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Introduction

Future energy supply and energy security will demand revolutionary
advances in technology in order to maintain or forward today’s general
standard of living and economic prosperity. Faced with high and rising
energy prices, limitations in energy supply, and growing concerns about
climate changes and their environmental- and health-related effects, the
magnitude of the problems may seem daunting. The economics of
renewable energy and energy savings is a challenging subject, fraught with
risks but also noteworthy for its new opportunities. In many of these new
kind of applications, Transparent Conductive Oxides, are enabling in their
role as transparent contacts. However, increasingly, the demands required
extend beyond the combination of conductivity and transparency, where
indeed higher performance is needed, but now include work function,
morphology, processing and patterning requirements, long term stability,
lower cost and elemental abundance/ green materials. The expanding use
of tin-doped indium oxide (In203:Sn or ITO) for the production of
transparent electrodes is endangered by the scarcity and increasing price
of In. Nowadays, aluminum-doped zinc oxide (Al:ZnO or AZO) is
considered a true alternative to ITO due to the lower cost of the source
materials, non-toxicity and good electro-optical properties. For these
reasons AZO has been extensively investigated and employed as
transparent electrode. Although over the past years significant progresses
have been achieved, further intensive studies are needed to better
understand some of main properties influencing the performance of this
material, e.g. the role of the elastic strain and defects on the optical and

electrical performances, or the band structure of heavily doped zinc oxide.



On the other hand, AZO/Ag/AZO multilayer structures, 10 times thinner
than ITO or AZO single layers, show very high transparency and low
resistivity even at room temperature. Replacing thick TCO layers with thin
TCO/Ag/TCO multilayers would produce great benefits in terms of

material consumption, cost, toxicity and flexibility.

Aim of this work is the fabrication, processing and characterization of
ultrathin TCO/Ag/TCO transparent electrodes. The study, is also focused
on the optimization of structural, optical and electrical properties for

several applications. The thesis is organized as follows.

Chapter I: it introduces the optoelectronic devices and their optical and
electrical properties. We focused in particular on physical and practical
aspect of LED, touch screen, electrochromic windows and solar cells. We
explain, also, the state of the art for these devices and the new approach
for their fabrication. After the state of the art of standard and industrial
optoelectronic devices, the key role of transparent conductive oxides is

also discussed, highlighting limits and potentialities.

Chapter 2: it presents a detailed discussion of the basic electronic
structures and optical properties of TCO materials emphasizing the key
properties giving them some unique properties. Furthermore, we
introduced TCOs, the history of the material and their properties. On this
background, we put some of the newly emergent materials into a
technological context. For this reason, at the end of chapter, we show the

multilayer approach and its practical aspect.

Chapter 3: it treats of very thin TCO/Ag/TCO multilayer structures grown
by RF magnetron sputtering. Synthesis and properties of TCO/Ag/TCO
multilayers as a function of different combinations of AZO and ITO top
and bottom TCO layers, and as function of the Ag film thickness, are
investigated. We demonstrate the key role of Ag for both electrical and
optical properties. Furthermore, we present results on the fabrication and
characterization of a new type of TCM where a Ag grid is fabricated
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instead of a uniform film. This allows keeping good electrical properties
while increasing the optical transparency, mainly in the red and infrared

(IR) region.

Chapter 4: it describes the compatibility of the AZO/Ag/AZO multilayers
with some practical applications. First, we demonstrate the use of
AZO/Ag/AZO multilayers as transparent electrode with the
complementary function of anti-reflecting coating. The proof of concept
was obtained by depositing AZO top and bottom layers with asymmetric
thickness onto polished Si wafer, while maintaining constant the Ag layer.
We have been able to estimate the solar light amount entering into the
substrate without and with different AZO/Ag/AZO coatings. As a second
application, we investigated the degradation of the structural and electrical
properties of AZO/Ag/AZO multilayers grown on plastic flexible PEN
substrates when subjected to bending cycles, both as a function of radius
of curvature and number of cycles. The results are compared with single
AZO and ITO films, showing the considerable benefit having a multilayer
structure. Finally, we demonstrate how the laser scribing, an industrial
process used in the fabrication of photovoltaic solar modules, can be
efficiently applied to TCO/Ag/TCO structures for the electrical insulation
of the solar cells. In particular, the presence of the Ag layer is able to
strongly reduce the required laser energy density to cut the transparent

electrode.






Chapter 1
An Introduction to

Optoelectronic devices

This chapter introduces the underlying theory and operating principles of
semiconductor  optoelectronic devices. There exists today an
overabundance of optoelectronic devices that are used in a multitude of
applications. These devices include sources such as light-emitting diodes
(LEDs) and laser diodes, photodetectors, solar cells, optical amplifiers,
and optical modulators. At the time of writing, optoelectronic devices have
found their way into many different aspects of modern life, be it ubiquitous
indicator LEDs in hi-fi systems, televisions, computers, solid-state
lighting, bar-code scanning systems, CD and DVD, laser printers and
cellular telephones. Over the past decade or so there has been an
information explosion whereby information from all over the world can be
quickly accessed by anyone with an Internet-enabled device. All these
applications rely on a semiconductor-based optoelectronic device.

This chapter begins by considering the underlying physical interactions
between electrons and photons, with some examples of devices, a brief
introduction of the evolution of the optoelectronic devices, and the key role
of the transparent conductive oxide for these applications.



CHAPTER 1: AN INTRODUCTION TO OPTOELECTRONIC DEVICES

1.1 The Optoelectronic system

Optoelectronics is a very important branch of electronics, which considers
the following problem to be solved: moving from the domain of electrical
signals to that of optical signals, and vice versa, through electronic devices.
Semiconductors are probably the most technologically important materials
in widespread use today. The “information age” we are presently living is
entirely dependent on the modern computer, which has at its heart a
microprocessor constituted mainly of silicon (Si) or, for some particular
devices, of gallium arsenide (GaAs) and gallium nitride (GaN), for
example [1]-[3]. These advances have had a huge impact on the human
society and are a testimony of the power of the scientific research. These
developments are mainly due to both our basic understanding of the
electronic band structure of semiconductor materials and the precision
with which semiconductor structures can now be made by using epitaxial
growth techniques—methods which allow a crystal lattice to “grow” layer-
by-layer [4], [5]. This fundamental comprehension combined, with
advanced experimental techniques, has driven worldwide research efforts
to engineer the electronic band structure of semiconductor materials,
including the use of alloys, heterostructures, quantum confinement, and
strain [6], [7]. A broad range of various semiconductor materials can now
be used in heterostructures, mounting their versatility and permitting

tunability of their optical and electrical properties. [8].

To better understand this family of devices, it is necessary to explain the
interaction between light and materials. An optical signal is a fully-fledged
electromagnetic wave at a very high frequency (in the visible range) and
can be engendered as a generation/recombination phenomenon, i.e. the
formation/elimination of electron-hole pairs for the promotion/fall of

electrons from EV to EC. The optical signal, as in De Broglie's reports,
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can also be thought as made up of particle, therefore as a flow of photons,

equipped with an energy equal to:

E= hw (1.1)

We must therefore ask the frequency of the optical signal to be such as to
have a photon energy at least equal to Eg. As a matter of fact, because E =

hw, the use of semiconductors is perfect: it is precisely the width of the

energy gap.

In such a system, there are three possible processes in which the electrons

can move between the two bands:
1. Spontaneous emission;

2. Absorption;

3. Stimulated emission processes.

Spontaneous emission (SE) happens when an electron in the conduction
band (CB) with energy E, recombines with a hole in the VB at a lower
energy E;.

10
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Figure 1.1: The three electron—photon interactions in semiconductors: (a) spontaneous emission,

(b) stimulated absorption, and (c) stimulated emission

The gap in energy (E,—E)) is emitted in the form of a photon. This process
is random and photons may be emitted in any direction with wanton
polarization. The probability of SE is proportional to the density of
electrons in the CB (n) and to the density of holes in the VB (p). In the
absorption process, an electron in the VB is excite to the CB by the
absorption of a photon with an energy equivalent to the optical band gap.
The probability of absorption is proportional to the photon density, the
density of electrons in the VB, and the density of empty states in the CB.
The stimulated emission process happens when a photon of energy E2-E1
interacts with an electron in the CB, give rise to recombine with a hole in
the VB, hereby generating a photon. The photon released by this process
has both identical energy, phase and momentum to that of the incident
photon. The probability of SE is therefore proportional to n, p and the

photon density. In contrast to SE, a stimulated emission produces photons

11
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which are essentially identical, and thus a very pure monochromatic light

is generated.

Over the photon-electron interaction, it is important to understand the role
of the characteristics of the materials to improve the three phenomena. As
we know, the semiconductors are characterized by direct band gap or
indirect band gap. Whether or not the band gap is direct or indirect has a
deep influence on their expediency for use in optoelectronic devices: for
the direct-band gap material, the CB energy minimum happens at the same
k-value (the momentum is conserved) as the VB maximum (direct). In
contrast, for the indirect-band gap material, the CB minimum lies at a
different k-value than the VB maximum and something is necessary to
change the momentum. Stimulated emission is repressed in indirect-band
gap semiconductors and it is for this reason that direct-band gap
semiconductors (such as GaAs, InP, and related alloys) are primarily used
to produce photoemissive devices such as LEDs and lasers [9]. Indirect
semiconductors, such as germanium or silicon, are therefore impractical

for the production of such devices.

However, these are very effective semiconductor materials for
optoelectronic devices as it will be discussed later in the subsection, where
we show the operation mode and characteristics for different kinds of

devices that use the interaction between light and matter.

I
€lectrons
electrons

I Energy gap I Energy gap

holes holes
k k

Direct bandgap semiconductors Indirect bandgap semiconductors

Figure 1.2: Schematic of direct and indirect band gap in semiconductors
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1.1.1 LED: Light emission diode

A LED is by definition a diode that emits light. A diode is a two-terminal
electronic device that allows electrical current to flow in only one
direction, with an amount of current that depends on the potential
difference across the device [10].

Figural.3 Example of LED (light emission diode)

From the physical point of view, an LED is a semiconductor chip saturated
or doped to form a positive-negative junction (P-N): the positive pole of
this junction is called anode, the negative is a cathode. The main feature
of these devices is to let the current flow through in one direction, as a
normal diode, to which the ability of emitting light is added. Having a
positive and a negative terminal, the LED can be inserted in the electric

circuit in only one direction.

Even if the LED diode is inserted inside the circuit in the right direction,
there is current conduction only when the voltage at the ends exceeds a

threshold voltage, which coincides with the potential barrier Vs.

Polarizing a PN junction means to apply a certain voltage to its extremes:
we speak of direct polarization when a positive charge applied to the P-

type semiconductor repels the gaps from the N-type semiconductor, while
13
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we speak of inverse bias when a negative charge applied to the N-type
semiconductor repels electrons from the P-type semiconductor. The effect
of positive and negative terminal connections is therefore to push electrons
and gaps to the PN junction, lowering the potential barrier required to
reduce the depletion zone to an extent where it becomes so thin that the
negative charges can cross it by means of increasing the voltage. The
electrons therefore begin to enter the P-type semiconductor and move from
hole to hole through the crystal, making it possible for the electric current
to flow from the battery’s negative pole to the positive one. When an
electron passes through the barrier and meets a gap, it decays to a lower
energy level, releasing the energy difference in the form of photons (Fig
1.4). The wavelength of the light emitted, and therefore its color,
corresponds precisely to the gap between the energy levels of the materials

used to form the P-N junction.

Epoxy lens/case
Wire bond
Reflective cavity

Semiconductor die

Anvil

Post } Lead frame

Flat spot

band gap Anode Cathode
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ecombi-

O
O
O
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O
O
)
r
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Figura 1.4: Lefi:The effect of positive polarization put the electrons in the P-type semiconductor.

The combination between electron-hole pair producing photon. Right: schematic of LED

Unlike incandescent and fluorescent lamps, LEDs emit an almost
monochromatic light, which is at a specific wavelength. The material used

for the creation of the P-N junction and the doping level of such material
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contribute to determining the wavelength of the emitted light. There are
several ways in which LEDs are used to produce white light but the
technologies used are basically two: you can mix monochromatic LEDs or
use phosphors that convert shorter wavelengths (UV or blue) into blue,
green, yellow or red [11], [12].

LED research is developing strongly as these sources have many
advantages over traditional lighting sources. They will presumably be the
light sources of the future despite their limitations, which are still under

research and prevent, now, their use on a large scale.
The strengths of LEDs can be summarized as follows:

energy saving;

low power required;

safe operation;

very long life span;

savings on maintenance costs;

impact and stress resistance;

reduced dimensions and weight;
insensitivity to humidity and vibrations;
cold ignition;

very narrow spectral emission and saturated colors.
The weaknesses of the LEDs can be summarized as follows:

high price;

incompatibility with the main supplies;
heat generation in the P-N junction;
low color rendering;

emission in a restricted angle.

15
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1.1.2 Solar Cells

The direct conversion of solar energy into electrical energy, uses the
physical phenomenon of the interaction of light radiation with the valence

electrons in semiconductor materials, called Photovoltaic Effect [13].

The photovoltaic effect is realized when an electron, present in the valence
band of a material (generally semiconductor), passes to the conduction
band due to the absorption of a sufficiently energetic photon incident on
the material. The photovoltaic effect, observed for the first time by A. E.
Becquerel in 1839, constitutes one of the indirect proofs of the corpuscular
nature of electromagnetic waves. For illustrative resolutions, suppose light
hitting the PV cell has enough energy to free an electron from a bond in
the silicon crystal. This generates an electron- hole pair, a free electron and
a free hole. Suppose as well as that the electron-hole pair is generated on
the p-type silicon side of the junction. This electron has only a relatively
short time during which it is free because it is very presumable to combine
with one of the numerous holes on the p-type side. But solar cells are
designed so that in all probability the electron will moved around the
crystal and encounter the junction before it has the chance to combine with
a hole (Fig 1.5) (were it to combine with a hole, it would lose its energy as
heat and be unusable as far as PV electric current is concerned). Once the
free electron is within the field of the junction, the electron is accelerated
through the barrier (by the barrier's charge imbalance) into the n-type
silicon. Since there are very few holes on the n-type side of the junction,
the electron is no longer in great risk of recombining. Furthermore, there
is very little chance of its returning to the p-type side because it would
have to fall the repulsion of the junction's field, consuming energy it
usually does not have. The hole partner of this electron-hole pair, in any
case, remains on the p-type side of the junction because it is rejected by

the barrier at the junction. It is not in danger of recombining because there

16



CHAPTER 1: AN INTRODUCTION TO OPTOELECTRONIC DEVICES

are already a prevalence of holes on the p-type side. A similar situation
happens when the electron-hole pairs are generated by light on the n-type
side of the junction. Because illumination and charge separation causes the
presence of uncombined surplus negative charges on the n-type side and

excess holes on the p-type side, a charge imbalance exists in the cell.

If we connect the n-type side to the p-type side of the cell by means of an
external electric circuit, current flows through the circuit (which responds
just as if powered by a battery) because this reduces the light- induced
charge imbalance in the cell. Negative charges flow out of the electrode
on the n-type side, through a load, and perform useful work on that load.
The electrons then flow into the p-type side, where they recombine with
holes near the electrode (Fig 1.5). The light energy originally absorbed by
the electrons is used up while the electrons power the external circuit.
Thus, an equilibrium is maintained: The incident light continually creates
more electron-hole pairs and, thereby, more charge imbalance; the charge
imbalance is relieved by the current, which gives up energy in performing

work.

Excited electron

m

Free hole

P Energy

Position

Electrical Load

AAA
-—

Figure 1.5: Solar cell operation. Photons with energy greater than the band gap strike the solar
cell, generating an electron-hole pair. Electrons flow on aggregate toward the n -type side of the
Jjunction and holes toward the p -type side, where they are collected by the external circuit. This

current is used to do work on an electrical load.
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CHAPTER 1: AN INTRODUCTION TO OPTOELECTRONIC DEVICES

Given the analogy with the junction diode, we can obtain analytically the
relationships that connect current and voltage: the characteristic voltage-
current it looks like a diode, but translated by a quantity equal to
photogenerated current I (represents the excess carriers produced by the

solar radiation).

The relationship is
av_
=1, (eKBT - 1) -1 (1.2)

with Iy representing the inverse saturation current of the diode (one
constant that depends on the semiconductor material). Another important
quantity, indicated with Voc (open circuit voltage), indicates the voltage
that occurs at the cell terminals in the absence of load:

Voe = X801 (’—L) (1.3)

q Io

Silicon single-crystal is the most frequently used, and best characterized,
material for solar cells. Knowledge of silicon's electrical properties and
expertise with its manufacture have been gained in the transistor industry
and in the solar cell industry, which has supplied arrays for generating

power in space for over two decades.

A typical monocrystalline silicon solar cell, with a pn-junction, is made of
several layers, as schematized in Fig. 1.6. In sequence form the top: a
conductive grid, an anti-reflective coating, a TCO, a thin layer of n-type
silicon (collector), a very narrow junction field region where there are
almost no free loaded carriers, a p-type silicon base layer and a back
contact electrode. The photovoltaic cell or solar cell is the basic element

in the construction of a photovoltaic module [14]-[17].

18
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Front electrical contact
/ Anti reflecting coating
“4 Transparent Conductive oxide
< __— N-type

+—— Depletion zone
“——— P-type

<«—— Back electrical contact

Figura 1.6: P-n silicon solar cell device structure

1.1.3 Touch Screen

A touchscreen is an electronic visual display that can detect the presence
and location of a touch within the display area. The term generally relates
to touching the display of the device with a finger or hand. Touch screens
can also sense other passive objects, such as a pen. In other words, a
touchscreen is any monitor, based either on LCD (Liquid Crystal Display)
or CRT (Cathode Ray Tube) technology that admits direct onscreen input.
The skill for direct onscreen input is facilitated by an external (light pen)
or an internal device (touch overlay and controller) that relays the X, Y

coordinates to the computer.

The touchscreen has two main characteristics. First, it enables one to
interact directly with what is displayed, quite than indirectly with a cursor
controlled by a mouse or touchpad. Secondly, it lets one do so without
requiring any intermediate device that would need to be held in the hand.
Touchscreen technology has the potential to replace most functions of the
mouse and keyboard. The touchscreen interface is being used in a broad
variety of applications to improve human-computer interaction. As the
technology advances, people may be capable to operate computers without

mice and keyboards. Because of its advantage, touch screen technology
19
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solutions has been applied more and more to industries, applications,
products and services, POS (Point-of-Sale), consumer electronics, tablet
PC, moderate to harsh Machine Control, Process Control, System
Control/Office Automation and Car PC, etc.

The touch panels are based around four basic screen technologies:
Resistive (the resistive layers producing a switch closing in the circuit),
Capacitive (coated with a material that stores electrical charges), Surface
Acoustical Wave (using ultrasonic wave) and Infrared (uses an array of X-

Y infrared LED and photodetector pairs around the edges of screen) [18].

A basic touchscreen has three main components: a touch sensor, a
controller, and a software driver. The touchscreen is an input device, so it
needs to be combined with a display and a PC or other device to make a
complete touch input system. In particular, the touch sensor consists of a
glass or acrylic panel that is coated with transparent conductive layers. The

thin layers are separated by invisible separator dots [19].

Figure 1.7: Schematic of touch screen components

20
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1.1.4 Electrochromic Windows

Electrochromic (EC) windows have significant potential to reduce energy
use in buildings. They serve for multiple purposes: to reduce energy
consumption for heating or cooling, to change color or opacity to ensure
privacy. Transparent windows are among the most delicate elements of the
building and can be a real source of waste of heat, or the reason for
overheating the interior. This is why researchers from all over the world
are concentrating on solutions to improve the glazing performance and

thus to contribute to the overall efficiency of green buildings [20].

Electrochromic materials modulate light in the visible and near infrared by
application of an applied voltage. They were first showed in the 1950s and
1960s. A typical design for window applications consists of five thin film
layers on a single glass substrate or sandwiched between two glass
substrates (see Fig. 1.8). For inorganic metal oxide devices, the cathode is
typically WOs, while a typical anode material can be NiO. The electrodes
are separated by a solid state electrolyte that is a good ion conductor, but
limits the electronic conduction. The mobile ionic species are small in size
for optimum transport — with H+ or Li+ preferred. The electrodes of large
area electrochromic devices for architectural applications are most often
vacuum deposited (e.g. sputtering) thin films. Other investigators have

explored the complete fabrication of EC devices using non-vacuum.

Fig. 1.8 shows what happens when electricity is applied to a typical
electrochromic glazing. The EC coating darkens as lithium ions and
associated electrons transfer from the counter electrode (CE) to the
electrochromic electrode (EC) layer. Reversing the voltage polarity causes
the ions and associated electrons to return to their original layer, the CE,

and the glass returns to a clear state. This solid state electrochromic

21



CHAPTER 1: AN INTRODUCTION TO OPTOELECTRONIC DEVICES

reaction is controlled through a low voltage DC power supply. It takes less
than 5 V to switch the glazing [21].

Ty

Figure 1.8: Left, electrochromic windows stack on glass. TC-transparent conductor, CE-counter
electrode, IC-ion conductor, EC-electrochromic layer. Right, the operation mode of electrochromic

windows.

1.2 Evolution of the Optoelectronic devices

In the recent years, the number of researchers working in the area of
optoelectronics has progressively increased. At the first, the
optoelectronics and in particular the integrated optics was developed in

connection with the optical fibers.

The integrated optical term, first published in 1969, refers to the placement
of all the components necessary to realize an assigned circuit function on
a single chip. In reality, however, it is necessary to speak, more precisely,
of guided optics or hybrid integrated optics. A monolithic optical circuit
comprises the source (laser diode) and the components for the signal

processing (modulators, filters, directional couplers, etc.). A photodiode,

22
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undoubtedly represents an integrated optoelectronic and non-optical

integrated circuit.

Many devices, more or less complicated, are reported in the literature in
the field of signal processing, optical communication and sensors. The
identification of these fields has stimulated the intensification of research

in the field of optoelectronics and optical guides.

The evolution of optoelectronic devices started in the early 1960s, 40 years
later the birth of the quantum theory of radiation by Albert Einstein, with
the development of the LED and soon thereafter, the semiconductor laser.
Holonyak discovered that the alloy GaAsP produced visible light via

spontaneous emission (SE) and was able to fabricate red LEDs [22].

Figure 9.9: First GaAsP LED made by Holonyak

In 1961, for the first time, Bernard and Durafforg demostrated the

possibility to obtain stimulated emission in semiconductors, and he studied

the condition for lasing action in semiconductor materials [23]. In the late

1970s, further improvements in the semiconductor growth technology lead
23
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to the development of molecular-beam epitaxy (MBE) and vapor-phase
epitaxy (VPE), which enabled high quality thin layers to be grown
reproducibly. A layer thickness of the order of 100A or less became
achievable and introduced the regime in which quantum-confinement
effects could be harnessed. These quantum wells (QW) structures [24]
brought further improvements in the laser performance, including an
enhancement of the carrier confinement, narrower line width, and

extended wavelength tunability for a given composition of the material.

In the late 1970s and early 1980s, the distributed feedback (DFB) laser
were also developed, which have long-haul optical communication [25].
Semiconductor laser devices spawned research into other semiconductor
optoelectronic devices, such as monolithic tunable lasers, the
semiconductor optical amplifier (SOA), optical modulators, and advanced
photodetectors, by which it was possible to converter light into electrical

signal.

1.3 Novel materials and approach to optoelectronic

devices

Almost all the electronic devices we use today, from transistors to quantum
well lasers, are based on crystalline semiconductors, and it was the
development of materials and devices based on them that allowed the birth
of the Internet and information age [26]. When thinking to the atomic
structure of silicon, a highly ordered, regular arrangement of atoms
spanning the physical dimensions of the sample is seen. Bloch’s theorem
[27] tells us that this regular arrangement of atoms will lead to well-
defined conduction and valance bands, with a forbidden region in between
called band gap. Another important characteristic of crystalline

semiconductors used for the device fabrication is their high quality, with
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typical impurity concentrations of one part over ten millions [28]. The cost
to get crystalline semiconductors with excellent electrical properties is
quite high. To form pure silicon from natural quartz (Si0O,), all the
impurities have to be removed, this requiring sophisticated and energy

expensive purification processes.

Over the last 20 years, the search for a low-cost alternative to Silicon has
been intense, with a great academic and industrial effort on using carbon-
based conducting polymers and small organic molecules as
semiconducting materials. The modern era of organic electronics began in
1977, when Chiang et al. [29] reported that doping with iodine the
polyacetylene polymer, its conductivity increased by a factor of 10
million: this resulted in a Nobel Prize in Chemistry, and the modern age
of organic electronics was born. Today many inorganic devices have the
equivalent organic twin. Examples of such devices are the organic light-
emitting diodes (OLEDs), organic field effect transistors (OFETs),
biosensors, and organic photovoltaic devices (OPVs) [30]—[33].

The big advantage of using organic semiconductors over the inorganic
ones is that they can be made using low-energy wet chemistry and a large
volume deposition of these materials can be done at low temperature
(<200°C), saving energy and money [34]. Another very important property
of organic semiconductors is their flexibility, so that devices can be
fabricated on flexible substrates, such as plastic, paper and wearable
tissues [35].

In summary, organic semiconductors offer a potential route to low-cost,

low-energy, and large-area devices.
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(a)

Figura 1.10: Some examples of organic devices, in particular OLED (a) organic PV (b) and flexible
e-paper (c). All devices are characterized of plastic substrate and the organic semiconductor

between two layer of transparent conductive oxide (TCO).

Another interesting aspect to improve the characteristics of the

optoelectronic devices is the use of nanomaterials [36].

Nanostructures in small dimensions can be perfectly integrated into a
variety of technological platforms, offering novel physical and chemical
properties for the high performance optoelectronic devices. The utilization
of new nanostructures and their optical and electrical properties is

necessary for their emerging practical device applications.

A variety of nanostructures and nanomaterials have been developed for
optoelectronic applications. These materials include, but are not limited to,
various 0-, 1- and 2-dimensional nanostructures as well as top-down
fabricated nanostructures. Their unique properties opened possibilities of
wide-ranging breakthroughs in the field of optoelectronic devices in terms
of operation speed, bandwidth, efficiency, power consumption,
compactness, system integration, cost effective mass production and even
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completely new functionalities. Indeed, in looking at the broad range of
applications of nanoscale devices, small dimensions not only provide
benefits for their integration and incorporation into a variety of
technological platforms, but also give rise to new physical behaviors. The
exploitation of optical and electrical phenomena on the nanoscale is
opening up a diverse field of study that promises to deliver continued novel

technological advancements and solutions in years to come.

100 nm

Figura 1.11 SEM images of some examples of various morphologies of ZnO nanostructures: (a), (b)

tetrapod structures; (c) variable diameter structures; (d) nanosheets; (e) nanoshells; (f) multipods;

(g), (h), and (i) nanorods.

1.4 The important role of transparent conductive oxides in

optoelectronic devices

The field of optoelectronic is in constant evolution and conventional bulk

Si is going to be substituted by low cost solutions with new properties, e.g.
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mechanical flexibility, capability of harvesting the sunlight from different
directions, compatibility with inexpensive, polymer-based substrates. In
this new class of devices, mainly constituted by thin film, organic and
hybrid devices, a main component are transparent electrodes. The basic
role played by a transparent electrode is to let the light get through to the
device active medium (which requires transparency in a particular
wavelength range) and, at the same time, to let the charges exit the device
to an external circuit (which requires electrical conductivity). The
development of performing transparent conductor has been pursued and
achieved over the last 2-3 decades, leading to the wide employment of

compact thin films of Transparent Conducting Oxides (TCOs) [37].

In general, TCOs are a specific class of materials based on wide bandgap
(> 3 eV) metal oxide, which become good electrical conductors upon
degenerate doping (usually n-type) which fills their conduction band with
nearly free electrons. Within this class, Indium-Tin Oxide (ITO) was soon
identified as the most performing and brought to application at an
industrial scale. However, indium is a scarce and expensive material, as
report by European commission [38], whose processing is not
environmental friendly: this makes ITO unfit to carry on as a long- term
lead material for TCO application. Among the possible replacement for
ITO, Al-doped Zinc Oxide (AZO) stand out as a low cost, abundant and
highly performing candidate [39], [40].

Compact AZO as a conventional TCO layer is now widely available, with
optical transparency and electrical conductivity which are not far from
reaching [TO-like values. However, the development of novel
optoelectronic devices, as anticipated above, makes these basic TCO

properties insufficient to cover the emerging needs [41].

In this context, the main subject of this work is the development of

nanostructured TCO layers to be employed as multifunctional transparent
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electrodes in novel optoelectronic devices. This is done by exploring the
new approach of structures and methodology in strongly diverse TCO thin
film.
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Chapter 2

Transparent Conductive
Oxides

Transparent Conductive Oxides (TCO) represent strategic materials
because they combine optical transparency with good electrical
conductivity, i.e. two physical properties which are normally
incompatible. Moreover, the fabrication technology has reached a high
level of maturity and it allows the application of TCOs to solar cells, touch
screens, smart windows, self-defrosting systems, liquid crystal displays
(LCD), plasma displays (PDP), field emission display (FED), organic
electroluminescent (OEL), flexible and transparent electronic devices in
general.

The simultaneous presence of a high transparency (= 90%) in the visible
region and low electrical resistivity (107 Qcm), is achieved by oxides with
intrinsic energy gap > 3 eV and a high concentration of charge carriers
(usually electrons in the conduction band) due to extrinsic doping and/or
native defects such as vacancies or interstitials. As for many other
materials, the physical properties of TCOs strongly depend on the
conditions of the growth process.

In the last two decades, many research groups tried to improve the
efficiency of these materials. This has lead to new families of TCOs but
also to hybrid or alternative Transparent Conductive Materials (TCM),
where the oxides are combined with other materials (e.g metal nanowires
or graphene) or fully replaced. In this chapter, we will present the physical
and chemical properties of standard TCO by reviewing their history,
synthesis and applications. We will then focus on one of the best
candidates to replace pure TCOs in several fields, the hybrid
TCO/metal/TCO multilayer.
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2.1 History and Development of TCOs

The first realization of a TCO dates back a little more than a century ago,
when a thin film of cadmium (Cd) was deposited onto a substrate using a
rudimentary sputtering method: the metal was subsequently subjected to
an incomplete thermal oxidation by heating in air, thus obtaining cadmium
oxide [42]. This primitive TCO had a band gap of about 2.28 eV and was
an n-type semiconductor. Although not drugged previously it had
significant electrical properties. The typical transmittance of TCO based
on cadmium is 85% - 90%. Although this material has excellent optical
and electrical properties, together with a low recombination velocity of the
charge carriers, there are several issues for its industrial use due to the high
toxicity of the cadmium, with a few exceptions.

The increasing research on TCOs has led to the birth of new combinations
of chemical elements that have made possible to overcome some issues,
although each new TCO brings pros and cons, which are evaluated and
integrated in the appropriate applications, to exploit at best their features.
One of the first compounds with good chemical/physical properties was
Tin doped Indium Oxide (ITO) which has excellent electrical conductivity
and good optical response. A variant of the ITO is the FTO, where Indium
is replaced with Fluorine: this entails a lower cost in production and higher
thermal stability. The FTO has an average visible transmittance of 80%,
similar to ITO. The two main issues with ITO are cost and toxicity of
Indium.

Another TCO which has recently seen an increasing application is AZO,
based on Zinc Oxide, doped with Aluminum. This TCO, presents several
characteristics that make it a valid alternative for several applications.
Among the TCOs based on ZnO, the IZO (In-doped) has also a role due to
the fact that is one of the few amorphous TCOs.

Other studies have focused on the realization of materials with the typical
characteristics of TCOs using polymers, carbon nanotubes, or other types
of dopants such as Ga, Al, B, A, Y, Sc, V, Si, Ge, Ti, Zr , Hf, and F.
However, ITO, FTO, AZO and IZO remain the most used TCOs due to
their mature and reliable technology, excellent properties and high benefit
to cost ratio. Figure 2.1 reports the main characteristics of several TCOs,
and their dependence on the material synthesis method.
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TCO Deposition techniques  Band gap (eV)  Carrier con- Mobility Resistivity  Transmittance (%)
centration (em?/V's) (1074 Qcm) atthe wavelengths
(10® cm™) of interest

ITO [88] Commercial * * * 1-19 *

ITO [89] PLD * 138 53.5 0.845 >80

ITO [90] Spray pyrolysis * 18 40 095 81

ITo [91] Sputtering 3.78-3.80 146-189 25.7-327 1.28-1.29 =80

FTO[92] Spray pyrolysis 4.12-4.18 1.02-9.59 11.1-189 * =75

FTO[93] Spray pyrolysis * 249 6.59 38 *

FTO [94] Spray pyrolysis 3.15-3.57 45-7 12-24 3.85-7.51 ~80

FTO[31] oD * 3.05 19 109 ~80

AZO [95] MBE * 21 57 * *

AZO [96] oD 359 87 * * *

AZO[97] Sol-gel * 25 31 12 =90

AZO [98] Sputtering * ~5.5 67 14 *

AZO [99] Sputtering * 15 22 19 >80

AZO[100] Sputtering * 9 25 27 >85

AZO[101] Sputtering 3.18-3.36 * * 980 >85

AZO[102] PLD * 131 36.7 13 89-95

AZO [54] PLD * 15 47.6 0.85 >88

AZO[103] PLD 3.51-3.86 202 16.2 1.91 75-90

GZO[104, MBE * 8.1 42 19 >80

105]

GZO[59. MBE * 35-15 18-40 >19 =90

106]

GZOo[107] oD * * * 1.2 >85

GZO[108] Sputtering 337-343 1-6 5-35 53 ~90

GZ0|[55] PLD 351 146 30.96 0.812 =90

GZ0 [88] PLD * 64 49 26 =90

Figure 2. 1: Electro-optical properties of the most widespread TCOs depending of the growth
technique

2.2 Properties of TCOs

TCOs, as already mentioned, are characterized by the co-presence of good
electrical conductivity and high optical transparency, two properties which
are normally incompatible. Being TCOs semiconductor materials, this can
be understood in terms of band gap structure (Fig. 2.2):

* Anenergy gap > 3eV makes the TCO transparent almost to the full
spectrum of the visible light.

* The conduction band can be populated by electrons at
concentration levels of 10"°-10%° cm™ given by dopants added on
purpose. Also intrinsic defects, such as oxygen vacancies and Zn
interstitials for ZnO, are n-type dopants. The gas of free electrons
in the conduction band, although slightly limiting the transparency
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(mainly in the infrared region) [43], [44], allows quite a good
electrical conductivity.

gep

LY

Figure 2.2: Schematic of the bands of an undoped e doped ZnO and the effect of the electrons
in the energy gap

2.2.1 Electrical properties

The electrical conductivity o of a semiconductor is given by:

1 _ ne’t
a—;— e = neu (2.1)
where p is the resistivity and
p=-== (2.2)

Mme

is the electron mobility, e is the electron charge, m. is the effective electron
mass and n the charge density The electrical conductivity is therefore
directly proportional to the product nu. The conductivity value can vary
by a factor of 10*° or higher, from insulators to semiconductors and metals.
Figure 2.3 shows the electrical conductivities of semiconductors, metals
and of some typical TCOs [45].
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Figure 2. 3 Electrical conductivities of some materials

It is therefore necessary to know how different kind of scatterings of the
electrons with the lattice limit the mobility. The average scattering time is
given by the Matthiessen rule:

T=%i (2.3)

where 1; are the characteristic times associated with the specific scattering
mechanism. The scattering processes usually taken into account in TCOs
are [46]:

* Coulomb interaction with ionized impurities (intentionally
introduced defects or dopants);

* Interaction due to the lattice vibrations which, in turn, introduce an
electric field due to the ionic bond,;

* Interaction with acoustic phonons;

* Piezoelectric interactions due to deformations in non-perfect
crystal;
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* Interactions with the potential of elastic deformation of the

material;
* Interactions with dislocations and grain boundaries.

It should be noticed that the relative weight of these processes strongly
depends on the concentration of free carriers, except for those that depend
only on the structural properties (dislocations and grain boundaries).

10°} ZnO (300°K.)

acoustic

polar
scattering

ionized
impurity

i (em?/V - sec)
-O:-)

102 ) ;& Total

-
Empirical (Ellmer 2001) = “~..____'.. o
-
! o [ ] e
10 | | | | | |
10" 107 10" 10"  10® 10*

n, (cm?)

Figure 2.4: Mobility's trends associated with the various scattering mechanisms in TCOs. The solid

lines are theoretical calculation [5]

It appears evident as above a certain concentration of carriers (10" - 10
cm’) the dominant mechanism is the scattering with ionized impurities,
thus limiting the possibility of very high level of doping [47].

From equations 2.1 and 2.2 we note that the other parameter for the
enhancement of the conductivity is the effective mass. A qualitative
interpretation of this dependence is that a greater effective mass produces
a narrower band, so increasing the probability of scattering carriers. It is
therefore important to act on the scattering phenomena at low
concentrations, in order to obtain good performances even at relatively low
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carrier concentration. We will also see that high doping densities degrade
optic properties and can cause segregation effects at grain boundaries.

Starting from the definitions of mobility and conductivity, it is possible to
define a very useful parameter in the characterization of thin films, known
as sheet resistance:

Ry, =%= (2.4)

Most of the TCOs are n-type doped as, for example, the case of AZO,
where Zn®" is replaced with AI’" plus 1 electron in the conduction band.
In principle, also p-type TCOs should exist, but up to now these kind of
materials are very difficult to be synthesized.

2.2.2 Optical properties

The TCO response to electromagnetic radiation is typically characterized
by a range of high transparency that includes the spectral range of the
visible and extends to the near infrared and near ultraviolet (see Figure 2.5)
[40].

The loss of transparency at low energies is due to the absorption of infrared
radiation by free carriers. The introduction of doping materials and a
partial reduction of oxygen in the TCO create levels (or energy bands)
close to the conduction band. A free electron gas is then created, well
modeled by Drude's theory. This theory is based on the hypothesis that
electrons, delocalized along the crystal lattice, do not interact each other
but only with the lattice ions
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Figure 2. 5: Optical transmission spectrum of a standard TCO

This model allows us to predict the behavior of electrons interacting with
an electromagnetic radiation of frequency w. The important physical
parameter that determines the response of the sample irradiated by the
electro-magnetic radiation is the dielectric function. This also brings to the
definition of the plasma frequency w, at which the radiation induces a
collective oscillation of the charge carriers. In the hypothesis of
wt > 1, the following expressions are obtained for the real and imaginary
part of the dielectric function of the material:

€ = €0 (1 - “’—2) (2.5)
Wp
Eoo W3
€, = ( w;) (2.6)

Where ¢, is the high frequency dielectric constant while ¢; and €, are,
respectively, the real and imaginary part of the dielectric function of the
material. The plasma frequency for which e;goes almost to zero, in the
above hypotheses can be expressed as:
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w, = | .7)

p Mc€o€co

where m, is the effective mass of electrons in the conduction band and ¢,
the dielectric constant in the vacuum. Therefore, the loss of transparency
of TCO depends on the carrier density, with the energy of the e.m.
radiation converted into Plasmon oscillations.

The optical behavior of TCOs in the visible spectral region is characterized
by a region of high transparency (around 90%) [48].

Moving towards higher energies, in the spectral region of the near
ultraviolet, photons are able to supply enough energy to excite the
electrons from the valence to the conduction band and the TCO starts to
absorb all the light, losing its transparency.

There is, finally, another link between electrical and optical properties in
TCOs, known as Moss-Burstein effect [49]. It is known, in fact, that the
optical gap of a degenerate semiconductor shows an increase as the density
of charge carriers increases. The progressive filling of the conduction band
by the free carriers causes the increment of the minimum energy necessary
to excite an electron from the valence band to available states in the
conduction band. The Moss-Burstein effect shows that the increase in the
optical gap is proportional to the concentration of carriers as:

AE = 2 (3p2n)2/3 (2.8)
2m ’

A more detailed analysis of the behavior of the TCO bands reveals that the
interaction between electrons (exchange and correlation effects) opposes
to the Moss-Burstein effect, making the AE predicted by equation 2.3
overestimated. The increase in the charge density and the Moss-Burstein
effect induces a shift of the UV threshold towards smaller wavelengths,
thus slightly increasing the transparency of the material at high energy
photons.
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Figure 2. 6 Blue shift due to band filling

From a classical point of view, the optical transmittance simply depends
on the thickness of the material according to the relation:

L= e-ad (2.9)

where [ is the intensity of transmitted light, Iy is the intensity of incident
light, d is the thickness and « is the absorption coefficient of the material.
In this respect, the thickness of any kind of TCO is a critical parameter to
be controlled and optimized. This is one of the reasons for our studies on
ultra-thin TCM.

2.3 State of the art of TCO

While the development of new TCO materials is mostly dictated by the

requirements of specific applications, low resistivity and low optical

absorption are always significant pre-requisites. There are basically two

strategies to develop advanced TCOs that could satisfy the requirements.

The main strategy is the doping of binary TCOs with other elements,

which can increase the charge density. As shown in Table 1, more than 20
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different doped binary TCOs were produced and characterized. Among
them, ITO is the most diffused one, but AZO and GZO are close in terms
of electrical and optical performance.

TCO Dopant

SnO, Sb, F, As, Nb, Ta

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

Zn0O
In,03 Sn, Mo,Ta, W, Zr, F, Ge, Nb, Hf, Mg
Cdo In, Sn

TazO

GalnO;  Sn, Ge

CdSb,O; Y

Table 2.1 TCO Compounds and Dopants

The effort of increasing the conductivity without degrading the
transparency is pursued by a more elaborate strategy in which phase-
segregated two-binary and ternary TCOs have been synthesized. The
phase-segregated two-binary systems include ZnO-SnO,, CdO-SnO,, and
ZnO-In;0s. In spite of the expectations, the electrical and optical
properties of the two-binary TCOs were much inferior to those of ITO
[50]. Accordingly, the ternary TCO compounds could be formed by
combining ZnO, CdO, Sn0O2, InO,;s and GaO,s to obtain Zn,SnOs,
ZnSnQO3, CdSnOq4, ZnGay04, GalnOs, ZnyIn205, Zn3In,06, and Zngln,O7.
However, due to the toxicity of Cd, the utilization of TCOs containing this
element is limited, though they have adequate electrical and optical
properties. Other binary TCOs were also synthesized, such as IngWO,; and
the p-type CuAlO; [51].
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All TCOs discussed above are n-type semiconductors. In addition, p-type
doped TCOs were also developed, in particular for the field of “transparent
electronics”. The synthesis of p-type TCOs is much more difficult than n-
type ones. The difficulty in producing p-type oxide was hypothesized to
result from the strong localization of holes at oxygen 2p levels or due to
the ionicity of the metallic atoms. O 2p levels are far than the valence orbits
of metallic atoms, leading to the formation of a deep acceptor level. Hence,
these holes are localized and require sufficiently high energy to overcome
a large barrier height in order to migrate within the crystal lattice, resulting
in poor hole-mobility and conductivity. Growing p-ZnO was an important
milestone in ‘‘Transparent Electronics’’, allowing fabrication of wide
band gap p-n homo-junctions, which is a key structure in this field. It was
anticipated that higher conductivity and optical transmission could be
obtained by doping ZnO with N, F, P, Sb, and As, however, it was also
shown that such doping had some serious limitations. [52], [53]

Frontier of TCO fiims

conventional High Conductivity
c=>1x10°Sfem. :
In,0-:8n I*Highly Conductive ITO |
SnO}:F
Zno-Al LI transparency < 300 nm
| XDeep-UV transparent p-Ga.O; |
p-type TCO p-n
MMonopolar i etinnl Fep-n homo-juncti
homo-junction| ®PR-N NOMo-junciion
(LaCu0s, SrCu,0,) ¢ using bipolar CulnC,
Bipolar(CulnO,)
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Figure 2.7: The new frontiers of TCO [54]

The need to produce n-type TCOs with higher conductivity and better

transmission, without relying on In, has stimulated research and

development efforts to discover new and unconventional TCOs. Novel
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transparent conductors were proposed using oxides with s2 electron
configurations. Oxides of Mg, Ca, Sc and Al also exhibited the desired
optical and electronic features. Recently, mobility with more than twice
that of commercial ITO was observed in Mo-doped In,O; (IMO), and it
was shown that the conductivity can be significantly increased with no
changes in the spectral transmittance upon doping with Mo.

TCO materials, which are ferromagnetic semiconductors with a Curie
temperature well above the room temperature, have also been explored
recently, as they could be used for second generation spin electronics and
as transparent ferrimagnets [45].

Other different approaches for transparent conductive films are
represented by carbon nanotubes, graphene, conducting polymers and
metal nanowires.

Single or multiple graphene sheets, Fig.2.8 (a), are emerging as transparent
electrodes due to the intrinsic high in-plane conductivity and huge optical
transmittance. The high conductivity in a single layer of graphene is due
to the low concentration of charge carriers and very high electron mobility,
up to ~104 cm?/V s over the sheet, like a two-dimensional electron gas
[55], [56]. While the high optical transmittance is due to the low optical
opacity of a single graphene layer, about 2.3%. Moreover, as predicted by
Peumans et al., the sheet resistance and the optical transmittance of a large
and defects-free structure of graphene, linearly decrease with the number
of layers N: Rg~ 62.4/N Q/sq and T ~ 100 - 2.3N %, respectively. The
extensive research and the various fabrication methods developed to study
and grow large, defects-free and industrially scalable graphene sheets,
such as mechanical exfoliation of highly oriented pyrolytic graphite
(HOPG), chemical vapor deposition on Ni films [57], have drastically
improved the opto-electrical properties of this material. From Rsh~2000
Q/sq and T ~85%, to Ry, ~700 Q/sq and T~90% in the cases of solution
and CVD processes, respectively.
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Figure 2. 8: Schematic of graphene sheet (a) and carbon nano tube (b)

However, the high sheet resistance prevents their application in solar cells
and flat panel display, which require a value of ~10 €)/sq. With the goal of
decreasing the sheet resistance, two main strategies are pursued: to
increase the carrier mobility synthesizing large and single sheets without
defects, or to increase the carrier concentration by doping [58].

Another emerging subclass of carbon based transparent electrodes is
carbon nanotubes (CNTs), cylindrical structures of carbon atoms, Fig.
2.8b. Although the first experimental synthesis was made in the early
1990s [59], and the subsequent studies have shown amazing electrical
(mobility higher than 10° cm?/V s), optical and mechanical properties,
CNTs needed several years to find widespread appeal as transparent
electrodes due to several issues. One of major factor limiting their
application is the high conductivity of CNTs compared to single CNT,
because the high junction resistance between CNTs, typically of the order
of 200 kQ2-20 MQ, produces a drastically increasing in the conductivity.
There has been much work done to increase the conductivity value, such
as doping with nitric acid or using longer CNTs [60], [61], however films
of CNTs still have a much lower opto-electrical performance than
commercial ITO. Another impediment is related to the material synthesis.
Typically, as produced CNT films consist of a mixture of both
semiconducting and metallic CNT, with the metal/semiconductor ratio
influencing the opto-electrical performances. The metallic CNTs have a
much higher conductivity than semiconductor ones, moreover the latter
absorb light, so reducing the optical transmission. The junction resistance
between two metallic CNTs is much lower than metallic-semiconductor
CNTs, which form a Schottky barrier, therefore the whole conductivity
can be decrease if we made a film entirely of metallic CNTs [62].
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In order to use the high conductivity of silver and also to avoid the
absorption and/or reflection in the visible/NIR range, silver ultra-thin films
have been replaced with silver nanowires networks, Fig. 2.9a [63], [64].
One of the main advantages of using nanowires lies in the increased
transparency, because the light can pass through the empty spaces.
Another advantage is the simply and low cost solution-based synthesis,
especially when they are fabricated as network of silver nanowires
randomly oriented. Networks of silver nanowires can achieve low sheet
resistance, Ry, ~10-20 €)/sq, and high transparency, T ~ 90 % by using
pure and smooth metallic nanowires with suitable diameter and length
[65]. Moreover, a denser network will result in a decreasing of the sheet
resistance but also of the transmission of light. Recent works proved that
sheet resistance and surface roughness of this mesh can be decreased by
mechanical pressing, melting the nanowire junctions [66]. Although a
network of silver nanowires is low cost, flexible, and shows desirable
transparency and conductivity values, there are some issues that need to
be addressed before these transparent electrodes can be used in
commercial devices, such as the long-term stability and large-scale
fabrication.

Figure 2. 9: Example of Silver nanowires (a) and conductive polymer (b)

Conductive polymers or, more precisely, intrinsically conducting
polymers (ICPs) are organic polymers that conduct electricity, Fig2.9b
[67] Such compounds may have metallic conductivity or can be
semiconductors. The biggest advantage of conductive polymers is their
processability, mainly by dispersion. Conductive polymers are generally
not thermoplastics but, like insulating polymers, they are organic
materials. They can offer high electrical conductivity but do not show
similar mechanical properties to other commercially available polymers.
The electrical properties can be fine-tuned using the methods of organic
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synthesis [68] and by advanced dispersion techniques. The conductivity of
such polymers is the result of several processes. Conducting polymers
have backbones of contiguous sp» hybridized carbon centers. The electrons
in these delocalized orbitals have high mobility when the material is
"doped" by oxidation, which removes some of these delocalized electrons.
In principle, these same materials can be doped by reduction, which adds
electrons to an otherwise unfilled band. In practice, most organic
conductors are doped oxidatively to give p-type materials. Despite
intensive research, the relationship between morphology, chain structure
and conductivity is still poorly understood [69]. Generally, it is assumed
that conductivity should be higher for the higher degree of crystallinity and
better alignment of the chains, however this could not be confirmed for
polyaniline and was only recently confirmed for PEDOT, which are
largely amorphous.

In conclusion, Figure 2.10 shows the best optical results (lower (a)) and
electrical (b) graphs, results for CNT, graphene, silver nanowires and
standard transparent electrodes, together with the luminosity function of
the human eye and the spectral irradiation from the Sun under AMI.5
conditions (upper part of (a)) [34].
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Figure 2. 10: (a) spectral transmission of several transparent electrodes: ITO (black line), FTO
(green line), AZO (orange line) carbon nanotubes (dashed line), silver nanowires (dotted blue line)
and Sn0,/Ag/Sn0, (red line). (b) sheet resistance, R, as a function of the thickness for different
transparent electrodes.
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2.3.1 Industrial application of TCOs: the PV market

The three largest applications of TCO thin films, in terms of covered
surface area and economical value, are flat panel displays, solar cells, and
coatings on architectural glass. In particular, the photovoltaic market uses
the TCO films as a transparent electrode due to the conductivity and
transparency, the full compatibility with the fabrication process, and
stability.

In addition to the requirements of high transmission and high conductivity,
the choice of the best TCO for a specific solar cell should be considered in
terms of processing, cost, material compatibility, work function and
alignment of the energy band with the active medium. Indeed, due to the
widespread use of PV technologies, it is essential to take into account a
low production cost and the environmental impact. In this context, the high
cost, scarcity and toxicity of In are a major drawback for the use of ITO
and In-based solar cells.

In the Bifacial Heterojuctions with Intrinsic Thin-film layer (HIT) solar
cell, two TCO layers are employed, one for the top and one for the back of
the cells [70], [71]. As the lateral conductivity of doped a-Si:H layers is
poor, the front of the devices must be coated with a TCO layer to transport
charge to the device terminals, while the other TCO acts primarily as a
transparent electrode without incurring contact resistance losses. The front
TCO also serves as an antireflecting coating in order to limit losses.

Usually, ITO has been used but, as we know, the price and the toxicity of
In limited the use. For this reason, there is an increasing interest to use
amorphous 1ZO, which shows high quality even at room temperature
deposition. This represents an important driving factor to further improve
the device performances. In wafer-based and thin-film type solar cells, a
specific characteristic is required for TCO in addition to high transparency
and conductivity: texturing.
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Cell type

Heterojunction
cell (HJT)

Nano-hybrid
polimer cell

-

Grizell cell
Y i
BT 1'

Amorphous Si

“s
)

TCO in current use

ITO

i-ZnO/ Al: ZnO

Zn0, Sn0,, TiO,

TiO,

SnO2,ITO and

Zn0O many cells employ

two TCOs

TCO needs

Smooth and good
interfacial properties,
optimum
conductivity, low
temperature
deposition, light
trapping

Low temperature
deposition, resistance
to diffusion and
shorting, need to
make/improve the
junction.

Nanostructure with
right length scale,
work-function,
interface with
organic and correct
doping level

Nanostructure with
high electron
mobility

Temperature and
chemical stability,
and appropriate
texture for both TCO

Materials goal

170, indium free
material, ZnO

Single-layer TCO to
replace two layers
and CdS layer

Self-organized
structures core-shell
structure, new non
conventional TCOs

Improved TiO2

morphology and

possible used of
doped materials, new
non-TiO2 materials

Higher conductivity,
texture and ohmic
contact for both TCO

Table 2.2 : Features required to TCO employed in solar cells and new materials goals.

. A structured surface will not only reduce the reflection, but will also
provide a longer optical path to light within the absorbent material (light-
trapping). As a result, the incoming light will be completely absorbed
during one single pass. The light scattering is usually achieved by texturing
TCO substrate (before or after the deposition) by wet-chemical and
lithography etching steps. Therefore, the optimization of the texturing
technique can lead to an improving of the solar cells efficiency and a
reduction of the absorber thickness, with strong advantages on the
production costs. In CdTe and Cu(InGa)Se, (CIGS) thin film solar cells,
low temperature deposition and thermal stability after the deposition also
play a crucial role for choosing the most suitable TCO. In particular, in
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CIGS solar cells, a three-layer TCO (CdS/i-ZnO/AZO) is used, which acts
both as defect passivation layer and as transparent electrode. While in
cadmium telluride solar cells, where the CdTe/CdS stack begins with TCO
coated glass, the goal is to find an optimal compromise between the
resistivity value and the ability to act as a barrier against diffusion during
the high temperature deposition of the CdTe layer. Transparent conductive
oxides are traditionally used in devices as thin film, while hybrid and dye
sensitized (Grétzel) solar cells, require TCO materials of different type, for
instance, three dimensional nanostructures like nanorods. Nanostructured
TCO electrodes help maximize the inorganic / organic interface and reduce
the gap between organic film and TCO contact. The poor transport of
excitons and charge carriers in the organic layer requires a very short
distance, less than 10 nm, between TCO and organic layer for a successful
device. Further properties of the TCO used to contact the organic layer are
important, such as the work function, surface morphology and chemistry.
The work function must be optimized to match the energy levels in the
organic absorber material in order to facilitate the collection of the charge,
while the chemistry of the surface is fundamental for the transfer of charge
to the interface.

2.4 New frontiers of TCO: multilayer approach

In the last two decades, we witnessed a true revolution in the field of
technological devices: we see the size of the devices decreasing over the
years, with considerable advantages (such as cost reduction and low
environmental impact) but making the technological finish line a real
challenge. We have seen in the previous section how the TCOs are present
in a huge number of devices, so it is necessary an evolution of these films
that combines in addition to good electrical and optical characteristics an
exceptional industrial integration.

TCO films are chosen for their high conductivity and their optical
properties: with regard to the latter, we know that they can improve making
the material subtler, without excluding the possibility of making it more
flexible but this can degrade the electric properties.

48



CHAPTER 2: TRANSPARENT CONDUCTIVE OXIDE

In fact, starting from the definition of sheets resistance:
Rgp, = g (2.10)

It is noted that a reduction in thickness, with the same resistivity, p, causes
an increase in Rs, thus worse electrical characteristics.

A possible solution to the problem is to combine a thin film of TCO, to
guarantee better optic properties compared to the thick film, with a very
thin film of metal, which has a typical resistivity of the order of 10 Qcm,
so as not to worsen the electrical properties too much.

Figure 2. 11: Schematic of TCO/metal/TCO

These, and other types of materials, are also referred to as TCM:
Transparent Conductive Materials.

Setting together layers, TCO / metal / TCO, the resistance of the sample is
the sum of the resistances of the single layers, put in parallel:

T e L 2.11)

Rtot Rtco Rmetal Rtco Rmetal

due to the different order of magnitude compared between the resistance
of TCOs and metal: it greatly improves the electrical properties of the
TCO, which had been lost in making the film thinner. We can observe in
the literature resistance values of layer ranging from 15 to 3 ohms,
generally obtained with an intra-layer metal film ranging from 6 to 20nm.

For each TCO / metal / TCO the choice of materials and thicknesses is
necessary for the optimization of the electrical and optical properties (due
49
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to the Haacke formula, T1°/R,, we can performance this result) . In these
structures can be integrated different types of metals, but the choice falls
on silver due to of its low resistivity and its optical properties to small
thicknesses. Furthermore, silver is perfectly integrated in TCO growth
methods (such as sputtering) and can be deposited at room temperature.
This is in contrast the best electrical performance of many TCOs where
are obtained after thermal treatment at high temperature (more than 250
°C), during or after the deposition process: for this reason, today many
kinds of TCOs are incompatible with thermoplastic substrates. TCOs /
metal / TCOs can offer different advantages compared to normal TCOs in
terms of cost and performance. The integration of these new structures in
the devices, listed above, would allow a reduction in production costs. The
multilayer structure does not show only good electrical and optical
properties. We observe in the state of art different studies of resistance to
temperature and humidity (is not particularly high due to the presence of
the metal [72]) to integrate this technology, even in devices that work in
extreme conditions. Moreover, the TCO / metal / TCO structure is
particularly flexible (due to the thickness) and this means a better
mechanical stability than thicker TCO single layers and the outer TCOs
act as anti-reflection coatings, so decreasing the reflectance [73]. A
carefully adjustment of the refractive index and thickness in these
structures can decrease the reflectance within a broad wavelength range.

These very ultra-thin multilayer structures such as ITO/Ag/ITO, with 100
nm of overall thickness, can provide a significant drop in indium
consumption and allow the achievement of -electrical-properties
comparable to single ITO.
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Since the early 1950s, a very thin film of Ag, Cu or Au has been used as a
transparent electrode [74]. In order to obtain electrical properties very
close to the bulk material, the thickness of these films must be about 10 nm
or higher, depending on the metal. High thicknesses are good for electrical
conductivity and robustness but, at the same time, high reflectance and
absorption of the light become strong limiting factors for their application
as transparent electrodes. In order to have high optical transmittance and
electrical conductivity in robust and reliable thin films, the multilayer
structure TCO/metal/TCO has emerged as a promising material. The
presence of a multilayer act as anti-reflective coatings and protection of
the metal which, on the other hand, guarantees very good electrical
properties to the whole structure. Proper control of the refractive index
and thickness in these films can reduce reflectance within a wide range of
wavelengths. Another critical aspect is the consumption of expensive
and/or toxic chemical elements, such indium in ITO. Ultra-thin
multilayers, with only 100 nm of overall thickness, can provide a
significant reduction of this element and allow the achievement of

electrical properties comparable to individual 500 nm thick ITO films.

Usually, the best electrical performance of many TCOs is obtained by
thermal treatments at 250 ° C, or higher temperature, during or after the
deposition process, this being incompatible with plastic and organic
substrates. Thus, the achievement of high optical transmittance and low
electrical resistance at room temperature given by the TCO/metal/TCO

Structures is a unique advantage for devices supported by this kind of
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substrates. Furthermore, the very low thickness and ductility of the metal

layer ensure better flexibility than a single thick polycrystalline TCO
layers.

In this chapter we will focus on the optical, electrical and structural
properties of TCO/metal/TCO, where AZO and ITO have been used as
TCO. The final part of the chapter concerns our results on a new kind of
TCO/Ag/TCO multilayer, with a Ag micro-grid embedded into 1Z0 films
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3.1. TCO/metal/TCO review

As already described in chapter 2, TCOs are an n-type semiconductors
with intrinsic doping by native donors such as oxygen vacancies and/or
interstitial metal atoms, or additional extrinsic doping by donor impurities.
The conductivity can be enhanced by increasing the carrier concentration,
with an intrinsic limit due to the Coulomb interaction (i.e. scattering)
between free electrons and ionized impurities. The most important
properties of these materials are the electrical and optical ones: a good
range for sheet resistances is 400-700 Q/sq (ohms per square) for
electrodes in touch screens which goes down to 10 €/sq for solar cells,

while a value of transmittance above 80% is usually required.

Among TCOs, tin-doped indium oxide (ITO) and aluminum-doped zinc
oxide (AZO) play an important role due the very good electrical properties
of the former and to the low cost and friendly environmental impact of the
latter. These materials show a very low electrical resistivity, near 2x10™
Qcm, mainly if deposited at temperatures above 250 °C. However, Indium
is rare, expensive and toxic [75] and a way to reduce its consumption is
strongly desirable. On the other hand, ITO/Ag/ITO structures have
allowed the achievement of sheet resistances below 5 )/sq and a visible
transmittance above 85%, with an overall thickness below 100 nm [76]—
[79]. To be noticed that more than 400 nm would be necessary for a single-
layer ITO electrode with 2x10~* Qcm to obtain the same sheet resistance.
Analogous performance has been achieved with other TCO/metal/TCO
structures such as ZnO/Ag/ZnO [37], Al:ZnO/Ag/Al:ZnO [80],
InZnSnOx/Ag/InZnSnOx [81], and InZnOx/Ag/InZnOx [78], all with

sheet resistance below 5 €)/sq.

Another great advantage of the TCO/metal/TCO technology is the use of
the same deposition process industrially employed for TCOs, i.e.

sputtering technique. Sputtering is extensively used due to several
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capabilities: large area processing, relatively low cost high quality of

materials even at room temperature processing.

Taking into account the fact that the electrical performances depend on the
metal layer in the TCO/metal/TCO structures, Ag is generally used, but
some Ag-based alloys including Cu, Au, and Pd in small amounts, or pure

Cu and Au have also been proposed.

Both optical and electrical parameters strongly changhe when the metal
thickness increases from 5 to 15 nm, as reported in Fig.3.1 where we show

in particular behaviors for Ag and Cu.
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Figure 3. 1 : Representation of the maximum transmittance and sheet resistance values obtained

for sputtered Ag and Cu coatings as a function of film thickness [64]

The two different slopes depend on the existence of two different regions
as a function of the evolution of the thin metal film which indicate a

transition from clusters to a continuous layer [75]

Although high visible transmittance and low electrical resistance are
essential parameters for efficient TCO/metal/TCO electrodes, other
features such as mechanical reliability and thermal stability can also be
decisive for applications on flexible substrates or devices requiring

subsequent manufacturing steps at high temperature. With the
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development of flexible displays, for example, there is a need for flexible
transparent conductors to replace standard rigid TCOs [82]. Moreover,
TCO/metal/TCO electrodes have also demonstrated to improve electronic
devices on rigid glass substrates such as supertwist liquid crystal displays
[83] and can be extended to other rigid devices with high temperatures

during manufacturing [84].

In the next section we will focus on the role of the Ag thickness and
compare different TCO/Ag/TCO structures.

3.2. TCO/Ag/TCO: optical and electrical properties

As stated in the previous section, transparent electrodes based on a very
thin TCO/metal/TCO film sequence is a good alternative to a standard
much thicker TCO. Although multilayers with different types of TCOs and
metals have been reported in the literature, still a lack of expertize in
transferring these materials to industrial fabrication processes exists. In our
work, we studied the structural, electrical and optical properties of
different TCO/Ag/TCO sequences, in particular ITO/Ag/ITO,
AZO/Ag/AZO, ITO/Ag/AZO and AZO/Ag/ITO grown onto glass
substrates by RF magnetron sputtering at room temperature. The thickness
of the top and bottom TCO films has been set to about 50 nm each, while
the Ag intra-layer film has a thickness of 10 nm. Actually, a study based
on different Ag thickness was done at the very beginning to find the best
compromise between optical transparency and electrical conductivity,
finding as a thickness of 8-12 nm gives the best results. This part of the

work will be presented at the end in the 3.2.1 section.

For sample preparation, we used a “nanoPVD” sputter system by
Moorfield, which is a compact physical vapor deposition (PVD) system.
It is designed to provide high-quality thin film on substrates with diameters

up to 100 mm through magnetron sputtering and, eventually, co-deposition
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from room temperature up to 500 °C. The deposition chamber was at 10-
7 torr before starting the film growth. Glass substrates were cleaned in
acetone, rinsed in deionized water and ethanol, dried with flowing nitrogen
gas, then kept in the sputtering chamber 70 mm away from the targets. The
sputtering system allows to deposit the different materials in sequence
without breaking the vacuum. TCO and Ag sources were targets of ITO
(10 wt% SnO;-doped In,03), AZO (2 wt% Al,Os-doped ZnO) and Ag
(99.999 % purity), respectively. Plasma was obtained in a pure Ar gas
atmosphere, with a gas flow of 6 sccm, at a process pressure of 1 Pa.
Sputtering powers were 75 W for AZO and ITO, and 30W for Ag. For

comparison, samples 100 nm tick of AZO and ITO were also prepared.

Figure 3.2 shows the RBS spectra of TCO/Ag/TCO samples with all the
combinations of AZO and ITO sequences. The peak at about 1.70 MeV is
due to He + backscattered by the Ag layer, while the two peaks at 1.57 and
1.51 MeV are related to Zn in the top and bottom AZO films, respectively.
The peak at 1.73 MeV is related to In in the top ITO layer but it was
impossible to separate the signals from In and Sn, as well as In in the
bottom ITO film and Ag. The simulation of the RBS spectra allows to
calculate the thickness of the films in the multilayer by using the atomic
material density. It was then possible to confirm that the top and bottom
TCO layers were about 50 = 5 nm, while the incorporated Ag layer was

estimated 10 + 1 nm.

56



CHAPTER 3: TCO/METAL/TCO

T Al L}
—il— AZO/AgQ/IAZO Ag intralayer
8000  —O— ITO/AQNTO
—@— AZO/AQNTC
O— ITO/AQ/AZO

6000

4000

Zn bottom 7Zn top

RBS yield [arb. units]

2000

Energy [MeV]

Figure 3. 2 : Rutherford backscattering spectra of TCO/Ag/TCO multilayers grown on glass

substrate

Density values for AZO, ITO and Ag were 7.22 10* at/cm’, 7.22 10*

at/cm’, 7.22 10* at/em’ respectively.

Figure 3.3 shows the SEM image in cross-section of the AZO/Ag/AZO
sample, in which the typical polycrystalline columnar structure of AZO is
clearly visible. The thicknesses calculated by RBS have been confirmed
by SEM analyses. Fig. 3.3 shows a continuous layer of Ag with a quite
uniform thickness of about 10 nm as indicated by the FWHM of the peak
obtained using the image analysis software (inset of the figure). The sharp
interface between the layers also supports the idea that no diffusion of Ag
in TCO film has taken place during deposition [85], as also indicated by
the narrow shape of the RBS peaks.
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Figure 3. 3 : Cross sectional SEM image of the AZO/Ag/AZO multilayer. The inset is the output of
the software used to estimate the thickness of the Ag intralayer. The FWHM of the peak is 10.5

nm

Once the structural quality of the samples was checked, optical and
electrical characterization were done. Table 3.1 reports the thickness,
resistivity, mean value of the optical transmission (Tyis) in the range 400-
800 nm and at 550 nm wavelengths (Tsso) for all samples. With regards to
the electrical properties, the single AZO and ITO layers show a resistivity
of about 10-2 Qcm or higher, depending on the nature of the TCO and the
deposition process parameters. When the Ag layer is inserted in the middle
of the TCO films, a reduction of the resistivity of 4 orders of magnitudes,
or higher, is observed. This is easily understood by considering that the

resistance of circuits in parallel follows the rule:

et et 3.1)

1
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Sample Thickness | Resistivity | <T,i> (%) Ts50 (%)
(nm) (Qcm)
AZO 100 310" 79 79
ITO 100 310 79 83
AZO/Ag/AZO | 50/10/50 110” 75 79
AZO/Ag/ITO | 50/10/50 110” 76 78
ITO/Ag/AZO | 50/10/50 1107 80 86
ITO/Ag/ITO | 50/10/50 1107 68 74

Table3.1: Sheet resistance of samples grown with different spheres, etching time and Ag thickness.

Despite of very similar electrical properties, the optical behavior of these
multi-layer electrodes seems to depend on the nature of the TCO and, in
particular, on the sequence of TCO films. The low absorption of Ag thin
film in the visible-NIR range [86] is essential to increase the light
transmission of the multilayer structure. To maximize transmittance in the
visible range, the TCO thickness of each layer was set to 50 nm (TCO in
the range of 30-60 nm are commonly used [64]). Figures 3.4a, 3.4b shows
the optical transmittance and reflectance of our samples. The transmittance
of the glass substrate is also reported and it is not subtracted in the spectra.
The absorbance, calculated as A = 100 - (T - R), is shown in Fig. 3.4c. The
wavelength region around 650 nm shows very similar T values for all
samples. The symmetric ITO/Ag/ITO structure shows the worst
performance over the entire wavelength range, followed by the
AZO/Ag/AZO structure. For the asymmetric structures, however, we
observe a higher T at least in a partial spectral region, below or above 650
nm. The ITO/Ag/AZO sequence has best transmittance below 650 nm
while the AZO/Ag/ITO structure shows a better behavior above 650 nm.
Finally, single TCO samples have a higher T between 350 and 450 nm and
above 900 nm. The reflectance curves put in evidence as most of the
features observed in the T spectra are related to this parameter. The

multilayer samples have a reduced reflectance in a wide region of the
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visible range (450-800 nm), with a minimum around 650 nm. In contrast,
single-layer TCO has an almost constant R value of around 20%.
However, this advantage is partially compensated by the higher
absorbance of the metal layer, as seen in Fig. 3c. In fact, all TCO/Ag/TCO
samples show an almost constant value of A=20% above 400 nm, higher
than single TCOs.

It is clear and trivial that individual TCO layers have a lower absorbance
than a structure containing a Ag film, but what is important to highlight
here are the two aspects concerning the overall combination of optical and
electrical properties. On one side there is the low absorbance but relatively
high reflectance of pure TCOs, coupled with an unacceptable high
electrical resistance in the case of very thin films. On the other hand, the
higher absorbance due to the metal layer is compensated by a lower
reflectance in the visible range and accompanied with an extremely low
electrical resistance, which make these materials unbeatable from this
point of view. Finally, the control on the TCO and Ag thickness, as well

as the deposition sequence, also allow a tuning of the optical properties.
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Figure 3. 4 : Optical transmittance (a), reflectance (b) and absorbance (c) spectra of TCO single

layers and TCO/Ag/TCO multilayers, expressed in percentage

3.2.1.  Role of the Ag thickness

Fig. 3.5 shows the variation of the transmittance of AZO/Ag/AZO
multilayer structures versus the thickness of Ag. We can observe three

different regimes: from 0 to 5.4 nm, from 6.3 to 10.6 nm and higher than
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12.7 nm. When the metal layer is thinner than about 6 nm, T decreases
across the entire wavelength range, while for Ag values in between 6 and
12 nm the region up to 550 nm of the spectra has a higher T than single
AZO. Above 12 nm of Ag thickness, the T again goes down to very low

values mainly in red/NIR part of the spectrum.
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Figure 3. 5 : Optical transmittance spectra observed in AZO/Ag/AZO multilayers with various silver

film thicknesses.

This behavior is however easily explained by the evolution of the Ag layer
with its thickness. In particular, low Ag coverages lead to the formation of
clustered films and a consequent strong light scattering by 3-dimensional
structures of relatively high thickness. When a uniform Ag film forms
formed, by the coalescence of the previously formed clusters, the light is
much less scattered and absorbed by a smooth uniform thin film and, at
the same time, the antireflective properties of the multilayer structure
introduce some consistent benefit on the final transmittance. Finally, when
the thickness of the Ag film is too high, the absorption mechanism

becomes predominant.

The coupling of optical behavior with the electrical ones is done in Fig.

3.6, where we show the average values of the transmittance (<T>) in the
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visible range (400-800 nm) (a) and the electrical resistances (b) versus the
Ag thickness. The panel (a) of the figure reports what just described for
the optical part, while panel (b) show an abrupt fall of Ry, up to almost 5
orders of magnitude, as Ag is inserted in between the two AZO films. As
expected, and contrary to the T value, Ry, always decreases by increasing
the Ag thickness, the lowest value of about 2.5 /0 obtained at 19 nm.

80 m o a<
\ Ta
N 4 '\
75" N\ 4 - .
N ! >
! u
70t o N ;
— \
65| & 1
|_ ~
vV 60} g ]
N
55 TS
50 } L
1E6 o b~
= N z
100 | b4 '
— \
o A
Y \
e o, .
- o 9
& 10F T 4
"“-.~‘
"o

0 2 4 6 8 10 12 14 16 18 20
Ag thickness [nm]

Figure 3. 6 : (a) <T>, the average values of the transmission in the visible range (400-800 nm), and
(b) Ry, of AZO/Ag/AZO multilayers as a function of silver film thickness.
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In order to optimize the combination of optical and electrical properties, a
figure of merit due to Haacke, [87] is usually adopted. This figure is based
on the ratio T¥Y/Ry, and its maximum represents the best choice
concerning the Ag thickness in the multilayer. In our case the Hacke’s
figure is shown in Fig. 3.7 and it is reason why we used 10 nm of Ag in

our samples.
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Figure 3. 7 : Figure of merit of AZO/Ag/AZO multilayered films, as a function of silver layer thickness

Although the use of a uniform metallic film is the standard in most of the
proposals and researches, we decided to investigate the possibility of an
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