ABSTRACT

BHOSLE, VIKRAM. Novel Transparent Conductors Based on Molybdenum Oxide and
Gallium Doped ZnO. (Under the direction of Prof. Jagdish Narayan.)
The primary aim of the present work is to gain a better understanding of the fundamentals
and factors affecting the properties of alternative transparent conducting oxides (TCOs) in
order to grow films with controlled properties. The two systems studied here as substitutes
for indium tin oxide (ITO) are molybdenum oxide and gallium doped ZnO. The two systems
not only offer commercial benefits but also some key technical advantages compared to ITO.
To investigate the fundamentals properties, the novel TCO films have been grown on various
substrates (sapphire, glass and polymer) using pulsed laser deposition (PLD) technique. The
films were also grown under different deposition conditions in order to understand the effect
of processing on the film properties. Film have been characterized in detail using
combination of tools (XRD, TEM, XPS, 4-probe resistivity measurements, Hall
measurements and absorption/transmission spectroscopy) in order to establish processing structure - property relationship.

A novel class of TCOs based on MoOx films is proposed for development, where the
electrical and optical properties can be controlled by controlling the fraction of molybdenum
ions in different oxidation states (Mo4+, Mo5+ and Mo6+). The structural characterization
confirmed the epitaxial growth of monoclinic MoOx films on (0001) sapphire (corundum
structure) substrates, which is explained via domain matching epitaxy (DME). MoOx films
annealed in air at 250 oC for 1h possessed an optimal combination of high transmittance (~
65%) and electrical resistivity (in the range of 1 x 10-3 Ω-cm) and the relative concentration
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of Mo4+, Mo5+ and Mo6+ states is determined to be 17.2%, 8.4% and 74%, respectively.
These results suggest the possibility of growing MoOx films with easily tunable electrical and
optical properties for TCO applications. In case of doped ZnO, the effect of Ga on the
electrical and optical properties of ZnO films has been studied systematically as a function of
Ga concentration. A 5%Ga:ZnO film deposited at 400 oC and 2x10-2 torr of oxygen exhibited
%T > 80% and a room temperature value of resistivity ~1.4x10-4 Ω-cm. The room
temperature properties of ZnGaO rival those of ITO, which makes it a promising candidate
for various TCO applications. It has been suggested that the high conductivity observed in
the ZnGaO films arises from the interaction of gallium atoms and oxygen vacancies.
Temperature dependent resistivity measurements of these highly conducting and transparent
films also show, for the first time, a metal-semiconductor transition (MST) at~170K, which
has been related to weak localization of degenerate electrons due to multiple scattering of
electrons by Ga atoms. The results of this research help to understand the conduction
mechanisms in TCOs and are critical to further improvement and optimization of TCO
properties. We have also studied in detail the processing – structure – property correlations in
the TCO films deposited on single crystal sapphire substrates and alternative, economical
substrates such as glass and Kapton. The study helps to elucidate the role of microstructure,
specifically the grain boundaries and defects, in controlling the carrier concentration and
transport characteristics of nanocrystalline TCO films. It is also shown that highly
conducting and transparent films can be obtained on glass substrates through a better
understanding of the role of defects and careful control of the deposition parameters. The
lowest value of resistivity, ~ 1.8 x 10-4 Ω-cm, was achieved for the film deposited on glass at
200oC and 10-3 torr of oxygen, which has been attributed to an optimal carrier concentration

ii

(5.7 x 1020cm-3) and enhanced mobility (μ = 13.06 cm2/V-s) via reduced scattering. The
ability to grow nanocrystalline doped ZnO films with such a low resistivity at 200oC is an
exciting development for applications based on glass substrates. This work has shown
interesting possibilities for fabricating devices such as organic solar cells and organic LEDs
based on nanocrystalline ZnGaO films as transparent electrodes. The suitability of ZnGaO
films for organic photovoltaics (OPV) applications has been evaluated, and the performance
of the device is correlated with film microstructure, properties and the interface
characteristics. It has been demonstrated that power conversion efficiencies comparable to
ITO based devices can be achieved on a Zn0.95Ga0.05O/Cu-phthalocyanine/C60 double
heterojunction solar cell. A VOC = 0.5 V and power efficiency of 1.25±0.05% achieved for
non – optimized device structures with ZnGaO anodes suggests that these TCO materials can
provide potential substitutes for ITO.
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1.1

Introduction

Background

Although, the first reports on transparent conducting oxides (TCOs) date back to early 1900s,
it was not until the last few decades that these materials were used in products for
commercial and strategic purposes.1-5 At present there is a renewed interest in research on
TCOs, mainly due to the exponential rise in the applications using the TCO materials.5,6 With
the advent of flexible displays, high definition TVs (HDTVs), flat panel displays (FPDs) and
the several hand-held and smart devices, the demand for TCOs has also increased several
fold.7 Another important application for the TCOs is energy efficient windows, which is
gaining significance in the global regions with cold or moderate climates.4,7 However, the
most important application in the present context is that of transparent electrodes for light
emitting diodes (LEDs) and for photovoltaic (PV) cells.5 With an ever deepening energy
crisis, the demand for alternate and cost-effective energy sources is increasing. There is also
a need to improve the efficiency of solid state lighting devices, in order to address the issue
of energy conservation.8 Although rapid progress is being made in increasing efficiency of
the above-mentioned solid state devices through breakthrough results in synthesis of
photoactive materials and novel device structures, the research in the field of TCOs has been
relatively slow paced.7,9 Soon the TCO properties will be the limiting factor in the
development of PVs and the solid state lighting devices. Thus there is a considerable interest
in developing TCOs with improved properties. Apart from these some of the other
applications of TCOs include, window heating, electrochromic windows, electromagnetic
shielding, and invisible security circuits.4,10
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Currently, indium tin oxide (ITO) is the most widely used material for TCO applications.
With the steady rise in demand for the applications mentioned earlier, it seems to be difficult
to meet the supply requirements because of the rapidly diminishing supply of In. In the recent
times the production of In has dropped by ~ 12% and increasing the production is itself a
topic of intense research.11 The primary reason for the limited availability of In is that it is
produced as a by-product of Zn, Sn and Pb production. The concentration of In in earth’s
crust is extremely low (0.1 ppb), which prohibits direct mining of this element.12 Thus,
increasing the output of In would require drastic improvement in the extraction processes and
equipment. This directly translates into addition of cost to the present high prices of In.
Currently, 4N (99.99) purity In costs $2000/kg, which is ten times higher as compared to the
price in 2003. The price is even higher for higher grade In and its alloys. In 2005 – 06, 70%
of the In produced globally was used in the form of ITO coating for various TCO
applications. A large fraction of the remaining In is mostly used as an electronic grade
material for semiconductor and electrical components. One such compound is InP, which is
being explored for the next generation transistors in order to keep up with the Moore’s law
for semiconductor roadway. Another application where In could play an important role is
CuInGaSe (CIGS) based photovoltaic devices, especially in the light of the fact that it is
becoming increasingly difficult to keep up the production of solar-grade silicon. Although,
the demand for In based compound semiconductors has been steady over the past few years,
it is predicted to pick up in the future. Soon the manufacturers of In based compound
semiconductor devices will be competing with the ITO producers for a larger share of In. The
annual consumption of TCO coated windows (primarily for low-e coatings) in the United
States is 7.3x107 m2 and translates into a billion dollars industry. Similarly, the demand for
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FPD has grown over $27 billion over the past few years and is expected to increase even
further.7 The automotive sector is another huge market for the TCO coatings and can be
directly associated with the demand for the commercial vehicles. Thus, it can be seen that
substituting ITO with a more economical TCO material would save a large amount of
material related costs of the TCO based products. Moreover, this would also assure a stable
supply of In for the semiconductor and optoelectronic applications.

In addition to the high cost of In, ITO also suffers from poor chemical stability in hydrogen
atmospheres and exhibits relatively poor diffusion barrier characteristics.4 Stability in
hydrogen is a particularly important property for the Si based photovoltaic applications,
where H passivation is a key processing step in the solar cell fabrication. These factors and
the limited availability of In have motivated researchers all over the world to explore new
and relatively inexpensive TCO materials. It is also thought that the new materials can offer
more technical advantages, especially in terms of processibility and post-deposition
stability.10 With the improvement in properties of TCOs, the solar cell industry is expected to
be benefited the most among all the applications. The performance of solar cells is directly
related to the TCO characteristics and is discussed in detail, later in this chapter. Currently,
solar cells are mostly used for strategic applications, however, its widespread domestic use is
prohibited by the exorbitant price of the solar energy conversion units. As shown in fig. 1.1
to make the solar units affordable we will have to increase the efficiency of the devices >
30%.13 Currently best values of efficiencies are ~ 25% for the CIGS and GaAs based devices
and single crystal thin film Si photovoltaic cells. These efficiencies have been achieved
through careful device design and development of new materials technology. One way to
lower the cost is to use organic materials, however, low mobilities in these materials, limit their
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use.14 Thus, use of hybrid (organic / inorganic) devices would lead to reasonably good
performance at a much lower cost.

Figure 1.1The plot of efficiency vs cost W-1 for three generations of photovoltaic cells.13
Further development in the device performance is expected through improvement in TCO
characteristics and optimization of hybrid interfaces. The lower cost of an alternative TCO
material would be an added incentive, which would further aid in decreasing the cost/Watt of
the solar power.

In this thesis, the focus is on determining the characteristics and properties of TCO films with
an eye toward applications for organic solar cells. The solar cells are of two types, substrate
devices and superstrate devices. In the substrate-type device the TCO layer is deposited
directly on glass before the device layers, whereas in the superstrate device the TCO layer is
deposited on top of the absorber/active layers. Thus, it is clear that the TCO layers need to
fulfill stringent requirements, which are determined by the type of the solar cell device. In
order to maximize the efficiency of the solar cell, maximum light should be incident on the
absorber layers without compromising the power drawn from the device. This can be
4

accomplished by the use of TCO materials, which are transparent as well as conducting. For
most of the applications mentioned above, including solar cells, the basic requirements for
the TCO materials are to possess transmittance of > 80% and resistivity < 10-3 Ω-cm.7 A
TCO is a wide bandgap semiconductor and the conductivity is attributed to high carrier
concentration (n) arising from defects (intrinsic and extrinsic), whose energy levels lie close
to the conduction band.15 The energy levels of the defects are such that the ionization
potential (Q) is of the order of kT, where k is the Boltzmann’s constant and T is the room
temperature in Kelvin. Depending on the carrier type the TCOs can be classified into two
types, n – type and p – type, where the electrons and holes are the majority carriers,
respectively. Although, there is a lot of work being pursued on p-type TCOs, the present
work is related only to n-type TCOs. It is known that as n increases, the transmittance tends
to decrease because of the dependence of plasma frequency on n. The plasma frequency (υ1)
signifies the lower limit on frequency, below which the incident light is reflected. υ1 is given
by

ν

2
1

=

e 2 N eff

(1.1)

4π 2 ε 0 m

where εo is the permittivity of the free space, Neff is the effective carrier concentration (n) and
m is the effective mass of the electron.16 This equation shows that as the electron density
increases, the value of υ1 shifts to higher frequencies or shorter wavelengths. For present day
applications, the resistivity should be at least on the order of 1x10-4 Ω-cm or lower, which
would amount to n ~ 1021 cm-3 and μ ~ 10–50 cm2/Vs, assuming that the mobility is limited
mainly by ionized impurity scattering (μ ~ μIIS). The value of n ≥ 1021 cm-3 corresponds to υ1
~ 1016 s-1 or λ ≤ 900nm.17 Thus, if the conductivity continues to rise with increasing carrier
concentration, a theoretical limit will eventually be reached (n = 1022 cm-3) where the plasma
5

edge moves into the visible region resulting in significant absorption / reflection.17 The
reflection of light in the useful visible and near IR region would render these films useless for
practical applications.17 The transmittance and conductivity are inversely related and a
compromise is usually struck between the two to achieve the optimum TCO characteristics.
The best performance is achieved for the TCO films with the highest mobility rather than
with a high carrier concentration. Therefore, in order to reach the target resistivity of 5x10-5
Ω-cm, αvisible ~ 2x10-2 cm-1 and υ1 beyond IR (λ > 1500 nm), it is desirable to have mobilities
~100cm2/V-s. Although there are some examples of TCO materials (e.g. CdO based TCOs),
which exhibit mobilities > 100 cm2/Vs, most of the commonly known TCOs (ITO, SnO2,
ZnO) show mobilities in the range 10–50 cm2/Vs.5,18,19 So, one of the main objectives of this
work was to design a TCO material with the highest conductivity and a minimal absorption
in the visible (and possibly in the infra-red region (IR)).

1.2

Proposed Research and Research Objectives

In this work, two different material systems, molybdenum oxide (MoOx) and ZnO doped
with Ga (Zn1-xGaxO) have been investigated as alternative TCOs to ITO. The two systems
not only offer commercial advantages but also some key technical benefits over ITO. A
novel class of TCOs based on MoOx films is proposed, where the electrical and optical
properties can be controlled by controlling the fraction of molybdenum ions with different
oxidation states (Mo4+, Mo5+ and Mo6+). In case of doped ZnO, the effect of Ga on the
electrical and optical properties of ZnO films is studied in detail. We have also studied in
detail the processing – structure – property correlations for the two TCO systems deposited
on single crystal sapphire substrates, and economical substrates such as glass and Kapton.
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While the growth of epitaxial films on single crystal substrates minimizes the contribution of
defects and facilitates the understanding and identification of conduction mechanisms in
these films, the related growth studies on economical substrates are especially relevant for
flexible electronics and large area device applications.6 The conduction mechanisms in these
TCO films are investigated and modeled through in-depth structural characterization,
chemical analysis, optical spectroscopy and temperature dependent electrical property
measurements. The main aim of this study is to gain a better understanding of the
fundamentals and the factors affecting the properties of the alternative TCOs in order to grow
films with controlled properties. The suitability of using these TCO layers in photovoltaic
application is evaluated through characterization of organic solar cells fabricated using the
optimized TCO films. The broader goal is to develop alternative TCOs with properties better
than or comparable to ITO for a range of applications such as displays, solar cells, solid –
state lighting and sensors. To accomplish the goals set in the thesis, a comprehensive and
systematic approach as per fig. 1.2 has been adopted.

Novel Materials –
Synthesis and
Processing

Nanoscale
Characterization

Processing –
Structure – Property
Correlations

Modeling /
Mechanisms

Applications /
Devices
Figure 1.2 Schematic representation of the multi-variant approach to grow alternative TCO
films with desired properties.
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The thesis is organized into 10 chapters. The introduction chapter is followed by a chapter on
preliminary considerations and current issues in the field of TCOs. This chapter will give an
overview of the basic phenomena and the processes involved in the materials that exhibit
TCO characteristics. In addition, it will also briefly discuss the operation of a solar cell
device and the TCO requirements specific to photovoltaic application. The third chapter will
review the work done on TCOs and the recent progress on development of alternative TCOs.
The next chapter outlines the objectives of the thesis work and also describes the approach
and the methodology that is adopted to accomplish the goals set for the thesis. Chapter 5, 6,
7, 8 and 9 describe the experimental details and discuss in detail the results, and in chapter 10
the overall conclusions are summarized along with the future directions. Most of this work
has been published in peer reviewed journals (5)20-24and as conference proceedings (2).25-26
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2

2.1

Basic Considerations and Critical Issues

Basic Physics of TCOs

In this chapter the basic band structure and models for conduction and optical response of
TCOs will be described. Much of the theoretical discussion will be based on indium oxide
and ITO based thin films, since it is a well studied system. Owing to its ubiquity in industrial
applications, ITO has been a subject of intense research for several decades and has been
widely investigated. The models and the observations based on ITO films will serve as a
reference to other TCO systems and will be extended to the materials of interest in later
chapters.

The key requirement for the TCO applications is that transmittance (%T) should be greater
than 80%, while resistivity (ρ) is less than 10-4 Ω-cm. Some of the materials which exhibit
such properties were described in the previous chapter. Not many materials exhibit this
unusual combination of high transmittance and electrical conductivity. Usually, materials that
show high electrical conductivity are almost opaque to the visible light owing to their high
absorption coefficient and/or reflectivity, whereas transparent materials are insulating or
semiconducting due to the lack of free carriers at ambient temperatures. According to
Boltzmann’s conductivity equation, a material’s conductivity is given by
σ = nμe

(2.1)

where σ, n, μ and e are electrical conductivity, carrier concentration, carrier mobility and
electronic charge, respectively. Mobility is directly dependent on the relaxation time, which
is determined by the scattering events, and is inversely dependent on the effective mass of the
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carrier. Fig. 2.1 shows the classification of materials based on a plot of n vs μ for various
materials.1 Based on the figure, materials can be classified into four categories: (1) highly
conducting metals (top right), (2) semimetals (top left), (3) semiconductors (right bottom)
and (4) transparent conductors which show conductivities intermediate to the metals and
semiconductors. Moreover, relatively high values of electrical conductivity do not preclude
these TCO materials from exhibiting high transmittance. The origin of such an interesting
display of properties can be best understood by analyzing the band structures of these
materials (e.g. ITO).

TCOs

Figure 2.1 Materials space in n and μ, which classifies materials based on their electrical
characteristics.1
However, a complex crystal structure (oxide having 80 atoms per unit cell) makes it very
difficult to accurately calculate the band structure of TCOs. The first energy band model was
proposed by Fan and Goodenough based on the ESCA (electron spectroscopy for chemical
analysis) measurements of ITO.2 A schematic energy band diagram for pure and Sn doped
In2O3 is shown in fig. 2.2.1,2 It was proposed that most of the valence band is filled with O 2p
states, whereas the In 5s states constitute the conduction band. It was suggested that the
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conduction band lies about 3.5 eV above the top of valence band in agreement with the
observed absorption edge. The authors also suggested formation of shallow donor states
associated with the oxygen vacancies. The formation of shallow

Figure 2.2 Schematic energy – band model for Sn – doped In2O3, having no Sn3O4 phase.1,2
donor states due to the presence of oxygen vacancies is explained as follows: usually, indium
oxide is reduced, which leads to the creation of vacant tetrahedral interstices surrounded by
the In3+ - ions. These vacant interstices or oxygen vacancies are symbolized by Vo. Oxygen
vacancies that are surrounded by In 5s orbitals, are stabilized just below the conduction band
to form shallow donor states due to the lack of covalent bonding with the missing O2- ions.
Each vacancy traps two electrons, however, donor energy level of 0.03 eV makes these
vacancies act as shallow donors that contribute two electrons each to the conduction band.
Now, as the concentration of vacancies increases, a Vo impurity band is formed, which
merges with the bottom of the conduction band. This also causes the Fermi energy (Ef) to
move above Ec and makes indium oxide a degenerate semiconductor. For stoichiometric
In2O3 or for low concentrations of oxygen vacancies, the Ef lies below the conduction band.
Doping with higher valence elements such as Sn has similar effect as the oxygen vacancies
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on the electronic properties of indium oxide. Fan et al. suggested that the addition of Sn also
leads to the formation of shallow donor states (Sn 5s) just below the conduction band,
provided Sn occupies In substitutional sites.2 The formation of shallow donor states of Sn is
related to its higher nuclear charge compared to In. Again, at higher concentrations of Sn it
forms an impurity band, which overlaps with the bottom of the conduction band. Thus, in Sn
– doped indium oxide, both Vo and Sn 5s states coexist and contribute free electrons to the
conduction band. One important observation mentioned by these authors is that the resistivity
of the indium oxide films increased considerably on annealing, which suggests that the
decrease in carrier concentration is due to the decrease in oxygen vacancies and is in
agreement with the proposed model. This model also helps to explain some of the observed
optical properties of the indium oxide films. According to the model, the films are
transparent across the visible region since the bandgap is around 3.5 eV. Higher energy
radiation is then absorbed as it excites the electrons from VB to CB. The widening of the
bandgap (Eg (eff)) with increasing carrier concentration in these films has been explained in
terms of the Burnstein – Moss (B-M) effect.3-4 One of the most important features of this
model is that it suggests that the transitions to higher bands (In 5p states) would require
energies larger than Eg (eff). In case of degenerate indium oxide or ITO films, the Ef lies
between widely separated In 5p and O 2p bands (7 eV minimum) as shown in Figure 2.2.

A more detailed analysis of the band structure of TCOs has recently become possible owing
to the advancement in the field of computational materials science and development of
highly precise first principles techniques. Myrasov et al. have calculated the band structure of
both In2O3 and Sn-doped In2O3 using the full potential linear muffin tin orbital (FLMTO)
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method.5 Overall, the results are in agreement with the spectroscopic results and the band
energy model proposed by Fan et al.2 However, it provides a few more features and some
critical predictions. It is found that the bottom of the conduction band acts as a single free –
electron – like band with s character. The band also has a large dispersion, which helps to
explain the observed shift in bandgap with increasing carrier concentration (BM effect) and
high conductivity due to the high mobility of In 5s states. It is to be noted that the energy gap
between the CB and the higher energy bands is > 4 eV, while on doping with Sn it forms
another band between the two higher energy bands. This band tends to effectively lower the
plasma frequency (ν1), because ν1 is proportional to the largest interband transitions. Another
effect of splitting of these bands is that it decreases the dispersion of the conduction band (stype), and lowers the mobility, which is in addition to the increased impurity ion scattering
produced by the increased Sn doping.

The band structure calculations and the proposed energy band diagram are extremely useful
in explaining the observed optical properties and to a lesser extent the electrical properties,
specifically the exact role of shallow donors. Although, the models suggest that the oxygen
vacancies and Sn (impurity ions) contribute to the conduction band in the form of shallow
donors, these models do not describe the mechanism(s) of carrier generation. Thus, separate
models need to be used to understand further details of carrier generation from the vacancies
and Sn dopants. For example, in InSnO (cubic bixbyite structure) Sn doping is thought to
take place preferentially by a self – compensating mechanism according to the following
reaction:
2 InInx + 2 SnO2 → (2SnIn• O "i ) + In2O3

(2.2)
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where SnOi represents a neutral associate with ratio of Sn:O being 2:1.6-8 The equation is
represented in the Kroger – Vink (K-V) notation, where the capital letters stand for the defect
or ionic species, the subscript denotes the site and the superscript denotes the effective charge
(’ – negative,

•

– positive). The existence of such a neutral complex, albeit in a neutral

material, has been confirmed by the Rietveld analysis. The activation of dopants, however,
requires reduction. Two different mechanisms have been suggested for generation of
electrons. The most dominant mechanism seems to be the removal of oxygen interstitial from
the complex. The reaction takes place as follows:
(2SnIn• O "i ) ↔ 2 SnIn• + 1/2 O2 (g) + 2 e΄

(2.3)

Thus, by treating the films in a reducing atmosphere the carrier concentration can be easily
increased. However, once all the dopants are activated, the carrier concentration does not
change much with further reduction. Further increase in carrier concentration can be
achieved through the formation of oxygen – vacancies under highly reducing conditions. The
formation of an oxygen vacancy produces two free electrons according to the equation:
OOx ↔ 1/2 O2 (g) + 2 e΄

(2.4)

Since the energy levels of oxygen vacancies lie close to the conduction band, they can also
be very efficient donors. These mechanisms indicate the importance of the deposition
parameters and the processing conditions on the properties of the TCO films, which is dealt
with in detail in the next chapter.
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2.2

Electrical Properties

With this background it should be possible to move on to discuss the electrical properties of
the TCOs, using as an example the ITO system. As described earlier, as per equation (2.1)
the conductivity of a material is mainly determined by the carrier concentration (n) and
mobility (μ). For indium oxide and most other TCOs, the conductivity is strongly dependent
on the concentration of intrinsic (oxygen vacancies) and extrinsic (impurity ions) dopants.
Moreover, the activation of the dopants and the actual carrier concentration are determined
by the processing conditions. Although, it is relatively easy to control the concentration of
extrinsic dopants, it is difficult to control the concentration of intrinsic dopants. To achieve
good control over the properties a thorough understanding of the relationship between the
processing – structure – properties of these films is required. The dependence of carrier
concentration on oxygen partial pressure is shown in fig. 2.3 (a) and the corresponding
relation with the oxygen content in indium oxide films (x in In2Ox) is shown in fig. 2.3 (b).9,10
◦ Indium oxide
• ITO

(b)
(a)

Figure 2.3 (a) Effect of oxygen partial pressure on the carrier concentration and (b)
correlation between the oxygen content of the film and carrier concentration in indium oxide
and ITO films.9,10
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It has also been reported that Sn is not an effective donor in the amorphous ITO films
because of the dominant role of oxygen partial pressure.9 Similar results were obtained by
several other authors, which suggest strong interaction between the Sn and oxygen related
defects.11,12 Fig. 2.4 shows a plot of resistivity vs carrier concentration for pure indium oxide
and ITO films. The experimental values are compared with the values calculated using
Dingle and Moore models. The increased carrier concentration not only decreases the
resistivity but also makes these films degenerate. The degeneracy in these films has been
confirmed by the temperature independence of the carrier concentration at low temperatures
(up to 4.2 K). The observation of degeneracy is one of the most important realities for TCO
films with high carrier concentrations and is a critical factor when attempting to derive stable
performance for most applications.

Figure 2.4 Plot of room temperature resistivity vs carrier concentration for indium oxide and
ITO films. The experimental values are compared with the theoretical values calculated using
Dingle and Moore models.9
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It is worth mentioning that even though the carrier concentration does not change with
temperature, the value of resistivity at 4.2 K was ~ 10% less than that at 300 K. This suggests
occurrence of some interesting phenomena at lower temperatures. However, a detail
investigation of the effects at low temperatures has not been undertaken.

Although, carrier concentration is instrumental in decreasing the resistivity, at very high
carrier concentration the resistivity tends to increase. The effect is attributed to a decrease in
mobility resulting from increasing ionized impurity scattering. For a degenerate
semiconductor:
ρ=

N i Z 2 e 2 m *2
f (k F )
24π 3 (ε 0 ε r ) 2 h 3 n 2

(2.5)

where Ni is the number density of impurity centers with charge Ze, εr is the low-frequency
relative permittivity and m* is the conduction band effective mass.13-16 The function f (kF) is
given by f (kF) = [ln (1+β2) - β2/(1+ β2)] and β = 2 kF/KTF, where KTF is the Thomas – Fermi
screening wave vector. The change in resistivity as a function of carrier concentration is
shown in fig. 2.4. Fig. 2.5 shows the effect of increase in carrier concentration on mobility
due to the ionized impurity scattering. For degenerate semiconductors, the mobility is
calculated using the equation:

2 7 2 (4πε s ε 0 ) (kT )
μIIS = 3 2 2 3
2
2
2
π Z e N I ln 1 + YBH
− YBH
/ 1 + YBH
2

) [
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32

(

)]}

(2.6)

where
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⎠

(2.7)
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⎡ 4πε s ε 0 kT ⎤
and LD is the Debye length given by LD = ⎢
2
⎥
⎣ e n ⎦
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The plot shows a good match between the experimental data and the upper limit of the
mobility predicted by the theory, however, it is to be noted that the simulated plot is
corrected for the carrier concentration due to ionized impurity centers.

Acoustic and ionized-impurity scattering
With m* correction
Without m* correction

Figure 2.5 Comparison of the experimental values of mobility with the simulation of upper
limit of mobility corrected with the effective mass correction and the carrier concentration
ionized impurity center correction.13
The mobility given by equation (2.6) assumes that the conducting carriers are generated only
from singly charged Sn ions and it does not consider the contribution and interaction of other
ionized donors such as doubly charged vacancies. An oxygen vacancy donates two electrons
producing a charge transfer of two to the corresponding ionized centers, Z. To accommodate
the effect of additional carrier sources, the relationship between the ionized impurity centers
and the carrier concentration is given by
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NI = f(n)

(2.8)

where f(n) is the carrier concentration ionized impurity center correction function and is
given by f(n) = xn. The corrected value of mobility is calculated using the following
equation:
'
=
μ IIS

μ IIS

(2.9)

x

It was found that the value of x is more than one, which indicates that the number of ionized
impurity centers is higher than the actual carrier concentration. This is an important surmise,
which makes it necessary to conclude that the different impurity centers are interacting or
that the ionization efficiencies of these centers are less than 1.0. The electrically inactive
dopants only act as scattering centers, thereby further decreasing the mobility. Another
important correction factor which affects the simulated values of mobility is related to the
change of effective mass with the carrier concentration. It can be seen from fig. 2.5 that the
best fit between the calculated and the experimental values is obtained for the plot which is
corrected for both the effective mass and carrier scattering effects. Fig. 2.6 shows the
dependence of effective mass on the carrier concentration and it can be clearly seen that the
values of m* increase with the increasing carrier concentration.

Figure 2.6 Comparison of m* calculated using equation 2.10 with the experimentally
measured values.13
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An empirical equation between the effective mass and the carrier concentration was
formulated by Chen et al. and is given by13
k=

m*
= 0.3 + 0.06192 × f
m
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(2.10)

n = f x 1020

(2.11)

The values of effective mass calculated using the above equation are in good agreement with
the experimental data as can be seen from fig. 2.6. The increase in effective mass is attributed
to the change in Fermi energy and in the shape of the conduction band as the impurity bands
overlap.

It has also been suggested by some researchers that the scattering due to lattice vibration can
play a role in the mobility of TCOs.17 A simulated plot for the combination of acoustical
deformation scattering mechanism and the ionized impurity scattering mechanism is shown
in fig. 2.5 (dashed line). Although, the plot shows a good agreement with the experimentally
observed values (solid line), it has been attributed to the carrier impurity correction.
Moreover, the plot shows considerable deviation at carrier concentrations lower than 1 x 1020
cm-3, which indicates that the phonon scattering has little or no effect on the scattering of
carriers in degenerate TCOs. In addition, the temperature dependent studies of the properties
of these TCO films did not show any notable temperature dependence in the range 100 – 500
o

C, which again suggests that the phonon scattering is not a dominant scattering mechanism

in degenerate TCO films.
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Grain Boundary Scattering

The previous discussion on scattering mechanisms was pertinent to single crystals, large
grained films and / or amorphous ITO films and did not consider grain boundary scattering.
However, most of the films used for practical applications are polycrystalline and it is
thought that the grain boundary scattering could be a dominant scattering mechanism. It has
been suggested that grain boundaries introduce defect – induced trapping states which
capture electrons and lead to formation of a potential barrier.18-21 It has been reported
previously that the grain boundary barrier height is of the order of 0.1 eV for films with low
carrier concentrations.19 The build up of a negative charge and the existence of a potential
barrier at the grain boundaries will lead to scattering of conduction electrons, and thus lower
the mobility. Petritz has modeled the effect of grain boundaries on the transport
characteristics in the polycrystalline films.20 According to this model, the change in mobility
is given by the following equation:
⎛ φb ⎞
⎟
⎝ kT ⎠

μ g = μ 0 exp⎜ −

(2.12)

where
⎛ L2 e 2 ⎞
⎟⎟
μ 0 = ⎜⎜
2
π
m
*
kT
⎝
⎠

12

(2.13)

and L is the grain size and Φb is the grain boundary potential.
Plots of mobility simulated using different values of Φb and grain size are shown in fig. 2.7.
It can be seen that the value of mobility decreases with decrease in grain size and increase in
the grain boundary potential.13 For ITO the value of grain boundary potential is ~ 0.01 eV
and the average grain size is usually ≥ 100 nm, which gives an estimated value of mobility
greater than 200 cm2/Vs at the carrier concentration of 1022 cm-3.13,22,23 This high value of
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mobility is significantly larger than the values observed in the ITO films grown for practical
applications. Although, the mobility decreases with decreasing grain size, the values
calculated for grain sizes less than 40 nm and an assumed Φb of 0.01 eV still largely exceed
the experimentally observed values for ITO. There are some reports where the mobilities in

Figure 2.7 Effect (simulated) of (a) grain boundary potential and (b) grain size on the
mobility of ITO films.13
excess of 100 cm2/Vs have been reported for ITO films. However, these are considered to be
exceptions and most of the reproducible data suggests the upper limit of mobility to be less
than 100 cm2/Vs. The large deviation observed in the mobilities calculated based on grain
boundary scattering and the experimental data suggests that grain boundary scattering is not a
dominant scattering mechanism for ITO. However, a prominent effect of grain boundaries on
the carrier mobilities can be expected in materials which have a high grain boundary
potential. Further understanding of the effect of grain boundaries on the scattering of carriers
can be gained through calculation of the mean free path of carriers. For a degenerate
semiconductor the mean free path (l) is calculated using the following equation:
13

⎛ h ⎞⎛ 3n ⎞
l = ⎜ ⎟⎜ ⎟ μ
⎝ 2e ⎠⎝ π ⎠

(2.14)
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Fig. 2.8 shows the variation of l as a function of carrier concentration. The values of l have
been calculated using the experimental data for ITO films. It can be clearly seen from the
figure that the maximum value of l is < 15 nm. This value of l is much smaller than the actual
crystallite / grain size observed in ITO films with low resistivity, which again suggests that
the grain boundary scattering does not significantly affect the carrier mobility. It is cautioned
here, that the films discussed so far have been mostly deposited at an elevated temperatures
and the grain size is large owing to the extra thermal energy provided during the growth. In
recent times the growth of TCO films on heat sensitive substrates has gained interest for
various modern applications. Films grown at lower substrate temperatures (< 200 oC) exhibit
really fine grain size (5-20 nm), and grain boundary scattering may play an important role in
the transport properties of these films.

Figure 2.8 Variation of mean free path with carrier concentration for ITO films.13
Thus, based on the discussion of the various carriers scattering mechanism, it can be safely
assumed that the IIS sets the limit on the maximum achievable conductivity of TCOs. It is an
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intrinsic limit for the maximum achievable value of mobility and / or the lower limit of
resistivity. Regardless of the presence of other scattering mechanisms and defects, the IIS
represents the intrinsic limit because it arises from Coulomb interaction between the free
electrons and the ionized impurities which donate these carriers. Also, to preserve charge
neutrality in the films, there should be enough positive charges to neutralize the negative
charge of the free electrons, which amounts to inevitable and excessive screening of the
electrons at these positive charge centers. It can be argued that the presence of grain
boundaries in the polycrystalline samples and addition of dopant (impurity atoms) leads to
disorder in the sample, and can significantly alter the transport characteristics of the TCOs.
However, these effects and the contribution from other defects to the resistivity can be best
treated by applying the carrier concentration ionized impurity center correction to IIS. The
accuracy of this model can be further improved by considering the effective mass correction
which then reflects the intrinsic limit on the conductivity of the most TCOs. Some additional
scattering mechanism such as defects (dislocation) scattering, electron – electron interaction,
electron – impurity interaction and neutral impurity scattering are also sometimes considered
to analyze the observed electrical properties in TCO films. Most of these mechanisms tend to
affect the TCO properties at low temperatures and as such have little effect on the
conductivity mechanisms at elevated temperatures (~RT).

2.3

Optical Properties

The variation in electrical properties also tends to affect the optical properties and the
following section will discuss in detail the correlation between the optical and electrical
properties. It is of prime importance to understand the fundamentals of the physical processes
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underlying these phenomena. Usually, the optical properties are studied over a broad range of
wavelengths (IR – UV) in order to observe the frequency dependence of these properties.
The typical transmittance spectrum of a TCO film is shown in fig. 2.9, which shows three
distinct regions of absorption, transmission and reflection.24,25 It is desirable to have the onset
of both, the absorption edge and the plasma edge, to be as far as possible from the visible
region.

Figure 2.9 Spectral dependence of a typical transparent conductor with λgap and λpl
indicating the wavelength of bandgap absorption and free electron plasma absorption,
respectively.24,25
The details about the each process (absorption, transmission and reflection) will be now
treated separately. The transmittance and the absorption can be explained by considering the
energy band diagram and the band structure of the TCOs. The first energy band model was
proposed by Fan et al to explain the observed optical spectra in ITO.2 In recent times there
have also been investigations on the band structure of different TCOs using the first principle
calculations, which attempt to explain the experimental results of optical property
measurements.5,26 However, the modern methods and the first principle calculations of the
band structure have only refined the original band energy model proposed by Fan et al. Thus,
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inspite of its schematic nature, the energy band model is widely recognized as the only basis
for explanation of the observed high transmittance across the visible region in the TCOs. The
details about the model have been already described in the preceding section. As per the
model, the conduction band consists mainly of s electrons from the cations and the valence
band is formed by O2p electrons. The two bands are separated by a large bandgap (Eg), Eg >
3.2 eV, which leads to the transparent behavior of TCOs in the entire visible region.
However, for radiation with energy higher than the bandgap, most of the energy is absorbed
to excite electrons from the VB to CB. It is also suggested that the Fermi energy (Ef) lies
midgap (Eg/2) in the undoped material. The position of the Ef is a function of the carrier
concentration, consequently, Ef is shifted towards the conduction band as the carrier
concentration increases. With the introduction of enough carriers from the shallow donors
(impurities and vacancies) into the conduction band causes Ef to move above the conduction
band. It is to be noted here that the introduction of donor states does not lead to significant
absorption in the visible region because of their shallow energy levels. Interestingly, it has
been observed that with increasing carrier concentration, the absorption edge shifts towards
smaller wavelengths (higher energy), which indicates an increase in bandgap. The increase in
bandgap is normally attributed to the B-M effect, which suggests filling up of the lowest
states in the conduction band. It is thought that when the carrier concentration exceeds the
critical concentration ne = nc, the lowest states in the CB are filled, leading to the effective
widening of Eg.27 Fig. 2.10 shows schematically the proposed band structure of a TCO and
widening of the bandgap due to filling up of the states.27,28 The dispersions of the CB and VB
in the doped material are given by:
E v0 (k ) = − h 2 k 2 2mv*

(2.15)
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E c0 (k ) = E g 0 − h 2 k 2 2mc*

(2.16)

The changed bandgap due to doping and the resultant increase in the carrier concentration, is
given by
E g0 = E g 0 + ΔE gBM ,

(2.17)

where E g 0 is the original bandgap (corresponding to the undoped material), ΔE gBM is the
positive quantity for the band-gap shift due to the B-M effect and the subscript and
superscript 0 signifies the unperturbed nature of the bands.3,4,28

Figure 2.10 shows the schematic of the proposed band structure of a TCO and the shift in
bandgap due to doping. Corresponding dispersion equations are also shown.27,28
The value of ΔE gBM is given by the B-M theory and is as follows:
ΔE gBM = (h 2 2mvc* )(3π 2 ne ) 2 3

where the reduced effective mass is given by

(2.18)

1
1
1
= * + * . It is evident from equation
*
mvc mc mv

2.18 that the change in bandgap is proportional to ne2/3, which is in agreement with the
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experimental results.28 Fig. 2.11 compares the experimentally observed values of bandgap
(Eg) as a function of electron density ( ne2 / 3 ).
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Figure 2.11 shows the dependence of Eg on electron density ( ne2 / 3 ). The solid curve is
calculated using the B-M theory.28
However, this theory does not take into account additional effects related to the electronelectron interactions and impurity scattering. It is believed that scattering effects also
contribute to the observed change in the bandgap in the doped materials. The effect of the
scattering events can be accommodated by adding a correction term to the dispersion of
energy bands. The new dispersion equations are as follows:

Ev (k , ω ) = Ev0 (k ) + hΣ v (k , ω )

(2.19)

E c (k , ω ) = E c0 (k ) + hΣ c (k , ω ) ,

(2.20)
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where h ∑ v and h ∑ c are self-energy terms corresponding to electron – electron (ee) and
electron – impurity (ei) scattering. These effects are assumed to have an additive effect as per
these expressions:
ei
∑ v = ∑ ee
v + ∑v

(2.21)

ei
∑ c = ∑ ee
c + ∑c

(2.22)

Therefore, the actual change in the bandgap is given by:
ΔE g = ΔE gBM + hΣ c (k , ω ) − hΣ v (k , ω )

(2.23)

A detailed computational analysis of the scattering terms leads to a conclusion that these
effects tend to decrease the bandgap, which is represented by ‘W’ in fig. 2.10.28,29 The
shrinkage in bandgap due to the excessive scattering of the carriers is also known as bandgap
renormalization.30,31 Therefore, the value of Eg becomes
Eg = W + ΔE gBM

(2.24)

however, ΔE gBM is considerably higher than the contribution from the scattering terms and
dominates the bandgap shift due to the increased carrier concentration.
It is to be noted that the above analysis is applicable only to films with carrier concentration
above the critical carrier concentration (ne > nc ~ 1019 cm-3). Such heavily doped
semiconductors exhibit degeneracy with a free electron-like cloud. The degenerate nature of
the heavily doped TCOs not only affects the transmittance and absorption but also the
reflectivity. The effect is most pronounced in the near-IR region, where the plasma edge
tends to shift as a function of ne. It was mentioned in the previous chapter that the reflectivity
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of the TCO films increases with increase in ne as per equation (1.1). The dependence of the
plasma frequency and reflectivity on carrier concentration can be explained using Drude’s
free electron theory.24,32 According to this theory, under the influence of an electric field of
strength ξ, the electrons form a dipole. The phenomenon of formation of dipoles is called
polarization and results in the build up of a field within the material. Now, if this material is
exposed to an alternating electric field (e.g. light), the dipoles start to perform periodic
vibrations, thereby affecting the permittivity of the material. It is also assumed that these
vibrations are damped due to the collision of electrons with the inhomogeneties in the lattice.
Thus, the frequency dependence of the optical constants in such a material system can be
derived by using the equations of vibrations, where the interactions of electrons with lattice
defects are accommodated by a damping term (γ) that is proportional to the velocity of the
electrons. Based on this model the spectral dependence of the various constants is given by
the following equations:
⎛
ν 12
⎜
ε 1 = n − k = ⎜1 − 2
2
⎝ v + v2
2

2

ε 2 = 2nk =

⎞
⎟⎟
⎠

(2.25)

ν 2 ν 12
ν v 2 + v 22

(2.26)

∧

∧

∧

where ε = ε 1 − iε 2 (complex dielectric function), ε =n 2 = (n1 − in2 ) 2 (complex index of
refraction), ν1 is the plasma frequency given by equation 1 and ν2 is the damping frequency
given by:

ν2 =

2π 2 ε 0ν 12

σ0

=

e

(2.27)

2πμm
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Additional analysis of these equations reveals that there exist two distinct regions, viz.

Case I (Total reflection):

ν < ν1 (plasma frequency), and assuming ν > ν2 since ν2 ~ 1012 s-1, where as ν ~ 1015 s-1 in the
IR region,
⎛ ν2
For the present case, ε1 becomes ε 1 = ⎜⎜1 − 12
⎝ v

⎞
ν2
⎟⎟ < 0, and ε2 becomes ε 2 = 13 > 0. Thus, the
v
⎠

real part is less than the imaginary part, which results in total reflection.

Case II (Transparency):

ν > ν1 ,
⎛ ν2
In this case, ε 1 = ⎜⎜1 − 12
⎝ v

⎞
⎟⎟ > 0 leading to a decrease in the reflectivity, which signifies that
⎠

the material has become transparent.
The validity of Drude’s model has been verified by various researchers. A comparison
between the theoretical calculations and the experimental values of T and R in fluorinated
ITO films is shown in fig. 2.12.24,33 It is evident from the figure that the measured values of T
and R are in good agreement with the values predicted by the Drude’s theory. The most
important feature of the Drude’s model is that it correlates the electrical parameters ne and μ
with the optical constants n and k (equations 1.1 and 2.25-27). Since, all the quantities ne, μ,
n and k can be measured, it should also be possible to determine the effective mass m* using
these equations.
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Figure 2.12 Dependence of T and R on wavelength (R: o (experimental), ---- (calculated), T:
• (experimental), —— (calculated)).24,33
Fig. 2.13 shows the effect of carrier concentration on reflectivity, calculated using Drude
theory, for an 800nm radiation (~ highest visible wavelength).14 It can be readily seen from
the figure that for carrier concentrations higher than 2 x 1021 cm-3 the TCO films become
extremely reflective to incident radiations with λ ≥ 800 nm, which would drastically affect
the efficiencies of the devices.

Figure 2.13 Calculation for variation of R with carrier concentration for 800 nm radiation.14
This analysis shows that the requirements for transparency would give an absolute lower
limit on the resistivity of ~ 4 x 10-5 Ω-cm. However, these calculations did not take into
account the dependence of effective mass on the increase in carrier concentration.13,14 Since,
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the effective mass increases with increasing carrier concentration, the limit for resistivity is ~
3 x 10-5 Ω-cm and the corresponding carrier concentration is 9 x 1021 cm-3 with the effective
mass correction.

Other Properties:
Work function:

Work function (φ) of a TCO is defined as the energy difference between the Fermi level and
the ionization potential. In most n-type TCOs the Fermi level lies in the conduction band due
to the degenerate nature of these films. Therefore, the work function is essentially the energy
required to remove the electron from the conduction band. The work function has two
contributions, the chemical affinity (χ) and the value of (Ef – Ec). The value of work function
is given by the following equation:
φ = χ + (Ef – Ec)

(2.27)

Fig. 2.14 shows schematically the work function for metal, n-type semiconductor and a ptype semiconductor.
Vacuum
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Figure 2.14 Schematic of the work function for (a) metal or degenerate semiconductor, (b) ntype semiconductor, (c) p-type semiconductor.
Work function is extremely sensitive to the surface characteristics as it affects the value of χ.
φ is also a function of the carrier concentration because the value of (Ef – Ec) is mainly
determined by the carrier concentration. Although, χ is a material property, it has been found
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that it also exhibits a slight dependence on the carrier concentration.34 In general the higher
the carrier concentration, the lower is the work function of a given sample. Table 2.1 lists the
measured values of φ for some of the TCOs and fig. 2.15 shows the variation of work
function with carrier concentration in the multi-component TCO films.35,36
Table 2.1Work function of some of the TCOs35
TCO

Work
Function
(eV)

Carrier
concentration
(cm-3)

ZnO:F

4.2

2x1020

ZnO

4.5

7x1019

In2O3:Sn

4.8

> 1020

SnO2:F

4.9

4x1020

ZnSnO3

5.3

6x1019

Figure 2.15 Work function vs carrier concentration for various TCO films.36
Matching of the work function between the transparent electrode and the active
semiconductor layers in the optoelectronic devices is critical in order to achieve maximum
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efficiency. The divergence of work function tends to affect the junction barrier height and
transport of carriers across the heterojunction. The effect of mismatch in the work function is
most strongly reflected from the variation in the turn-on voltages and the external quantum
efficiencies. Most of the TCO applications require a high work function (>5eV), as the
transparent electrodes perform the function of either hole-injection or carrier collection.
Thus, it can be seen from the foregoing discussion that the alteration of work function poses
a similar conundrum as balancing the optical properties (%T and R) and the electrical
properties. However, optimization of the work function does not always assure the highest
efficiency, because the carrier injection is also dependent on the chemical and structural
characteristics of the heterojunction interface. These topics will be discussed in detail in the
next section, which will help us to understand the role of surface characteristics on the
kinetics of the charge injection at the interface.

2.4

Surface morphology and etchability

As previously argued, surface roughness is another important characteristic, which drastically
affects the device performance because it tends to affect both the optical and electrical
properties of TCO. For most of the applications (e.g. organic LEDs, solar cells based on
crystalline materials) it is required to have extremely smooth TCO films (RMS < 5nm). The
premise for such a stringent requirement comes from the small device dimensions (~100 nm
thickness) and the need to have low specific contact resistance. Any asperities on the TCO
surface with the dimensions comparable to those of the device are bound to hamper the
device performance.37 Furthermore, smoother surfaces usually yield lower contact resistance
because of reduced surface scattering and minimized localized field effects.38,39 However,
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sometimes a hazy or textured surface is preferred over a smooth TCO film. The texturing of
the TCO surface is particularly important in the case of amorphous Si:H and/or
nanocrystalline (nc) Si:H solar cells.40-42 The texturing of the TCO surface leads to trapping
of the incident light due to enhanced scattering within the absorption layer of the solar cell.
Fig. 2.16 illustrates schematically the trapping of the incident light due to the corrugated
structure of the TCO layers.41 The amorphous Si has indirect bandgap and the increased
optical path length of the incident light can significantly increase the optical absorption in the
absorption layer, thereby improving the efficiency of these solar cells. The solar cells
fabricated using this principle have shown promising results and have led to development of
perforated substrates and transparent conducting light trapping oxides (TCLO).

Figure 2.16 Schematic of the TCLO structure fabricated using ZnO and Mo:In2O3 layers.41
The textured nature of the film also results in increased surface area, which can be imagined
to further enhance the carrier injection across the interface from the increased area of contact
between the hybrid layers. However, this effect is seemingly compensated by the increase in
specific contact resistance due to the excessive scattering of the free carriers at the edges. The
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surface morphology is governed by several parameters such as the deposition temperature,
partial pressure and the ambient gas, the plasma characteristics (sputtering, PLD) and the
post deposition treatment. Although, as-deposited films are fairly smooth, the post-deposition
is often required to achieve desired surface characteristics, namely the work function and
chemical activity. Several methods (plasma processing and etching) have been proposed to
modify the surface properties of the TCO films.39 However, oxygen plasma treatment
combined with acid etching has been found to have the most beneficial effect on the
properties of the TCO film and consequently on the device performance. In case of polymer
based LEDs, it has been shown that post-deposition treatment of the ITO films results in
the decrease of turn-on voltage, increase in the brightness and significant improvement in the
efficiency of the device. The improvement of the device performance is related mainly to the
increase of the work function, smoother film, cleaner surface and higher surface energy. As
pointed out earlier, the smoother films help to lower the contact resistance and the higher
surface energy leads to better adhesion of the TCO film with the active layer. Also increased
work function ensures a decrease in the barrier height of the TCO/semiconductor interface
and increases the carrier injection across the interface. However, it is to be noted here that the
post – deposition treatment considerably changes the surface chemistry and might lead to
some undesirable effects. Specifically, the adsorption of extraneous species such as H, Ar,
and oxygen on the film surface can significantly alter the electrical resistivity of the films.
The treatment of the films surface with oxygen plasma is always associated with an increase
in the sheet resistance and needs to be taken into consideration while designing the process
treatment. There have also been reports of creation of structural defects which act as traps for
the free carriers and formation of surface states, depending upon the nature of the post –
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deposition processing. The chemical activity is also likely to change once the surface is
etched or treated with a certain type of plasma, which can change the bonding at the interface
and consequently, the kinetics of the charge transfer at the interface. Thus, caution is to be
practiced during surface preparation of the TCO films for fabrication of devices that exhibit
optimal performance.

Etching is also sometimes employed to pattern the TCO films and it is highly desirable that
the films be readily removed. In the industry both wet (or chemical etching) and dry etching
using laser ablation technique are currently being used to etch the TCO. Table 2.2 lists the
various chemicals that are used to etch the different TCOs. The etching rate is determined by
the metal element present in the TCO film. ZnO tends to etch very easily compared to the
other TCOs, while tin oxide based TCOs are the most difficult to etch.35 ITO exhibits
intermediate levels of difficulty in terms of response to etching.
Table 2.2 Various etchants for different TCOs
TCO
ZnO
ZnO
TiN
In2O3
SnO2
SnO2

Etchant
Dilute acids and alkalis (HCL, KOH)
Ammonium chloride
H2O2 + NH3
HCl + HNO3 or FeCl3
Zn+HCl
CrCl2

Microstructure, and to some extent, even the chemical composition is known to play a role in
the etchability. It has been observed that amorphous ITO etches more readily than single
crystal or polycrystalline ITO films.38,43 This effect might be related to the increased defect
content and number of chemically activated sites in the amorphous films. Daams et al.44 has
proposed that the lack of well – defined structure in these films facilitates breaking of bonds,
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whereas Kithara et al.45 has conjectured that residual amounts of H2O and H related species,
characteristic of these films, may control their etch rate. Moreover, the amorphous nature of
the films would make the etching behavior isotropic, which would also contribute to
increased etch rate of the film.

Laser etching of TCO layers is used where high precision is required over the processing
speed. Laser ablation is an integral part of the fabrication of Si based photovoltaic devices,
and is critical for selective removal of TCO layers, as well as insulating layers, and isolation
of the solar cells connected in series. There is also growing interest in the laser ablation
technique for development of novel applications such as photovoltaic matrix position
sensors. Laser ablation offers advantages in terms of processing of fully fabricated device
structures. The ablation characteristics of the different materials are governed by the laser
wavelength. Molpeceres et al. studied the effect of irradiation energy (λ = 248 nm, 355 nm,
1064 nm) on the ablation characteristics of ITO and found that a laser source with 355 nm
wavelength produced the best results.46 A SEM micrograph of the groove etched in an ITO
film using the 355 nm beam, shown in fig. 2.17, demonstrates good channel morphology and
excellent isolation can be achieved without any substrate damage. Overall, the choice of an
etching procedure (wet / chemical, laser) is dictated by the required surface properties, the
final device layout and the interaction of the film surface with the etchant.
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Figure 2.17 SEM image of the groove etched in ITO using 355 nm laser.46
2.5

Stability

Long term stability of the TCOs is critical for stable performance of the device and is
dependent on both the thermal and chemical stability of the TCO films. Usually, the film
properties change when heated to very high temperatures for extended times. A thermal
stability temperature is defined as the temperature below which no appreciable change is
observed in the film properties. The change in film properties is either an isolated or
combined effect of change in chemistry, structure, chemical reaction and / or formation of
new phases. The stability temperatures for ZnO, SnO2 and Cd2SnO4 are ~ 250, 500 and 700
o

C, respectively.35 Above these temperatures, the film quality starts to degrade by thermal

decomposition. However, in most cases practical processing temperatures are actually
established by exterior factors such as softening of the substrate and interfacial reactions.
Observations of chemical reaction of the TCO films with the substrate and the subsequent
layers have been reported in the literature.40 Although, thermal stability temperature is an
important criterion that can be used to select a TCO for a particular application, it does not
necessarily determine the maximum processing temperature limit. For example, in a
superstrate solar cell, the TCO film is deposited on the top and deposition at elevated
temperature might be detrimental to the rest of the device. Similarly, use of temperature –
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sensitive substrates (glass < 500 oC, polymer < 200 oC) requires deposition and processing of
a TCO at temperatures much below the optimal growth and the thermal stability
temperatures. However, deposition of high quality TCOs at lower temperatures has proved
more difficult than anticipated and is a topic of intense research.

Chemical stability of a TCO is determined by its ability to resist corrosive environment and
treatment. It can be seen that the chemical stability is inversely related to the etchability of a
material. Thus, ZnO, which lends itself to high etching rates, exhibits poor chemical stability;
whereas SnO2, which is the most difficult TCO to etch, is the most resistant to chemical
attacks. The chemical stability, similar to other properties, is dependent on the deposition
conditions, the microstructure and the film composition. It was pointed out earlier that
amorphous ITO etches faster than the crystalline films, which makes the crystalline ITO
films chemically more stable. Also, the presence of foreign species (H2O, H) is known to
affect film etchability and in turn its chemical stability. In the case of ZnO the chemical
stability improves significantly with addition of dopants (Al, Ga, F, Co). The best results are
obtained for films co – doped with (F,Ga):ZnO and (Al,Co):ZnO.47 The sensitivity of TCO
films exposed to either reducing atmospheres or hydrogen plasmas is another important
concern for applications such as amorphous Si solar cells. SnO2 almost readily reduces in the
hydrogen plasma, which leads to excessive absorption of useful radiation. Similarly, ITO
also undergoes heavy reduction when exposed to hydrogen environments. Comparatively,
doped ZnO films are much more stable in reducing atmospheres and plasmas containing
hydrogen species.35,47 Therefore, ZnO based TCOs may be preferred for the applications
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involving hydrogen plasma processing. In contrast, for oxidizing atmospheres, especially at
high temperatures, ITO shows better stability compared to other TCOs.47

Another important factor that contributes to the stability of TCOs and devices fabricated
using these films is the scratch resistance or hardness. High hardness of the TCO films
ensures good mechanical durability and endurance. The hardness of the known TCOs
increases in the following order Ag < ZnO < In2O3 < SnO2 < TiN. The mechanical properties
also show slight dependence on the deposition parameters, mainly oxygen pressure and the
nature of the substrates. Wu et al. systematically studied the effect of oxygen pressure during
sputtering on the microhardness of ITO films and found that the hardness increased with
increasing oxygen pressure.50 They also observed that the increase in oxygen pressure during
the deposition improved the adhesion and the scratch resistance of the ITO films. However,
on alternative substrates such as polymer and glass, the evaluation of mechanical properties
is limited by the early failure of the substrate rather than the films. Thus, for a given
application the stable performance is dependent on multiple factors and is also dictated, to
some extent, by the substrate characteristics. Nevertheless, the above-mentioned issues
provide a guideline for selection of a TCO and designing a process for fabrication of reliable
devices.

2.6

Diffusion barrier characteristics

TCOs deposited on sodium – containing glass (e.g. soda lime) usually suffer from diffusion
of Na, which considerably increases the resistivity of the film. The effect is enhanced for
films that require high deposition temperature. SnO2 films require temperatures higher than
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550 oC to achieve desirable properties, which causes rapid diffusion of Na into the film. To
prevent interdiffusion of impurities, a barrier layer such as SiO2, TiO2 or Al2O3 is often
used.35,48 Among these, Al2O3 seems to be the most effective in preventing diffusion of Na
into the films. In addition, the barrier layers such as SiO2 also perform a supplementary
function of eliminating interference colors from the TCOs.49 Although, there have been some
research efforts on blocking of Na into the TCOs, this problem points towards the larger
issue of poor diffusion characteristics of the TCOs. Traditionally, ITO has been used in the
industry and most of the diffusion related studies have involved ITO. Diffusion
characteristics of impurities in other TCOs are either poorly understood or largely unknown.
The studies on diffusion of impurities in TCOs is not only important to avoid degradation of
the TCO layers but also relevant to prevent transport of dopants from the active
semiconductor layers, which might eventually lead to failure of the device.

2.7

Toxicity

There is concern over the toxic nature of certain materials which constitute a significant
fraction of the TCO, e.g. Cd. The use of toxic material in large scale manufacturing facility
requires implementation of strict protocols and safe operating procedures. There are also
qualms over polluting the environment and recycling of these materials. All this amounts to
increases in the costs of the finished product and should be taken into account for
development of new TCOs. For the elements currently used in the industry the toxicity levels
are as follows: Zn < Sn < In < Cd, Zn being the most benign, while Cd the most toxic.
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2.8

Solar Cell

Not all the properties mentioned above are important from the perspective of solar cell
applications. A brief discussion about the working of solar cell device should help us to
appreciate some of the pertinent properties and the issues that are addressed in this thesis
work. The operation of the solar cell can be best explained by considering the diode
equations for a p-n junction device under illumination.51 In a p – n junction, there is a build
up of a contact potential which gives rise to generation current. The minority carriers
generated within a diffusion length (Lp, Ln) of each side of the depletion region (W) are swept
across the junction along with the excess carriers generated inside the W. Fig. 2.18 (a) shows
a schematic of carrier generation in a p-n junction when illuminated by photons (hν > Eg).
Due to the drift of minority carriers and the carriers generated by the optical excitation, there
is a definite contribution to the current flowing through the device. The current produced by
the optically generated carriers at the junction is given by:
I op = qAg op (L p + Ln + W )

(2.28)

Thus, the total current through the diode under illumination can be written as

(

)

I = I th e qV / kT − 1 − I op

(2.29)

⎛ Lp
⎞
L
I = qA⎜
p n + n n p 1⎟(e qV / kT − 1) − qAg op (L p + Ln + W )
⎜τ
⎟
τn
⎝ p
⎠

(2.30)

where, Ith is the generation current due to thermal excitation (also gives rise to dark current),
gop is the optical generation rate, V is the bias voltage and Iop is negative because it flows
from n to p. The corresponding I-V curve is shown in fig. 2.18 (b), which demonstrates that
the current is lowered by an amount proportional to the generation rate. When V = 0, i.e. for
short circuit (SC) device, the short circuit current Isc = - Iop.
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Figure 2.18 (a) Schematic of a photovoltaic cell based on a p-n junction, and (b) the
corresponding I-V curve for the device with and without illumination.
One of the most important implications of the diode equation is the determination of the
value of open circuit voltage (Voc). For an open circuit voltage, I = 0, therefore,
Voc =

=

[

]

kT
ln I op I th + 1
q

(2.31)

⎤
L p + Ln + W
kT ⎡
ln ⎢
∗ g op + 1⎥
q ⎣⎢ (L p τ p ) p n + (Ln τ n )n p
⎥⎦

(2.33)

Assuming, np = pn and τp and τn, gth = pn/τn, equation (2.32) becomes
Voc =

[

kT
ln g op g th
q

]

(2.34)

where gth >> gop. However, as the minority carrier concentration increases with optical
generation of electron hole pairs (EHP), τn tends to decrease. Therefore, it can be seen from
equation (2.33) that the Voc cannot increase indefinitely. The maximum value for Voc is given
by the contact potential (Vo), which is understandable because this is the maximum forward
voltage that can form across the junction when no current is flowing through the circuit. The
formation of a forward voltage across a junction upon illumination is known as the
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photovoltaic effect and such a device is called a photovoltaic cell. The photovoltaic cells are
used to generate electricity or power external circuitry using solar radiation. In terms of I-V
curve, the solar cell operates in the fourth quadrant as shown in fig. 2.18 (b), where the
voltage is positive and the current is negative due to which it can act as an energy source.
The photovoltaic cells are envisioned to provide a solution to the energy crisis and satisfy
future energy requirements, provided cells with high efficiency can be manufactured at low
cost. Efficiency of the cells is dependent on several factors such as the characteristics of
incident spectrum, bandgap of the absorbing layer, charge separation and charge collection
mechanisms. The solar spectrum is modeled as the radiation from a black body at 5760K.52
However, due to the angular range of the sun the irradiance is reduced to 1350 Wm-2 outside
the earth’s atmosphere from a value of 62 MWm-2 at the surface of the sun. The irradiation
intensity is further attenuated and the shape of the spectrum is changed considerably upon
entering the earth’s atmosphere. The effect of atmosphere is accounted by using an air mass
factor (η air mass), which is set to 1.5 for the standard atmospheric conditions and assuming the
sun to be at an elevation angle of 420. The integrated irradiance of the standard AM1.5
spectrum is 1000 Wm-2. Fig. 2.19 compares the extraterrestrial spectrum, the terrestrial
spectrum and the spectrum of the black body (reduced by a factor of 4.6x104). However, the
actual shape of the solar spectrum is determined by the location on the earth and the weather
conditions on a particular day, which could well limit the final output of the solar cell.
Furthermore, the shape of the spectrum also limits the efficiency because of constrains it
poses on choice of a material with a specific value of bandgap. The variation of efficiency (η)
with change in bandgap (Eg) for the standard AM1.5 spectrum is shown in fig. 2.20.
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Figure 2.19 Comparison of different solar spectrum.52
It can be seen from the plot that the η reaches a maximum of ~33% for an optimum value of
bandgap, Eg = 1.44 eV. It is easy to understand the origin of such a dependence of efficiency
on the bandgap of the material. The materials with low bandgap suffer from low voltages and
for larger bandgap materials the generation of EHP is relatively small. The maximum
efficiency that can be achieved in a material with optimal bandgap is further limited by the
fact that the

Figure 2.20 Effect of Eg on efficiency.52
photons with energy less than the bandgap do not contribute to the generation of
photocurrent. These arguments are only applicable to the case of direct bandgap materials. A
totally different phenomenon can be expected in case of amorphous materials with indirect
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bandgap, which can absorb radiations with different wavelengths. Here, transmission through
the electrode and effective absorption by the active layer of light in the IR and near IR region
is critical to improve the efficiency of the solar cell. The efficiency can also be improved by
increasing the optical path length of the incident light within the absorbing layer and by using
concentrator systems. The use of concentrators is predicted to increase the efficiency to 37%
at Eg = 1.1 eV.53 The increased absorption within the absorption layer can also lead to
significant improvement in the device performance and is usually accomplished by growing
thick layers. An active layer with thickness of several microns allows complete absorption of
the incident light. However, requirements for efficient charge collection and transport of
carriers through the junction make it imperative to have high quality material. The presence
of defects will adversely affect the efficiency of the device because the defects act as traps
and lower the lifetime of the useful carriers and the EHP. The interface (p-n junction) that is
responsible for separation of charges should also be free of any defects and mid-gap states.
Similarly, the interface between the semiconductor and the electrode used for carrier
collection should be relatively clean with minimum number of defects. Interface states might
be in the form of adsorbed species, impurity atoms, defects or simply discontinuities at the
film surface. The interface states usually exhibit energy levels throughout the bandgap and
can act as both acceptor and donor states depending on the Fermi level of the
semiconductor.54 Due to the difference in energy levels for the interface states and the
semiconductor, there is transfer of charges, which results in redistribution of the potential and
the electric field at the interface. Moreover, if the density of these states is high, it tends to
pin the Fermi level, i.e. the built-in potential is no longer a function of the difference in workfunction of the two contacting materials. The pinning of the Fermi level is particularly
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critical for the junction between the transparent electrode and the semiconductor layer,
because it can lead to formation of a Schottky barrier even if the work function of the TCO is
well matched with the semiconductor. To achieve maximum transfer of the carriers across
the junction it is mandatory to have an ohmic contact with minimum resistance. Thus, control
of surface and interface states is of prime importance during the fabrication of high quality
solar cells.
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3

3.1

Literature Review

Alternative TCO

As mentioned in the first chapter, the primary motivation for this work is to find a low cost
alternative to ITO with superior or equivalent electro-optical properties. Some of the known
TCO systems are SnO2, ZnO and CdO. Recently, it has been found that transition metal
oxides such as TiO2 and MoOx also exhibit attractive TCO characteristics.1,2 The observation
of TCO characteristics in these binary compounds (metal oxides) with no intentional doping
is attributed to intrinsic donors such as oxygen vacancies and/or interstitial metal atoms.
However, the undoped oxide films are unstable when used at high temperature and when
exposed to ambient atmosphere. Doping these films with certain impurity elements improves
the long term stability and reliability of these films for transparent electrode applications.
Table 3.1 lists/identifies all the dopants used for different binary systems and also the related
binary compounds.
Table 3.1 List of dopants for different binary TCO systems.3
Material system

Dopant or compound

In2O3

Sn, Ge, Mo, F, Ti, Zr, Hf, Ta, W, Te

SnO2

Sb, F, As, Nb, Ta

ZnO

Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, Zr, Hf

CdO

In, Sn

TiO2

Nb

ZnO-SnO2

Zn2SnO4, ZnSnO3

CdO-SnO2

Cd2SnO4, CdSnO3

CdO-In2O3

CdIn2O4
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It is to be noted that CdO is toxic, which makes it useless for practical application. However,
it has been shown to possess one of the highest mobilities of any TCO materials.
Interestingly, it has also been observed that best TCOs involve either In or Cd/Sn. It has been
suggested that the high mobilities characteristic of these compounds are mainly governed by
the structural aspects as compared to the valency considerations. Thus, high mobility
observed in 2-3-4 (CdInSn) system is mainly related to their octahedral coordination and
effective co-substitution of Cd/Sn of In in bixbyite and CdIn2O4.6 There are also some
ternary compounds based on hexahedron shown in fig. 3.1, which are being investigated for
development of high performance TCOs for specialized applications.5 It is interesting to see
how the properties of these compounds change across the solid solution range. Most of the
compounds and the solid solutions are not stable in the bulk form, but are readily stabilized
in thin film form. Freeman et.al. have shown that several stable phases with different
compositions of Zn-In-Ga-Sn can be synthesized as thin films.6 One of the most important
ramifications of using multicomponent systems is that co-substitution tends to affect the
solubility considerably and it, thereby, allows formation of metastable phases. Furthermore,
the use of such compounds allows bandgap engineering and work function engineering. It
also makes it possible to design TCOs suitable for specialized applications because the
properties (electrical, chemical, optical and other physical properties) can be controlled by
altering the chemical composition. However, the lack of effective dopant at present for the
multicomponent systems forbids their wide-spread use for practical applications. Thus, to
render the multicomponent TCO films useful for practical applications, it is essential to find
a suitable / effective dopant. It is also important to realize that it is relatively easy to control
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the chemical composition of the binary compounds as compared to ternary or
multicomponent TCOs.

Figure 3.1 Phase space of different binary compounds and their alloys as improved TCOs.5
This is an important consideration when dealing with large scale fabrication processes such
as sputtering or chemical vapor deposition. Table 3.2 provides guidelines for selection of a
particular compound or combination of compounds depending on the application.
Table 3.2 Selection criteria for TCO systems.6
Application requirement
Highest transparency
Highest conductivity
Lowest plasma frequency
Highest plasma frequency
Highest work function (p-type contact)
Highest work function (n-type contact)
Best thermal stability
Best mechanical durability
Best chemical stabilty
Easiest to etch
Best resistance to H
Lowest deposition temperature
Least toxic
Lowest cost

Material system
F:ZnO, Cd2SnO4
Sn:In2O3
F:SnO2, F:ZnO
Ag, TiN, Sn:In2O3
F:SnO2, ZnSnO3
F:ZnO
F:SnO2, TiN, Cd2SnO4
TiN, F:SnO2
F:SnO2
F:ZnO, TiN
F:ZnO
Sn:In2O3, B:ZnO, Ag
F:ZnO, F:SnO2
F:ZnO, F:SnO2

58

3.2

Effect of doping and mixing of different compounds

The forthcoming discussion cites the work done on doping of different TCO materials /
systems and is focused on reviewing the effects of different doping elements on the
properties of TCOs.

3.2.1 Doping of metal oxides
Fig. 3.2 shows the values of resistivities in impurity doped SnO2, In2O3 and ZnO over the
past three decades. It can be seen from the figure that in the past 20 years the minimum
resistivity achieved in impurity doped SnO2 and In2O3 has remained unchanged at 3-4 x 10-4
and 1-2 x 10-4 Ω-cm, respectively. Comparatively, the minimum resistivity achieved in doped
ZnO seems to be still decreasing and is already comparable to that of ITO films.

Figure 3.2 Minimum resistivity values reported for impurity doped ZnO (●), SnO2 (□) and
In2O3 (Δ) over the past three decades.3
Table 3.3 lists the values of resistivities and carrier concentration for ZnO doped with
different doping elements. It is believed that the doping of ZnO with higher valence elements
leads to increased carrier concentration and a consequent decrease in the resistivity.
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Table 3.3 Effect of doping element on resistivity and carrier concentration in ZnO.3
Dopant

Dopant conc. (wt%)

Resistivity x 10-4 (Ω-cm)

Carrier conc. x 1020cm-3

Al2O3

1-2

0.85

15.0

Ga2O3

2-7

1.2

14.5

B2O3

2

2.0

5.4

Sc2O3

2

3.1

6.7

SiO2

6

4.8

8.8

V2O5

0.5-3

5.0

4.9

F

0.5 (at%)

4.0

5.0

None

0

4.5

2.0

However, the doping efficiency is governed by the ionization efficiency of the doping
element and also the screening distance associated with the element. It is evident that Al and
Ga are the most effective donors for ZnO and lead to the lowest resistivity films. Thus, ZnO
doped with Al or Ga seems to be a suitable alternative candidate for ITO in transparent
electrode applications. Fig. 3.3 (a) shows the variation of resistivity of ZnO with %Ga
concentration.7 It can be seen that the resistivity initially decreases with increasing Ga/Zn
ratio up to 2-3%, and increases further with %Ga additions. A similar trend has been
observed for the case of Al doped ZnO and Sn doped In2O3, where the lowest resistivity is
achieved for a critical concentration of the dopant, and then the resistivity again rises above
that critical concentration.8 The lowest value of resistivities reported for Al:ZnO and ITO are
8.5 x 10-5 Ω-cm and 7.2 x 10-5Ω-cm, respectively.9,10 It is believed that the increase in
resistivity beyond a critical concentration of dopant is related to the increase in ionized
impurity scattering. The effect of increased dopant concentration on the mobility is shown in
fig. 3.3 (b). Fig. 3.3 (b) illustrates the variation of electrical properties of ZnO as a function
of %Ga. It is apparent from the figure that the increase in carrier concentration leads to a
decrease in mobility due to the increased ionized impurity scattering. It can also be seen from
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the fig. 3.3 (b) that the resistivity shows a similar dependence on %Ga as observed in fig. 3.3
(a), except that the critical concentration in this case is found to be ~5%.11

Figure 3.3 (a) Resistivity vs %Ga7, (b) Resistivity, n, μ vs %Ga.11
The difference in optimal dopant concentration corresponding to the lowest resistivity films
is mostly related to the variation in the processing conditions, which considerably affects the
activation of dopants and the intrinsic defects (vacancies and interstitials). It should also be
noted that the resistivity values ranging from 10-4 to 10-2 Ω-cm have been reported for
impurity-doped ZnO deposited under varying deposition conditions. The effect of processing
parameters on the properties of the films will be discussed in detail in the next section. The
increase in carrier concentration with increasing dopant concentration not only increases the
ionized impurity scattering but also leads to increased loss of transmitted radiation in the
visible region due to shift of the plasma edge towards lower wavelength. Thus, there have
been attempts at developing TCOs with higher mobilities so as to achieve low resistivity
without sacrificing the optical properties. Indium oxide doped with 2% Mo exhibits a
mobility ~85 cm2/Vs, almost three times the values of commercially available TCOs.12,13 The
n in this film is ~ 3x1020/cm2 and corresponds to a λp (plasma wavelength) = 2200nm.
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Thus, a resistivity of 1x10-4 Ω-cm and high transparency (through the visible and the near IR
region) makes IMO a highly desirable TCO for advanced applications. It has been suggested
that the high mobility observed in IMO films is related to the reduced scattering by the
charged centers and the longer relaxation time of the free carriers. Fig. 3.4 shows the
variation of density of state effective mass m* and relaxation time with carrier
concentration.12 The change of relaxation time with carrier concentration is in good
agreement with the trend observed for the dependence of mobility on carrier concentration.
Thus, the mobility is highest for the film with 2% Mo. Beyond this concentration the
mobility, and consequently the resistivity values decrease. The decrease in mobility at higher
concentration of Mo is again justified by the increase in ionized impurity scattering.

Figure 3.4 Variation of density-of-states effective mass (m*) and relaxation time with carrier
concentration.12
Another TCO which exhibits very high mobilities is CdO. Metz et al. have demonstrated that
mobilities in the range of 100-300 cm2/Vs can be achieved in CdO based TCOs.18 The
observation of such high mobilities in CdO based thin films is attributed to its relatively low
effective mass (0.24-0.27 me). Although the intrinsic bandgap of pure CdO is low (~2.28 eV),
its low effective mass enables a widening of the bandgap by increasing the carrier
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concentration according to BM shift. CdO doped with Sn or In leads to an effective bandgap
of ~ 3.1eV, which is comparable to that of commercially available ITO films. The increase in
dopant concentration however, leads to decrease in the mobility of the carriers. Thus, to
achieve desirable optical and electrical properties using CdO an optimal concentration (3-6
at%) of In or Sn is required. This observation is similar to the other TCOs, except that the
role of dopants in case of CdO has an additional perspective, i.e. doping content is used to
control the bandgap of the TCO.

Some of the other systems of interest are Nb:TiO2 and multivalent oxides such as tungsten
oxide and molybdenum oxide. Recently, Furubayashi et al. reported that Nb:TiO2 films with
6% Nb exhibited resistivities as low as 2 x 10-4 Ω-cm. One of the important features of this
work is that the Ti1-xNbxO2 (x > 0.01) films showed metallic behavior in the temperature
range 5 – 300 K, which is in contrast to the earlier observations related to ITO and SnO2
based TCOs. However, the metallic behavior is suppressed with increasing Nb concentration.
This work also highlights the importance of the role of dopant on the carrier generation and
the carrier transport mechanisms in TCO films with d electrons as the conduction electrons.
In case of tungsten oxide and molybdenum oxide (again d electrons as conduction electrons)
it is surmised that the multivalence nature of these oxides would enable accommodation of a
high concentration of electrons, which would make them excellent TCO hosts.6 However,
doping with oxygen vacancies or intercalating with Li dopants leads to immediate darkening
of these films. Although, it is possible to increase carrier concentration by self doping (i.e.
doping with a higher oxidation state cation) a comprehensive study and exploration of this
family of oxides is still lacking. A detailed understanding of the physical processes occurring
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in these materials as a function of oxidation state of the cations is necessary to render these
oxides suitable for TCO applications.

3.2.2 Multicomponent oxide films
In recent times there also have been reports on multicomponent oxides as potential new TCO
materials for specialized applications. The research on the multicomponent oxides has
attracted much attention due to the exciting possibilities of discovering new TCO materials
through combination of different binary and ternary systems. Minami et al. have reported
several TCO materials based on ZnO-SnO2, ZnO-In2O3 and In2O3-SnO2 systems.16-21 The
multicomponent TCOs based on binary compounds lend the opportunity to combine the
advantages of the two systems. For example, TCOs based on ZnO-In2O3 have the advantages
of both ZnO as well as In2O3. Fig. 3.5 shows variation in the etching rate and bandgap with
the change in chemical composition of the ZnO-In2O3 films. It was also observed that the
carrier concentration and consequently, the resistivity could be changed systematically by
altering the content of ZnO in these films. It is to be noted here that films across the solidsolution range of ZnO-In2O3 could be prepared by magnetron sputtering deposition (MSD).22
Similar results have been obtained in terms of the composition dependence of electrical,
optical and chemical properties in ZnO-SnO2 and In2O3-SnO2. Interestingly, there are also
some TCO compounds that have been identified among these systems such as Zn2In2O5,
In4Sn3O12, ZnSnO3, Zn2SnO4, MgIn2O4, GaInO3, (GaIn)2O3, etc. Table 3.4 lists the
resistivities of these compounds when prepared by sputtering technique.22 It can be seen that
the values of resistivity of Zn2In2O5 and In4Sn3O12 films are ~ 2x10-4Ω-cm, which are
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comparable to that of ITO. Thus, these compounds could be very desirable because of their
low cost.

Figure 3.5 Variation of etching rate and bandgap energy for In2O3 – ZnO films.19,22
Table 3.4Resistivity of different ternary TCO films6,22
Material

Resistivity (Ω-cm)

Zn2SnO4

1.7 x 10-2

ZnSnO3

4 x 10-3

MgIn2O4

4.3 x 10-3

GaInO3

2.7 x 10-3

(GaIn)2O3

5.8 x 10-4

Zn2In2O5

3.9 x 10-4

In4Sn3O12

2.0 x 10-4

Zn2In4Sn3O14

4 x 10-4

In30Ga1.5Sn15Ox

3 x 10-4
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The In4Sn3O12 films are also extremely stable in the acid environments and display better
resistance to oxidation at high temperatures compared to ITO. There is also growing interest
in developing TCOs based on mixtures of binary – ternary compounds (e.g. In2O3-MgIn2O4,
In2O3-GaInO3, Ga2O3-GaInO3, MgO-MgIn2O4) and ternary – ternary compounds (Zn2In2O5MgIn2O4, Zn2In2O5-In4Sn3O12, GaInO3-Zn2In2O5, GaInO3-In4Sn3O12, ZnSnO3-Zn2In2O5,
ZnSnO3-In4Sn3O12). It is observed that TCO films across the composition ranges can be
prepared, as long as the compounds involved are conducting. Fig. 3.6 shows the variation of
carrier concentration, bandgap energy and work function in the Zn2In2O5-In4Sn3O12
system.19,22 The chemical properties of Zn2In2O5 also show change similar to the physical
properties (fig. 3.6) with the In4Sn3O12 content.

Figure 3.6 Variation of bandgap energy, carrier concentration and work function in Zn2In2O5In4Sn3O12. 19
In the same way, when a multicomponent oxide film is composed of a TCO compound and
an insulating ternary compound, the resistivity increases with increase in content of the
insulating compound. Thus, the chemical, electrical, optical and physical properties in these
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multicomponent oxides vary monotonically with composition of the different binary and/or
ternary compounds. The variation of work function with composition for different
multicomponent systems was shown in fig. 2.15 in the previous chapter. Fig. 3.7 shows
similar composition dependent variation of work function along with the bandgap for
different multicomponent oxides. Based on these results it is safe to construe that the
multicomponent oxides show composition dependences with (i) resistivity similar to that of
metal alloys and (ii) optical properties similar to that observed in films of different dielectric
materials. The chemical properties of the multicomponent oxide system are primarily
dependent on the type of the metal element present in the film. These observations provide
guidelines for selection of a composition of TCO for a specific application. The results also
underscore the wide variety of possibilities related to newer TCO systems through
exploration of different multicomponent oxides.

Figure 3.7 Variation of bandgap energy and work function for different multicomponent
oxides.19
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3.3

Process optimization

It is known that the best TCO properties can be achieved in single crystal and/or epitaxial
films. Growth of high quality epitaxial films is contingent upon the high quality of the
substrate (single crystal) and a high processing temperature. Specifically, the growth of
single crystals by equilibrium evaporation and deposition techniques require temperatures
exceeding 1000 oC.13-27 Weiher et al. grew single crystals of In2O3 by heating In metal inside
a furnace at ~1000 oC in oxygen ambience. The hall mobility in these crystals was found to
be 160 cm2/V.s at room temperature. However, data corroborating such high mobilities in
In2O3 has not been reported since. Epitaxial films of ITO, Sn:CdO and Ga: ZnO have been
deposited by Pulsed laser deposition (PLD) on single crystal substrates such as (100) yttria
stabilized zirconia (YSZ), (111) MgO and (0001) sapphire, respectively.28-30 The epitaxial
growth of these films has been attributed to favorable templating by the substrate and the
high growth temperature. The substrate temperature in all the cases was ≥ 500 oC. One of the
largest reported values of mobility (~609cm2/V.s) has been achieved in epitaxial CdO films
doped with 2.5% Sn. The high value of mobility and the resultant low resistivity obtained in
the epitaxial films are believed to be the result of decreased defect densities and increased
relaxation times for the free carriers. Unfortunately, for practical applications these TCO
films will need to be deposited on economical substrates such as glass and polymer, which
present an amorphous template and require relatively low deposition temperatures. The low
temperature processing of TCOs leads to formation of polycrystalline films, which is
aggravated by the amorphous nature of the template. The electrical and optical properties of
the TCO films have been found to be extremely sensitive to the microstructure of the films.
The main contribution of microstructure to the resistivity comes from the presence of grain
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boundaries and their effect on the electrical properties, which was discussed in detail in the
previous chapter. In general, the resistivity of the films decreases with the increasing
deposition temperatures due to improvement in the crystalline quality of the films.8,31 In
addition, grain size usually increases with increasing deposition temperature, leading to
reduced scattering by the grain boundaries. Higher deposition temperature also assists in
diffusion of dopants to their desired sites and activation of the dopants, both leading to lower
resistivity of the TCO films.32,33 Fig. 3.8 shows the effect of substrate temperature on
resistivity and %T for Zn0.98Al0.02O films deposited on glass.8 It can be seen that the
transmittance of the films increases monotonically with the substrate temperature, whereas,
the resistivity shows a characteristic minima. The Zn0.98Al0.02O film deposited at 200 oC has
the lowest resistivity of 3.8 x 10-4Ω-cm. Similar results have been observed for the other
TCOs systems. For most of the TCOs the lowest resistivity films are obtained when
deposited on glass substrates at temperatures between 200-400 oC.8-10,31,34

Figure 3.8 Effect of Ts on resistivity and %T of 2%Al:ZnO deposited on glass at 5mTorr of
oxygen pressure.8
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The lowest resistivity of ~ 7 x 10-5 Ω-cm has been achieved in ITO films deposited on glass
at 300 oC by PLD.9 At substrate temperatures higher than 400 oC, the resistivity in the TCO
films increase. The most probable cause for the increase in resistivity is suggested to be the
diffusion of Na and Ca ions from the glass into the TCO films at temperature > 400 oC.7,8
Another possibility that has been offered is that a more stoichiometric film may form at
higher deposition temperatures, which would lead to lower n and thus higher resistivity.7 It is
also to be noted that most of the plastic or polymer substrates have softening temperature (Tg)
well below 400 oC. Thus, most of the films are deposited on polymer substrates at room
temperature, resulting in inferior properties. The best values reported for resistivity of doped
ZnO and ITO films deposited on flexible substrates at room temperature are ~ 8 x 10-3Ωcm.35,36 ZnO usually grows textured with [0001] as the preferred orientation, even when
deposited at low temperatures. This is not necessarily true in case of other TCOs (ITO, CdO
and SnO2) as these materials grow with grains having random orientations. The growth of
ZnO films with preferred orientation results in better electrical properties, which makes them
more suitable for applications involving flexible substrates and low temperature processing.

Additional effects of temperature include the dependence of surface morphology and
desorption of selective species as a function of deposition and processing temperatures. The
effect of temperature on the surface morphology is not well understood, but it is observed
that the films deposited at lower substrate temperature are smoother.37 A similar effect is
observed for films annealed at different temperatures.38 The change in partial pressure during
deposition also has a marked effect on the surface morphology of the films.39 However,
depending on the application requirements the deposition and annealing temperatures can be
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selected so as to optimize the performance of TCO. In regard to desorption of selective
species with processing temperature, it is related to the reactivity and partial pressure of that
species. Since, the reactivity (activity coefficient) of a certain element in the compound is a
function of the temperature it should be easy to understand the stability and formation of
different phases and compounds during thin film deposition. However, under nonequilibrium conditions the thermodynamic evaluation of such a process becomes very
difficult. The situation is even more complex if a reaction gas is used during deposition.
Growth of almost all TCOs involves the use of oxygen gas to achieve desirable properties.
The effect of oxygen partial pressure on the electrical properties was discussed in detail in
chapter two. However, in the present context it is worth pointing out that the pressure
maintained during deposition affects the stoichiometry of the film. It not only determines the
oxygen vacancy concentration but also considerably affects the concentration of other defects
(interstitials, cation vacancy). For example, it is observed that the CdO films deposited at
lower oxygen partial pressure tend to have more transmittance than the films deposited at
higher pressure. This is counterintuitive since higher oxygen partial pressure should lead to
better stoichiometry, however, it appears that under higher vacuum the stoichiometry is
improved due to preferential loss of Cd, thus improving the optical properties of the CdO
films.24 Similarly, the carrier concentration of the TCOs increases initially with decreases in
oxygen partial pressure. Beyond a critical value of oxygen pressure the carrier concentration
either saturates or decreases, which is believed to be the effect of similar phenomenon. Fig.
3.9 shows variation of carrier concentration and resistivity in Al:ZnO films as a function of
oxygen partial pressure for two different substrate temperatures. The increase in resistivity
with increasing oxygen partial pressure is relatively straightforward to understand, however,
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the increase in resistivity at lower partial pressures is certainly intriguing. It is hypothesized
that the presence of cation vacancies and deep level energy states, which are formed under
high vacuum conditions, might be responsible for these observations.

Figure 3.9 Effect of oxygen pressure on carrier concentration and resistivity of 2%Al:ZnO
films deposited at two different substrate temperatures.40
Regardless of the host system, the carrier concentration shows a characteristic maxima and
the resistivity shows a minima as a function of oxygen partial pressure.8,12,24,40-43 Although,
the typical dependence of carrier concentration and resistivity on oxygen partial pressure has
been observed regularly and consistently, there have been no models to explain the behavior.
The direct interpretation of these results is also difficult in part due to the interdependence of
the electrical properties on both the temperature and the oxygen pressure. It can be clearly
seen from fig. 3.9 that the observed oxygen pressure dependence of carrier concentration and
resistivity is also affected by the deposition temperature. This suggests that the formation of
defects responsible for the carrier generation / trapping is further governed by the processing
temperature. Thus, a thorough understanding of the mechanisms involved in the formation
and stability of these defects as a function of oxygen pressure and temperature is critical to
ultimately improving the properties of TCOs.
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3.4

TCO by design

Although, most of the TCOs discussed above show properties similar to ITO and address
some of the critical issues related to the current technological applications, these TCOs are
subject to intrinsic limits. It was pointed out in the earlier chapter that the resistivity in the
TCOs is limited by ionized impurity scattering, and carrier concentration is limited by the
requirements of transparency (%T > 80) in the visible region. Thus, for future applications it
is necessary to develop TCOs with properties that surpass the intrinsic limits. Robbins et al.
have suggested an approach of fabricating quantum well structures consisting of TCO stacks
to obtain high mobility oxide (HMO) structures that can overcome intrinsic limits resulting
from ionized impurity scattering and high carrier concentration.23 The authors have proposed
that one layer can supply the high carrier concentration while the other layer will provide a
high mobility path to these carriers. The premise for such a structure is based on the success
of the high electron mobility transistors (HEMTs) built using a similar concept. According to
the authors, redistribution of electrons will be achieved by the difference in electron affinity
of the two TCO layers. Fig. 3.10 shows the results of the simulation performed using Al:ZnO
as the low electron affinity layer and InGaO3 as the TCO layer with a same Eg but a higher
electron affinity. The conductivity of this structure was calculated by integrating the carrier
concentration for nine layers over the binary mobility. It can be seen that the HMO structure
exceeds the intrinsic limit of the single TCO layer only for thicknesses (of the quantum
wells) < 5 nm. Thus, to achieve reliable performance and TCO characteristics as predicted by
using HMO structures, it is required to control the structure of these layers with nanoscale
precision and minimize the defect content at the interfaces. Martin et al. have also reported
enhanced TCO properties with a multilayer structure.24 However, the structure they have
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proposed is based on the combinatorial approach, which combines the advantages of the two
individual layers. The authors obtained the best value of conductivity of ~ 20,600 S/cm and
%T > 80 in a bi-layer consisting of Cd0.975Sn0.025O (bottom layer) and 2.5%Sn doped
CdIn2O4 (top layer). This easily exceeds ITO properties. The proposals mentioned in this
section represent considerable challenges from a materials science perspective and also open
up new avenues for exploration in the quest for new TCOs.

Figure 3.10 Simulation of conductivity of HMO as function of layer thickness23
3.5

Key topics of interest

Based on the literature survey and the data presented in the preceding discussion, the
following topics have been identified and are expected to be critical in future developments
of In-free TCOs. The experimental work undertaken during the course of this thesis is
designed to address these critical issues and thus find solutions to the problems herein listed.
3.5.1 The foremost topic of interest is to identify the role of defects (ionized and non –
ionized impurities, vacancies and interstitials). Although, it is known that all of these
defects affect the carrier concentration, the exact nature and interaction of these
defects with carriers and among themselves is unknown. It is of primary importance
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to understand the creation and stability criteria for the different defects, and if
possible also identify the corresponding energy levels. The most widely accepted
approach is to establish the deposition conditions (substrate temperature and oxygen
pressure) for optimized properties and correlate it with defect content. In addition,
while the beneficial effects of doping in TCOs are readily observed, the detailed
mechanisms of carrier generation and the effect of dopants on the carrier transport are
far from understood. In this regard, variety of experiments as a function of dopant
concentration, stoichiometry and pursuant investigations to determine ionization
levels would prove useful. The temperature dependent electrical property
measurement is another useful technique to look into the conduction mechanisms.
Although, most of the applications involving TCOs are at room temperature, the low
temperature investigation of electrical properties is particularly important as it
provides valuable information about the transport characteristics of these materials.
The detailed analyses of the properties as a function of temperature are useful to
determine the dominant scattering mechanisms in the TCOs. It is worth mentioning
that identification of conduction mechanisms is facilitated by the use of single
crystals and epitaxial films.
3.5.2 The next topic of interest is to understand the correlation between processing –
microstructure – properties of the TCO films. The interest arises because of its
relevance for the films deposited on economical substrates (glass, polymers). It was
mentioned earlier that the films are required to be grown at relatively low
temperatures on these amorphous substrates, where the films are mostly
polycrystalline or nanocrystalline in nature. The results presented in the foregoing
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discussion highlight the importance that planar defects, i.e. grain boundaries, present
in these polycrystalline films. However, a detailed study is required to clarify the role
of grain boundaries and related defects in order to improve the properties of TCO
films deposited at lower temperatures on temperature sensitive substrates. The
contribution of grain boundaries to electrical conduction has been controversial,
however, it is our belief that the grain boundaries can be rather influential when the
grain size is extremely small (<20 nm). TEM is a powerful technique to study the
microstructure and an extensive TEM investigation is necessary to accurately infer
the role of grain boundaries on electrical properties in these films.
3.5.3 Finally, with respect to the suitability of the novel TCO materials for the real world
applications, the most important issues are the surface and interface characteristics.
These include both structural and electrical inhomogeneties at the interface. Thus, it is
important to understand the correlations between the surface properties of the films
(e.g. surface inhomogeneties, work-function) and the interactions that occur at the
interface (e.g. charge trapping, kinetics of the carriers). Once again, X-sectional TEM
analysis of the device would lead to a better understanding of the interfacial structure,
which can be correlated with the observed device performance. Surface properties can
be characterized using various surface probe techniques, although the results should
be interpreted with caution since the surface properties can be easily influenced by
the surface preparation method and the measurement ambience.
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4

4.1

Research Methodology & Approach

Why Molybdenum oxide?

4.1.1 Phase diagram and crystal structure
Molybdenum oxide has been a subject of numerous investigations. The primary motivation
of most of these studies was to establish a correlationship between the structure and
properties of molybdenum oxide compounds. The subject is all the more interesting because
of the existence of several different phases of molybdenum oxides and the corresponding
allotropes and polymorphs. Fig. 4.1 shows the phase diagram for the Mo – O system.1-3

Figure 4.1 Phase diagram of Mo – O system showing various phases corresponding to
different molybdenum oxide compounds.1
It can be seen from the figure that the solubility of oxygen in solid Mo is extremely low. The
pure Mo forms an eutectic with MoO2, a stable phase with 67 at% of O in Mo. Another stable
phase is MoO3 which forms when the oxygen concentration exceeds 75 at%. There are
various other phases that form in the composition range between MoO2 and MoO3. Hägg and
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Magnéli have identified four different phases, β, β ′ , γ and ε that correspond to structures
with the chemical formula of Mo8O23, Mo9O26, Mo4O11 and mixture of MoO2 + MoO3,
respectively.2,4 Composition and structure of ε is not understood well and also the stability of
such a phase has been questioned due to the lack of single crystal data on this compound. A
more detailed analysis of these intermediate phases has been performed by Kihlborg,5
Lysanova et.al6 and Chang et.al2 who have confirmed the stability of four phases (Mo8O23,
Mo9O26, Mo4O11 and Mo17O47) and also studied their crystal structures. The information
about the composition, temperature of formation/stability and the crystal structure of these
oxides is listed in table 4.1.
Table 4.1 Different stable and metastable compounds of molybdenum oxide
Molybdenum
oxide
MoO2
(Monoclinic)4,7
Mo9O26
(Triclinic)8,9
Mo9O26
(Monoclinic)10
Mo17O47
(Orthorhombic)5,9
Mo4O11
(Orthorhombic)5,9
Mo4O11
(Monoclinic)5,9
Mo8O23
(Monoclinic)5,9,10
MoO3
( Monoclinic)11
MoO3
( Orthorhombic)11

Temperature
of formation /
stability (oC)

Cell dimensions
a (Å)

b (Å)

c (Å)

α

β

γ

1700

5.619

4.843

5.526

90o

90o

119.6o

600-750

8.145

11.89

21.23

90o

67.82o

109.97o

750-780

16.74

4.019

14.53

90o

95.45o

90o

500-560

21.61

19.63

3.951

90o

90o

90o

620-680

24.49

5.459

6.752

90o

90o

90o

500-620

24.54

5.439

6.701

90o

94.28o

90o

660-780

16.88
16.90

4.052
4.055

13.39
13.38

90o
90o

106.19o
73.73o

90o
90o

350

7.122

5.374

5.565

90o

91.88o

90o

782

3.962 13.858 3.697

90o

90o

90o
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Among these different oxides, the crystal structures for the two most relevant phases, MoO2
and MoO3 will be discussed in detail. The crystal structure of monoclinic MoO2 is shown in
fig. 4.2 (a). This monoclinic structure can be described as a distorted rutile type with the
P21/c symmetry group. The reciprocal lattice corresponding to monoclinic MoO2 is
constructed using the lattice depicted in fig. 4.2 (a) and is shown in fig. 4.2 (b). From fig. 4.2
(b) it can be seen that the reflections corresponding to {200} and {002} are arranged in a
hexagonal pattern in the c*a* plane. The hexagonal arrangement is apparent in the c*a*
plane since the angle ca is close to 120o. Similarly, the a*b* plane and b*c* plane appear as
square in the reciprocal lattice because the angles α and β are both 90o.

(a)

(b)

Figure 4.2 (a) Unit cell of monoclinic MoO2 crystal, (b) Lattice structure of monoclinic
MoO2 crystal in reciprocal space.7
MoO3 exhibits two different phases, namely α – MoO3 and β – MoO3, of which α – MoO3 is
found to be more stable thermodynamically.11 α – MoO3 has an orthorhombic structure with
the symmetry group Pbnm. It has unique layered structure, where the layers are parallel to
(010) plane and are bound together by van der Waals interactions. Each layer is composed of
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MoO6 octahedra that are connected at two levels in the [001] direction by the common edges
which leads to the formation of zig-zag rows in the (100) plane. Along the [100] direction the
octahedra are connected only by the corners. Schematic of the α – MoO3 crystals composed
of layered structure is shown in fig. 4.3 (a). Comparatively, the structure of β – MoO3 is
markedly different and is related to the ReO3 structure. The crystal structure of β – MoO3 is
similar to that of WO3 and is shown schematically in fig. 4.3 (b). The intermediate oxide
structures with compositions between MoO2 and MoO3 are thought to be formed by the
combination of Mo-O tetrahedra and octahedra. The formation of Mo suboxides has been
explained by shear plane formation during the reduction / oxidation of molybdenum oxides.
The existence of intermediate oxides has been verified by several studies related to the
catalytic activity of molybdenum oxide and has been the topic of intense research, primarily
because of its importance in the selective oxidation of hydrocarbons.12-15

(a)

(b)

Figure 4.3 (a) Layered structure of α – MoO3 (b) ReO3 – type structure of β – MoO3.11
It is to be noted that most of these studies were performed on powdered or bulk samples.
Similar studies performed on thin films of molybdenum oxide revealed some very interesting
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results. It was observed that the molybdenum oxide films with different compositions and
structures exhibited different electrical and optical properties. It was consistently observed
that the films can be colorized and decolorized depending on the processing conditions and
the post-deposition treatment.11,18

4.1.2 Electronic structure and properties
α – MoO3 is mostly transparent throughout the visible region, whereas, the β – MoO3 has a
yellowish appearance and is also less transmissive to the visible light.11 The difference in the
optical response of the two phases is attributed to the difference in their bandgaps, which are
3.1 eV and 2.9 eV for a – MoO3 and β – MoO3, respectively. The presence of such a large
bandgap renders these films very resistive, such that they exhibit either insulating or
semiconducting behavior. However, non – stoichiometric MoO3 films show reasonably good
conductivity due to excess cations and oxygen vacancies that act as donors as well as color
centers.16-19 The excess cations and/or reduced state species have energy levels closer to the
conduction band (Ф = 0.27 eV), whereas the structural defects have energy levels deeper in
the bandgap (Ф = 1 – 2 eV), which act as trap centers and cause strong coloration of the
films. In contrast, MoO2 films are highly conducting with resistivities of the order of 8x10-5
Ω-cm at 300 K.20,21 Moreover, MoO2 films exhibit metallic conductivity which has been
verified in temperature dependent measurements of resistivity. The metallic conductivity in
MoO2 can be explained on the basis of the outer electronic configuration and the nature of
cationic d bands.22,23 The dll band in MoO2 is split into metal – metal doublets, however, one
d electron contributes to the metal – metal σ bonding, whereas the other d electron is
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responsible for partially filling the metal – oxygen π* band. The distribution of partial and
total density of states in monoclinic MoO2 is shown in fig. 4.4.28

Figure 4.4 Distribution of total and partial DOS in monoclinic MoO2.28
For the intermediate / suboxides the properties are also intermediary as can be expected.
Molybdenum oxides with composition closer to MoO2 are more conducting and less
transparent, whereas, the films with higher oxygen concentration are more transparent and
resistive. For example, Mo4O11 exhibits metallic conductivity with the resistivity value of
~10-5 Ω-cm at 110 K, whereas Mo9O26 has a room temperature value of conductivity ~ 2 x
10-1 S/cm.21,24 Due to the display of such varied properties, molybdenum oxide films have
been used in several applications such as electrochromic windows,16,25 re-chargeable
batteries,21 optically switchable memories11 and hole – transport layers in the organic
LEDs.26 In particular, the molybdenum oxide films have been explored for electrochromic
windows and optical memory applications because of their ability to switch between the
different oxidation states under the influence of electric field and / or photons. Although,
molybdenum oxide films are used in several commercial products and have also been
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explored for some emerging applications, there have been no observations reported on
concomitant enhancement of transmittance and electrical conductivity. In addition, there is
some evidence for believing that the observed changes in the MoOx film are somehow related
to the multi-valency of molybdenum, however, a detailed study correlating the role of
different oxidation states of molybdenum ions (Mo4+, Mo5+, Mo6+) with the film properties
has not been completed.

4.1.3 MoOx film as TCO
In the present study it is proposed that the proper combination of the different Mo-O phases
or a proper distribution of molybdenum ions with different oxidation state may lead to MoOx
films with novel electronic and optical properties. The MoO3 (Mo as Mo6+) is transparent and
insulating, whereas, MoO2 (Mo as Mo4+) is a metallic conductor. The properties of some of
the additional molybdenum oxide compounds are listed in table 4.2.
Table 4.2 List of electrical and optical properties of various molybdenum oxides
Molybdenum
oxide

Structure

Mo oxidation state

MoO2

Monoclinic

Mo4+

Mo4O11

Monoclinic

Mo4+ and Mo6+

Mo9O26

Monoclinic

Mo4+ and Mo6+

MoO3
MoO3
MoOx

Mainly Mo6+ and Mo5+
(in reduced state)
Mainly Mo6+ and Mo5+
Orthorhombic
(in reduced state)
Monoclinic

?

?

Electrical
Optical
characteristics
Characteristics
Metallic
Opaque
(ρ = 8x10-5Ω-cm)
Metallic
-(ρ ~ 10-5 Ω-cm)
Semiconducting
-(ρ ~ 10 Ω-cm)
Insulating
Transparent
(ρ ~ 1010 Ω-cm)
Insulating
Transparent
(ρ ~ 107 Ω-cm)
?

?

In view of these results, we envisaged that an appropriate mixture of these phases or ions can
form a material, which would be transparent as well as conducting. Preliminary analysis of
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the band structure of Molybdenum oxide also predicts that this can be a possible host system
for TCO applications. The optical measurements and spectroscopic studies have shown that
MoO3 has a well defined absorption edge and has a bandgap of 3.1 eV, which is in line with
the requirements for the TCOs. The value of the bandgap can be varied systematically in the
range 3.1 eV – 0.7 eV, depending on the oxygen stoichiometry and the oxidation state of
molybdenum. This variation of bandgap can be explained on the basis of the electronic
structure of molybdenum oxide. In MoO3 the valence band is composed of hybridized O 2p
and Mo 4d orbitals, although the main contribution is from the O 2p bands.27,28 Above the
Fermi level the states mostly correspond to Mo 4d orbitals (xy, yz and xz). Due to the
splitting of the d x 2 − y 2 band, also known as dll band, the Mo 4d partially contributes to the
valence band forming a Mo-O bond, while the remaining band contributes states to the
conduction band. In case of MoO3 the states above the Fermi levels are mostly empty.
However, on reduction extra electron(s) fill(s) up the Mo 4d state(s) in the conduction band
(represented by the metal – metal σ bonds), and the bandgap is lowered due to the appearance
of the states within the bandgap that correspond to reduced state species. On complete
reduction of MoO3 to MoO2, all the extra electrons occupy the Mo 4dxz,yz states (metallic
state) and the bandgap is decreased to 0.7 eV. Thus, it can be seen that the properties of the
molybdenum oxide films can be tuned by changing the oxidation state of molybdenum ions
and also controlling the concentration of oxygen vacancies. The present analysis of the
electronic structure suggests that the electrical conductivity in molybdenum oxide films can
be increased considerably, by increasing the population of electrons occupying the Mo 4d
states. This situation is similar to that of a conventional TCO material, except that the
increase in electrical conductivity in the molybdenum oxide films is accompanied by a
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decrease in the bandgap. Thus, the primary aim of the proposed thesis was to establish the
correlations between the structure – chemistry – properties of the MoOx (2 < x < 3) films,
which will enable us to identify the conditions for optimal combination of electrical
conductivity and transmittance across the visible region. We also wanted to understand the
physical phenomenon underlying the change in properties of these MoOx films. An improved
understanding of the conduction mechanisms and the optical absorption in these films will
also be helpful in controlling the properties of these films and tuning them to meet the
requirements for TCO applications. Some of the additional features related to the use of
molybdenum oxide films for TCO applications are relatively low cost of molybdenum and its
superior diffusion barrier characteristics. In regard to the cost, molybdenum oxide is one
third the cost of Indium oxide. It is also well known that MoOx films exhibit excellent
diffusion barrier properties,32-34 which makes them an attractive choice of material for
specialized TCO applications where diffusion of impurities from the substrate and / or active
layers is critical.

The proposed study is also envisaged to address some of the critical issues related to
stoichiometry and the identification of a stable phase in MoOx films. MoOx films represent
an excellent candidate to study the effect of composition on the structure and properties of
the films. However, most of the reports on growth of MoOx films have shown an ambiguity
associated with the crystal structure of these materials. It has been reported that the films
could be a single phase29,30 or a mixture of several distinct molybdenum oxide phases with
known structures.

21

The effect of annealing on the structure, chemistry and properties of

MoOx films has also been poorly understood. There are some reports on the annealing of
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MoOx, however, they do not discuss in detail the cause or the mechanisms responsible for the
observed changes in the film properties.14,18,31

4.2

Why ZnO?

ZnO based TCOs have recently gained importance because it is a relatively inexpensive
material and compared with In2O3, its cost is ~1/6th that of In2O3. ZnO is also benign, which
further lowers the cost of manufacturing. One of the most important features of ZnO is that it
grows oriented along the [0001] at relatively low temperatures, which is attributed to the
lowest energy associated with the (0001) basal plane.52,53 The textured growth of ZnO on
temperature sensitive substrates (e.g. glass, polymer) at relatively low temperatures is of
particular importance for the display and solar cell applications. In addition, the hexagonal
structure of ZnO renders eptiaxial growth on technologically important substrates such as
sapphire and facilitates its integration with the optoelectronic devices.

4.2.1 Different phases and crystal structures
ZnO has been known to crystallize in three different forms: wurtzite (hexagonal) structure,
zinc – blende and rocksalt (NaCl) structure. Under ambient conditions, wurtzite is
thermodynamically the most stable phase. The zinc – blende phase seems to be stable only
when grown on cubic substrates, while the rocksalt ZnO structure can be obtained at high
pressures. The ground – state total energies calculated using the first – principle methods for
the wurtzite, zinc – blende and rocksalt structures are -7.692, -7.679 and -7.455 eV,
respectively.35 These calculations show that the wurtzite structure is energetically favored
under normal conditions of temperature and pressure and is in good agreement with the
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experimental observations. The wurtzite structure has a hexagonal unit cell and belongs to
the space group P63mc. It has two lattice parameters a = 3.250 Å and c = 5.206 Å, in the ratio
of ~ c/a = 1.633, for the ideal crystal.36 The wurtzite structure is composed of two
interpenetrating hexagonal closed packed (hcp) sublattices of cation (Zn) and anion (O)
displaced by the cation – anion bond-length along the c-axis. Each sublattice has four atoms
per unit cell and each atom of one type (group II) is surrounded by the four atoms of the
other (group IV), and vice-versa, forming a tetrahedron. The schematic of the wurtzite
structure and the corresponding cell dimensions and bond angles are shown in fig. 4.5. The
values cited above for the lattice constants are for an ideal ZnO crystal. However, ZnO
normally shows a slight deviation from the ideal values of c, a and c/a ratio.

Figure 4.5 Schematic of wurtzite ZnO with the hcp crystal structure.36
The deviation from the ideal values has been related to several factors including: lattice
stability, strain, ionicity and carrier density. The presence of defects such as Zn antisites,
oxygen vacancies, impurities and dislocations also have been known to contribute to a
deviation in the lattice parameter of ZnO. The deformation of ZnO lattice with applied
pressure has also been observed. However, the dependence of c/a axial ratio seems to be less
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sensitive to the applied pressure. Dresgrniers et.al reported the pressure coefficient of
d(c/a)/dP = -0.0005±0.0001 GPa for the wurtzite ZnO lattice.37

Wurtzite ZnO is formed by alternate stacking of biatomic close-packed (0001) planes (i.e.
Zn-O pairs), thus giving AaBbAaBbAaBb… stacking sequence along the <0001> direction.
The capital and small letters signify the different atomic species in the given stacking plane.
ZnO grows with a preferred orientation along the [0001] because of the lowest surface
energy of this plane. Another important implication of the stacking along [0001] is that it
results in polar surfaces, which indicates the direction of the bond. In hexagonal ZnO the
−

[0001] is different from [000 1], where the [0001] corresponds to the bond direction from
anion to cation along the c-axis. It is a common practice to refer the polarity as Zn polarity if
the bonds are directed from Zn to O in the c-axis and O polarity for the reverse condition.36
The polarity of the crystal is an important parameter and is responsible for various physical
effects observed in this material, for example, different growth behaviors and etch rates,
defect generation, piezoelectricity, etc. It is to be noted that although, the basal plane (0001)
is the most stable surface, there are also some other possible directions and planes (a-plane
and r-plane) in the ZnO crystal system, which can be used where polarity of the material is
not important.

4.2.2 Electronic band structure
The electronic band structure of wurtzite ZnO has been calculated using the first – principle
methods and also verified using such experimental techniques as photoelectron spectroscopy,
angle resolved photoelectron spectroscopy and synchrotron radiation.36,38-43 Among the
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different computational techniques used to calculate the band structure of ZnO, linear density
approximation (LDA) and density functional theory (DFT) are the most extensively
employed techniques. According to these calculations the valence band extends down to 10
eV below the Fermi level. The valence band has contribution from O 2p, Zn 3d, Zn 4s and
Zn 4p. However, close to the Fermi level the states are mainly composed of O 2p orbitals.
The conduction band is mostly constituted by the Zn 4s and Zn 4p states with a negligible
amount of O 2p states being present in the conduction band. The total and the partial density
of states (PDOS) for ZnO are shown in fig. 4.6.40 It can be seen that the PDOS peak
corresponding to O 2p orbital is relatively sharp with a minimal overlap with the other
orbitals. This suggests that the O 2p electrons are tightly bound to the oxygen atoms,
inhibiting any contribution of electron states to the conduction band.

Figure 4.6 Total and partial DOS in wurtzite ZnO calculated using first-principle
pseudopotential method based on density function theory.40
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This representation of the band structure of wurtzite ZnO is in good agreement with the
experimental observations. However, the bandgap predicted by the LDA or DFT techniques
is ~ 1.0 eV, which is much smaller than the actual measured value of the bandgap for ZnO
(Eg = 3.4 eV). Recently, it was shown that a closer fit between the experimental value of
bandgap and the calculated value can be obtained if a self – interaction correction (SIC) is
incorporated in to these calculations.44 The use of a SIC-psuedo potential to calculate the
band structure also accounts for the influence of Zn 3d states on the s and p derived valence
states and predicts the value of lattice parameter that is in good agreement with the
experimental value.

4.2.3 Effect of doping and native defects
The analysis of electronic band structure also provides some insight on the effect of doping
and defects on the properties of ZnO. In ZnO several defects such as oxygen vacancies (VO),
zinc vacancy (VZn), zinc interstitial (Zni), oxygen interstitial (Oi) and antisites (ZnO, OZn) have
been known to exist.45 Several researchers have reported the theoretical calculations of the
band structure, which take into account the contribution of different dopants and defects on
the electronic properties of ZnO.46,47 The effect of group III elements on the band structure is
shown in fig. 4.7.47 It can be seen from the figure that the addition of a group III element (e.g.
Ga) to ZnO results in a significant increase in the total DOS in the conduction band near the
Fermi level. Moreover, these 4s states are highly delocalized and may also hybridize with the
4p states giving rise to high conductivity. It is to be noted that the Ga4s and 4p states do not
hybridize with the O2p orbitals because of the energy difference between these states. The
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interaction of Ga4s and 4p states with the O2p orbitals would lead to formation of midgap
states that would act as trap for the free carriers.

Figure 4.7 Total and partial density states of Ga (Ga 4s and Ga 4p) for Ga:ZnO.47
The effect of defects on the band structure is more complex and the role of each one of them
is far from understood. Bin et. al have shown theoretically that introduction of defects such
as VO, VZn, Oi and Zni results in the formation of states within the bandgap.46 Although, there
is a consensus that the energy levels of these defects lie within the bandgap, their exact
values are still debated. Kroger et. al have estimated the energy levels of these defects with
respect to the conduction/valence band using rigorous investigations of electrical, optical and
diffusion processes in ZnO.48 Fig. 4.8 shows the relative positions of energy levels assigned
for the different defects in ZnO. The figure shows that both Zni and VO are shallow donors.
The relative roles these two donors play in the origin of n-type conductivity in pure ZnO is
still quite controversial. It is assumed that the dominant donor is a native defect, either the VO
or the Zni responsible for the conductivity in ZnO. It is known that under normal growth
conditions, ZnO grown is non-stoichiometric. Thus, it is reasonable to believe that oxygen
vacancies are formed when films are grown under vacuum and could be responsible for ntype behavior. This is also supported by the theoretical calculations which predict lower
energy of formation for VO as compared to Zni.45,49
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Figure 4.8 Electronic energy levels of native defects in ZnO.48
However, the claim that that VO is a shallow donor has been challenged for a long time,
mostly because of the lack of evidence and/or contradictory observations involving both, VO
and Zni. Moreover, the first principle calculations suggest that VO is a deep level donor and
forms a band 0.57 eV below the conduction band (corresponding bandgap from the
calculations ~ 0.91 eV).49 If true, it would actually act as a trap for the electrons and lead to
localization of free electrons. In contrast, the electronic structure calculations have indicated
that the Zni can act as shallow donors with the ionization energies less than 0.05 eV. This has
been substantiated by the experimental observations by Look et. al who identified the native
donors as Zni with ionization energies close to 0.05 eV.50 However, Look et. al prepared the
samples by electron irradiation using a very high energy (1.2 MeV) source. This value of
energy is much larger compared to the thermal energy supplied by the heating of substrates
(maximum growth temperatures ~ 1100 oC) during the film growth. Thus, it is hard to
believe that the same kind of defects are generated during film growth and actually be
responsible for the n-type conductivity in ZnO. The situation gets all the more interesting
when these defects co-exist and the formation of defect complexes with themselves and other
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impurities cannot be ruled out. In fact, our observations suggest a formation of a defect
complex involving a Ga atom and a VO, which act as a shallow donor. The proposed
mechanism for generation of carriers in doped ZnO will be discussed in detail in the results
and discussion section. To understand the role of defects on conduction mechanisms (carrier
generation and carrier transport) in ZnO based TCOs is one of the main issues that has been
addressed in this thesis work.

To understand the role of defects on electrical and optical properties of doped ZnO, we have
performed a detailed study on the Ga:ZnO system. The properties of the TCO films were
studied as a function of doping concentration, processing conditions (reaction gas pressure,
substrate temperature) and annealing treatment. Experiments were also carried out to
establish the relationship between the processing – structure/microstructure – properties of
Ga:ZnO films. The ZnO based TCOs exhibit transmittance > 80% across the visible region
owing to its bandgap ~ 3.4 eV. As mentioned earlier, addition of Ga leads to a significant
increase in the conductivity of ZnO without compromising the transmittance in the visible
region. Furthermore, Ga offers some distinct advantages over other group III elements (e.g.
Al, In). The value of ionic/atomic radii of Ga is very close to that of Zn ions/atoms, which
results in very little strain in the ZnO film upon doping with Ga.54-56 In terms of affinity
towards oxygen, the Ga has relatively lower affinity compared to Al.54,55 Lower affinity of
Ga towards oxygen is especially important because it lowers the possibility of formation of
gallium oxide precipitates / clusters, which can affect the electrical properties of the film. It is
also known that the Ga:ZnO are more resistant to moisture and have shown higher stability in
humid atmosphere.57 Taking into consideration all the above-mentioned factors and features,
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Ga:ZnO seems to be a good candidate for TCO applications. Thus, a detailed study of
structure – property correlations in the Ga:ZnO films is undertaken to have a better control
over the defects and allow us to grow TCO films with desired properties for device
applications.

4.3

Experimental

To fulfill the objectives set for the thesis we have adopted the following approach, where we
first synthesized the thin films of novel materials (MoOx, Ga:ZnO) and then characterized
them in detail to establish the processing – structure – property correlations. The films were
also annealed in different environments to study the effect on the properties of the alternative
TCO films. The films were characterized in detail using the combination of techniques such
as X-ray diffraction, transmission electron microscopy (TEM – conventional and advanced),
X-ray photoelectron spectroscopy (XPS), four probe resistivity measurements, Hall
measurements and optical transmission / absorption spectroscopy. Following sections will
discuss briefly the fundamentals of the different processes involved in each of these synthesis
and characterization techniques.

4.3.1 Thin film synthesis and processing
4.3.1.1 Pulsed laser deposition (PLD) technique
PLD has become a popular research tool because of its simplicity in terms of experimental
set – up and operation. The basic PLD system consists of (i) high power laser source
(excimer laser, solid-state laser), (ii) vacuum chamber containing the substrate and the target
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holder assembly and (iii) laser optics to guide the laser beam onto the target surface. The
schematic of the set – up used in the present work is shown in fig. 4.9.

Heater
Plume: consists of
highly energetic

Substrate

species

Pulsed UV laser

Focusing Lens

Rotating target
carrousel

Gas feedthrough
Figure 4.9 Schematic of the PLD and formation of plume
For laser ablation, the radiation should be in the wavelength range of 200 nm to 400 nm
because most materials show strong absorption in this range. Most excimer lasers emit
radiation in this wavelength range and have become the primary choice for the PLD work.58
Sometimes, Nd3+:YAG lasers that are solid state lasers are also used, however, the
characteristic emission at 1064 nm requires

special non linear optics to achieve the

frequency of interest.59 This results in considerable loss of energy and lowers the efficiency
of the system. Moreover, the maximum repetition rate that can be used in the Nd3+:YAG
lasers is 30 Hz, which further limits the practical usage of these lasers. On the contrary,
excimer lasers are gas lasers that can emit radiation directly in the UV region with a high
output. With the excimer lasers repetition rates as high as several hundred hertz and energies
over 500 mJ/pulse can be easily achieved. The laser wavelength depends on the gas / mixture
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of gases used. Some of the commercially available excimer laser systems are listed in table
4.3.
Table 4.3 Characteristic laser wavelengths for different gases and mixtures.58
Wavelength
(nm)
157
193
222
248
308
351

Excimer
F2
ArF
KrCl
KrF
XeCl
XeF

Among these excimers, KrF is the highest gain system for the electrically discharged pumped
excimer lasers and can deliver relatively higher energy pulses compared with the other
systems. Thus, KrF excimer lasers are widely used for the PLD of different materials. In the
present work too, the KrF excimer laser was used as the laser source.

During the deposition the laser beam interacts with the target material and results in the
formation of a plume once the laser fluence exceeds the threshold value. The plume or the
plasma is a mixture of highly energetic species consisting of ions, atoms, molecules and
electrons. The formation of the plume and the plume characteristics (shape and energy of the
species) are dependent on the laser parameters such as laser fluence or energy density and
can be controlled by the input energy and the laser optics. The threshold energy is another
important parameter, which to a large extent is determined by the target material properties
such as optical absorption, thermal conductivity and its surface morphology. The ablation of
a material by PLD can be distinguished into three distinct regimes: (i) interaction of laser
with the target material resulting in heating of material and subsequent formation of the
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plume, (ii) interaction of incoming laser with the plasma and consequent heating of the
evaporated species, and (iii) anisotropic adiabatic expansion of the plasma and deposition of
thin film.60 The first two processes occur during the time duration of the pulse, while the
third process initiates after the laser pulse has terminated. It has been suggested by Singh et.
al that the evaporation of the target material can be considered to be thermal in nature,
whereas the species in the plasma have athermal characteristics due to the interaction of the
laser beam with the evaporated material.

Figure 4.10 Schematic of the different stags during laser ablation of a target: (A) Unaffected
target, (B) evaporated target material, (C) dense plasma absorbing laser radiation, (D)
expanding plasma outer edge transparent to the laser beam.60
The three different regimes in pulsed laser ablation of material are shown in fig. 4.10. The
physical processes occurring in the three regimes will now be described in detail.
(i) Interaction of the laser beam with the target material:
When the laser beam hits the target surface, intense heating of the material occurs. The
material absorbs the photon energy in two stages, i.e the transfer of the photon energy to
the electrons and the subsequent conversion into thermal energy by electron – phonon (ep) coupling. The conversion of photon energy into thermal energy results in localized
heating, melting and even evaporation of the surface layers. It is to be noted that the
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present theory for heating of the material is applicable only if the pulse duration is greater
than 10 picoseconds (ps), which is the time required for e-p coupling. The excimer laser
used in this thesis work has a pulse duration of 25 ns, so it is safe to assume that the
ablation characteristics can be explained satisfactorily by the above-mentioned
mechanisms. The amount of material heated or evaporated per pulse can be calculated as
follows:
Δxt = (1 – R) (E – Eth) / (ΔH + Cv ΔT)

(4.1)

where Δxt, E, Eth, ΔH, Cv, and ΔT are the evaporated material thickness, incoming
energy, threshold energy (minimum energy above which substantial evaporation occurs),
latent heat, volume heat capacity and the maximum temperature rise. In the case of
metallic and small bandgap materials, the evaporated material thickness is given by Δxt
= 2 Dτ (here D is thermal diffusivity and τ ~ 25 ns), primarily because the light is
absorbed within the short distance of incidence owing to the high absorption coefficient.
However, for materials such as ceramics, which have a low absorption coefficient and
small D (thermal diffusivity), the material will be heated down to the laser penetration
depth (L) or absorption depth of the material. More specifically, when L = 1/αt >

2 Dτ

is true, the thermal diffusivity does not play a role in the heating / evaporation process
and the evaporated depth is mainly dependent on the absorption depth (1/αt). It is known
that the material properties change with temperature and the energy density, therefore, the
value of Δxt and Eth also changes with the energy density. Thus, it can be seen that the Eth
not only depends on the material properties but also the laser parameters.
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(ii) Interaction of laser beam with the evaporated material:
The material evaporated from the hot target is further heated by the absorption of laser
energy. The interaction of the evaporated material with the incoming laser radiation also
leads to significant increase in the concentration of the ionized species. The degree of
ionization in the plasma can be as high as 70% depending on the experimental conditions
(laser parameters and target material). Some of the important mechanisms responsible for
the increased fraction of the ionized species are impact ionization, photoionization,
thermal ionization of photon activated species and electron excitation. The heating of the
evaporated material occurs mainly by electron- neutral and electron-ion collisions.61
Initially, when the concentration of electrons is less the dominant heating mechanism is
the electron – neutral collisions, however, as the electron density increases the electronion collision becomes more dominant. The electron-ion collisions also lead to effective
absorption of the photons and represents the primary mechanism for the plasma
absorption. The plasma absorbs the photon energy primarily by an inverse
bremsstrahlung process that involves the absorption of a photon by a free electron. The
absorption coefficient of the plasma is given by:60
⎛ Z 2 ni2 ⎞
⎟ 1 − e hν
12 3 ⎟
⎝T ν ⎠

α p = 3.69 x10 8 ⎜⎜

(

kT

)

(4.2)

where Z, ni, T and ν are the average charge, ion density, temperature of the plasma, and
frequency of the laser radiation, respectively. According to equation 4.2, the absorption
coefficient is proportional to ni, which suggests that the plasma absorption also increases
with the increase in particle density. An important implication of this phenomenon is that
the plasma absorption is highest at distances very close to the target surface where the
charged particle densities are high. The effectiveness of the absorption process and the
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validity of eq. 4.2 is based on the assumption that the plasma frequency is smaller than
that of the incident laser beam. In the case of KrF laser (λ = 248 nm), ν = 9.74 x 10-14/s,
which corresponds to a particle density of 1.2 x 1022 cm-3. When the particle density in
the plasma exceeds this value the plasma will start reflecting the incident radiation.
However, such a situation rarely arises, mainly, because at higher energy density there
exists a self – regulating plasma regime near the target surface. When the concentration
of ionized species becomes high the plasma absorption will increase, leading to a
decrease in the evaporation of the target material. Under these conditions, the amount of
material evaporated is given by Δxt =

2 Dτ eff , where τeff is the reduced pulse duration

due to the plasma absorption of the laser beam. The decrease in evaporation flux then
results in a decrease in the density of the ionized species in the plasma. On the other
hand, the process reverses if the plasma absorption drops, i.e. in this case the amount of
evaporated species will increase consequently increasing the plasma absorption. This
self-regulating regime not only regulates particle density in the plasma but also renders it
isothermal in nature. Another mechanism which leads to the isothermal nature of the
plasma is the rapid transfer of thermal energy into kinetic energy near the target surface.
Furthermore, the temperature is assumed to be uniformly distributed over the entire
plasma due to the small volume and the relatively short time required for thermalization
compared to the expansion process. Thus, it can be seen that the plasma is in an
isothermal state when the laser beam is incident on the evaporated species. The
interaction of laser beam with the evaporated material results in highly energetic species
with energies in the range 10 – 100 eV and temperatures on the order of 2 x 104 K.60-62
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(iii) In the isothermal state the plasma is continuously expanding. However, continuous
injection of particles in the plasma results in the formation of a definite volume. The
shape of the plasma is dictated by the gradients in the pressure / density which give rise
to anisotropic expansion of the plasma edges. The plasma has its smallest dimension in
the perpendicular direction because of the high expansion velocities in this direction. The
shape of the plasma at the end of the pulse duration is shown in fig. 4.11 (a), which
shows an idealized elliptical shape of the plasma. After the termination of laser pulse, the
adiabatic expansion of the plasma occurs. In the adiabatic expansion regime, the
temperature drops continuously as the plasma expands achieving very high expansion
velocities. The increase in velocity of the plasma is the manifestation of conversion of
thermal energy into kinetic energy. The final shape of the plasma during adiabatic
expansion is a function of the plume characteristics at the end of the laser pulse.
Following equation gives the dimensions of the orthogonal edges of the plasma during
the adiabatic expansion:
⎡d 2 X ⎤
⎡ d 2Y ⎤
⎡d 2Z ⎤
X (t )⎢ 2 ⎥ = Y (t )⎢ 2 ⎥ = Z (t )⎢ 2 ⎥
⎣ dt ⎦
⎣ dt ⎦
⎣ dt ⎦

(4.3)

It can be seen from the equation that the plasma will be accelerated more in the smaller
dimension. At the beginning of this regime (t = τ ~ ns), the plasma is larger in Y direction
than in Z direction, thus the plasma will be accelerated more along the Z dimension. The
resulting shape of the plasma is shown in fig. 4.11 (b), which shows that the major axis is
along the Z direction. However, the plasma dimension is the smallest along the
perpendicular direction, hence the acceleration is maximum along this dimension giving
rise to the characteristic plasma shape, elongated outward from the surface.
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Figure 4.11 Schematic of (a) initial shape of the plasma at the end of the laser pulse, (b) final
shape of the plasma after the adiabatic expansion (i.e. before it strikes the substrate).60
As the plasma expands the thermal energy is being converted into the kinetic energy.
Once most of the energy is consumed the expansion process is halted. Thus, the plasma
appears to be elongated in the shortest dimension and retains this shape throughout the
deposition process. The shape of the expanding plasma governs the distribution of
particles in it and considerably affects the thin film characteristics. The density and
pressure of the plasma can be expressed by a Gaussian function as shown in the fig. 4.12.
Some of the important laser parameters that govern the properties of the thin films
deposited by PLD technique include the laser energy density, irradiated spot size and the
substrate – target distance. Singh et.al and several other researchers have investigated the
effect of each of these parameters on the film properties (spatial thickness, compositional
variation, atomic velocities etc.) and have also discussed the models which accurately
predict the experimental observations.60,63,64

105

Figure 4.12 Distribution of density (n), pressure (p) and expansion velocity (v) of plasma as a
function of distance in the perpendicular direction from the target surface.60

4.3.1.2 Salient features of PLD
As mentioned above, the most important feature of PLD is the high energy (10 eV – 100 eV)
of the ablated species in the plasma. To put this into perspective, the average kinetic energies
of the impinging atoms in MBE are ~ 0.1 eV and that of the species in sputtering are of the
order of few eV. The higher kinetic energies lead to enhanced adatom mobility and increased
surface diffusivity. Thus, the high energy of the species enables growth of high quality thin
films at relatively low temperatures, which is an important consideration from an application
point of view. e.g. growth of TCOs on glass and polymer substrates for solar cell application
is constrained by the melting / softening temperatures of these substrates (Ts < 400 oC). It has
been shown that by using PLD even epitaxial films can be grown at relatively low
temperatures (e.g. Ge films at < 300 oC, ZnO films at < 400 oC).51,65 Also lower growth
temperature reduces the possibility of clustering of dopants and evaporation of elements with
high vapor pressure. Although, high kinetic energy of the species is conducive to growth of
high quality films, caution should be taken not to choose the laser fluence that greatly
exceeds the Eth since a very high energy of the species might lead to formation of defects and
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even incorporation of particulates in the film. Another important characteristic of PLD is the
high deposition rate owing to the forward directed nature of the plume. The forward peaking
nature of the plume also ensures minimum contamination and preserves the stoichiometry in
case of multicomponent targets. The deposition rate in PLD can also be controlled by varying
the pulse repetition rate. PLD is a versatile technique and can be effectively used to ablate
almost all materials, including metal, ceramics and polymers. Using a correct target
configuration it is even possible to grow composite films simply by adjusting the repetition
rate and the area of the target exposed to the laser beam. In the present context PLD was
effectively used to grow MoOx films using Mo metal, MoO2 and a compound assembly
having both the targets. It is also relatively easy to accurately control the film thickness using
PLD, which lends itself to the growth of multilayers of different films and heterostructures.
Additionally, the non – equilibrium nature of the PLD process allows growth of novel films
and compounds containing dopant concentration exceeding the thermodynamic limits
(ZnO:Ga, Ga: 1-7%). Some of the other attractive features include the ease of manipulation
and handling of the laser source compared to electron or ion beam deposition techniques.
Moreover, the minimal interaction of the laser with the ambient gas allows one to perform
experiments in the dynamic range of deposition pressure up to very high pressure (~100
mtorr). This was particularly important in the present work as experiments were performed as
a function of oxygen pressure (10-5 – 10-1 torr) to study the effect of P O on the properties of
2

ZnGaO and MoOx films.

The only major disadvantage of the PLD process is its non – uniform distribution and / or
spatial thickness variation, which is attributed to the forward directed plume, an inherent
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characteristic of this deposition technique. The spatial variation of thickness is given by
cospθ, where θ is the angle between the radial vector and normal to the target surface and p is
the experimental factor varying between 2-12 depending on the laser deposition conditions
(laser fluence, irradiated spot-size, etc.). Comparatively, the variation of film thickness in
conventional thermal processes is represented by cosθ, which leads to much more uniform
films. However, the variation in film thickness observed in PLD grown films is a concern
only in terms of a scale – up of this process. For the small size samples (1" x 1") fairly
uniform film growth can be achieved by carefully controlling the deposition parameters,
namely laser fluence, spot size and the substrate – target distance. Most of the samples used
in the present work were of the size 10 mm x 10 mm. In case of large size substrates, several
different approaches (rastering of the laser beam, translation and rotation of substrate) have
been proposed to achieve uniform film thickness.

4.3.1.3 Thin film growth by PLD
The thin film growth involves two critical steps: nucleation and growth. Upon arrival of
species onto the substrates, these species undergo several different processes before forming
a cluster or critical nuclei. The different atomic processes that occur during the early stages
of deposition are shown schematically in fig. 4.13.66 These processes are competing with
each other and tend to affect the nucleation and consequently, the growth characteristics of
the film. The correlation among the different atomic processes is governed by the deposition
parameters.
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(a)
(a)
(e)
(b)

(c)

(d)

(e)

Figure 4.13 Schematic of the atomic processes during the early stages of film growth, (a)
deposition, (b) diffusion to cluster, (c) cluster nucleation, (d) dissociation of cluster and (e)
evaporation.
Additionally, the interaction between the substrate and film atoms also plays a role in the
film growth. There are three basic growth modes observed in the formation of films, which
are dependent on the deposition conditions and the thermodynamic parameters. The
schematic of the three growth modes is shown in fig. 4.14 and the details about the each are
discussed next.

(a)

(b)

(c)

Figure 4.14 Schematic of the three basic nucleation and growth modes: (a) Volmer – Weber
(island growth), (b) Frank-van der Merwe (layer-by-layer) and (c) Stranski Krastanov (layerby-layer and island growth).
i)

Volmer – Weber mode (island growth, V-W):
In this mode the nuclei are formed and continue to grow to form large islands on the
substrate surface. Eventually, the large islands coalesce together to form continuous
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films, albeit, not before the islands are several monolayers thick. This growth mode is
observed in the case of growth of metals on insulator surface. Thermodynamically, the
surface energy of the substrate should be less than the combined surface energy of the
film and the interface energy (σs < σf + σint) to achieve the island growth mode.
ii)

Frank-van der Merwe (layer – by – layer growth, F-M):
This growth occurs if the surface energy of the substrate is close to that of the film
surface and the interfacial energy (σs ≈ σf + σint). Thus, it can be seen that the atoms
arriving first would form a continuous film (monolayer) on the substrate surface before
the second layer is built. It is to be noted that even though the nuclei are formed at the
beginning of the F-M growth mode, the nuclei grow only in two dimensions in contrast
to the V-W growth mode. Examples where such a growth mode is observed include
metal on metal and semiconductor on semiconductor systems.

iii)

Stranski - Krastanov mode (layer-by-layer followed by island growth, S-K):
S-K growth mode involves formation a continuous films at the beginning similar to the
F-M mode, however, at later stages the 3-D island growth mode takes over. The reason
for the change in the growth mode is not clearly understood, but it is speculated that the
built-in strain might be responsible for the observed phenomenon. In terms of energetic
considerations, the higher surface energy of the substrate compared to the film surface
and the interface energy is necessary to observe this growth mode (σs > σf + σint).

Further insight into the growth processes can be gained by considering the free – energy
calculations. A nuclei will be stable if the first derivative of the total energy of the cluster is
negative with respect to the addition of another atom to the cluster, and is denoted by ∆Gv.
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∆Gv represents the change in volume free – energy on condensation of the cluster and is
given by the following equation:64
ΔG v = −

kT ⎛ P ⎞
kT
ln⎜⎜ ⎟⎟ = −
ln (ζ )
Ω ⎝ Pe ⎠
Ω

(4.4)

where P, Pe, Ω, ξ and T are pressure of the arriving species, equilibrium vapor pressure at the
given T, atomic volume of the cluster, supersaturation and temperature, respectively. The
value of ∆Gv determines both the critical size of the nuclei (r*) and energy barrier for
nucleation (∆G*), which are represented by:
r* =

− 2(a1Γc −v + a 2 Γs −c + a3 Γs −v )
3a3 ΔGv

ΔG* =

(4.5)

4(a1Γc −v + a 2 Γs −c + a3 Γs −v ) 3
27(aΔGv )

(4.6)

2

where Γ is the interfacial energy corresponding to c – cluster, s – substrate, v – vapor and a1,
a2 and a3 are the constants dependent on the size of the clusters. Thus, it can be seen from
equs. 4.4, 4.5 and 4.6 that as the value of ∆Gv increases the critical size of the nuclei
decreases and also the barrier for nucleation decreases, which leads to increased nucleation
rate. The value of ∆Gv is mainly determined by supersaturation, so increased supersaturation
would be characterized by film growth with a high nucleation rate, and very small nuclei. As
mentioned earlier, in PLD the plume is characterized by a high instantaneous deposition rate
(R ~ 1014 cm-2 to 1022 cm-2), which leads to very high values of supersaturation, almost
reaching 105 J/mol. This value of supersaturation is several orders of magnitude higher than
that achieved in other deposition techniques (sputtering, CVD, MBE). Such a high value of
supersaturation causes formation of small size nuclei and results in two-dimensional
nucleation with monoatomic height.67 It has been suggested by Venables et.al that two-
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dimensional nucleation is favorable for layer-by-layer growth mode.68 The possibility of
continuous (liquidlike) film growth has also been discussed, however, it is believed to be
relevant only for very high deposition rates. The actual deposition rate in PLD is a function
of various parameters and its dependence on the laser parameters can be understood from the
following equation:64,69
R(l , To , (q )) = 26.4 × 10 21

Ps (To )

2nl (MTo )
2

12

cos n ( jt ) cos( j s )

(4.7)

where l is the distance between the target and substrate, To is the temperature of the
evaporating surface, Ps is the pressure of the saturated vapor on the target surface, q is the
laser fluence, js and jt are the angle between l and normals to the target and substrate surface,
respectively and n is the exponent, which depends on the experimental conditions (2 < n <
12). Thus, it can be observed that the deposition rate can be varied over a wide range by
controlling the laser parameters and the geometric arrangement in the PLD chamber. In
addition, the deposition rate can also be varied by controlling the repetition rate, which
determines the duration between the subsequent high rate vapor pulses. If the duration
between the two pulses is long, the probability of formation of large size clusters increases
owing to the stability of larger size nuclei during the time of no vapor arrival.70 However, to
alter the growth process significantly, the repetition rate should be of the order of the atomic
processes that affect the cluster formation. Another important parameter that determines the
growth mode is the substrate temperature. A higher temperature increases the barrier for
nucleation and thus leads to larger nuclei (equs. 4.4 and 4.6). The formation of large nuclei
would tend to produce island growth, provided the deposition rate is low. The combined
effect of temperature and the deposition rate can be summarized in a R-T diagram, which
indicates three different regions of growth depending on the degree of supersaturation and
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the substrate temperature.71 The diagrams are a useful guide to selecting the growth
conditions depending on the required film characteristics. In general, the epitaxial growth of
film requires high temperatures and high deposition rates, since they lead to layer-by-layer
growth. The layer-by-layer growth at high temperatures ensures high film quality per the
principles of domain matching epitaxy (DME), which will be discussed in detail in the later
section. The beneficial effects of high kinetic energies of the species in PLD have already
been discussed earlier. Thus, PLD can be used to grow films with a wide range of
microstructures simply by altering the growth modes established by the selected PLD
parameters. In the context of the thesis work it is important to recognize the strengths of PLD
technique and comprehend that the microstructure is affected considerably by the laser
parameters. Also, understanding the growth characteristics is critical to the thesis work as
most of the work relies on the successful growth of films with different microstructures
(nano, poly, textured, single crystal). This has enabled us to effectively use the PLD
technique to grow films with different microstructures and investigate the relationship
between processing – structure/microstructure – properties in the novel TCO films, which is
one of the main objectives of the thesis.

4.3.1.4 DME – a new paradigm for thin film growth
Films can be grown with different microstructure depending on the deposition conditions.
The microstructure of the film plays an important role in determining its properties.
Although, most TCOs are grown on glass or amorphous substrates (solar cell, displays), there
are some applications (LEDs) where the single crystal films of these novel materials are
expected to enhance the performance of the devices. The growth of epitaxial films is also
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important for the investigation of basic conduction mechanisms in these films. The
experiments performed on high quality single crystal films ensure minimal contribution of
defects and strain in the physical properties (electrical and optical). Thus, it is critical to
control defect density and strain in the epitaxial films. Epitaxy is defined as the growth of
single crystal thin film on a crystalline substrate with a fixed or the same orientation as that
of the substrate.72 Epitaxy takes on two forms depending on the material systems involved.
Homoepitaxy is referred to the case where the film and the substrate materials are the same,
whereas in heteroepitaxy films the substrate is composed of a different material. An
important consideration in the growth of epitaxial films is the lattice misfit. If the thin film is
formed on the substrate with the same crystal structure and lattice constant then the lattice
misfit is ~ zero and the film grows strain-free. However, when films are grown on the
substrates with different lattice constant residual strain exists in the films. If the misfit is
small (< 7-8%) the films grow pseudomorphically up to critical thickness beyond which it
becomes energetically favorable to introduce dislocations. This is conventional lattice
matching epitaxy (LME) and for a long time it was thought that in the case of higher misfit,
films would grow textured or largely polycrystalline.73 However, Narayan et.al have recently
shown that epitaxial films across the misfit range (1 - 50%) can be grown via DME.
Moreover, they also show that LME is a special case of the more general DME concept,
where the misfit is below 7-8%. As per DME, the films grow epitaxially by matching
multiple integrals of planes across the film-substrate interface. Thus, if the misfit < 7-8% and
the film and substrate have same crystal structure, the matching of planes can be considered
as matching of lattice constants. In DME the misfit strain is defined as:
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ε r = (d f d s − 1)

(4.8)

where df and ds are the planar spacing of the major planes of the film and substrates,
respectively. This strain can be relieved by matching of m planes of the film with n planes of
the substrate. Sometimes the matching of planes does not relieve the strain completely and
there exists a residual strain given by:

ε r = (m d f nd s − 1)

(4.9)

In order to accommodate the residual strain two domains will alternate with a certain
frequency as per the following equation:

(m + α )d f = (n + α )d s

(4.10)

where α is the frequency factor. Usually the difference between m and n is 1 or some
function of m. fig. 4.15 shows the plot of integral multiple of interplanar spacing vs misfit
strain across the misfit range (2-50%).

Figure 4.15 Unified plot of strain vs interplanar spacing ratio across the misfit range. Region
corresponding to LME is above 12/13 ratio or 7.7% strain.72
Within the framework of DME, to achieve matching of the planes across the film-substrate
interface it is assumed that the strain is completely relaxed without any dislocation nucleation
barrier. The assumption seems to be reasonable as the critical thickness is only a few
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monolayers in case of large misfit systems (ε > 8%).74 Dislocation generation in DME is
assisted by the lower nucleation barrier in the presence of surface steps and the proximity of
the interface, which results in quick propagation of the dislocations. However, the nature of
misfit dislocations formed in DME is determined by the geometrical constraints rather than
by deformation in normal slip systems. It should be mentioned here that the dislocations can
be confined to the interface or removed completely if the film growth is 2D. If the film
growth is 3D, the dislocations might not propagate through the entire length and the
threading dislocations might form. So, by controlling the growth process it should be
possible to control the density of defects and confine them to the interface as per the
principles of DME. This feature of DME is in sharp contrast to LME, where the dislocations
are generated at the surface and then must glide down to the interface, which leads to higher
density of threading dislocations in the active region.75 Also, in an oxide system dislocation
glide is highly restricted making film relaxation quite difficult. Thus, it can be seen that via
DME films with larger misfits can be grown with fewer defects in the active region and
virtually free of strain as most of the strain is relieved near the interface.

There are several examples of epitaxial growth of films with large misfit that have been
realized via DME. Some of the most common examples include TiN/Si (100) (ε = 24%
corresponds to 3/4 and 4/5 matching), AlN (0001)/Si (111) (ε = 19% corresponds to 4/5 and
5/6 matching) and ZnO/αAl2O3 (0001) (ε = 17% corresponds to 5/6 and 6/7 matching). An
example of growth of epitaxial ZnO film on Sapphire will now be discussed as it is relevant
to the present work involving TCOs based on ZnO. ZnO with wurtzite structure has lattice
parameters, a = 3.252 Å and c = 5.213 Å, where as sapphire (αAl2O3) has lattice parameters,
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a = 4.758 Å and c = 12.991 Å. This results in a large misfit (ε = 17%). However, it has been
shown by Narayan et.al that growth of high quality epitaxial ZnO films on sapphire is
possible by DME despite the large misfit.76 Fig. 4.16 clearly illustrates the matching of 5 or 6
−

−

(2110) planes of ZnO with 6 or 7 (011 0) planes of sapphire. This is in good agreement with
the values predicted by the DME model (fig. 4.15).

−

−

Figure 4.16 Fourier filtered image of DME between (2110) planes of ZnO and (011 0)
planes of sapphire.76
DME is a profound concept and can be extended to any system, regardless of the misfit. In
the present work the epitaxial MoOx films were successfully grown on sapphire system using
the principles of DME. MoOx films with a monoclinic structure have been grown epitaxially
on sapphire. In this system the misfit along one direction is > 19%, while in the other it is <
1% and the details about the structure and DME have been discussed in chapter 6.

4.3.2 Thin film characterization
Films deposited by PLD where characterized to determine the crystal structure,
microstructure (grain size, defects), composition and stoichiometry, electrical, and optical
properties. The film structure was characterized mainly using X-ray diffraction (XRD)
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technique and transmission electron microscopy (TEM). The chemistry of the film was
analyzed using X-ray photoelectron spectroscopy (XPS). The electrical properties were
studied using four-probe resistivity measurements and Hall measurements. Special emphasis
is given on the low temperature resistivity measurements, which provide valuable
information about the conduction mechanisms in the films. This particular aspect of the
electrical property measurements is very important and forms the core of several projects
undertaken in the thesis work. The optical properties of the films were measured using the
absorption/transmission spectroscopy.

4.3.2.1 Structural
4.3.2.1.1 XRD
XRD is one of the most widely used techniques to investigate the structure of thin films.
Depending on the experimental setup, XRD can be used to perform various tasks such as
determination of crystal structure, lattice parameters, degree of texture, grain size, phase
composition, residual stress, epitaxial quality, and orientation relationships. In the present
work, XRD has been extensively used to determine the crystal structure / phase, orientation
and structural quality of the TCO films. In case of MoOx films, XRD proved to be
particularly useful in identifying the relevant phases and lattice parameters. For ZnGaO films
XRD has been used to determine the quality of the films grown on different substrates as a
function of deposition conditions. The working principle of XRD is fairly simple. Fig. 4.17
shows schematically the interaction of the X- ray beam with the crystalline lattice. Upon
incidence, X-ray beam is diffracted by the lattice planes of atoms, which is detected by a
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detector. The diffracted beams interfere constructively if the Bragg’s condition for diffraction
is satisfied.

Diffracted beam

Incident beam
θ

θ

1

d
2
3
n

Figure 4.17 Schematic of X-ray diffraction by lattice planes and the condition for Brag’s law.
Bragg’s law states that the path difference between the beams scattered by the lattice planes
should be an integral multiple of the wavelength and mathematically is represented as
follows,
nλ = 2dsinθ

(4.11)

where n integer indicating the order of diffraction, λ is the wavelength of the incident X-rays,
d is the interplanar spacing corresponding to (hkl) planes and θ is the Bragg angle. The actual
intensity of the diffracted beam is determined by the scattering strength of the individual
atoms and the symmetry of the crystals. For the present work a θ - 2θ set-up was employed to
generate the XRD patterns. Although, XRD (θ - 2θ) investigations provide some useful
information about the crystal structure and phases, the information about texturing is limited.
In θ - 2θ mode XRD reveals texturing information only in the growth direction, thus
additional characterization is required to verify the epitaxial growth and understand the
orientation relationships in all the three directions. The establishment of orientation
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relationships is of prime importance in epitaxial growth of novel films on foreign substrates
such as MoOx/sapphire. Another limitation of the XRD is that it is difficult to detect the
formation / presence of nano-sized (< 10 nm) clusters and precipitates in the films, especially
if their volume fraction is small (<5%). The issue of formation of precipitates and clusters
arises in the case of films containing a high concentration of dopants. For TCO films, the
dopants must occupy substitutional sites if they are to achieve high donor efficiency. The
performance of the TCO films is adversely affected by the presence of the precipitates /
clusters of the dopants and the verification of the same demands thorough investigation.
Thus, to address the above-mentioned issues further microstructural characterization has
been performed using TEM.

4.3.2.1.2 TEM
The TEM experiments have been performed with the following objectives:
i) Understand the epitaxial growth of novel TCO films on sapphire (0001) substrate by
investigating the orientation relationship and the corresponding DME characteristics.
ii) Examine the microstructure of the films grown under different deposition conditions and
establish the correlation between processing – microstructure. The emphasis was on
determination of grain size and the texture characteristics in these films.
iii) Characterize in detail the different defects and study their structural arrangement at the
atomic level. Work has also been done to verify the possibility of cluster formation
through rigorous diffraction contrast studies.
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To meet these objectives several different TEM techniques (e.g. selected area electron
diffraction (SAED), bright field (BF) and dark field (DF) imaging, and high resolution TEM
(HRTEM)) have been used. These techniques are described briefly in the following section.

The basic TEM operation

In TEM there are two important systems: (i) the illumination system that controls the electron
source (intensity) and (ii) the imaging system that collects the electrons scattered and
transmitted from the sample. Depending on the operation mode the electrons collected by the
imaging system can either form a diffraction pattern or an image. The corresponding
alignment of the electron beam in the two modes is shown in fig. 4.18. In diffraction mode,
the electrons that form the SAED pattern are elastically scattered by the sample. Thus, if the
atomic arrangement in the sample is periodic the diffraction pattern consists of well defined
spots, whereas, in case of polycrystalline sample with less atomic order results in diffused
spots, arcs or even rings. This particular TEM feature is very important and reveals
information about the microstructure of the films. In the present context, this technique has
been used to determine the nature of the film grown on various substrates, e.g. well defined
and ordered spots correspond to epitaxial films, observation of arcs instead of spots indicates
textured films, and random spots/arcs suggest polycrystalline films. Moreover, if the grain
size is really fine the resulting diffraction pattern is in the form of continuous rings. So, it can
be seen that the diffraction technique can also give an idea about the relative grain sizes of
the different samples. The SAED pattern taken from the interface area provides the
diffraction information from the film as well as substrate, which enables the determination of
the exact epitaxial relationship. TEM also allows a certain degree of freedom in rotation of
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specimens and if the sample is prepared thoughtfully, the entire crystal structure and the
atomic arrangement in more than one direction can be probed using the diffraction technique.
A typical diffraction pattern contains a bright central spot and slightly weaker diffracted
spots.77

Figure 4.18 Schematic of the beam alignment in the two TEM modes, (a) diffraction and (b)
image mode.77
In the image mode the image can be formed using either the central bright spot (transmitted
beam with small amount of elastically scattered electrons) or entirely from the scattered
electrons. When the image is formed using the central beam the image is known as bright
field (BF), whereas it is known as the dark field (DF) if the diffracted beam or scattered
electrons are used to form the image. Both types of images are based on the amplitude –
contrast technique, however, DF images usually have a better contrast. Thus, DF technique is
normally used to resolve certain features in the microstructure (defects, clusters, precipitates,
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grains and grain boundaries). In the present work as well, this imaging technique has been
used extensively to look for the precipitates and other defects. The grain size in the different
ZnGaO film has also been determined using the same technique. It is to be noted that for
grain size determination plan – view samples have been used and for all other TEM
investigations cross-section TEM (X-TEM) sample have been used.

HRTEM

In high resolution TEM the image is formed due to a phase-contrast, i.e phase difference
between the beams. Generally, to form a HRTEM image a group of parallel beams is allowed
to raster on the sample and then interfere according to the phase difference, thereby forming
a very high resolution image. The high resolution is partly due to the high sensitivity of the
scattering processes that contribute to the phase contrast and consequently to the image
formation. Resolution and contrast improves with an increase in the number of beams. With
the JEOL – 2010 a resolution of ~ 1.8 Ǻ can be achieved. This enables atomic level
characterization of thin specimens. In the present work, HRTEM has been used to determine
the atomic arrangement at the interface and to explore the atomic-level details of the defect
structure. HRTEM of an X-TEM sample allows the direct investigation of the interface and
the DME relationship between the film and substrate.

4.3.2.2 Chemical (XPS)
4.3.2.2.1 Background and relevance
XPS is also known as electron spectroscopy for chemical analysis (ESCA) and can be used to
(i) identify different elements (except H and He) at concentrations > 0.1-1 at.%, (ii) perform
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quantitative analysis of the sample composition within few % (error < 10%), (iii) analyze the
molecular environment (i.e. oxidation state, bonding of atoms), (iv) perform depth profiling
(non-destructive < 10 nm, destructive ~ several hundred nanometers using Ar+ ion
sputtering), and (v) determine lateral variation in composition with a spatial resolution of few
μm – mm. In the present work XPS has been used mainly to determine the chemical
composition of the TCO films. In the ZnGaO films the primary aim was to determine the
concentration and oxidation state of the dopant. The oxidation state of the dopant gives an
indication of the effectiveness of the ionization efficiency. The MoOx films have been
analyzed to determine the different oxidation states of molybdenum as well as their relative
ratios. The determination of the ratio of molybdenum ions with different oxidation states was
a critical experiment since it enabled the correlation of the interesting properties observed in
MoOx films with the film composition. However, more rigorous experiments had to be
performed to determine the relative ratios because of the overlap of the XPS peaks
corresponding to the different oxidation states of molybdenum. CASA software with a
Shirley routine for background correction has been used to deconvolute the different peaks. It
is to be noted that caution must be practiced in assigning the peak positions due to peak
splitting (spin-orbit doublets, multiplet splitting and their relative fractions) and instrumental
corrections (work function and peak broadening). Usually, the C 1s peak is taken as reference
to perform the instrumental corrections. In all the experiments the sample surface was
cleaned by sputtering using an Ar+ ion (~ 2min) to remove the extraneous material.
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4.3.2.2.2 The basics of XPS operation
In XPS, a sample is irradiated by an X-ray source (Mg Kα – 1254 eV) and the emitted
photoelectrons are energy analyzed in vacuum.79 For the energy range used for XPS the
photoelectrons emitted are from the atom core. The energy of the emitted photoelectron can
be determined per the following equation:
KE = hν – φs – BE

(4.12)

where hν is the energy of the incident radiation, KE is the kinetic energy of the
photoelectron, φs is the work function of the instrument and BE is the binding energy of the
orbital from which electron is ejected. The binding energy of the emitted photoelectrons is
dependent on the atomic and molecular environment from which they are ejected. Thus, the
shifts observed in the peak positions can be directly correlated with a physical phenomenon
(change in oxidation state, bonding strengths, etc.). The photoelectrons emitted during the
ESCA experiment are energy separated and detected using a complex energy analyzer. The
basic idea is that the photoelectrons passing through the energy analyzer are deflected by the
electrostatic field and exit the analyzer at a specific position depending on its energy. One of
the most commonly used analyzers is the hemispherical energy analyzer.79 It consists of two
concentric hemispheres with a steady potential (∆V) applied across the two hemispheres. The
applied potential is such that the potential at the centerline of the two hemispheres is constant
and is referred to as the pass energy. Since, most of the ESCA experiments are performed at
a constant pass energy the resolution (∆E) of the analyzer is also constant. It can be seen that
the resolution is better for low pass energy however, this results in weaker signal strength of
the photoelectrons. In the present work, the pass energy of 100 eV for survey scan (resolution
– 2eV) and pass energy of 20 eV for high resolution scan (resolution of 1eV or better) has
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been used. The electrons that exit the hemispherical analyzer are then detected by a
multichannel detector, also known as the electron multiplier. The number of electrons
detected reflects the intensity (relative concentration in the sample), and the position of the
electron at the exit represents its spectral energy. Fig. 4.19 shows a schematic of the different
processes that occur and the instrumentation used in a typical XPS measurement.80

Figure 4.19 Schematic of the experimental set-up of the XPS instrument.80
4.3.2.3 Electrical measurements
Electrical characterization of TCO films included electrical resistivity measurements using
four – probe technique and Hall measurements. Resistivity of a material is defined as 1/σ and
given by:

ρ=

1

σ

=

1
q (nμ n + pμ p )

(4.13)
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where q, n, p, μn, μp are the charge, electron concentration, hole concentration, electron
mobility and hole mobility, respectively. The resistivity of the TCO films has been measured
using a four – probe technique because resistivity can be accurately measured that is
independent of the probe resistance and / or contact resistance. In the four – probe
measurement the probes are collinear with uniform spacing between them. The outer two
probes carry the current and the resultant voltage is measured across the inner pair. The
schematic of the resistivity measurement set-up is shown in fig. 4.20. For thin films grown on
insulating substrates it is common to measure sheet resistance (Rs); the corresponding
resistivity (ρ) is then given by Rst, where t is the film thickness.
+I

+V

-V

-I

Figure 4.20 Schematic of the four – probe for resistivity measurement.
The room temperature value of resistivity is an important criterion for selection of a TCO,
however, to understand the electrical conduction mechanisms in the film requires the study of
resistivity as a function of temperature. Therefore, temperature dependent resistivity
measurements have also been performed in the temperature range 15 – 300 K. The samples
were cooled down to 15 K using a cold – stage. The stage is cooled using a He cryostat
which recycles compressed He. The temperature coefficient of resistivity (TCR) is a direct
indication of the conductivity type of the sample, e.g. positive TCR corresponds to metal like
behavior, whereas negative TCR suggests semiconductor behavior. The exact nature of the
conduction mechanisms, however, requires detailed analysis of the resistivity curves plotted
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as a function of temperature. Several models have been evaluated in order to understand
some of the interesting results observed / found in the study. These models have been
described in chapter 2. The investigation of conduction mechanisms, both carrier generation
and transport, is one of the major objectives of this work. Chapters 5 & 6 will discuss the
important results related to the effect of dopant on carrier generation and carrier transport in
ZnGaO films, while chapter 7 discusses the effect of microstructure on electrical properties
of ZnGaO films, specifically elucidating on the role of grain boundaries. Additional insight
into the conduction mechanisms has been gained from the Hall measurements performed
using the van der Pauw method. The carrier concentration and mobility was determined in
the different samples and the behavior was correlated with the processing conditions. The
Hall measurement proved especially vital in elucidating the role of grain boundaries for films
deposited on the temperature sensitive substrates (glass, Kapton). The Hall measurements
were also illuminating on the effect of dopant on carrier concentration and mobility, thus
assisting in selection of a suitable dopant for a certain TCO application. Further
characterization of the TCO films has been performed by optical measurements, which can
also give insights on the electronic behavior. Interestingly, the results of Hall measurements
can be easily verified with the optical measurements. Details on the optical measurements are
discussed in the following section.

4.3.2.4 Optical
The specifics on the electronic theory and the response of the TCO films to incident photons
have been discussed already in detail in chapter 2. So the following text will only describe
the equipment and experimental details used to study the optical properties of the films. As
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mentioned earlier, for TCO films the most important property is optical absorption in the
range 200-900 nm of the light spectrum. The most common method to determine absorption
in TCOs is to measure the transmittance of the film in the optical range of interest. The
transmittance of the film is defined as the ratio of the intensity of the transmitted beam to that
of the incident beam and is given by:
T=

I t (λ )
I 0 (λ )

(4.14)

Since,
I (λ ) = I 0 (λ )e −αd

(4.15)

where α is the absorption coefficient and d is the film thickness. Here, the reflection at the
film surfaces (front and back) is assumed to be negligible.
Therefore, from eqns. 4.14. and 4.15,
⎛ I (λ ) ⎞
⎟⎟ = ln(T (λ )) = −αd
ln⎜⎜ t
⎝ I 0 (λ ) ⎠

(4.16)

Thus, from the transmittance measurement the absorption coefficient can be calculated if the
film thickness is known accurately. However, for practical purposes the information about
the transmittance across the visible region suffices. In the present work, the transmission of
the films in the range 200 – 900 nm was measured using the Hitachi 3010 UV-Vis
spectrophotometer. The schematic lay out of the different parts in the 3010
spectrophotometer is shown in fig. 4.21. The spectrophotometer has two continuous light
sources: W lamp for the visible range (320 – 900nm) and deuterium lamp for the UV region
(200 – 320 nm). The intensity of the transmitted beam through the sample is detected using a
photomultiplier tube and compared with that of the reference beam. The contribution of the
substrate is corrected by using a blank substrate to calibrate the reference beam. In these
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measurements the loss due to reflectivity is assumed to be negligible in the UV-Vis region.
However, for samples with high carrier concentration (n > 5 x 1020 cm-3) the reflection could
be considerable due to plasma absorption and the determination of plasma edge is critical
from the application point of view (e.g. solar cell).

Figure 4.21 Schematic lay out of the different parts in the Hitachi – 3010
absorption/transmission spectrophotometer.
It is known that the plasma edge shifts towards the lower wavelength with increasing carrier
concentration as per eqn.1.1. Thus, to determine the change in the optical spectrum as a
function of carrier concentration the transmission measurements were carried out in the UVIR range (200 – 2500 nm). The relative shift of the plasma edge with carrier concentration
also helps to verify the carrier concentration determined from Hall measurements. Another
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important feature of the optical / transmission spectrum that has been analyzed in detail is the
absorption edge (due to electronic excitation). The shift in the absorption edge also gives an
indication about the variation of carrier concentration according to the BM effect (details
about the BM effect have been discussed in chapter 2). Once again, the carrier concentration
determined from Hall measurements can be validated by the optical data. It is to be noted that
the shift observed in the absorption edge (in UV region) is complementary to the shift in the
plasma edge (in IR region). Thus, it can be seen that the transmission measurements
performed in the range 200 – 2500 nm not only provide information about the optical
properties (%T and α) but also reveal the correlation between the electrical properties (n) and
optical properties of the TCO films.
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5

Epitaxial growth and properties of MoOx (2<x<2.75) films

(Published in Journal of Applied Physics, 97, 083539, 2005)

5.1

Abstract

We report the growth of epitaxial molybdenum oxide (MoOx, 2<x<2.75) films on c-plane of
sapphire substrate using pulsed laser deposition in oxygen environment. The structure was
characterized using X-ray diffraction (XRD), high resolution transmission electron
microscopy (HR-TEM) and X-ray photoelectron spectroscopy (XPS), and the physical
properties such as electrical resistivity and optical properties were investigated using fourpoint-probe resistivity measurements and spectroscopy techniques, respectively. It was found
that the film had a monoclinic structure based on MoO2 phase and showed unusual
combination of high conductivity and high transmittance in the visible region after annealing.
The unusual combination of these properties was realized by systematically controlling the
relative fraction of different oxidation states of molybdenum, namely Mo4+, Mo5+ and Mo6+
in the monoclinic phase. For a film 60nm thick and annealed at 2500C for 1h, the ratio of
Mo6+/(Mo4+, Mo5+) was determined to be ~2.9/1 using XPS, and a typical value of
transmittance was ~65% and resistivity close to 1 x 10-3 Ω-cm. These results demonstrate
growth of epitaxial MoOx films with tunable electrical and optical properties. Further
optimization of these properties is expected to result in applications related to display panels,
solar cells, chromogenic (photochromic, electrochromic, gasochromic) devices, and
transparent conducting oxides (TCOs). The ability to grow epitaxial MoOx films can further
aid their integration with optoelectronic and photonic devices.
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5.2

Introduction

Molybdenum oxide is a very interesting material and has found applications in a wide variety
of fields such as optically switchable coatings1,2, gas sensors3, catalysis4 and also as diffusion
barrier5. Molybdenum oxide exhibits electrochromism and photochromism after intercalating
with an appropriate cation (such as Li+, Na+), making it suitable for their use in display
devices, smart windows and in storage batteries6. It also exhibits gasochromism and shows
appreciable CO sensing capability, which makes these oxides a potential candidate for gas
sensors applications3,7. The display of such varied properties is related to the existence of
several different allotropes and phases of molybdenum oxides depending on the chemical
composition and the formal oxidation state of molybdenum. Some of these compounds are
MoO3 (α-MoO3-orthorhombic and β-MoO3-monoclinic), MoO2 (monoclinic), Mo4O11
(monoclinic, orthorhombic), and Mo9O26 (triclinic, monoclinic), which show some very
interesting electrical and optical properties as a function of oxygen vacancy concentration
and non-stochiometry6-11. The proper combination of some of these phases or a proper
distribution of molybdenum ions with different oxidation states may lead to materials with
superior electronic and optical properties. It is well known that MoO3, (Mo as Mo6+) is
insulating and transparent12, whereas, MoO2 (Mo as Mo4+)10 is a metallic conductor.
Therefore, we have proposed that an appropriate mixture of these phases or these ions can
form a material, which is transparent as well as conducting. Non-stoichiometric MoOx films
are an excellent candidate to study the effect of composition on the structure and properties
of such films. Recently, there have been some reports about the growth of MoOx films
consisting of mixed phases and molybdenum oxidation states by various deposition
techniques3,6,7,11. These compounds have shown interesting physical properties, however,
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there have been no observations reported on a concomitant enhancement of transmittance and
electrical conductivity. Previous studies on MoOx films have also shown an ambiguity
associated with the crystal structure of these materials. It has been reported that the film
structure could be a single phase3,13 or a mixture of several distinct molybdenum oxide
phases with known structures6.

Molybdenum oxide films studied in the present work have a monoclinic structure where,
molybdenum exists in Mo4+, Mo5+ and Mo6+ oxidation states. The most interesting
observation is that the relative concentration of Mo4+, Mo5+ and Mo6+ in the film can be
varied with annealing and x in MoOx is adjusted accordingly, while still retaining the basic
crystal structure. The molybdenum oxide (MoOx) films were deposited using PLD in oxygen
environment and characterized to determine the structure and composition. The physical
properties such as optical absorption and electrical resistivity were measured and the effect of
annealing on the variation of these properties was studied. Correlations between structure,
chemical composition and electrical and optical properties of the films were also
investigated. Finally, the potential of these MoOx films for applications in several
chromogenic devices, solar cells, display panels and as transparent conducting oxide is
discussed.

5.3

Experimental

MoOx films were grown on c-plane sapphire single crystal substrates by pulsed-laser
deposition.14 Molybdenum metal (99.9%) and molybdenum dioxide (MoO2) targets used for
deposition were obtained from H. C. Starck, Inc. A pulsed KrF excimer laser with a
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wavelength of 248 nm was used for ablation. The energy density of the laser beam was
varied from 4-7 J/cm2 with a repetition rate of 10 Hz. The chamber was evacuated to a base
pressure of 6 x 10-7 Torr and the deposition was carried out at 1 x 10-3 Torr of oxygen
pressure. The deposition was performed in the temperature range of 500-6000C for 15 min.
Films were deposited using a compound assembly consisting of Mo metal and MoO2 target.
Films were also annealed at 2500C for different durations of time to investigate the effect of
heating on their optical and electrical properties. XRD of the films was carried out using
Rigaku X-ray diffractometer with Cu Kα radiation (λ = 1.54 A0) and a Ni filter. JEOL-2010
field emission transmission electron microscope attached with Gatan Image Filter (GIF) was
used to perform the structural characterization of the film. XPS was performed using Riber
LAS-3000 instrument with Mg Kα X-ray source. An analysis of different oxidation states
from the spectrum with overlapping peaks was performed by deconvolution using Shirley
routine and Casa software. The values corresponding to C 1s peak were used as reference for
the curve fitting analysis. Optical measurements (absorption/transmission) were made using a
Hitachi: U-3010 Spectrophotometer while the electrical resistivity was measured using the
four-point probe technique.

5.4

Results and Discussion

5.4.1 Structural characterization
Fig. 5.1 shows the XRD (θ-2θ scan) of the film in the as-deposited condition which suggests
the formation of a highly oriented film consisting of a single phase. Further analysis of the
structure of the films was carried out using electron diffraction and HR-TEM. Fig. 5.2 is a
low magnification image of the as-deposited MoOx film on sapphire. From the cross-section
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TEM micrograph the thickness of the film was determined to be 60nm. The structure was
determined using the diffraction pattern taken in [001] f and [010] f direction.

Int. (arb. units)

(006)sapphire
(200)f

(400)f

2-θ
Figure 5.1 XRD pattern of the film (f) in as deposited condition

Sapphire

MoOx film

Figure 5.2 Low magnification image the film on sapphire
Fig. 5.3 (a) and (b) are the selected area diffraction patterns (SAD) of the film corresponding
to the zones [001]f and [010] f, respectively. It can be seen from figs. 5.3 (a) and (b) that a
single-phase film has grown epitaxially on the (0001) sapphire substrate. From the diffraction
patterns in fig. 5.3, the phase is identified to be MoO2 with a monoclinic structure, which is
consistent with the earlier observations.15-17 The lattice parameters from the diffraction
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(electron and XRD) patterns, were determined to be, a = 5.610 ±0.01 Å, b = 4.856 ±0.01 Å, c
= 5.628±0.01 Å and β≈120.60 ±0.10 which are in good agreement with the values reported
previously.17 Thus, for a monoclinic structure with these lattice parameters, the diffraction
observed in [001] zone (i.e. a*b* plane) is a square pattern since angle between a* and b* is
900, while in [010] zone (i.e. a*c* plane), a hexagonal pattern is observed as angle between a*
and c* is close to 600.16

220 f
200 f

020 f

20-2 f

200 f
002 f

(a)

(b)

0006 s

110 f
010 f

100 f
2īī0 s, 020 f

(c)

Figure 5.3 (a) SAED of the film in [001] zone, (b) SAED of the film in [001] zone (c) SAED
of the interface
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Fig. 5.3 (c) shows the SAED at the interface depicting the orientation relationship between
the substrate and the epitaxial film as follows: (200) f ║ (0006) s (out of plane) and [001] f ║
[01ī0]

s

(in-plane). The d-spacing measured for (200) planes from the electron diffraction

also corresponds to the XRD peak observed at 2θ = 37.20, thus confirming the (200)
orientation of the film. MoOx films grow epitaxially on sapphire by domain matching epitaxy
where integral lattice planes match across the interface18. In the present case, the misfit
between the planar spacings across the interface is only ~1.2% and every one plane of
substrate matches with one plane of the film. Interestingly, along [01ī0], the mismatch
between the planar spacings of substrate and the film is also ~1.1%. This lattice mismatch is
accommodated by (1/1) matching of planes (i.e. one plane of sapphire with d = 2.748 A0,
match with one plane of the film having d = 2.78 A0). The additional misfit is accommodated
by the principle of domain variation, whereby, the domain repeats with a certain frequency to
reduce the total misfit close to zero. Fig. 5.4 is a HRTEM image of the MoOx/Sapphire
interface in [001] zone of the film.
Sapphire

010 f
100 f

MoOx film
5 nm

Figure 5.4 HRTEM of the interface
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The interface is observed to be sharp without any noticeable interfacial reaction, which might
have facilitated the epitaxial growth of the film. The HRTEM image also shows the square
arrangement of atomic columns in the film, characteristic of the image of the crystal when
viewed along the c-axis.

In the above-mentioned monoclinic phase, molybdenum is present as Mo4+, Mo5+ and Mo6+
along with oxygen vacancies, depending on the annealing condition. The presence of the
different molybdenum species (Mo4+, Mo5+ - metallic and Mo6+) in the MoOx film has been
verified by XPS. Fig. 5.5 (a) is the XPS survey spectrum acquired from surface of the as
deposited MoOx film, which shows the peaks corresponding to Mo-3d, O1s and C1s and does
not indicate the presence of any extra elements. The high-resolution Mo 3d core level
spectrum of the film in as-deposited condition is presented in Fig. 5.5 (b). The observed
spectrum is characteristic of the complex mixture of Mo 3d5/2,3/2 spin-doublets of
molybdenum in its oxidation state of +4, +5 and +6.13,19 Non-linear curve fitting program has
been used to resolve Mo4+ (3d5/2) peak observed at 229.7 eV, while Mo6+ (3d5/2) peak at
232.6 eV. In addition to the presence of Mo4+ and Mo6+ states, there also exists a small
amount of molybdenum in Mo5+ valence state. The 3d5/2 peak corresponding to Mo5+ state is
observed at 231.1 eV. Fig. 5.5 (b) also shows a simulated spectra (constructed using Shirley
fitting routine) for peaks corresponding to 3d5/2,3/2 spin doublets of Mo4+, Mo5+ and Mo6+
states. The observed peak positions are in accordance with the values reported in the
literature.2,13,19 The relative concentration of each species (Mo4+, Mo5+ and Mo6+) was
determined by calculating the area under the resolved peaks. It was found that the ratio of
(Mo4+, Mo5+) and Mo6+ was ~2.1:1, in the as deposited condition.
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Figure 5.5 (a).Survey XPS spectrum from the surface of the film in the as deposited
condition (b). High-resolution spectrum of the as deposited film.
5.4.2 Effect of annealing
5.4.2.1 Effect on structure and composition
Fig. 5.6 (a) shows XRD of the films annealed for different durations of time and it can be
seen from the XRD patterns that the structure does not change even after annealing the films
for 8h. This has also been verified from the electron diffraction of the film annealed at 2500C
for 1h as shown in fig. 5.6 (b).
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Figure 5.6 (a) XRD pattern of the film in as deposited condition and after annealing
(b) SAED of the film annealed at 2500C for 1h in [001] zone.
Annealing, however, changes the oxygen stoichiometry considerably. The high-resolution
Mo 3d core level spectrum of the film annealed at 2500C for 1h is presented in fig. 5.7, and
the ratio of (Mo4+, Mo5+) and Mo6+ was determined to be ~1: 2.9. The increase in the Mo6+
state after annealing in air can be explained by the oxidation of the film. During annealing,
these vacant sites are filled with oxygen atoms, changing oxidation state of molybdenum to
Mo6+, while still retaining the original crystal structure.20
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Figure 5.7 High-resolution spectrum of the film annealed at 250C for 1h.
+

Earlier reports on oxidation of MoO2 or reduction of MoO3 films suggest the formation of
intermediate phases e.g Mo4O11, Mo8O23, Mo9O26, Mo18O52.21,22 However, no such phase was
detected by XRD or TEM during annealing of these films. Thus it appears that oxidation
involves movement of only oxygen atoms and limited movement of Mo. This is reasonable
because the change of structure will require higher activation energy for Mo atoms as
compared to oxygen. The oxygen atoms can diffuse by interstitial diffusion mechanism at
low annealing temperature (~2500C). The diffusion can also be retarded due to lack of the
defects in epitaxial films, which could further restrict the motion of Mo atoms. However, the
stability of the structure also limits the extent of the oxidation of the films and thus, the
corresponding change in properties. Under equilibrium conditions of oxidation, Mo4O11
phase will form if oxygen concentration exceeds 73.33%. However, since formation of
Mo4O11 was not observed, it can be assumed that 73.33% of oxygen is an approximate limit
during oxidation and the films cannot be oxidized further without changing the structure.
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Annealing also affects the optical and electrical properties of the films, which are described
in the section below and are consistent with the aforementioned observations.

5.4.2.2 Effect on optical and electrical properties:
Fig. 5.8 compares the results of absorption and transmittance measurements performed on 60
nm thick films, deposited at 5500C and annealed at 2500C for different intervals of time. The
transmittance of the film in the visible wavelength region strongly depends on the annealing
conditions and it increases as the annealing time increases. The maximum absorption occurs
in the wavelength range of 350-450nm which is in agreement with the observations reported
in previous studies.9,12 The absorption edge moves toward lower wavelength, which suggests
the slight increase in the bandgap of the material. However, since the absorption edge is
broad, exact determination of the bandgap from the absorption spectrum was difficult.
Nevertheless, it is evident from these spectra that the transmittance of the film can be
increased appreciably by annealing the films in air.

%T

d
c
b
a

Wavelength (nm)

Figure 5.8 Optical transmittance of the MoOx films (a). As deposited, (b). Annealed – 2500C,
1h, (c) Annealed – 2500C, 1.5 h, (d) Annealed – 2500C, 8 h
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Another observation is the decrease in the electrical conductivity of the films with annealing
time. Table 5.1 summarizes the annealing conditions, %T, the corresponding resistivity and
the ratio of (Mo4+, Mo5+)/Mo6+ in these films. The as-deposited molybdenum oxide films are
sub-stoichiometric and contain a large number of vacancies, and lower oxidation states of
molybdenum such as Mo4+ and Mo5+ which lead to increased absorption and electrical
conductivity. Thus, the conductivity can be ascribed to the presence of lower valence states
of Mo and oxygen vacancies. It has also been suggested that in molybdenum oxide, the
valence band is occupied by the O2p states, while the conduction band has contribution from
Mo 4d states.13 However, the nature of 4d states (i.e. the bonding and electron sharing) is
different when molybdenum is in Mo4+ and Mo6+ valence state. This could further lead to
changes in electronic band structure of the material and influence the physical properties of
the films.

The observed increase in the transmittance and resistivity during annealing can be explained
by the occupancy of vacant sites by oxygen and the change in fraction of Mo oxidation states
during annealing. In case of annealed films electrical conduction can occur by the hoppingelectron mechanism between oxidation states of the metal (e- moving from Mo4+→ Mo5+→
Mo6+).12 The oxidation of MoOx film converts Mo4+ to Mo6+ and also reduces the oxygen
vacancy concentration, thus increasing the transmittance and resistivity of the film. This is in
a good agreement with XPS results, which confirm the increase of Mo6+ states after annealing
(fig. 5.5 (b) and fig. 5.7). However, as described in the previous section, the oxidation of the
films is limited and so is the increase in the Mo6+ fraction and consequent change in its
properties.
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Table 5.1 Summary of annealing conditions and optical and electrical properties and the corresponding fraction of different
molybdenum oxidation states in the MoOx films
Annealing conditions
Sample

%T
(+-5%)

RT-Resistivity
(Ω-cm)

~%Mo4+

~%Mo5+

~%Mo6+

(Mo4+, Mo5+)
: Mo6+

Temperature

Holding
time

As
deposited

--

--

47.7

7.2 x 10-5

60.00

8.31

31.71

2.1:1

Annealed
1

2500C

1h

65.1

1.0 x 10-3

17.09

8.40

74.50

1:2.9

Annealed
2

2500C

1.5 h

71.5

1.5 x 10-2

--

--

--

--
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It can be seen from the transmittance data (fig. 5.8) that the %T does not increase
significantly beyond ~70%. Though, %T increases with annealing time for films annealed
upto 1.5h, no notable change is observed in transmittance of the films annealed for more than
1.5h, even in films annealed upto 8 h. This is in agreement with the supposition that the
oxidation of the films is limited and, therefore, the transmittance cannot be increased beyond
a certain value without changing the structure. Thus, any further increase in transmittance
would require higher annealing temperature enabling further oxidation of the films and
possibly alteration of structure.

From the study it was found that the film annealed at 2500C for 1h showed the transmittance
of ~65% and the room temperature resistivity equal to 1 x 10-3 Ω-cm and the corresponding
ratio of (Mo4+,Mo5+):Mo6+ was found to be ~1/2.9 (25.6%, 74.4%). Fig. 5.9 is the plot of
resistivity as a function of temperature for the same film, and the value of resistivity
measured is much lower than that reported for amorphous substoichiometric molybdenum
oxide, which is almost insulating.12 It can also be observed that the film shows metallic
behavior with a temperature coefficient of resistivity ~ 0.0129 x 10-4 Ω / K. These results

Resistivity (Ω-cm)x 10-4

show a possibility of using these films as TCO.

Temperature (K)
Figure 5.9 Plot of resistivity as a function of temperature
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However, the values reported here, for %T and resistivity are certainly not close to those of
commercially available indium tin oxide (ITO), which is currently used for TCO
applications. Nevertheless, MoOx films should exhibit superior diffusion characteristics5
compared to ITO, and optimization of processing conditions should further enhance the
properties of the films. This will probably be another application for the epitaxial MoOx films
in addition to its known applications, such as its use in Li batteries and in several other
chromogenic devices. In addition, ability to grow epitaxial MoOx films on sapphire can also
aid their integration with optoelectronic and photonic devices. This work shows that the
properties of the MoOx films can be easily altered by annealing in air and also optimized to
achieve desired value of transmittance and electrical conductivity depending upon the
applications. However, since oxidation is a diffusion-based process and proceeds from
surface to interior, it is cautioned here that the effectiveness of annealing in altering the film
properties can be strongly affected by its thickness. Although, at this stage the effect of
thickness on the physical properties of these films has not been studied, it should be
interesting to investigate this in future.

5.5

Summary

Single crystal MoOx films were grown epitaxially on c – plane of sapphire substrate, via
domain matching epitaxy using PLD in oxygen environment. The thickness of the films was
found to be in the range of 60nm. The structural characterization revealed that films had
(100) orientation and a monoclinic structure, where molybdenum exists in different oxidation
states (i.e. Mo4+, Mo5+ and Mo6+). The film properties such as optical absorption and
resistivity were systematically studied and it was found that by annealing in air, these
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properties could be easily altered without changing the structure. It was established that the
properties were dependent on the concentration of oxygen vacancies, and relative
concentrations of Mo4+, Mo5+ and Mo6+ states in the film, which are changed during
annealing. The films annealed at 2500C for 1h showed unusual combination of high
transmittance of ~65% and electrical resistivity in the range 1 x 10-3 Ω-cm and the relative
concentration of Mo4+, Mo5+ and Mo6+ states was determined to be ~17.2%, ~8.4% and
~74.4%, respectively. The presence of the different valence states of molybdenum (Mo4+,
Mo5+and Mo6+) in MoOx films was verified by XPS. Thus, we have shown that the presence
of mixed Mo valence states in the MoOx films can give rise to interesting optical and
electrical properties by carefully controlling the annealing conditions.

These results suggest the possibility of growing the epitaxial MoOx films with easily tunable
electrical and optical properties. The change of properties, however, does not alter the
structure and could be an attractive feature for the application of MoOx films in solid-state
devices. Further work is needed to investigate the processing conditions to optimize the
optical and electrical properties of the MoOx films for their use in chromogenic
(photochromic, electrochromic, gasochromic) devices, and also as TCOs. Related topics of
interest will be to understand the electronic band structure of these MoOx films and also
probe into the oxidation process in detail.
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6

Metallic conductivity and metal - semiconductor transition in Ga doped ZnO

(Published in Applied Physics Letters, 88, 32106, 2006)

6.1

Abstract

This letter reports the metallic conductivity in Ga:ZnO system at room temperature and a
metal-semiconductor transition (MST) behavior at low temperatures. Zn0.95Ga0.05O films
deposited by PLD in the pressure range of ~10-2Torr of oxygen were found to be crystalline
and exhibited degeneracy at room temperature with the electrical resistivity close to 1.4x104

Ω-cm and transmittance>80% in the visible region. Temperature dependent resistivity

measurements of these highly conducting and transparent films also showed, for the first
time, a MST at~170K. Mechanisms responsible for these observations are discussed in the
terms of dopant addition and its effect on ionization efficiency of oxygen vacancies.
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6.2

Introduction

Ever-increasing demand for transparent conducting oxides (TCO) for usage in flat panel
displays, light emitting diodes (LEDs), photovoltaics and architectural window applications,
has been the primary motivation for research on TCOs 1-2. Currently, indium tin oxide (ITO)
is used for most of the TCO applications because of its high transmittance in the visible
region and resistivity close to 1.0 x 10-4 Ω-cm2-3. However, ITO usage has caused concerns
because of the high cost of Indium and its limited supply3. In addition, diffusion barrier
characteristics and thermal stability of ITO pose a problem for transparent electrodes in
LEDs. ZnO doped with group III impurities (e.g. Al, Ga) has shown promising results as a
relatively inexpensive alternative TCO material with optical and electrical properties
comparable to those of ITO2-5. Some other materials, which exhibit similar properties are
Cd2SnO4, F:SnO2 and Nb:TiO2

6,1

. The recent discovery of a transparent metal - Nb:TiO2,

which is transparent in the visible region and also shows a positive temperature coefficient of
resistivity (TCR), has generated a lot of excitement and a stimulus to understand the carrier
generation and transport in highly conductive TCOs1. A transition from an insulating to a
metallic system can be explained by the increase in carrier concentration and formation of a
degenerate band due to doping, as suggested by Mott8. However, in the case of highly
conducting TCOs, where extrinsic as well as intrinsic donors are known to affect the carrier
concentration and the conductivity, the exact nature and interdependence of these entities is
far from understood. In this letter, we report the properties of highly degenerate Ga:ZnO thin
films and their dependence on vacancies, whose ionization efficiencies were found to be
dependent on extrinsic doping. In order to understand the fundamentals of carrier generation
and transport characteristics, we have investigated the temperature dependence of the
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resistivity of Ga doped ZnO thin films with varying vacancy concentrations. We present
optical, structural, chemical and electrical property measurements to understand interesting
characteristics of Ga:ZnO films. The possible mechanisms responsible for the observation of
metallic conductivity at room temperature and MST at lower temperatures in Zn0.95Ga0.05O
film are discussed in terms of donor characteristics and ionization efficiency of oxygen
vacancies, which are found to be dependent on dopant concentration.

6.3

Experimental

Zn0.95Ga0.05O films were grown on c-plane sapphire single crystal substrates by pulsed-laser
deposition9. The gallium doped ZnO target used was prepared by the conventional solid state
reaction technique. A pulsed KrF excimer laser with a wavelength of 248 nm was used for
ablation. The energy density of the laser beam was varied from 4-7 J/cm2 with a repetition
rate of 10 Hz. The chamber was evacuated to a base pressure of 1 x 10-3 Torr, and the
deposition was carried out at 2 x 10-2 Torr of oxygen pressure. The deposition was performed
in the temperature range of 400-4500C for 12 min. For comparison of the properties, pure
ZnO films were also grown under similar deposition conditions. To investigate the effect of
oxygen concentration on the film properties, films were deposited under higher oxygen
pressure (1 x 10-1 torr). In addition, films were also annealed in air at 6000C for 15 min to
study the same. XRD (θ-2θ scan) of the films was carried out using a Rigaku X-ray
diffractometer with Cu Kα radiation (λ = 1.54 A0) and a Ni filter. A JEOL-2010 field
emission transmission electron microscope (TEM) with an attached Gatan Image Filter (GIF)
was used to perform the structural characterization of the film. XPS was performed using a
Riber LAS-3000 instrument with a Mg Kα X-ray source. Analysis of the oxidation states
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from the spectrum was performed by deconvolution using Shirley routine and Casa
software10. The values corresponding to the C 1s peak were used as reference for the curve
fitting analysis. Optical measurements (absorption/transmission) were made using a Hitachi:
U-3010 Spectrophotometer while the electrical resistivity was measured using the four-point
probe technique.

6.4

Results and discussion

Fig. 6.1 shows an X-ray diffraction trace for the film grown at 4000C and 2.4 x 10-2 torr of
oxygen pressure, which shows that the films are highly textured along the c-axis and aligned
with the (0006) peak of sapphire. The absence of additional peaks in the XRD pattern
excludes the possibility of any extra phases and/or large-size precipitates in the films.
(006)sapphire
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Figure 6.1 XRD of the Zn0.95Ga0.05O film deposited at 4000C and 2 x 10-2 torr of oxygen
Further structural details were obtained using high resolution TEM (HRTEM) and selective
area electron diffraction (SAED) patterns. Film thickness was determined to be ~240 nm,
from a low magnification X-TEM image shown in fig. 6.2 (a). From fig. 6.2 (b), which is a
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HRTEM image, it can be seen that the ZnO film has grown epitaxially on sapphire and is free
of any nano-sized clusters or precipitates, which might have been difficult to detect by XRD.
SAED taken from the interface is shown as an inset in fig. 6.2 (b), and illustrates the
following epitaxial relationship: (0002)f ║ (0002)s, ( 2 110)f ║ (01 1 0)s, (01 1 0)f ║ ( 2 110)s.
This epitaxial relationship corresponds to a 300 or 900 rotation in the basal plane of the
sapphire (0001) substrate. The epitaxy in such a large (16%) misfit system occurs as a result
of domain matching epitaxy, where integral multiples of film planes, 6 (01 1 0)f match with 7

( 2 110)s of the substrate planes 11. Chemical analysis of the film was performed using XPS to
determine the extent and nature of gallium solubility in ZnO. From a high resolution XPS
spectrum, the positions of Ga 2p3/2 and Ga 2p1/2 peaks were found to be at 1119.0 eV and
1146.2 eV, respectively. These peak positions are in good agreement with the previously
reported values12, which suggest that gallium exists as Ga3+. The absence of gallium oxide
clusters as observed from the HRTEM and XRD analysis indicates that Ga3+ occupies Zn
substitutional sites and, therefore, can act as an effective donor.
Sapphire

Film

50 nm

(a)

160

α-Al2O3

Zn0.95Ga0.05O
(b)

5 nm

Figure 6.2 (a) Low magnification image of the film on sapphire, (b) HRTEM of the interface
and the inset showing the SAED of the same.
The effect of doping was studied by measuring the electrical and optical properties of the
films grown under different conditions. Fig. 6.3 shows the effect of oxygen pressure on the
temperature dependence of resistivity for Ga doped ZnO films. Fig. 6.3 (a) corresponds to the
film grown at 2 x 10-2 torr of oxygen pressure, which shows a metal semiconductor transition
(MST): metallic conductivity above ~170K, and semiconducting behavior at temperatures
below it, as it can be clearly seen in the inset. Room temperature resistivity of this film was
determined to be 1.4 x 10-4 Ω-cm. Pure ZnO grown under similar conditions and the doped
films deposited in higher oxygen pressure, however, showed higher room temperature
resistivities and exhibited only semiconducting behavior. Fig. 6.3 (b) is the plot of resistivity
Vs temperature for the film grown in higher oxygen pressure (1 x 10-1 torr) which has the
resistivity of 2 x 10-3 Ω-cm at ambient temperatures. The resistivities of the films annealed at
6000C for 15 min and undoped ZnO were found to be on the order of ~ 10-1 Ω-cm. These
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films also showed negative TCR, characteristic of semiconducting behavior. The metallic
conductivity observed here can be explained by the formation of a degenerate band appearing

Resistivity (ρ x 10-4 Ω-cm)

in heavily doped semiconductors as suggested by Mott.8
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Figure 6.3 Plot of resistivity Vs temperature for (a) Zn0.95Ga0.05O film grown at 2 x 10-2 torr
of oxygen and (b) 1 x 10-1 torr of oxygen.
Similar observations of high conductivities and positive TCR have also been reported in the
case of Al:ZnO13,14, Nb:TiO21, P: Si15. The increase in conductivity of ZnO thin films is a
combined effect of Ga doping and oxygen vacancies which act as donors and lead to
degeneracy.16,17 However, the increase in resistivity, observed for annealed samples and for
those grown in higher oxygen pressure suggests that the oxygen vacancies are the major
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contributors to the increase in carrier concentration. The decrease in carrier concentration
also shifts the Fermi level below the conduction band and thus explains the observed
semiconducting behavior for these samples. The variation of carrier concentration is also
manifested in fig. 6.4, which illustrates the transmission spectra of the films deposited and
processed under different conditions. The transmittance of all the films in visible region was
found to be ~ 80%. It can also be seen from the figure that for the film with the lowest
resistivity, the absorption edge is shifted towards higher energy due to the Burstein-Moss
effect18,

19

. However, on annealing, the absorption edge moves to higher wavelength,

indicating the decrease in carrier concentration due to reduction in the number of oxygen
vacancies.17, 20
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Figure 6.4 Transmission spectra of (a) As-deposited Zn0.95Ga0.05O film grown at 2 x 10-2 torr
of oxygen, (b) Same film annealed in air at 6000C for 15 min, (c) As-deposited Zn0.95Ga0.05O
film grown at 1 x 10-1 torr of oxygen, (d) As-deposited ZnO film grown at 2 x 10-2 torr.
Photoluminescence measurements also showed similar peak shifts, further strengthening our
argument that the carrier concentration is increased partly due to the increased number of

163

vacancies. It was observed that the PL peak corresponding to the film annealed in air showed
a red shift due to the filling of vacancies and reduced carrier concentration, which is in
agreement with the observed increase in resistivity and semiconducting nature of this film.
Although, vacancies play an important role in lowering the resistivities in Ga doped ZnO,
they are not as effective in pure ZnO, since pure ZnO grown under similar growth condition
showed considerably higher resistivity and also exhibited semiconducting behavior. This
indicates that the energy levels of oxygen vacancies in ZnO are dictated to a certain extent by
dopants such as gallium. Thus, gallium not only acts as an effective donor, but also changes
the oxygen vacancy characteristics, which leads to very low resistivities. In addition, Gallium
also tends to affect the carrier transport, as is evident at low temperatures. The presence of
impurity atoms such as gallium can lead to disorder in a degenerate semiconductor, resulting
in localization of the electronic states21 and corresponding increase in resistivity with a
negative TCR, as observed in fig. 6.3 (a). However, at temperatures higher than the
transition, electrons are delocalized due to thermal activation and the conductivity is
dominated by phonon scattering. Further work is needed in order to fully understand the
effect of gallium on electrical properties of ZnO, especially at low temperatures.

6.5

Conclusion

In conclusion, we have grown highly conducting and transparent gallium doped ZnO thin
films on sapphire by PLD. For 5 at% Ga doped samples, the resistivity value is close to 1.5 x
10-4 Ω-cm and the transmittance is ~ 80%. Such low resistivities and high transmittances
were achieved with an optimized combination of dopant and oxygen vacancy concentration.
In addition, this is the first time, metallic conductivity with a metal-semiconductor transition
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has been observed in gallium doped ZnO. Detailed structural characterization confirms the
epitaxial nature of the films and also suggests the absence of extra phases and/or nanoclusters. XPS analysis reveals that gallium is present as Ga3+ and, therefore, can act as an
effective donor. The high conductivity observed arises from the interactions of oxygen
vacancies and the gallium dopants. Oxygen vacancies increase the carrier concentration
considerably, but, the energy levels or the ionization efficiencies of these vacancies depend
on the dopant, such as gallium, present in the ZnO matrix. The room temperature properties
of Ga doped ZnO rival those of commercially available ITO, which makes it a promising
candidate for various TCO applications. Also, the metallic nature and the MST observed at
low temperatures in ZnO due to gallium doping are certainly intriguing and further work is
needed to understand these phenomena completely, which could give an insight into the
transport characteristics of TCOs with low resistivities.
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7

Electrical properties of transparent and conducting Ga doped ZnO

(Published in Journal of Applied Physics, 100, 33713, 2006)
7.1

Abstract

In this paper, we report on the metal-semiconductor transition behavior observed in
transparent and conducting ZnO:Ga films grown by pulsed laser deposition. The electrical
resistivity measurements were performed on ZnO films with varying Ga concentration, in the
temperature range of 14 to 300 K. The electrical properties were correlated with film
structure, and detailed structural characterization was performed using X-ray diffraction,
transmission electron microscopy and X-ray photoelectron spectroscopy. The room –
temperature resistivity of these films was found to decrease with Ga concentration up to 5%
Ga, and then increase. The lowest value of resistivity (1.4x10-4Ω-cm) was found at 5%Ga.
Temperature dependent resistivity measurements showed a metal-semiconductor transition,
which is rationalized by localization of degenerate electrons. A linear variation of
conductivity with

T below the transition temperature suggests that the degenerate electrons

are in a weak-localization regime. It was also found that the transition temperature is
dependent on the Ga concentration and is related to the increase in disorder induced by
dopant addition. The results of this research help to understand the additional effects of
dopant addition on transport characteristics of transparent conducting oxides (TCO) and are
critical to further improvement and optimization of TCO properties.
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7.2

Introduction

Transparent conducting oxides (TCOs) have found applications in several optoelectronic
devices such as light emitting diodes (LEDs), solar cells, and flat panel as well as flexible
displays1-2. Indium tin oxide (ITO) is the most commonly used TCO for these applications
because of its high transmittance in the visible region and a resistivity close to 1.0 x 10-4 Ωcm2-3. However, high cost and scarce resources of In limits its usage in these devices. The
demand for the above-mentioned applications and devices is increasing continuously, and has
led researchers to explore alternative materials for the TCO applications. Some of the TCOs
which have shown transmittance and resistivity values close to that of ITO are ZnO:Ga,
ZnO:Al, Cd2SnO4, F:SnO2 and Nb:TiO2 3-1. Among these, ZnO is the most favorable material
because of its benign nature and relatively low cost4-5. Therefore, there is a considerable
interest in understanding the electrical and transport properties of doped ZnO films, which is
critical for further improvement of TCO characteristics. It has been suggested that in case of
TCOs, electron scattering is mainly caused by ionized impurities, grain boundaries and lattice
vibrations18-12. Several models have been proposed to predict the limits for the lowest values
of resistivity and mobility based on the prominent scattering mechanism12-13. However,
additional effects on the electrical properties, such as localization, related to the disorder
induced by ionized impurities in TCOs have not been addressed adequately. Although, there
have been a few reports about the observation of weak-localization in degenerate TCO films
due to disorder, all of these reports are associated with amorphous TCOs15,16. In our recent
work, we have shown for the first time that such phenomena are operative in crystalline
TCOs as well17. In this paper, we report the observation of a metal-semiconductor transition
and discuss the mechanism in terms of localization caused by the disorder induced by Ga
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dopants in ZnO films. In order to understand the fundamentals of the observed transition, we
have investigated the effect of dopant concentration on the temperature dependence of
electrical properties. We present optical, structural, chemical and electrical property
measurements to understand interesting characteristics of Ga:ZnO films. The metalsemiconductor transition temperature, which is related to the degree of disorder, is found to
be dependent on dopant concentration in TCO films. This study suggests a need to
incorporate secondary scattering effects associated with the dopant induced disorder in
models used to predict the limits of the physical properties of TCOs.

7.3

Experimental details

Ga doped ZnO films were grown on c-planes (0001) of sapphire single crystal substrates by a
pulsed-laser deposition technique18. The ZnO targets doped with different concentrations (2
to 7 at. %) of gallium were prepared by conventional solid state reaction technique. A pulsed
KrF excimer laser with a wavelength of 248 nm was used for ablation. The energy density of
the laser beam was varied from 4 to 7 J/cm2 with a repetition rate of 10 Hz. The chamber was
evacuated to a base pressure of 1 x 10-3 Torr, and the deposition was carried out at 2 x 10-2
Torr of oxygen pressure. The deposition was performed in the temperature range of 400 to
4500C for 12 min. Deposition temperature was selected such that the films grew epitaxially
with minimal dopant segregation. For a comparison of electrical and optical properties,
single-crystal epitaxial films with varying concentration of Ga were grown. For X-ray
diffraction (XRD), θ-2θ scans of the films were carried out using a Rigaku X-ray
diffractometer with Cu Kα radiation (λ = 1.54 Å) and a Ni filter. A JEOL-2010 field emission
transmission electron microscope (TEM) with a Gatan Image Filter (GIF) attachment was
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used to perform detailed structural characterization of the films. Chemical analysis of the
films was done using X-ray photoelectron spectroscopy (XPS) with a Riber LAS-3000
instrument with a Mg Kα X-ray source. Analysis of the oxidation states from the spectrum
was performed by deconvolution using a Shirley routine and Casa software19. The values
corresponding to the C 1s peak were used as a reference for the curve fitting analysis. Optical
measurements (absorption and transmission) were made using a Hitachi: U-3010
Spectrophotometer, while the electrical resistivity was measured using the four-point probe
technique. The electrical resistivity was measured in the temperature range of 15 to 300 K as
a function of Ga concentration to establish structure-property correlations.

7.4

Results and discussion

7.4.1 Structural characterization
Fig. 7.1 shows XRD results (θ-2θ scans) of the films with different concentrations of Ga
grown at 4000C and 2 x 10-2 torr. These patterns show that the films are highly textured along
the c-axis which is designated as the (0006) peak of sapphire.
(002)f

(006)sapphire

Int. (arb. units)

ZnO
Zn0.98Ga0.02O
Zn0.9635Ga0.0365O
Zn0.95Ga0.05O
Zn0.93Ga0.07O
20

40

60
80
2θ
Figure 7.1 XRD of ZnO films with different concentrations of Ga deposited at 4000C and
2 x 10-2 torr of oxygen pressure
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The absence of additional peaks in the XRD pattern excludes the possibility of any extra
phases and/or large-size precipitates in the films. Detailed TEM analysis was performed
using X-sectioned samples to further analyze microstructure and epitaxial characteristics.
Figure 7.2 (a) is a high – resolution TEM (HRTEM) image of a Zn0.95Ga0.05O sample, from
which it can be seen that the film has grown epitaxially on (0001) sapphire substrate. The
film is free of any nano-sized clusters or precipitates, which might have been difficult to
detect by XRD. Similar observations were found for ZnO films doped with other
concentrations of Ga. A selected area electron diffraction (SAED) pattern taken from the
interface is shown as an inset in fig. 7.2 (a), from which we can determine the following
epitaxial relationship: (0002)f ║ (0002)s, ( 2 110)f ║ (01 1 0)s, (01 1 0)f ║ ( 2 110)s. This
epitaxial relationship corresponds to a 300 or 900 rotation in the basal plane of the sapphire
(0001) substrate. The epitaxy in such a large (16%) misfit system occurs as a result of
domain matching epitaxy, where integral multiples of film planes, 6 (0110)f match with 7
( 2 110)s of the substrates.11 Chemical analysis of these films was performed using XPS to
determine the extent and nature of Ga solubility in ZnO. From a high resolution XPS
spectrum shown in fig. 7.2 (b), the positions of Ga 2p3/2 and Ga 2p1/2 peaks were found to be
at 1119.0 eV and 1146.2 eV, respectively. These peak positions are in good agreement with
the previously reported values12, which suggests that Ga exists as Ga3+. The absence of any
Ga clusters as determined from the HRTEM and XRD analyses indicates that Ga3+ occupies
Zn substitutional sites and, therefore, can act as an effective donor.
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Figure 7.2 (a) HRTEM of the interface. The inset shows the SAED pattern. (b) Survey XPS
spectrum from the surface of ZnGa0.05O film deposited at 4000C and 2.4 x 10-2
torr. The inset shows the high resolution spectrum of the Ga 2p peaks.
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7.4.2 Electrical and optical properties
The effect of doping was studied by measuring the electrical and optical properties of the
films with different concentrations of Ga. Fig. 7.3 shows the effect of film composition on
the temperature dependence of resistivity for Ga doped ZnO films. Figs. 7.3 (a – e)
correspond to gallium concentrations of 0%, 2%, 3.65%, 5% and 7%, respectively. Pure ZnO
shows relatively high resistivity at room temperature (RT) and a negative temperature
coefficient of resistivity (TCR), characteristic of semiconducting behavior. However, with
the addition of Ga, the RT values of resistivity decrease by two to three orders of magnitude.
It can be seen from figs. 7.3 (b), (c), (d) and (e) that the RT resistivity decreases continuously
as the Ga concentration is increased up to 5%, beyond which the resistivity was found to
increase again.
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Figure 7.3 Plot of resistivity vs temperature for (a) undoped ZnO film, (b) Zn0.98Ga0.02O
(c) Zn0.965Ga0.0365O (d) Zn0.95Ga0.05O (e) Zn0.93Ga0.07O
The values of resistivity for different Ga doped ZnO films are listed in table 7.1. The increase
in conductivity can be explained by the increase in carrier concentration due to Ga addition.
The increased carrier concentration also leads to a metallic behavior at temperatures closer to
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the ambient temperature, which is not observed in pure ZnO. Metallic conductivity is
observed in samples containing 2%, 3.65% and 5 % Ga, due to the formation of a degenerate
band appearing in heavily doped semiconductors, as suggested by Mott8,17. The increase in
carrier concentration is also consistent with the results, shown in fig. 7.4. This figure
illustrates transmission spectra of ZnO films with different concentrations of Ga. The
absorption edge shows a continuous shift towards higher energy with the increase in Ga
concentration according to the Burnstein-Moss effect.18,19 The shifts observed in the
transmission spectra are in good agreement with observations reported by other researchers.5
Table 7.1 List of values of resistivity and the metal – semiconductor transition temperature of
ZnO films with varying Ga concentrations.
%Ga

Resistivity (Ω-cm)

0
2
3.65
5
7

2.59 x 10-1
4.71 x 10-4
4.29 x 10-4
1.40 x 10-4
2.57 x 10-3

Tc (measured)
K
93
135
170
-

Li = dGa (nm)

1.33
1.10
0.98
-

Tc (calculated)
K
92
134
171
-

100

Transmittance (%)

90
80
70
60

a: undoped
b: 2% Ga
c: 3.65% Ga
d: 5% Ga

50

d,c,b,a

40
30
20
10
0
200

300

400

500

600

700

800

λ (nm)
Figure 7.4 Transmission spectra of films with different concentrations of Ga
Photoluminescence measurements also showed similar peak shifts, further strengthening our
supposition that the carrier concentration is increased by Ga addition, thus lowering the
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resistivity of ZnO films. Although, Ga increases the carrier concentration and conductivity in
ZnO, it also tends to affect the carrier transport, as is evident at lower temperatures. From
figs. 7.3 (b), (c) and (d) it can be seen that a minimum in resistivity is observed at low
temperatures for samples containing 2%, 3.65% and 5% Ga. The transition from metallic to
semiconductor behavior suggests that more than one competing mechanisms are operative.
The negative TCR observed below the transition temperature (Tc) indicates localization of
electrons21. A detailed analysis was performed to understand the exact nature of the
interactions occurring at lower temperatures. If the electrons are localized due to a strong
interaction, similar to the Anderson localization, the conduction occurs by thermally
activated motion, which is known as the variable range hopping (VRH) mechanism. The
conductivity in this case is given by the expression21,26:
σ = A exp[-B/T1/4]

(7.1)

where, B = 4E / (kBT3/4), E is the activation energy and A is a pre-exponential constant. The
conductivity data corresponding to figs. 7.3 (b, c, d and e) showed a decent fit to the above
expression for temperatures below the transition, and the values of activation energy
calculated from the slope were found to be on the order of a few meV (2% Ga = 0.026 meV,
3.65% Ga = 0.05 meV, 5% Ga = 0.18 meV, 7% Ga =0.422 meV). These values are
extremely small compared to kT, which suggests that the conduction does not occur by
activated motion and electrons seem to be weakly localized. In the weakly-localized regime,
electrical conductivity is given by the expression16,21,0:
⎧
C
σ = σB ⎨1 −
2
⎩ (k F l )

⎛
l ⎞⎫
⎜⎜1 − ⎟⎟⎬
⎝ Li ⎠⎭

(7.2)
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where, σB is the Boltzmann’s conductivity, C is a constant of the order 1, l is the mean free
Dτ i . Also, since τi α T, Li=(ħD/kBT)1/2,

path and Li is the inelastic diffusion length =

which leads to σ α T1/2. In a system with disorder, localization occurs due to the constructive
interference of scattered electrons, which decreases the conductivity. In equation (7.2), the
term

C ⎛
l ⎞
⎜1 − ⎟⎟ represents the reduction in localization caused by the constructive
2 ⎜
(k F l ) ⎝ Li ⎠

interference of scattered electrons. The term inside the bracket signifies that Li decreases with
an increase in temperature due to increased inelastic scattering and tends to increase the
conductivity, thus leading to the negative TCR. Fig. 7.5 (a) is a plot of conductivity versus
T for the sample containing 5% Ga. The constant slope suggests that the conductivity is

governed by weak localization at lower temperatures. Similar behavior can be seen in figs.
7.5 (b), (c), (d) corresponding to the Zn0.98Ga0.02O, Zn0.9635Ga0.0365O and Zn0.93Ga0.07O
compositions, respectively.
2297

σ = 1/ρ (Ω-cm)-1
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2289
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7650
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7550
7500
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T
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410

σ = 1/ρ (Ω-cm)-1
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350
320
290
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2
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Figure 7.5 Plot of σ vs T at temperatures below the transition for (a) Zn0.98Ga0.02O
(b) Zn0.965Ga0.0365O (c) Zn0.95Ga0.05O (d) Zn0.93Ga0.07O
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At higher temperatures, Ga doped ZnO is degenerate and shows a metallic behavior where
the conductivity is dominated by phonon scattering. However, as the temperature decreases,
Li increases, and when Li is equal to the distance between the Ga atoms (dGa), electrons start

to interfere constructively. This leads to localization of electrons and the term represented
inside the bracket in equation (7.2) tends to dominate the conductivity. Thus, at temperatures
above Tc, electrons can be considered to be completely delocalized, leading to metallic
conductivity, which is characteristic of a degenerate semiconductor. Also, it can be observed
from figs. 7.3 (b), (c), and (d) that as the dopant concentration increased, the transition
temperature increased and electron localization shifted toward higher temperatures. This can
be explained by considering the increase in disorder caused by the dopant addition. As the
amount of Ga increases, the distance between the dopant atoms decreases, leading to an
increase in disorder and causing the electrons to interfere at shorter values of Li, thus
increasing the temperature at which localization occurs. To verify this we calculated the
transition temperature using the relation Li = (ħD/kBT)1/2 where, Li was taken to be equal to
the distance between the dopant atoms for a given concentration (dGa = NGa1/3). The
temperatures calculated using the above formula were found to be in close agreement with
the experimentally observed values of Tc which further substantiates our explanation. All the
values calculated for different concentrations of Ga have been tabulated in table 7.1. For a
sample with 7% Ga, no transition is observed and it shows only a negative TCR in the
temperature range 14 to 300K. In addition, it also shows a considerably higher value of
resistivity at RT, as compared to other Ga doped ZnO films. Although the data still obeys the
temperature dependence given by equation (7.2), the increased RT value of resistivity
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indicates the system is driven towards the strong-localization regime as the disorder due to
Ga atoms is increased beyond a critical limit, which in this case is found to be close to 5%.

7.5

Conclusion

In summary, we have grown eptiaxial ZnO films doped with Ga on single crystal (0001)
sapphire substrates, and investigated the effect of Ga addition on transport properties of these
films. Room temperature resistivities of the films were found to decrease with an increase in
Ga concentration up to 5% Ga, which showed the lowest value of resistivity. Detailed crosssectional TEM studies confirmed the epitaxial nature of the films and also suggested the
absence of extra phases and/or nano-clusters. XPS analysis revealed that Ga is present as
Ga3+ and, therefore, can act as an effective donor. The epitaxial nature of the films minimizes
the scattering due to defects and facilitates the identification of conduction mechanisms. The
temperature dependent resistivity of these films showed a metal-semiconductor transition,
which indicates that secondary scattering effects such as localization, due to disorder induced
by dopant addition are important in crystalline TCOs. A linear variation of conductivity with
T below the transition temperature suggests that the degenerate electrons are in a weak-

localization regime. The metal-semiconductor transition temperature was found to be
dependent on the dopant concentration in the ZnO and was related to the increase in disorder
induced by Ga atoms. When the concentration of Ga was increased beyond 5%, the films
show only negative TCR and an increase in RT resistivity, which indicates that the system is
driven further towards the strong-localization regime. Thus, we have shown that highly
conducting and transparent ZnO:Ga films can be grown on sapphire at 4000C and the
conductivity can be controlled by the dopant concentration. Additional effects of dopants on
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transport characteristics were also found from our temperature-dependent study of electrical
properties, resulting in a better understanding of the conduction mechanisms in TCOs. Such
studies are likely to aid further optimization of the properties of TCOs, and to highlight the
need to incorporate secondary scattering effects associated with dopant induced disorder in
the models used to predict the limits of the physical properties of TCOs.
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8

Microstructure and electrical property correlations in Ga:ZnO transparent
conducting thin films

(Published in Journal of Applied Physics, 100, 93519, 2006)
8.1

Abstract

In this paper we report correlations between processing, microstructure and electrical
properties of Ga doped ZnO films. Films with different grain size were grown on amorphous
glass by changing the substrate and pulsed laser deposition variables. The results
corresponding to these films were compared with those from epitaxial single crystal films
grown on (0001) sapphire. Microstructural characteristics were analyzed in detail by using
X-ray diffraction and transmission electron microscopy. Electrical properties were evaluated
by resistivity measurements in the temperature range of 15-300K and Hall measurements at
room temperature. It was observed that the grain boundaries and orientation of grains (texture
characteristics) affected the carrier concentration and the mobility considerably in
nanocrystalline films deposited on glass substrates. This effect is envisaged to occur as a
result of trapping of electrons and build up of a potential barrier across the grain boundaries.
However, the resistivity in nanocrystalline films could be decreased significantly by carefully
controlling the deposition conditions. For a film deposited on glass at 2000C and 1 mtorr of
oxygen partial pressure, we attained a minimum resistivity value of 1.8 x 10-4Ω-cm. The
epitaxial films on sapphire substrates showed a resistivity of 1.4 x 10-4 Ω-cm, deposited at
4000C and pressure of 2.4 x 10-2 torr. Role of grain boundaries and defects in controlling the
carrier generation and transport has been discussed in detail and the possible mechanisms
limiting the electrical conductivity in films with different microstructures have also been
identified.
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8.2

Introduction

Research on transparent conducting oxides (TCOs) has been vibrant in the recent years,
largely due to a steady rise in demand for the optoelectronic devices such as organic light
emitting diodes (OLEDs), solar cells and flat panel displays1-1. TCOs are used as a
transparent electrode in these devices, and therefore, require high transmittance (> 80%) and
resistivity close to 1 x 10-4 Ω-cm3. Indium tin oxide (ITO), which has been the work-horse of
the TCO industry for a long time, poses a serious problem due to its high cost, limited supply
and poor chemical stability. Thus, there is an urgent need to develop alternative TCO
materials with similar or better properties. ZnO doped with group III elements (e.g. Al, Ga)
exhibits electrical and optical properties close to that of ITO and is an attractive candidate for
TCO applications because of its superior stability in hydrogen containing atmosphere, benign
nature and relatively inexpensive supply4-6. Single crystal ZnO films doped with a group III
element show excellent electrical characteristics and so do the large grained films with a
good texture owing to smaller number of defects4-9. For films with high crystalline quality, it
has been suggested that impurity scattering is a dominant scattering mechanism at lower
temperatures and phonon scattering is dominant at higher temperatures18. However, as the
grain size decreases the grain boundary scattering mechanism also becomes important, which
might be the case for films grown on economical substrates such as glass and polymers18-13.
It is even more relevant for the films deposited at lower substrate temperatures, which are
critical for the flexible display technology and for the integration of TCOs with organic
optoelectronics. To improve the performance of these devices a better understanding of the
effect of microstructure on the electrical and optical properties of the TCO films processed at
lower temperatures is required. In this paper, we report a systematic study of the effect of
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microstructure on electrical and optical properties of Ga doped ZnO thin films deposited by
pulsed laser deposition (PLD). It is shown that nanocrystalline ZnGa0.05O films with
considerably low resistivity and high transmittance can be grown on glass by carefully
controlling the deposition parameters. Films with different microstructure were grown on
glass substrates and the results were compared with those from single crystalline films
deposited on sapphire substrates. Detailed characterization was performed on these films to
determine the structure and composition and to correlate these results with electrical and
optical properties. Effect of deposition conditions on electrical and optical properties of the
films with different microstructures was also studied in order to establish a correlation among
processing-structure-properties. An attempt is made to understand electrical conduction
mechanism and elucidate the role of grain boundaries and related defects on carrier
concentration and transport properties in Ga:ZnO films.

8.3

Experiment

Ga doped ZnO films were grown on c-planes (0001) of sapphire single crystal and glass
substrates by a pulsed-laser deposition (PLD) technique9. ZnO target doped with 5 at. % of
gallium was prepared by conventional solid state reaction technique. A pulsed KrF excimer
laser with a wavelength of 248 nm was used for ablation. The energy density of the laser
beam was varied from 4-7 J/cm2 with a repetition rate of 10 Hz. The chamber was evacuated
to a base pressure of 1 x 10-3 Torr, and the deposition was carried out at 2.4 x 10-2 Torr of
oxygen pressure. The deposition was performed at three different temperatures; room
temperature (RT ~ 260C), 200 and 4000C for 12 min. By depositing films for 12 min a film
thickness of ~ 250 ± 20nm could be achieved. Deposition temperatures were varied in order
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to achieve films with different microstructures. To study the effect of pressure on structure
and properties of polycrystalline films, experiments were also performed at lower oxygen
pressure (10-3 and 10-5 torr) by evacuating the chamber to a base pressure of better than 1 x
10-6 Torr. For X-ray diffraction (XRD), θ-2θ scans of the films were carried out using a
Rigaku X-ray diffractometer with Cu Kα radiation (λ = 1.54 A0) and Ni filter. A JEOL-2010
field emission transmission electron microscope (TEM) with Gatan Image Filter (GIF)
attachment was used to perform a detailed structural characterization. The main aim of these
TEM experiments was to determine the grain size and characterize the structure of grain
boundaries in polycrystalline Ga:ZnO films. Chemical analysis of the films was done using
X-ray photoelectron spectroscopy (XPS). The XPS was performed using a Riber LAS-3000
instrument with a Mg Kα X-ray source. Analysis of the oxidation states from the spectrum
was performed by deconvolution using Shirley routine and Casa software19. The values
corresponding to the C 1s peak were used as a reference for the curve fitting analysis. To
understand the effect of microstructure on the electrical properties of films, electrical
resistivity of the films grown on different substrates and under different deposition conditions
was measured using a four-probe technique in the temperature range of 15 – 300 K. Hall
measurements were also conducted on these samples using the Van der Pauw method. For
the electrical property measurements, contacts were made using indium dots which showed
ohmic character. Optical measurements (absorption and transmission) were made using a
Hitachi: U-3010 Spectrophotometer.
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8.4

Results and discussion

8.4.1 Structural and chemical characterization
The XRD patterns of all the films deposited at elevated temperatures suggest a highly
textured growth with c-axis along the surface normal <0001>, as shown in fig. 8.1. The
textured growth of the films is also confirmed by the absence of extra peaks corresponding to
different planes in the XRD patterns. It is to be noted that the films grown at elevated
temperatures retain the texture while grown on amorphous glass as well as single crystal
sapphire substrates. However, for the film deposited at room temperature, a diffused and
weak XRD peak was observed, which suggests that the film is nanocrystalline with very
small grains.
(0006) Sapphire

(0002) ZnGa0.05O
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(b)
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Figure 8.1 XRD of ZnGa0.05O films deposited at 2.4 x 10-2 torr of oxygen pressure and
different temperatures: (a) at room temperature on glass, (b) at 2000 C on glass, (c) at 4000C
on glass and (d) at 4000C on sapphire.
Further analysis of the film structure was performed using TEM study of plan view as well as
X-section samples. Fig. 8.2 is a plan-view high resolution TEM (HRTEM) image of the film
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deposited on glass at RT and 2.4 x 10-2 torr of oxygen pressure with an inset showing the
selected area electron diffraction (SAED) pattern.

5 nm

Figure 8.2 HRTEM of the film deposited on glass at room temperature and 2.4 x 10-2 torr of
oxygen pressure and the inset showing the SAED of the same.
Continuous rings observed for the film grown at RT suggests a nanocrystalline structure,
which is confirmed by the HRTEM micrograph. The high resolution micrograph shows that
the film has nanoscale grains, with average size of 5-10 nm. Figs. 8.3 (a) and (b) are the planview SAED patterns of the films deposited on glass at 2000C and 4000C, respectively. The
diffraction patterns show arcs that are indicative of the textured growth of the grains in these
films.

190

(100)

(110)

(a)

(200)

(100)

(110)

(b)

Figure 8.3 Plan-view SAED patterns of the film (a) deposited on glass at 2000C and 2.4x10-2
torr of oxygen pressure and (b) deposited on glass at 4000C and 2.4 x 10-2 torr of oxygen
pressure.
The dark-field images of the films grown at 200 0C and 4000C are shown in figs. 8.4 (a) and
(b). From these images average grain size in the films grown at 200 0C and 4000C was
determined to be ~ 18 ± 5 nm and ~ 31 ± 5 nm, respectively. A high-resolution image of the
film deposited at 4000C is shown in fig. 8.4 (c), which reveals the structure of the crystalline
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grains and the grain boundaries in this sample. It can be observed that the boundary is a high
angle grain boundary, and the average angle between the grains was determined to be ~ 340.

50 nm

50 nm

(a)

5 nm

(b)

(c)

Figure 8.4 Dark field plan-view images of the films (a) deposited on glass at 2000C and 2.4 x
10-2 torr of oxygen pressure, (b) deposited on glass at 4000C and 2.4 x 10-2 torr of oxygen
pressure and (c) HRTEM of the film deposited on glass at 4000C and 2.4 x 10-2 torr of
oxygen pressure.
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The change in oxygen partial pressure during deposition did not have a significant effect on
the microstructure of the films deposited at the same temperature. For a film deposited at
4000C and 10-3 torr of oxygen partial pressure, the grain size was found to be similar to the
film deposited at 2.4x10-2 torr of oxygen pressure. However, the film deposited at lower
oxygen partial pressure, showed moderately improved texture. Fig. 8.5 is a SAED pattern of
the film deposited at 10-3 torr of oxygen pressure, which shows much sharper arcs suggesting
the improvement in texture. The better texture of the film deposited at 10-3 torr has been
attributed to the better plume characteristics due to lowering of pressure and relatively slower
deposition rate9,16.

Figure 8.5 SAED pattern of the film deposited on glass at 4000C and 1x10-3 torr of oxygen
pressure.
Fig. 8.6 is a HRTEM micrograph of ZnGa0.05O film deposited on (0001) sapphire substrate at
4000C and 2.4 x 10-2 torr of oxygen partial pressure, which illustrates that the film has grown
epitaxially on (0001) oriented substrate9. The inset shows the SAED pattern taken from the
interface, which ascertains the following epitaxial relationship: out of plane – (0002)f ║
(0002)s, in plane – ( 2 110)f ║ (0110)s, (0110)f ║ ( 2 110)s11. Formation of small
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nanocrystalline grains on the glass substrate, contrary to the formation of epitaxial film on
sapphire under the same growth conditions (2.4 x 10-4 torr at 4000C) can be explained by the
amorphous nature of the glass substrate. Due to the amorphous surface of the glass substrate
ZnO nucleates randomly and these nuclei coalesce to form thin films. It is to be noted that
inspite of having such a small grain size, these grains are able to maintain a preferred (0002)
orientation in the out of plane <0001> direction18. The textured growth of nanocrystalline
ZnGa0.05 films along (0002) direction on glass can be rationalized by the lowest surface
energy of the basal plane and enough atomic mobility due to high energy of the ablated
species. However, large grain boundary angles suggest considerable rotation of the grains
about the axis perpendicular to the substrate.
α-Al2O3

Zn0.95Ga0.05O

5 nm

Figure 8.6 HRTEM from the interface of the ZnGa0.05O film deposited on sapphire at 4000C
and 2.4 x 10-2 torr of oxygen pressure and the inset showing the SAED of the same.
Chemical analysis of these films was performed using XPS to determine the extent and
nature of gallium solubility in ZnO. XPS analysis showed that the concentration of Ga was
equal in the films grown on sapphire and glass substrates under the same deposition
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conditions. From a high resolution XPS spectrum, the positions of Ga 2p3/2 and Ga 2p1/2
peaks were found to be at 1119.0 eV and 1146.2 eV, respectively. These peak positions are in
good agreement with the previously reported values19, which suggest that gallium exists as
Ga3+. Thus, gallium in our films, which exists in Ga3+ oxidation state can act as a donor and
effectively increase the carrier concentration.

8.4.2 Electrical and optical properties
The effect of microstructure on the electrical properties of ZnGa0.05O films was studied by
measuring the resistivity as a function of temperature along with the Hall measurements to
determine the carrier concentration (n) and mobility (μ). Fig. 8.7 shows effect of
microstructure on the temperature dependence of resistivity of the ZnGa0.05O films deposited
on different substrates and under different conditions. Fig. 8.7 (a) is a plot of ρ vs
temperature for the film deposited on sapphire at 4000C and 2 x 10-2 torr of oxygen pressure,
which shows a metal semiconductor transition (MST): metallic conductivity above ~170K,
and semiconducting behavior at temperatures below it9. Metallic conductivity observed at
higher temperatures can be explained by the formation of a degenerate band appearing in
heavily doped semiconductors as suggested by Mott.9,8 At higher temperatures transport of
degenerate electrons is limited by phonon scattering and ionized impurity scattering.
However, the free electrons tend to localize at lower temperatures giving rise to minima in
the resistivity, which has been related to multiple scattering events due to gallium atoms21,22.
Details about the transition have been discussed elsewhere and a more elaborate description
about the phenomenon can be found therein22. Room temperature resistivity of the epitaxial
films grown on (0001) sapphire at 4000C and 2.4 x 10-2 torr was determined to be 1.4 x 10-4
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Ω-cm. However, the ZnGa0.05O film deposited on glass under similar growth conditions
showed considerably higher resistivity and exhibited only semiconducting behavior, as can
be seen from fig. 8.7 (b). The room-temperature value of resistivity for this film was
determined to be 6.5 x 10-3 Ω-cm.
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Figure 8.7 Plot of resistivity vs temperature for films deposited at 4000C and 2.4 x 10-2 torr of
oxygen pressure on (a) sapphire and (b) glass.
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Thus, it is clear that the films deposited on glass, which showed fine grains and large angle
grain boundaries in the TEM observations can increase the resistivity and make the samples
exhibit only semiconducting behavior. However, further understanding can be gained by
analyzing the values of carrier concentration (n) and mobility (μ) in the films with different
microstructures. The values of ρ, n, and μ for the films deposited on different substrates and
different growth conditions are listed in table 8.1.
Table 8.1 Summary of electrical properties of the films deposited under different conditions
of temperature and oxygen partial pressure.
Temperature (0C)
Glass_RT

Glass_200

Glass_400

Sapp_400

Glass – electrical properties
Oxygen pressure (Torr)
ρ (Ω-cm)

n (cm-3)

μ

2.4 x 10-2

4 x 10-2

5.28 x 1019

0.669

1 x 10-3

4.8 x 10-4

1.19 x 1021

4.97

1 x 10-5

7.2 x 10-4

1.96 x 1021

3.39

2.4 x 10-2

4.1 x 10-3

5.18 x 1019

5.45

1 x 10-3

1.8 x 10-4

5.71 x 1020

13.06

1 x 10-5

1.9 x 10-4

8.36 x 1020

7.90

2.4 x 10-2

6.5 x 10-3

4.9 x 1019

3.74

1 x 10-3

3.8 x 10-4

4.5 x 1020

14.1

1 x 10-5

8 x 10-4

2. 12 x 1020

11.76

2.4 x 10-2

1.4 x 10-4

5.31 x 1020

15.04

The increase in resistivity for the film deposited on glass at 4000C and 2.4 x 10-2 torr of
oxygen partial pressure can be explained by the decrease in n as well as μ. It is interesting
that even when the films were deposited under the similar conditions of temperature and
oxygen partial pressure, films deposited on glass exhibited markedly different values of n and
μ as compared to the values corresponding to the film deposited on sapphire substrate. Since,
the difference between the two films is only the microstructure as observed from the TEM
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study, it is believed that grain boundaries act as traps and decrease the carrier concentration
drastically in the films deposited on glass. It has been suggested that grain boundaries have
defects – induced trapping states which capture electrons and lead to formation of a potential
barrier18,19,23,21. It has been reported previously that the grain boundary barrier height is of the
order of 0.1 eV for films with low carrier concentrations19. Build up of a negative charge and
a potential barrier at the grain boundaries also causes scattering of conduction electrons,
which lowers the mobility. Grain boundary scattering is a dominating scattering mechanism
for the films with low carrier concentration18,19. This is evident from the values listed in table
I, which shows considerably low mobilities for films deposited on glass at higher oxygen
partial pressure. However, the height of potential barrier (ΦB) is strongly affected by the
carrier concentration according to the following equation12:
eQ 2
ΦB =
8ε r ε 0 N d

(8.1)

where Q is the electric charge trapped at the grain boundaries, Nd is the donor concentration
(~ n), εr and ε0 are dielectric constant and relative dielectric permittivity, respectively. Thus,
for a high enough carrier concentration (n ≥ 1020cm-3), the value of the potential barrier at the
grain boundary becomes diminutive and the electrons can tunnel through the barrier18-19. The
increased values of n and μ corresponding to the film deposited on glass at lower oxygen
pressure (10-3 torr) are in accordance with the above-mentioned model. Transmission spectra
of the films deposited at 4000C and under different conditions of oxygen partial pressures are
shown in fig. 8.8, which also illustrate the variation of carrier concentration. The
transmittance of all the films in visible region was found to be > 80%. It can be seen from
fig. 8.8 that the absorption edge corresponding to the films with lower resistivities is shifted
towards higher energy due to the Burstein-Moss effect25,19. It is to be noted that the film
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deposited in higher vacuum also showed better texture. Thus, the increase in carrier
concentration for the film deposited at lower oxygen partial pressure can be related to an
increased concentration of oxygen vacancies and better quality of the thin films.
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a: Glass_2 x 10-2 torr
b: Glass_1 x 10-5 torr
c: Glass_1 x 10-3 torr
d: Sapp_2 x 10-2 torr
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Figure 8.8 Transmission spectra of the films (a) deposited on glass at 2.4 x 10-2 torr of
oxygen pressure, (b) deposited on glass at 1 x 10-5 torr of oxygen pressure, (c) deposited on
glass at 1 x 10-3 torr of oxygen pressure, and (d) deposited on sapphire at 2.4 x 10-2 torr of
oxygen pressure. All the films were deposited at 4000C of substrate temperature.
The increase in carrier concentration and mobility also led to metallic conductivity at higher
temperatures and showed expected minima at lower temperatures as shown in fig. 8.9.
Observation of positive TCR at higher temperatures suggests the degenerate nature of
electrons in the films deposited on glass with nanocrystalline grain size. The observation of
minima in resistivity in the nanocrystalline film at a temperature similar to that observed in
the case of epitaxial films further corroborates the belief that the presence of grain boundaries
does not significantly alter the carrier transport characteristics in nanocrystalline films with
high values of n. Thus, for the films deposited on glass having high enough carrier
concentration, the mobility and therefore, the resistivity is limited only by phonon scattering
and ionized impurity scattering18,22.
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Figure 8.9 Plot of resistivity Vs temperature for the film deposited on glass at 4000C and 1 x
10-3 torr of oxygen pressure.
Attempts to further increase the conductivity by decreasing the oxygen partial pressure were
not successful owing to the decrease in carrier concentration as well as the mobility in the
film deposited at 4000C and 10-5 torr of oxygen pressure. Lowering of oxygen pressure to 105

torr during deposition increased the value of resistivity to 8 x 10-4 Ω-cm from 3.8 x 10-4 Ω-

cm for a film deposited at 1 mtorr of oxygen pressure. The room temperature values of n and
μ for a film deposited at 10-5 torr were determined to be 2.12 x 1020 cm-3 and 11.76 cm2/Vs,
respectively. Although, observations of increase in resistivity due to decrease of oxygen
partial pressure have been reported in the past, the phenomenon has not been analyzed in
detail27-29. Since the concentration of oxygen vacancies usually increases with decrease in
oxygen partial pressure during processing, it is difficult to explain the decrease in carrier
concentration for a film deposited in a higher vacuum. It is suggested that increase in
resistivity could be due to the increase in neutral ion scattering (NIS). Decrease in carrier
concentration indicates increase in number of neutral defects – such as Zn vacancies and / or
deep level oxygen vacancies, which lead to increased scattering. This phenomenon lowers
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the mobility and it is in agreement with the present observations. It was found that the
formation of neutral defects depends on the growth temperature. The films deposited on glass
at 2000C and RT consistently showed higher values of n as compared to the film deposited at
4000C and the same oxygen partial pressure of 2.4 x 10-4 torr. This suggests that the
concentration of neutral defects is lowered when the film is deposited at same oxygen
pressure but at lower substrate temperatures. The difference became more discernible for the
films deposited at lower temperatures when the oxygen pressure was further reduced during
deposition. The value of carrier concentration for the film deposited at 10-3 torr of oxygen
partial pressure and 2000C was determined to be 5.71 x 1020 cm-3 and that for the film
deposited at RT it was determined to be 1.19 x 1021 cm-3. It is interesting to note that the
lowest value of resistivity was observed for the film deposited at 2000C and 10-3 torr oxygen
pressure. This film showed an increase in mobility with increase in carrier concentration
presumably due to a decrease in the potential barrier, which is in accordance with the model
for grain boundary scattering19. For a film deposited at RT and oxygen pressure of 10-3 torr,
however, the resistivity did not decrease even though the carrier concentration increased to
1.19 x 1021 cm-3. This film showed higher value of resistivity due to the lower value of
mobility. Such a low value of mobility has been attributed to the increase in ionized impurity
scattering caused by a large increase in carrier concentration. Extremely fine grains with
random orientations in the films deposited at room temperature can also decrease the
mobility and can contribute to the increase in resistivity. The increase in resistivity for the
films deposited at 2000C and RT and oxygen pressure of 10-5 torr can also be explained by
the increase in ionized impurity scattering due to the increase in carrier concentration. The
value of carrier concentration for the films deposited at 10-5 torr of oxygen partial pressure
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and substrate temperature of 2000C and RT was determined to be 8.36 x 1020 cm-3 and 1.96 x
1021 cm-3, respectively.
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Figure 8.10 Effect of oxygen partial pressure on carrier concentration of the ZnGa0.05O films
deposited on glass at different substrate temperatures: (a) RT, (b) 2000C and (c) 4000C.
The variation of carrier concentration with oxygen partial pressure in the films deposited at
different temperatures is shown in the fig. 8.10. The films deposited at lower substrate
temperature showed increase in n with the lowering of oxygen pressure due to increase in
donor oxygen vacancies and has been verified by the optical measurements in addition to the
Hall measurements. Effect of oxygen pressure during deposition on the transmission spectra
of the films deposited at RT and 2000C are shown in figs. 8.11 (a) and (b), respectively. The
shift of absorption edge towards higher energies due to increase in carrier concentration, for
the films deposited at lower oxygen partial pressure, is consistent with the Hall
measurements. The increase in n for films grown at RT and 2000C, especially for the films
deposited at lower oxygen pressures of 10-3 torr and 10-5 torr, suggests that the neutral defects
which would decrease the carrier concentration are less stable at lower temperatures. The
continuous increase in carrier concentration with decrease in oxygen pressure during
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deposition, however only for the films deposited at lower temperatures, is in agreement with
the previous reports27,29.
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Figure 8.11 Effect of oxygen partial pressure on the transmission spectra of the films
deposited on glass at (a) RT and (b) 2000C.
Thus, experiments show that the maximum conductivity that can be achieved in
nanocrystalline ZnGa0.05O films is limited by the optimum carrier concentration and ionized
impurity scattering. Thus, optimal carrier concentration in nanocrystalline ZnGa0.05O films
with highest mobility can be achieved by carefully controlling deposition parameters so as to
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optimize the formation of different types of defects in the films deposited on amorphous
substrates such as glass.

8.5

Summary

Gallium doped ZnO films with different microstructures were grown on glass using PLD and
the results were compared with those of single crystal films on (0001) sapphire substrate. It
was found that except for the film deposited at RT, all the films showed highly oriented
growth on glass substrates. The microstructural features such as epitaxy, grain size and
nature of grain boundaries of the films were studied by TEM. It was observed that
eventhough the grain size of the films deposited on glass was small (< 40 nm), grains
retained the preferred (0001) orientation owing to the lowest surface energy of the basal
plane and high energy of the ablated species. The most significant observation was that the
electrical properties were found to be strongly dependent on the microstructure and the
deposition parameters. Correlation among processing-structure-properties was established
through detailed characterization and measurement of the properties of the films deposited
under various deposition conditions. It was shown that highly conducting and transparent
films can be obtained on glass substrates through better understanding of the role of defects
and by carefully controlling the deposition parameters so as to control the concentration of
defects. Comparisons of ρ Vs T behavior and values of n and μ for the epitaxial films
deposited on sapphire and nanocrystalline films deposited on glass under similar growth
conditions suggested that grain boundaries act as trap and thus lower the carrier
concentration. Trapping of electrons at grain boundaries also led to the formation of a
potential barrier which increased the scattering of free electrons and resulted in the lowering
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of mobility. However, the conductivity of the nanocrystalline ZnGa0.05O films could be
increased significantly by depositing at lower oxygen pressure. The lowering of oxygen
partial pressure during deposition led to increase in carrier concentration and helped to
increase the mobility due to the lowering of potential barrier across the grain boundaries. The
optimal carrier concentration that could be achieved in the films deposited on glass by
lowering the oxygen pressure was governed by the deposition temperature and the
concentration of the defects. The lowest value of resistivity, 1.8 x 10-4Ω-cm was achieved for
the film deposited at 2000C and 10-3 torr oxygen pressure, which had an estimated carrier
concentration of 5.71 x 1020 cm-3 and mobility of 13.06 cm2/V.s. The ability to grow
nanocrystalline doped ZnO films with such low resistivity at 2000C is an exciting
development for applications based on economical substrates. The present study helps us to
understand the electrical conduction in nanocrystalline ZnGa0.05O films deposited on glass
and also elucidates the role of grain boundaries and defects in controlling the carrier
concentration and transport characteristics. This work has shown interesting possibilities of
fabricating optoelectronic devices such as OLEDs and organic solar cells based on
nanocrystalline ZnGa0.05O films as transparent electrode. Preliminary experiments have
shown promising results for the ZnGa0.05O films deposited on glass to be used as a
transparent electrode in the optoelectronic devices. Efforts are being made to investigate and
improve the characteristics of devices such as solar cells by using nanocrystalline ZnGa0.05O
films exhibiting the lowest resistivities.
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9

Gallium doped zinc oxide films as transparent electrodes for organic solar cell
applications

(Journal of Applied Physics – Accepted)

9.1

Abstract

We report microstructural characteristics and properties of gallium doped ZnO films
deposited on glass by pulsed laser deposition (PLD). The Zn0.95Ga0.05O film deposited at
200oC and 1 x 10-3 torr showed predominant <0001> orientation with a metallic behavior and
a resistivity of 2 x 10-4Ω-cm at room temperature. Low resistivity of the ZnGaO films has
been explained in terms of optimal combination of carrier concentration and minimized
scattering, and is correlated with the microstructure and the deposition parameters. Power
conversion efficiency comparable to ITO based devices (1.25 ± 0.05%) is achieved on a
Zn0.95Ga0.05O/Cu-phthalocyanine/C60 double heterojunction solar cell.
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9.2

Introduction

Organic photovoltaic (OPV) cells have attracted considerable attention in recent years due to
their potential for providing low cost solar energy conversion.14 Since Tang demonstrated the
first bilayer heterojunction solar cell in 1986, there has been considerable development in the
field of OPVs.2 Xue, et al. have recently demonstrated that solar cells with 3.6 ± 0.2%
efficiency can be fabricated using double heterojunction on indium tin oxide (ITO)
substrates.9 However, the use of ITO poses a serious problem because of the high cost of
indium and its limited availability.3 ITO is also used for flat panel displays and the rapid
increase in production of these large area devices has resulted in a steep rise in the cost of In,
with the current price up to ten times greater than in 2003. Thus, there is an urgent need to
develop alternative transparent conductive oxides (TCOs) that are relatively inexpensive, and
exhibit transparencies and conductivities comparable to that of ITO. ZnO doped with group
III elements (e.g Al, Ga) has been suggested as a suitable TCO when used as an anode in Si
and Cu(InGa)Se2-based solar cells, and organic light emitting diodes.5-7 However, to our
knowledge there have been no reports on the fabrication of organic solar cells with
efficiencies > 0.1% using Ga:ZnO thin films as a transparent anode.

We have recently demonstrated that highly conductive (resistivity of 1.4 x 10-4 Ω-cm) and
transparent (> 80%) Ga:ZnO films could be deposited on sapphire single crystal substrates by
pulsed laser deposition (PLD).8 It was found that single crystal films can be grown
epitaxially despite the large lattice misfit with (0001) sapphire by invoking the principles of
domain matching epitaxy.9 Here, we report on the properties of <0001> textured
nanocrystalline Zn0.95Ga0.05O films deposited on glass, and demonstrate that power
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conversion efficiencies >1% can be achieved using these Zn0.95Ga0.05O films as the anode for
a double heterojunction OPV cell. Significantly, our comparative studies showed that these
values of power conversion efficiency are comparable to the ITO based control devices.
These results are quite exciting as the power conversion efficiency of the OPV cells
fabricated using ZnGaO anodes can be further increased by optimizing the organic layer
structures so as to accommodate the differences in the surface characteristics of transparent
electrodes. Low resistivity ZnGaO films have been prepared by systematically investigating
the effect of the deposition conditions, namely the substrate temperature and the oxygen
partial pressure. One observation is that the films with lowest resistivity also show metallic
conductivity. The main goal of the study is to evaluate the suitability of these films for OPV
applications, and to correlate device performance with the film microstructure, properties and
the interface characteristics. Although it is widely recognized that the interfaces play a
critical role in the device characteristics, there are only limited reports on the detailed
characterization of hybrid organic/inorganic interfaces.10-11 To evaluate the suitability of
Ga:ZnO films for solar cell applications, two cells of nearly identical structures were
compared directly, one utilizing a conventional ITO anode and the other utilizing
Zn0.95Ga0.05O anode. The present study provides a significant step forward in the
advancement of alternative TCO films for transparent electrode applications, specifically for
the organic solar cells.

9.3

Experimental

Gallium-doped ZnO films were grown on optical grade glass substrates by a pulsed-laser
deposition (PLD).9 A pulsed KrF excimer laser with a wavelength of 248 nm, an energy
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density of from 4 to 7 J/cm2, and a 10 Hz repetition rate was used for ablation of a ZnO target
doped with 5 at. %Ga. The chamber had a base pressure of 10-6 Torr, and the films were
deposited at oxygen partial pressures of 10-2, 10-3 and 10-5 torr. The substrate temperature
was varied from room temperature to 4000C. For x-ray diffraction (XRD), θ-2θ scans of the
films were carried out using a Rigaku x-ray diffractometer with Cu Kα radiation
(wavelength, λ = 1.54 Å) and a Ni filter. A field emission transmission electron microscope
(TEM) with a Gatan Image Filter (GIF) was used for structural characterization. Chemical
analysis of the films was done using X-ray photoelectron spectroscopy (XPS) using a Mg Kα
X-ray source with analysis performed by deconvolution using the Shirley routine and Casa
software.13 Electrical resistivity of the films was measured using a four point probe, and the
carrier concentration and mobility were determined from Van der Pauw Hall measurements.
Organic solar cells were fabricated using copper phthalocyanine (CuPc) as the donor, and the
fullerene C60 as the acceptor grown on top of the TCO by organic vapor phase deposition
(OPVD).14,15 Prior to loading in the deposition chamber, Zn0.95Ga0.05O (ZnGaO) films were
cleaned using deionized (DI) water, acetone and iso-propanol, and then were treated in UV –
ozone for 10 min. The solar cell was completed by deposition of the exciton blocking layer
2,9-dimethyl-4,7-diphenyl-1,10- phenanthroline (BCP) and a Ag cathode through a shadow
mask with 1 mm diameter openings. The base pressure in the OPVD growth chamber was
maintained at < 90mTorr, whereas the BCP and Ag layers where grown in a chamber with a
base pressure less than 2 x 10-7 Torr. Device current density versus voltage (J – V)
characteristics were measured under simulated AM1.5G solar illumination using an
HP4155B semiconductor parameter analyzer. The external quantum efficiency (EQE) was
measured according to ASTM standard,16 from which the spectral-calibrated power
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conversion efficiency is calculated. The structure of the interface in these devices was studied
by high – resolution TEM and electron energy loss spectroscopy (EELS).

9.4

Results and discussion

9.4.1 ZnGaO films
Fig. 9.1 (a) shows the X-ray diffraction patterns for Zn0.95Ga0.05O films deposited at different
temperatures. The sharp (0002) ZnGaO peaks observed for the films deposited at elevated
temperatures suggest the formation of highly textured (oriented along a single axis) and
single phase films. The textured nature of these films is confirmed by the presence of arcs
observed in the selected area electron diffraction (SAED) pattern shown as an inset in fig. 9.1
(b). Fig. 9.1 (b) is a high-resolution transmission electron microscopy (HRTEM) image of the
interface between the ZnGaO film and the glass substrate. The interface is sharp with no
evidence for interfacial reactions, which can occur as a result of extensive interdiffusion
between the glass substrate and the film. HRTEM image also illustrates well-aligned stacking
of the (0002) planes with very little misorientation, which suggest fair degree of order and is
in good agreement with the diffraction results. In the case of the film deposited at room
temperature a diffuse peak is observed, which suggests that the nanocrystalline structure has
developed in this sample. From plan view TEM images, the average grain size is determined
to be 5-10 nm, 20 ± 4 nm, 31 ± 4 nm for the films deposited at RT, 200 oC and 400 oC,
respectively. The films deposited at elevated substrate temperatures show preferential
alignment along the [0001] orientation. This is attributed to the high energy of the ablated
species and the low surface energy associated with the basal plane. XPS analysis shows that

212

the Ga concentration is close to 5%, which is characteristic of PLD where the target
chemistry is preserved.
(0002) ZnGa0.05O
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Figure 9.1 (a) X-ray diffraction pattern of Zn0.95Ga0.05O film deposited on glass at different
temperatures: (i) room temperature, (ii) 200 oC, and (iii) 400 oC. (b) HRTEM micrograph of
the ZnGaO /glass interface. Inset in fig. 1 (b) is a selected area electron diffraction pattern of
the interface. The spotty pattern indicates a crystalline structure with a small amount of
misorientation indicated by the arcs.
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The ZnGaO film deposited at 200 oC and at a partial pressure of 10-3 torr has the lowest
resistivity ~ 2.0±0.2 x10-4 Ω-cm, with a transmittance (%T) of > 85% across the visible
region. The Hall carrier concentration and mobility of the film is 5.7±0.1 x 1020 cm-3 and
13.1±0.1cm2/Vs, respectively. The variation of carrier concentration as a function of oxygen
partial pressure in the films deposited at different temperatures is shown in fig. 9.2. The
variation of carrier concentration is attributed to the presence and stability of defects.17
21
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Figure 9.2 Effect of oxygen partial pressure on carrier concentration of the ZnGa0.05O films
deposited on glass at different substrate temperatures: (a) RT, (b) 2000C and (c) 4000C. Inset
shows the plot of ρ vs T for the film deposited at 400 oC.
Although the films deposited at room temperature have a higher carrier concentration the
conductivity is actually lower because of their low mobilities (4.9±0.1) cm2/Vs. The low
mobility of these films is attributed to the increased ionized impurity scattering and enhanced
grain boundary scattering due to the random orientation of grains. Thus the low resistivity
observed for films deposited at 200oC is a result of the combination of reduced scattering and
sufficiently high carrier concentration. Alignment of grains in the films deposited at higher
temperature also leads to low angle grain boundaries, which reduces scattering, and hence the
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series resistance.18-20 The Ga:ZnO films with low resistivities showed metallic conductivity
and a metal-semiconductor transition (MST) at lower temperatures, as seen in the inset in fig.
9.2. The MST observed at lower temperatures has been related to the weak localization of
degenerate electrons induced by the multiple scattering of free electrons by impurity atoms.20

9.4.2 Organic solar cells with ZnGaO electrodes
The deposition parameters associated with the lowest resistivity ZnGaO film were used to
prepare the anode in a solar cell with a following structure ZnGaO / CuPc (350Å) / C60 (375
Å) / BCP (100 Å) / Ag (1000 Å). Fig. 9.3 (a) shows the J – V characteristics in the dark and
under illumination for the solar cell with the ZnGaO anode, and a comparison with
ITO/CuPc(145 Å)/C60(500 Å)/BCP(100 Å)/Ag(1000 Å) solar cell. The lower forward
current and smaller slope in dark J-C curve of the cell grown on ZnGaO implies a higher
contact resistance resulting from the smaller work function (Φ) of the ZnGaO films (~ 4.1
eV, compared to 4.8 eV for ITO).
2
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Figure 9.3 (a) Current density vs. voltage characteristics of ZnGaO/CuPc/C60/BCP/Ag and
ITO/CuPc/C60/BCP/Ag solar cell devices in the dark and at 1 sun (100 mW/cm2)
simulated AM 1.5G irradiance. (b) External quantum efficiency spectra of the
ZnGaO/CuPc/C60/BCP/Al solar cell and a comparison with the AM 1.5 solar
emission spectra.

The work function of ZnGaO films was calculated by considering the shift in Fermi level
associated with the increase in carrier concentration, and subsequent band filling.12 Values
listed in table 9.1 show the variation of work function with carrier concentration in the films
deposited under different growth conditions. The high carrier concentration and degenerate
nature of the ZnGaO films leads to the lower work function in these films. At 100 mW/cm2,
AM1.5G, of simulated illumination the GaZnO-based solar cell has a short circuit current
(JSC) of 9 mA/cm2, and a low fill factor (FF) of 0.35 at 1 sun, which is a result of the higher
resistance. A slight increase of the open circuit voltage (VOC) is observed in the GaZnObased solar cells, which again confirms the higher contact resistance in this device. Fig. 9.3
(b) shows the EQE of this device with a comparison to the AM 1.5 spectrum.22 The peaks at
wavelengths of λ=450, 620 and 690 nm correspond to the absorption maxima of C60 and
CuPc. The overlap of the EQE with the standard AM 1.5 solar emission spectra yields a JSC
of 7.1 mA/cm2, leading to a power conversion efficiency of 1.25 ± 0.05%. The calculated
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value of JSC is ~20% lower than the value obtained by direct measurement and is attributed to
the mismatch between the simulated and standard AM 1.5 solar spectra.22 The lower value of
JSC also leads to a lower value of power conversion efficiency. Nevertheless, this value of

efficiency can be further increased by optimizing the thickness and the structure of the
organic layers so as to accommodate the differences in the surface characteristics (roughness
and work function) of ZnGaO films.
Table 9.1 Values of work function calculated from the change in carrier concentration for the
films deposited under different growth conditions
Temperature (0C)

Oxygen pressure (Torr)

n (cm-3)

Φ (eV)

Glass_RT

2.4 x 10-2
1.0 x 10-3
1.0 x 10-5
2.4 x 10-2
1.0 x 10-3
1.0 x 10-5
2.4 x 10-2
1.0 x 10-3
1.0 x 10-5

5.28 x 1019
1.19 x 1021
1.96 x 1021
5.18 x 1019
5.71 x 1020
8.36 x 1020
4.90 x 1019
4.50 x 1020
2.12 x 1020

4.22
4.14
4.13
4.22
4.16
4.15
4.22
4.17
4.19

Glass_200
Glass_400

Fig. 9.4 (a) is a low magnification TEM cross-sectional image of the C60/CuPc/ZnGaO
layers. The thicknesses of the CuPc and C60 layers are 30nm and 45nm, respectively. The C60
layer has a nanocrystalline structure, with crystallite sizes varying from 4 to 10 nm. Fig. 9.4
(b) shows a sharp CuPc/ZnGaO interface with no indication of interfacial reaction. The
micrograph reveals the formation of a uniform bond between the CuPc and the
nanocrystalline ZnGaO film. Fig. 9.4 (c) shows that the interface between the two organic
layers (C60 and CuPc) is relatively abrupt as well. The image of the C60 layer shows arrays of
the atomic planes, suggesting that the C60 nanoparticles are indeed crystalline.
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Figure 9.4 (a) Low magnification transmission electron micrograph of a C60/CuPc/ZnGaO
structure. (b) HRTEM micrograph of the C60/CuPc interface. (c) HRTEM image of the
CuPc/ZnGaO interface.
9.5

Conclusion

In conclusion, we have grown conducting and transparent Ga-doped ZnO films on glass
substrates by PLD. Structural analyses showed that Zn0.95Ga0.05O films are nanocrystalline
with a grain size < 40 nm, preferentially oriented along the (0001) axis. When inserted as
anodes in OPV cells the structures have a resistivity of 2 x10-4 Ω-cm and > 85% transparency
across the visible spectrum. By understanding the relationship between the film properties,
the microstructure, and processing parameters, it is found that ZnGaO films with metallic
218

conductivity at ambient temperatures can be synthesized. Efficiencies comparable to ITObased OPV cells can be achieved using Zn0.95Ga0.05O films as the anode. The optimal growth
temperature for the ZnGaO films is ~200 oC. Cross-sectional TEM analysis of the OPV
device structure did not reveal the presence of inhomogeneties at the organic/inorganic
interface. A VOC = 0.50 V and power efficiency of 1.25 ± 0.05 % achieved for non –
optimized device structures with ZnGaO anodes suggests that these TCO layers have
potential as a substitute for ITO. These results represent a significant step forward in the
advancement of alternative TCOs for transparent electrode applications in organic solar cells.
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10 Conclusions

Based on the results and observations of the experiments that have been carried out the
following important conclusions are summarized. The conclusions are organized under the
separate research tasks.

MoOx as TCO

MoOx based films represent a completely new concept for TCOs where the film properties
can be controlled by simply varying the fraction of the molybdenum ions in the different
oxidation states. This work also highlights the significance of d electrons for conduction in
TCOs, in contrast to the s electrons that are responsible for electrical conductivity in
conventional TCOs. MoOx Films were deposited on sapphire substrates under different
oxygen partial pressure conditions using PLD. It was observed that the films grew epitaxially
with a monoclinic structure. The epitaxial growth of MoOx films on (0001) sapphire
substrates with a dissimilar crystal structure has been explained via DME. The detailed
structural characterization performed using X-TEM revealed the following eptiaxial
relationship between the film and the substrate: (200)f║(0006)s (out of plane), (001)f
−

−

║(01 10)s (in plane) and (010)f║( 2 110)s (in plane). It was also found that molybdenum exists
in different oxidation states in the monoclinic structure and that the fraction of these
molybdenum ions can be varied by changing the processing conditions without altering the
structure. It was established that the properties of MoOx films were dependent on the
concentration of oxygen vacancies and the relative concentrations of Mo4+, Mo5+ and Mo6+
states in the film. It was hypothesized that the electrical conduction occurs by hopping –
electron mechanisms between the different oxidation states (e- moving from Mo4+→ Mo5+→
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Mo6+) and then substantiated with the XPS results. A MoOx film annealed in air at 250 oC for
1h possessed the best combination of high transmittance (~ 65%) and electrical resistivity
(~1x10-3Ω-cm); the relative concentration of Mo4+, Mo5+ and Mo6+ states was determined to
be 17.2%, 8.4% and 74%, respectively. These results suggest the possibility of growing the
MoOx films with easily tunable electrical and optical properties for TCO applications. The
maintenance of a common structure during processing adds to the applicability of MoOx
films in solid – state devices. Further optimization of the processing conditions and the
improvement in the properties of MoOx films would render these films suitable for TCO
application as a potential substitute for ITO.

Effect of gallium on ZnO properties

In this study the properties of the TCO films have been studied as a function of doping
concentration. To understand the effect of non-stoichiometry on the properties of ZnGaO
films, films were processed under different conditions (reaction gas pressure, substrate
temperature and annealing). The primary objective of this project was to understand the
effect of dopant on carrier generation and carrier transport in the ZnGaO films. The
experiments have been carried out on single crystal films in order to minimize the
contribution of defects. Despite a large misfit (~ 18%), epitaxial growth of ZnGaO films on
sapphire substrates was achieved using PLD. This has been explained on the basis of DME.
It was observed that the resistivity of ZnGaO films decreased monotonically with increasing
%Ga up to 5 at.%, beyond which the resistivity rose again. The 5%Ga:ZnO film deposited at
400 oC and 2x10-2 torr of oxygen exhibited %T > 80% and a room temperature value of
resistivity ~1.5x10-4 Ω-cm. The room temperature properties of ZnGaO rival those of ITO,
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which makes it a promising candidate for various TCO applications. The increase in
conductivity in ZnGaO films could not be solely attributed to the addition of gallium atoms
and it was found that the oxygen vacancies had a non-trivial contribution to the conductivity.
It has been suggested that the high conductivity observed in the ZnGaO films arises from the
interaction of gallium atoms and oxygen vacancies. It was shown unequivocally that the
oxygen vacancies were the dominant species controlling the carrier concentration, but the
energy levels and/or the ionization efficiencies of these vacancies depended on the dopant,
such as Ga in the ZnO matrix. Thus, gallium not only acts as an effective donor but also
changes the oxygen vacancy characteristics, which leads to very low resistivity in ZnO. In
addition, gallium also tends to affect the carrier transport as was evident from the low
temperature resistivity measurements. The films exhibited metallic conductivity at higher
temperatures and a transition to semiconducting behavior at lower temperatures. This is the
first time that metallic conductivity with a metal – semiconductor transition has been
observed in gallium doped ZnO. The transition observed at low temperatures has been
attributed to the localization of degenerate electrons induced by the multiple scattering of
free electrons by impurity atoms. A linear variation of conductivity with

T below the

transition temperature suggests that the electrons are in the weak-localization regime.
Furthermore, the transition temperature was found to be dependent on the gallium
concentration in the ZnO and has been related to the increase in disorder induced by the Ga
atoms. Thus, it can be seen that the present study has led to a better understanding of the
conduction mechanisms in ZnGaO films and is likely to aid further optimization of TCO
characteristics. Studies related to epitaxial ZnGaO films on sapphire certainly underscore the
role of oxygen vacancies and are expected to shed light on the long debated issue of donor
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activity of these species. The present study also highlights the need to incorporate secondary
scattering effects associated with dopant induced disorder into the models used to predict the
physical properties limits of TCOs.

Microstructure – property correlations in ZnGaO films

Here, the gallium doped ZnO films with different microstructures have been grown on glass
substrates using PLD and the results have been compared with those of epitaxial films
deposited on (0001) sapphire substrate. The study helps to elucidate the role of
microstructure, specifically the grain boundaries and defects, in controlling the carrier
concentration and transport characteristics in nanocrystalline TCO films. It is to be noted that
all the films deposited on glass at elevated temperatures showed highly oriented growth
along (0001) orientation inspite of the small grain size (<100nm). The most significant
observation was that the electrical properties were found to be significantly dependent on the
microstructure and the deposition parameters. It has been observed that the grain boundaries
tend to affect the conductivity in nanocrystalline films, albeit, only in the case of films with
low carrier concentration. For high carrier concentrations the transport characteristics do not
change significantly and the resistivity is limited only by phonon scattering and ionized
impurity scattering. It was also shown that highly conducting and transparent films can be
obtained on glass substrates through a better understanding of the role of defects and
carefully controlling the deposition parameters. The study revealed an interesting dependence
of carrier concentration on the oxygen pressure and the substrate temperature during
deposition, and has been related to the presence and stability of defects with different energy
levels. Thus, based on these observations, correlations among the processing – microstructure
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– properties was established, which resulted in a final optimization of the properties of these
films. The lowest value of resistivity, ~ 1.8 x 10-4 Ω-cm, was achieved for the film deposited
at 200oC and 10-3 torr of oxygen, which has been attributed to an optimal carrier
concentration of 5.7 x 1020cm-3 and reduced scattering that afforded a mobility of
13.06cm2/V-s. The demonstration that nanocrystalline doped ZnO films can be grown with
such a low resistivity at 200oC is an exciting development for applications based on glass
substrates.

ZnGaO as a transparent electrode for solar cell

This work has shown interesting possibilities for fabricating devices such as organic solar
cells and organic LEDs based on nanocrystalline ZnGaO films as transparent electrodes. One
major outcome of the study was the evaluation of the suitability of ZnGaO films for OPV
applications, and subsequent correlation of its performance with film microstructure,
properties and the interface characteristics. Preliminary experiments have shown promising
results for the ZnGa0.05O films deposited on glass as a transparent electrode in these devices.
It has been demonstrated that efficiencies comparable to ITO based devices can be achieved
using ZnGaO as the anode. Cross – sectional TEM analysis of the OPV device structure did
not reveal the presence of inhomogeneties at the organic/inorganic interface. A VOC = 0.5 V
and power efficiency of 1.25±0.05% was achieved for non – optimized device structures with
ZnGaO anodes, suggesting that these TCO layers have a potential as a substitute for ITO.
These results represent a significant step forward in the identification of alternative TCOs for
transparent electrode applications in organic solar cell.
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