
the source side and drain current remains constant if the change in channel

length is small compared to the channel length (Figures 2.11 e & h).

2.3.3 Modes of operation

TFTs can be operated in enhancement mode or depletion mode depending
on whether it require a gate voltage to induce the channel conduction. In an
enhanced mode of operation, the channel conductance is low in the absence
of an applied gate voltage. Hence a low carrier density in the channel is es-
sential to achieve this mode. Most conventional a-Si:H TFT devices use an
undoped amorphous Si:H layer as the channel and operate in the enhance-
ment mode. In contrast, if a gate bias voltage is required to deplete the
channel of carriers, then it is called as depletion mode. Hence a depletion
mode TFT consumes power even in its off state. For low power displays,
the primary interest is in TFT devices that operate in enhancement mode

exhibiting a normally off channel state.

2.3.4 Dielectrics

Development of transparent TFTs (TTFTs) demands the use of high band
gap dielectric materials, higher than the semiconductor, with preferable
conduction band offset, to avoid high leakage current. Also a good in-
terface formation with the semiconductor layer is crucial for the electron
transport through the channel. Although traps presént anywhere in the

semiconductor affect TFT operation, traps at the insulator-semiconductor
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Figure 2.11: Schematic illustration of working of an n-channel TFT. (a)Electrons
are attracted by the applied electric filed when 0 < Vgs < Vr. (b) Channel
formation at Vgs = V. Figures (c-e) show the variation in accumulated charge
density with respect to the increase in Vps (near the drain terminal, charge density
becomes zero) for a fixed gate voltage Vg > V. Figures (f-g) show corresponding
variations in drain current.
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interface play a major role. Interface traps are formed because of unsatisfied
dangling bonds and lattice mismatch between materials at an interface. De-
pending upon the position of Fermi level, these traps may acts as donor like
or acceptor like. Dielectrics with high dielectric constant (k) are preferred
in TTFTs, since it allows the use of thicker dielectrics without decreas-
ing the gate capacitance with better pin hole free layer, without increasing
the on voltage and reducing the leakage current. Up to now, most of the
TTFTs have been produced using an engineered multilayered structure of
aluminium oxide and titanium oxide (ATQ), deposited by atomic layer de-
position (ALD). This material has a high resistivity { 10'9), high break
down voltage (>4 MV/cem), and high dielectric constant (x ~16) [153].
However, the ALD is not low temperature compatible. So the production
of high quality high x dielectrics at low temperatures are very important.
Low temperature deposition generally gives amorphous dielectrics which
reduces the leakage current due to the absence of leakage paths through
grain boundaries [154]. Evaporated films are reported to show better in-
terfaces with lower oxide charge density and interface trapped charge, than
sputtered films [153]. Compared to HfQz, TasOs shows better electrical
and interfacial properties [153]. However, Ta;Os has a low band offset with
most of the channel layer materials used in TTFTs. Hence a thicker layer is
required to obtain an effective gate dielectric. Hence the use of multilayer
dielectric, taking advantage of the good interface properties of one dielectric
and high band offset of second one, provide better dielectric properties.
The mobility in MOS devices with high « insulators is significantly
smaller than devices with SiOy insulators [155]. The main reasons at-
tributed to this mobility degradation is: (a) scattering by trapped charge

and interfacial charge [155-157} and (b) remote optical phonon scattering
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(158-160]. According to Fischetti et al. [161], high dielectric constant ma-
terials are easily polarizable and the frequency of relevant optical phonon
is small. This leads to high occupation probability of these phonons at
low temperatures and subsequent channel electron scattering and mobility
degradation. Based on remote phonon scattering theory, Laikhtman et al
[162] has found that the channel mobility depends on the channel carrier

concentration and insulator layer thickness.

2.3.5 Amorphous oxide channel TFTs

High resolution and large area flat panel displays (FPDs) require TFTs
based active matrix (AM) driving schemes to suppress image blinking and
to reduce the power dissipation. In displays, the use of opaque a-Si:H based
TFTs severely restrict the amount of light transmitted to the observer and
hence causing a large portion of the energy of the display to be lost. In or-
ganic light-emitting diode (OLED) displays, the light emitting pixels may
be ccntrolled by a thin-film transistor array for much better brightness
and efliciency. The low field effect mobility results complex OLED driv-
ing circuitry when a-Si:H TFTs are used. a-Si:H TFTs also suffers from
photo/bias induced instability, and generation of photo-excited carriers be-
cause of the small bandgap (~ 1.7 ¢V). To avoid this, TFTs are usually
kept light blind by incorporating it into a metal shadow mask in AM cir-
cuits. TFTs using transparent oxide semiconductors (TOSs) as the channel
layer have several merits compared with the conventional Si-TFTs when
applied to flat panel displays and OLED driving circuits. These include
the insensitivity of device performance to visible light illumination and ef-
ficient use of back light in LCDs or emitted light in OLEDs [109]. The

use of transparent TFTs significantly lower the voltage and drive current
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required by the OLEDs for sunlight readability, with an extended device
lifetime. In addition, oxide TE'Ts have potential advantages over the cova-
lent semiconductor-based TFTs in terms of their high voltage, temperature,
and radiation tolerances.

Eventhough organic semiconductors and a-Si:H have been extensively
investigated for flexible electronics, the device performance is limited by
the low mobilities of the channel materials. In addition, Si-based devices
are of less interest for transparent circuits because they are not transpar-
ent, owing to the small bandgap. Polycrystalline oxides like ZnQO have
columnar grain structures even on deposition at room temperature. TFTs
with polycrystalline oxide channel suffer from problems associated with the
grain boundaries [51, 52] such as the instability to the atmosphere by the
gas absorption/desorption into the grain boundaries; higher filin surface
roughness because of facet formation etc. Amorphous oxides have uni-
form structures and smoaother surfaces which could yield smooth channel
interfaces to the gate insulators. Hence amorphous semiconductors are pre-
ferred over polycrystalline ones for channel layers from the viewpoints of
processing temperature and uniformity of device characteristics.

However in the amorphous semiconductors like a-Si:H, the intrinsic na-
ture of the chemical bonding {consist of sp? orbitals with strong directivity
and, therefore, the bond angle fluctuation significantly alters the electronic
levels, leading to high density deep tail-states) fundamentally limits the
carrier mobility. Compared to its crystalline counterparts, these materials
show carrier mobility lower by two or three orders of magnitude. As carrier
transport is controlled by hopping between localized tail-states and band

conduction is not achieved, the mobility of a-Si:H is limited to ~ 1 cm?/V's.



Thin film transistors 115

In contrast, degenerate band conduction and large mobility (~ 10 cm?/V's)
are possible in TAOSs containing post-transition-metal cations [59)].
Identification of suitable transparent materials as channel layer in TFT
structures has utmost importance. Controllability of carrier densities and
carrier mobilities are two important parameters to be addressed. For
the channel, significant modulation of the channel conductance is needed
to achieve FET switching. For this, only moderate carrier densities are
needed. For interconnects, TSOs with high conductivity are needed. Each
of these materials is required to have significant transparency to visible
light. Materials with marginal bandgaps for visible light transparency af-
fects the efficiency of the devices, particular at the blue end of the spectrum
where luminescence is weakest. In addition, the optical absorption by the
channel region can lead to band-to-band excitations of carriers and subse-
quent shifting of transistor characteristics. This demands the use of wide
bandgap materials for channel layer with bandgaps well above the visible

absorption limit.

2.3.6 Influence of channel layer thickness

The active channel layer semiconductor thickness in TFTs can be controlled
by adjusting the deposition parameters. Several works have been reported
regarding the optimization of this thickness in a-Si:H TFTs. According
to Martin et al. [163], channel layer thickness has little effect on TFT off
current, but impacts several other aspects of transistor performance, in-
cluding threshold voltage, sub-threshold slope, and channel mobility. The
decrease in threshold voltage with increasing a-Si:H thickness is attributed
to a weaker influence of the back interface. The sub-threshold slope in-

creases for increasing a-Si:H thickness; this is attributed to an improve-
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ment in the electronic quality of the amorphous silicon. Channel mobility
increases initially, then decreases for increasing thickness; the decrease is

attributed to the increasing influence of parasitic resistances with thickness.

2.3.7 Comparison of MOSFET and TFT

The primary difference between a MOSFET and TFT is that, TFT is fab-
ricated on an insulating substrate and employs a thin film as the channel
region while the MOSFET is fabricated on a single crystal semiconductor
substrate that also serves as the channel. In a MOSFET, the carrier path
between the source and drain is formed by the development of an inversion
layer of minority carriers at the semiconductor-insulator interface, by the
application of a gate voltage. Whilein a TFT, channel formation is achieved
by the accumulation of majority carriers in the semiconductor-insulator in-
terface. Source and drain contacts to the semiconducting channel material
are injecting contacts to the channel in a TFT structure, rather than ohmic

contacts to a p-n junction as in a MOSFET.

2.3.8 Thin film transistor characterisation
Static characterisation of a-Si:H TFTs

Following discussion is mainly based on the text book by Y. Kuo [42]. De-
pending on the terminal voltages, three main regimes of operation can be
identified in a TFT (see figure 2.12) (Figure 2.13 shows a plot of drain cur-
rent as a function of gate voltage for an a-ZITO TFT, which is explained in
section 6.4.2. Since the device structure did not use any passivation layer,
the effect of back channel conduction is not observable here). They are

above threshold, subthreshold and Pool-Frenkel regime. In case of a-Si:H
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TFTs used in commercial products, there are two interface regions between
channel layer material and insulator. One from the usual semiconductor-
insulator interface (front channel) and the other from semiconductor-passivation
insulator interface (back channel). Hence the subthreshold region consists
of forward subthreshold and reverse subthreshold regions. The localized
states in the amorphous silicon can be divided into two types, tail states
and deep states [164]. The tail states are the Si conduction band states
broadened and localized by the disorder to form a “tail” of localized states
just below the conduction band mobility edge. The deep states originate
from defects (mostly consist of Si dangling bonds, which have a wide range
of energies because of the variations in local environments) in the amor-
phous silicon network.

For positive gate voltages greater than the threshold voltage (Vgg >
Vr), the Fermi level goes into the conduction band tail (it cannot be brought
closer than ~ 0.1 eV to the conduction band mobility edge and hence Fermi
level never enters into the conduction band) and the number of free elec-
trons that participate in the conduction increases (Figures 2.10 and 2.14).
This gives a high above-threshold current. Due to the exponential increase
in the density of conduction band tail states, the density of tail state elec-
trons becomes much higher than the density of electrons trapped in deep
states and interface states. Hence the conduction band tail and its asso-
ciated parameters like trap density and acceptor-like tail states determine
the characteristics of the TFT in the above thresheld region.

In the subthreshold region of operation, TFT switches from its off state
to on state and current increases exponentially from its low off current value

to a high on current value. Depending on the applied gate voltage, the
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Figure 2.12: Typical transfer characteristics of an a-Si:H TFT showing the dif-
ferent regimes of operation.

subthreshold region can be identified as forward subthreshold and reverse
subthreshold regions.

In this region, the transfer characteristics of TFT strongly depends
on the quality of the gate insulator, a-Si:H bulk and passivation layer.
As the gate voltage changes, the Fermi level moves in the middle of the
bandgap. At zero gate volts the energy bands are close to the flathand
condition. For positive gate voltages (forward subthreshold), the effect of
the front interface and deep state defects of a-Si:H layer close to interface
play major role. In this region, most of the induced electrons go into
deep localized states in the a-Si:H bandgap and into the interface states at
the a-Si:H-insulator interface. The increase in source-drain current is due

to the small fraction of the band-tail electrons above the conduction band
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Figure 2.13: Typical drain-source current as a function of gate voltage at a
constant Vpg for a-ZITO TFT showing the different regimes of operation. Since
there was no passivation layer in the device, their is no back channel conduction
process in this TFT.

mobility edge. As the positive gate voltage increases the density of electrons
increases, which leads to an exponential growth of current which leads to the
transition into above threshold region. For negative gate voltages (reverse
subthreshold), most of the accumulated electrons from the interface are
depleted. However, a high density of states at the back interface creates a
weak electron channel (back channel) for conduction. This causes a band
bending at back interface and an extended band bending in the bulk a-Si:H
(Figure 2.15). As the gate voltage becomes more and more negative, the
electron density at the back interface becomes lesser and lesser and hence
the subthreshold current decreases and results in a subsequent transition

into the Pool-Frenkel emission regime of operation.
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Figure 2.14: Band diagram for an arbitrary cross scction of TFT in the middle
of the channel in the above threshold regime. Symbols: ¢as is the metal work
function, V, is the applied gate voltage, gy is the band bending at the front
interface, xg is the clectron affinity of the semiconductor, Egps is the metal Fermi
level, Frg is the semiconductor Fermi level, E¢ is the conduction band mobility
edge and Ey is the valence band mobility edge.

In a condition where gate biased negatively, major mechanisms respon-
sible for the leakage current is the back channel (reverse subthreshold) and
front channel (Pool-Frenkel emission) conduction. The TFT is off for high
values of negative voltages at the gate terminal. However, the drain-source
leakage current increases exponentially with the increase in negative gate
potential. The front channel conduction via holes is responsible for this.
At the front interface, holes are generated at the gate-drain overlap region
by the Pool-Frenkel field enhanced thermionic emission process from the

neutral deep trap states in the bandgap.
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Figure 2.15: Band diagram for an arbitrary cross section of TFT in the middle of
the channel showing the accumulation of electrons at the back interface and band
bending at the front interface. Symbols: ¢ar is the metal work function, V, is the
applied gate voltage, sy is the band bending at the front intcrface, sy is the
band bending at the back interface, xg is the electron affinity of the semiconductor,
Epar is the metal Fermi level, Epg is the semiconductor Fermi level, E¢ is the
conduction band mobility edge and Ey is the valence band mobility edge.

Oxide Channel TFT

Unlike crystalline silicon transistors, a-Si TFTs exhibit a bias induced
metastability. This causes both the threshold voltage and subthreshold
slope to change over time in the presence of a gate bias. The charge trap-
ping in the insulator and defect state creation in the semiconductor are the
main reasons attributed to this phenomenon. In contrast to traditional ap-
plications (e.g. LCDs) where TFT is used as a switch, analog applications
(e.g. AMOLEDs, active pixel sensor etc) require the device to withstand
prolonged voltages on both drain and gate terminals. Hence wide bandgap

oxide based TFTs are expected to be a better substitute for a-Si:H TFTs.
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Mobility and threshold voltage

The optical characterisation of the TFT typically consists of a transparency
measurement as described in section 2.2.5 for individual thin films. Present
work include the study of amorphous oxide channel TFTs without passiva-
tion layer. The electrical characterisation of TFT include the measurement
of transistor output characteristics and transfer characteristics as in the
case of a MOSFET. Various parameters like threshold voltage (Vr), sub-
threshold voltage swing (S}, field effect mobility (uy.), saturation mobility
{sat) etc are then derived from these characteristics. The ideal TFT drain
current characteristics are identical to those of the MOSFET. Hence the

drain current can be expressed by the relations:

w V2
Ip = #Cif [(VGS - Vr)Vps — %ﬁ] , for Vps < Vgs - Vr  (2.14)

and

Ip = %uCi—vg(Vas ~ Vr)?, for Vpg > Vs — Vi (2.15)

where u is the average mobility of the carriers in the channel, C; is the
insulator capacitance, W is the channel width, L is the channel length,
Vgs is the gate-source voltage, Vpg is the drain-source voltage and V7 is
the threshold voltage.

The mobility and threshold voltage are the most important device per-
formance parameters and can be estimated in three different ways. For
TFTs, operating in the linear region (Vps << Vgs — Vr), equation 2.14

can be written as:

5%
Ip = ﬂCi‘f(VGS ~Vr)Vbs (2.16)
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The mobility and threshold voltage can be estimated from this expression

using either the linear region drain conductance

_ dip W
9d = Vbs |Vcs=constant = IU‘C“'T(VGS - VT) (2]_7)
or the linear region transconductance
_ dlp W
gm = dVGS |VDS=Constunt = #Ci'fVDS (218)

The mobility estimated from the linear region drain conductance is re-
ferred to as the effective mobility, ucs¢. The effective mobility and threshold
voltage is then graphically estimated by plotting linear region drain con-
ductance versus Vgs. For Vgs-Vr >>Vpg, this should become linear;
the slope of which gives the effective mobility and the x-intercept gives the
threshold voltage V7. The pesr and Vr can also be estimated numerically
from the equation 2.17.

The mobility estimated from the linear region drain transconductance
is referred to as the field effect mobility, pfe. For a small constant value
of Vpg, a plot of Ip as a function of Vgs would yield a straight line, the
slope of which is proportional to u¢. and the x-intercept gives Vr (Figure

2.16). That is,
' slope

Hie = CiW/L)Vps
By numerical method, the ps. and Vo is calculated from equation 2.18

(2.19)

9m
Kre C;(W/L)Vps (2.20)

and

Ip
Vr =Vgs — 2.21
T YOS T eCi(W/L)Vps (2.21)
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Figure 2.16: Determination of field-effect mobility and threshold voltage from
the linear region of device operation. (Data: a-ZITO TFT for Vpg =2 V.)

The mobility and threshold voltage can also be estimated from the satu-
ration region (Vps >Vgs-Vr) of transistor characteristics. Corresponding
mobility is referred to as saturation mobility ps4:. The expression for Ip, in
this region is given by equation 2.15. g4, and V are obtained by plotting
VIp as a function of Vgg. For Vgg > Vo, this plot would become linear
and the slope of the linear part is proportional to p,.: and the x-intercept
gives Vr (Figure 2.17). That is,

_ slope?
Hsat = 1/2C;(W/L) (2.22)
Numerically,
2
dy/Ip/dV,
(dvTp/dVss) (2.23)

Hsat = Ty BC.(W]L)
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Figure 2.17: Dctermination of saturation mobility and threshold voltage from
the saturation region of device operation. (Data: a-ZITO TFT for Vpg = 10 V)

and
Ip

1/2C(W/L) (2.24)

Vr=Ves —

which is valid for Vgg > V7 such that the assumption of saturation region

operation is satisfied.

On-off current ratio

On-off ratio is another important TFT performance parameter. It is the
ratio of the maximum drain current at above threshold region to the drain
current when the device is in off condition (see figure 2.13). For higher res-

olution displays, TFTs are required to have a sufficiently large on current
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to drive imaging pixels and a small off current to minimise power consump-

tion, which consequently requires large on-off current ratio.

Subthreshold slope analysis

Subthreshold conduction is typically characterised by the inverse subthresh-
old slope (S) given by the equation:

_ (dlog(Ip)\
§= (d_Vcs_> (2.25)

S characterises the effectiveness of the gate voltage in reducing the drain
current to zero. A small value of S is desirable since this corresponds to a
very sharp transition from on to off state (Figure 2.18). The large S values
indicates a larger deusity of tail states {D;;) because the S value is related
to Dy by the equation [152]

5 = 23887 (1 + eD“) (2.26)

e C;
where kp is Boltzmann’s constant and C; is the gate insulator capacitance).
In the present work, electrical characterisations of the TFTs were per-
formed using a completely automated Keithley 4200 semiconductor charac-
terisation system. In the case of TFTs fabricated by using shadow masks,

the analysis were performed using two Keithly 236 SMUs which were con-
trolled by LabVIEW program.

2.4 Conclusion

Thin film deposition techniques and thin film characterisation methods that

were used in the present investigation was briefed in this chapter. Working
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Figure 2.18: log(Ip)—Vgs characteristics for subthreshold slope analysis. Device
with fast switching speed shows maximum slope (i.e., minimum S) compared to
device with slow switching speed. Data: a-ZITO TFTs at Vps = 10V
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principle of amorphous thin film transistors and methods of deriving the

various device performance parameters were also discussed.



Chapter 3

Characterisation of Zinc Tin
Oxide Thin Films Prepared
by Pulsed Laser Deposition

This chapter describes the preparation of zinc tin oxide (ZTO) thin films
by pulsed laser deposition (PLD) technique and their optical and electrical

characterisations.

3.1 Introduction

Demands for visibly transparent and electrically conductive materials are
rapidly growing in technological applications in optoelectronic devices like
solar cells, liquid crystal displays, energy efficient windows and ‘invisible
electronic circuits’ etc. A few crystalline materials like tin doped indium
oxide (¥TO), aluminium doped zinc oxide (ZnQ:Al) and antimony doped

tin oxide (Sn02:Sb) in thin film form are presently being used for such

129
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applications. Zinc tin oxide films have the advantages of both ZnO (higher
transparency and more stability in activated hydrogen environments than
ITO and SnO2) and SnO; (high stability in acidic and basic solutions and
in oxidizing environments at higher temperatures) [165-170]. Zinc tin ox-
ide films have been grown by radio frequency and direct current magnetron
sputtering, filtered vacuum arc deposition etc [171-175]. Most of these
works were devoted to understand the optical and electrical properties of
polycrystalline films deposited either by substrate heating or by high tem-

perature post deposition annealing .

Amorphous transparent conductors are tnuch attractive because they
need a low processing temperature and can be grown on plastic substrates
to form high-quality films suitable for practical devices. Since the mobility
of conduction electrons is proportional to the width of the conduction bands
and a narrow band tends to localize carriers, a large overlap between rele-
vant orbitals is required to achieve a large mobility degenerate conduction
in amorphous semiconductors. In addition, the magnitude of the orbital
overlap needs to be insensitive to the structural randomness, which is in-
trinsic to the amorphous state, to reduce the formation of shallow localized
states (often referred to as tail states). Metal oxides composed of heavy
metal cations (HMCs) with an electronic configuration (n — 1)d'%ns® (with
n > 4) satisfy these requirements. A large band gap in oxides is attained
by the low energy of oxygen 2p orbitals, which constitute the valence band
maximum region. The bottom part of the conduction band in these oxides

is primarily composed of ns orbitals of HMCs [59, 60].
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3.2 Experimental conditions

Polycrystalline ceramic targets were prepared from a mixture of ZnO (99.999%
pure) and SnO; (99.999% pure) powders (Zn:Sn = 1:1, 2:1, 4:1 and 8:1).
The mixed powders were initially calcined at 1000°C for 4 hours and then
hydrostatically pressed at a pressure of 1000 Kgcem ™2 to form a pellet of
1 em diameter. The pellets were then sintered at 1450 °C for 6 hours. As
discussed later in this session, the target with composition Zn:Sn = 2:1
formed a single phase compound of Zn2Sn04, and the other composition
target lead to a mixture of ZnO, SnO;, and ZnySnQO4, which were con-
firmed by XRD measurements (Figure 3.2). Thin films were deposited at
RT by PLD from ceramics targets of ZTO with a KrF excimer laser (248
nm wavelength, 10 Hz repetition frequency). Laser ablation was carried
out at a laser energy density of 35 mJem ?pulse~!. Films were deposited
on glass substrates placed at a distance of 30 mm from the target. The de-
positions were carried out for 30 minutes by varying oxygen pressure (Po,)
from 0 to 9 Pa. The resulting film thicknesses varied from 110 - 200 nm.
To study the effects of post-deposition annealing on film properties, some

films were annealed at temperatures up to 800°C in air.

3.3 Chemical composition

Chemical composition of the targets and thin films were determined from
the XRF analysis. Figure 3.1 shows the compositional variation in the
films with Pp, during deposition. It was confirmed that the Zn/Sn ratios
of the sintered targets were the same as those of the corresponding starting

compositions (Inset of figure 3.1}. Film composition shows some variation
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Figure 3.1: Zn/Sn compositional variations with respect to oxygen partial pres-
sure for the PLD films deposited using different targets with the Zn:Sn ratios of
1:1 and 2:1. Inset shows the Zn/Sn composition in the sintcred target.

with Pp,, but is more or less the same as that of the PLD target, indicating
that the PLD process can reproduce the chemical composition of the target

in the films if an appropriate deposition condition is chosen.

3.4 Structural characterisation

Zn0-Sn0; systems are reported to have two phases: Zn,Sn0O4 and ZnSnOj3
[176]. The ZnSn04 has a spinal type structure and has high thermal stabil-
ity. The ZnSnOj exists in a stable crystalline form at temperatures < 600
°C and shows an ilmenite like structure. XRD patterns of the sintered tar-

gets are shown in figure 3.2. The target with composition Zn:Sn = 2:1 forms
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Figure 3.2: XRD pattern of PLD targets with the Zn:Sn ratios of 1:1 and 2:1.
The Zn:Sn = 2:1 target forms a single phase compound of Zn,Sn0Oy. In the lower
figure, » denotes Zn,SnO4 and + denotes SnOs.

a single phase compound of Zn2SnQy, and the other composition lead to a
mixture of ZnQ, SnOgq, and ZnySnO4. It has been reported that crystalline
ZnSnQ3 cannot be prepared under calcination temperature > 700 °C [177].
The only stable phases at high temperature (> 1000 °C) in the ZnO-SnQq
system are ZnaSnQy, Zn0O and SnO2 [176]. As the Zn content in the target
is increased, the ZnO phase in the target becomes more and more promi-
nent as observed from the increased intensity of diffraction peaks from ZnO
planes. For films, glancing angle XRD analysis were performed at an inci-
dent angle of 0.5°. As evident from the GXRD pattern of films, all films
were amorphous irrespective of the variations in oxygen partial pressure

(Figure 3.3). Figure 3.4 show GXRD patterns of the films deposited using
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Figure 3.3: GXRD pattern of ZTO thin films prepared from targets with Zn:Sn
ratios of 1:1 and 2:1 at different oxygen partial pressures.
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Figure 3.4: GXRD patterns of the films deposited using targets having Zn:Sn
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Figure 3.5: GXRD patterns of the films deposited from targets having Zn:Sn
compositions 1:1 and 2:1 after anncaling at 800 °C.

PLD targets with the Zn:Sn ratios of 1:1 and 2:1 as a function of post an-
nealing temperature. It shows that the deposited films are amorphous, but
450 °C annealing crystallizes the films partially to give crystalline phases
of the simple oxides, ZnO and SnQO,. The halos around 28 = 33° indicate
that some or large portion of the amorphous phases still remain. This result
should be compared with the results on films grown by sputtering in refer-
ences [110] and [173], in which the former reported no crystailization up to
600 °C while the latter reported the crystallization temperature as ~600
°C. The low crystallisation temperature in the present PLD grown films
would be attributed to the different growth kinetics of the films between

PLD and sputtering, where in general, deposition precursors have larger ki-
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netic energies for PLD owing to the excitation by high energy laser pulses
and few collisions of the deposition precursors with gaseous molecules due
to a lower Pp, deposition condition. That is, it is speculated that higher
energy precursors in PLD deposition form a more relaxed amorphous struc-
ture that is more easily crystallized. Further higher temperature annealing
at 600 - 800 C (Figure 3.5) eliminates the remaining amorphous phases,
producing a new crystalline phase ZnSnQOj3 as a consequence of solid state
reactions between the ZnO and SnO; phases segregated at 450 - 600 °C
and the remained amorphous ZTO film {176, 178].

Figure 3.6 shows the AFM images and root-mean-squares (rms) surface
roughness of the as-deposited films as a function of the chemical compo-
sition and Pp,. It shows that the surface roughness depends on both the
chemical composition and Pp, and ranges up to 11 nm. The films with
the Zn:Sn composition 1:1 have larger roughness compared to the 2:1 com-
position films, and its roughness decreases with the increase of Pp,. The
films deposited from the Zn:Sn = 2:1 target have atomically flat surfaces
with surface roughness less than 0.3 nm at low Pp, < 2Pa. For TFT
applications, an applied gate bias modulates the conductance of the semi-
conductor layer and form an accumulated channel of carriers in a narrow
region confined at the semiconductor-insulator interface. Hence the surface
flatness of an active layer is an important parameter because carrier trans-
port in TFT channels is significantly affected by the carrier scattering due
to roughness at the channel - gate insulator interface [179]. Smoother the
interface, better will be the mobility of the carriers in the channel.

Figure 3.7 shows the AFM images of the film deposited from Zn:Sn
= 2:1 target at an oxygen partial pressure of 0.5 Pa as a function of an-

nealing temperature. The roughness of the film increases as the films are
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Figure 3.6: AFM images of ZTO films prepared from target composition (a)
Zn:Sn=1:1 and (b) Zn:Sn=2:1. Both films are deposited at room temperature
at an oxygen pressure of 0.5 Pa.(c) Dependence of surface roughness on oxygen
partial pressure for the films deposited from targets having Zn:Sn compositions
1:1 and 2:1.
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Figure 3.7: AFM images of ZTO films deposited from Zn:Sn = 2:1 target at an
oxygen partial pressure of 0.5 Pa and then annealed at different temperatures.
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annealed at higher temperatures. As the films are annealed at higher tem-
peratures, it crystallizes into different phases (refer figure 3.4). The higher
film surface roughness at higher annealing temperatures is due to the facet
formation. The smoother surfaces of amorphous films change to granular

rough structures on annealing.

3.5 Optical properties

Figure 3.8 shows transmittance and reflectance spectra of the ZTO films
deposited at a Pp, of 0.5 Pa. It shows that the ZTO films have average
transmittances > 85% in the visible region and significant difference is not
observed for the films having different chemical compositions.

The optical data in figure 3.8 were used in the Tauc plot to obtain
the bandgap value [Figures 3.9(a,b)], which derived E, values 2.37 - 2.86
eV varying with Pp, as summarised in figure 3.9(c) {Method of bandgap
evaluation is given in section 2.2.5). There was some uncertainty in the
estimation of E; at low Fp, due to the presence of subgap states. The value
of E4 is insensitive to Pg, at Pp, > 2Pa. It should be noticed that the
fundamental band gap is an intrinsic property of a material: however, the
exceptionally small values are obtained for films grown at low Pp,, because
strong subgap absorption bands appear beneath the fundamental bandgap
and superimpose with the fundamental band absorption as observed in
figure 3.10. These results should also be compared with previously reported
results. As summarized in introduction of reference [110] and reported in
reference [173], the Tauc gaps of ZTO films are 3.35 - 3.89 eV. But those

films were crystallized, and therefore they should not be compared with the
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Figure 3.8: Optical transmission and reflection spectra of the ZTO films prcpared
at Pp, = 0.5 Pa from targets having Zn:Sn compositions 1:1 and 2:1. The films
are highly transparent across the visible region.

present data for amorphous ZTO. It indicates that the fundamental optical
gaps of ZTO films are reduced to 2.8 - 2.86 eV on amorphization.

Figures in 3.10 are log{a) — hv plots that show subgap absorption more
clearly. It is observed that the as-deposited films Pp, < 2 Pa have ab-
sorption larger by many orders of magnitude just below the fundamental
bandgap (~ 2.8 V') compared to films deposited at Pp, > 2 Pa |Figures
3.10(a,b)]. This is the reason for the exceptionally small apparent E, val-
ues obtained for amorphous ZTO films. At higher Pp,, even though some
subgap absorptions remain, they are more distinguishable from the funda-
mental band absorptions and give larger Tauc gaps > 2.8 eV. It is also

found that thermal annealing at 150 °C reduces the strong subgap absorp-
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Figure 3.9: (a) Tauc plots for the films prepared from the Zn:Sn=1:1 targct at
different Po,. (b) Tauc plots for the films prepared from the Zn:Sn=2:1 target
at different Pp,. (c) Dependence of Tauc gap of the a-ZTO films on Pp, during
the growth. Inset shows the effect of anncaling in air on Tauc gap of the films
prepared at Po, = 0.5 Po.
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tions observed in the films deposited at low Pp, [Figure 3.10(c)], and 300
°C annealing increases the Tauc gaps to > 2.8 eV as shown in the inset to
figure 3.9c. The large increase in the subgap absorption for the 600 °C an-
nealed films would be attributed to a strong reduction condition prevailing

at high temperatures leading to high oxygen deficiency.

3.6 Electrical properties

Electrical properties of the as-deposited a-ZTO films are summarized in
figures 3.11-3.13. Previous works on a disordered crystalline oxide semi-
conductor {180} and amorphous oxide semiconductors [126, 179, 181] indi-
cate that carrier concentration should exceed a threshold value to obtain a
large mobility needed for semiconductor devices with active layers having
structural randomness. Similar to them, Hall mobilities comparable to or
greater than 10 cm?2/V s were obtained in the a-ZTO films when the carrier
concentrations exceeded 10! c¢m™3 for the Zn:Sn = 2:1 films and 10'®
cm™ for the Zn:Sn = 1:1 films.

Figure 3.12 shows the controllability of the carrier concentration for as-
deposited ZTO films. Carrier concentration can be controlled from 102 to
10! em =3 by varying Pp, from 0 to 5 Pa. The large carrier concentrations
and mobilities are obtained for the films grown at Pp, in the range of 2
- 7 Pa. The decrease of carrier concentration at higher Pp, is due to the
suppression of the oxygen vacancies that may contribute to the formation
of donor states. However, the low carrier concentrations at low Pp, are
not common in PLD deposited transparent conducting oxides. It could be

explained for the ZTO films by the large subgap states below 3 €V observed
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Figure 3.11: Relationship between Hall mobility and carrier concentration in
a-ZTO as-deposited films using targets with Zn:Sn ratio 1:1 and 2:1.

in figure 3.10. These subgap states act as electron traps which limit num-
ber of electrons available to the conduction band. Effects of post thermal
annealing on the electrical properties of the films prepared at 0.5 Pa are
shown in figure 3.13. Figure 3.10(c) has shown that the post thermal an-
nealing decreases the total subgap states. Up to the annealing temperature
of 450 °C, there is a reduction of total subgap states which enhances the
carrier concentration and hence the mobility. In the case of the 600 °C
annealed films, it again produces a large number of subgap states although
the films become polycrystalline as observed in the GXRD (Figure 3.4).
This high subgap absorption at high annealing temperature suggests some
reducing effect on the film properties. It suggests that the contribution of

reducing atmosphere at the high temperature increases defects (e.g. oxy-
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Figure 3.12: Depcndence of carrier transport properties of ZTO films on oxygen
partial pressure for the as-deposited films.

gen deficiencies) and localized states, which increases the film resistivity.
This leads to a reduction in carrier concentration and hence the mobility

(subsequently a higher resistivity) in the case of films annealed at 600 °C.

3.7 Conclusion

The structural, electrical and optical properties of amorphous zinc tin oxide
films deposited by pulsed laser deposition were investigated for two Zn/Sn
compositions as a function of oxygen partial pressure (Pp,) and annealing
temperature. The effects of post deposition annealing on the optical and

electrical properties of ZTO filins were also examined. It was found that
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optical absorption spectra showed strong subgap absorptions for the films
deposited at Pp, < 2 Pa. Tauc gaps of the ZTO films were increased
to 2.85 el on deposition at high FPp, or post thermal annealing, which
resulted from the reduction of the subgap states. The carrier concentration
- Py, relations showed broad peaks, which is explained by the existence
of the electron traps in the subgap states for the films grown at low Pp,
and by the reduction of the oxygen vacancies on deposition of films at high
Pp,. The high electron concentration films were shown large Hall mobilities

greater than 10 cm?/Vs.



Chapter 4

Characterisation of Zinc Tin
Oxide Thin Films Prepared
by Co-sputtering

4.1 Introduction

This chapter describes the preparation of amorphous zinc tin oxide thin
films by co-sputtering technique and their optical and electrical character-

isations.

4.2 Experimental setup

The zinc tin oxide (ZTO) thin films were deposited via a DC-RF co-
sputtering technique. High purity ZnO (99.99%, Alfa Aesar) powder was
used as the DC target and SnO; (99.99%, Alfa Aesar) powder as RF target

in a sputter up configuration (schematically shown in figure 4.1). Powders

149
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Figure 4.1: Schematic diagram of co-sputtering technique employed for the
present study.

were taken in copper plates and fixed to magnetron guns. Both targets
were kept in a plane.

Initially the deposition chamber was evacuated to a base pressure of
5 x10™% Pa using an oil diffusion pump and rotary pump. Working gas
(argon) was then admitted to the chamber through a mass flow controller
and the working pressure was maintained at 1 Pa by throttling the bafHle
valve. A circular substrate holder was attached to the shaft of a stepper
motor and the substrates were rotated at a speed of 50 rotations per minute
(rpm) at 4 cm distance above the targets. Deposition was carried out for
10 minutes at a DC current of 200 mA (600 V) and 10 W RF power. The
experiment was repeated in similar experimental conditions by varying only
the RF power up to 100 W.
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Figure 4.2: Dcposition rate of ZTQ thin films versus RF power to SnO2 target.

4.3 Deposition rate

Figure 4.2 shows the deposition rate of co-sputtered ZTO thin films with

respect to the variations in RF power applied to SnO; target. Film thick-

ness was measured using a stylus profiler (Dektak 6M). The sputtering rate

of SnO, target increases on increasing the RF power. As mentioned above,

sputtering rate from ZnO target was maintained constant throughout this

set of experiment. Hence the overall deposition rate of the compound film

was increased linearly with RF power.
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Figure 4.3: Compositional variation of co-sputtered ZTO thin films versus RF
power to SnOs target.

4.4 Chemical composition

Chemical composition of the films was examined by XRF analysis. For the
films grown up to 40 W RF power to SnO3 target, the tin content in the
film was not detectable from the XRF signal. Above that, the tin content
in the film slightly increased with the increase of RF power. Hence the

[Zn]/[Sn] atomic ratio in the film decreases with the increase in RF power

(Figure 4.3).



Structural characterisation 153

16000 |- N
g 6w
14000 |- o)
— 5
,2 12000 |
5
. 10000 |
Ke]
[
8 o0 -
> -
= < —_
N 6000 8 haot — S —_~ =
c 3 2 = 3 g
© = Q = z = &
-~ 4000 | o N ~ O
£ c J 2 % % c
0 - 1 '
ot L 1 1 1 1

-
o
N
)
w
Qo
H
=
(%]
S
@
-]
~
=]

29 (Degree)

Figure 4.4: GXRD pattern of the film deposited at 6 W RF power supplied to
SnO; target.

4.5 Structural characterisation

Structural characterisation of the films was carried out by GXRD analy-
sis (RIGAKU RINT-2000 with Cu Ko radiation) at the incident angle of
0.5¢. The films deposited were polycrystalline when low RF powers (up to
40 W) was used for SnO; sputtering. Peaks were identified as the diffrac-
tion patterns from different planes of ZnO ( Figure 4.4). ZnO generally
shows an orientated growth preferred along [002] plane. However, here in
co-sputtering, the growth is not along any preferred direction. In this poly-
crystalline films, the tin content was very small and was not detectable
from the XRF analysis and there was no diffraction peaks characteristics of

SnQ; . Hence tin may have a prominent role in obstructing the ZnO growth
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Figure 4.5: GXRD patterns of the co-sputtered ZTO films deposited at differ-
ent RF powers keeping the DC power constant at 120 W. Films show only the
diffraction peaks of ZnO at large RF powers.

along any preferred direction. This is further supported by the observation
that with the increase of sputtering power to the SnOy target, the com-
pound film becomes less crystalline and finally complete amorphous films
were obtained for RF power above 30 W (Figure 4.5). Films deposited at
RF powers greater than 30 W has shown only some halos around 26 = 33°
which indicated the absence of long range ordering in the co-sputtered ZTO
films.

Roughness of the films were estimated from the AFM images. Figure
4.7 shows the variation of rms roughness of the co-sputtered films. The
films which were polycrystalline have a more rough surface compared to

the amorphous films. Smoothest film was observed for film grown at 60 W
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Figure 4.6: AFM images of co-sputtered ZTO films (a) polycrystalline film grown
at RF power 6 W and (b) amorphous film grown at RF power 60 W. DC power
fixed at 120 W.

o
\

14+

12

rms roughness (nm)

-] » - L] L]
L

1 1 e L L

) 20 M ) 80 100
RF power (W)

Figure 4.7: Variation of rms roughness of the co-sputtered ZTO films with respect
to RF powers.
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RF power and then it showed slight increase in roughness with the increase
of RF power. With the increase of sputtering power, ejected species may
land on the substrate with higher and higher kinetic energy which may
eventually cause the surface to become more and more rough eventhough

the tilms are amorphous in nature.

4.6 Optical properties

Figure 4.8 shows optical transmission and reflection spectra of ZTO thin
films recorded using a UV-Vis-NIR spectrophotometer. The ZTO films
have an average transmission (after correcting for reflection loss) > 90%
across the visible spectrum. An abrupt decrease in transmission at lower
wavelength is due to fundamental band to band absorption.

The absorption coefficient and bandgap of the films were calculated as
mentioned in section 2.2.5. For polycrystalline films {up to 30 W), the
bandgap was calculated from the plot of (ahv)? versus hv (Figure 4.9).
These films were clearly shown a strong absorption band around 4 eV
and a sub band around 3.3 eV. In case of amorphous films, the bandgap
(i.e., Tauc gap) was estimated from (ahv)®? versus hv plots (refer section
2.2.5). Those films were shown absorption from a single band around 3.3
eV. Figure 4.11 shows the bandgap variations with respect to the change
in RF power. Effect of sub band is not observable in amorphous films. This
becomes more clear in figure 4.10 which is a log{a) — hv plot. As seen from
the figure, the effect of sub band decreases with the increase of RF power.

Figure 4.11 shows the variation in bandgap with respect to the applied
RF power to SnO; target. In case of polycrystalline films, the main absorp-

tion band shifts to higher energy and the sub band shifts to lower energy
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Figure 4.8: Optical transmission and reflection spectra of co-sputtered ZTO thin
filins.

side with the increase in power to SnO; target.

A direct bandgap of 4.1-4.2 €V for SnO; thin films, 3.2 eV for ZnO thin
films [182], and 3.6 eV for zinc tin oxide thin films has been reported. This
suggests that, in the present case, there exists both SnO2 and ZnO phases
in the ZTO films eventhough GXRD data did not show any indication of
the SnO; phase. Sn may be acting as a catalyst to amorphosize the films
and hence with the increase of sputtering power to SnOz target, ZTO films
become amorphous. Hence amorphous co-sputtered films show a single

Tauc gap value around 3.3 eV.
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Figure 4.9: Bandgap estimation for polycrystalline films. The encircled portion
is shown in the insct,

4.7 Electrical properties

From the Hall effect measurement, the type of carriers in co-sputtered ZTO
thin films were identified as electrons. Eventhough the carrier density of
the polycrystalline films were about three orders greater than that of the
amorphous films, the mobility of the former was found lower than the lat-
ter (Figure 4.12). In polycrystalline films, the mobility is influenced by
the carrier scattering at grain boundaries. Grain boundaries constitute
the interface between two single-crystal grains of different crystallographic
orientation. The normal atomic bonding in grains terminates at the grain

boundary where more loosely bound atoms prevail. Like atoms on surfaces,
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Figure 4.10: Log(o) — hv plot for ZTO films.

they are more energetic than those within the grain interior. This causes
the grain boundary to be a heterogeneous region where various atomic re-
actions and processes favored. In addition, electronic transport is impeded
through increased scattering at grain boundaries, which also serve as charge
recombination centers in semiconductors. Amorphous films, being devoid
of such scattering centres, have relatively higher mobility value compared
to polycrystalline films. The carrier density do not show large variations
with the increase of tin content in the amorphous ZTOQ films, whereas the
mobility decreases steadily. Conductivity of the films decreased as film
changed from polycrystalline to amorphous phase. In amorphous films, the
conductivity was found to increase with the increase of tin content in the
film (Figure 4.13).
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Figure 4.11: Tauc gap variation of co-sputtered ZTO films as a function of
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4.8 Conclusion

ZTO thin films were prepared by the simultaneous sputtering of ZnO and
SnO», powder targets via a DC-RF combination. Chemical composition of
the films were shown systematic variation with proper control of sputtering
power to the targets. Eventhough the optical properties were not much af-
fected by the compositional changes,the structural and electrical properties
were affected. The films were polycrystalline for low RF sputtering pow-
ers to SnO, target and became amorphous at high RF powers. All films
were highly transparent in visible region. Amorphous films were shown
better mobility compared to polycrystalline films which were explained as

a consequence of grain boundaries.
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Figure 4.12: Variations in carrier concentration and Hall mobility of ZTO films

with respect to RF power to SnO; target.
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Figure 4.13: Variation of conductivity of ZTO films with RF power.



162 Characterisation of ZT'O Thin Films Prepared by Co-sputtering

4.9 Comparison of ZTO films prepared by PLD

and co-sputtering

In PLD, the films were deposited from targets having Zn/Sn compositions
1:1 and 2:1; whereas in co-sputtering, the films were prepared from separate
ZnO and SnQ; targets and film Zn/Sn composition varied approximately
from 1:1 {corresponding to 100 W RF power) to 2:1 (corresponding to
40 W RF power). Films prepared at RF powers less than 40 W were
polycrystalline and had shown only ZnO phases. Hence those films are
not considered for the comparison here. Profound difference is observed
in the case of bandgap values. The PLD a-ZTO films show an optical
Tauc gap around 2.8 eV, while the same is around 3.3 eV for the co-
sputtered films. The effect of subgap states, just below the fundamental
band, are more prominent in the case of PLD films. In co-sputtered films,
the carrier concentration increased from 2.2x10'6 to 2.2x10!7 em™3 and the
mobility decreased from 5.4 to 1.3 cm?/V s as the Zn/Sn composition varied
from 2:1 to 1:1. In case of PLD filins deposited at zero oxygen pressure,
these variations were 104 — 1012 e ™3 and 0.45 - 0.9 em?/V s respectively.
At very low oxygen pressure, the PLD films are expected to show a high
carrier concentration because of the increased oxygen deficiencies. However,
because of the profound effects of carrier trapping subgap states, the density
was at least two orders less compared to co-sputtered films. Above 2 Pa,
the effect of subgap states was not very serious, and films show almost
comparable carrier density and mobility with co-sputtered films.

Another noticeable effect between the films are in the roughness. The
sputtered films show higher roughness, while possibility of higher working

pressure ensures smoother films in PLD. In sputtering, it is common that
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the O~ anions produced near the target surface are accelerated by the
electric field in the cathode dark space region and adversely affect the film
surface by colliding the substrate during film growth.



Chapter 5

Characterisation of

Amorphous Zinc Indium Tin
Oxide Thin Films Prepared
by Co-sputtering

This chapter gives the details of preparation of zinc indium tin oxide (ZITO)
thin films by co-sputtering technique. Films were then analysed by GXRD,
XRF, UV-Vis-NIR spectrophotometer and Hall effect measurements. All
films grown at room temperature (RT) were amorphous and had shown
sufficient conductivity and mobility. The effect of oxygen partial pressure
during deposition on the optical and electrical properties of co-sputtered

ZITO films are also discussed.
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5.1 Introduction

Several crystalline transparent semiconducting oxides (TSOs), like InpO3:Sn,
ZnO:Al {170}, MgInyO4 [183], ZnGagOy4 [184], Cdi—z Y ShaO6 [185], AgSbO,
[186], and InGaZnOy4 [187], in thin film form have widely been used in tech-
nical applications such as transparent electrode materials for liquid crystal
displays, solar cells, smart windows etc. Amorphous TSOs have recently
been got much attention owing to its capability for use in applications like
large area flexible displays, invisible electronic circuits and amorphous so-
lar cells etc. Electrically conducting and visibly transparent amorphous
thin film materials have unique advantage of low temperature processing
over crystalline materials. This enables the deposition of thin films of these
amorphous materials on plastic substrates. Several amorphous TSOs such
as indium oxide [188, 189}, indium gallium zinc oxide [190], cadmium ger-
minate [191, 192}, zinc tin oxide and zinc indium oxide and their use in
electronic circuits have been reported (110, 118, 126, 193, 194]. These
materials exhibit excellent optical transmission, high electrical conductiv-
ity and high chemical stability [195-198]. Detailed description of working

hypothesis of amorphous TSOs were given in section 1.8.

This chapter is divided into two parts. First part gives the deposition
and analysis of a-ZITO thin films as a function of chemical composition.
Second part gives the effect of oxygen partial pressure on the deposited

films.
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5.2 Effect of zinc content on the optical and

electrical properties of ZITO thin films

5.2.1 Experimental details

ZITO thin films were prepared by co-sputtering method using powders of
ZnO (99.99% pure, Alfa Aeser) and pre-sintered IngSnaO7 (ITO) (99.99%
pure) targets. Powders were taken in Cu plates having two inch diameter.
Schematic diagram of the deposition configuration has been shown in figure
4.1. ZnO target was powered by a radio frequency (RF) power supply
and ITO target by a direct current (DC) power supply. DC target (ITO)
current was fixed at 200 mA (600 V) and films were grown at varions
powers to RF target (ZnO) which varied from 25 to 200 W in steps of 25
W. Sputtering was carried out for 10 minutes in pure argon atmosphere.
Glass substrates were placed parallel to the targets at a distance of 4 em
from its surface and were not intentionally heated during the deposition.
Substrates were rotated over the targets at a speed of 50 rpm using a
stepper motor assembly. Composition of deposited films were controlled by

adjusting the power to the sputtering targets.

5.2.2 Deposition rate

Thicknesses of the films were measured by Veeco Dektak 6M stylus profiler.
Thickness of the films varied from 295 nm to 430 nm on increasing the RF
power from 25 W to 200 W for the fixed sputtering duration of ten minutes.
Fligure 5.1 shows the deposition rate estimated from the measured thickness
with respect to the variations in R¥ power. Deposition rate increases almost

linearly with the increase in RF power.
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Figure 5.1: The deposition rate of ZITO films for various RF powers to the ZnO
target keeping the ITO target at a constant DC current of 200 mA.

5.2.3 Compositional analysis

Chemical composition of the films were analysed by XRF (Rigaku ZSX100E)
measurements. With the increase of RF power, the zinc content in the film
increased linearly while the tin and indium content remained almost con-
stant (Figure 5.2). The Zn:In:Sn atomic ratios varied from 0.05:0.56:0.39
to 0.5:0.27:0.23 in the co-sputtered films on varying the RF power. Since
the films have shown gradual variation in chemical composition, the var-
ious properties of the films are discussed in terms of the zinc content

[Zn/{Zn+In+8n)] in the film.
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Figure 5.2: Variations in chemical composition of the cosputtered ZITO thin
films with respect to the RF power variation at the ZnO target for a constant DC
current of 200 mA for ITO target.

5.2.4 Structural characterisation

The film structures were characterised by GXRD at an incident angle of
0.5° using Rigaku RINT-2000 with Cu K, radiation. GXRD profiles of as
deposited films shown in figure 5.3 have only a halo peak around 34°. The
absence of sharp peaks indicate that all films are amorphous irrespective
of variations in RF power and composition. Film roughness was estimated
using AFM (SPI - 3800N, S.II). Except for the film with very low Zn
content, all films were found to have an rms roughness of approximately 3

nm (Figure 5.4).
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Figure 5.3: Glancing angle x-ray diffraction pattern of ZITO films for various
Zn content showing the amorphous nature of the deposited films.

5.2.5 Optical characterisation

Optical transmittance and reflectance spectra were recorded using a UV-
Vis-NIR spectrophotometer (Hitachi U-4000). Optical transmission spectra
showed an average transmission greater than 90% for all films in the vis-
ible region of electromagnetic spectrum (Figure 5.5). An abrupt decrease
in transmission at lower wavelength is due to fundamental band to band
absorption and loss of transmission at higher wavelength is attributed to

the absorption by free carrier electrons.
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Figure 5.4: AFM images of co-sputtered amorphous ZITO films (a)
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Figure 5.7: (a) Plot of absorption coecfficient (a) Vs photon energy (hv) for
different zinc concentrations. The downward arrow indicates the variation of zinc
content from Zn/(Zn+In+Sn) = 0.5 to Zn/(Zn+In+Sn) = 0.05). (b) Band gap
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Figure 5.8: Dependence of band gap on carrier concentration of the film.

enhanced by the increase of zinc content. This causes the band gap to
decrease with the increase of carrier density in the film (Figure 5.8).
Effective mass and momentum relaxation time (7) of free electrons were
analysed from free carrier absorption spectra observed in highly conductive
as-deposited film by fitting an optical model to the observed R and T spec-
tra. This optical model includes a film/glass substrate structure and a
Caucy type dispersion with a Drude-type free carrier absorption (details
were reported in reference [203]). Large optical absorptions observed in
the near infrared (IR) region (1500 - 2500 nm) comes from reflection and
absorption due to the free electrons (free carrier absorption: FCA) and
consistent with the high electron concentrations obtained by the Hall effect
measurements (discussed later). Optical analysis were performed for these

data on the as-deposited films to extract an effective mass and a momen-
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tum relaxation time from FCA, but a reasonable fitting agreement to both
the T and R spectra was obtained only for the Zn:In:Sn = 0.35:0.35:0.3
film. Figure 5.9 shows that the simulated T and R spectra agree well with
the observed spectra, giving the plasma frequency of 0.51 eV and 7 of 3.9
fs. Using the electron density obtained by the Hall measurement (1x10%®
em™3), an effective mass of 0.53 m, (m, is the rest mass of electron) was ob-
tained for the conduction electrons. It would be of interest to compare these
results with another amorphous oxide semiconductor (AOS), a-InGaZnOy.
An effective mass of 0.34 m, and 7 of 3.4 fs has been reported for an as-
depoted a-InGaZnQy film by simply fitting to only an optical absorption
spectrum [181]. In this study, the measurement was repeated by employing
a more reliable approach to use both the T' and R spectra for the fitting
procedures, and obtained the effective mass of 0.36 m. and 7 of 4.4 fs for
the as deposited InGaZnO4. Comparing these results indicates that the
smaller mobility of the Zn:In:Sn = 0.35:0.35:0.3 film (9.1 em?/V's) than
that of the a-InGaZnQ4 film (17 cm?/V's) is primarily attributed to the
heavier effective mass because the difference in relaxation time is smaller

than the difference in the effective masses.

5.2.6 Electrical characterisation

Electrical resistivity and Hall coefficient were measured by four probe van
der Pauw configuration with AC modulation of magnetic field at rcom tem-
perature (RESITEST 8300, Toyo Cor.). To ensure the low resistive ohmic
contacts, sputtered Au electrodes were used for the electrical measurements.
Conductivity, carrier concentration and hall mobility of the co-sputtered
ZITO films are shown in figures 5.10 and 5.11. Mobility and carrier con-

centration increased with Zn content in the film. Hence conductivity shows
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Figure 5.11: Dependence of Hall mobility on carrier concentrations.

an increasing behaviour with the increase of Zn content. Maximum conduc-
tivity of 6 x 10% Sem ™! was obtained for Zn:In:Sn atomic ratio 0.4:0.4:0.2
in the film. Hall mobility strongly depends on carrier concentration and
steeply increases from ~ 2 to 12.5e¢m?/Vs as the carrier concentration
slightly increases from 4 x 10!° to 1.2 x 10%cm 3. Maximum mobility ob-
tained was 18 cm?/V s at a carrier concentration of 2.1 x 102 em =3 (Figure
5.11). The mean free path length I is calculated using the equation [190],
[ (372)V/3hn} /3y (5.1)
2re
where h,n, e and g denote the Planck constant, carrier density, elementary
electric charge and mobility respectively. Estimated mean free path length
varies from 1.4 A to 2 nm as the carrier concentration varied from 5 x 10'¢

to 2.1 x 10?° e¢m~3. Variation of Hall mobility with respect to the increase



180 Amorphous ZITO Thin Films by Co-sputtering

[
o

-
L
T

/

R
r_
r-

0.20 0.25 0.30 0.35 0.40
Sn/(Zn+In+Sn) ratio

20
(b) .\
15
/\
l\\\.\.
5 k \\
oL 1 1 1 1 1 "

0.25 0.30 0.35 0.40 0.45 0.50 0.55

In/(Zn+In+Sn) ratio

Mobility (cm2 vig?) —

20

(c) N
15 / \./.
10

'\_
\

0.0 0.1 0.2 0.3 0.4 0.5
Zn/(Zn+In+Sn) ratio

Figure 5.12: Hall mobility variation with (a) tin (b) indium and (c) zinc cationic
contents in amorphous ZITO films.
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of different cationic content in the film is shown in figure 5.12. As tin and
indium content increases, the mobility shows a gradual decrease, while it

increases with the increase of zinc content.

5.2.7 Discussion

Observed characteristics of amorphous ZITO films can be explained on the
basis of working hypothesis of wide band gap electrically conducting amor-
phous oxides (refer section 1.8). Inverse photoelectron spectroscopic and
molecular orbital studies carried out on similar amorphous TSOs had shown
the similarity in density"bf states of conduction band bottom between the
amorphous material and the crystalline material {72, 190]. Eventhough the
topological sequence of the ion arrangement in heavy metal-oxide systems
is metal-oxygen-metal, the conduction band bottom is primarily composed
of vacant s orbitals of the heavy metal cations and the contribution of the
intervening oxygen is rather small.

For complex amorphous systems containing several metal ions, the per-
colation theory should be taken into consideration [72]. The site percolation
threshold decreases as the site density increases, and reaches the value of
0.20 for close packed fcc systems {204]. Hence the metal ions that play
the dominant role in providing conductivity should occupy more than 20%
of all ion sites in an amorphous phase. In our case the Zn (which forms
conduction band bottom) content varies from 5% to 50% of total cation
content. The carrier transport in a-ZITO may be governed by percolation
conduction over the distribution of potential barriers around the conduction
band edge. Non-localized tail states may form in the vicinity of conduction
band bottom with potential barriers due to the random distribution of Zn,

In and Sn ions in amorphous structures. As carrier concentration increases
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Figure 5.13: (a) The schematic diagram of carrier conduction around conduc-
tion band edge. Arrows show electronic conduction path. (b) Schematic cnergy
diagram around conduction band edge. The position of the Fermi energy (Er) de-
termines the carrier transport through such a system. For low density of carriers,
conduction takes place by percolation through available paths. When there are
sufficient number of elcctrons in the conduction band, to overcome the threshold
encrgy (Eun), the conduction mechanism changes to degenerate conduction.

the potential barriers are overcome, and therefore the Hall mobility in-
creases with the increase of carrier concentration, and large Hall mobilities
(> 15 cm?/V s) are obtained at carrier concentrations ~ 1020 em~3 (Figure
5.13).

Eventhough the long range order is lost in present amorphous films,
the Sn 5s, In 5s and/or Zn 4s orbitals can form conduction path, since the
content of these ions are greater than the percolation threshold of 20%.
The condition for the formation of conduction path in amorphous oxides

has been explained by Orita et al. [190] by the evaluation of an overlap
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integral S, between ns orbital functions of various metal ions. This overlap
integral strongly depends on the principal quantum number 7 and the core
charge Z. They suggested a threshold value of 0.4 for overlap integral as a
criterion for the formation of extended wave functions which are responsible
for good conductivity. The overlap integrals between ns wave functions for
Zn 4s, In 5s and Sn 5s orbitals are 0.6045, 0.5613, and 0.4523 respectively
[190]. These values, originally derived for crystalline metal oxides, are also
applicable to the amorphous phase since the overlap integrals of s orbitals

simply depends on the metal-metal distance for a fixed metal ion.

In amorphous semiconductors, the valence and conduction bands have
tails of localized states, and the energy that separates the localized states
from the delocalized state is called the mobility edge. A sharp drop in
the mobility by a factor of about 10? has been generally observed at the
mobility edge in amorphous materials [205]. High carrier densities and mo-
bilities in co-sputtered ZITO films indicate that the Fermi level in these
amorphous films exceeds the mobility edge of the conduction band. In the
present study, the Hall mobility was found to increase with the increase of
Zn content in the film. As the zinc content increases, the Zn-Zn average
distance becomes shorter, and direct overlap between 4s orbitals of neigh-
boring zinc cations is possible in the films. On the other hand, the Hall
mobility decreases with the increase of In and Sn content. This observation,
along with the fact that In 5s and Sn 5s orbitals have a low overlap inte-
gral value compared to Zn 4s orbitals, suggests that the conduction path

in amorphous ZITO films are primarily formed by 4s orbital of Zn ions.
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5.2.8 Effect of thermal annealing

The optical and electrical analysis of a-ZITQ films suggest that the a-ZITQ
films have large mobilities (~10 ¢m?2/V's) and may produce high mobility
TFTs, but their carrier concentrations would be too high to effectively
modulate the channel conductance by a gate bias voltage. Therefore we
examined the effects of post thermal annealing at 300 °C in air. Figures
5.14 a and b compares the optical transmittance (after reflection correction)
before and after annealing. It is clear that, eventhough the transmittance
has not changed in the visible region by thermal annealing, the large IR
absorption by free carriers observed in as-prepared films are very small in
annealed films. Figure 5.15 compares the optical absorption spectra before
and after the thermal annealing plotted in terms of the Tauc’ plot. It
shows that the Tauc gaps of the as-prepared films decreases from 3.3 to
3.0 eV with increasing the Zn content from 0.35 to 0.50. The thermal
annealing changed the Tauc gap from 3.30 to 3.20 eV for the Zn content
of 0.35, for example. It should be noted that the slopes of the Tauc’ plots
become sharper and the subgap absorptions beneath the Tauc’ gaps become
smaller after the thermal annealing. It is more clear in the logarithmic plot
(Figures 5.15¢ and d). Thermal annealing caused the reduction of the extra
absorptions in the vicinity of Tauc’ gap.

In the energy range £ < E,, the optical absorption coefficient shows a
tail (Urbach tail) of the form a(hr) x el ~Ee)/Eu where Ey is the Urbach
energy. The Urbach energies were estimated as 0.20, 0.19 and 0.17 eV for
the annealed films with Zn contents 0.35, 0.48 and 0.5 respectively. The

total area of subgap absorption decreased by thermal annealing.
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Figure 5.14: Optical transmission spectra of a-ZITO thin films (a) as-deposited
and (b) annealed at 300 °C having different Zn:In:Sn atomic ratios. The com-
positions Zn:In:Sn are: (Solid lines) 0.50:0.27:0.23, (dashed lines) 0.48:0.30:0.22,
and (dotted lines) 0.35:0.35:0.30. Spectra are corrected for reflection. As-prepared
films show large optical absorption in the IR region.
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Table 5.1: Chemical composition and transport properties of a-ZITO films

[RF [Zn) | (In] | [Sn] | As prepared films Annealed films
power Ne 7 Ne m
(W) 10%cm=3 | em?/Vs | 108em=2 | em?/Vs
200 0.50 | 0.27 | 0.23 1.38 16.2 5.33 10.7
150 0.48 [ 0.29 | 0.23 1.21 12.5 4.87 7.6
100 0.35 | 0.35 | 0.30 1.0 9.05 2.1 5.43

Hall measurement data given in Table 5.1 shows that the thermal an-
nealing decreased the carrier concentrations drastically by two orders of
magnitude to the order of 10}® em=3. Hall mobilities also decreased simul-
taneously since amorphous oxide semiconductors have a potential fluctu-
ation around the conduction band minimum (refer figure 5.13), and con-
sequently a large mobility is obtained at somewhat large carrier density
which is enough to fill these potential valleys [181]. These results indicate
that the thermal annealing in air causes oxidation of the films, and reduce

the carrier concentration and the subgap states.

5.3 Effect of oxygen partial pressure

Amorphous ZITO is a potential candidate for channel layer material in
thin film transistors (TFTs) [118]. In the preceding section, the optical
and electrical properties of amorphous ZITO thin films prepared by co-
sputtering method was studied as a function of chemical composition of
the films. In that case, all films were highly conductive with carrier den-

sity greater than 10!? em™3. It is known that the performance of a TFT
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strongly depends on the quality and transport mechanism of active chan-
nel materials [62, 90, 126, 206]. The carrier density and mobility are two
important factors which affect the performance of a TFT. High carrier den-
sity in the channel material causes large OFF current and the normally ON
characteristics of a TFT [127]. Hence it is more important to control the
carrier density less than 1017 cm™3 to get proper transistor action. There-
fore, to control the carrier density in the amorphous ZITO films, thin film
depositions were carried out by varying the oxygen partial pressure in the
deposition chamber. In this section the effect of oxygen partial pressure
on the optical and electrical properties of amorphous ZITO thin films are

discussed.

5.3.1 Experimental setup

ZnO (99.99% pure) powder and InzSny,O7 (ITO) (99.99% pure) target were
used in an RF-DC co-sputtering method to prepare ZITO thin films. Sput-
tering was carried out for 10 minutes in pure argon and argon + oxygen
atmosphere. Oxygen partial pressure in the chamber was varied from 0.1
Pa to 0.9 Pa keeping the total gas pressure at 1 Pa. ZnO was sputtered
at an RF power of 75 W and ITO at 200 mA (600 V) DC current (targets
were of 2 inch diameter). Glass substrates were placed parallel to the tar-
gets at a distance of 4 em from target surfaces and were not intentionally
heated during the deposition. Substrate was rotated over the targets at a
speed of 50 rpm using a stepper motor assembly. Schematic diagram of the

setup is shown in figure 4.1 in chapter 4.
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Figure 5.16: Variation of ZITO deposition rate with oxygen partial pressure for
a fixed DC power of 120 W and RF power of 75 W,

5.3.2 Deposition rate

Deposition rate of ZITO thin films on glass substrates for different oxygen
partial pressure is shown in figure 5.16. The total gas pressure (argon +
oxygen) in the vacuum chamber was maintained at 1 Pa during deposi-
tion. The deposition rate was drastically reduced by the introduction of
oxygen gas in the sputtering chamber. The reduction of deposition rate
with oxygen pressure in the sputtering of metal oxides is a generally ob-
served phenomenon and it is attributed to the re-sputtering of atoms from
the film surface by the energetic O~ ions [207-209]. Since more O~ ions are
available at high oxygen partial pressure, re-sputtering gets more enhanced

and a reduction in deposition rate is henceforth observed.
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Figure 5.17: Glancing angle x-ray diffraction patterns of co-sputtered ZITO thin
films grown at different oxygen partial pressures keeping the DC and RF powers
constant.

5.3.3 Structural characterisation

GXRD profiles of ZITO films (Figure 5.17) show only a halo peak around
34?2 and there are no sharp diffraction peaks. This indicates that all films are
amorphous irrespective of oxygen partial pressure. Films deposited at very
low and very high oxygen partial pressure shows surface roughness less than
5 nm. Films showed higher roughness in the oxygen partial pressure range
of 0.2-0.7 Pa (Figure 5.18). As the oxygen partial pressure is increased, the
film surface gets bombarded by the energetic O~ ions and becomes rough.
Chemical composition of the films, analysed by XRF, showed Zn:In:Sn

atomic ratio 0.48:0.29:0.23 and there was not much variation in this atomic
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Figure 5.18: AFM images of ZITO films deposited at oxygen partial pressure
(a) 0 Pa and (b) 0.9 Pa. (c) rms roughness of the ZITO films grown at different
oxygen partial pressures.
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Figure 5.19: Optical transmission and reflection spectra of amorphous ZITO
films prepared at various oxygen partial pressures keeping the DC and RF powers
constant.

ratio with respect to the variation in oxygen partial pressure.

5.3.4 Optical characterisation

Optical transmission and reflection spectra of the amorphous ZITO films
are shown in figure 5.19. These films have an average transmittance > 85%
across the visible region irrespective of the oxygen partial pressure. An
abrupt drop in transmission at lower wavelength is due to the band to band
absorption in the film. Film prepared in pure argon atmosphere shows a
loss of transmission at higher wavelength which is attributed to the free
carrier reflection and absorption. There is a sudden change in band gap

{Tauc gap) between the films deposited in pure argon atmosphere and 0.1
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Figure 5.20: Dependence of optical band gap of amorphous ZITO films on oxygen

partial pressure.

Pa oxygen partial pressure from 3.1 eV to 3.64 eV (Figure 5.20). After that
the band gap of the films remains almost insensitive to the variations of
oxygen partial pressure. The change in band gap, in case of films deposited
with and without oxygen pressure, is the effect of subgap states. Figure
5.21 shows that the film prepared without oxygen partial pressure has large
subgap states just below the fundamental band gap. This reduces apparent

band gap value compared to the films deposited in oxygen ambience.

5.3.5 Electrical characterisation

Electrical properties of the amorphous ZITO films shows a strong depen-
dence on oxygen partial pressure. Conductivity of the film prepared in

pure argon was 2 x 102 Sem™!, which dropped to 4 x 1073 Sem ™! with the
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introduction of oxygen gas to the sputtering chamber during sputtering
(Figures 5.22 and 5.23). The value further decreased on increasing oxy-
gen partial pressure and it reduced even to 3 x 1077 Sem ™! at the oxygen
partial pressure of 0.9 Pa. Carrier concentration and Hall mobility also
decreased with increase in oxygen partial pressure. Carrier concentration
dropped from 1 x 1020 ¢m =3 to 1 x 10'2 ¢m~3 and Hall mobility from 12.5
to 0.4 cm?/V s on increasing the oxygen pressure from 0.1 to 0.9 Pa (Figure
5.22 a,b).

Origin of conductivity in transparent oxide semiconductors is still con-
troversial. It has been postulated for a long time that transparent conduc-

tivity is related to the existence of shallow donor levels near the conduction
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band, formed by oxygen vacancies [53]. In contrast, there are reports which
show that oxygen vacancies form deep levels [55, 56]. Even in amorphous
oxide films, oxygen vacancies are believed to be responsible for control-
ling the carrier concentration (60, 188}. Present study also support this
argument, that the carrier generation in amorphous ZITO films are mainly
controlled by the oxygen vacancies (02~ =1/2 Os + 2e7!) in the film. High
oxygen partial pressure reduces the density of oxygen vacancies and thereby
lower the carrier concentration. As mentioned in the previous session, car-
rier concentration should exceed a threshold value to obtain a large mobility
1126, 179, 181]. High mobility was obtained in ZITO films when the carrier

concentrations exceeded 10'6 ¢m™3 (Figure 5.23).
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5.4 Analysis of carrier transport mechanism

To understand the carrier transport mechanism in amorphous ZITO films,
temperature dependence of DC electrical conductivity of selected samples
were studied. For resistivity measurements at low temperature, samples
were kept in a cryostat equipped with helium refrigerator and the mea-
surements were carried out over the temperature range between 80 K and
300 K in vacuum. Figure 5.24 shows the conductivity variations for three
carrier concentrations. The samples were chosen such that their carrier
concentrations span from a lower value {below the threshold concentration
required to show the degenerate band conduction) to some higher value
above which the degenerate band conduction is expected. Film with carrier
density 6.86 x 10'® cm™3 was prepared at 0.1 Pa oxygen partial pressure at
an RF power of 75 W. The film with carrier concentration 4.95 x 101 ¢m =3

was prepared at 25 W RF power and 1.21 x 10%° ¢rn ™3

was deposited at
150 W RF power to ZnO target in pure argon atmosphere keeping the DC
power to SnO» target constant at 120 W. All these films have shown a
definite Hall voltage with a minimum mobility of 4.25 em?/V s for the film
deposited at 0.1 Pa oxygen partial pressure.

Measured data points of the film deposited at 0.1 Pa oxygen fit to a
straight line in the log(c) versus T-1/4 plot in the whole temperature re-
gion. This can be explained on the basis of percolation conduction model
which yields a 7—'/% behaviour in randomly oriented systems with poten-
tial fluctuations at the bottom of the conduction band (refer figure 5.13).
This potential variation arises from the random distribution of the various

different cations in the film that in turn modulates the electronic struc-

ture around the conduction band edge. There is a threshold energy that
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phous ZITO films with different carrier concentrations. Film with low carrier
density shows activated type conduction which changes to degencrate type con-

duction at highcr carrier densities.

separates the carrier conduction mechanism from percolation to degenerate
conduction. At sufficiently high values of carrier densities (Figure 5.23), the
carriers may overcome the potential fluctuations and the conduction mech-
anisms changes from percolation to degenerate conduction {53, 55, 126].
This behaviour is very clear in the case of high electron density filin shown
in figure 5.24 where the conductivity does not show any activated type

behaviour as the Fermi level exceeds the potential fluctuations.
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5.5 Conclusion

Conductive transparent thin films of amorphous zinc indium tin oxide were
prepared at room temperature by co-sputtering of zinc oxide and indium
tin oxide. Film compositions could be varied by adjusting the power to
the sputtering targets. Hall mobility was found to be strongly depend on
the type of cationic contents in the films. The conduction band bottom,
controlling electron transport properties in amorphous ZITO films, were
primarily composed of Zn 4s orbitals and the magnitude of overlap between
neighboring orbitals is large and insensitive to the structural randomness.
The electronic structure is dominated by local atomic structures, which, in
amorphous oxides, is close to the situation in a crystal. Hence the electron
mobility of these materials is comparable with that in the crystalline state.
This behaviour is in contrast with the low mobility situation in tetrahedral
amorphous semiconductors like hydrogenated amorphous silicon (a-Si:H)
where the electron conduction paths are composed of s-p hybrid orbitals
and carrier transport is controlled by nearest neighbor hopping or variable
range hopping.

The optical and electrical properties of co-sputtered amorphous ZITO
films were also investigated as a function of oxygen partial pressure in the
deposition chamber during sputtering. There was a sharp change in opti-
cal band gap values between the films prepared with and without oxygen
partial pressure owing to the effect of subgap states. Conductivity of the
amorphous ZITO film reduced from 2 x 10% to 4 x 1073 Sem~! with the
introduction of oxygen gas (0.1 Pa) to the sputtering chamber. Further in-
crease of oxygen partial pressure decreased the conductivity and it reached

3 x 1077 Sem™! at 0.9 Pa oxygen partial pressure. Carrier concentration
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and Hall mobility also decreased with the increases of oxygen partial pres.
sure. Carrier concentration varied from 1 x 102 to 1 x 10'2 ¢m™3 and Hall
mobility from 12.5 to 0.4 em?/V's on increasing the oxygen pressure from
0.1 to 0.9 Pa.

Temperature dependent conductivity shows the existence of non-localized
tail states around conduction band bottom with potential barriers due to

the random distributions of various cations.



Chapter 6

Fabrication and
Characterisation of
Amorphous Zinc Tin Oxide
and Amorphous Zinc Indium

Tin Oxide Thin Film

Transistors

This chapter describes the fabrication and characterisation of thin film tran-
sistors (TFTs) fabricated on silicon substrates using amorphous channels
of zinc tin oxide (a-ZTO) and zinc indium tin oxide (a-ZITO). This chapter
has four main sections. Section 6.2 gives the a-ZTO TFT fabrication by

PLD and device performance analysis. Section 6.3 deals with co-sputtered

201
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a-ZTO channel TFTs. Section 6.4 gives detailed analysis of co-sputtered
a-ZITO channel TFTs. Last section (section 6.5) gives the details of fabri-
cation of all oxide transparent TFTs on glass substrates with co-sputtered

a-ZITO as channel layer.

6.1 Introduction

High resolution and large area flat panel displays (FPDs) require thin film
transistor (TFT) based active matrix (AM) driving schemes to suppress im-
age blinking and to reduce the power dissipation. TF'T technology has been
receiving more attention because it is also a promising mean for achieving
three dimensional (3D) integration [210]. Amorphous semiconductors are
preferred over polycrystalline ones for active layers in TEFTs because of low
processing temperature and high uniformity of device characteristics. As
we have seen in chapter 1, in contrast to low mobility in covalent bonded
amorphous materials {where carrier transport is controlled by hopping be-
tween localized tail states), degenerate band conduction and thereby high
mobilities are possible in amorphous oxide semiconductors containing post
transition metal cations. The bottom of the conduction band in these ox-
ide semiconductors having a high lonicity is primarily composed of spatially
spread metal ns orbitals with isotropic shapes (n is the principal quantum
number), and direct overlap among neighbouring metal ns orbitals is pos-
sible {59, 60].

Several amorphous semiconductor materials like zinc oxide [98], indium
gallium zinc oxide [119-121, 123, 125, 126], zinc tin oxide [110, 132], gallium
nitride {193}, and zinc indium oxide [62, 194, 211, 212] have been employed

as TFT n-channel layers in recent years. Grover et al. [118] have reported
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the use of amorphous zinc indium tin oxide as channel (Zn0:Inp03:Sn02
molar ratio 5:20:75) layers in depletion mode TFTs. These channel layer
materials have excellent optical transmission in the visible region and the
electrical conductivity can be controlled by adjusting the processing condi-
tions [195-198, 213]. As such, amorphous oxide semiconductors are promis-
ing materials for TFT technology and there are plenty of works remaining to
be surveyed to improve active layer materials with new chemical composi-
tions. It is not easy to vary the film chemical composition by a conventional
sputtering technique because one needs to prepare a ceramic target for each

chemical composition {120, 213].

Si0s films made by thermal oxidation of single crystal Si wafers have
the smoothest surface among the commercially available materials [214].
TFTs formed on Si/SiQ2 are useful for evaluating the channel materials
in a wide range of the gate voltage, regardless of the roughness of the
channel interface and the gate leakage current. High breakdown voltage
strength and low leakage current of SiOs enable to observe the transistor

characteristics up to several tens of Vigg.

In the following discussion, the chemical composition, Hall parameters
and optical parameters of the channel layer was estimated from correspond-
ing measurements performed on thin film samples prepared under similar

experimental conditions as that used for the channel layer deposition.
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6.2 Fabrication of amorphous zinc tin oxide thin
film transistors by PLD

6.2.1 Experimental details

Bottom gate zinc tin oxide TFTs were fabricated on silicon substrates by
standard photolithography and lift-off technique. Thermally oxidized Si
substrates with an SiO9 layer thickness of 100 nm, was patterned for chan-
nel deposition. For this, the photoresist was coated on the substrate by
spin coating at 1000 rpm for 10 s. After that, the substrate was dried in
an oven at 100 °C for 20 s. Then the channel mask is aligned over the sub-
strate and whole system is exposed to UV light for 20 seconds. Substrates
are then developed and washed and then dried by putting it in an oven
again at 100 °C for 3 minutes. Such substrates are placed at 3 ¢m distance
from the target. Channel layer is deposited by PLD from a sintered target
at an oxygen partial pressure of 0.5 Pa using a KrF excimer laser (248 nm
wavelength, 10 Hz repetition frequency). Laser ablation was carried out at
a laser energy density of 35 mJem™2?pulse~!. Thermally oxidized layer of
Si serves as gate oxide. After channel layer deposition, the photoresist was
removed by dipping the substrates in acetone for 10 minutes followed by
ultrasonic agitation for one minute. Channel deposited substrates are then
again patterned for source/drain deposition. Electron beam evaporation
was used to deposit Ti/Au (7/40 nm) stack as the source and drain elec-
trodes while Si substrate itself acts as gate electrode. Ideally, the source
and drain should form ohmic contact with semiconducting channel layer.
Ti forms ohmic contact with ZT'O and ZITO semiconductors while Au
serves as a probing terminal for measurements. About 100 devices were
fabricated on a 10 x 10 mm Si substrate with width/length of the channel
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channel

source W drain

Figure 6.1: Details of a patterned thin film transistor structure used in this
study. Figure shows the various layers and W and L parameters.

= 300 um/50 pm. Figure 6.1 shows the image of a single TFT showing
the various layers-and W and L parameters and 6.2 shows the schematic
diagram ef TFT structure using a-ZTO channel layer.

6.2.2 Transistor performance

Room temperature fabricated TFTs did not show any transistor character-
istics without annealing . After annealing the same device at 300 C’ for
one hour in air, transistor characteristics were observed. The channel layer
was deposited at an oxygen pressure of 0.5 Pa using target with Zn:Sn
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Source Drain
Au (40 nm) Au (40 nm)
Ti (7 nm) Ti (7 nm)

a-2TO channel {45 nm)

8i0, (150 nm)

Si substrate

Figure 6.2: Schematic diagram of thin film transistor structure used in this study.
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Figure 6.3: Output characteristics of 300 °C post-annealed thin film transistor
with a-ZTO as active channel layer prepared by PLD using target with Zn:Sn ratio
2:1. Device operates in enhancement mode as there is no drain current at zero

gate voltage.
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Figure 6.4: Transfer characteristics of a-ZTO channel TFT prepared by PLD
using target with Zn:Sn ratio 2:1. Device has a leakage current of the order of
10! A and an on-off ratio ~ 10°. The results are of the device annealed at 300
9C in air.

ratio 2:1 and the resulting film had Zn:Sn ratio 41:59. This is very close
to the ratio (36:64) where an extremely stable device with minimum shift
in threshold voltage was reported [132]. Figure 6.3 shows a typical output
characteristic of TFT for various gate biases after annealing. The device
exhibits typical n-channel transistor behavior operating in enhancement
mode. Maximum field effect mobility obtained was 0.015 cm?/V's. Figure
3.13 (chapter 3) has shown that there was not much difference in the elec-
trical parameters of room temperature deposited films and annealed (at
300 °C) films. Similarly a clear impact of processing temperature was not
observed in the stability of ZT'O thin film transistors [132]. However the
TFT functionality was achieved only after annealing the device at 300 °C.
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Hence the device functionality may be attributed to the modification of
semiconductor-insulator interface or improved local atomic rearrangements
with annealing. The transfer characteristic (Figure 6.4) shows a very small
leakage current of the order of 107! A and an on-off ratio ~ 105. The
threshold voltage by extrapolating the Ip — Vgg curve in the linear region
was ~ 6 V. Method of estimating the threshold voltage, mobility, on-off
ratio etc are described in section 2.3.8.

TFTs were also prepared using targets having Zn:Sn ratio 4:1 and 8:1.
The channel layer was grown at 0.5 Pa oxygen pressure and the devices were
annealed at 300 °C. All devices in this series were operating in depletion
mode. A field effect mobility of 0.32 cm?/V's was obtained for the device
fabricated from Zn: Sn ratio 8:1 target and annealed at 300 °C' with a
threshold voltage —4.5 V. Because of the large off currents, these devices
had shown an on-off ratio less than 102. TFTs fabricated from 4:1 target

worked in depletion mode even without annealing.

6.3 Amorphous zinc tin oxide thin film transistors

by co-sputtering
6.3.1 Experimental details

TF'T structures, similar to those mentioned in previous section, were also
fabricated from co-sputtered amorphous ZTO channel layer. Device struc-
ture was similar to that shown in figure 6.2. Here the ZTO channel layer
is deposited via DC-RF co-sputtering technique. As described in chapter
4, high purity ZnO and SnO9 powder was used as the sputtering targets in

a sputter up configuration. The Si/SiO; substrate, patterned for channel
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layer, was placed at 4 ¢cm distance above the targets and was rotated at
a speed of 50 rpm. TFT channel layer was deposited at a DC current of
200 mA (power 130 W, for SnOg) and 100 W RF powers (for ZnO)} so
that the resulting film has Zn/Sn atomic ratio 0.51/0.49 in the channel
layer. Chemical composition of the channel was determined by XRF spec-
troscopy using films prepared under similar conditions as that of channel
layer. Co-sputtering was carried out for about one minute time so that a
channel layer of about 45 nm thickness was formed. Argon pressure of 1
Pa was maintained in the chamber and there was no intentional heating of
the substrate during the deposition.

As in previous case, as prepared TFTs did not show any transistor
behaviour. The devices were, then, furnace annealed in air for 1 hour at 300
°C. About 100 devices were fabricated on a 10 x 10 mm Si substrate with
channel width/length = 300/50 pm using standard lithographic and lift off
technique. Ti/Au {7/40 nm) stack deposited by electron beam evaporation
was used as source and drain electrodes while Si substrate itself was used
as gate electrode.

From the analysis of films deposited under similar conditions, a-ZTQO

channel layer has the following properties (See chapter 4).

6.3.2 Transistor performance

The device exhibited typical n-channel transistor behaviour operating in en-
hancement mode. A sufficient positive gate voltage was required to enhance
the conductivity in the channel layer. The flatness of output characteris-
tics, shown in figure 6.5, for large drain source voltages (Vpg) indicates
that the device exhibits ‘hard saturation’ (i.e. complete pinch-off of the

channel).
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Table 6.1: Properties of a-ZTO thin films used for TFT fabrication by Co-
sputtering.

Property Value
Zn:Sn ratio 0.51:49
Optical bandgap 3.43 eV
rms roughness 0.72 nm
Resistivity 21.14 Q em™!
Mobility 1.31 em?/Vs
Carrier density | 2.25 x 1017 em™3

Transfer characteristics of the device shown in figure 6.6 shows that,
the device has a leakage current of the order of 107!! A and an on-off ratio
of 108, The field effect mobility (use) of the device, extracted from the
slope of linear portion of Ip-Vgg plot, was ~ 0.0043 cm?/V's (Figure 6.7).
The threshold voltage V1, estimated by extrapolating the straight line to
the Vs axis, was ~ 4.8 V. The positive threshold voltage indicates the

enhancement mode operation of the device.

6.4 Amorphous zinc indium tin oxide thin film

transistors

Co-sputtering is an effective technique to control the chemical composi-
tion of a multicomponent film in a systematic and easy way. Especially,
as our apparatus had both RF sputtering and DC sputtering systems, we
can choose a process appropriate for the sputtering target. For the ZITO

system, DC sputtering was employed for the conducting indium tin oxide
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Figure 6.5: Output characteristics of thin film transistor with co-sputtcred a-
ZTO as active channel layer with Zn/Sn atomic ratio 0.51/0.49.

(ITO) target as it is a mass production compatible method widely used in
the flat panel display (FPD) manufacturing and a faster growth method
for a conducting target. RF sputtering was used for zinc oxide because of
the ease of working with a high resistivity powder target without any trou-
blesome sintering process. The characteristics of TFTs using amorphous
transparent ZITO films were examined as a function of the chemical com-
position. Due to the high electron concentrations, TFTs fabricated using
the as-deposited films for the channels did not show source-to-drain current
modulation. Thermal annealing of the TFTs at 300 °C in air resulted in

TFT operations for all the chemical compositions.
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Figure 6.6: Transfer characteristics of co-sputtered a-ZTO TFT with Zn/Sn
atomic ratio 0.51/0.49 in the channel layer.

6.4.1 Experimental details

The procedure adopted for a-ZITO TFT fabrication was same as described
for ZTO TFTs (see section 6.2.1). Bottom gate, top contact TFTs were
fabricated using the a-ZITO films with five different channel compositions
on thermally-oxidized n-type Si wafers. The thickness of the therinal oxide
was 100 nm and that of the channels were ~45 nm. About 100 devices
were fabricated on a 10x10 mm? area with a channel width and length
of 300 and 50 pm, respectively, using lithography and lift off. Ti/Au (7
nm/40 nm) stacks deposited by electron beam evaporation were used as
source and drain electrodes while the thermal oxide and the Si substrate
themselves act as a gate insulator and a gate electrode, respectively (device

structure was same as shown in figure 6.2 except for an a-ZITO channel).
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Figure 6.7: Plot of drain current against gate voltage for Vps = 2 V for co-
sputtered ZTO TFT with Zn/Sn atomic ratio 0.51/0.49 in the channel layer.

For channel layer deposition, co-sputtering was carried out in pure argon
ambience at a pressure of 1 Pa. Effects of post-thermal annealing were also
examined for the TFTs. Some TFT chips were annealed at 300 °C' in air
for 1 hour after finishing the TFT fabrication process (i.e. annealed after
depositing the Ti/Au electrodes). In addition, some TFTs were fabricated
using channels annealed at the same condition before the Ti/Au deposition
(i.e. the Ti/Au electrodes were deposited after the thermal annealing of the
channels). Electrical characterisations of the TFTs were performed using

a Keithley 4200 semiconductor characterisation system.
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6.4.2 Transistor performance

TFTs fabricated with ~45 nm thick as-deposited a-ZITO channels did not
show any modulation in a source-to-drain current (Ip) by a gate bias (V).
This would be due to the large carrier concentrations in the channels. Fig-
ure 5.10 and table 5.1 in chapter 5 shows high carrier density (of the order of
10%° ¢m3) for as-prepared a-ZITO films. The carrier density in the chan-
nel material should not be very high for gate voltage to effectively modulate
the channel conduction. Hence we cannot expect transistor action in such
devices. In order to reduce the carrier density in the channel material, the
TFTs (i.e. with the Ti/Au electrodes) were air annealed at 300 °C for
1 hour. Measurements are taken on annealed devices and corresponding
output characteristics and transfer curves are shown in figure 6.8.

The py., extracted from the slope of the linear region of the Ip-Vgs
plot, was greater than 1 em?2/V's for the TFT with the Zn:In:Sn atomic
ratio 0.35:0.35:0.3. The threshold voltage Vr, estimated by extrapolating
the straight line to the Vg axis, was ~ 9 V. The positive threshold voltage
indicates the enhancement mode operation of the device. The value of g
was much smaller for other two compositions. The device with channel
composition Zn:In:Sn atomic ratio 0.5:0.27:0.23 operated in depletion mode.
Figure 6.8 shows that these TFTs have an on-off current ratios of the order
of 10* — 105. The output characteristics (Figure 6.8) also exhibits hard
saturation at large Vpg, which is similar to pinch off in usual field-effect
transistors. However, the Ip first steeply increased in the small Vpg region
up to ~ 0.5 V and then the slopes become much gentler and finally showed
the saturation. This behaviour is pot usual in the TFT theory.

As the field effect mobility (1 em?/V s) is almost one order of magnitude
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smaller than the Hall mobility (9 cm?/V's) and the subthreshold voltage
swing is large ~4 V/decade, it is speculated that the channel - insulator
interface has somewhat large density of subgap states, which would form
inhomogeneous field distribution in the channel and cause the unusual out-
put characteristics. This is analogous to the situation considering discrete
trap modeling of TFTs [215). As per this model, the acceptor-like traps
anywhere in the device (particularly in the insulator-semiconductor inter-
face formed by unsatisfied bonds and lattice mismatch) causes kinks in the
drain current characteristics. Simulation studies predict the increase in in-
verse subthreshold voltage swing and degradation in channel mobility with
the increase of trap density. In the present case, air annealing might have
definitely reduced the carrier density in the channe]l by compensating the
oxygen vacancies. This leads to some field effect behaviour in the devices as
the channel can now be controlled by the gate bias. At the same time, the
annealing after depositing the source/drain terminals might have caused
diffusion and/or oxidation of the Ti electrodes which might have signifi-
cantly contributed trap states in the semiconducting channel material.
Due to the speculation that these non-ideal behaviors were caused by
diffusion and/or oxidation of the Ti electrodes,the a-ZITO channel/thermal
oxide/Si samples were annealed before depositing Ti/Au electrodes, and
then formed the source and drain contacts to finish the TFT structures.
As observed in Table 5.1 in chapter 5, the channel annealing must have
reduced the carrier density in the channel by two orders. Most of the TFTs
operated with field effect mobilities varying from 3.4 to 12.4 cm?/V's as the
Zn content decreased from 48 at% to 5 at% in the channel layer. Figure
6.9 summarises the output and transfer characteristics of the TFTs. The

Ip were very low < 0.1 nA in the off regions and increased up to few
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mA by increasing Vgg, indicating that the TFT's operated as a n-channel

transistor. Transfer characteristics of the TFTs in figure 6.9 show on-off

ratios of 107 — 108,
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Figure 6.9: Output and transfer characteristics of a-ZITO TFTs with different
chemical compositions in the channel laycr. Here the channel layer was annealed
before the completion of the device with source and drain electrodes. (a, ¢) show
the output characteristics of a-ZITQ channel TFTs with Zn : In : Sn atomic ratios
0.48: 0.29: 0.23 and 0.35: 0.35 : 0.30 respectively, and (b, d) show corresponding

transfer characteristics at Vps = 10 V (figure continues in the next page).
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(Figures continued from the previous page) Output and transfer characteristics of
a-ZITO TFTs with different chemical compositions in the channel layer. (e, g, i)
show the output characteristics of a-ZITO channel TFTs with Zn : In : Sn atomic
ratios 0.25: 0.44: 0.31, 0.16 : 0.48 : 0.36, and 0.05 : 0.56 : 0.39, respectively, and
(f, h, j) show corresponding transfer characteristics at Vpg = 10 V.
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Since TFTs in figure 6.9 show ideal MOSFET behaviour, we can analyse
the device performance using the standard MOSFET theory.

In the non-saturation region of the transistor operation, for a small
constant value of Vpg, a plot of Ip as a function of Vg would yield a
straight line, the slope of which is proportional to ug.. By contrast, drain
current in the saturation region (i.e. at Vpg greater than pinch-off voltage)
is proportional to the square of Vg which provides the saturation mobility
and the threshold voltage Vp from a plot of 1%5 as a function of Vgg (details
of analysis are given in section 2.3.8 in chapter 2). Figure 6.10 shows a plot
of 1%} versus Vgg for different channel composition. The 154: Was obtained
from the slopes of the straight lines drawn to each plot and the Vy form
its intersection values at x-axis.

For the TFT with the highest Zn content of 48 at% (Figures 6.9(a,b)),
the pye, extracted from the slope of the linear region of the Ip-Vgg plot,
was 3.4 cm?/V s. Threshold voltage obtained by extrapolating a I%® - Vs
plot at Vps=10 V to the Vgg axis was 12.1 V. The positive threshold
voltage indicates the enhancement mode operation of the device. Figure
6.9(a) exhibits hard saturation at large Vpg, which is similar to pinch
off in usual field-effect transistors. The TFTs using the other composition
channels (Figures 6.9 (c-j}) showed similar output characteristics. The TFT
with the smallest channel Zn content of 5 at% showed significant current
flow even at zero gate voltage. The soft saturation of drain current in the
output characteristic indicates that the channel is not fully depleted even
if a large Vpg of 15 V was applied for Vgg < 20 V.

Systematic variations were observed in the field effect mobilities and
the V7, where the V7 increases with increasing the Zn content in the chan-

nel layer. Variations in field effect mobility, saturation mobility, threshold
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Figure 6.10: (I5)%5 versus Vg plot for a-ZITO channel TFTs with different
Zn:In:Sn atomic ratios at Vps = 10 V. The channel Zn contents are shown in
the figure. The slopes in the lincar regions were used for extracting the saturation
mobilities. Extrapolation of the linear region to the abscissa gives the threshold
voltage.

voltage, subthreshold voltage swing (S} and current on-off ratio with RF
power (Zn content) has been summarised in table 6.2. The TFT with the
Zn content of 48 at% operated in an enhanced mode with a V7 of 12.1 V,
and that with 5 at% operated in a depletion mode with a large negative
Vr of =19 V. Subthreshold swing increased with decreasing the Zn con-
tent, indicating that the subgap trap densities increased with decreasing

Zn content.
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Table 6.2: Variations in TFT parameters with Zn content [Zn/(Zn+In+Sn)] in
the channel

RF Zn TFT parameters

power | content Hfe Hsat Vr S on-off
(W) (at%) | (em?/Vs) | (em?/Vs) | (V) | (V/dec) | ratio
150 48 3.40 1.82 12.1 0.35 108
100 35 6.01 3.32 10.3 0.52 108
75 25 7.30 3.50 6.20 | 0.86 107
50 16 10.5 5.00 -0.6 2.65 107
25 5 12.4 2.90 -19 | 3.05 107

6.4.3 Role of zinc in a-ZITO TFTs

Since we do not have enough experimental evidence, these are highly specu-
lative, but it would be informative to try to understand the carrier transport
properties obtained in chapter 5 to understand the role of Zn ions in the
a-ZITO films. It was observed that the threshold voltage largely decreased
and the S value increased with decreasing Zn content. This trend is not
specific to the a-ZITO system but also observed in the a-In-Ga-Zn-O sys-
tem [120]. The larger S value indicates a larger density of subgap states

{D;it) because the S value is related to D;; by the equation,

= 2.3kpT (1 4 eDit)

C;

(6.1)

where kg is Boltzmann’s constant and C; is the gate insulator capacitance
[152]. Therefore, these experimental results suggest that the Zn poor films
have larger D;; and more donor states. This idea appears to contradict

with the variation of the carrier density because Table 5.1 in chapter 5
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shows the free carrier density measured by the Hall measurements tends to
decrease with decreasing Zn content. However, as it is also observed that
the room-temperature Hall mobility largely decreases with decreasing Zn
content, it is suggested that the Zn poor films have larger amounts of trap
states, which decreases the free carrier concentration. This speculation
is consistent with the TFT mobilities because larger D;; decreases free
carrier concentrations and channel conductance in the saturation regime
of the TFTs, and consequently the apparent p14,¢ value is lower than drift
mobility. The pf. value are larger for the Zn poor films, probably because
the ps. value is estimated above the subthreshold region from a differential
of the Ip with respect to Vag and less affected by D;. Therefore, the g,
value more reflects drift mobility and carrier scattering in the channel. That
means, the Zn poor {i.e., In-rich) a-ZITO films have larger D;;, but extended
drift mobilities would be larger, which is supported by Hall measurement
on the a-In-Zn-O system in reference [179]. The larger D in the Zn poor
films would be related to the local structure of multicomponent amorphous
oxides. It is known that the structure of crystalline InsOj3 is composed of
an edge-sharing network of (InOg) octahedra. This structure is remained
partly in amorphous InGaZnQy [216), and In-Zn-O [217], and the portion
of the edge-sharing structures decreases with decreasing the In content
and the edge-sharing structures are converted to corner-sharing ones. As
reported in amorphous Zn-Rh-O system {218}, an edge-sharing structure has
a much stronger geometrical constraint to form an amorphous structure,
and the increase in corner-sharing structures would form a more stable
amorphous structure. Therefore the increase in the Zn content in a-ZITO
films and probably also in other AOSs may cause an increase in corner-

sharing structures, forms a more stable amorphous structure, and reduces



Amorphous ZITO transparent thin film transistors 223

D;;. That is to say, Zn ions work as an effective stabilizer of an amorphous

structure in InyO3-based AOSs {59].

6.5 Amorphous zinc indium tin oxide transparent

thin film transistors

6.5.1 Introduction

There is an emerging interest in the field of transparent electronics, wherein
electrical devices comprises of optically transparent materials [140]. Among
these, transparent thin film transistors (TTFTs) are getting more attention
since it is a key device in realising transparent circuits. TTFTs have poten-
tial applications in invisible sensors, interactive media, transparent active
matrix liquid crystal displays, organic light emitting diode displays etc
(126, 219-222]. Room temperature depositions of TAOSs allow the fabrica-
tion of transparent electronic circuits on flexible substrates like polyethy-
lene naphthalate (PEN), polyethylene terephthalate (PET) etc. Such flex-
ible see-through structures may find wide use in military, biosensing and
consumer goods [126, 140, 219, 220].

Even though several transparent amorphous semiconductor materials
like indium gallium zinc oxide [119-121, 123-126], zinc tin oxide [110],
gallium nitride [193], zinc indium oxide [194], zinc oxide [98], and zinc tin
oxide [118] have been employed in recent years as thin film transistor (TFT)
channel layers, most of these reports were based on the fabrication of TFT
on silicon substrates with metallic source and drain electrodes which lim-
its its application in transparent electronic circuits. In addition to this,

in most of those cases, the devices were subjected to high temperature
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treatment to obtain the transistor action. This section describe the room
temperature fabrication of fully transparent transistors on glass substrates
where the channel layers were deposited by co-sputtering method. Most of
the TAOSs are multicomponent materials and have large flexibility to tune
their chemical compositions for TTEFT applications. It is not easy to vary
the film chemical composition by a conventional pulsed laser deposition or
sputtering technique since we have to prepare a ceramic target for each
different chemical composition. Co-sputtering from different targets allow
fine control of the chemical composition of the deposited films by simply ad-
justing the power of individual targets (see chapter 5). Hence we can tune
the optical and electrical properties of the multicomponent TAOSs accord-
ing to the requirements of the application. Only a few reports have been
published in the development of TFTs using this combinatorial approach
{120, 125].

6.5.2 Experimental details

Co-sputtering method was employed for depositing the channel layer. As
we have seen in the earlier sections, this is an effective technique for a
multicomponent channe! layer deposition and to control the film chemical
composition in a systematic and easy way. Zinc indium tin oxide (ZITO)
films were deposited via a DC-RF co-sputtering technique to control the
film chemical composition {(Figure 6.11 a). High purity ZnO powder was
used as the RF target and sintered target of 10 wt% tin doped indium oxide
{IngO3:Sn, ITO) was used as the DC target in a sputter up configuration.
Compared to the deposition condition employed in section 6.4, here a highly
conducting ITO target with very small tin content was used as one of the

target. Such a selection was based on the observation that zinc indium
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oxide TFTs {62, 113] exhibit higher mobility than zinc tin oxide TFTs [110].
Present investigation also showed such trend. Optical and electrical analysis
of zinc tin oxide thin films have shown profound effect of subgap states
and hence very poor TFT performance. Whereas, we got high performing
TFTs with zinc indium tin oxide channel layer with less tin content than the
indium and zinc concentration. Additionally, a high temperature annealing
or high substrate temperature was essential in achieving TFT action in zinc
tin oxide TFTs. All these reports points towards some negative effects of
tin content in the film, eventhough the exact nature of this is not known.
So we tried TFT fabrication with very small tin content in the channel.

RF power was kept at 25 W while the DC power was maintained at 60
W. The substrate was kept at 16 ¢cm from the targets as shown in figure
6.11 a. This was the approximate distance at which the plasma from two
targets were focussed. In this case, the substrate was rotated in the focal
plane of plasmas. In chapter 5, the setup was in such a way that the plasma
evolved from the target were exactly vertical in the upward direction and
substrate was rotated in between two plasma regions. So the deposition was
sequential. Here, as the substrate is exactly at the focal plane, simultaneous
deposition from two targets were possible. In addition, adatoms reaching
at such larger distances might not have enough energy to migrate over the
substrates to occupy an energetically suitable position. Hence the films are
expected to be amorphous. Argon pressure of 1 Pa was maintained in the
chamber and there was no intentional heating of the substrate during the
deposition. Aluminium metallic masks were used during the deposition to
realise channel and source/drain parts of the TTFT.

The chemical composition of the channel was measured by energy dis-

persive xray spectroscopic (EDAX) analysis of films deposited under simi-
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Figure 6.11: Schematics sctup of co-sputtering method (a) and device structure
(b) used in the study.

lar conditions. The film structures were characterised by x-ray diffraction
(XRD) analysis using Rigaku powder x-ray diffractometer with Cu K, ra-
diation. Thickness of various layers was measured using Dektak 6M stylus
profiler. Optical reflectance and transmission spectra were measured using
a near infrared to ultraviolet double-beam spectrophotometer (Jasco V570).
Electrical measurements of the devices were done using two Keithley source
measure units.

TTFT structure used in this study is shown in figure 6.11 b. A glass
substrate coated with 200 nm thick layer of sputtered ITO and a 220 nm
thick layer of aluminium-titanium oxide (ATO), provided by Planar Sys-
tems Inc., was used for TTFT fabrication. ITO is a highly transparent
n-type conductor (sheet resistance 20 £2/sq) which acts as the TTFT gate.
ATO is an engineered insulator consisting of a superlattice of alternating
layers of AloO3 and TiO, which serves as gate insulator. A 100 nm thick

amorphous ZITO channel layer was deposited by co-sputtering method.
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Figure 6.12: X-ray diffraction pattern of a 200 nimn thick ZITO thin film prepared
under similar condition as that used for channel layer deposition in a-ZITQ TTFT
fabrication.

For source and drain contacts, RF sputtered I'TO layer was deposited over
channel layer using a shadow mask. The channel width and length were

1200 and 1000 um, respectively.

6.5.3 Channel properties

XRD profiles of as deposited films shown in figure 6.12 have only a halo
peak. The absence of sharp peak indicates the amorphous nature of the
channel layer. EDAX analysis of the same film shows that the channel layer
has a chemical composition of Zn:In:Sn ratios 0.37:0.57:0.06. Figure 6.13
shows the optical transmission spectra through a 200 nm thick ZITO thin

film and also through complete device. The average optical transmission of
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Figure 6.13: Optical transmission spectra of a-ZITO thin film and thin film
transistor using amorphous ZITO channel layer.

the device in the visible region was > 70% (Figure 6.13). This is an admis-
sible condition for clear vision in automobiles. The loss of transmission at
higher wavelength is due to the reflection and absorption by free carriers

in the ITO layers.

6.5.4 Transistor performance

As prepared devices showed good transistor action without any kind of
thermal treatment. The drain current - drain voltage (Ip-Vpg) charac-
teristics of the transistor, given in figure 6.14, shows typical enhancement
mode operation of an n-channel transistor. A positive gate voltage was

required to induce the channel conduction, and the channel conductivity
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Figure 6.14: Output characteristics of transparent thin film transistor using
amorphous ZITO channel layer. Device shows typical n-channel transistor be-

haviour.

increased with increase of positive gate voltage. The device exhibited ‘hard
saturation’ as evident from the flatness of Ip curves at large Vpg. This
indicates that the entire channel thickness have been depleted of carriers.
Figure 6.15 shows the transfer characteristics (log(Ip) — Vizs) of the fabri-
cated transistors which give an on-off ratio of 10° (right hand side y-axis is
the same drain current plot on a linear scale, the slope of which is used for
field effect mobility calculation). The field effect mobility extracted from
the linear region slope of Ip-Vgg plot was 5.7 cm?/Vs. The threshold
voltage Vr, estimated by extrapolating the straight line to the Vg axis,
was 6 V. The positive threshold voltage indicates the enhancement mode

operation of the device. A maximum subthreshold voltage swing of 0.3
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Figure 6.15: Transfer characteristics of transparent thin film transistor using
amorphous ZITO channel layer. The field effect mobility was estimated from the
slope of linear part of drain current-Vgg curve (right side).

V/dec, and on-off ratio 10° were obtained from the transfer curve of the
devices. Figure 6.16 shows a picture of a-ZITO TTFTs fabricated on glass
substrate. The background colour is easily visible through the complete
device structure. This shows that the devices are completely transparent

to visible light and invisible to an observer.

6.6 Conclusion

Eventhough amorphous channel ZTO TFTs fabricated on silicon substrates
showed typical transistor behaviour, its performance was very poor due to

the presence of high density of subgap states. This caused very low mobility
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Figure 6.16: Photograph of all oxide transparent thin film transistors on glass
substrates. This 17 x 1"glass substrates have six transistors in two row.

values and moderately high leakage currents. Amorphous ZITO TFTs with
different chemical compositions were deposited on silicon substrates by co-
sputtering from ZnO and InzSnpO7 targets. Effects of post annealing on
ZITO TFT characteristics were analysed. The as-deposited films had high
clectron densities ~ 1022 em™? and did not produce operating TFTs. The
thermal annealing at 300 °C reduced the electron densities and produced
operating TFTs. The TFT characteristics showed systematic variation with
the chemical composition of the channels. The TFT having the largest Zn
content 48 at% showed a field effect mobility of ~ 3.4 cm?/V s, a current on
off ratio of ~ 108, and a positive threshold voltage of ~ 12.1 V. The TFT

having lowest Zn content 5 at% showed a negative threshold voltage —19 V
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and a depletion mode operation. Co-sputtering has been demonstrated ag
an effective technique for multicomponent oxide channel layer deposition.

Enhancement mode operation of an all oxide transparent thin film tran-
sistors with amorphous ZITO as active channel layer has also been demon-
strated. Channel layer was deposited by a DC-RF co-sputtering method
fromn ITO and ZnQ targets. Resulting film was amorphous with Zn:In:Sn
atomic ratio 0.37:0.57:0.06. Fabricated transistors showed > 70% transmis-
sion in the visible region. Room temperature fabricated transistor showed
typical n-channel enhancement mode operation with a threshold voltage of
6 V and field effect mobility of 5.7 ¢m?/V's and on-off ratio of 10% without
any kind of thermal treatment. Since device performance was obtained
without any kind of thermal process, electronic devices can be realised on
plastic substrates, provided with a low temperature insulator deposition.
Hence co-sputtering can be used as an effective technique for developing
multicomponent amorphous material based transparent electronic circuits
on flexible substrates.

Although the present study demonstrated that ZITO channel TFTs
operate even if the channels were deposited from powder ZnO target, the
use of the powder target may limit the quality of the channels and the
TFT characteristics would be improved by using a higher-quality target and

further optimising deposition condition and channel chemical composition.



Chapter 7

Summary and Scope for

further study

7.1 Summary of present study

Transistor was one of the greatest invention of the twentieth century. Tran-
sistors found enormous applications in almost every items that dealt with
human being. Invention of integrated chips (ICs) enabled this technol-
ogy to fabricated billions of transistors in a single silicon chip. This made
the electronic equipments cheaper and more efficient. ICs contain biilions
of metal oxide semiconductor field effect transistors (MOSFETs) made on
single crystalline silicon. However, the prize reduction in ICs is insepa-
rable from the ever reducing size of the MOSFETs. There are situations
where the device dimensions becomes larger as in the case of active matrix
liquid crystal displays (AMLCD). In such cases, the use of conventional
transistors made from single crystalline silicon to control individual pixel

elements are not economic. Hence, thin film transistor (TFT) technology

233
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were developed to handle this situation.

Today, AMLCD technology is widely used in display applications and
all commercially available products uses a-Si:H TFTs to control the pixels.
However, extremely low mobility of electrons, inherent from its amorphous
structure, limits its application. Due to this, complicated circuits have to
be used to use it in high current applications like in the case of active
matrix organic light emitting diodes (AMOLED). In addition to this, due
to very low bandgap value, silicon based devices are opaque to visible light.
Light absorption by silicon channel causes shift in operating parameters of
the TFT. This necessitate the use of metal masks to protect the channel
from light absorption. Opacity of TFT further causes power loss in the
applications. Most of the display panels use a background light source
to illuminate the display volume. This light is effectively modulated by
the liquid erystals (L.C) to perceive the image visionary. Use of opague
TFTs limits the amount of light reaching the observers eyes. Because of
these problems, scientists were looking for alternative materials for TFT
fabrication. Modern TFT concept is based on the properties transparent
electronic materials.

Transparent electronics is the latest technology in the field of display
and other applications. Transparent semiconducting oxide were integral
components in flat panel displays, solar cells, and smart windows. How-
ever, all these applications utilises the metallic behaviour of these trans-
parent materials as a passive component in the circuitry. The development
of p-type transparent conductors led to the applications where the trans-
parent conductors function as active components in the circuitry. This
directs to the development of transparent diodes, photodetectors, transpar-

ent transistors etc and blossomed the ‘transparent electronics’ or ‘invisible
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electronics’. The backbone in this technology is the transparent thin film
transistors. These are the transistors fabricated on a transparent substrate
like glass or plastic with wide band gap oxide semiconductors. Different
layers like source, drain, channel, gate electrode, gate insulator, all are fab-
ricated from transparent materials. This makes the circuits invisible from
an observer. Transparent electronic circuits can be embedded into large
areas like windows, walls, desktops and other locations. While a pane of
glass might look like an ordinary window, it could actually incorporate a
new type of electronics with a range of functions. With the advent of this
technology, displaying video imagery when required on windows, automo-
bile windshields, or eyeglass lenses all these are soon becoming a reality.
Transparent transistors will also make an impact in liquid crystal display
(LCD) panels, organic light-emitting diode (OLED) panels and other dis-
plays. They can provide larger screens with finer definition, high aperture
ratio and less power consumption with simpler manufacturing technology.

The aim of this work was the development of thin film transistors based
on wide bandgap amorphous semiconductor channel. Use of an amorphous
channel ensures uniformity in transistor performance parameters and avoid
the necessity of substrate heating during deposition. This helps to realise
the device on temperature sensitive substrates like plastics and glass. As
in the case of any technology, deposition parameters had to be optimised
before starting the device fabrication. Work presented in this thesis utilised
pulsed laser deposition (PLD) and co-sputtering techniques for depositing
the channel layer. PLD is employed in this study as it is relatively a new
technique in thin film deposition and it allows deposition at high oxygen
pressures compared to sputtering. Use of high oxygen pressure enables to

control the carrier density by controlling the oxygen vacancies in the film.
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Proper transistor action will be obtained only if the channel carrier density
is properly controlled. However, sputtering is a well known and widely used
technique in thin film deposition technology.

The choice of co-sputtering arose from the multicomponent nature of the
amorphous film used here. Most of the amorphous oxide semiconductors
are multicomponent and as such there are possibilities for wide composi-
tional variations. The device performance should obviously be a function
of the channel chemical composition. In order to optimise the device per-
formance, studies have to be done over large compositional variations. For
this, separate targets must be prepared for each of the composition if we
adopt conventional techniques like PLD and sputtering. In co-sputtering,
two or more targets can be sputtered simultanecusly and power to each
targets can be separately controlled. In the present work, two targets were
sputtered simultaneously and power was individually controlled by two sep-
arate power sources. This helped to control the chemical composition of
the deposited film over a wide range. Both silicon and glass were used
as substrate for TFT fabrication. SiO2 films made by thermal oxidation of
single crystal Si wafers have the smoothest surface among the commercially
available materials [214]. High breakdown voltage strength and low leakage
current of SiO; enabled to observe the transistor characteristics up to sev-
eral tens of Vzs. Hence, the use of opaque silicon substrate can be justified
in the sense that they allow us to look into the channel property without
bothering about the leakage or interface roughness. More than that, study
of TFTs using wide bandgap materials on silicon substrate is worthy in
the sense of integration of new functions to the existing silicon technology.
Even if the substrate is opaque, oxide TFTs on silicon shows much bet-

ter performance (high on-off ratio, high mobility, blindness to visible light
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etc) than a-Si:H TFTs. Use of glass substrate led to the development of
complete transparent TFTs.

Amorphous zinc tin oxide (a-ZT() and amorphous zinc indium tin oxide
(a-ZITO) were used in the present study. In an economic point of view, in-
dium free devices are more suitable than indium containing devices. Hence
the study of a-ZTO devices are meaningful. However, films deposited, both
by PLD and co-sputtering were found to had large amount of subgap states.
This subgap states acted as electron traps and caused poor transistor per-
formance despite of its smooth surface, moderate conductivity and carrier
density.

Co-sputtered a-21TO films have given smooth films with high electron
density and moderate Hall mobility. Eventhough the reactive co-sputtering
in oxygen ambience helped to control the electron density in the filins,
this adversely affected the carrier mobility and surface smoothness of the
film. Hence TFTs were fabricated by depositing the channel in oxygen free
atmosphere and subsequent transistor action was achieved by annealing the
channel in air for one hour. Eventhough the air annealing after completing
the device fabrication resulted transistor action, it had shown some unusual
transistor behaviour due to the diffusion of source/drain metals into the
semiconductor and thereby creating traps in the channel. TFT performance
has analysed as a function of channel chemical composition. The TFT
having the largest Zn content showed better performance. The TFT having
lowest Zn content showed a negative threshold voltage and depletion mode
operation.

Present study shows that co-sputtering can be used as an effective tech-
nique for multicomponent oxide semiconductor thin film deposition and also

for channel layer deposition in TFT fabrication.
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7.2 Scope for further study

Although the present study demonstrated that amorphous oxide channel
TFTs operate even if the channels were deposited from powder targets,
the use of the powder target may limit the quality of the channels and the
TFT characteristics would be improved by using a higher-quality target and
further optimising deposition condition and channel chemical composition.

Instead of using two sputtering guns, if zinc, indium and tin metallic
targets are reactively sputtered from three individual targets, the chemical
composition can be further optimised for better device performance.

Eventhough channel layers were deposited at RT, the attempts to fah-
ricate TFTs on plastic substrates were not quite successful. High leakage
current, due to immature dielectric deposition, was the main problem in
achieving high performance TFTs on plastics. High x dielectrics Y203
and TayO5 were deposited by RF magnetron sputtering and electron beam
evaporation. This was not successful as the films seemed much porous in
nature. Hence the proper optimisation of insulator deposition conditions
are essential to deposit insulators on plastic substrates. This itself requires
further detailed study.

Several issues like the stability in device performance in extreme con-
ditions, effect of bias stress and light induced changes on threshold voltage

and mobility etc have to be studied in detail.
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Symbols used in the thesis

Table A.1: Symbols used in the thesis

Symbol

Description

Primitive cell size

Absorption coefficient, inverse localisation length
Conduction band width, Magnetic flux density
Insulator Capacitance

Sample thichness

Density of tail states

Electron affinity of the semiconductor
Elementary electronic charge

Energy, Electric field

Optical gap (Tauc gap)

Valence band tail edge

Conduction band tail edge

Conduction band mobility edge

Defect state energy

Fermi energy

Threshold energy

Valence band mobility edge

Urbach energy
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Table A.1:

Symbol

IS emTs e e
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gz
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Hre

Hsat

N(E)
Nfp
Ny(v)

Vph

Appendix

....continued

Description

Permittivity of free space

Drain conductance

Drain transconductance

Plank’s constant

Hamiltonian

Current

Drain current

Wave vector

Magnitude of wave vector

Uncertainty in wave vector magnitude
Boltzmann’s constant

Maximum crystal momentum in first Brillouin zone
Extinction coefficient

Mean free path length

Channel length, Grain size

Screening length

Rest mass of electron

Electron effective mass

Mass of nucleus

Conduction electron mobility, Chemical potential
Effective mobility

Field effect mobility

Hall mobility

Electron mobility (conductivity measurements)
Hole mobility (conductivity measurements)
Saturation mobility

Electron density, Principal quantum number, Refrac-
tive index

Electronic density of states

Electron density at Fermi level

Vibrational density of states

Photon frequency

Phonon frequency
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Table A.1: ....continued

Symbol Description

r Scattering factor

R Reflectance, Magnitude of position vector
Ry Hall coefficient

P Hole density

P Momentum operator, Probability function
FPo, Oxygen partial pressure

Electronic charge

Metal work function

Semiconductor work function

Band bending at back interface

Band bending at front interface
Subthreshold voltage swing, Sputtering yield
DC electrical conductivity

Thin film thickness

Absolute temperature, Transmittance
Relaxation time, Collision time

Electron correlation energy

Surface binding energy of atoms

Velocity

Sample volume

Matrix element involving intra-atomic interactions in
Weaire and Thorpe model

SR RESESRIL R o)?é:\%ege

Va Matrix element involving interatomic interactions in
Weaire and Thorpe model

Va Applied voltage

Vbs Drain-Source voltage

Ves Gate-Source voltage

Vi Hall voltage

Vp Pinch-off voltage

Visat Saturation drain voltage

Vr Threshold voltage

w Channel width
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Appendix B

Abbreviations used in the

thesis

Table B.1: Abbreviations uscd in the thesis

Abbreviation Expansion

3D Three Dimension

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

AM Active Matrix

AMLCD Active Matrix Liquid Crystal Display
AOS Amorphous oxide semiconductor
ATO Aluminium Titanium Oxide
BCC Body centered Cubic

BM Balanced Magnetron

CBM Conduction Band Minimum

C-v Capacitance-Voltage

CVD Chemical Vapour Deposition
CRT Cathode Ray Tube

DC Direct Current

DOS Density of States
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Appendix

Table B.1: ....continued

Abbreviation Expansion

EDAX
EXAFS
FCC
GXRD
HMC
IC
IGZO
IPE
ITO
JFET
LCD
LVDT
MOSFET
OLED
OTFT
PE
PECVD
PEN
PET
PLD
PVD
RF
rpm
RT
RTA
SCL
SPM
TAOS
TFT
TSO
TTFT
UBM
uv

Energy Dispersive X-ray spectroscopy
Extended X-ray Absorption Fine Structure
Face Centered Cubic

Glancing Angle X-ray Diffraction

Heavy Metal Cation

Integrated Circuit

Indium Gallium Zinc Oxide

Inverse Photoelectron

Indium Tin Oxide

Junction Filed Effect Transistor

Liquid Crystal Display

Linear Variable Differential Transformer
Metal Oxide Semiconductor Filed Effect Transistor
Organic Light Emitting Diode

Organic Thin Film Transistor
Photoelectron

Plasma Enhanced Chemical Vapour Deposition
Poly Ethylene Naphthalate

Poly Ethylene Terephthalate

Pulsed Laser Deposition

Physical Vapour Deposition

Radio Frequency

Rotations Per Minute

Room Temperature

Rapid Thermal Annealing

Space Charge Limited

Scanning Probe Microscope

Transparent Amorphous Oxide Semiconductor
Thin Film Transistor

Transparent Semiconducting Oxide
Transparent Thin Filin Transistor
Unbalanced Magnetron

Ultraviolet
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Table B.1: ....continued

Abbreviation Expansion

VBM Valence Band Maximum

XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction

XRF X-ray Fluorescence Spectroscopy
ZITO Zinc Indium Tin Oxide

ZTO Zinc Tin Oxide
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