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Supervisor’s Foreword

Transparent electrodes (TEs) are essential elements in many photonic and elec-
tronic devices since they allow applying or collecting electrical signals while
transmitting electromagnetic radiation.1 Devices such as tactile and rigid displays,
light emitting diodes, solar cells, electrochromic windows, and photodiodes would
not exist if suitable TEs were not available.

Currently, the most widely used TE is indium tin oxide (ITO), a wide band gap
semiconductive oxide, which presents the best trade-off between optical trans-
parency and electrical conductivity and that was also developed many decades
ago.2 ITO suffers from important drawbacks; it is expensive because Indium is a
scarce element, its price is subjected to significant variations leading to unwanted
change in production costs, it is not always chemically compatible with other
layers forming the devices, such is the case of organic compounds that can be
affected by the release of In ions, and it has poor mechanical flexibility because of
its fragile oxide nature, this property being essential for low cost roll-to-roll
processing.3

There is thus a strong need to develop cost-effective, mechanically flexible and,
in some cases, chemically stable TEs which can replace ITO. Several research
groups have been investigating a wide range of Indium-free materials, including
aluminum-doped zinc oxide (AZO), carbon nanotubes (CNTs), silver nanowires
(AgNWs), ultrathin metal films (UTMFs) and, and most recently, graphene.

Dhriti Sundar Ghosh’s thesis contains original work on UTMF-based TEs,
covering their design, fabrication, characterization, and effective use in several
devices, in particular organic solar cells (OSCs) and organic light-emitting diodes
(OLEDs). Metals, when sufficiently thin, i.e., \10 nm, can become transparent
while still maintaining high electrical conductivity. This is the case for example of
Ni, Ti, Cr, Cu, and Ag. The development of UTMF technology within this thesis
has allowed to produce high quality In-free TEs, either in single or multilayer

1 Handbook of transparent conductors, ISBN 978-1-4419-1638-9, Springer (2010).
2 Method of fabricating transparent conductors, US3749658 (1973).
3 Past achievements and future challenges in the development of optically transparent electrodes,
Nature Photonics 6, 809 (2012).
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geometry, as well as their combination with other materials, such as AZO, CNTs,
and, more recently, graphene.

Main achievements of the thesis include: for the first time it is shown that
through ad hoc surface treatment, the island growth of metal during deposition can
be avoided, thus making possible to achieve UTMFs which are continuous even at
1 nm thickness, i.e., only several atomic layers4; oxidation which is usually an
unwanted effect is exploited to increase the stability of the UTMFs together with
their transparency and, in some cases, the work function for carrier injection5;
UTMFs are combined with metallic grid for achieving a better trade-off between
transparency and conductivity, the methods being readily extendable to Ag NWs
and CNTs networks6; UTMFs are used to increase the stability of AZO, especially
under humidity and temperature conditions, while, at the same time, providing
them with functional surface properties.7 Last, but not least, the thesis demon-
strates that the developed UTMF-based TEs can be efficiently used in OSCs and
OLEDs, providing performance matching those of similar ITO-based devices, with
the additional advantages of low cost and mechanically flexibility.8,9

The scientific and technological advances, covering material, surface chemistry,
and device physics, are described in 12 papers in high impact factor journals (5 of
them as first author), 5 invited talks, and 3 patent applications. Arguably, the most
important output of the thesis’s work is the fact that it has allowed the group to
establish numerous bilateral projects within industries in Spain, Germany, Italy,
Israel, and USA with prominent companies like Ficosa International, SEAT-
Volkswagen, BASF, Carl Zeiss, Oclaro, IBM, and Corning Inc., for a wide range
of applications, including tactile and rigid displays, electro-optic modulators,
OSCs, lithography masks, and car equipment.

Barcelona, March 2013 Valerio Pruneri

4 Widely transparent electrodes based on ultrathin metals, Optics Letters 34, 325 (2009).
5 Stable transparent Ni electrodes, Optical Materials 31, 1115 (2009).
6 High figure-of-merit ultrathin metal transparent electrodes incorporating a conductive grid,
Applied Physics Letters 96, 41109 (2010).
7 Highly stable Al-doped ZnO transparent conductors using an oxidized nickel capping layer,
Applied Physics Letters 99, 93302 (2011).
8 Semitransparent metal electrode of Cu-Ni as a replacement of ITO in organic photovoltaic
cells, Solar energy Materials, and Solar Cells 95, 1228 (2011).
9 Nickel as an alternative semitransparent anode to indium tin oxide for polymer LED
applications, Nanotechnology 25, 275204 (2009).
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Preface

Transparent electrodes (TEs) are the essential elements of many optoelectronic
devices such as solar cells, touch screens, organic LEDs, and LCDs. Consequently,
demand for TEs is growing very steeply and the market value presently stands at
eight billion USDs. The state-of-art indium tin oxide (ITO) has an excellent trade-
off between optical transparency and electrical sheet resistance but suffers from
several drawbacks, mainly the increasing cost due to indium shortage, and inad-
equate flexibility due to poor mechanical ductility.

This thesis presents the development of a new class of TEs based on ultrathin
metal films (UTMFs). The work started from understanding the fundamental
aspects of UTMF growth and properties, and then focused on different UTMF-
based geometries, composition, and combination for potential applications in
different optoelectronic applications.

Single component ultrathin Ni and Cr films were shown to possess significantly
high transparency in the ultraviolet (175–400 nm) and mid-infrared (2.5–25 lm)
regions making them viable TE for devices such as UV photodiodes, and IR
pyroelectric detectors. The natural oxidation process, which is a major concern for
metal films, has been exploited to achieve stable metallic films by inducing a
protective oxide layer.

In another proposed novel design, incorporating an ad hoc conductive grid, the
sheet resistance of UTMFs can be reduced by more than two orders of magnitude
with negligible loss in transparency, which in turn eliminates the inverse trade-off
relationship between optical transparency and electrical conductivity of continuous
metal-based TEs.

A TE structure based on the ultrathin conductive Cu films with an application
specific functionalized capping layer of Ti or Ni layer has been demonstrated. The
properties of the TE can be tuned accordingly and show excellent stability against
temperature, and oxidation. The suitability of Ag–Cu alloy films as TE as an
alternative to ITO has been also investigated. The optical spectrum of such alloy
films follows the average optical behavior of single component Cu and Ag layers,
thus resulting in a much flatter optical response in the visible region.

UTMFs combined with Al-doped ZnO (AZO), which is possible ITO
replacement, has also been demonstrated to show the possibility of hybridizing the
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two technologies. A bilayer Ag/AZO has been developed which can overcome the
high reflection of metals and retain their good electrical behavior, while main-
taining a minimum total film thickness. In another structure, UTMF capping layer
were used to improve the stability of AZO. It was found that an ultrathin oxidized
Ni capping layer with a thickness at percolation threshold greatly enhances the
stability of AZO layer in harsh environment without affecting the electro-optical
properties.

x Preface
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Chapter 1
Introduction

1.1 Transparent Electrodes

One of the most crucial requirements of optoelectronics and photonics industry is
the realization of inexpensive and efficient transparent electrodes (TEs), i.e., films
that permit one to bring electrical currents or potentials in the proximity of opti-
cally active regions without significant loss of optical energy [1, 2]. For example,
in case of photovoltaic (PV) cells, these components work as electrodes to extract
separated charge carriers from the absorbing material, while in the case of organic
light emitting diodes (OLEDs), they inject charge carriers without affecting the
light out-coupling efficiency (Fig. 1.1). TEs pervade modern technologies, pro-
viding a critical component of optical displays, solar cells, lasers, optical com-
munication devices, and solid-state lighting [3–5].

In a material, the electrical conductivity is generally described through the
imaginary part of the refractive index or the extinction coefficient [6]. In this
regard, materials like metals that are highly conductive will not normally transmit
visible light, while highly transparent media like oxide glasses behave as insula-
tors. The challenge is to decouple these two properties in such a way that one can
tune the electrical property of a material without affecting its optical properties and
vice versa. To achieve this, until now, the majority of the effort has been in
developing dielectric transparent media into conductive ones without significantly
altering their transparency, such is the case of transparent conductive oxides
(TCOs) [7–9]. Less effort has been made to increase the optical transparency of an
electrically conductive material, which is the main focus of this thesis.

Besides optical transparency and electrical conductivity, other TEs’ properties
are crucial to ensure device performance, with specifications depending on the
types of device. For example, while surface roughness and work function are
insignificant for resistive touch screens, they are crucial for OLEDs and organic
solar cells (OSCs) [10, 11]. Moreover, the optical haze of particular transparent
electrodes is beneficial for high-efficiency solar cells but problematic for certain
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types of displays [12]. The mechanical properties of the electrode can also be
essential, e.g. for flexible devices. Harsh environment stability and impermeability
to gas and water will be key properties investigated through this thesis.

1.1.1 Applications and Market

Over the last decade there has been a constant increase in devices which require
one or more transparent conducting layers and that trend is expected to continue
for the foreseeable future. Their ability to reflect thermal infrared (IR) heat is
exploited to make energy conserving windows. Oven windows employ TEs to
conserve energy and to maintain an outside temperature that makes them safe to
touch. Automatically dimming rear view mirrors for automobiles and electrically
controlled smart windows incorporate a pair of TEs with an electrochromic
material between them. TEs can also be formed into transparent electromagnetic
shields, invisible security circuits on windows, and transparent radio antennas built
into automobile windows. The electrical conductivity of TEs is exploited in front
surface electrodes for solar cells and flat panel displays which includes liquid
crystal display (LCD), plasma and OLED based displays, larger and high reso-
lution flat screens for portable computers. In fact, LCD is by far the largest user of
TEs but many other devices are showing rapid growth such as touch screens,
E-paper and flexible displays. Figure 1.2 shows the growth of TEs market in
various applications. In particular, the total market value is expected to double
over the next 4 years. With the advancement in thin film solar cell technology (roll
to roll processing), it is anticipated that photovoltaic industry together with dis-
plays would be one of the largest consumer of TEs in the near future.

Fig. 1.1 Illustration of the
role played by TE in a solar
cell
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1.1.2 State of Art and its Drawbacks

The state-of-the-art solution relies on large band gap semiconductors doped with
metal, which are also known as TCOs. Among TCOs, the mostly widely material
used today is tin doped indium oxide (ITO). It has single-handedly dominated the
field for almost four decades [13]. ITO has been the subject of research and has been
refined for over 50 years and as a result, the material offers many beneficial
properties that have made it the material of choice. The ability to deposit it with
precisely controlled thicknesses and controlled doping concentration has signifi-
cantly contributed to its widespread application [14]. A typical ITO film (100 nm)
film has sheet resistance (RS) of about 15–20 X/sq and average visible transparency
[85 %, a trade off that meets most of the application-specific device requirements.

However, ITO has certain drawbacks, mainly centered on its scarcity of supply.
It is widely believed that a shortage of indium may occur in the near future because
of the limited nature of world indium reserves. The price of indium has recently
increased by approximately one order of magnitude [15, 16]. As a result, a stable
supply of ITO may be difficult to achieve considering the expansion of the TEs’
market. Figure 1.3 shows the typical distribution of cost per m2 for the fabrication
of ITO film. As can be seen, a major chunk of the cost ([40 %) is the sputtering
target. Apart from the supply and cost factor, the next generation of optoelectronic
devices requires TEs to be flexible and compatible with large scale manufacturing
methods (roll to roll processing). ITO, being an oxide, is brittle and therefore
cracks when bended which leads to loss of its electrical properties [17]. Another

Fig. 1.2 Market value prediction of TEs for different applications (Source www.nanomarkets.
com)
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drawback of ITO is the fact that deposition of ITO films is far from being a
straightforward process, since their electrical and optical properties depend on
dopant concentration, defects, and vacancies and usually require high temperature
post-deposition treatment, the latter often being not compatible with the other
processes used to make the device. ITO can also lead to device degradation owing
to indium and/or oxygen migration from it into active organic layers [18].
Moreover, the ITO work function strongly depends on the cleaning procedure
which is very crucial for certain applications [19]. Last but not least, several
optoelectronic devices such as ultraviolet (UV) photodiodes, UV LEDs, solar cells
for space applications, or IR pyroelectric detectors require electrodes with high
transparency in the UV and/or IR regions. The typical band gap energy,
Eg = 3.75 eV (331 nm), and plasma resonances in the near IR [20] make ITO
impractical as transparent electrodes in the UV and IR respectively, even when the
free-electron density is changed significantly [21].

1.1.3 Materials for ITO Replacement

1.1.3.1 Alternative TCOs

There is a great diversity of alternative TCOs to replace ITO. These include
aluminum doped zinc oxide (AZO), fluorine doped tin oxide (FTO), magnesium
doped zinc oxide (MZO), antimony doped tin oxide (ATO), gallium doped zinc
oxide (GZO), aluminum doped MZO (AMZO) and gallium doped MZO (GMZO).
Among these, AZO and FTO are considered the most viable alternatives to replace
ITO [22, 23]. AZO is inexpensive, relatively abundant, easy to prepare, and non-
toxic. AZO, fabricated by sputtering, has already established itself and has over
90 % of the market for the top electrode of CIGS solar cells [24]. One of the major
concerns for AZO is the electrical stability of the film in humid environments,
especially for films thinner than 100 nm (explained in detail in Chap. 7). FTO is
well suited for chemical vapor deposition (CVD) at high temperatures, thus
allowing its deposition during the drawing of the glass substrate. However FTO
does not allow an easy, accurate etch, limiting its applications [25]. In general, all
other TCOs possess significantly higher resistivity compared to ITO and more
importantly still suffer from the problem of not being mechanically flexible.

Fig. 1.3 Price distribution
per m2 for ITO film via
sputtering (Source Von
Ardenne)
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1.1.3.2 Metallic Nanowire Networks

Random networks of metallic nanowires (NWs) have recently been put forward to
replace ITO. Metal nanowires carry the advantages of low RS, high transparency
and mechanical flexibility. The solution process is also a low cost manufacturing
technique which is compatible with roll-to-roll techniques [26, 27]. Silver NWs
can achieve RS values of 13 X/sq and transparency of 85 %[28]. More recently,
Cu NWs were also synthesized to overcome the Ag price. Latest results of Cu
NWs based TE show RS of 20 X/sq and 60 % transparency [29]. The relatively
large diameter of NWs (50–200 nm) causes significant surface roughness in the
films, which is not desirable for applications with thin active layers. Additionally,
the size and spacing of the NWs in the mesh lead to significant light scattering, a
phenomenon known as haze, which is undesirable in many display applications
[8]. The long term electrical stability of such films is a concern, as silver can
corrode through such reactions as oxidation or sulfidation, which will increase the
electrical resistivity of the films, especially due to the formation of poor contact
between NWs. Electromigration of metallic ions in response to an applied current
can also pose a potential problem in devices in which a high current carrying
capacity is required [30].

1.1.3.3 Carbon Nano Tubes (CNTs)

CNTs are microscopic long, thin cylinders of carbon. They were first discovered in
1990s, and have remarkable physical and electrical properties. One of the critical
requirements for CNT films is that the density of nanotubes must be above the
threshold for the formation of a percolation network. Although the conductivity of
individual nanotubes is high, the high resistance at the nanotube–nanotube junc-
tion limits the conductivity of the films [31]. In general, CNT films are comparably
inexpensive and can be fabricated over large areas in various thicknesses and
patterns. They are highly flexible and therefore are very well suited for flexible
electronics. However, despite their properties, CNTs have been slow to find a
commercial use. One of the major impediments towards implementing CNTs is the
inability to obtain bulk quantities of material with suitable purity. In addition, their
performance is still behind that of ITO films. For example, the best trade-off
between RS and transparency, reported so far, has been 30 X/sq and 70 %, still far
from the requirements of most applications.

1.1.3.4 Graphene

Graphene is a two-dimensional allotrope of carbon and is an emerging material of
interest, both for fundamental understanding and potential applications. It is a
single sheet of sp2 bonded carbon atoms having bandgap of 0 eV and thickness
0.34 nm. Graphene is one of the most transparent materials which absorbs only
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2.3 % of the incoming light over the whole spectrum and has a theoretical RS

value of about 30 X/sq. The typical experimental sheet resistance of undoped
synthesized graphene is between 2 and 5 kX/sq, roughly 100 times larger than the
theoretical minimum [32]. Combining four layers of graphene leads to a pn
experiemntal RS value of *350 X/sq maintaining 90 % transparency [33]. Vari-
ous doping methods have been suggested to make graphene more conductive.
Although the transparent electrode’s performance of the doped graphene is much
better than undoped graphene, its stability is an issue, especially in air and under
thermal loading [34]. Graphene is usually grown on a substrate different from that
of the final substrate used for device fabrication. The current graphene transfer
procedures rely on polymer coating to maintain the graphene film integrity and to
prevent folding, while the underlying Cu foil is chemically etched. Unfortunately,
these process need several wet chemical steps that contaminates and mechanically
damage the graphene resulting in higher RS [35].

1.1.3.5 Conducting Polymers

Conductive polymers are those that are doped to create semiconducting materials.
They are the essential materials platform for both thin film transistors and organic
LEDs. Among them, poly (3,4-ethylenedioxythiophe) (PEDOT) is the most
commonly used. It has a high electrical conductivity, up to 600 S cm-1, and
electrochemical stability while still maintaining moderate transparency and good
film-forming properties [36]. It is often doped with aqueous polystyrensulfonic
acid (PSS), which makes it water soluble and thus the processing becomes easier.
The films are non-brittle and being in solution state makes them highly versatile.
The best PEDOT-PSS film can achieve RS values of 150 X/sq with 80 % trans-
parency. However, the main problem of conducting polymers is the instability of
the doped state, which can rapidly decrease the electrical conductivity when
exposed to various stresses (thermal, chemical, UV light, etc.) [37].

1.2 Aim of the Thesis

The main objective of this thesis has been to develop new geometries of ultrathin
metal film (UTMF) based TEs to replace costly and problematic ITO.

Metal films, when sufficiently thin (\10 nm), become transparent to light, yet
still maintain good electrical conductivity. Single or multilayer UTMFs can
overcome the high cost of raw materials such as indium and can be grown using
single a process technique, i.e., sputtering, thus becoming a straight forward
solution, that can to be integrated into typical industrial processes. The cost of
depositing UTMFs based on abundantly available inexpensive metals can be 60 %
less than that of typical ITO films (Fig. 1.3). Contrary to TCOs, UTMF based TEs
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possess high compatibility with nearly all organic and semiconductor materials
(e.g., active medium) and related fabrication steps.

Another objective of the thesis has been to integrate the developed UTMF
based TEs into energy efficient photonic devices. Different UTMF based geome-
tries, compositions, and combinations have been investigated for potential appli-
cations in OLEDs, PV cells—organic and inorganic—and displays.

In addition, the possibility of combining the developed UTMF technology with
other ITO replacing contenders like AZO was also explored to achieve improved
hybrid TEs.

Through collaborative research, OPV cells and OLEDs which show electro-
optical performance (efficiency) comparable with devices based on ITO electrode
has been also achieved.

1.3 Thesis Outline

This thesis is organized in seven chapters. Chapter 2 provides an introduction of
UTMFs, their deposition and characterization techniques. In particular the optical
transmission of UTMFs from UV to mid-IR region (175 nm–25 lm) is investi-
gated and a method to make the films environmentally stable is proposed. Such a
method consists of carrying out appropriate temperature cycles in the presence of
oxygen to produce a protective oxide layer on top of the metallic film which
prevents further oxidation of the combined structure.

We have proposed a novel metallic grid based structure and reported experi-
mental results which confirm that it is possible to reduce the RS of UTMF based
TEs of more than two orders of magnitude without significantly affecting their
transparency, as described in Chap. 3. The chapter also discusses the grid design
for the optimum trade-off between optical and electrical properties.

Copper which is widely used in microelectronics has excellent electrical and
optical properties. However it is very unstable and tends to form oxide in the
presence of oxygen. Chapter 4 describes the development of bilayer TE structure
consisting of an ultrathin and continuous Cu film covered by a protective ultrathin
Ti or Ni film. The capping layer is chosen according to the functional requirements
of specific devices. The performance of these Cu based TEs has been investigated
in devices like OLEDs and OPVs, achieving similar efficiencies to those of ITO.

The visible optical spectrum of UTMFs within the visible range is non-uniform
due to the presence of a characteristic plasma frequency and intraband electronic
transitions. In Chap. 5, a detailed theoretical and experimental investigation on
utilizing alloy films as TEs has been described, which can offer a flatter wave-
length response with respect to single component UTMFs. Efficient OPV cells
employing ultrathin alloy electrodes were also demonstrated.

In Chap. 6, a bilayer structure of metal/oxide (Al:ZnO capped Ag nano-thick
film) has been described which can overcome the high reflection of metals yet
retain their good electrical behavior, while still keeping the minimum total
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film-thickness. Electrical and optical properties as well as the environmental sta-
bility of the bilayer structure were theoretically and experimentally studied. In
particular, the use of UTMFs to improve the stability of Al-doped ZnO (AZO),
which is known to become a problem at small thicknesses, is proposed which is
described in Chap. 7. In the same chapter, the proposed TEs were shown to be
used efficiently in OLEDs and OPVs.

And, finally, in Chap. 8, we conclude with some of our ongoing effort in the
field and future outlook.
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Chapter 2
Basics of Ultrathin Metal Films and Their
Use as Transparent Electrodes

2.1 Definition of Ultrathin Metal Films

The beginning of ‘‘Thin Film Science’’ can possibly be traced back to the
observation of Grove [1] in 1852 who noted that metal films are formed by
sputtering of cathodes with high energy positive ions. Since then it has come a
long way and today it has become a fully-fledged academic discipline which has
led to many industrial and household products. There is a phenomenal rise in thin
metal films research, like their counterpart dielectric films, due to their extensive
applications in electronics, optics, aviation, space science, defence and several
other industries [2, 3]. These investigations have led to numerous inventions in the
form of active devices and passive components such as piezo-electric devices,
sensor elements, storage of solar energy and its conversion to other forms,
reflecting and anti-reflecting coatings and many others. Furthermore, due to
compactness, better performance and reliability coupled with low cost production,
thin film devices and components are preferred over their bulk counterparts [4, 5].

Metal film properties are sensitive not only to their structures but also to many
other parameters, including the process by which they are made, deposition con-
ditions, substrates onto which they are deposited and most crucially on their
thickness [6–8]. Basic research on thin metal films is generally limited to certain
ranges of thickness, typically between a few Angstroms (Å) to about 10,000 Å
depending on the properties under investigation. Mathematically, thin films are
defined as a homogeneous solid material contained between two parallel planes
and extended infinitely in two directions (x, y) but restricted along the third
direction (z), which is perpendicular to the x–y plane. The dimension along the
z-direction is known as the film thickness. Within the definition of thin films they
can be classified according to their thickness as (i) ultrathin, (ii) thin, and (iii)
comparatively thicker ones, the last one generally greater than 1000 Å. The first
category has thickness in the range of few Å to 100 Å while the second category
falls in the regime of 100–1000 Å. UTMFs (B10 nm) find their applications in
areas such as magnetic sensors, recording materials, electro-optic and novel
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devices such as spin filters, transistors, solar cells, and organic LEDs. In this thesis
work as mentioned in Chap. 1, the UTMFs were explored and successfully used as
TEs which can seriously compete with widely used indium based ITO.

2.2 Deposition of UTMFs

The existing techniques for thin film deposition are essentially based on Physical
Vapor Deposition (PVD) processes: among those, the most popular ones are
sputtering and thermal evaporation, but also pulsed laser ablation is gaining
importance. Whichever the technique used, due to the importance of impurities
and contaminants, deposition of thin films using PVD relies on ultra-high vacuum
systems, i.e. base vacuum levels of[10-7 Torr [9, 10]. Moreover, the nature of the
deposited films is governed by a great variety of parameters that characterize the
deposition process, such as deposition rate, pressure and composition of deposition
atmosphere, cleanliness level of the vacuum chamber, substrate temperature,
substrate materials, target-substrate distance, and substrate angle [8–10]. The
presence of defects, dislocations, grain boundaries and surface roughness may be
determinant for the film properties. In order to reach film thicknesses below 100 Å
(10 nm), one must often push process parameters (such as vacuum base-level, gas
pressure, power, time of exposure) to the extreme limits allowed by the deposition
system themselves. This may lead to problems of film quality (for example in
terms of uniformity) and repeatability. These drawbacks are critical, and have to
be taken into account when dealing with industrial manufacturing.

Among the variety of PVD processes, deposition by sputtering holds a unique
position. Well known advantages over evaporation processes include wide-area
uniform coverage, ability to coat temperature-sensitive substrate materials, and the
virtually limitless variety of materials that can be deposited [11]. Included in the
latter category are metals, compounds, alloys, and mixtures. Oxide, nitride, and
fluoride compounds can be reactively sputtered starting from metal targets. Many
variants of sputtering exist today, with DC sputtering the most appropriate for
metals while RF sputtering for dielectrics and special compositions.

The basic process of sputtering involves a process gas (in our case argon, Ar)
which is introduced inside the high vacuum chamber (Fig. 2.1). An electric field is
applied between the target and the substrate which leads to the creation of plasma
with the positive Ar+ ions accelerated towards the cathode (target) located on the
bottom of the chamber. Particles are detached from the target due to the
momentum transfer of Ar+ ions when colliding with the target material, contained
within a plasma plume similar to a flash light or a cone resulting in deposition of
film on the substrate situated just above the cathode. Free electrons generated
during the process are confined close to the target material using a magnetic field
created by a magnet ring located just behind the cathode (target). It is then less
probable that these ions recombine with free electrons in their way to the target,
leading to an increased sputtering rate.
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In ICFO, we have two different kinds of sputtering system for deposition of
UTMFs: ATC Orion 3 HV and, a more recent, advanced ATC Orion 8 HV. Both of
them are magnetron sputtering systems having different configurations and are
manufactured by AJA International Incorporation [12]. Orion 3 HV is a single
target, low throughput R&D engine, allowing both DC and RF magnetron sput-
tering in pure Ar atmosphere. Its set-up is planar, with a fixed target (and magnetic
field) and a pendulum oscillating platform for the substrate. No degas chamber is
available and depositions can only be made at room temperature. Orion 3 HV’s
pumping system is composed of dry rotary vane pump which allows reaching a
base vacuum pressure level of 10-7 Torr (4 h stand-by) in the deposition chamber.
Each target has a diameter of 2 in. allowing good deposition uniformity (\2.5 %)
over a maximum area of *4 in. The ATC Orion 8 HV sputtering system instead is
a computer controlled fully automatic RF/DC deposition system with co-planar
configuration and can have 7 different target materials installed at the same time.
The target size diameter is 2 in. and the system reaches thickness uniformity of
2.5 % over 4 in. diameter substrates. It has an integrated load lock system for
sample transfer without breaking the vacuum of the main chamber. The ATC
Orion 8 HV has 2 radio-frequency (RF) and 2 direct current (DC) power sources
which allows co-sputtering as well. The system also allows deposition at higher
temperature, up to 800 �C and has an O2 reactive gas line, apart from an Ar line
(process gas). Substrates are placed on a rotating sample holder that can spin

Fig. 2.1 Spatial distribution of particles inside the high vacuum sputtering chamber
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around the axis of the chamber up to a maximum rotation frequency of 40 revo-
lutions/min. The main chamber is connected to a turbo pump which can reach a
base vacuum level of 5 9 10-8 Torr in just 3 h of standby time while the load
lock is pumped by a smaller rotary pump. The system is also fitted with a quartz
crystal thickness monitoring unit by which the deposition rates can be deduced
(Fig. 2.2).

Fig. 2.2 Picture of ATC
Orion 3 HV (top) and ATC
Orion 8 HV (bottom)
installed at Nanophotonics
lab, ICFO
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Several substrates can be used for UTMF deposition according to the different
experimental requirements. Electrical resistivity measurements were carried out
using non-conductive substrates while transparent substrates were used for optical
transmittance studies. On the contrary, experiments, such as thickness measure-
ments, do not have any special substrate requirement and silicon substrates are thus
used for this purpose while for analyzing the flexibility of the UTMFs, polyethylene
terephthalate (PET) of 0.125 lm thickness were used. For device applications, such
as OPVs and OLEDs, double side optically polished UV fused silica substrates
were preferred. These substrates are characterized by their very low surface
roughness and are transparent in the UV region of the spectrum. In order to get rid
of any possible environmental contaminant a standard cleaning technique prior to
the deposition has been employed for all the samples. An ultrasonic bath in acetone
(10 min) followed by ethanol (10 min) was employed. The samples were then dried
using a N2 flux. The cleaned substrates were subsequently cleaned again inside the
main sputtering chamber for 15 min by using either an Ar or O2 plasma.

2.3 Growth of UTMFs

Thin film growth consists of three distinctive steps: nucleation followed by coa-
lescence and finally thickness growth. During the early stages of thin film for-
mation a sufficient number of vapor atoms or molecules condense and establish a
permanent residence on the substrate. Many such film birth events occur in this so
called nucleation stage. In the nucleation stage, a uniform distribution of small but
highly mobile clusters or islands is observed. In this stage the prior nuclei
incorporate impinging atoms or molecules and subcritical clusters and grow in size
while the island density rapidly saturates. The next stage involves merging of the
islands by a coalescence phenomenon. Coalescence decreases the island density
resulting in local denuding of the substrate where further nucleation can occur.
Continued coalescence results in the development of a connected network with
unfilled channels in between. With further deposition, the channels fill in and
shrink leaving isolated voids behind. Finally, even the voids fill in completely and
the film is said to be continuous.

Generally, during the nucleation stage depending on the interaction energies of
the substrate atoms and the film atoms, three growth modes are observed:
(i) Frank-Van der Merwe (layer) [13], (ii) Volmer-Weber (island) [14], and
(iii) Stranski–Krastanov (mixed) [15]. In 1958, Bauer gave a thermodynamic
criterion for the growth mode [16]. The criteria states that under equilibrium
conditions, the growth mode is determined by the following energy difference:

Dr ¼ rf þ ri � rs ð2:1Þ

where rs is the surface free energy of the substrate, ri is the free energy of the
interface, and rf the free energy of the film (Fig. 2.3).
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If Dr B 0, the adsorbed atoms/molecules (adatoms) are more strongly bound to
the substrate than to each other and the extension of the smallest stable nucleus
occurs overwhelmingly in two dimensions, resulting in the formation of planar
sheets. Under this condition, complete wetting of the substrate is favorable, and
Frank–van der Merwe (layer-by-layer) growth should be observed. The inequality
has the opposite sign when the atoms (or molecules) are more strongly bound to
each other than to the substrate. In this case, one usually obtains Volmer–Weber
growth (island growth), i.e., no wetting of the substrate. To predict the growth
mode of UTMFs, one can look at results on metals and semiconductors deposited
on oxide substrates. The film energy may have a contribution such as the strain
energy, which increases linearly with increasing film thickness. After this energy is
added to Dr, it is possible for Dr to be smaller than zero until a certain thickness is
reached and then larger than zero above this coverage. In this case, Stranski–
Krastanov growth (mixed) generally occurs.

In our case, it is desired to have the percolation thickness (thickness at which
the films becomes continuous) of metal films to be as low as possible. Generally, in
case of metal films the adatoms are more bound to each other compared to their
interaction with the substrates i.e. Dr C 0 and therefore they grow via Volmer–
Weber (island) mode. To increase the interaction energy with the substrates, as
mentioned in Sect. 2.2, the substrates themselves were treated in O2 or Ar gas
plasma inside the sputtering chamber for 15 min.

2.4 Surface Analysis of UTMFs

Analyzing the surface morphology of UTMFs provides information on the struc-
tural properties of films as well as insights on electrical and optical performance.
When passing from bulk to thin films, surface structures become more important in
determining UTMF’s properties. In particular, surface morphology dramatically
affects electrical conduction. Non-conductive films might arise from sufficiently
rough surfaces as a result of discontinuity. Accordingly, it is extremely important
when dealing with UTMFs that the deposited films remain smooth when compared
to the thickness of the layer. It is already intuitive that the surface roughness of the
substrates has to be smaller than the thickness of the UTMF to be deposited if the

Fig. 2.3 Bauer’s thermodynamic criterion for the growth mode
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latter is to be continuous [17]. As mentioned earlier, we used optically polished
UV fused silica substrates for UTMF deposition which are characterized by a very
low surface roughness (RMS roughness: \2 Å).

We used Veeco Digital Instrument Dimension 3100 atomic force microscope
(AFM) instrument for surface roughness measurements at atomic scale. The limited
scan area (usually 10 9 10 lm) leads us to take a random area as a representative
measurement for the rest of the surface. Typical 3D and profile images obtained with
the AFM for Ni 5 nm and Cr 5 nm on UV fused silica substrates are shown in
Fig. 2.4. Although some fluctuations larger than the thickness can be observed—
suggesting that the films might have local discontinuities—the layers were found to
be globally continuous as was also confirmed by electrical resistivity measurements.
The raw images obtained using AFM techniques were treated using the associated
software Nanoscope Analysis. The surface roughness is usually represented by RMS
roughness (RQ) which is given according to the following formula:

RQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
L

Z

L

0

z2ðxÞdx

s

ð2:2Þ

where ‘L’ is the evaluation length, ‘z’ is height and ‘x’ is the distance along
measurement.

Fig. 2.4 Three dimensional and thickness profile images of Ni 5 nm (a, b) and Cr 5 nm
(c, d) films on UV fused silica substrate. The RMS roughness of the films was to be 0.235 and
0.245 nm for Ni and Cr films respectively
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2.5 Flexibility Analysis of UTMF

Analyzing the properties of UTMFs under stress provides information about the
degree of robustness of the films. With the technology now moving toward flexible
electronics with flexible OLEDs, OPV and displays, it is very important for the
TEs to maintain their properties when bent. Changes in properties of TE would
lead to a device with a shorter lifetime or to complete failure. To study the
flexibility properties of deposited UTMFs, a set-up as shown in Fig. 2.5 was
developed. The film to be analyzed is deposited onto 1 9 1 in. flexible substrate
(generally polyethylene terephthalate (PET) or polyethylene-naphthalate (PEN)
and is mounted onto the clips with two of its ends fixed. The set-up is connected to
a motor which in-turn is controlled by an electronic controller which moves the
arm in the horizontal direction. The cycling movement of the arm results in
bending of the sample and the displacement is controlled in such a way that it
makes a minimum radius of curvature of 4 mm and maximum of 12 mm on the
flexible sample. The RS value and transparency of the UTMFs is measured before
and after a finite number of bending cycles to assess their flexibility and
mechanical robustness.

2.6 Electrical Analysis of UTMFs

The characterization of electrical conduction of UTMFs is described in this
section. By definition, intrinsic properties such as electrical resistivity or con-
ductivity, should be constant and independent of size for a given bulk material.
However, this is not true for thin films. When the film thickness becomes com-
parable with the characteristic length scale of a physical phenomenon, the intrinsic
properties are affected by so called size-effects [18, 19]. The electrical conduc-
tivity is affected by the limitation of size as soon as film thickness becomes
comparable to the electron mean free path in the medium. In the case of UTMFs,
its electrical resistivity is found to be much higher than that of the corresponding
bulk metal and it decreases with the increasing film thickness, eventually attaining
a value often approaching that of the bulk. Before presenting the experimental
results, a brief overview of the basic theory of conduction of thin metal films in the
presence of enhanced size-effect is presented. The theoretical modeling of thin film
resistivity is necessary for correct interpretation of experimental data.

2.6.1 Electrical Conductivity Mechanisms of UTMFs

Contrary to bulk metal, thin metallic films have one dimension, i.e. the thickness (t),
which is much smaller than the other two dimensions in the plane of the film and is
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comparable, in not smaller, to the electron mean free path (MFP) in bulk (lb). In this
regime, the electrical resistivity depends on the thickness of the film. Thompson
considered two conditions for the calculation of thin film conductivity: (i) diffuse
scattering of conduction electrons (where scattering is independent of scattering
angle) by the two film surfaces, and (ii) scattering by lattice matrices where MFP of
the film (lf) will be the same as that of the bulk lb [20]. This can be seen in Fig. 2.6.

For some arbitrary starting point ‘z’ within the film, electrons will be scattered
in all directions. However, only in the region defined by a2–a1, the electrons will
be able to travel up to their MFP. While in other regions, the electrons will strike
the surface of the film. From these considerations, Thomson calculated the fol-
lowing relations

lf ¼
3
4

t þ 1
2

t log
lb

t

� �

ð2:3Þ

rf

rb
¼ lf

lb
¼ 3t

4lb
þ t

2lb
log

lb

t

� �

ð2:4Þ

¼ 3k

4
þ k

2
log

1
k

ð2:5Þ

where subscripts ‘f’ and ‘b’ stand for film and bulk, respectively, and k = t/lb.
Thompson’s approach suffers from the fact that it neglects free paths which start
from the film surface.

Fuchs [21] and Sondheimer [22] (known as FS model) made a rigorous analysis
of the electrical conduction process in an ideal continuous metallic film bound by
two plane surfaces assuming the Boltzmann equation for the distribution function

Fig. 2.5 Set-up showing the bending apparatus

2.6 Electrical Analysis of UTMFs 19



and also considering the boundary scattering process. The relation between two
conductivities i.e. bulk (rb) and film (rf) is then given by

rb

rf
¼

qf

qb
¼ ;k=k ð2:6Þ

where 1=;k
¼ 1=kð Þ � 3

8k2

� �

þ 3=2k2ð Þ
R1

1
1
t3 � 1

t5

� �

e�kt: dt.
This equation can be further simplified for thin films, i.e. t \ lb or k \ 1 to

qf

qb
¼ 4

3
1

k ln 1=kð Þ þ 0:4228f g ð2:7Þ

Sondheimer further assumed that if a fraction ‘p’ of electrons is specularly scat-
tered from the two surfaces and the rest are diffused with complete loss of their
velocity, then Eq. 2.7 assumes the form

qf

qb
¼ 1þ 3

8k
for k � 1 ð2:8Þ

and

qf

qb
¼ 4

3k

1þ p

1� p
for k � 1 ð2:9Þ

Although these typical theoretical models are adequate to explain the electrical
behavior of thin metal films, they might not be very accurate in the case of
UTMFs. For this reason, several new approaches have been considered during the

Fig. 2.6 Diffuse scattering of electrons by a film surface leading to thickness dependent mean
free path lf
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last decades [23, 24]. However, the FS approximation still remains the most
accurate model to predict the electrical behavior of UTMFs as depicted in Fig. 2.7.

Besides geometrical limitation that enhances surface scattering, there are other
sources of resistivity:

• Volume defects and impurities
• Lattice vibrations
• Strain and discontinuities, including grain boundaries.

All these are ‘‘volume’’ sources of scattering. Therefore, they are not included
in FS expressions. As such, they should be the same for all films grown in the same
conditions. Our UTMFs are polycrystalline in nature which are composed by
single crystal grains. The presence of grain boundaries may reduce significantly
the conductivity of metallic materials. Mayadas and Schatzkes [20] were the first
to provide a model that takes into account both the scattering at external surfaces
(size-effect) and scattering due to grain boundaries. They showed how a reduction
of the grain size can induce a significant increase of resistivity. On the other hand,
voids may also play a role in determining the electrical behavior of UTMFs. For
example, an island growth can result in a discontinuous film. Even though char-
acterized by very high resistivity, discontinuous films may still be conductive. This
is due to quantum mechanical tunneling between individual islands or thermo-
ionic emission of electrons into the conduction band of the substrate [25]. UTMFs,
which grow in a Volmer–Weber or island mode, present many voids between the
islands which increase the resistivity by up to orders of magnitude compared to
that of a uniform film (Frank–van der Merwe or layer-by-layer growth).

Fig. 2.7 Experimental data
for Ni layers fitted with F–S
model

2.6 Electrical Analysis of UTMFs 21



2.6.2 Sheet Resistance Measurement

As mentioned in the previous Sect. 2.6.1, the UTMF0s electrical resistivity
depends on the thickness. It is very common to measure the electrical surface
properties of a film though the Sheet Resistance (Rs) in X/sq units:

qt ¼ RS : t ð2:10Þ

where qt is the thin film electrical resistivity and t is the thickness. The sheet
resistance can be measured directly using a Four-Point probe set-up connected to a
multimeter. The schematic of the set-up is shown in Fig. 2.8.

To obtain the electrical resistivity of the UTMFs, the sheet resistance was
measured using a Cascade Microtech 44/7S 2791 Four Point Probe and a Keithley
2001 multimeter. The four tips installed in the Four Point Probe were brought into
contact with the layer. A test current has been injected through the outer tips while
the inner tips collected the voltage drop as shown in Fig. 2.8. Typically 6 mea-
surements were taken, each at different position on the film and the mean value of
sheet resistance is calculated as:

RS ¼ C1 � C2 � R ð2:11Þ

where R is the average electrical resistance obtained by the multimeter and the two
corrective coefficients C1 and C2 take into account the separation between tips
(s) in the Four Point Probe Head and substrate’s dimensions. In our case, the
separation between tips in the four point probe head is about 1 mm and the
diameter of the samples is 2.5 cm (1 in.). As UTMF thickness is always much
lower than the spacing between tips, the first corrective coefficient is kept at a
constant value (C1 = 1) while the second one (C2) is calculated to be 4:4364 for
1 in. substrates. We finally inferred the electrical resistivity of the layers using the
definition of sheet resistance given by Eq. 2.11.

Fig. 2.8 Schematic of the Four Point probe set-up used for the sheet resistance measurement
(left) and the actual set-up in ICFO (right)
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2.7 Optical Analysis of UTMFs

In order to be competitive TEs for different applications, UTMFs should keep
optical losses minimum in the visible region of the spectrum. In addition, there are
applications that benefit from a very broad transparency spectrum, such as ultra-
violet (UV) and infra-red (IR) detectors which work with wavelengths outside the
visible range. In general the response of a material to optical radiation depends on
its electronic band structure. In metals the optical properties depend mainly on the
contribution of the conduction band, i.e. of the free electron gas, and in some cases
on intra band transitions. As long as the relaxation time of free electrons is much
shorter than the period of the electromagnetic wave, the metal will exhibit a strong
absorption and a high reflectivity. Indeed the extinction coefficient k of metals has
very high values at low frequencies while it becomes negligible for frequencies
beyond the plasma frequency, which is generally in the UV or visible region.

Thin metal films, however, present reduced optical absorption and enhanced
transmission due to the reduction of thickness. Optical absorption becomes neg-
ligible when the film thickness is less than the penetration depth at optical fre-
quencies. This is usually achievable for thicknesses\10 nm. Optical properties of
UTMFs are also affected by the size-effect, since the dielectric function of metals
depends mainly on the conductivity and the number of free electrons. For example,
a shift of the plasma frequency should be expected when the resistivity starts to
increase due to surface scatterings. Moreover, intrinsic optical properties may
further differ from those of the corresponding bulk, due to the polycrystalline
nature of films. Grains or macroscopic surface roughness may induce the presence
of voids and discontinuities inside the volume of the metal film, giving rise to a
non-uniform distribution of matter (Fig. 2.9).

As it was mentioned above, several optoelectronic devices, such as ultraviolet
(UV) photodiodes, UV LEDs, solar cells for space applications, and infrared (IR)

Fig. 2.9 Comparison of
optical constants of bulk and
10 nm nickel film. The
measurements on UTMFs are
carried out using Sopra GES
5E Ellipsometer while bulk
values are taken from Ref.
[26]. UTMFs have lower
refractive index and
extinction coefficient
compared to their bulk
counterparts
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pyroelectric detectors, require electrodes with a high transparency in the UV
and/or IR regions. The most widely used transparent electrodes, in particular
Indium tin oxide (ITO), possess a typical band gap energy of about, Eg = 3.75 eV
(331 nm) and plasma resonances in the near IR which makes them impractical as
transparent electrodes in the UV and IR. In fact, the transparency of ITO can be
increased in the near IR spectrum by reducing the free-electron density which in
turn increases its resistivity [27]. Single component nickel and chromium UTMFs
were deposited on UV fused silica and silicon substrates to investigate their broad
spectrum optical response. Thicknesses were inferred from deposition rates
determined by the quartz crystal thickness monitoring unit. They were also
compared to state-of-art ITO in terms of both electrical and optical properties.

For comparison, two different ITO were grown: 28 nm as-deposited and 28 nm
annealed at 450 �C for 2 h in normal atmospheric conditions. In addition, standard
ITO sample (100 nm deposited onto Corning glass) was also purchased for
comparison. Transmittance spectra were taken with a PerkinElmer Lambda 950
spectrometer in the UV–Visible region whereas a Shimadzu FTIR-8400S Fourier
transform IR spectrometer was used in the mid-IR range. Note that substrate’s
contribution is always taken into account in optical transmittance measurements as
Tf = Tt/Ts, where Tt is the total optical transmittance (film and substrate), whereas
Tf and Ts are, respectively, the film and substrate optical transmittance. Electrical
resistivities of the samples were measured as explained in Sect. 2.6.2.

Figure 2.10 shows the average optical transmittance in the visible range
(375–700 nm) and the electrical resistivity for the Cr and Ni films of different
thicknesses together with those of ITO layers, both as-deposited and annealed. In
the visible range the performance of UTMFs is comparable to that of ITO. In fact,
Ni films present a similar optical transparency with a significantly lower electrical
resistivity. However, the real advantage of UTMFs over ITO in terms of optical
transmittance is in the UV and IR ranges.

Fig. 2.10 Average optical
transparency in the visible
wavelengths against electrical
resistivity for Cr and Ni films
compared to ITO annealed
and not annealed
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In the UV range (175–400 nm), ITO films present enhanced absorption and
therefore reduced transmittance since the material band gap is *330 nm as
discussed before. On the contrary, Cr and Ni films possess flatter optical trans-
mittance with levels comparable to those in the visible range (Figs. 2.11).

Figures 2.12a and b show, respectively, the IR (from 2.5 to 25 lm) transmit-
tance of Cr and Ni films, both being compared against ITO layers. As in the UV
case, both Cr and Ni present superior optical transmittance properties: for thin
samples both larger and flatter transmittance. We have also investigated the per-
formance of standard ITO on corning glass, which presents a much faster decay of
the transmission in the near IR; in fact, the transmittance goes below 20 % already
at about 2.8 lm. The difference between the two ITO sets can be attributed to the

Fig. 2.11 Optical
transmission of UTMFs
compared to ITO annealed
and as-deposited in the UV
region: a Nickel and
b Chromium

2.7 Optical Analysis of UTMFs 25



difference in free electron density [4]. The fact that the lower near-IR transparent
ITO (on Corning glass) has a higher free-electron density than that of ITO on UV
fused silica or Si is also confirmed by its lower electrical resistivity: about 160 lX
x cm (the resistivity for ITO on UV fused silica is about 430 lX 9 cm).

2.8 Stability

A potential drawback of UTMFs for their use as transparent electrodes is the
degradation they can undergo due to oxidation when exposed to environmental
agents such as air, moisture and temperature. In fact, contact with other reactive

Fig. 2.12 Optical
transmission of UTMFs
compared to ITO annealed
and not annealed in the mid-
IR region: a Nickel and
b Chromium
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chemical elements can also take place during fabrication (e.g. wet etching) or even
be part of the structure of the device (e.g. metal/SiO2). UTMFs are thus always at
risk of changing their electrical and optical properties. This aspect is also
important for non-noble metallic layers, such as chromium (Cr), nickel (Ni),
titanium (Ti) and aluminum (Al).

The effect of oxidation on the electrical and optical properties of UTMFs has
been investigated while, on the other hand, we take advantage to induce ad-hoc
oxide protective layers, so that stable UTMFs can be achieved. The work was
focused on Ni films, which we subjected to thermal treatment in either ambient
atmosphere (*20 % of O2) or in the presence of a continuous O2 flow. The
obtained results and techniques can be extended to other metals, such as Cr, Ti and
Al.

Several Ni UTMFs of different thicknesses were grown: 2.2, 3.4, 5, and 10 nm
for the stability studies. The films were kept in ambient atmosphere for 12 days to
analyze the environmental effect on the films. The corresponding relative variation
in electrical resistivity (Dq/q) in % was then measured for the films. It was found
that, for the thinnest sample (2.2 nm) film resistivity could not be measured any
longer due to its high value while 3.4, 5 and 10 nm films showed increases of
59, 16 and 4 % respectively.

The samples were then subsequently thermally treated with increasing tem-
perature, H1 to H4 (Fig. 2.13), carried out in ambient atmosphere using a Selecta
High-temp oven. The temperature was measured using a Fluke thermometer 52 II
connected to an 80 PK-1 thermocouple. The electrical resistivity kept increasing
after each thermal treatment for samples 3.4 and 5 nm, this effect being larger for
thinner films since the formation of a natural oxide layer due to oxygen indiffusion
reduces the effective metallic path, thus leading to higher electrical resistivity.
A final step (H5) identical to the first one (H1) was carried out at low temperature.
As it can be observed in Fig. 2.13, contrary to the initial step (H1), the electrical
resistivity changes due to H5 are negligible (within 2 %) for all films, thus indi-
cating that all UTMFs have reached high stability.

Fig. 2.13 Electrical
resistivity variation after
cumulative annealing
treatment
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The optical transparency of all the samples was re-measured after the aforesaid
thermal treatments and compared to that of as-deposited films (Fig. 2.14). All the
samples showed increased transparency since metal oxides typically possess a lower
extinction coefficient than the original metals, and the top oxide layer act as an index
matching layer reducing the reflection and thus, increasing transmission [22].

In order to further elucidate the mechanism and increase the speed of the
oxidation leading to stability, we subjected new Ni films to thermal treatment
under a controlled dry O2 flux. Films of different thickness were subjected to
90 min of degassing in vacuum at a temperature of about 140 �C and subsequently
exposed to O2 flux for 5 min by means of an ion gun (ion gun settings: 160 V
acceleration potential and 1.8 Å ion current). The effect of oxidation can be
estimated by evaluating the thickness variation of films, due to the formation of the
corresponding metal oxide compound. Figure 2.15 shows the thickness scatter plot
of different samples before and after the whole oxidation treatment. In case of

Fig. 2.14 Optical
transparency of the films in
the 400–2500 nm range
(dashed lines represent as
deposited samples while solid
lines are obtained after step
H5)

Fig. 2.15 Effect of oxidation
on the thickness of nickel
based UTMFs
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complete oxidation, and if the oxide compound is known, one can write the
thickness ratio between metal and its oxide as:

tox

tm
¼ Nox

Nm

Pox

Pm

dm

dox
ð2:12Þ

where N is the number of moles, P is the molar mass and d is the density of the
material. Note that subscript m stands for metal and ox for the oxide. The main
relevant parameters for Ni and its main oxide compounds are given in Table 2.1.

Given that Ni has two oxide compounds (NiO and Ni2O3), both corresponding
complete oxidation lines are shown in Fig. 2.15 with slopes tox/tm of 1.52 and 2.6,
respectively. Completely oxidized films will increase their thickness according to a
proportional factor within this interval, since the formation of a solid solution of
both oxides might also be possible. However, in practice, oxidation is expected
only up to a maximum thickness. Thicker layers should undergo partial oxidation
for the same amount of metal thickness; in this case Eq. (2.12) will not hold. By
fitting experimental data of thicker samples one obtains the partial oxidation line
whose intersection point with the complete oxidation line represents the maximum
oxidation thickness. According to thickness variations, the maximum oxidation
thickness under the experimental conditions is in the range of 14–40 Å.

The electrical resistivity measurements of a passivated Ni 10 nm film were also
carried out as a function of temperature in the 30–150 �C range (Fig. 2.16). The

Table 2.1 Molar mass and density of nickel and its main oxide compounds Ni (II) and Ni (III)

Element Molar mass Density N/Nox

Nickel 58.69 8.908
NiO 74.71 7.45 1
Ni2O3 165.42 4.83 0.5

Last column gives the ratio between the compound number of moles over that of Ni

Fig. 2.16 Electrical
resistivity variation of
passivated 10 nm nickel film
with temperature
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stability of the layer is confirmed by the absence of significant hysteresis, i.e.,
matching between ‘‘cooling-down’’ and ‘‘heating-up’’ curves. The calculated value
of the temperature coefficient for the resistance (a) from Fig. 2.16 is 0.0106 �C-1.

2.9 Use in OLED Device

Organic LEDs were the first devices to assess the potential of UTMFs. In
collaboration with Stephanie Cheylan and Danny Krautz (ICFO), single compo-
nent Ni UTMF was also used, instead of ITO, as a semitransparent hole injecting
electrode for bottom polymer LEDs. Standard architecture of the diodes used for
the study was: Anode/PEDOT:PSS/PFO/Al, where thermally evaporated Al layer
(100 nm) was used as a cathode and the active layer Poly (9,9-dioctylfluorene)
(PFO) was weighed and dissolved in chloroform and stirred overnight before spin
coating to make the device.

The results comparing the performance of Ni based OLEDs with that to ITO are
summarized in Table 2.2.

In terms of device efficiency, a slightly higher efficiency is obtained for ITO
based device at low voltages. At higher voltages, Ni based devices show a similar
or improved efficiency over the ITO based device. Confinement of light modes was
also calculated for both ITO and Ni based devices using a program based on the
matrix transfer method. Due to the fact that the Ni was extremely thin, no confined
modes are present for it, while in the case of ITO, confinement of the order of
55–65 % for both TE and TM were obtained. This explains the fact that for Ni
films, despite having lower transmittance compared to ITO, the device perfor-
mance is as good as that of the ITO based device.

2.10 Conclusions

We have successfully deposited UTMFs on UV fused silica and silicon substrates
with high uniformity and continuity. Surface analysis of the deposited samples
show that their RMS roughness is always below 1 nm. Our results show that

Table 2.2 Performance data of the devices with ITO and Ni electrodes

Work function
(eV)

Current density (A
m-2)

VTH/VmaxLce

(V)
Luminance
(cd m-2)

Nickel 8 nm 5.1 5115 4.5/11 430
Nickel

10 nm
5.1 7880 4/8.5 330

ITO 5.0 7880 3.5/7.5 360

VTH corresponds to the voltage at which 1 cd m-2 is obtained and VmaxLce corresponds to the
voltage at which the maximum luminance is obtained
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sufficiently thin Ni and Cr films are highly transparent in the shorter wavelengths
(UV) region whereas ITO, due to its band gap, has strong absorption. In the IR
region, metal layers show higher transparency while ITO has absorption due to
resonance. In short, UTMFs show flatter optical transparency over the full
wavelength range, from the UV to the IR (175 nm–25 lm), still maintaining high
electrical conductivity. We have also solved potential issues due to oxidation of
UTMFs by intentionally growing a few nanometers top oxide layer which in turn
increases stability. The resulting stabilized films present higher optical transpar-
ency while preserving adequate electrical conductivity. The measured wide optical
transmission and excellent electrical properties, combined with the proven stability
after an ad hoc passivation treatment, make UTMFs serious competitors to ITO, in
particular in the UV and IR ranges. We have also investigated the possibility of
using single layer Ni UTMF as an alternative semitransparent electrode for OLED
applications.

We have demonstrated that similar efficiencies are reached for devices with
either ITO or Ni UTMF as bottom electrode. Such results are promising, also
considering that the intrinsic properties of the Ni UTMFs are not yet optimized for
device applications, as it is the case for ITO.
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Chapter 3
UTMF-Based Transparent Electrode
Incorporating a Metallic Grid

3.1 Motivation

Among all the alternatives to ITO, UTMFs can overcome the high cost of raw
materials and can be grown using a simple processing [1–4]. The electrical
resistivity (q) of UTMFs can be lower than that of TCOs. However, if one wants to
achieve high optical transmission, the thickness of UTMFs should be limited to
several nanometers, at the expense of sheet resistance (RS). This implies that the
RS, which is given by q/t, of UTMFs is relatively high compared to TCOs [5]. For
example the RS of 2 and 10 nm thick Ni films are in the range of 1000 and 50 X/sq,
respectively, while RS of 100 nm ITO film is in the 15–20 X/sq range. If the
thickness of Ni is further increased, lower RS values can be achieved at the
expense of the optical transmission. In fact 40 nm films can achieve RS values of
about 5 X/sq but it becomes opaque. The larger the RS value of a TE the higher the
Ohmic (resistive) loss in the devices using the TE, thus the larger the power
(energy) loss, consequently the probability that the device fails due to thermal
loading in the TE area increases [6, 7]. Ohmic losses become critical for high
current devices (e.g. laser sources and solar cells) while they are less critical for
low current devices (e.g. integrated modulators and displays, which rely on
capacitive charging)

Patterning of metals has been recently proposed to achieve an efficient trans-
parent electrodes [8–11]. The semi-transparent metal electrodes are in the form of
a nanometre scale periodically perforated dense metal on the substrate. By
changing the aperture ratio and the thickness of the metal the optical transparency
and the RS can be tuned. In fact it is shown that values comparable to ITO can be
achieved at the same time for optical transparency and RS. The linewidth (i.e. the
width of the regions where the metal is present) has to be sub-wavelength, to
provide sufficient transparency and to minimize scattering. In addition the period
of the structure must be sub-micrometer to ensure the uniformity of the current on
the substrate surface (e.g. uniform injection or extraction of currents into or from
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an active layer). The latter drawback, i.e. the need of very small structural features
with sub-micrometer periods, is due to the fact that the electrode is missing on the
majority of the area and the Ohmic loss due to conduction has to be kept small.
The structure being in the nanometer to micron range, the approach requires
demanding and expensive conventional lithographic techniques for patterning. To
make it less expensive nonconventional lithographic techniques, such as nano-
imprinting, have been used. Such techniques have, however, several drawbacks,
including a likelihood of missing metal lines and are relatively expensive than
conventional techniques for patterning on a larger scale (micron to mm range),
including UV lithography, screen printing and shadow masking during deposition.

In this chapter, a design is proposed and experimental results are reported in
support of it which confirm that it is possible to reduce the RS of UTMF based TEs
of more than two orders of magnitude without significantly affecting their trans-
parency. The proposed grid assisted UTMF based TE (G-UTMF) consists of a
uniform UTMF with a top metal grid structure in contact with it (Fig. 3.1).
However, the concept can be applied to either a different conductive material
(semiconductor) or a different geometry (random mesh). By changing the line-
width and the thickness of the grid, the optical transparency and the RS can be
tuned accordingly.

Fig. 3.1 a A drawing of the proposed grid pattern and b the cross-sectional view
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3.2 Design of the Grid

The sheet resistance of the proposed G-UTMF can be calculated considering a
portion ABCD (Fig. 3.2) of the structure. The resistance of the portion ABCD is
the sheet resistance of the whole structure G-UTMF. The portion ABCD can be
further divided into five parts denoted by 1–5 as shown in Fig. 3.2

Let, qG = resistivity of the thick film,
qUTMF = resistivity of the UTMF,
tG = thickness of the thick film,
tUTMF = thickness of the UTMF,
The Sheet resistance of G-UTMF,

RS;TOT ¼ ðR4 þ R5 þ R2Þ ll R1 ll R3 ð3:1Þ

where R4 = R2 and R1 = R3

Using the definition of resistivity and considering Ohm’s law, RS,TOT can be
calculated as follows

RS;TOT ¼ n

qG
tG

1
fF

qG
tG

W
G þ

qUTMF
tUTMF

� �

qG
tG

1
fF
þ qG

tG
W
G þ

qUTMF
tUTMF

ð3:2Þ

where n is a correction factor, which depends on deposition conditions and can be
determined experimentally for a given deposition technique and specific process.
G is the grid spacing and W is the linewidth. fF is the filling factor defined by
W/(G ? W). The filling factor thus quantifies the area covered by metal strips

Fig. 3.2 A portion of the
G-UTMF
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compared to UTMF. In fact with good approximation the sheet resistance of
G-UTMF on a scale larger than the period of the grid can be expressed by the
following

RR;TOT ¼ n
qG

tGfF
ð3:3Þ

Similarly, the optical transparency of the G-UTMF can be written down as
follows

TTOT ¼ TUTMF �
G

GþW

� �2

ð3:4Þ

Equation 3.4 can be rewritten in terms of filling factor as

TTOT ¼ TUTMF � 1� fFð Þ2 ð3:5Þ

where we have assumed that the thickness of the metal grid is large enough to
make it opaque. From Eq. 3.5 one can gather that the transparency of the G-UTMF
is independent of the grid metal thickness, only a function of the filling factor fF.
This eliminates the inverse trade-off relationship between optical transparency and
electrical conductivity of metal based transparent electrodes.

One aspect of the structure relies on the use of a uniform, continuous UTMF
with a larger thickness metal grid on top of it. Depending on the application such
grid can be either on a nanometre to micron scale (e.g. in the case of LEDs where
the scattering due to metal lines are to be avoided to preserve the output optical
beam quality) or micron to hundreds of microns scale (e.g. in the case of solar cells
where preserving the quality of the incoming optical beam is not essential). The
period and linewidth of the grid depend also on the thickness of the underneath
UTMF and the local currents involved. In general, the thinner the UTMF and the
larger the current densities, the smaller the regions not covered by the grid.

In such a combined structure (G-UTMF), besides contributing to the collection
and injection of electrical charges where the grid lines are absent, the underlying
UTMF layer can also be used for other functionalities, for example, work function
matching with active layers in photovoltaic and LED devices. Since the sheet
resistance of the underlying UTMF becomes negligible on a scale larger than the
grid period, the overall current distribution is mainly dominated by the metal
grid-structure (Fig. 3.3).

Figure 3.4 shows the calculated dependence of RS,TOT on the linewidth for dif-
ferent grid spacing (tG = 500 nm fixed). All of these calculations were carried out
considering the same material (Ni) for both grid and UTMF. As the grid spacing
widens, the sheet resistance slightly increases due to the decreased filling factor.
Figure 3.5a shows the dependence of RS,TOT on fF for different grid metal thick-
nesses (G = 500 lm fixed). With the increase in grid metal thickness, RS,TOT

decreases significantly as the conductivity behavior relies on the thick metal
grid-structure. The influence in fF on the transparency is shown in Fig. 3.5b,
exhibiting a linear behavior over the presented range. From this data it is evident that
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a trade-off exists between TTOT and RS,TOT, which corresponds to an optimum fF. To
define the trade-off we introduce the figure of merit, aTE, defined by Haacke [12].

;TE ¼
T10

TOT

RS;TOT
ð3:6Þ

Fig. 3.3 Microscopic (left) and macroscopic (right) view of a G-UTMF

Fig. 3.4 Sheet resistance of G-UTMF as a function of linewidth for different grid spacing with
fixed tG = 500 nm
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Fig. 3.5 Variation of sheet resistance a and transparency b of the G-UTMF with filling factor.
The dotted line in the figures correspond to the calculated optimum filling factor
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Using Eqs. 3.3 and 3.5 it can be rewritten as

;TE ¼
tG � T10

UTMF � fF � 1� fFð Þ20

e� qG

¼ B� fF � 1� fFð Þ20

ð3:7Þ

where B can be viewed as a constant for a given grid thickness, which equals to
tG � T10

UTMF= e� qGð Þ
� �

. Considering the small value of fF (� 1), Eq. 3.7 can be
simplified by using Newton’s binomial theorem as follows

;TE � B fF � 20f 2
F

� 	

ð3:8Þ

For this quadratic equation, the value of filling factor for which the aTE is
maximized can be calculated as follows

d;TE

dfF
¼ B 1� 40fFð Þ ¼ 0

fF ¼
1

40
¼ 0:025

ð3:9Þ

From the definition of fF, for the highest aTE, the ratio of spacing (G) to the
linewidth (W) should equal to 39. Moreover, one can further tune the sheet
resistance by proper choice of grid thickness, tG and using different metallic
materials.

3.3 Implementation

To realize the G-UTMF structure, a 2 nm Ni UTMF was deposited at room
temperature on a double side polished UV fused silica substrate using 100 W DC
power (Ajaint Orion 8 HV sputtering system) in a pure Ar atmosphere at a pressure
of 2 mTorr. Prior to the deposition, the substrates were cleaned in standard way as
mentioned in Chap. 2. A negative photoresist was then spin-coated on the film with
4000 rpm and dwell time of 30 s. This recipe produces a photoresist thin film of
about 1.2–1.3 lm. In fact, the thickness of the photoresist determines the maxi-
mum thickness of the metal grid to be deposited later in the process. The sample
was then baked at 120 �C for 2 min in order to evaporate the solvent from the
photoresist. Thereafter, the sample was exposed to UV light for 5.1 s using Quintal
Q4000 mask aligner with a hard mask of desired grid pattern placed on top of the
sample. The sample was reversed baked for 1 min 30 s at 120 �C followed by
flood UV exposure for 18 s. The exposed sample was then developed for about
40 s which removes the photoresist in the regions of the sample where the UV
light is blocked by the hard mask, thus making openings in the sample to deposit
the thick metal grid. The sample was again loaded in the sputtering chamber and a
thick metal was deposited using the same aforementioned conditions. After
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depositing the thick metal the sample was dipped in acetone and placed in an
ultrasonic bath till the remaining photoresist was lifted off (Fig 3.6).

The electrical sheet resistance of the obtained G-UTMF and the initial UTMF
was measured by Van der Pauw method and Four point Probe (Cascade Microtech
44/7S), respectively, as the latter method was found to be not always stable and
reproducible for G-UTMF structures. For the transmission spectra, Perkin Elmer
Lambda 950 spectrophotometer was used.

3.4 Experimental Results

To experimentally assess the proposed design, we fabricated four samples of
different linewidth (5, 10, 15, and 20 lm), with fixed G = 500 lm and
tG = 50 nm. Both the UTMF and the grid were made of Ni. According to our
deposition conditions, the value of n was determined as 7.2. Table 3.1 compares
the calculated and experimental data, which are in good agreement for large G/W
values. For small G/W values the approximation condition in Eq. 3.3 is no longer
valid. However, the above-mentioned equations help to design and predict the
performance of G-UTMF based transparent electrodes. Note that the grid thickness

Fig. 3.6 Steps involved for the fabrication of G-UTMF

Table 3.1 Comparison of experimental results with calculated theoretical values for different
G/W ratios. Ni was used for both UTMF and grid material

G/W 25 33 50 100

Experimental data (RS, TTOT) (28.37, 76.5) (51.4, 76.67) (99.3, 76.83) (197.16, 80.37)
Calculated data (RS, TTOT) (52.0, 74.25) (67.7, 75.87) (101.3, 77.2) (197.76, 78.73)
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employed in Table 3.1 is fixed at 50 nm. One can increase the grid thickness and
choose other metals such as copper, silver, or gold in order to reduce sheet
resistance to below 10 X/sq without compromising the transparency.

To demonstrate the possibility, a G-UTMF sample using 100 nm
Cu grid ? 2 nm Ni UTMF was fabricated and a RS of approximately 6.5 X/sq and
optical transparency exceeding 75 % was achieved. Figure 3.7 shows the trans-
parency dependence on wavelength of the Ni UTMF, Ni/Cu G-UTMF and, for
comparison, of a standard ITO film. One can readily appreciate that the trans-
parency of all the films is similar in the visible region while it is much higher for
the metal based TEs in the UV and infrared, the latter aspect being crucial in
several applications (e.g., UV and infrared detectors and photovoltaic cells for
space).

3.5 Conclusions

In summary, by incorporating a thick metal grid on the top of an UTMF, an
effective approach to reduce significantly (more than two orders of magnitude) the
electrical sheet resistance of metal based TEs, with negligible loss in optical
transparency is demonstrated. The theoretical calculation showed that the value of
the filling factor and the ratio of grid spacing to linewidth should be around 0.025

Fig. 3.7 Comparison of optical transparency for UTMF (2 nm Ni), G-UTMF (2 nm
Ni ? 100 nm Cu grid), and 100 nm ITO. The corresponding sheet resistances are also indicated.
Note that the substrate contribution is taken into account as mentioned in Chap. 2
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and 39, respectively, to achieve the highest figure-of-merit. Further tailoring in
optical and electrical properties of the proposed G-UTMF based TEs can be
achieved by using different materials and grid geometries. It should be noted that
the grid or mesh structure could be deposited using inexpensive techniques, such
as screen printing and shadow masking during deposition. The process simplicity
and the low cost of the proposed structures will have an impact in a wide range of
applications, including photovoltaic cells, optical displays, detectors and electro-
chromic devices.
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Chapter 4
Copper Bilayer Transparent Electrodes

4.1 Motivation

The shortcomings of ITO have led to the search for alternatives, such as single
walled CNTs, graphene films, and UTMFs [1–4]. Copper in thin-film form is a
very inexpensive material with excellent electrical and optical properties hence its
wide use in microelectronics. However ultrathin (i.e. B10 nm) Cu films are prone
to oxidation and corrosion, which alter significantly their electrical and optical
properties. This chapter describes the development of bilayer transparent electrode
(TE) structures consisting of an ultrathin and continuous Cu film covered by a
protective ultrathin Ti or Ni film. The capping layer is chosen according to the
functional requirements of specific devices. The top Ti or Ni capping layers are
then typically in situ treated with O2 plasma which notably increase their trans-
mittance. Both the Ni and Ti enhance the stability of the Cu based TEs and, in
addition, Ni also increases the work function. The measured optical performance
of the fabricated films is in good agreement with theoretical estimation based on
multiple reflection and refraction (MFMR) model [5, 6]. The obtained Cu-Ti/Ni
bilayered structure meets the requirements of the majority of optoelectronics
applications, such as organic LEDs and photovoltaic solar cells, liquid crystal
displays, presenting large optical transparency, low electrical RS, and stability
against temperature and oxidation. Transparency as high as 86 % at 630 nm, RS as
low as 16 X/sq have been achieved in bilayer Cu based films, which also exhibit
significantly higher stability than single layer Cu films against temperature in
ambient atmosphere.

4.2 Implementation

Polycrystalline UTMFs were deposited by DC magnetron sputtering (ATC Orion 8
HV) on double-side optically polished UV grade silica substrates. Prior to the
deposition, the substrates were cleaned in standard way as mentioned in Chap. 2,
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Sect. 2.2. The deposition rate was determined to be 1.5 Å/s for Cu, 0.083 Å/s for
Ti and 0.573 Å/s for Ni, respectively. We prepared the following four sets of
samples: Cu of different thickness, Cu of different thickness with a constant 1 nm
Ni capping layer, Cu of different thickness with a constant 1 nm Ti capping layer,
and Cu of different thickness with a constant 5 nm Ti capping layer, named Cu(d),
Cu(d) ? Ni(1), Cu(d) ? Ti(1), and Cu(d) ? Ti(5), respectively, where d is the
thickness in nanometers. The Cu(d) ? Ti(5) samples have been further treated
in situ after the deposition. The treatment consisted of exposing the samples to O2

plasma for 15 min under a working pressure of 8 mT and 40 W RF power. The
treated samples have been named Cu(d) ? Ti(5)_TR. A Perkin Elmer lambda 950
spectrometer was used for optical transmission measurements while Cascade
Microtech 44/7 S 2749 four-point probe system with a Keithley 2001 multimeter
for electrical sheet resistance (RS) measurements. The morphology of the fabri-
cated films was characterized by AFM with the digital instrument Veeco Digital
Instrument Dimension 3100 AFM and associated software.

4.3 Experimental Results and Analysis

Figure 4.1 compares the performance of Cu based transparent UTMFs alongside
SWCNT and graphene film, all of them considered alternative transparent elec-
trodes (TEs) of TCOs. It can be seen that the Ti capping layer increases the
transparency without any significant change in RS while the Ni capping decreases
the transparency by *7–8 % as Ni has higher extinction coefficient compared to
Ti. For UTMFs, the theoretical models for resistivity do not work very well,
because besides geometrical limitation (size-effect) that enhances surface
scattering, the resistivity also depends on volume sources of scattering, such as

Fig. 4.1 Visible optical
transparency as a function of
RS for different sample sets,
Cu(d), Cu (d) ? Ni1, Cu
(d) ? Ti1, and
Cu(d) ? Ti5_TR. The value
of Cu thickness (d) identifies
each point in the curve. The
corresponding values of
SWCNT and graphene are
also shown
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grain boundaries, voids, and discontinuities, which are very sensitive to deposition
conditions as explained in Chap. 2, Sect. 2.6.1. Therefore, in our case, the depo-
sition conditions were optimized through subsequent iterations, including the
process for O2 plasma treatment, so that the films have the lowest RS. It is
observed that the conductivity behavior of the four sample sets is mainly domi-
nated by the underlying ultrathin Cu layer when it becomes continuous
(Cu thickness [5 nm). Assuming that the total resistances of the bilayer coupled in
parallel, it is possible to calculate the specific resistance of the bilayer structure.
This assumption is only justified if film boundary effects are negligible [7, 8]:

RS ¼ RCu �
RCap

RCu þ RCap

� � ¼ RCu

1þ g
ð4:1Þ

where g ¼ RCu

�

RCap, and RS, RCu, RCap are the sheet resistance of the bilayer
structure, the conductive Cu layer, and the capping layer, respectively. The O2

plasma treatment on Cu(d) ? Ti(5) oxidizes only the top few nanometers of Ti
without altering the interface between Cu and Ti. The formation of titanium oxide
not only protects the underlying Cu layer from oxidation but also increases the
optical transmission of the bilayer structure. We have also tried depositing TiO2

directly from a target and found that directly depositing an oxide layer on the top
of Cu UTMF can inevitably lead to partial oxidation of the Cu layer, with a
consequent increase in the RS. Moreover, according to Eq. 4.1, the presence of the
titanium oxides capping layer should have negligible influence on the overall RS

given the fact that RCap � RCu. In other cases, Ni is chosen as capping metal layer
since it has high resistant to oxidation as well as high work function (5.15 eV). For
some specific applications such as OSCs and OLEDs, the high work function of
the electrode plays an essential part in final device performance when the TE is
used as an anode.

To compare the performance of different sample sets, we calculated the figure-
of-merit, aTC, which takes into consideration the transparency and the RS of the
electrode, according to the definition provided by Haacke [9], aTC = Tlum

10 /RS,
where Tlum is the photopic transparency, i.e., the transparency normalized by
photopic luminous efficiency function as follows:

Tlum ¼
Z

780

375

f kð ÞT kð Þdk=
Z

780

375

f kð Þdk ð4:2Þ

f(k) being the relative sensitivity of the human eye in the photopic state and
T(k) being the transparency spectrum of the films.

Figure 4.2a shows aTC for the different sample sets. Among the four sets of
samples, the Cu(d) ? Ti(5)_TR samples present a peak value of aTC equal to
4.1 9 10-3 X-1. Evaluating from the data presented in Fig. 4.1, aTC of the pro-
posed ultrathin Cu based TEs is significantly higher than that of SWCNT and
graphene films, currently considered as potential replacements of widely used
TCOs. For all the sample sets the optimum aTC corresponds to a Cu thickness
between 5.5 and 6.5 nm which indicates that Cu films become continuous in this
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thickness range. The percolation threshold, i.e., the thickness corresponding to
which the film changes from an island distribution to a continuous layer, is also
estimated by plotting RSdtot

3 versus dtot (where dtot stands for the total film thick-
ness) for the different sample sets (Fig. 4.2b) [10]. The percolation threshold for all
the sets is found to be between 5.5 and 6.5 nm, which confirms the film continuity
thickness resulting from the aTC curves. In addition, the peak-to-valley value
measured by AFM for the samples with Cu thickness less than 5 nm is higher than
the film thickness, which implies that the films are discontinuous over the
microscopic dimension (Fig. 4.3).

In order to better understand the enhanced figure-of-merit in the
Cu ? Ti(5)_TR structure, we calculated the reflection and transmission of our
films based on the MFMR model, in which multiple reflection and refraction are
taken into account. According to the MFMR model, the total reflectance (R) and
transmittance (T) for a N-layer system can be written as

RN�jþ1 ¼
rj þ RN�je2iDj

1þ rjRN�je2iDj
ð4:3Þ

TN�jþ1 ¼
tjTN�jeiDj

1þ rjRN�je2iDj
ð4:4Þ

where rj and tj are the Fresnel coefficients for j = 1,…,N and Dj ¼ 2p~njdj

�

k is the
phase difference between boundaries of the jth layer, ~nj being the complex
refractive index (~nj ¼ nj þ ikj) and dj being the thickness of the jth layer. In our
case, we considered a two-layer system and carried out calculations based on
normal light incidence, smooth interface, and uniform refractive index of each
layer. Figure 4.4 compares the calculated and experimental data for Cu(6.5) and
Cu(6.5) ? Ti(5)_TR samples, respectively. Compared to pure Cu(6.5), the
Cu(6.5) ? Ti5_TR shows suppressed reflection as evidenced from both

Fig. 4.2 a Figure-of-merit (aTC) for different sample sets, Cu(d), Cu (d) ? Ni1, Cu (d) ? Ti1,
and Cu(d) ? Ti5_TR. The total thickness (dtot) is the sum of deposited Cu and Ni/Ti thicknesses,
b determination of percolation threshold. The value of Cu thickness (d) identifies each point in
the curve
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experimental data and theoretical prediction (Fig. 4.4a), thus leading to larger
transparency. Figure 4.4b depict the experimental and calculated transparency as a
function of wavelength for Cu(6.5) and Cu(6.5) ? Ti(5)_TR sample, respectively.
There is a good agreement between the calculated and experimental values, which
suggest that the proposed model can be used as a potential design tool for such
bilayer metallic TEs. It is obvious from both Figs. 4.1 and 4.4 that Ti capping layer
in situ treated by O2 plasma can apparently improve the optical properties of Cu
based UTMFs due to contribution of multiple reflection and refraction effects in
Cu-Ti system.

To evaluate the stability of the proposed Cu based TEs, we fabricated three
sample sets, Cu(8), Cu(8) ? Ni(1), Cu(8) ? Ti(1), and Cu(8) ? Ti(5)_TR and
kept them in ambient air for a dwell time of 45 min at several fixed temperatures
(T) and measured the RS(T) after each thermal cycle at room temperature. The
stability of the Cu based TEs can be evaluated by the relative slope variation

Fig. 4.3 Three dimensional AFM and thickness profile images of Cu(6.5), Cu(6.5) ? Ni(1) and
Cu(6.5) ? Ti(5)_TR respectively from top to bottom. The RMS roughness of the films is
determined to be 0.7 nm, 0.9 nm and 0.82 nm for Cu(6.5), Cu(6.5) ? Ni(1) and
Cu(6.5) ? Ti(5)_TR respectively
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tanh ¼ RS T � DTð Þ � RSðTÞj j
DT

ð4:5Þ

By polar-plotting h versus T, as it is shown in Fig. 4.5, the stability can be
readily identified by the relative position in the figure. The ideal stability corre-
sponds to the horizontal axis h = 0, which implies a RS independent of temper-
ature. Compared to Cu(8) and Cu(8) ? Ti(1) samples which are subjected to an
evident increase in RS after thermal treatment, the Cu(8) ? Ti(5)_TR sample is
found to be more stable, while Cu(8) ? Ni(1) is little influenced by temperature,
exhibiting excellent thermal stability up to [180 �C.

Fig. 4.4 a Average visible reflection from the experimental and calculated data for Cu (6.5) and
Cu(6.5) ? Ti(5)_TR samples, b experimental and calculated transparency for Cu (6.5) and
Cu(6.5) ? Ti(5)_TR samples respectively

Fig. 4.5 Polar figure for the
stability of the proposed Cu
based TEs. The horizontal
axis (h = 0) corresponds to
ideal stability
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4.4 Performance in OLED and OPV Devices

Out of the four sets of sample investigated, Cu(d) ? Ni(1) was then examined for
possible use in OPV and OLEDs as it has high work function required to be used as an
anode. In collaboration with Stephanie Cheylan and Danny Krautz (ICFO), as
deposited Cu(d) ? Ni(1) films were used, instead of ITO, as transparent hole-
injecting electrodes in bottom emitting polymer LEDs. Standard architecture of the
diodes used was: Anode/PEDOT:PSS/SY/CaAg. Poly(phenylenevinylene) copoly-
mer (SY), commercially available from Merck, is dissolved in toluene, stirred
overnight and filtered before being spin-coated onto the PEDOT-PSS layer to a
thickness of around 80 nm. Ca and Ag are sequentially thermally evaporated (\5 9

10-6 mTorr) onto the emitting layer using shadow mask. As ozone treatment of
anode is essential pre-requisite before PEDOT:PSS spin coating, its effect on
Cu(d) ? Ni(1) is also investigated during device fabrication. It is found that the
15 min of ozone treatment has very negligible effect on its properties while pure Cu
degrades both its electrical and optical properties confirming the importance of Ni
capping layer (Table 4.1).

For comparison, commercially available ITO (100 nm and 17–21 X/sq) is used
to realize the same device architecture. The Cu(7) ? Ni(1) anode based device
shows similar performance to the ITO-based one. The excellent device perfor-
mance based on Cu(7) ? Ni(1) anode is related to a significant improvement in the
injection of charges due to an improved work function matching at the anode-
organic interface and low RS.

In addition, in collaboration with the Organic Nanostructured Photovoltaics
group at ICFO, the developed TE has also been used in OSCs. The OSC had the
following configuration: Anode/NiOX/P3HT:PCBM/LiCoO2/Al. Standard ITO
devices were also made for comparison (Table 4.2).

In all devices, the values of open circuit voltage (Voc) and fill factor (FF) were
practically the same. The differences between the devices were related to changes
in short-circuit current density (JSC), which affects directly the efficiency. How-
ever, the OSC device incorporating UTMF based electrodes could achieve an
efficiency of about 77 % of that using an ITO. The high efficiency of the
Cu(7) ? Ni(1) was partly due to the high metal reflectance which in turn could
give rise to an enhanced photon absorption, due to the formation of an optical
microcavity between Cu-Ni anode and the Al cathode.

Table 4.1 Performance data of the devices with ITO and Cu based electrodes

Work function
(eV)

Current density
(A/m2)

VTH/VmaxLce
(V)

Luminance
(cd/m2)

Cu 4.65 5860 2.6/8.1 10020
Cu(7) ? Ni(1) 5.1 8830 2.2/7.1 12500
ITO 5.0 8830 2.2/6.2 12500

VTH corresponds to the voltage at which 1 cd/m2 is obtained and VmaxLce corresponds to the
voltage at which the maximum luminance is obtained
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4.5 Conclusions

In conclusion, an inexpensive, easy-to fabricate, ultrathin Cu based TEs stabilized
using a capping Ti or Ni layer has been developed. An average visible transpar-
ency as high as 75 % (peak transparency of 86 %) and stability against temper-
ature and oxidation up to 180 �C has been achieved. The capping layer thus acted
as a functional layer and can be chosen depending on the application specific
device requirements. The electrical conductivity of the electrodes is dominated by
the underlying continuous Cu layer and sheet resistance as low as 16 X/sq were
reached. The fig-of-merit of the proposed ultrathin Cu based TEs was significantly
higher than that of SWCNT and graphene films, currently considered potential
replacements of widely used TCOs. The OPV device fabricated on Cu(7) ? Ni(1)
as anode reaches 77 % of that using ITO showing its their effectiveness for organic
electronics. The bilayer metallic concept presented in this Chapter can also be
extended to other metals, for example Ag and Pt instead of Cu and Ti/Ni,
respectively.
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Chapter 5
Ultrathin Alloy Films as TEs

5.1 Motivation

UTMFs have been studied in organic optoelectronics as stand-alone transparent
electrodes (TE) [1, 2] or in combination with conducting oxides [3, 4], as it has
also been described in the previous chapters. UTMFs have cost and processability
advantage over the TCOs, such as the widely used ITO. Although UTMFs has
wider transparency spectrum from UV to mid-IR (Sect. 2.7), the spectrum within
the visible range is non-uniform due to the plasma formation at a characteristic

frequency xp ¼ 4pne2=mð Þ1=2
� �

as well as intraband electronic transitions. The

peak transmittance of UTMFs, which also provide sufficiently large electrical
conduction, is usually as high as 80 % at the plasma frequency and it rolls off the
sides of this value. This translates into both a lower average optical transmission as
well as a non-uniform wavelength response. One solution to counteract the
transmission decrease associated to reflection above the plasma frequency is to use
antireflection thin film oxides, such as ZnO, ITO, and TiO2. The resulting multi-
layer TE structures can present high optical transparency and low sheet electrical
resistance [5, 6]. Their complexity has the drawback of increasing processing time
and material cost while the brittleness of the oxides limits the mechanical flexi-
bility. Another solution is to combine UTMFs which present transmission peaks at
different wavelengths in the visible region. In that way the advantages of UTMFs,
such as a good trade-off between transparency and sheet resistance (RS), simple
processing, low cost and mechanical flexibility, can be maintained while achieving
a flat wavelength response in the visible region. For example bilayer metal elec-
trodes for top emission organic light-emitting devices, which consists of thin
layers of Ca and Ag metals of different thicknesses, have been investigated [7].

In this chapter, a novel approach, consisting in co-sputtering Ag and Cu. UT-
MFs of Ag and Cu show peak transmittance at around 335–630 nm, respectively is
described. The forming Ag/Cu alloy presents a transmission spectrum flatter with
respect to the individual Cu and Ag layers. In addition, since both Ag and Cu are
UTMFs that exhibit very high electrical properties their mixture shows low RS. If
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need be in the device where they are used, the alloy films can be further coated
with, for example a Ni layer, to enhance both their stability and work function as
demonstrated in Chap. 4. The resulting alloy films are exceptionally smooth, truly
flexible, and remarkably resistant at elevated temperatures and with high work
function. To prove their device potentials, the developed UTMF alloys were used
as a semitransparent anode in OPVs, showing equal PCE of similar devices
incorporating ITO electrodes.

5.2 Optical Spectra

To predict and assess the potential of alloy films as semitransparent electrode for
display, photovoltaic and lighting applications, we analyzed their optical behavior
by solving Fresnel’s equations, i.e. the matrix formalism described in Sect. 4.3.

The n, k parameters used for transmission calculation of alloy films were
average weighted values of the constituent metal films at any given wavelength
(Eqs. 5.1 and 5.2).

nAlloy;k ¼ n1;k þ n2;k

� �

=2 ð5:1Þ

kAlloy;k ¼ k1;k þ k2;k
� �

=2 ð5:2Þ

where (n1, k1) and (n2, k2) are the optical constants for the two constituent metal.
Fig. 5.1 shows the theoretical prediction of optical transparency for different alloy

Fig. 5.1 Optical transmission in the visible spectrum for different alloy films with 50–50 %
composition for the two constituent metals
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films of 50–50 % composition in the visible range. For all the curves, 10 nm thick
films were considered. As it can be seen in the figure, Ag–Cu alloy films have the
highest and flattest optical transmission among all alloy films and therefore we
have chosen them for this study.

We have also calculated the optical response of the Ag–Cu alloy films for
different percentage compositions. As it can be seen in Fig. 5.2, the amount of Ag
content dominates the optical behavior of the alloy film. For Ag composi-
tion C50 %, the alloy films begin to show higher average transmission in the
visible region. The 50–50 % composition shows the flattest optical response

5.3 Implementation

The alloy films were prepared onto 1 mm-thick UV grade optically polished silica
substrates by means of DC magnetron sputtering (AJA Orion 8 DC) in pure argon
atmosphere. Prior to the deposition, the substrates were cleaned in a standard way,
as it is described in Sect. 2.2. To prepare alloy films by co-sputtering, deposition
rate of pure Cu and Ag targets were measured and the process was set up to
achieve the same deposition rate for both metals. The thickness of the resulting
alloy films is given by the sum of the individual metal thickness as the metals were
sputtered on their own. Single component Cu and Ag films were also prepared
under the same conditions to compare with the alloy films. It has to be said that

Fig. 5.2 Optical transmission for different percentage composition of Ag–Cu alloy films in the
visible spectrum
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another way of preparing alloy films is to sputter directly from an alloy target of a
given composition, e.g. 50 % Cu and 50 % Ag. However this approach has the
disadvantage of target degradation after a few depositions due to different depo-
sition (target consumption) rates of the constituent metals. A Perkin Elmer lambda
950 spectrophotometer was used for optical transmission measurements while a
Cascade Microtech 44/7 S 2749 four-point probe system with a Keithley 2001
multimeter for electrical sheet resistance measurements. The surface morphology
and composition of the fabricated films were characterized with a digital instru-
ment D3100- AFM and SEM, respectively.

5.4 Optical, Electrical and Mechanical Performance

As it can be seen in Fig. 5.3, there is good agreement between experimental and
theoretical curves for the alloy film, despite the fact that we have considered bulk
values for n, k of Cu and Ag, which can be different from the actual values when
the thickness of the film becomes smaller than 10 nm [8]. As it was expected, the
alloy film shows a quite flat behavior compared to single component Cu and Ag
films, with the peaks due to Ag and Cu strongly reduced. As it will be shown in the
next section this makes the alloy films particularly suitable for application-specific
devices, such as OSCs (Fig. 5.4).

Fig. 5.3 Experimental comparison of optical spectra between Ag/Cu (50–50 %) alloy and single
component Ag and Cu metal films. The figure also shows the theoretical optical prediction for the
alloy film
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Generally, alloy films are usually harder and less conductive than their con-
stituent metals. Metals when deposited as single materials show uniform density
while alloys can vary their density across the substrate, thus leading to enhanced
scattering of conduction electrons, in turn larger electrical resistivity. This is
confirmed by the fact that the sheet resistance (RS) of the deposited alloy films is
slightly larger than those of single component metal films. The RS of 10 nm alloy
film is about 15 X/sq while similar thicknesses of Cu and Ag films provide 12 and
8 X/sq, respectively.

Energy dispersive X-ray spectroscopy (EDX) was also carried out to determine
the actual chemical composition of the deposited alloy films (Fig. 5.5). The films
showed nearly equal presence of Cu and Ag. The AFM analysis of the deposited
alloy films and Ni 1 nm capped films reveals RMS values for the roughness lower
than 1 nm, which demonstrate an exceptionally smooth surface morphology.

The stability of the alloy films was assessed in harsh conditions, at high tem-
perature and in the presence of oxygen atmosphere. The pure alloy films starts
degrading in performance at 90 �C in ambient conditions while the Ni 1 nm
capped alloy film maintains its electrical and optical properties up to elevated
temperatures of about 180 �C, while still preserving its RMS roughness below
1 nm. In fact, the Ni capped alloy films behave similar to the Cu(d) ? Ni(1) films,
already described in Chapter 4. Besides improving the durability of the underlying
alloy, the 1 nm Ni capping layer increase the work function, being this feature
crucial in the case of OSC devices. The developed alloy electrode also exhibited

Fig. 5.4 Three dimensional AFM and thickness profile images of a Cu-Ag alloy and b Ni capped
alloy film. The RMS roughness of the alloy film is 0.523 nm which is similar to single component
Cu and Ag films, while the RMS roughness increases to 0.9 nm after coating with 1 nm Ni
capping layer
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excellent mechanical flexibility, as it was evidenced by the observed crack-free
behavior of deposited alloy on PET substrates, even after 104 bending cycles with
a radius of curvature (rC) continuously going from a minimum of 4 to a maximum
of 12 mm. During the mechanical flexibility tests the electrical and optical
properties were also maintained, while similar tests on commercially available
ITO on PET substrate shows an increase in RS of 550 % just after 10 cycles. This
value increases to 1580 % after 20 cycles. In addition cracks become evident in the
ITO film on the PET substrates after a few cycles, in agreement with the observed
sheet resistance increase (Fig 5.6).

Fig. 5.5 EDX analysis of the
Ni 1 nm capped alloy films

Fig. 5.6 Sheet resistance change during bending as a function of number of bending cycles for
Cu-Ag alloy and ITO

56 5 Ultrathin Alloy Films as TEs



5.5 Performance in an OPV Device

In collaboration with Jaehyung Hwang and Ingmar Bruder from BASF, the
developed alloy TE has also been used in OSCs. The OSC had the following
configuration: Anode/MoO3(5 nm)/ID345:C60(1:1,35 nm)/C60(25 nm)/
Bphen(5 nm)/Ag(100 nm). Devices incorporating standard ITO and single com-
ponent Cu and Ag were also made for comparison.

The corresponding electrical characterization data the OSC devices integrating
alloy electrode is summarized in Table 5.1. In Chapter 4, we have demonstrated
working OSCs reaching 77 % of PCE of ITO based device utilizing Cu based
electrodes [XX]. In the present study, cells incorporating alloy and ITO electrodes
showed same PCE. The higher transmittance of ITO electrode is compensated by
the microcavity effect which is strongly prevalent in alloy based device due to its
higher reflectance in the visible region ([21 % compared to * 9 % for ITO)
[XX]. It has been found that the optical resonance effect of the microcavity effect
developed between the semi-transparent alloy anode and top Ag cathode leads to
enhanced optical electrical field in the ITO free device which ultimately leads to
the enhanced optical absorption in the active layer. Beside that lower sheet
resistance together with higher work-function of the Ni capped alloy electrodes
also plays a crucial role for lowering the injection barrier.

5.6 Conclusions

We have investigated Cu-Ag alloy films as alternative TE structures and dem-
onstrated that they can perform as well as ITO with the advantage of being lower
in cost and higher in mechanical flexibility. The optical spectrum of such alloy
films follows the average optical behavior of single component Cu and Ag, thus
resulting in a much flatter optical response in the visible regime. In addition, the
films exhibit very low surface roughness and greater stability in harsh environment
when capped with Ni layers. In collaboration with BASF in Germany, we have
also shown high efficiency (2.9 %) in OSC devices, equal to those obtained in
similar structures using ITO, thus suggesting that indium-free organic devices can
be achieved using the proposed alloy based TEs.

Table 5.1 List of electrical characterization data for the OSC devices

JSC(mA/cm2) VOC(mV) FF(%) PCE (%)

Alloy 8 770 47 2.9
ITO 7.3 760 51 2.9
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Chapter 6
Ag/Al:ZnO Nano-Thick Bilayer TEs

6.1 Motivation

The search for an alternate TE other than ITO has led to the development of other
TCOs. Al:ZnO (AZO) is another recent choice to be used as one of transparent
electrodes (TEs). AZO has advantages like low cost and non-toxicity [1–4].
Another way of getting a more transparent TE is to use the dielectric/metal/
dielectric sandwich structure [2, 5–8]. But this kind of triple or more layer
structure leads to complexity as one need to deposit the thicker oxide layer in
relatively high temperature before and after the metal deposition and also increase
the total film-thickness, which is a shortcoming for flexibility.

In this Chapter, we propose a bilayer structure of metal/oxide (Al:ZnO capped
Ag nano-thick film) which can overcome the high reflection of metal and retains
the good electrical behavior of metal, while keeping the minimum total film-
thickness. In this work, AZO and Ag thin films were deposited onto UV grade
fused silica substrates and plastic PET substrates by simple DC sputtering at room
temperature. Electrical and optical properties of the bilayer structure were theo-
retically and experimentally studied with variation of Ag thickness. Environmental
stability of the proposed bilayer was thoroughly investigated. Figure-of-merit
(aTE) was also determined for the bilayer structure and the optimum geometry of
the bilayer was applied to the plastic PET substrates, where the mechanical
flexibility was investigated and compared with conventional ITO. An additional
ultrathin Ni was then added to the bilayer structure to build and OSC which
performed similarly to those incorporating ITO.

6.2 Implementation

The bilayer structure of AZO capped Ag nano-thick film (Ag/AZO) was prepared
onto 1 mm-thick silica substrates by means of magnetron sputtering (ATC Orion 8
HV). Ag was deposited in pure Ar atmosphere while AZO (aluminum 3 at %
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doped) was deposited in a mixture of Ar/O2 (flux ratio 9:1) at room temperature.
Deposition rates were determined from the MCM thickness monitor and cross-
sectional SEM observation. For a brevity, we denote the different samples with
different layer thickness of Ag and AZO as: Ag(d1)/AZO(d2), in which d1 and d2
represent the respective thickness of Ag and AZO. The deposition of Ag and AZO
was done in one single run without breaking the vacuum. A Perkin Elmer lambda
950 spectrophotometer was used for optical transmission measurements while
Cascade Microtech 44/7 S 2749 four-point probe system with a Keithley 2001
multimeter for electrical sheet resistance (RS) measurements. The morphology of
the fabricated films was characterized with the digital instrument D3100-AFM and
FEI-SEM. A humidity chamber Vötsch VCL 7003 was used for the damp heat
(DH) test in the standard conditions with 85 % relative humidity and at 85 �C.
After adding by sputtering an ultrathin Ni layer, the developed TEs were used as
anode electrodes in OSCs with the following structure: Anode/MoO3(5 nm)/
ID345:C60(1:1,35 nm)/C60(25 nm)/Bphen(5 nm)/Ag(100 nm).

6.3 Experimental Results and Analysis

Sahu et al. [2] reported nanoscaled Ag on the top of the AZO layer with an attempt
to increase the conductivity, in which the AZO thickness was fixed at 25 nm while
Ag thickness varied from 4 to 13 nm. It was found that the nanoscaled capping Ag
could apparently reduce the optical transparency, with a maximum transparency of
66 % recorded. It is worth noting that the nanoscaled Ag ultrathin films are very
unstable and begin to degrade rapidly in the air. In an effort, to stabilize the high
conductive Ag layers and improve their optical properties, we covered the Ag
layer with an AZO layer. In order to obtain the optimal thickness for the AZO
capping layer in the bilayer structure, we carried out calculations based on multiple
reflection and refraction as discussed in Chap. 4, Sect. 4.3. Figure 6.1 shows the
calculated optical transparency of the Ag/AZO bilayer structure, in which both the
thickness of Ag and AZO layer were varied to get the optimum structure. It is seen
that the optical transparency of the Ag layer can be greatly improved by a thin
AZO capping layer. The maximum transparency peak shows an apparent red-shift
with the thickness variation in the capping AZO layers. It is observed that the
optimal thickness for the AZO capping layer is in the range of 30–40 nm, in which
the average visible optical transparency exhibits the maximum value.

Figure 6.2 compares the performance of Ag/AZO bilayer structure alongside
ITO (100 nm), Ag nanowires, SWCNT and graphene film, all of them considered
alternative TCs of TCOs. It is observed that the conductivity behavior of the Ag/
AZO bilayer structure is mainly dominated by the underlying ultrathin Ag layer
when it becomes continuous (thickness [7 nm), for example, if we take a look at the
sample properties of Ag(11) and Ag(11)/AZO(30), the RS for the two samples shows
very close values, but for the latter sample, the average visible-optical-transparency
is noticeably enhanced from previously 60.5–86.83 %. The transparency spectra for

60 6 Ag/Al:ZnO Nano-Thick Bilayer TEs

http://dx.doi.org/10.1007/978-3-319-00348-1_4
http://dx.doi.org/10.1007/978-3-319-00348-1_4


ITO, Ag (11)/AZO(30) and Ag(11) in the visible light region is shown as the inset in
Fig. 6.3. It is seen that the spectrum of Ag (11)/AZO(30) shows a broaden bandwidth
and an apparent red-shift with respect to that of Ag(11), which exhibits reasonable
consistent with the calculation.

As mentioned earlier (Chap. 4), The aTE is conventionally used to evaluate the
performance of transparent conductors, where the RS and optical transparency are

Fig. 6.1 Transparency spectra of a Ag(11)/AZO(d) and b Ag(d)/AZO(30) bilayer structure with
different thicknesses (d) of AZO capping layer and Ag layer respectively, which indicates that the
optimal thickness for AZO is in the range of 30–40 nm

Fig. 6.2 Visible optical
transparency, averaged over
the 375–700 nm range, as a
function of RS for Ag(d)/
AZO(30) and Ag(11). The
value of Ag thickness (d)
identifies each point in the
curves. The data for ITO, Ag
nanowires, SWCNT and
graphene are also shown for a
comparison
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both considered and evaluated. More recently, researchers have used the ratio of
DC conductivity and optical conductivity (rDC/rOP) as an effective way to compare
the various TEs in terms of their performance [9]. The ratio is related to trans-
parency and RS as T = (1 ? (Z0/2RS)(rDC/rOP))-2, where Z0 is the impedance of
the free space and has the value of 376.8 X. High values of rDC/rOP implies high
transparency and low RS. We took the average transparency in visible range
(375–700 nm) rather than taking it for a particular wavelength for all samples for
better evaluation of aTE. For a TE having an average transparency [90 % and
RS \ 10 X/sq, the value of aTE is &350, which can be viewed as the benchmark for
TE applications. Figure 6.4 shows the calculated aTE values for Ag/AZO bilayer
structure alongside ITO (100 nm), Ag nanowires, SWCNT and graphene film. It is
seen that the Ag(11)/AZO(30) exhibits the maximum aTE value of about 450, which
is much better than ITO and Ag nanowires. Due to the relatively high RS, graphene
and CNT both show very low aTE values. Guillen et. al. [10] achieved the highest
aTE in a sandwich ITO/Ag/ITO structure by using Ag film thickness of 10 nm,
which gives a good agreement with our experimental result.

The environmental stability of the prepared TEs based on Ag(d)/AZO(30) was
also evaluated using both furnace annealing at an elevated temperature of 500 �C
and 7-day DH test with the standard humidity conditions of 85 �C and 85 %
relative humidity. In Fig. 6.5, it is clearly observed that annealing process can lead
to slight improvement in both electrical and optical properties (dashed line), which
can be explained in terms of crystallinity and microstructure enhancement with
raised temperature [11]. It is found that the RS improvement shows saturation
behavior after about 300 �C, as can be typically represented by the sample of
Ag(11)/AZO(30) in Fig. 6.5 inset. The standard DH test also shows the relatively
high environmental stability of our TEs. The samples were kept at 85 % relative
humidity and at 85 �C and their electrical and optical properties were measured
every 24 h. It is found that the Ag(11)/AZO(30) sample can maintain their opto-
electrical properties after the DH test for 1 week. The stability can be evaluated by

Fig. 6.3 Transparency
spectra for ITO, Ag (11)/
AZO(30) and Ag(11) in the
visible light region
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the relative slope variation in RS as already mentioned in Chap. 4, Sect. 4.3. One
can readily assess a high stability of the Ag(11)/AZO(30) sample (Fig. 6.6).
Afterwards, its surface morphology deteriorates with emerging of some droplet-
like spots with random distribution on the sample circumference originating from
the edges. This is due to the penetration of the water vapor from the unprotected
edges of the sample at elevated temperature, since it is well known that the pure
Ag ultrathin films are very sensitive to atmosphere, and even degrade rapidly when
just exposed to ambient atmosphere.

As the electrode in device application, the transparent conducting layer should
have a flat and uniform surface morphology. We characterized the samples pre-
pared on glass and PET with the help of AFM. Ag(11)/AZO(30) samples on glass
and PET shows RMS roughness of 2.47 and 2.68 nm respectively over an area of
1 lm square (Fig. 6.7), which evidences the flatness and uniformity of the surface.

Fig. 6.4 Figure-of-merit for
Ag(d)/AZO(30). Inset is Rsd

3

versus d for determination of
percolation threshold. U1

to U4 identify the
figure-of-merit values
for ITO, Ag nanowires,
SWCNT, and graphene,
respectively

Fig. 6.5 Opto-electrical
improvement of Ag(d)/
AZO(30) samples after
furnace annealing at an
elevated temperature of
500 �C for a dwelling time of
60 min. Inset figure shows
the RS evolution with furnace
annealing for Ag(11)/
AZO(30)
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Flexible electronics, such as thin film transistors, flexible solar cells, flexible
OLEDs, printable electronics etc., has attracted intense investigation due to the
merits like low cost, light weight and superior flexibility [12, 13]. As an indis-
pensible component in flexible electronics, it has become extremely important for
TE to retain their electrical and optical properties after undergoing multiple

Fig. 6.6 RS evolution with the standard DH test for Ag(11)/AZO(30)

Fig. 6.7 Three dimensional AFM and thickness profile images of Ag(11)/AZO(30) samples on
glass (top) and PET (bottom)
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bending. To evaluate the flexibility of the proposed Ag/AZO bilayer structure we
fabricated several samples on PET substrates with the best film geometry of
Ag(11)/AZO(30) and put them to undergo tensile bending from a radius of 12 mm
to 4 mm as described in Chap. 5, Sect. 5.3. The results were then compared to
state-of-art 100 nm-thick ITO which was commercially bought. It has been
observed that the electrical properties of Ag(11)/AZO(30) are very stable even
after 104 bending cycles while the RS of ITO increases to 1580 % after 20 such
cycles as mentioned in Chap. 4. In the case of Ag(11)/AZO(30), ductile Ag
conductive layer beneath the AZO in our proposed structure helps in retaining the
electrical properties after bending [14]. Figure 6.8 shows the SEM images of the
ITO and Ag(11)/AZO(30) films before and after bending test. Cracks are formed in
the case of ITO while no observable degradation in surface morphology is found in
the case of Ag(11)/AZO(30).

6.4 Performance in an OPV Device

The best structure Ag(11)/AZO(30) were then used to fabricate OSCs. 1 nm-thick
nickel is added to enhance the work function and stability of the Ag/AZO anode [15].
The electrical characterization data comparing the performance of devices incor-
porating Ag/AZO/Ni and ITO anodes are reported in Table 6.1. The values for open
circuit voltage (VOC) and fill factor (FF) for Ag/AZO/Ni and ITO devices are

Fig. 6.8 SEM images of the ITO and Ag(11)/AZO(30) films before and after bending. a ITO,
before bending; b ITO, after 20 bending cycles; c Ag(11)/AZO(30), before bending; and
d Ag(11)/AZO(30), after 104 bending cycles
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practically the same. The main difference between the devices is in the short-circuit
current density (JSC). However, the device incorporating an Ag/AZO/Ni anode
shows about 90 % of the efficiency of that incorporating ITO.

6.5 Conclusions

Transparent electrode structures made of Ag/AZO films on glass or PET substrates
were prepared by DC magnetron sputtering at room temperature. The thickness of
the Ag and AZO layer is optimized to maximize the antireflection effect. It is
found that 30 nm thick AZO on the top of Ag can greatly enhance the optical
transparency. The dependence of electrical and optical properties of the bilayer
Ag/AZO structure as a function of Ag thickness is studied. It is found that Ag(11)/
AZO(30) has a figure-of-merit larger than other TEs, such as ITO, single wall
carbon nanotubes, graphene and Ag nanowires. The proposed electrodes are stable
against elevated temperature (500 �C) and damp heat conditions (85 �C and 85 %
relative humidity). After adding Ni to increase the work function, the Ag/AZO/Ni
electrode on PET was used as an anode in an organic solar cell achieving more
than 90 % of the efficiency of a similar device incorporating ITO. The RS of the
proposed electrode remains unchanged after 104 bending cycles while its surface
does not show any sign of cracking after 104 bending cycles. On the contrary ITO
on PET shows an exponential increase in RS and surface cracking only after 20
cycles. Considering also its low cost and the room temperature processing, the
developed TEs have great potential for the flexible optoelectronics industry.
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Chapter 7
Ultrathin Metal Capped Al-Doped ZnO
as Transparent Electrode

7.1 Motivation

The rising cost and problems associated with ITO has led to a search for alternate
transparent electrode (TE) material. Other TCO materials are being widely
developed and in particular Al-doped ZnO (AZO) has received great attention in
the recent years and has been considered as a promising alternative to ITO [1–4].
This material is particularly interesting because of its low cost and wide avail-
ability of its constituent raw materials. However, the environmental stability of
AZO films is still an unsolved problem, leading to significantly increased electrical
resistivity and surface degradation when the AZO is exposed to harsh environment
(e.g., annealing in air or humidity damping). This drawback prevents AZO films to
be deployed in real applications that require long-term reliability of the devices.
Therefore, great effort has been dedicated to improve the environmental stability
of AZO thin films [3–6]. Miyata et al. [3] pointed out that oxygen might be
responsible for the degradation of electrical properties during thermal annealing in
air. Greiner et al. [7] showed that the surface morphology plays an important role
in AZO environmental stability, while Lin et al. [4] observed a degradation in
electrical conductivity, but negligible change in optical properties. Up to now, the
majority of the research works have targeted composition modification as well as
crystalline quality control to stabilize AZO [4–7].

The present work aims to provide the AZO electrodes with more transparency,
stability, protection and compatibility with the environment. In this chapter, we
investigate the environmental stability of AZO thin films and report an effective
approach to enhance it. By adding an ultrathin Ni capping layer with a thickness in
proximity of its percolation threshold (2.5 nm thickness), the environmental
stability of AZO thin film is greatly enhanced, as it is shown via damp heat (DH)
tests at 95 �C and 95 % relative humidity. The developed Ni capped AZO TE is
then used as an anode in OLEDs and OSCs, showing performance similar to those
of ITO-based devices.

D. S. Ghosh, Ultrathin Metal Transparent Electrodes for the Optoelectronics Industry,
Springer Theses, DOI: 10.1007/978-3-319-00348-1_7,
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7.2 Implementation

AZO thin films with thicknesses of 30 and 250 nm, named as AZOS and AZOL,
respectively, and Ni layer with different thicknesses were deposited by sputtering
on optically polished UV fused silica substrates. Prior to the deposition, the sub-
strates were cleaned in standard way as mentioned in Chap. 2, Sect. 2.2. The
sputtering target used was Zinc Oxide target 3 at % doped with Al. AZO films
were prepared with a substrate temperature of 200� C, RF power 150 W, and a
pure Ar working pressure of 1–1.5 mTorr. Nickel was deposited at 100 W DC
power in pure Ar atmosphere of 1.5 mTorr. The electrical sheet resistance (RS)
was measured by Four point Probe (Cascade Microtech 44/7S) while for the
transmission spectra, Perkin Elmer Lambda 950 spectrophotometer was used.
A humidity chamber Votsch VCL 7003 was used for the DH test in harsh con-
ditions of 95� C and 95 % relative humidity. The surface morphology was char-
acterized by atomic-force-microscope (AFM) and optical interferometry (Veeco
Wyko 9800NT). Work function of the films was evaluated by ambient scanning
Kelvin probe microscopy with gold as a reference electrode. Conventional X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) were used for
identifying crystal structure and elemental composition, respectively.

7.3 Experimental Results and Stability Analysis

There are already some reports on the combination of metal and TCOs as TEs.
Recently, Bernede et al. deposited a very thin metal layer (0.5–1.5 nm), preferably
0.5 nm, on the top of TCO to improve their functionality [8]. It is found that such an
UTMF improves the device performance due to the better matching of energy levels
between the transparent electrode and organic layer which in turn implies lower
injection barrier. However, in the case of capping the TCO with a metal layer, too
thick metal capping layer would lead to large light absorption while too thin metal
layer would be prone to formation of discrete island-like morphology, thus resulting
in an incomplete protection of the underlying AZO against the environment or
detrimental interaction with the other layers forming the device. Therefore, it is
intuitive that the optimum thickness of the metal capping layer should be around its
percolation threshold, i.e., the thickness corresponding to which the layer mor-
phology changes from an island distribution to a continuous layer. The percolation
threshold can be estimated by plotting the RSt3 versus t as also described in Chap. 4,
Sect. 4.3. Figure 7.1a shows this plot for Ni layer, indicating a percolation
threshold between 2 and 3 nm. Another way of inferring the percolation threshold is
to use the F–S model (described in Chap. 2, Sect. 2.5.1), which for a continuous
and uniform thin film defines the relationship between thickness (t) and resistivity
(qf). Figure 2.7 in Chap. 2 shows the experimental data for Ni films fitted with F–S
model. From the fitting curve, it is observed that the F–S model can predict the
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resistivity of Ni layer very well up to approximately 2.5 nm. The experimental
resistivity value of 2 nm-thick Ni shows a clear deviation from the corresponding
fitting data, indicating that a Ni layer with a thickness less than 2.5 nm is no longer
continuous and uniform. It is interesting to note that the resistivity evolution of Ni
layers with varied thickness on insulating ZnO/glass shows the same trend, indi-
cating that the percolation threshold for the room temperature deposited Ni layers
on glass can be applicable to AZO/glass. The aforesaid analysis indicates that the
percolation threshold for Ni layer (tP) is about 2.5 nm. For a thickness less than tP
island-like structures will form. We thus name NiP and NiI for the Ni layers with
thicknesses tP and less than tP, respectively.

It is worth noticing that the optical transmittance of Ni layers depends strongly
on their thickness, as shown in the Fig. 7.2. In order to recover the transparency,

Fig. 7.1 RSt3 versus t for the
determination of percolation
threshold

Fig. 7.2 Average optical
transparency for Ni films with
varied thickness
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all the AZO/Ni samples were then in situ treated in O2 plasma. Apart from the
transparency recovery, the O2 plasma also has the role of enhancing the surface
work function through the Ni oxide formation [9]. The resulting work function
values were measured 4.75 and 5.34 eV for AZO and AZO/Ni_TR (where TR
denotes treatment with O2 plasma), respectively, thus confirming a significant
enhancement.

In order to investigate the transparency of AZO/Ni samples, we calculated the
transmission of our films based on a multilayer stacked structure by solving the
Fresnel equations, the matrix formalism described in Chap. 4, Sect. 4.3.
Figure 7.3: (a) Theoretical calculation of the three layer AZO/Ni/NiOstacks on
fused silica substrates alongside with the experimental data of pure AZO, AZO/
Ni(2.5), and AZO/Ni(2.5) _TR, (b) XPS spectrum of the structure AZO/
Ni(2.5)_TR showing the presence of metallic Ni. Figure 7.3 (a) shows the results
of the theoretical calculation for the three layer AZO/Ni/NiO structure on fused
silica glass substrate, alongside with the experimental data of AZO, AZO/
Ni(2.5)_TR, and AZO/Ni(2.5). There is a good agreement between the calculated
and experimental data for the structure. As it is predicted by the calculation, the
formation of Ni oxides can effectively raise the transparency of AZO/Ni(2.5)
samples. It is pointed out that the presence of the remaining Ni, even though in
minimum quantity is essential for ensuring that the oxidation treatment will not
influence the interface between AZO and Ni. The O2 plasma treatment was thus
optimized so that the AZO/Ni(2.5)_TR samples can maintain the interface
integrity while exhibiting high transparency. From Fig. 7.3a, it is seen that the
calculated curve of AZO/Ni(0.5)/NiOX(2) is close to the experimental data of
AZO/Ni(2.5)_TR, thus indicating that the remaining Ni thickness (0.5 nm) is close
to that of the unit-cell dimension (about 0.35 nm). The X-ray photoelectron spectra
(XPS) analysis of our samples have also shown the presence of metallic Ni
(852.9 eV) on the surface of AZO/Ni(2.5)_TR, after removal of the top layer of
oxidized Ni by Ar+ sputtering (Fig. 7.3b).

For the experiments, we fabricated and measured the following samples: AZOL

(250 nm), AZOL/NiP (250 nm/2.5 nm-oxidized). Figure 7.4 shows the DH test
results for AZOL and AZOL/NiP samples. It is clearly seen that AZOL/NiP sample
shows electrical properties more stable than those of AZOL, with a sheet resistance
value still below 24 X/sq after 30 days (Fig. 7.4a). Moreover, as it can be seen in
the Fig. 7.4b, the average optical transmittance in the 375–700 nm wavelength
range for AZOL/NiP remains unchanged—in fact it even increases slightly due to
additional oxidation of the remaining Ni while that of AZOL strongly decreases.
The surface morphology of AZOL and AZOL/NiP samples was also characterized
by optical interference microscopy. Before the DH test, a typical image for both
samples is featureless (Fig. 7.5a). After 30-day DH, the surface morphology of
AZOL/NiP remains almost unchanged while that of AZOL shows spikes and
droplet-like spots distributed in a random manner (Fig. 7.5b). The morphological
degradation of AZOL is likely to be intimately correlated with hydrolysis-induced
corrosion process occurred possibly at the grain boundaries. The root-mean square
(RMS) roughness values for as-deposited AZOL and AZOL/NiP are about 3.18 and
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2.33 nm, respectively. Furthermore, the surface morphology of AZOL and AZOL/
NiP samples after the DH test was also characterized by AFM, as it is shown in
Fig. 7.4c and d. The AZOL sample shows a very rough surface with a RMS
roughness value greater than 100 nm while the AZOL/NiP sample exhibits an
almost unchanged surface roughness compared to as deposited value. This indi-
cates that deposited Ni capping can provide a dense, uniform, and smoothing
protective layer to avoid any surface degradation during DH test. From the above
results, one can conclude that oxidized Ni capping layers with appropriate
thickness can effectively increase the environmental stability of AZO films and
strongly reduce otherwise unavoidable degradation in surface morphology, elec-
trical, and optical properties.

Fig. 7.3 a Theoretical
calculation of the three layer
AZO/Ni/NiOX stacks on
fused silica substrates
alongside with the
experimental data of pure
AZO, AZO/Ni(2.5), and
AZO/Ni(2.5) _TR, b XPS
spectrum of the structure
AZO/Ni(2.5)_TR showing
the presence of metallic Ni
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Miyata et al. [3] reported that AZO layers with a thickness below 50 nm were
very unstable even when exposed to air at room temperature for a long time. The
adsorption of oxygen at grain boundaries was found to be responsible for the
degradation. Therefore, to further elucidate the role of NiP, environmental stability
tests of AZOS, AZOS/NiI, and AZOS/NiP samples, where the thickness of AZO is
approximately 30 nm, NiP is 2.5 nm, NiI is 1 nm, was investigated under both
thermal annealing and DH conditions. The stability after thermal annealing can be
evaluated by the relative slope variation in sheet resistance with h = 0 corresponds
to ideal stability. One can readily assess a much higher stability of AZOS/NiP over
AZOS and AZOS/NiI samples (Fig. 7.6b). NiI capping layer cannot cover the entire
surface and thus AZOS/NiI shows an inferior stability, but due to the presence of
the Ni island formation, the stability in this case is still better than AZOS. The DH
test further evidences the best stability for AZOS/NiP sample (Fig. 7.6a).

From Fig. 7.7 one can see that the AZO film grown on glass shows a textured
structure with a very strong preferential alignment of AZO(002), in which the full
width at half maximum (FWHM) for AZO(002) is only 0.34�. The average grain

Fig. 7.4 Correlation of
properties of AZOL and
AZOL/NiP films with DH test
time a electrical b average
optical transmittance
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size is calculated to be around 35 nm using Scherrer formula. The calculated grain
size is much higher than reported in literature confirming the better quality of
deposited AZO [10]. The degree of out-of-plane alignment is evaluated by a x
scan (rocking curve for the AZO (002) peak), as it is shown in the inset of Fig. 7.7,
the FWHM for it being 4.8�. It is believed that the textured crystalline structure of
our AZO films plays a decisive role in enhancing their environmental stability.

Fig. 7.5 a Typical optical micro image for AZOL and AZOL/NiP samples before DH test and
b for AZOL after a 30 days DH test, c and d are the AFM images (scanning area of 10 9 10 lm2)
for AZOL/NiP and AZOL after the DH test respectively

Fig. 7.6 a Polar figure for the thermal stability of the samples, the horizontal axis (h = 0)
corresponds to ideal stability and b sheet resistance changes with DH test time (red column 24 h
and green column 1 week) for different samples
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7.4 Performance in OLED and OPV Device

In collaboration with Stephanie Cheylan and Danny Krautz (ICFO), as deposited
AZO and AZOL/NiP was also used, instead of ITO, as a transparent hole-injecting
electrode for bottom polymer LEDs. Standard architecture of the diodes used for
the study was: Anode/PEDOT:PSS/PFO/CaAg. Poly(phenylenevinylene) copoly-
mer (SY), commercially available from Merck, was dissolved in toluene, stirred
overnight and filtered before being spin-coated onto the PEDOT-PSS layer for a
thickness of around 80 nm. Ca and Ag are sequentially thermally evaporated
(\5 9 10-6 Torr) onto the emitting layer using shadow mask (Table 7.1).

For a comparison, commercially available ITO (100 nm and 17–21 X/sq) was
used to realize the same device architecture. The AZOL/NiP anode based device
shows an equivalent performance to the ITO-based one. The enhanced device
performance based on AZOL/NiP anode is related to a significant improvement in
the injection of charges due to a better work function matching at the anode-
organic interface.

In addition, in collaboration with the Organic Nanostructured Photovoltaics
group in ICFO, the developed TE was also used to make OSCs. It was recently

Fig. 7.7 XRD profile for
AZO grown on glass showing
highly crystalline structure,
inset is the scan for the AZO
(002) peak

Table 7.1 Performance data of the devices with ITO and AZO electrodes. VTH corresponds to
the voltage at which 1 cd m-2 is obtained and VmaxLce corresponds to the voltage at which the
maximum luminance is obtained

Work function (eV) Current density
(A m-2)

VTH/VmaxLce (V) Luminance (cd m-2)

AZOL 4.75 7930 6/23 120
AZOL/NiP 5.3 7930 4.6/11.2 145
ITO 5.0 7930 4.6/10.2 150
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shown that NiOX could be used as hole transporting layer (HTL) for OSCs pro-
viding better efficiency and stability [11]. We found that the AZOL/NiP can both
act as anodic TE and HTL for bulk-heterostructure OSCs at the same time. The
fabricated OSC has the following configuration: TE/P3HT:PCBM/LiCoO2/Al, in
which the AZOL provides the dominant electrical conductivity while the top NiP
works as an excellent work function matching layer, an electron blocking layer, as
well as a protective layer for the underlying AZO (Table 7.2).

The OPV cell based on AZOL/NiP reaches 73 % of the efficiency of an ITO
based structure which has an additional NiOX film on top of it as HTL. As
mentioned earlier, there is an ultrathin Ni interlayer remaining after the O2 plasma
treatment for AZOL/NiP. In order to investigate the role of the remaining Ni
interlayer, we fabricated an OSC with the following architecture: AZOL/NiOX/
P3HT:PCBM/LiCoO2/Al, in which the NiOX layer was sputtered from a NiO
sintered ceramic target and deposited on AZOL. The IV curve shows an S-shaped
feature which could be due to the energy barrier for carrier extraction inside the
interfaces of OSC. From these studies, it is clear that such a barrier is present
between AZO and NiOX, possibly related to the difference in work function
(4.75 eV for AZO eV and 5.4 for NiO). It is expected that the final device
performance can be further improved by optimization of the device stack

7.5 Conclusions

In summary, an ultrathin Ni capping layer with a thickness at percolation threshold
can significantly stabilize an underlying AZO layer in harsh environment. The
underlying AZO dominates the electrical conductivity while the top Ni/NiO works
as an excellent work function matching layer, an hole transporting layer, as well as
a protective layer for the underlying AZO. The proposed capping layer acts as a
blocking layer to inhibit the penetration of oxygen and water at the grain
boundaries of AZO. The bilayer transparent electrode shows electro-optical per-
formance similar to ITO when used as an anode in OLED devices and has been
effectively used as a versatile transparent electrode acting as both anode and HTL
layer in an OPV cell.

The present approach can be extended to other TCOs such as FTO, GZO and
TTO for their environmental stability and functional improvement. On the other
hand, other metal capping layer such as Ti instead of Ni can also be used which
may in turn can act as hole blocking layer (HBL) for organic electronic devices.

Table 7.2 List of electrical characterization data for the OPV device

JSC (mA/cm2) VOC (mV) FF (%) PCE (%)

ITO/NiOX -10.62 520 59 3.25
AZOL/NiOX -7.50 485 25 0.91
AZOL/NiP -8.29 472 60 2.36

7.4 Performance in OLED and OPV Device 77



The scheme can also be applied with the protective layer is coated both below and
top of the TCO. This particular arrangement can be very critical for plastic sub-
strates which absorb a substantial amount of moisture and potentially lead to the
degradation of conducting layer.
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Chapter 8
Summary and Future Outlook

Inexpensive, low temperature processable and flexible TEs are essential for the
functionality of energy efficient optoelectronic devices, such as OPV cells,
OLEDs, and displays. The main limitations of the currently used TEs, including
ITO, are related to their high cost, low compatibility with active organic materials
and poor mechanically flexibility. This thesis has investigated the properties and
applicability of UTMF based TEs, showing that they are an effective and viable
alternative to ITO for the optoelectronics industry.

The main results include:

• The investigation of the optical response from the UV to the mid-infrared
region of single component Ni and Cr based UTMFs, showing that the optical
transmission of the deposited films is comparable to that of ITO in the visible
and near-infrared range (0.4–2.5 lm), while it can be significantly higher in
the ultraviolet (175–400 nm) and mid-infrared (2.5–25 lm). This feature
makes them ideal TE candidates for devices like UV photodiodes, UV LEDs,
solar cells for space satellites, and IR pyroelectric detectors.

• An innovative technique to make the UTMF based TEs environmentally
stable. The oxidation mechanism, which is a major concern for metal films,
can be in fact exploited to achieve stable films. With an appropriate tem-
perature cycle in the presence of oxygen, a protective oxide layer on top of
the metallic film is produced, which prevents further oxidation of the
underneath metal.

• An innovative TE structure, incorporating an ad hoc conductive grid, which
can significantly reduce the sheet resistance of UTMF based transparent
electrodes, leaving practically unchanged their transparency. By employing
this design, we were able to reduce the sheet resistance of a continuous 2 nm
Ni film ([950 X/sq) to 6.5 X/sq while the transparency was maintained at
values exceeding 75 %. The design allows going beyond the current trade-off
between optical transparency and electrical conductivity of continuous metal
based TEs.
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• The combination of different UTMFs into the same TE structures, for
example, ultrathin Cu films and Cu–Ag alloys capped by a Ti or Ni layer.
These TEs show excellent stability against temperature and oxidation and
present also the appropriate work function. The performance of Cu–Ni and
Ag–Cu alloy-Ni based TEs has been investigated in devices like OLEDs and
OSCs, achieving conversion efficiencies around 3 %, comparable to those of
devices using ITO.

• The bilayer doped metal oxide/metal (AZO capped Ag nano-thick film)
which can overcome the high reflection of metals and retain their good
electrical behavior, while still keeping the minimum total film-thickness.
Electrical and optical properties as well as the environmental stability of the
doped metal oxide/metal bilayer structure were theoretically and experi-
mentally studied. In an attempt to make a hybrid TE, UTMF capping layer
were also successfully utilized for stability improvement of AZO. It was
found that an ultrathin oxidized Ni capping layer with a thickness at perco-
lation threshold greatly enhances the stability of AZO layer in harsh envi-
ronment without affecting the electro-optical properties. We have also
verified that the combined structure act both as anode and hole transporting
layer, the latter property generally achieved by depositing another layer
during device fabrication.

Although this thesis has contributed to the foundation of a novel class of
transparent electrode materials and showed their effective incorporation into
OLEDs and OSCs, there still remain significant developments before UTMFs have
a widespread use in optoelectronic applications.

An area of high interest is widening the applications beyond OLEDs and OSCs,
including flat-panel rigid displays for TV screens, tactile displays for smart-phone
and tablets, and sensors. For this purpose, the performance obtained on glass rigid
substrates should also be achieved on flexible plastic sheets, such as PET and PEN,
this being crucial for a low cost roll-to-roll production. For example the UTMF
combined with the grid concept offers great margin of improvements together with
mechanical flexibility by choosing new material combinations.

A disadvantage of using polymeric substrates is that they absorb a substantial
amount of moisture which eventually penetrates through it and potentially leads to
the degradation of UTMFs. This is a difficult problem to be solved and substantial
efforts are needed to develop effective barrier layers, which can enhance the sta-
bility as well as the adhesion of the UTMFs without compromising their flexibility.

Besides the aforementioned UTMF with grid structure especially suitable for
flexible transparent electrodes, the developed UTMF technology can be combined
with other ITO alternatives, including CNT, graphene or metallic nanowires, to
achieve improved electro-optical and stability performance. From a material
perspective the substrate will also play a significant role in the future. Nano-
structuring of the surface could lead to additional properties for the UTMF
transparent electrodes deposited on top of it, including hydrophobicity and self-
cleaning capabilities.
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