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And so each venture

Is a new beginning, a raid on the inarticulate

With shabby equipment always deteriorating

In the general mess of imprecision of feeling,

Undisciplined squads of emotion. And what there is to conquer
By strength and submission, has already been discovered

Once or twice, or several times, by men whom one cannot hope
To emulate - but there is no competition -

There is only the fight to recover what has been lost

And found and lost again and again: and now, under conditions
That seem unpropitious. But perhaps neither gain nor loss.

For us, there is only the trying. The rest is not our business.

— T. S. Eliot, East Coker, Four Quartets






Abstract

RANSPARENT electrodes are a key component in new photovoltaic devices.

With the development of organic and hybrid solar cells, electrical

conductivity and optical transparency of transparent electrodes must be
accompanied by other functionalities, such as large surface area, effective light
management, preferential charge transport directions, mechanical flexibility and
compatibility with polymer substrates. This work describes the investigation of
the structure/property relation in nanostructured Al-doped ZnO (AZO), with the
aim of obtaining multifunctional AZO transparent electrodes by room temperature
Pulsed Laser Deposition, with the functional properties mentioned above.
By a deep investigation of the structure/property relation in AZO with different
morphologies, state-of-the-art compact transparent conducting films and meso-
porous forest-like hierarchically assembled layers, optimal for light scattering and
trapping, were obtained at room temperature. The properties of interest were
combined by two independent approaches, leading to the synthesis of electrically
conducting AZO nano-forests and functionally graded architectures, which were
tested to demonstrate a significant improvement in light harvesting for of organic

photovoltaic applications.
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Premessa

LI elettrodi trasparenti sono un componente fondamentale dei dispositivi
fotovoltaici di nuova generazione. Con l'avvento delle celle solari
organiche e ibride, la conducibilita elettrica e la trasparenza alla luce

visibile non sono piu sufficienti, ma devono essere accompagnate da altre proprieta
particolari, come un’elevata area superficiale, la capacita di intrappolare la luce,
la presenza di direzioni di trasporto preferenziali per le cariche, la flessibilita e
la compatibilita con substrati polimerici. Questo lavoro descrive lo studio della
relazione struttura/proprieta in film nanostrutturati di ossido di zinco drogato con
alluminio (AZO), per ottenere elettrodi trasparenti multifunzionali sintetizzati
a temperatura ambiente mediante ablazione a laser pulsato, con le proprieta
funzionali sopra elencate.

Attraverso un’indagine approfondita della relazione tra struttura e proprieta in
film di AZO con diversa morfologia, sono stati ottenuti conduttori trasparenti
compatti con proprieta allo stato dell’arte, e film mesoporosi con una struttura
gerarchica a forma di foresta che garantisce la diffusione e l'intrappolamento
della luce. La possibilita di combinare le proprieta d’interesse e stata ottenuta
attraverso due approcci indipendenti, che hanno condotto allo sviluppo di nano-
foreste conduttive di AZO e di architetture con variazioni graduali di morfologia,
che sono state testate ottenendo un aumento significativo dell’efficienza di raccolta

della luce solare per applicazioni ai dispositivi fotovoltaici organici.
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Introduction

HE last centuries have been characterized by an unprecedented increase
of energy consumption, due to worldwide technological innovations and
a rapid demographic expansion of the world population. The urgency
of replacing fossil fuels such as oil and coal has become critical, leading the
world of research to a fast development of efficient solutions, many of which are
based on renewable sources. Harvesting energy from the sun, the oceans, the
wind etc. is a complex matter, raising a number of technological issues related
to the development of functional materials which need of course be preferably

inexpensive, abundant and nontoxic.

The field of solar energy devices, in particular, is in constant evolution and
conventional bulk Si-based PhotoVoltaic (PV) cells and modules are going to be
replaced by low cost solutions with novel properties of interest, e.g. mechanical
flexibility, capability of harvesting sunlight from different directions, compatibility
with inexpensive, polymer-based substrates. In this new class of devices, mainly
constituted by thin film, organic and hybrid solar cells, a component of primary
importance is constituted by transparent electrodes. The basic role played by
a transparent electrode is to let the solar light get through to the device active
medium (which requires visible transparency) and, at the same time, to let the
photogenerated charges exit the device to an external circuit (which requires
electrical conductivity). The development of performing transparent conductors
has been pursued and achieved over the last 2-3 decades, leading to the wide

employment of compact thin films of Transparent Conducting Oxides (TCOs).

In general, TCOs are a class of materials based on wide bandgap (> 3 eV) metal
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Introduction

oxides, which become good electrical conductors upon degenerate doping (usually
n-type) which fills their conduction band with nearly free electrons. Within this
class, Indium-Tin Oxide (ITO) was soon identified as the most performing and
brought to application at an industrial scale. However, indium is a scarce and
expensive material, whose processing is not environmental friendly: this makes
ITO unfit to carry on as a long-term lead material for TCO applications. Among
the possible replacements for ITO, Al-doped Zinc Oxide (AZO) stands out as a

low cost, abundant and highly performing candidate.

Compact AZO as a conventional TCO layer is now widely available, with
optical transparency and electrical conductivity which are not far from reaching
ITO-like values. However, the development of novel PV devices, as anticipated
above, makes these basic TCO properties insufficient to cover the emerging needs.
Several peculiar requirements must be met, both in terms of synthesis process and
of functional properties: first, the compatibility with flexible devices and polymer-
based substrates demands low temperature synthesis and processing. This is
a non-standard requirement, cutting out the majority of synthesis techniques
conventionally employed for TCO layers. Second, effective light management
and trapping is hard to achieve in standard compact TCOs, suggesting that
flat-surface films should be replaced by complex, 3-d morphologies. Another
peculiarity connected with the development of new generation PV devices is the
criticality of maximizing interfaces by increasing the surface-to-volume ratio, e.g.
with the development of porous structures. Furthermore, in all thin-film, organic
and hybrid PV devices, the identification and control of a preferential charge
transport direction can positively affect the performance of transparent electrodes:
this is the case with novel ordered hierarchical structures, whose synthesis requires
a deep understanding of the modification of properties when moving to the micro-
and nanoscale. This is in general a challenge for physics and nanotechnology,
pointing at the understanding of the structure/property relation in nanostructured
materials as one of the goals to pursue for the development of novel functional

materials.

In this context, the main subject of this work is the development of nanos-
tructured AZO layers to be employed as multifunctional transparent electrodes
in novel PV devices. This is done by exploring the structure/property relation
in strongly diversified AZO thin films, synthesized at room temperature with
a variety of structures and morphologies. The synthesis technique of choice to

perform this exploration is Pulsed Laser Deposition (PLD), whose versatility
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Introduction

allows to easily span across different deposition regimes - from conventional
compact layers to complex, 3-d structured hierarchical morphologies - and to
achieve control of the chemical composition and local properties down to the
nanoscale. The identification of the means to achieve control of structural and
functional properties will then be used as a starting point for the development of
multifunctional AZO layers to meet the requirements listed above.

This work is structured in three parts according to the following scheme:
Part [[] reviews the physics and state of the art of transparent electrodes in
general (chapter and of AZO specifically (chapter . Part [l presents the
investigation of the structure/property relation in nanostructured AZO grown by
room temperature PLD (chapter [4]), preceded by a description of the experimental
techniques (chapter |3)) employed for synthesis and characterization. In Part
I, the results of this investigation are used to develop two approaches for the
fabrication of multifunctional, large surface area, nanostructured AZO layers by
achieving separate control of functional properties through chemical (chapter 5]

or spatial (chapter [6]) separation.
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The experimental part of this work, i.e. synthesis and characterization of
AZO layers, was personally carried out by the author, with the exception of X-
Ray Diffraction (for which Dr. Javier Marti-Rujas at the Italian Institute of
Technology, Milano, is to be acknowledged), Raman spectroscopy (provided by
Dr. Valeria Russo, Politecnico di Milano) and micromanipulator-based electrical
measurements (performed by Dr. Gian Carlo Gazzadi and Dr. Valentina De
Renzi, University of Modena and Reggio Emilia).

The original contents of this PhD thesis have led to the publication of the

following peer-reviewed papers, ordered by year:

e P. Gondoni, M. Ghidelli, F. Di Fonzo, V. Russo, P. Bruno, J. Marti-Rujas, C.
E. Bottani, A. Li Bassi, and C. S. Casari, Structural and functional properties
of Al:ZnO thin films grown by Pulsed Laser Deposition at room temperature,
Thin Solid Films 520 (14), 4707-4711, 2012 (with data from chapter {4)

e P. Gondoni, M. Ghidelli, F. Di Fonzo, M. Carminati, V. Russo, C. E. Bottani,
A. LiBassi, C. S. Casari, Structure-dependent optical and electrical transport
properties of nanostructured Al-doped ZnO, Nanotechnology 23, 365706,
2012 (with data from chapter [4))

e P. Gondoni, M. Ghidelli, F. Di Fonzo, V. Russo, P. Bruno, J. Marti-Rujas,
C.E. Bottani, A. Li Bassi, C.S. Casari, Highly Performing Al:ZnO Thin Films

Grown by Pulsed Laser Deposition at Room Temperature, Nanoscience and
Nanotechnology Letters 5 (4), 484-486, 2013 (with data from chapters 4| and

&)

e P. Gondoni, M. Ghidelli, F. Di Fonzo, A. Li Bassi, C.S. Casari, Fabrication of
nano-engineered transparent conducting oxides by Pulsed Laser Deposition,
Journal of Visualized Experiments 72, €50297, 1-7, 2013 (with detailed
descriptions of the experimental procedures employed in chapters 4] - @

e P. Gondoni, V. Russo, C.E. Bottani, A. Li Bassi, C.S. Casari, Tuning Hierar-
chical Cluster Assembly in Pulsed Laser Deposition of Al-doped ZnO, Materi-
als Research Society Symposium Proceedings 1497, doi: 10.1557 /opl.2013.329,
2013 (with data from chapter [4))

e V. Russo, M. Ghidelli, P. Gondoni, C. S. Casari and A. Li Bassi, Multi-
wavelength Raman scattering of nanostructured Al-doped zinc oxide, Journal
of Applied Physics 115 (7), 073508, 2014 (with data from chapter |4)
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e P. Gondoni, P. Mazzolini, A. M. Pillado Pérez, V. Russo, A. Li Bassi, C.
S. Casari, Morphology-driven electrical and optical properties in graded
hierarchical transparent conducting Al:ZnO, Materials Research Society

Symposium Proceedings 1699E., in press, 2014 (with data from chapter @

e P. Gondoni, P. Mazzolini, V. Russo, A. Petrozza, A. K. Srivastava, A. Li
Bassi, C. S. Casari, Enhancing Light Harvesting by Hierarchical Functionally
Graded Transparent Conducting Al-doped ZnO Nano- and Mesoarchitec-
tures, Solar Energy Materials and Solar Cells 128, 248-253, 2014 (with data
from chapter [6])

e P. Gondoni, P. Mazzolini, V. Russo, M. Diani, M. Amati, L. Gregoratti, V.
De Renzi, G. C. Gazzadi, J. Marti-Rujas, A. Li Bassi, C. S. Casari, Tuning
electrical and optical properties of hierarchically assembled Al-doped ZnO
nanoforests by room temperature Pulsed Laser Deposition, Semiconductor

Science and Technology, in preparation (with data from chapter [5)
and to the following presentations at international conferences:

e EMRSI11 - European Materials Research Society Spring Meeting - May 9-13,
2011. Nice, France.
Contribution type: Poster
Title: Structural and functional properties of Al:ZnO thin films grown by

Pulsed Laser Deposition at room temperature

e NN11 - International Conference on Nanosciences and Nanotechnologies -
July 12-15, 2011. Thessaloniki, Greece.
Contribution type: Poster
Title: Nanoengineering of Al:ZnO Films by Pulsed Laser Deposition at Room

Temperature for Photovoltaic Applications

e ICSFS16 - International Conference on Solid Films and Surfaces - July 1-6,
2012. Genova, Italy.
Contribution type: Oral
Title: Pulsed Laser Deposition of Al-doped ZnO: from compact films to

nano-forests

e TCM2012 - International Symposium on Transparent Conducting Materials
- October 21-26, 2012. Heraklion, Greece.
Contribution type: Oral



Title: Nano- and mesoporous Al-doped ZnO grown by Pulsed Laser Deposi-

tion at room temperature

MRS12 - Materials Research Society Fall Meeting - November 25-30, 2012.
Boston, USA. Contribution type: Oral
Title: Hierarchically assembled Al:ZnO nano-forests by Pulsed Laser Depo-

sition for photovoltaic applications

EMN12 - Energy Materials Nanotechnology Fall Meeting - November 30-Dec
2, 2012. Las Vegas, USA.

Contribution type: Invited Oral

Title: Hierarchically assembled Al-doped ZnO Grown by Pulsed Laser
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Contribution type: Oral

Title: Nanostructured Al-doped ZnO grown by Pulsed Laser Deposition as
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Title: High Haze Transparent Conducting Al-doped ZnO: Nano- and
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Francisco, USA

Contribution type: Poster

Title: High haze transparent conducting Al-doped ZnO: towards nanoscale

design of flexible scattering electrodes

CIMTEC14 - 6th Forum on New Materials - June 15-19, 2014. Montecatini
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Title: Nano- and mesoscale engineering of Al-doped ZnO by Pulsed Laser

Deposition: towards flexible scattering electrodes
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Transparent electrodes for

photovoltaics






Transparent Conducting Oxides and related

materials

ENEWABLE sources are required to increase their contribution to the ever-
growing amount of world energy consumption, which is expected to rise
from 13 TW-Year to 30 TW-Year by 2050 [1]. Since the amount of

irradiated power by the sun which reaches the whole earth surface on a sunny
day is of the order of 100 PW [2], PhotoVoltaic (PV) systems are expected to
be significant contributors to help meet this requirement. A crucial element
in the majority of PV devices is constituted by the top electrode, which must
be simultaneously transparent to let the sunlight reach the active material and
electrically conducting in order to allow the photogenerated charges exit to an
external circuit [3]. In terms of basic semiconductors physics, the properties
of optical transparency in the visible range and of electrical conductivity seem
to contradict each other: in fact, such properties lead to opposite requirements
in terms of bandgap, which must be large to avoid visible light absorption and
small to allow the filling of the conduction band [4]. However, the phenomenon
of electrical conductivity in metal oxides was first reported as early as in
1907 [5], for CdO. It was almost one century later, though, that the field of
Transparent Conducting Oxides (TCOs) was brought to the spotlight of research
on transparent contacts for optoelectronic and energy conversion devices [6].
This boost was significantly influenced by the discovery and optimization of
the outstanding optical and electrical properties of what is still today the most
widely employed transparent conductor, i.e. Indium-Tin Oxide (ITO) [7-9]. This
material, constituted by a solid solution of SnOs in In,O3, has been optimized

to have an electrical resistivity lower than 107* Qcm, that is to say less than
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Chapter 1. Transparent Conducting Oxides and related materials

2 orders of magnitude higher than most bulk metals [10]. The scarcity and
uncontrollable price of indium [11] have raised the need to develop alternative,
In-free materials [12], following the increasing interest of research in transparent
contacts for flat panel displays, low emissivity coatings, thin film transistors and
PV devices. This has led to the development and study of several other TCOs,
based on doped ZnO, SnO,, TiOy and ternary/quaternary compounds [13-15].
All these doped metal oxide-based TCOs are n-type materials, i.e. their doping is
achieved by filling the conduction band with electrons, while p-type TCOs are still
far from application [16,]17] due to an extremely earlier degree of optimization of
functional properties. More recently, new strategies have been explored to obtain
performing transparent electrodes, the most successful being the development of
amorphous TCOs [17,|18] and non-T'CO based transparent electrodes (e.g. metal
nanowire networks or graphene layers) [19,20].

In such a wide and rapidly evolving field, the present section reviews the
physical principles, state of the art, requirement and challenges for transparent
electrodes, focusing on TCOs for PV devices. In particular, section describes
the basic physics of TCO materials, section [I.2]reviews the state of the art of TCOs
and other transparent electrodes, section focuses on the main requirements and

challenges for application in organic and hybrid PV devices.
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1.1. Basic physics of TCOs

1.1 Basic physics of TCOs

1.1.1 Optical properties

The class of TCO materials is, in general, constituted by wide bandgap (i.e.,
transparent) metal oxides which are intrinsically or extrinsically doped in order to
achieve electrical conductivity. In principle, the oxide bandgap must be sufficiently
large (i.e. greater than 3 eV) to avoid visible light absorption, and the doping
level must be sufficiently high to allow electrical conduction [21}22].

Due to their large bandgap and high free carrier concentration, the optical
properties of TCOs are typically characterized by a so-called window of optical
transparency, which is limited at high photon energies (greater than the optical
gap) by interband transitions, and at low photon energies (lower than the plasma
energy) by free carrier absorption. To understand the complex interplay between
optical and electrical properties, one must first note that both the optical gap and
the plasma energy are directly influenced by charge carrier concentration [23]. In
particular, the minimum photon energy to promote interband transitions (optical
gap) is increased in heavily doped semiconductors (if the Fermi level is above the
conduction band minimum [ by the Moss-Burstein (MB) effect [24]. This effect is a
direct consequence of the Pauli exclusion principle, which forbids transitions from
the valence band maximum to the conduction band minimum (i.e. with energy
equal to the bandgap) if the bottom of the conduction band is occupied. As a
consequence, the minimum photon energy for an optical transition is increased
proportionally to the filling of the conduction band, as can be seen from figure
[[.1}a-b. In a simple free-electron model, the minimum energy interband transition
occurs at the Fermi wave vector and the corresponding increase in the optical gap

is proportional to the Fermi energy, according to the following relation:

h? ne
Dy (37%n) (1.1)

where AF, is the increase in optical gap, n is the electron density and m* is the

MB
AEMB —

reduced effective mass for the interband transition, defined as the reciprocal of

the inverse sum of the effective masses of the hole and the electron, i.e.

11 1
=—+ (1.2)

* * *
m mi  my

n this whole section, optical and electrical properties will be described referring to n-type semiconductors,
in which charge carriers are electrons in the conduction band, rather than p-type materials in which electrical
current is carried by holes in the valence band. The physical processes described here are equally valid for p-type

semiconductors, but the field of TCOs is presently dominated by n-type. Some examples of p-type TCOs can be

found in section
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Chapter 1. Transparent Conducting Oxides and related materials

Figure 1.1: (a) Schematic band structure of a direct gap semiconductor with parabolic bands
separated by Eg. (b) Increase in optical gap by an amount AEgMP upon heavy doping. (c)
Perturbed band structure and resulting optical gap E, as a consequence of many-body effects.
(Shaded areas denote occupied states, kp represents the Fermi wave vector. This picture is
taken from ref. [25])

This increase in the optical gap (i.e. in the near UV transparency) with increasing
carrier concentration is beneficial for a TCO. However, if n is too high, other effects
(mainly many-body type interactions) come into play which lead to a distortion
of the band shape (nonparabolicity) and a shrinkage of the bandgap [25-27].
A scheme of these effects is shown in figure [I.1lc. The second limit to optical
transparency in a TCO, manifesting itself at low photon energies, is constituted
by free carrier absorption. If the bottom of the conduction band is partly filled as
hypothesized above, the conduction electrons will form a Drude-like free electron
gas, which can absorb electromagnetic radiation to sustain collective plasma

oscillations at its resonance frequency [28]:

ng?

mzz’:‘oéfoo

(1.3)

(.Up:

where ¢ is the electron charge, m? is the electron conduction band effective mass,
and e, the high-frequency dielectric permittivity. Since this plasma frequency
constitutes the lower limit to the optical transparency window, eq. shows
why the doping level in TCOs cannot be increased arbitrarily without narrowing
the transparency window to a smaller spectral range [29]. Furthermore, the

absorption intensity is also increased at higher carrier densities: the combination
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1.1. Basic physics of TCOs

of the spectral and intensity dependence of plasma absorption (which for TCOs
typically occurs in the near IR) can be seen in figure In this graph, which
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Figure 1.2: Calculated near-infrared absorptance spectra of TCOs with different carrier

concentrations. (Taken from ref. [28])

reports calculated absorption profiles, the plasma peaks are shifting towards lower
wavelengths with increasing carrier concentration, and the peak heights increase
accordingly. This results in a shrinkage of the TCO transparency window at the
high wavelength side, competing with the UV increase dictated by eq. The
result of these competing effects can be evaluated by looking at the full modeled
spectra reported in figure [8], where the optical transmittance spectra have
been calculated for ITO thin films with different carrier concentrations. What
can be noted from the figure is the different weight of the Moss-Burstein effect
and the plasma onset in determining the width of the transparency window: this
is due to the different multiplying coefficients in egs. and [I.3] and it allows to
point out that if n is too high, the drawbacks of decreasing the plasma wavelength

significantly overcome the advantages of increasing the optical gap [10].

Within the transparency window, which is usually slightly wider than the
visible light spectral range for these reasons, the optical transmittance value of a
TCO film is generally influenced by two main factors: the presence of intragap
states, which mainly influences the mean value [30], and the interference fringes
due to interfacial reflections, which mainly influence the spectral profile [31]. The
role of defects in creating intragap states in TCOs has been widely studied by
theoretical works over the last years [30,32-38], which pointed out an extremely
complex dependence of midgap states on point defects for known TCO materials.

The overall description of TCO band structure and their modification by point

13
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Figure 1.3: Calculated transmittance spectra for ITO thin films with different carrier

concentration values. Taken from ref. [10]

defects is way beyond the scope of this work, and several issues are still open, but
one point of agreement for theoreticians is significant for what will be discussed
later: oxygen vacancies in ZnO-, In,Os- and SnOs-based TCOs create available
optical transitions with energy lower than the optical gap, and therefore decrease
transparency in the visible range. Metal cation vacancies and interstitials are in
general characterized by higher formation energies [33,3536] and are therefore less
easily formed, but they can contribute to the decrease of optical transmittance by
creating defect states. Grain boundaries in polycrystalline TCOs can lead to the
formation of deep states close to the valence band maximum if dangling bonds
are present, but this effect can be compensated by O vacancies, which at any
rate create shallower states and absorption at higher wavelengths [38]. Another
defect-related phenomenon typical of heavily doped semiconductors occurs in the
region close to the optical gap, i.e. the presence of an absorption edge with a
logarithmic shape known as an Urbach tail [39]. Rather than briskly dropping to
zero as predicted by basic semiconductor theory [21], the absorption coefficient at
energies slightly lower than the optical gap shows a tail, i.e. a region of non-zero
absorption, whose exact origin is still unclear but it has been repeatedly correlated
with structural disorder [40L/41].

1.1.2 Electrical properties

As anticipated in the previous section, electrical conductivity in TCOs is caused
by the heavy doping levels which allow the filling of the conduction band in spite

of the large bandgap. However, the actual mechanism behind this filling process
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is far from being fully understood still today [42]. In fact, the role of intrinsic and
extrinsic dopants has not been fully clarified yet, and significant discrepancies
still exist between theoretical predictions and experimental results in terms of
electrical properties [43.|44]. In this section, a simplified picture for conductivity
in TCOs will be given, then some of the open issues will be addressed in more
detail, for the specific case of ZnO-based materials, in chapter [2]

To understand the insurgence of electrical conductivity as a consequence of
heavy doping, the band composition of ITO can be considered as an example.
Figure shows a scheme of the energy bands of ITO in different doping

conditions, i.e. Iny_,Sn,03:Iny03_, for different x values [45]. This definition of
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Figure 1.4: Scheme of the energy bands of ITO as a function of doping level x. The left column
represents low x values, the right column high x values. The itmpurity band appearing at large x

is formed by contributions of O vacancies and substitutional Sn. (Taken from ref. [45])

x as a doping level, adopted by Porch et al., is quite convenient for explaining the
electrical behavior of ITO, in that it considers the joint contribution of intrinsic (O
vacancies) and extrinsic (Sn'* ions) dopants rather than attempting to separate
them, which is an extremely complex task as indicated above. The left part
of the figure shows the full valence band, constituted by O 2p® and In:Sn 3d*°
orbitals, and the empty conduction band (In 5s and 5p), in low doping conditions.

Available shallow states due to substitutional tin (occupying In3" sites) and
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Chapter 1. Transparent Conducting Oxides and related materials

oxygen vacancies are also reported, with an energy separation from the conduction
band of around 30 meV (taken from earlier photoemission measurements by Fan
et al. [7]). As the doping level = increases, these levels evolve into an impurity
band which overlaps the conduction band, filling it with a degenerate Drude-like
electron gas. An analogous process takes place in doped tin, zinc and titanium
oxides [8.|46./47].

This phenomenon, corresponding to an insulator-metal transition, is known as
a Mott transition [48]. This transition occurs when the electron concentration

exceeds a critical value n., identified by the following equation:
agné = 0.26 +0.05 (1.4)

where ay is the (calculated) ground state Bohr radius associated to the donors.
Theoretical results allowed to estimate that n, for the most common TCOs is of
the order of 10" — 10! em™ [45/49].

Above this critical density, the conduction electrons in a TCO are therefore
well modeled by a Drude-like gas of free electrons [4,50]. In this picture, the

electrical conductivity of the material is defined by the relation
o = nep (1.5)

where e is the electron charge and p is the carrier mobility, which in turn is defined

as
eT

o= - (1.6)
where 7 is the mean time between two electron-lattice ion collisions, and m} the
electron conduction band effective mass.

Examining equation [I.5] shows that electrical conductivity can be increased
either by increasing carrier concentration or mobility. From what has been
discussed in section [1.1.1) an arbitrary increase in n is not possible without
compromising optical transparency, therefore it is very important to understand
how electron mobility can be controlled. Several phenomena can limit electron
mobility by decreasing the 7 parameter of eq. [L.0] i.e. by making scattering events
more frequent. If the mean time between scattering events of one type is denoted
by 7;, the overall lattice 7 can be estimated with the so-called Mathiessen rule [50]:

% - Z% (1.7)

Interestingly, each of the 7; is strongly dependent on carrier concentration, i.e.

different scattering mechanisms are dominant at different carrier concentration.
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Figure 1.5: Scattering mechanisms in ZnO as a function of carrier concentration. Continuous
lines show calculated mobility limitations due to the individual scattering phenomena, and their
sum is also shown as a continuous line. The dashed curve shows a fit of empirical data from
literature. (Taken from ref. [15])

An overview of the dominant scattering mechanisms at different n values can be
seen in figure[1.5] which shows the calculated mobility as a function of carrier con-
centration for different scattering phenomena in ZnO, and the corresponding curve
calculated from Mathiessen’s rule(continuous lines), along with a comparison
taken from a fit of empirical data [15,50]. The dominant mechanism (lower curve)
is polar optical phonon scattering at low carrier concentrations (less than 10'®
cm™?), whereas for higher carrier concentrations mobility is limited by ionized-
impurity scattering. A few things should be pointed out about this analysis:
first of all, the theoretical calculations leading to the curves shown in figure [1.5
are performed according to a model [51] which does not explictly consider grain
boundary scattering, which is extremely important (sometimes dominant) in the
case of polycrystalline films |1452,53]. Second, the fact that at the n values typical
of TCOs the dominant mechanism is constituted by ionized impurity scattering
allowed theoreticians to consider this contribution in detail in order to calculate
an upper limit to mobility in doped TCOs, which was found to be relatively
independent of the type of material chosen, around 90 cm?/Vs [54].
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Chapter 1. Transparent Conducting Oxides and related materials

1.2 Transparent electrodes: state of the art

1.2.1 Conventional TCO films

Transparent electrodes in the form of compact thin TCO films are nowadays
available commercially on an industrial scale for optoelectronic devices, energy-
efficient windows, flat panel displays and various types of photovoltaic devices [9,
10,55,56]. In order to optimize the performance and the cost-effectiveness of TCO
films, a great variety of synthesis techniques have been explored over the years.
Physical Vapor Deposition (PVD) techniques, like Magnetron Sputtering (MS)
or Pulsed Laser Deposition (PLD) allow to obtain extremely low resistivity and
sheet resistance (i.e. specific resistivity per unit thickness) in the most common
TCOs. In this section, the state of the art of main TCO materials will be reviewed
focusing on electrical properties, since transmittances of the order of 80-90% are
commonly available for all investigated TCOs [57]. The majority of PVD processes
to obtain TCO materials are performed at high temperatures (around 200-300° C
for MS and 200-400° for PLD).

In the case of ITO, the best available sputtered thin films commonly have
resistivities slightly lower than 10~ Q cm , with sheet resistances typically smaller
than 10 /0 [58]. With PLD (which will be described in detail in part [LIf of this
work) even lower resistivity values can be obtained (down to 7 -107° Qcm [59])
with the drawback of decreasing the deposited area. Also with doped ZnO (in
particular Al-doped ZnO, AZO and Ga-doped ZnO, GZO) resistivities below
10~* Qcmhave been obtained by PLD [60], slightly lower than those obtained
by MS [61]. Room temperature MS has also been reported for the development
of Ga-doped ZnO films with resistivity of the same order of magnitude [62]. For
Fluorine-doped Tin Oxide (FTO), deposition by PVD is rarely performed [57]
and can lead to resistivities of the order of few 1072 Qc¢m [63]. For this material,
the most common deposition technique available also on an industrial scale, for
large-area substrates, is Chemical Spray Pyrolysis, with which resistivities of the
order of 10™* © cm can be obtained [64]. This inexpensive technique has also been
used to grow doped ZnO films [65,/66], obtaining resistivities of the order of the
mQ cm, and ITO films with 107 Qcm [67]. In the field of wet chemically based
deposition processes, Metal Organic Chemical Vapor Deposition (MOCVD) and
related techniques are also widely employed: for doped tin oxide (with fluorine
or tantalum) it is possible to achieve resistivities of the order of 10~* € cm even
at moderate (=~ 200°C) temperatures [64]. CVD-deposited TCO films based on
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1.2. Transparent electrodes: state of the art

(Al, Ga or F) doped ZnO and ITO have also been synthesized with resistivity
comparable to those obtained by PVD (higher by a factor 2-5) [57]. Other
chemical-based processes such as sol-gel coating or Atomic Layer Deposition have
also been used to develop ZnO, SnOs and InyO3 based TCOs: in this case the
electrical conductivity is generally lower than the optimized materials of the same
family by about one order of magnitude [57]. As a concluding remark, the majority
of the results listed in this section involve some deposition steps performed at non-
room temperature: in the following sections, the importance of room temperature

deposition for some devices will be discussed.

1.2.2 Latest developments in Transparent Conductors

The goal of increasing carrier mobility in TCOs, as pointed out in section [1.1}
is a key point to be addressed in order to improve electrical performance without
compromising optical transparency. One possible means to obtain high mobility
values has been discovered by Hosono et al. in 1996 [18] and is based on replacing
conventional heavily doped metal oxides with amorphous ternary compounds. The
idea behind this approach is to exploit the great overlap between the ns orbitals
of heavy metals, which constitute the bottom of the conduction band in their
oxide compounds, to obtain a greater electron mobility in that band, as opposed
to amorphous covalent solids (e.g. a-Si:H) where the conduction band is made of
p orbitals which have a small spatial overlap [17,|18,/68]. A scheme of the spatial
distribution of electron orbitals in such materials is reported in figure [I.6] This
structure of the conduction band allows a significant orbital overlap even if short
range order is broken, as happens in amorphous systems: this can be seen in figure
[1.6} and holds for materials based on metals with a (n — 1)d'%ns® configuration,
i.e. post transition metals. The most performing amorphous oxides in terms of
mobility are based on In or Sn, and with room temperature sputtered Indium-
Gallium-Zinc-Oxide mobilities greater than 50 cm?/Vs are easily obtained [69)],
leading to a quick application in most flexible transparent touch-screen displays on
an industrial scale since 2011 [70]. These kind of device require room temperature
deposition to ensure compatibility with flexible substrates.

In the field of crystalline oxide-based materials, recently, other TCO materials
have been increasingly explored, such as Nb- or Ta-doped TiO, [71}[72] and many
ternary compounds [14, 56, /73] obtaining resistivity values around one order of
magnitude higher than the best binary TCO materials. Other peculiar TCO-
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Figure 1.6: Schematic orbital drawing of electron pathway (conduction band bottom) in

conventional compound semiconductor and ionic oxide semiconductors. (Taken from ref. @/)

based structures have also been investigated recently, mainly multi-layered stacks
of TCOs and ultrathin metal layers and electron-doped UV-transparent
oxides. In these materials (the most notorious examples being 5—GayO3 and
12Ca0 - 7A1,03) the optical gap is wider than in conventional TCOs (5-7 eV)
and electrical conductivity is obtained by forming a very narrow mid-gap band of
available electronic states which does not compromise optical transparency .

Another important class of alternative transparent conductors has started
to be investigated more recently, based on metal nanowire networks or grids
as a replacement to oxide thin films . Among the potential advantages of
such approach, it may be worth to mention mechanical resistance, processing
rapidity and low cost. Sheet resistances of the order of 10-50 2/ and visible
transparencies of the order of 70% - 90% have been obtained with metal
nanowire and carbon nanotube grids . At the present moment, the degree
of optimization and applicability of such structures is still low due to the early
stage of research, but reports of PV devices working with Ag nanowire network-
based transparent electrodes have recently appeared .

In the latest years, graphene-based transparent conducting layers have also
been investigated, due to the potentially unbeatable electron mobility in graphene
layers (= 10000 cm?/Vs), which could in principle compensate its low dopability
. Sheet resistances of the order of 30 €2/ have been reported for transparent
graphene layers [76].

Finally, much effort has been put over the last decades in the development
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1.2. Transparent electrodes: state of the art

of p-type TCO materials. The possibility to create transparent p — n junctions
would be of paramount importance for fully transparent electronics, but a number
of physical and technical issues have limited the progress in this direction [77].
This is due to several reasons, the most important being the low hole mobility
in the valence band (large effective mass and complex band structure), and the
low dopability due to the ease of formation of oxygen vacancies which act as hole
killing defects [15,/16]. P-type conductivity was succesfully obtained on TCOs
based on Cu,O, NiO, Sn,O and ternary compounds including the same metals
with Sr or Y [12,/17,77-79]. All the investigated compounds suffered from either
low bandgap (= 2 e€V) or low obtainable carrier concentration (p ~ 10%cm=3). A
promising candidate which has been recently indicated as a p-type TCO is BgO,

but its research is still at a very early stage [80,81].
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Chapter 1. Transparent Conducting Oxides and related materials

1.3 Requirements for transparent PV contacts

Among the various applications of transparent electrodes described in the
previous sections, this work is going to focus on PV devices, in particular on their
latest generations, namely thin-film solar cells and Hybrid-Organic PhotoVoltaics
(HOPV). An overview of the main devices which currently employ one or more
transparent conducting layers is presented in figure . Some important
features and corresponding requirements can be pointed out considering these

devices. In amorphous silicon-based devices, a primary feature which needs to

Superstrate-type devices
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Zn0 metal (e.g. Mo, Ti) metal (Al) metal (or SnO,:F + PY)
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Sn0O,:F or ZnO:B Sn0,:F; Cd,Sn0,; ITO Sn0,:F; Zn0; ITO Sn0,:F
glass glass glass glass (or PET)

Substrate-type devices

a-Si:H / nc-Si:H a-Si:H / a-SiGe:H CIGS Si heterojunction
n - grid E grid
Zn0 ITO ITO
i n*-Zn0 or ITO p-a-Si:H
intermed. reflector i-Zn0O i-a-Si:H
m.ﬁ;:ﬂ -SiGe:| n-CdS c-Si n-type textured
ZnO ZnO | pces | -a-Si:H
textured Ag reflector textured Ag reflector Mo n-a-Si:H
polymer stainless steel glass; st. steel; Ti ITO
u i
grid

Figure 1.7: Overview of photovoltaic devices which employ transparent conducting layers (green

color). Taken from ref.

be provided by the transparent electrode is light trapping. In order to maximize
light absorption by the active layer, whose thickness must be kept low to reduce
costs and to control recombination effects, the path traveled by light inside it can
be increased by trapping the photons inside the device. This can be achieved by
textured coatings, plasmonic effects or controlled light scattering .

For CdTe-based and Copper-Indium-Selenide cells, the absorption properties
of the active layer need to be matched by the near-infrared transmittance of the

TCO: as discussed previously, this can be achieved by developing high mobility,
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1.3. Requirements for transparent PV contacts

low carrier density TCOs. Furthermore, the high deposition temperature required
to obtain CdTe layers needs to be sustained by all the parts of the device, including
the transparent electrode [57,84].

In Dye-Sensitized Cells (DSCs), two main components are constituted by oxide-
based layers: the transparent electrode and the electron transport layer /photoan-
ode. The electrode, besides conventional high transparency and conductivity,
needs to have a careful energy level matching to collect the dye photogenerated
charges. The transport layer, which is conventionally constituted by a TiO, paste,
needs the fundamental properties of large surface area and mesoscale porosity,
in order to maximize dye infiltration. In the case of liquid electrolyte DSCs,
chemical stability is also a key issue [85]. In the development of oxides for
DSCs, compact TCOs and commercial pastes are being replaced by 3-dimensional
architectures [86-88], which can also be used to perform the task of light scattering
(figure contains a scattering layer). Lately, new DSC-like devices employing
perovskite-based materials as an active layers have been developed with promising
efficiencies, but their optimization is still far from application [89).

If organic cells are considered, other critical properties emerge: since the typical
thickness of the active layer (typically P3HT:PCBM blends or related materials)
is of the order of few hundred nanometers, the transparent electrode needs to
have low surface roughness to avoid the arisal of short circuits in the cell [86].
To minimize internal energy losses, control of band alignment (work function)
becomes a matter of great importance in these devices as well [9]; furthermore,
this type of devices have the peculiarity of being fabricated at room temperature to
be compatible with flexible substrates. This is an extremely significant challenge:
it may be worth to remark that nearly all of the conventional TCOs described in

section are synthesized or processed at high temperature.
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Al-doped ZnO as a transparent conductor

HIS chapter is dedicated to reviewing the main properties and applications
of Al-doped Zinc Oxide (AZO) as a transparent conductor. The main
physical background of TCOs presented in section and the main
requirements for new PV devices discussed in section [1.3| will be used as a starting
point to introduce the specific issues, results and challenges connected to the
application of AZO as a transparent electrode in PV cells. Finally, section

presents the specific goals of this work in the introduced framework.
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Chapter 2. Al-doped ZnO as a transparent conductor

2.1 Physical properties of doped and undoped ZnO

Zinc oxide is an oxidic compound naturally available in the wurtzitic hexagonal
crystal structure, with a direct bandgap of 3.3 - 3.4 eV [90,91]. Since its discovery
in the form of the zincite mineral in 1810, ZnO has been widely studied and applied
in several fields, e.g. photovoltaic devices, thin film transistors, light emitting
diodes, gas sensors, nanogenerators [90-93]. An overview of some important
physical properties of ZnO, adapted from ref [90], is presented in Table 2.1} Some
important features can be pointed out: the abundance of ZnO in the earth’s
crust is higher by a factor 400 with respect to In,Ogz, which makes doped ZnO
a promising candidate for a low cost replacement of ITO, also considering the
similar bandgap which is optimal for a TCO. The dielectric permittivity is higher
in ZnO, which is in principle beneficial for the width of the transparency window
(see eq. for the relation between permittivity and plasma energy). Finally,
piezoelectricity in ZnQO is a peculiarity which led to its application in many kind of
devices, and has lately been exploited to increase the efficiency of PV devices [94].

A picture of the calculated band structure of ZnO is reported in figure [2.1}
On the left, the calculated bands of a single crystal ZnO are presented. The
valence band is constituted by O 2p states close to the Fermi level, and the Zn
3d states form the flatter band at lower energies, whereas the bottom of the
conduction band is constituted by Zn 4s states [43]. It should be pointed out
that Density Functional Theory (DFT) calculations for ZnO always require the
introduction of self-interaction corrections due to the strong localization of O
2p orbitals, which constitute the top of the valence band [38,95] and lead to
an unphysical shrinkage of the band gap if not taken into account [96]. The
right part of figure shows the modifications of the band structures due to

Parameter Zn0O In, O3
Earth crust abundance 40 ppm 0.1 ppm
Eg 3.4 eV (direct) 3.6 (direct)
Lattice structure Hexagonal wurtzite Cubic Bixbyite
Lattice parameters a=325A,¢=521A a=10.12 A
Mass density 5.67 g/cm3 7.12 g/cm?
High frequency dielectric permittivity e | = 3.75, €00,1. = 3.70 4.6
Melting temperature 1975 °C 1910 °C
Piezoelectric coupling factor 0.47 -

Table 2.1: General properties of zinc oxide, compared to indium ozide (adapted from ref. [90])
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Figure 2.1: Calculated band structure of ZnO in perfect crystal conditions (left) and with

a neutral oxygen vacancy state (right). The zero of energy corresponds to the valence band

mazimum. Taken from ref.

the formation of oxygen vacancies. The role played by oxygen vacancies in
ZnO has been (and still is) a debated subject [35]/36,/97,98]: the intrinsic n-
type conductivity of undoped ZnO has been historically attributed to electrons
deriving from ionized O vacancies, supposedly acting as doubly charged electron
donors ,. However, theoretical calculations have repeatedly questioned
this explanation, asserting that oxygen vacancies cannot act as shallow donors
and generate room temperature conductivity due to the distance between the
level (see fig. and the conduction band). There is now sufficient agreement
among theoreticians in identifying hydrogen as an unintentional donor providing
n-type conductivity in undoped ZnO [37][101]. The calculated ionization energy of
intersitial H atoms in the ZnO lattice is of approximately 40 meV, as opposed to
the 300 meV for the ionization of oxygen vacancies, and the energy level associated
with neutral H impurities falls within the conduction band . From the
experimental point of view, however, accurate determination of H incorporation in
a crystal is extremely difficult, due to the difficulty of controlling H content both
during preparation and measurement [102]: for this reason, and due to a widely

accepted empirical correlation between oxygen content and electrical conductivity

27



Chapter 2. Al-doped ZnO as a transparent conductor

in ZnO-based materials, caution is still required when discussing this matter. To
account for this correlation, theoreticians have demonstrated that substitutional
Ho (hydrogen atoms occupying O lattice sites) can also play an important role
and have a similar ionization energy to H interstitials : this would explain
why it is experimentally easier to obtain high carrier density values in oxygen-
deficient ZnO, where H could occupy the empty O sites and act as donors. If
polycrystalline materials or thin films are considered, other important effects due
to surfaces and grain boundaries come into play : the Density of States (DoS,
see fig. 2.2/ (a)) is modified by the introduction of deep levels above the valence
band maximum, due to O 2p dangling bonds . These states are occupied
at room temperature, leading to a decrease in optical transmittance at energies

slightly lower than the bandgap. It is interesting to note how grain boundaries
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Figure 2.2: (a) Calculated DoS for bulk ZnO and for ZnO supercells with different types of grain
boundaries. (b) Calculated DoS for ZnO supercells without defects (black), with neutral oxygen
vacancy (red) and with ionized oxygen vacancy (blue). (¢) Calculated DoS for bulk ZnO without
defects (black), with neutral oxygen vacancy (red) and with ionized oxygen vacancy (blue). The
acronym SIC stands for Self-Interaction-Corrections (DFT method introduced above). Taken

from ref. @/

and oxygen vacancies can exhibit a significant interplay in ZnO: if the DoS curves
shown in fig. 2.2]b are considered, the deep levels originating from O dangling
bonds at grain boundaries are canceled by the introduction of O vacancies, which
decrease the possibility of having O atoms at grain boundaries. New available
states are formed, which in the case of ionized oxygen vacancies (blue curve in
fig .b) are closer to the conduction band and may indeed contribute to charge
carrier density. Conversely, the presence of grain boundaries can compensate the
defect states arising from oxygen vacancies: an example is presented in figure

2.2lc, where the mid-gap defect state associated to the oxygen vacancy in bulk
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ZnO (red) is visible. Such state is not present in the polycrystalline DoS shown in
figure 2.2]b, due to competing effects of grain boundaries and oxygen vacancies.
Another intrinsic defect indicated as a possible source of conduction electrons is
the Zn interstitial. Although the defect state associated with Zn; is close to the
conduction band (=~ 46 meV [103]), its high formation energy makes it a less

plausible candidate for the source of n-type conductivity.

Finally, the introduction of available states and the corresponding filling of
the conduction band can be achieved by intentional extrinsic doping. As in the
majority of TCOs, ZnO has been successfully n-doped with different elements
(mainly trivalent metals substituting Zn), but p-type doping has been reported
with less significant results to date, in spite of several attempts with monovalent
metals or with group-V elements in the place of O [56,/103]. Focusing on n-
type donors, the most widely used dopants for ZnO are Al, Ga and In, although
available reports of B, Cr, F and also Si-doped ZnO are present in literature
[43,103,/104]). A summary of intrinsic and extrinsic donors for ZnO, for which the

calculated energy position is available, is reported in Table [2.2]

Element Structure Energy (Ecp — E)

Al Alg, 60 meV
Ga Gaz, 54.5 meV
H H; 40 meV
In Ing, 63 meV
0] Vo 300 meV
7n Zn; 46 meV

Table 2.2: Intrinsic and extrinsic donors in zinc oxide and energy position with respect to the

conduction band minimum. Adapted from ref. [105]

After discussing the possible means of filling of the conduction band, it is
possible to consider carrier mobility. As discussed in section [I.1} electron mobility
in transparent conductors is influenced by different scattering phenomena. In
the case of bulk ZnO, the most important scattering mechanisms are determined
by piezo and polar phonons, neutral and ionized impurities [50,51}[56]. If
polycrystalline ZnO is considered, dislocations and (especially) grain boundaries
become another major scattering source [53|103]. While phonon and dislocation-
driven scattering processes are extremely complex to model [50,/103], scattering

at grain boundaries is relatively simple to describe in terms of a potential barrier

29



Chapter 2. Al-doped ZnO as a transparent conductor

80 Ex10® 2x107* 1x0*

E :;II. ':\ H
.. 601
b ]
NE ]
&= 40

‘_I
= 3
E ]
T .
04
]ﬂlﬁ

Charge carrier density n (em™)

Figure 2.3: Carrier mobility as a function of carrier concentration in polycrystalline ZnO: all
the isolated points are experimental data, bell-shaped curves are their fits combining the effects

of grain boundary and ionized impurity scattering, dashed lines show constant resistivity curves.
The green line corresponds to single-crystal ZnO (as in figure . ) Taken from ref. @

of height @5, leading to a mobility of the form

Op
= - 2.1
MHEFF = o €XP ( k’T) ( )

where pg is the intragrain mobility and depends on the grain size, and ® g depends
on charge carrier trap density at the boundary. Interestingly, several authors
have demonstrated that ®p is increased in the case of O-rich ZnO polycrystals,
where excess O atoms accumulate at grain boundaries constituting trap states for
electrons ,. In the case of heavily doped ZnO, the extrinsic dopant
cations can also segregate at grain boundaries and decrease the mobility .
A comprehensive analysis of carrier mobility in ZnO as a function of carrier
concentration, combining theoretical calculations and fits from experimental data,
is reported in figure . This graphs shows a collection of experimental
(n, u) values for ZnO obtained by various deposition techniques, identified by
isolated points with different shapes. The data have been fitted with bell-shaped
curves which consider both ionized impurity and grain boundary scattering as
mobility-limiting mechanisms. The green line on the top represents the fit curve
for single crystal ZnO (as in figure . It is interesting to notice how, for
high carrier density values (n > 5 — 6-10?°cm=3) the fitted data for doped and
undoped polycrystals approach the monocrystal trend: this is an indicator of

the fact that ionized impurity scattering, which is the dominant mechanisms
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for bulk ZnO as discussed in section dominates carrier transport also in
polycrystals. The steep decrease of mobility and greater separation from single
crystal ZnO at lower concentrations indicate that grain boundary scattering is the
dominant mechanisms for lower carrier concentration values. The dashed curves
representing constant resistivity values are also shown as a reference: noticeably,
the experimental points in the top-right corner (lowest resistivities), correspond to
doped ZnO films grown by PLD on heated (/= 300°C) substrates (refs. [108,/109]).

2.2 AZO as a transparent electrode: requirements and

state of the art

This section is focused on Al-doped Zinc Oxide (AZO) as a transparent
electrode for PV devices, which will be the main subject of the experimental
research described in parts |l and [[II| of this work. The first reports of extrinsic
n-doping of ZnO by aluminum date back to the 1950s [103], and the application of
AZO to PV technology is nowadays mainly found in chalcopyrite-based (Copper-
Indium-Gallium-Selenide, CIGS) and amorphous silicon solar cells [57]. As
anticipated in section , Hybrid and Organic PhotoVoltaic (HOPV) devices
are now being intensively investigated as a low cost flexible alternative to thin-
film based solar cells: AZO can find application in Bulk HeteroJunction (BHJ)
devices as a replacement to ITO [110], and in Dye-Sensitized Cells (DSCs) as a
higher-mobility substitute of TiOs in the photoanode or as a transparent contact
instead of FTO [87,/111].

For the devices mentioned above, the properties of electrical conductivity and
optical transparency of AZO are not sufficient: first, in order to decrease the
thickness of active layers, effective light trapping and management is required
[57].  Second, the possibility to obtain structures with large surface area is
important (especially for DSCs, where AZO can be used also as a mesoporous
photoanode) when interfaces need to be maximized [85]. Third, HOPV cells
(and flexible devices in general) require room temperature deposition to ensure
compatibility with polymer substrates: as discussed in section the majority
of PVD and CVD processes involve steps performed at high temperature [57).
Furthermore, the most common ways to achieve light trapping involve the
texturing of AZO layers by chemical processes [112], which create further obstacles
in the quest for compatibility with polymer substrates. One possible solution to

meet all the requirements without introducing high temperature or chemically
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aggressive processes is developing nanostructured AZO layers, exploiting the
unique properties which emerge in nanostructured materials. ZnO is known to
be extremely versatile in terms of nanostructurability, with a variety of different
morphologies obtainable by several techniques [91,113+115]. Although reports of
these structures are more frequent for undoped ZnO, large surface area AZO layers
have been synthesized in the form of ordered quasi 1-d structure arrays [116,117],
nano-combs [118] and nano-cones [119]. The development of ordered, hierarchical
structures can also improve electrical transport along a preferential direction:
especially in the case of high temperature synthesis, high carrier mobilities are

easily achieved for metal oxide hierarchical structures [114,|120}/121].

In general, AZO layers in the form of conventional compact films can be
optimized to have an electrical resistivity of the order of 107*Qcmor less, as
introduced in the previous sections: the best results were obtained so far with
PLD on heated substrates (7' ~ 300° C, p ~ 8.5-107°Qcm, n ~ 10*'em ™, u ~
50 cm?/Vs [108,109]), but only few and recent reports of AZO synthesized at
room temperature are available, either with PLD [122}|123] or MS |124,/125], with
resistivities rarely lower than 1072 Qcm. However, the possibility to grow other
metal oxide nanostructures by PLD at room temperature has been demonstrated
[88,126] and will be exploited in this work to obtain large surface area and light

trapping in room temperature-grown transparent conducting layers.

Light trapping in AZO films, as pointed out above, is generally achieved by
chemical texturing (i.e. etching) processes [112] which modify the top surface
in order to trap the light inside the device by internal reflections. This is
considered of primary importance not only for thin film devices, but also for HOPV
cells [127], where decreasing the thickness of the active layer can improve device
performance [128]. Other light trapping techniques have been studied recently,
such as nanotexturing induced by crystal orientation [129], plasmonics [83], laser
patterning [130], AZO nanosphere embedding [131]. An example of the effects of
texturing in an AZO layer on the external quantum efficiency (EQE) of a thin
film silicon solar cell is presented in figure [132]. The light trapping effect
is clearly visible by comparing the decrease in reflectance — i.e. the increase in
(1-Rror) in figure[2.4la — of a compact AZO film (dots) and a hydrogen-textured
AZO (HAZO) layer (squares). This means that light is scattered and reflected
inside the cell, allowing for an increase in absorption in the active layer, which
increases the photon-to-electron conversion efficiency (i.e., the EQE). An example
of the obtained texturing is reported in figure 2.4(b). The EQE curve shows
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Figure 2.4: (a) External Quantum Efficiency (EQE) and anti-reflection effect (1-Rror) of
amorphous silicon solar cells with compact AZO on FTO substrate (dots) and with hydrogen-

textured AZO (HAZO, squares). The increase in short circuit current density is also reported.
(b) SEM micrograph of a textured AZO surface. Taken from ref. ,

an increase due to texturing, which causes a 13% gain in short current circuit
density (in this example, the authors report a 20% increase in power conversion
efficiency [132]). An indicator commonly used to characterize the light scattering
ability of a TCO is the haze factor, defined as the ratio of diffuse transmittance to
total transmittance: in order to achieve successful light trapping in the device, the
haze factor must be of the order of 30-40% in the visible range (in this example
the authors report H ~ 45%). Other quantities can be used to characterize the
light trapping capability of a TCO, such as Angular Resolved Scattering, which
however is important for selected applications where particular light incidence
directions are required [133].

2.3 Objectives of this work

The outlined framework of research on AZO as a transparent electrode with
non-conventional properties can be used to define the main goals of this work as

follows:

e The synthesis of transparent and conducting AZO layers with electrical and
optical properties compatible with the state of the art, performed at room
temperature to ensure compatibility with polymer substrates and flexible
devices. As discussed above, the majority of AZO layers obtained at level

of research or on an industrial scale require high temperature deposition:
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Chapter 2. Al-doped ZnO as a transparent conductor

the first goal of this work will be to investigate the possibility to achieve

transparent and conducting AZO films at room temperature.

e The achievement of light scattering and trapping by controlling light-matter
interaction at the nanoscale. Rather than proceeding with conventional tech-
niques such as chemical texturing, this work aims at obtaining effective light
management by engineering nano- and microscale structure and morphology
during film synthesis, without making use of any post-treatments requiring

chemical or thermal processing.

e A deep understanding of the modification of electronic and optical properties
in nanostructured AZO is still required. Several open issues related to the
role of defects and the electrical conduction mechanisms are present, and the
relation between structure and properties needs further investigation. In this
work, the investigation of structure/property relationship in nanostructured
AZO will be exploited to obtain control of the functional properties which

are required for application in new generation PV devices.

e The possibility to obtain state-of-the-art transparent conductors by PLD,
along with the versatility of this technique in obtaining nanostructured mate-
rials, have already been demonstrated. In this work, room temperature PLD
will be exploited to synthesize strongly diversified materials in order to deeply
explore the structure/property relation of AZO layers. The possibility to
obtain quasi-1d hierarchical structures, with expected preferential transport
and light management, which has been demonstrated for other materials, will

be investigated for AZO in order to meet the requirements described above.
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Materials and methods

N this chapter the main experimental techniques employed during this work
will be described. Only the main physical principles and concepts needed
for the following discussion are reported here; for technical experimental

details, the reader is referred to appendix [A] where deposition and measurement

equipments are described.
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3.1 Pulsed Laser Deposition

Nanosecond Pulsed Laser Deposition (PLD) belongs to the class of Physical
Vapour Deposition (PVD) techniques. Its working principle can be summarized
as follows: first, a high energy pulsed laser spot is focused onto the surface of a
solid target, whose surface is ablated. The vaporized species subsequently expand
in the form of a supersonic plasma with a characteristic plume shape until they
reach the deposition substrate placed in front of the target, where condensation
and film growth take place. The physics of ablation and plume expansion is
extremely complex and depends also on the timescale of the pulses (which in
this case is of the order of ns, which is the most typical condition) [134H137]. A
detailed description of laser ablation processes is beyond the scope of this work:
in this section only the main aspects relevant to the following chapters will be

considered. A scheme of the PLD system is presented in figure [3.1] The laser

. |
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R
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pumping
—

Figure 3.1: Scheme of the PLD apparatus. The laser path is indicated by the purple dashed

line.

pulses are focused by an optical system onto the target surface (the laser path is
marked by the purple dashed line in fig. . The size of the focused spot and the
pulse energy determine the energy density on the target, which is one of the critical
parameters of PLD. In fact, the ablation process originates from the interaction
between the laser pulse and the target surface. In typical ablation conditions for

ns PLD, the laser power on the target is of the order of 10-100 MW, corresponding
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3.1. Pulsed Laser Deposition

to energy density (fluence) values of several J/cm? and electric field intensities of
the order of 10° V/ecm [136]. The movement of the ablated species towards the
substrate occurs in a plume-shaped partially ionized plasma of supersonic particles
(blue plume in figure whose properties are strongly dependent both on the
laser fluence and on the atmosphere inside the deposition chamber. The chamber
is evacuated to high vacuum conditions by a pumping system, and can then be
filled with a background gas at a controlled pressure and in known flow conditions.
The background atmosphere (gas type and pressure) can be modified to achieve
control of the plume shape, length and degree of ionization, by affecting the plume
expansion dynamics, allowing to move between different deposition regimes, which
can be sketched as follows [138]:

e a low-pressure “vacuum-like” regime with a forward directed flow and a

reduced scattering of the ablated species,

e a transition regime with strong momentum transfer to the background gas

and formation of a shock wave, and
e a regime characterized by diffusion of the ablated particles at high pressure.

In low pressure conditions, the species ablated from the target proceed almost
without collisions and reach the substrate with high kinetic energy, leading to
atom-by-atom deposition of compact and bulk-like dense films. If pressure is
increased, the background gas molecules and the ablated species undergo collisions
which can lead to the spatial confinement of the ablation plume: the plume edge
is better defined due to the presence of a travelling shock wave front which slows
down until it reaches the so-called stopping distance. Upon collisions, clusters are
formed in the gas phase and the kinetic energy with which the substrate is reached
is lower. At higher pressures the diffusion of clusters in the gas is favored, and their
kinetic energy is further decreased. A convenient way to identify these deposition
conditions consists in introducing an adimensional parameter L, defined as the
ratio of the target-to-substrate distance drg to the time-integrated visible plume
length [, at each laser pulse [136]. As depicted in figure , when L < 1 the
substrate is placed “in plume” and collisions are not sufficient to induce significant
clustering, resulting in a compact film. If L > 1, plume confinement induced by
collisions favors cluster nucleation |139] and leads to the deposition of cluster-
assembled nanostructured materials. Control of morphology can be achieved by

variations on the properties of the ablation plume, which depend both on laser
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Substrate in plume L<1

Figure 3.2: Schematic picture of PLD conditions for different L values. Adapted from ref. .

fluence and deposition pressure, or by varying drg. Finally, in the case of PLD
of oxide materials, the effects of a reactive (oxygen-rich) deposition atmosphere
must be taken into account. In fact, when a solid oxide target is ablated, oxygen
from the background atmosphere can interact with the “building blocks” which
assemble into the film in order to obtain different stoichiometry in the film, which
is of primary importance for functional properties as discussed in the previous

chapters.

A few drawbacks of PLD as a deposition technique should also be mentioned:
first, the deposited films have uniform thickness only over a small area (of the
order of 1 cm?). Thickness uniformity can be increased by performing off-axis
depositions and rotating the substrates, in order to obtain a circular corona
of several cm? with uniform thickness, at the expense of decreasing the total
deposition rate. Second, during the ablation phase molten particles are ejected in
the form of droplets, which appear in the film as spherical protrusions which are

detrimental in case low surface roughness is required.
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Figure 3.3: Scheme of the 4-point probe Van der Pauw measurements

3.2 Electrical measurements

The characterization of electrical properties of thin films is almost universally
performed following the 4-point probe approach introduced by Van der Pauw
in 1958 [140]. According to this approach, in a connected film (i.e. without
holes) of uniform thickness, if 4 electrical contacts with negligible dimensions
with respect to their distance are placed on the corners of the sample, then it
is possible to extract the electrical resistance of the material regardless of its
geometry. In particular, two electrodes are used to inject a known current, and
the corresponding voltage drop is measured across the opposite electrodes (see
figure to determine the resistance on one sample side. Then the measurement
is repeated by reversing the current flow, and by exchanging the current carrying
electrodes with the voltage readers. The same approach is repeated on the 4
sides of the sample in order to average over the 8 possible combinations. The 8
measured resistance values must satisfy the following reciprocity and symmetry

conditions:

Ro1 34 = Ri3
R3p41 = Ra314
Ry312 = B3y
Ris23 = Ry 32
Ro1 34 + Ri243 = Raz 12 + Raa01
Rso 41 + Ro314 = Ria23 + Rai 30 (3.1)
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Chapter 3. Materials and methods

If these relations hold, the Van der Pauw hypotheses are valid, and it is possible
to extract the resistivity of the material if its thickness is known: if we call R4 and
Rp the average resistance values on the two sides of the samples, then the sheet
resistance (i.e. resistivity per unit thickness) Rg is the solution of the following
equation

TS 4TS = 1 (3.2)

from which the resistivity p can be calculated as the product between Rg and film
thickness d:
P = de (33)

In the case of a square sample, with Ry=Rp = R, equation [3.2 reduces to

7

RSIER

(3.4)

and can be solved analytically, otherwise a numerical solution is necessary.
Using a 4-point probe configuration, it is also possible to separate the
contribution of carrier concentration and mobility by performing Hall effect
measurements. If current flows in a metal-like material in the presence of a
magnetic field orthogonal to the current density vector, the Lorentz force acting
on charge carriers induces a transverse potential difference known as the Hall
voltage Vi, which depends on the density of charge carriers n according to the

relation [4]
1B

n=-—-—
qdVy
where [ is the injected current, B the intensity of the applied magnetic field

(3.5)

and ¢ the charge of each carrier (in this case equal to the electron charge). In
a measurement scheme like the one depicted in figure [3.4] the Hall voltage drop
can be extracted by injecting the current along one diagonal of the sample and
measuring the potential difference along the other diagonal. This measurement
must also be repeated and averaged over the possible configurations of voltage
and current, and it is usually also performed with a reversed magnetic field in
order to compensate for possible offsets. It is important to notice that Vg values
are generally orders of magnitude lower than the voltages measured for Van der
Pauw resistivity measurements, and therefore need special care to compensate for
measurement errors and noise. By recalling the definition of electrical resistivity
(eql1.5]), carrier mobility can be calculated after the value extracted from eq. .

p=— (3.6)
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setup (right). The Hall voltage drop Vi is measured along the y axis.

It is useful to remark that the description of the Hall effect through eqs. -
was derived within the framework of the Drude model for ideal metals [4]: in the
case of nanostructured materials with nonuniform connectivity, such results must
be handled with care, considering p as an effective mobility value, rather than a
Drude-like mobility.

3.3 Optical measurements

The optical characterization of new TCOs, as introduced in part [I, requires
to measure transparency and light scattering properties. Optical transmittance
can be measured with a conventional spectrophotometer, by detecting the total
transmitted light intensity 7' over the whole solid angle (making use of an
integrating sphere) at each wavelength. In this case the substrate contribution
must be corrected for: the transmittance spectrum is normalized by setting at
100% the intensity at the substrate/film interface. This is done by measuring
the transmittance of the bare substrate and then using it as a reference when
measuring 7' of the samples (in this case, proper normalization is ensured by
mounting the sample with the substrate facing the light source).

Light scattering properties are measured by calculating the haze factor, i.e.
the ratio of diffuse transmittance to total transmittance, according to the scheme
depicted in figure[3.5} The fraction of scattered transmitted light S is measured by
opening the integrating sphere in order to let the specular light out, undetected.
S is then divided by the total transmittance 7" in order to obtain the haze factor
H.
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Figure 3.5: Scheme of the haze factor measurements. S is the diffuse transmittance, T the

total transmittance, H the haze.

From transmittance measurements it is also possible to extract information
about the optical gap with the Tauc method |141]. This method is widely
used to investigate the optical absorption edge for interband transitions in doped
semiconductors. The theoretical value of the absorption coefficient o for photon

energies hv just above the optical gap E, is given by [21]

3=

= C(hv — E,) (3.7)

where the constant C' depends on the optical transition matrix element and the
parameter r indicates the type of transition (r = 2 for direct bandgap transitions,

which is the case of ZnO). Inspection of eq. shows that the function o” must
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Figure 3.6: Tauc plot of an AZO sample. Red dots are the experimental points in the linear

fit range, black crosses constitute the linear fit.

have a linear behaviour as a function of hr, and the intercept with the a = 0 axis

is found for hv = Eg, i.e. in correspondence of the optical gap. This is the basic
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principle of Tauc plots, where a” is plotted as a function of hr, and a linear fit
close to the absorption edge is used to determine E,. In some cases, (ahv)" is
plotted rather than o": this is due to the properties of the constant prefactor C' in
eq. which in the case of a heavily filled and energy dispersed conduction band
needs to be multiplied by hv for a more accurate realization of the Tauc plot [142].
In the hypothesis (experimentally verified) that reflectance is negligible near the
optical gap, a is experimentally determined from transmittance spectra making

use of Lambert-Beer’s law:

1 | T InT
= ——In ~ —

R R d

An example of Tauc plot realized in MATLAB is reported in figure 3.6l The

figure shows the experimental (ahv)? vs. hv curve in red, with red dots in

(3.8)

correspondence of the linear region. The linear fit is depicted as a line made
by black crosses, and the intercept value is reported as Eg, with uncertainty

estimated from the fit’s residual sum of squares.
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Control of structure and properties by Pulsed

Laser Deposition

N this chapter the main results concerning room temperature synthesis of AZO
layers by PLD are presented. Exploiting the properties of PLD introduced
in section [3.1] the relation between structure and properties is investigated

by synthesizing AZO layers with different morphology via variations of the
background (O3) gas pressure during deposition. Section describes the effects
of deposition pressure and gas flow rate on the properties of AZO layers, section
analyzes the structure/property relation by studying the effects of thermal

treatments, then in section [4.2.3]a comparison with undoped ZnO is presented in

order to investigate the role of extrinsic doping.
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4.1 Structure-dependent electrical and optical properties

4.1.1 Morphology and structural properties

AZO thin films were synthesized by room temperature PLD performed in the
presence of Oq as a background gas. A solid syntered target containing Al,O3 and
Zn0O was ablated by a UV laser at different O pressures. The main deposition
parameters which were explored in the synthesis phase are listed in Table |4.1}

As introduced in section [3.I} the gas pressure in the deposition chamber is
a fundamental PLD parameter which determines the properties of the ablation
plume and, therefore, of film growth. In particular, higher deposition pressures
induce collisions between the background gas and the ablated species, causing
cluster nucleation and spatial confinement of the plume. Examples of ablation
plumes of the Al,03:Zn0 target in different oxygen deposition pressures are shown
in figure 4.1} On the left, the O, pressure in the chamber is low (102 Pa) and the

Figure 4.1: Photographs of ablation plumes of the Alp O3:Zn0 target with deposition pressures
of 1072 Pa Oy (left) and 200 Pa Oy (right) [145]

plume is constituted by high energy species which experience few collisions with
the background gas: the plume is highly directional and unquenched, the substrate
is in plume (L < 1). On the right, with an oxygen pressure of 200 Pa, the plume

is confined due to collisions, a shock wave front is visible and turbulence effects

Parameter
Deposition pressure (O2)  0.01 Pa - 200 Pa
Deposition time 7 min - 72 min
drs 40 mm 70 mm
O5 flow rate 0 - 450 sccm
Al; O3 in deposition target 0- 2% wt.

Table 4.1: Owverview of the main deposition parameters whose effects were investigated. One

parameter was varied at a time.
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(plume bifurcations) appear. The substrate-to-target distance is the same in the
two pictures (5 cm), and the visible plume length is sensibly shorter at higher
pressure (L > 1). Collisions between oxygen molecules from the background gas
and species ablated from the target favor cluster nucleation: this has extremely
strong effects on film morphology. To understand these effects it is possible to look
at the variety of morphologies which were obtained by varying the O, pressure
while leaving all other deposition parameters (laser fluence, drg, deposition time)
unchanged. The laser fluence was fixed at 1 J cm~2, chosen as a compromise
value to avoid an excess of droplets and delamination-inducing stress present at
higher fluences, without excessively decreasing the deposition rate. An overview
of AZO layers grown at pressures between 0.01 Pa Oy and 200 Pa O, can be seen
in figure [4.2] where examples of cross-sectional Scanning Electron Microscope

(SEM) images of AZO films are reported. At low deposition pressures (0.01 Pa -

0.01 Pa (a) 1Pa
= R e m——

@

Figure 4.2: Cross-sectional SEM images of AZO layers grown with different Oy pressures .

10 Pa), films are characterized by oriented columnar domains of variable size, with
a compact structure. As the pressure is increased (10 Pa - 100 Pa) the morphology
becomes granular, and hints of a nanoscale porosity are present: the films become
rougher and the columns featured at low pressures start to become less connected,
evolving into partially separated oriented nanostructures. At higher pressures
(100 Pa - 200 Pa), AZO layers exhibit a significant fraction of voids, with
mesoscale porosity and a morphology featuring hierarchically assembled forest-

like structures. To clarify the concept of hierarchically assembled structures, a
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Figure 4.3: Characteristic length scales of a hierarchical AZO nano-forest grown at 160 Pa
Os: microscale for the forest, mesoscale for the trees, nanoscale for the leaves (image obtained

in transmission mode).

multi-scale image of a film grown at 160 Pa is reported in figure [£.3] As shown
in the figure, hierarchical AZO nano-forests are constituted by features which can
be engineered at different length scales: the whole forest, corresponding to the
whole film, has a height (film thickness) in the pm range, the individual trees have
diameters of hundreds of nanometers (mesoscale), and the size of each leaf, i.e. the
cluster building block whose nucleation is controlled by PLD properties, is in the
nm range. Figure also shows that porous films (bottom row) are significantly
thicker than compact films (top row) even though the deposition times were the
same (and therefore the deposited mass is comparable): this indicates a decrease in
mass density due to the greater fraction of voids resulting from cluster assembly in
porous films. Quantitative estimates of mass density were acquired by measuring
the deposition rate with a quartz microbalance: the density of compact films is
comparable to bulk ZnO (4-5.5 g/cm?®), whereas porous films have densities of
1-2 g/cm? or lower. The average estimated deposition rate of compact films was

about 14 nm/min, the one of porous films was of the order of 80 nm/min.

A finer control over morphology and density of porous films was achieved by
investigating the role of gas flow rate and drs at a fixed pressure of 100 Pa.
An overview of the results of these variations can be seen in figure Figures
a—c show that if the gas flow rate is increased from zero to high values (up
to 450 standard cubic centimeters per minute, sccm) the assembly of hierarchical
structures becomes more significant. Scarce thickness uniformity and lack of a

preferential growth direction are visible in low or zero flow (and accordingly low
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Figure 4.4: Cross-sectional SEM images of AZO layers grown at 100 Pa Oy in static conditions
(a), with a 100 scem flow (b) and with a 450 scem flow (¢). Mass density values as a function of
target-to-substrate distance and gas flow rate (d). Top view SEM image of an AZO layer grown

on ETFE polymer .

or zero pumping speed, since the pressure is held constant at 100 Pa) conditions.
In these conditions, the aggregates formed in the plume can reach the substrate
even if their kinetic energy is extremely low (larger cauliflower-like aggregates)
because the absence or reduced speed of the pumping system is not able to filter
the clusters according to their energy. At high gas flow rates, anisotropic growth
is enhanced, and hierarchical structures emerge. Fig. [£.4b reports the trends in
mass density of AZO grown at 100 Pa O, in different flow conditions and with
different drg values. Significant variations can be obtained by varying the gas flow
rate (the density of films grown in static atmosphere is smaller than 0.5 g/cm?)
or by varying drg, which is another way to vary the L parameter previously
introduced. The higher density values obtained at lower dpg are caused by the
shorter distance traveled by the ablated species, which leads to a smaller number

of collisions, which means that the substrate is reached with higher kinetic energy
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Chapter 4. Control of structure and properties by Pulsed Laser Deposition

and less disordered, porous aggregates are present. The compatibility of all AZO
layers with polymer substrates was tested by performing the depositions also on
Ethylene-TetraFluoroEthylene (ETFE) flexible substrates: an example of a porous
film grown at 100 Pa Oy on ETFE is presented in figure [4.4le. Adhesion on ETFE
was easily achieved for all porous films, whereas it required particular care and
the development of a different procedure in the case of compact films, which was
employed also on glass substrates. This is due to the higher energy with which the
ablated species reach the substrates at low pressure, which results in the build-up
of an internal stress which leads to film buckling and delamination. A solution
to this problem was found in cleaning and sputtering the substrate surface with
a beam of accelerated Ar™ ions, causing an increase in roughness which allowed
to accommodate residual strains in the first growth stages, allowing for successful

deposition of AZO on flexible substrates.

Local structure of AZO films was characterized by means of X-Ray Diffraction
(XRD) in 0 — 26 configuration and Raman spectroscopy. The most important
results of XRD characterization can be summarized as follows: first, all AZO
films have a polycrystalline ZnO wurtzitic structure, despite room temperature
growth. The XRD patterns of compact films are dominated by the (002) reflection
(examples of peaks are presented in figure .a), indicating a preferential growth
direction along the ¢ axis. Such preferential orientation is partially lost at 10 Pa,
where randomly oriented domains begin to appear (see fig. .c). At deposition
pressures of 100 Pa O, and higher, crystal domains are randomly oriented and all
XRD reflections of ZnO powders are present in the diffractograms. In the 0.01 Pa
- 1 Pa pressure range, significant local disorder is suggested by diffraction peak
broadening and shift: it was possible to estimate the trend in mean domain size
from peak broadening by using Scherrer’s formula on the (002) peak and the trend
in the ¢ lattice parameter from peak position using Bragg’s law. These trends are
reported in figure [4.5lc. A significant shift in the ¢ lattice parameter was found
at low oxygen deposition pressure: this can indicate lattice deformations due to
defects such as O vacancies and Al interstitials. The decrease of this shift with
increasing Oy pressure suggests that O vacancies may be the dominant defect at
low pressures. Furthermore, a smaller ¢ value may indicate the presence of A3t
in the Zn*" lattice sites (substitutional), as Al has a smaller atomic radius than
Zn [146]. The trend in domain size presents a maximum of ~30 nm at 2 Pa O,.
Defects present at lower pressures and the onset of nanoscale porosity at higher

pressures are most probably the reasons behind this optimal value.
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Figure 4.5: (a) XRD patterns showing (002) reflection for films deposited at 0.1 Pa, 2 Pa
and 10 Pa Os; (b) XRD pattern of the film deposited at 10 Pa Oz; (c¢) mean domain size
(blue squares) and c lattice parameter (black triangles) for as-deposited films as a function of

deposition pressure. The dashed line shows the ¢ reference value for unstrained ZnO.

Results of Raman spectroscopy measurements also allowed to discuss structural
order properties [147], even though their interpretation is by far less straightfor-
ward and requires a deep understanding of the phonon modes of ZnO which is
beyond the scope of this work: for this reason only the main results will be
listed here. Examples of Raman spectra for AZO layers grown with different
O, pressures are presented in figure The spectra are characterized by a
low-frequency peak (=~ 100 cm™!) attributed to the Zn sub-lattice vibrations,
and two peaks/bands at higher wavenumbers (visible in the figure at ~ 400

and ~ 600 cm™!

, respectively) associated with the O sub-lattice. The Zn sub-
lattice peak emerges and becomes narrower with increasing deposition pressure
as shown in figure [4.6] whereas the oxygen-related modes exhibit a change in
relative intensity. The intensity ratio between these peaks/bands evolves from

! are dominant) to

low deposition pressure (where the modes at ~ 574-591 cm™
high pressure (where the spectra are dominated by the feature at ~ 409-438 cm™!).
Investigating the vibrational modes of the Zn and O sub-lattices by quantitative
fits permitted to state that local order of the Zn sub-lattice is achieved almost
regardless of the deposition pressure, whereas the O sub-lattice is characterized by
strong local disorder especially at low deposition pressures. This fact can be used
as a confirmation of the presence of O vacancies, whose presence is favored by a
complex interplay with Al atoms (the effects of extrinsic doping on local structural
order will be discussed in more detail in section by taking advantage of

comparisons with the Raman spectra of undoped ZnO films). An analysis of the
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Figure 4.6: Raman spectra of AZO layers grown at different Oy pressures (red) and of the
bulk ZnO target (black). The blue circle indicates an anomalous mode at 257 em™' empirically

correlated with electrical conductivity [147].

relative intensities of Raman peaks related to the Zn and O sub-lattices allowed to
state that compact AZO films are heavily sub-stoichiometric in terms of oxygen
content, moderately sub-stoichiometric at pressures of the order of 10 Pa and
that stoichiometry is not fully reached until relatively high pressures (=~ 80 Pa).
Finally, an anomalous Raman peak of controversial interpretation was detected
at 257 cm~! with prominent intensity at 2 Pa. This peak, marked by a blue circle
in figure [4.6) has been empirically correlated with electrical conductivity, which

reaches its optimal value at 2 Pa Oy as will be discussed in the upcoming section.

4.1.2 Electrical properties

Electrical measurements, performed in the Van der Pauw configuration (see

section for details) allowed to determine the electrical resistivity values of
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4.1. Structure-dependent electrical and optical properties

compact AZO films (500 nm thickness), which were found to be in the 1072 —10*
Q2 cmrange for deposition pressures below 3 Pa O,, increasing up to 0.1 2 cm at
10 Pa. The trend in electrical resistivity is reported in figure [4.7, where sheet
resistance values can also be read on the right axis. The electrical properties
of porous films were not measured in the conventional 4-point probe approach
due to the difficulty of applying electrical contact on the top: depositions on
evaporated metal contacts allowed to perform the measurement on the bottom

part of the film. The measured resistivity of porous samples was extremely
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Figure 4.7: Electrical resistivity and sheet resistance as a function of deposition pressure [144)].

high (of the order of the MQcm) due to the open morphology which results
in a distributed in-plane connectivity (lack of a continuous path for conduction
electrons). The minimum resistivity value of compact AZO layers was obtained at
2 Pa O,, where the measured resistivity was 4.5 - 10~* Qcm . This optimal value
is the result of a compromise between defect concentration (oxygen vacancies and
Al dopants can contribute significantly to conduction electrons concentration)
and morphology effects limiting carrier mobility: it is useful to point out that
this resistivity value is comparable to the state of the art of AZO layers grown
at high temperature (see chapter [2). The separate contributions of carrier
concentration and mobility, measured by Hall effect, allow to understand the
physical meaning of this optimal value: figure [4.§ shows the results of Hall effect
measurements. Carrier concentration values are extremely high (102 —10%! cm™?)
at low deposition pressures, indicating that the filling of the conduction band is
easier in oxygen-deficient films, which have a high concentration of defects as

already suggested by XRD and Raman measurements. A brisk drop in carrier
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Figure 4.8: Carrier concentration (orange stars) and mobility (blue triangles) as a function of

deposition pressure for compact AZO layers [140].

concentration (by 2 orders of magnitude) occurs in the pressure region from 3
to 10 Pa, pointing out an ineffective doping level possibly due to saturation of
O vacancies. The trend in carrier mobility, with values ranging from about 5 to
about 20 cm?/Vs, noticeably recalls the one of mean domain size (see fig.
suggesting that grain boundary scattering is likely to be the dominant mobility-
limiting mechanism. The maximum value is found at 2 Pa, where crystal domain
size is also maximum, allowing to state that the large concentration of defects
at lower pressures and trap states due to O segregation at grain boundaries at
higher pressures give significant contributions, in agreement with theoretical and

experimental considerations reported in section [2.1]

AZO0 layers of different thickness were grown at this optimal deposition pressure
to investigate the influence of thickness on electrical properties: the results of
resistivity measurements are shown in figure [{.9a. Resistivity values are of the
order of 10~* Q c¢m for all thickness values (100 nm - 1 pm) and exhibit a decreasing
trend with increasing thickness, the 1um thick layers being twice as conductive
than the 100 nm thick ones. The decreasing trend is maintained in sheet resistance
(shown in the inset). The resistivity of a 1 wm thick film grown on ETFE substrate
was about 3 -1072 Qcm, i.e. compatible with state of the art values for flexible
substrates [57]. A similar dependence of electrical resistivity on thickness can be

justified by considering the beneficial effects on structural order resulting from
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Figure 4.9: (a) Electrical resistivity as a function of film thickness for films grown at a
deposition pressure of 2 Pa. The inset shows the corresponding sheet resistance values. (b)
Mean domain size, evaluated from Scherrer’s formula on the (002) XRD peak. [148].

a greater film thickness. In fact, results from XRD measurements performed on
AZO layers grown at 2 Pa indicated that there is an increase in structural order
with film thickness (fig. [£.9b), as the mean domain size calculated from Scherrer’s
formula on the (002) XRD peak for layers of different thickness increased from 18

nm to 28 nm in the investigated thickness range.

4.1.3 Optical properties

Optical transmittance spectra and their average values (400 nm - 700 nm
range) for AZO layers deposited with different Oy pressure are presented in figure
4.10, The spectra have been acquired for films grown on glass substrates, and
the substrate contribution has been corrected for by setting to 1 the intensity at
the glass/film interface. The thickness of compact samples (up to 10 Pa) was
500 nm, whereas it was of 2 um for porous samples (100-200 Pa). The spectra
show an increase in transparency with increasing deposition pressure, as observed
in figure [£.10la. In the region below 300 nm, where photons excite interband
electronic transitions, films grown at higher pressures exhibit a sharper onset of
absorption (ﬁg..b shows a close-up of the corresponding spectral region). The
absorption due to interband transitions close to the optical gap is characterized
by two different regimes: compact, oxygen-deficient films are more transparent
in the higher-energy region (up to 380 nm) and porous, oxygen-rich samples are
more transparent in the blue. This behaviour is in excellent agreement with

results from ab initio calculations recalled in section (and in particular fig.
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Figure 4.10: (a) Total transmittance spectra of AZO films grown at different Oy pressures. (b)

A close-up of the onset of absorption in the near UV - visible range. (c¢) Mean transmittance
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4.1. Structure-dependent electrical and optical properties

[38]): grain boundaries create O 2p dangling bonds, i.e. available states above
the valence band maximum which decrease the optical gap. O vacancies limit the
presence of these dangling bonds, causing the optical gap to reopen and increasing
UV transmittance of films grown at low Oy pressures. In the visible, O vacancies
increase light absorption through the introduction of intragap defect states, which
add up to other Al- and Zn- related defects. In the IR region, absorption due to
plasma oscillations of free electrons in the conduction band is extremely strong
for samples grown at low pressure which have higher concentrations of electrons
in the conduction band. The fringes in the visible range are due to interference
phenomena, and their position depends on film thickness and on the refractive
indices of both film and substrate. The spectra of porous samples do not present
interference fringes, due to mesoscale disorder and increased surface roughness.
The near-infrared region is characterized by a decrease in optical transmittance
due to carrier absorption in the conduction band for samples grown at low O,
pressures (up to 10 Pa) while porous films show high transmittance up to 2000
nm due to a less defective structure and a greater fraction of voids. A comparison
of the mean values of optical transmittance in the visible range, taken between 400
nm and 700 nm, is reported in figure 4.10lc. The values increase monotonically
with pressure, from 55% at 0.01 Pa up to nearly 90% for all pressures above 10
Pa. Porous films are characterized by an overall higher transparency, since their

total transmittance is comparable but the thickness is 4 times as much.

Optical properties of films grown on ETFE polymer flexible substrates were
characterized by comparable transmittance values: total transmittance spectra of
1 um thick compact films grown at 2 Pa Oy on glass and ETFE are reported in
figure [4.11] as an example. The average transmittance values in the visible range
were of 77% on ETFE and 80% on glass.

The light scattering capability of AZO layers was evaluated by measuring the
haze factor. The measured haze values are presented in figure [4.12], which shows
the average values in the 400-700 nm range as a function of Oy pressure during
deposition. The values are of the order of 10% for all compact films, indicating
that their scattering ability is inefficient. At pressures of 100 Pa and higher, where
morphology evolves from granular to mesoporous, the light scattering capability
is enhanced, with a boost in haze from 30% to over 80%. This means that in
AZO nano-forests, over 80% of the transmitted photons (which are over 85% of
the incoming photons as seen from transmittance measurements) are scattered by

the hierarchical structures. The reasons behind such high haze values are to be
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4.1. Structure-dependent electrical and optical properties

found in the characteristic size of the nanotrees (hundreds of nanometers) which
is of the same order of magnitude as the visible light, thus maximizing scattering
probability [149).

The method of envelope analysis [31}/150] was employed to estimate the
refractive index of compact films by numerically solving the envelope equations
for the position of the interference fringes in transmittance spectra, knowing
film thickness from cross-sectional SEM measurements. Details on the envelope
equations and on the iterative method employed for their solution can be found in
Appendix [B] Such analysis was not carried out on porous films due to the lack of
interference fringes. The calculated trends of the real and imaginary part of the
refractive index (n and k respectively) for a compact sample grown at 1 Pa are
reported in figure [4.13] which also show the mean values in the visible range as

a function of deposition pressure. The results of numerical calculations indicate
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Figure 4.13: (a-b) Calculated dispersion relations for the real and imaginary part of the
refractive index of a compact AZO sample grown at 1 Pa Oy. (c-d) 400 nm - 700 nm
Average values of the real and imaginary part of the refractive index as a function of deposition

pressure [144)].

normal dispersion relations for n (i.e. monotonically decreasing with \), and the

mean values of the real part of the index in the visible range were found to be
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about 1.90 for all compact films (pressures up to 10 Pa), which is in agreement
with the typical values for ZnO (1.8-2.4) [91]. The variation of the extinction
coefficient was also estimated over the visible spectrum with the same method.
The calculated dispersion relations of the imaginary part £ show a minimum in the
visible (see fig. .b), and the average values are in agreement with the trends
found in transmittance: films grown at higher oxygen pressures are characterized
by a higher degree of structural order resulting in less significant light absorption.
It is also worthwhile to notice that there is qualitative agreement between the
estimated values of k£ and of the absorption coefficient o taken from Lambert-
Beer’s law, as the relation @ = 4wk/A holds (substituting the average values
yields a ~ 10* ecm™! for compact films and 10® em~! for porous films, for which
only the Lambert-Beer estimate is available).

The infrared absorption profiles of compact AZO layers, as discussed in section
1.1} can be studied to obtain information on collective oscillations of free carriers in
the conduction band. Absorptance spectra were calculated as A = 1—T — R from

transmittance and reflectance measurements and are reported in figure 4.14 The
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Figure 4.14: Absorptance profiles in the near IR for compact AZO layers [144)].

absorptance peak is centered at the plasma wavelength, which (upon rearranging
eq. can be written as follows:

2 [MEE0E 0o
A = T [micoe (4.1)
q n

The peaks reported in figure shift towards higher wavelengths at higher

deposition pressures: this is a consequence of the decrease in carrier concentration
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(see section in agreement with eq. . By evaluating carrier density n
from Hall measurements and using the squared refractive index calculated above
as €4, it was possible to provide an estimate of the electrons conduction band
effective mass which is the only unknown in equation The obtained result
was m* & 0.4mg, where my is the electron rest mass. This value is in comparable
with other estimates of other estimates of m* in AZO calculated from plasma
absorption [151}/152].
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4.2 Effects of thermal treatments and Al doping

With the aim of a deeper understanding of the structure/property relation
of AZO, thermal treatments in different atmospheres were performed on the
materials described in the previous sections. Besides the general aim of improving
the crystal structure of the layers, annealing treatments in an oxygen-rich
environment (air) were devised to induce saturation of O vacancies, whereas

vacuum or inert (Ar) atmospheres were employed to induce oxygen desorption.

4.2.1 Annealing in air

Annealing treatments in air (500°C, 3 h) were performed on samples to induce
recovery of ZnO stoichiometry by saturation of oxygen vacancies. As a general
remark, this kind of treatment is bound to have other effects besides O-related
defect healing, e.g. humidity desorption: in the recently accepted picture which
considers H atoms as unintentional electron donors in AZO (see section [2.1)),
many effects traditionally attributed to oxygen deficiency can be interpreted
as hydrogen-induced. Recalling that a widely credited hypothesis concerning
hydrogen as a donor states that H can occupy empty O lattice sites, many effects
associated with oxygen can be also attributed to or correlated with hydrogen.
For the sake of simplicity, in the following discussion annealing in air will be
considered mainly as an oxygen vacancy healing treatment, but the results which
will be presented are compatible with hydrogen doping, or even more probably
with an interplay between H atoms and oxygen vacancies (especially in terms of
electrical properties). Figure shows the electrical resistivity of air-annealed
compact AZO films as a function of deposition pressure. The two main effects of
the thermal treatments are an increase in electrical resistivity (which reaches 0.1
2 cm ) and the flat behaviour of the trend vs. deposition pressure: the dependence
on deposition conditions becomes almost negligible after annealing. The increase
in resistivity is extremely significant (over two orders of magnitude) for films
which showed better electrical properties prior to the treatment, and moderate
for AZO grown at 10 Pa O, which was probably less influenced by the saturation
of O vacancies due to a smaller initial concentration. These results allow to state
that electrical conductivity in AZO is heavily influenced by defects formed during
deposition, and their healing cancels its dependence on such defects.

Results of Hall effect measurements on annealed AZO are reported in figure

Carrier concentration values are characterized by a dramatic decrease upon
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Figure 4.15: FElectrical resistivity as a function of deposition pressure, for as-deposited (black
squares) and air-annealed (red dots) AZO layers [140].

annealing, reaching values of the order of 10'® — 10®cm™=3 for all deposition
pressures and becoming less dependent on deposition conditions. Carrier mobility
is uniformly increased, probably due to an increase in structural order upon
annealing which decreases electron scattering, reaching its highest values of 30-40
cm?/Vs at 2-3 Pa. This increase in mobility is by far less significant than the drop
in carrier concentration (over 2 orders of magnitude) indicating that the variations
in electrical resistivity reported in figure [4.15| are mainly ascribable to a depletion

of the conduction band.
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Figure 4.16: Carrier concentration (left) and mobility (right) as a function of deposition

pressure for as-deposited (blue squares) and air-annealed (orange dots) compact AZO layers

[144).
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The influence of annealing in air on optical transmittance can be seen in
figure [£.17] On the left, the spectrum of a compact highly oxygen deficient AZO
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Figure 4.17: (a) Example of a transmittance spectrum of an AZO compact layer grown at
0.1 Pa Oy before (black) and after annealing (red) [146]. (b) Mean optical transmittance as a
function of deposition pressure for as-deposited (blue squares) and air-annealed (orange dots)
AZO layers. [144)].

layer (grown at 0.1 Pa Oj) is reported as an example to examine the effects of
defect healing in different wavelength ranges: in proximity of the optical gap, the
absorption edge becomes sharper after annealing, losing defect-induced absorption
tails and re-establishing absorption by O dangling bonds at grain boundaries which
was suppressed by oxygen vacancies. In the visible range, the mid-gap states
associated to O vacancies disappear leading to an increase in transparency. In the
IR, free carrier absorption is no longer present after annealing, due to the decrease
in carrier concentration also noticed by Hall effect measurements. Figure 4.17}b
shows the average transmittance values in the 400-700 nm range, highlighting
the boost in transmittance of compact films (which reaches 85% regardless of
the initial value, similarly to what emerged from electrical measurements) and
showing how porous films, which already featured local structural order, are
almost unaffected in terms of transparency. Haze values were not affected by
the thermal treatment either (the data are not shown), since the characteristic
size of the hierarchical structures, responsible for light scattering, does not vary
upon annealing. The effects of annealing on the morphology of porous films,

in fact, are limited to the nanoscale as shown in figure [4.18 (coalescence of
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small hexagonal ZnO structures) and mesoscale morphology is not altered by

the thermal treatment.

Figure 4.18: SEM image of a portion of AZO nano-tree grown at 160 Pa O before (left) and
after (right) annealing in air , .

Another investigation regarding the filling of the conduction band in as-
deposited and annealed samples was performed by analyzing the variations in
the optical gap as measured by Tauc plots. As introduced in section the
intercept of a linear fit of the (ahv)? vs. hv curve with the hv axis gives the
minimum energy for an optical transition, i.e. the optical gap. In the presence of
a heavy doping leading to a filling of the bottom of the conduction band with an
electron density n, the optical gap is increased proportionally to ns according to
the Moss-Burstein relation as discussed in section [L.1.1
271—”; (37T2n)% (4.2)
As shown in figure [£.16la, n is high for as-deposited films, with decreasing

MB __
AEMB —

values for increasing deposition pressures, and low for films annealed in air. The
results of Tauc analyses are presented in figure As-deposited films show
an enlargement of the optical gap by up to 400 meV with respect to undoped
ZnO (green dashed line) at low deposition pressures. This shift is reduced as
deposition pressure is increased, and becomes negligible (i.e. within experimental
uncertainty) for porous films and air annealed compact films. This is in full
agreement with the trends in n obtained from electrical measurements, confirming
that the blueshift of the optical gap is due to the MB effect and that the annealing
treatment in air does empty the conduction band as stated above. A linear
regression on the optical gap values vs. ns allowed to obtain another estimate of

the electron effective mass m* from equation [£.9] From the slope of the linear

IThe term m* in the equation actually corresponds to the reduced effective mass of the transition, which can
be approximated to the electron conduction band effective mass since its value is expected to be much smaller
than the hole valence band effective mass @
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Figure 4.19: Optical gap as a function of deposition pressure for as-deposited (blue squares)
and air-annealed (orange dots) AZO layers. The green dashed line indicates bulk undoped ZnO
bandgap. The inset shows an example of Tauc plot and linear fit [144)].

regression it was possible to estimate an electron effective mass of m* = 0.81 my,
where my is the electron rest mass. This value is likely to overestimate the actual
effective mass because of many-body effects which tend to narrow the bandgap in
opposition to the MB effect [2526]. Other estimates of m* in AZO calculated from
MB shift are even higher (m* ~ 0.98m) [154] which points out other fine structure
effects possibly due to nonparabolicity of the bands [27]. As a final remark, this
estimate was performed under the hypothesis that variations in optical gap are
mainly due to changes in conduction band carrier concentration and assuming that
the band structure of the material is not strongly affected by structural variations,
even though changes in the effective mass due to variation of the material structure

may be expected when moving from compact sub-stoichiometric to nanoporous
films.

4.2.2 Annealing in other atmospheres

The evidence that oxygen-related defects play a key role in determining the
electrical and optical properties, which emerged unquestionably from the previous
sections, led to the investigation of the effects of thermal treatments performed in
oxygen-free atmosphere. Both vacuum and inert (Ar) annealing environments

were used, with the aim of inducing oxygen desorption and changing defect
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Figure 4.20: FElectrical conductivity (a) and carrier concentration (b) as a function of
deposition pressure for as-deposited (black squares), vacuum-annealed (blue triangles) and Ar-
annealed (red dots) AZO layers.

concentration, improving the crystal structure and understanding the doping
mechanisms. The annealing temperature was 500°C, the same employed for
the thermal treatments in air described in the previous sectionf] The effects
of treatments on electrical properties can be seen in figure [4.20] where the
variations in electrical resistivity (fig. [4.20la) and carrier concentration (fig.
4.20lb) upon annealing in vacuum and inert atmosphere are reported. For
most deposition conditions, both thermal treatments in inert atmosphere and
in vacuum sorted beneficial effects on electrical resistivity (which decreased at
every deposition pressure but 2 Pa Oj). At high deposition pressures (5-10 Pa)
resistivity decreases by 1-2 orders of magnitude upon vacuum annealing, and by
2-3 orders of magnitude for treatments in argon. Most noticeably, porous samples
(100 Pa) which prior to the treatment were too resistive to be measured in the
Van der Pauw conditions (see section gained electrical conductivity upon
annealing, with a resistivity value of 0.01 2cmfor a 100 Pa sample annealed in
Ar. Interestingly, porous samples annealed in Ar, which underwent this transition
from insulating to conducting, reported an appearance of the anomalous Raman
peak at 257 cm~! mentioned in section which has been empirically correlated

with conductivity.

Examining figure [£.20[b allows to view the contribution of carrier density to

this increase in conductivity. Treatments in vacuum or inert atmosphere provide

2Due to experimental reasons, the as-deposited samples which underwent the treatments in Ar and vacuum
were not fully optimized and therefore their initial properties are slightly different from the ones described in
sections and For a more coherent description of the effects of annealing, the data sets belonging to the
actual annealed samples will be shown in this section: for this reason there will be some discrepancies between

the functional properties of as-deposited samples in this section and in the rest of this work.
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an increase in the carrier concentration of layers grown at 5-100 Pa, which is
sufficient to account for the conductivity boost. The effects of annealing in Ar
are in general more beneficial for carrier concentration, except for films grown at
very low pressure (< 2 Pa) where a small decrease in n was measured.

Carrier mobility values are shown in figure [4.21la. A significant increase
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Figure 4.21: Carrier mobility (a) and c lattice parameter (b) as a function of deposition
pressure for as-deposited (black squares), vacuum-annealed (blue triangles) and Ar-annealed (red
dots) AZO layers. The green dashed line indicates the reference bulk undoped ZnO c parameter
91).

l

in p is found for compact AZO samples grown at low (0.1 Pa) pressure and
annealed in Ar (by a factor 4) or vacuum (by a factor 2). This can explain the
increase in electrical conductivity mentioned above, despite the decrease in carrier
concentration. In general, for any deposition pressure, thermal treatments in Ar
increase the measured mobility values with respect to as-deposited samples. The
benefits of annealing in vacuum are visible only at very low (< 2 Pa) or very high
(> 10 Pa) deposition pressure.

From the structural point of view, ¢ axis parameters (fig. [£.21]b) show a
significant decrease upon annealing, indicating a relaxation towards the bulk ZnO
value (green dashed line). This relaxation is stronger for annealing treatments
performed in inert atmosphere, in agreement with results from electrical measure-
ments. A straightforward explanation of this behavior is not easy to present, if
both structural and electrical properties are taken into account: one plausible
possibility is constituted by the migration of AI> cations from interstitial to Zn-
substitutional position: since Al has a smaller atomic radius than Zn, the entrance
of AT in substitutional position can lead to a smaller lattice parameter [146]

(similarly to what described in section |4.1)) and simultaneously to an increase in
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electrical conductivity due to effective activation of doping.

Results of optical characterization are reported in figure 4.22, The full
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Figure 4.22: Optical transmittance spectra of a compact AZO layer grown at 0.1 Pa before
annealing (black), after annealing in vacuum (blue) and in Ar (red). (b) Average optical
transmittance values as a function of deposition pressure for as-deposited (black), vacuum

annealed (blue) and Argon annealed (red) AZO layers

transmittance spectrum of an AZO layer grown at 0.1 Pa is shown in fig. [4.22]a,
where a significant transmittance enhancement can be seen for the thermal
treatment in Ar. Transparency is increased throughout the spectrum, and most
noticeably in the IR range, in agreement with the decrease in carrier concentration
shown in figure [4.20, The spectrum of the sample annealed in vacuum does not
exhibit major changes with respect to the as-deposited one. Figure [£.22/b allows
to compare the average values (in the 400 nm-700 nm) of optical transmittance
for different AZO layers which underwent the thermal treatments. No significant
alterations are present in the mid-pressure range (1-10 Pa). In the case of porous
samples, on the contrary, optical transmittance is decreased from 90% to 80%
for both annealing conditions: this is an evidence of the fact that the dramatic
increase in electrical conductivity (and especially carrier density) is accompanied
by the formation of structural defects. Once again, haze values were not affected
by the thermal treatments, confirming that light scattering in AZO nanoforests is

mainly a morphology-driven feature.
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4.2.3 Effects of Al doping

To investigate the effects of the presence of Al as an extrinsic dopant in
AZO, undoped ZnO films were synthesized in identical conditions and compared
in terms of morphology, structure and functional properties. Examples of the

obtained morphologies can be seen in figure [4.23] The effects of deposition

200 nm

Figure 4.23: Cross-sectional SEM images of undoped ZnO layers grown at 2 Pa (left), 100 Pa

(center), 500 Pa (center) Oy deposition pressures.

pressure on film morphology were comparable to what observed for AZO layers,
but ZnO films appeared generally more compact than AZO grown at the same
deposition pressure: columnar compact films are synthesized for pressures up to
10 Pa, nanostructuring emerges around 100 Pa without visible porosity, and the
development of porous hierarchical nanoforests emerged at higher pressures (200
Pa - 500 Pa).

In terms of structural properties, a comparison between results from XRD
measurements on AZO and ZnO films is presented in figure[£.24 The ¢ parameter
values reported in figure [{.24la indicate a shift towards higher values at low
pressures, both for ZnO and AZO: the deformation in the undoped ZnO lattice
is significantly less marked than in the case of AZO, even though in both cases
the structure tends towards relaxation at higher pressures. This discrepancy can
be explained by considering that Al*? cations in the interstitial can introduce
additional disorder or stress with respect to intrinsic defects (Zn interstitials
and O vacancies) present also in undoped ZnO. Similarly, the mean domain size
calculated from Scherrer’s formula on the (002) peak (fig. [4.24]b) is generally
larger in ZnO than in AZO, with the exception of AZO grown at 2 Pa which

showed peculiar properties as discussed in the previous sections. The analysis of
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Figure 4.24: Variation of the lattice parameter ¢ (a) and the mean domain size (b) with ozygen
deposition pressure for ZnO (black) and AZO (red) films [147].

local order by Raman spectroscopy pointed out a structural interplay between Al
dopants and O vacancies, since oxygen stoichiometry (evaluated from the relative
intensity of the Zn- and O-sublattices Raman peaks) is reached at lower deposition
pressures in undoped ZnO than in AZO (approximately 2 Pa for ZnO and 80 Pa
for AZO).

The average visible optical transmittance of ZnO and AZO layers is shown

in figure The reported mean values exhibit similarities both in terms of
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Figure 4.25: Mean optical transmittance (400 - 700 nm) of AZO (red dots) and ZnO (black

squares) as a function of deposition pressure.

dependence on pressure and of absolute values. This is an interesting fact, showing

that the greater structural disorder detected in AZO is somewhat compensated
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by a greater fraction of voids due to porosity, making the total transmittance not
significantly affected by doping. The similar values at very low pressure indicate
that defects such as Zn interstitials and O vacancies, whose presence is suggested
by XRD and Raman measurements in both film categories, play an important
role in the creation of mid-gap states leading to a decrease in visible optical
transparency.

Unfortunately, a systematic characterization of electrical properties of undoped
7Zn0O was not possible due to stability problems which were met after depositions:
on one side, ZnO films grown on glass at low pressure presented adhesion problems
which led to a quick delamination making the electrical measurements impossible.
On the other, films deposited at pressures of 2 Pa exhibited scarce stability of
electrical properties: a relatively low resistivity of (1072 Qcm) was detected
shortly after deposition, but the electrical properties were compromised within
few days. This fact, possibly connected with a metastable nature of electrical
conductivity in some TCOs (a very recent hypothesis emerging in the TCO
research community [42]) is interestingly in contrast with what reported for AZO
compact films (0.1 - 2 Pa range), which only exhibited conductivity variations
within 5% over a timescale of several years. All undoped ZnO films deposited at

pressures of 10 Pa and higher were too resistive to measure at any time.
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4.3 Summary

AZO thin films were grown by room temperature PLD in different Oq
background pressures. All depositions were also performed on flexible ETFE
substrates to test compatibility with polymer-based devices. Compact films were
obtained at low (<10 Pa) deposition pressures, with state of the art properties
at 2 Pa (p ~ 4-107% Qcm, T ~ 85% in the visible range) depending on
a compromise between competing effects of oxygen-related defects: at lower
pressures, high defect concentrations were detrimental for optical properties, and
at higher pressures grain boundaries and oxygen stoichiometry led to a decrease
in electrical conductivity. Local structural order is strongly affected by oxygen
content, as demonstrated by XRD and Raman spectroscopy, and by investigating
the effects of thermal treatments in oxidizing atmosphere. In particular, oxygen
vacancies are detrimental for structural and optical properties, but contribute to
improving electrical conductivity.

Mesoporous forest-like hierarchical structures were obtained at high (> 10 Pa)
deposition pressures, with optimal transparency and light scattering properties
(T > 85%, H > 80%) due to a locally ordered structure with ZnO stoichiometry,
and to the effects of morphology at the mesoscale. The open morphology of porous
AZO layers leads to the lack of uniformly connected in-plane conduction paths,
resulting in an electrical resistivity of the order of 1 M(2 cm.

These results were used as a basis for an in-depth analysis of the structure/prop-
erty relation in AZO, which allowed to investigate the mechanisms leading to the
filling of the conduction band: an analysis of the Moss-Burstein effect and of the
refractive index/absorption coefficient led to two independent estimates of the
electron conduction band effective mass. The effects of thermal treatments in
different atmospheres and a comparison with undoped ZnO films synthesized in
analogous conditions gave further insight on the relationship between defects and
functional properties.

The discussion reported in this chapter, which explains how it is possible to
understand the interplay between morphology, structure and functional properties
of AZO, will be used as a starting point for chapters [ and [6], where the knowledge
of the structure/property relation will be exploited to achieve independent control
of electrical and optical properties to develop novel nano- and mesostructured AZO

layers with a unique tunability of functional properties.
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Electrically conducting nano-forests

HIS chapter describes a novel approach to obtain mesoporous, large surface
area AZO layers simultaneously characterized by electrical conductivity,
optical transparency and light scattering capability. The development of

this approach is based on considerations deriving from the most significant results
presented in chapter @ about the control of structure and properties of AZO thin
films by PLD. The chapter begins by describing the motivations and development
of this approach in section [5.1] then the main results are presented in section [5.2]
followed by a description of advanced characterizations pertaining to cross-plane

conductivity in section
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5.1 Depositions in mixed atmospheres

The dependence of optical and electrical properties of AZO layers on structure,
morphology and deposition conditions, as discussed in the previous chapter, is
characterized by a complex role played by the oxygen pressure in the deposition
chamber. On the one hand, a high deposition pressure (100 Pa Oy or higher)
is required for the development of mesoporous hierarchical AZO nanoforests,
whose morphology is optimal for light scattering and results in haze values as
high as 80%, and whose large surface area is interesting for PV applications.
This requirement derives from the properties of the PLD deposition technique,
in which clustering and hierarchical assembly occur only at high pressures
due to collisions between the ablated species and the background gas. On
the other hand, oxygen plays a crucial role in the determination of electrical
conductivity and optical transparency: a complex interplay between O vacancies,
AP dopants and possibly other unintentional electron donors (i.e. HT) was
detected, whose effects, along with properties of grain boundaries and nanoscale
porosity, maximizes electrical conductivity at low (= 2 Pa) oxygen deposition
pressure. Furthermore, in terms of optical transparency, a higher O content
is beneficial for the suppression of mid-gap states which increase visible light
absorption at oxygen pressures up to 2 Pa. It is therefore clear that the possibility
to obtain separate control of electrical conductivity, optical transparency and light
scattering would be appealing in order to be able to combine these properties into

the same material.

A first approach which was developed to reach this goal consists in performing
PLD in mixed atmospheres constituted by oxygen and an inert gas. If the total
pressure (pror = Po, + Pinert) 0 the chamber is maintained at a sufficiently high
value, hierarchical porous layers can be obtained. If, for this high value of pror,
po, is varied, the oxygen content in the film can be controlled to some extent,
and the functional properties of interest (in particular, electrical conductivity)
can be obtained in the nano-forests. In other words, it is possible to uncouple
morphology from stoichiometry (which in the case of depositions in pure Oy are
intrinsically coupled) using the inert gas partial pressure to control morphology

and the Oy partial pressure to control stoichiometry.

The inert gas was chosen by investigating the possibility to obtain forest-like
structures: both He and Ar were tested. Due to the atomic mass of Ar being

10 times heavier than the one of He, the effects of collisions between the ablated
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Figure 5.1: Cross-sectional SEM images of (a) an AZO layer grown in a He:Oy atmosphere,
at a total pressure of 400 Pa, with drs = 6 cm (b) an AZO layer grow in an Ar:Os atmosphere
at a total pressure of 200 Pa, with dpg=5 cm.

species and the inert fraction of the background gas are very different in the
two cases. In particular, the ablation plume in the presence of helium is less
confined and the kinetic energy with which the substrate is reached is higher due
to the smaller mass of He atoms leading to less significant energy decrease in
inelastic collisions. In order to perform out of plume depositions (L > 1) in He
atmospheres, both the total pressure and the target-to-substrate distance were
increased. Figure [5.1la shows a SEM image of an AZO layer grown in a He:O
atmosphere at a total pressure of 400 Pa (2% O3) with dys=6 cm. In spite of the
high pressure, the obtained morphology is too compact to obtain effective light
management properties even attempting to increase drg. Figure [5.1lb shows an
AZO layer deposited in a mixed Ar:0y atmosphere at a total pressure of 200 Pa:
the morphology is characterized by hierarchical tree-like structures similar to the
ones obtained in pure oxygen (see for example fig. and related discussion).
This similarity is probably due to the relatively close values of the atomic mass of
Ar and the molecular mass of Oy (their ratio is &~ 1.25), resulting in comparable
energy loss upon inelastic collisions with the ablated species. As a consequence,
analogous morphologies are obtained without the need of increasing the target-

to-substrate distance, which can negatively affect deposition rate.

The total deposition pressure for the development of electrically conducting
nano-forests was chosen in the 100-110 Pa range, with the aim of having mesoscale
light scattering features without exceeding in porosity and spatial separation,

thus avoiding to increase electrical resistivity by reducing the connectivity
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between nano-trees. The oxygen fraction was varied to investigate whether it
is actually possible to achieve control of electrical and optical properties through

stoichiometry without altering the morphology of the AZO layers.
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5.2 Results and discussion

5.2.1 Morphology, structure and chemical composition

Hierarchical AZO layers were grown at a total deposition pressure of 100-
110 Pa, with different Ar:O, partial pressure ratios. Examples of the obtained
morphologies are presented in the cross-sectional SEM images of figure In

|

200 nm
—

Figure 5.2: Cross sectional SEM images of hierarchical AZO layers grown at a total deposition
pressure of 110 Pa, with 2.5% Os (a), 10% Oz (b) and 100% Os (c). The inset (d) shows a 800
nm layer grown at 100 Pa (2% Os).

particular, the O, partial pressure was 2.5% for fig. [5.2la, 10% for fig. [5.2lb and
100% (pure oxygen) for fig. C. respectively. The images show the gradual arise
of a preferential growth direction orthogonal to the substrate surface, enhancing
the hierarchical nature of the material which resembles a nanotree forest in the
case of pure oxygen (fig. [5.2.c). This evolution is similar to what observed as an
effect of an increase in gas flow rate, for the case of depositions in pure oxygen,
as discussed in section [4.1] Regardless of the deposition parameters, the bottom
layer of the film is more compact and uniformly connected, then the structure of
the material becomes more open and porous, moving away from the substrate. In
this porous region the influence of the background deposition atmosphere is more
significant, and the forest-like morphology appears only at high oxygen content. A
300 nm film grown at 100 Pa with an O, partial pressure of 2% is also shown in the
inset [5.21d as a reference to examine the more compact morphology corresponding
to the earlier growth stages, also visible in the thicker films of figs[5.2la-c. As a
general result, partly anticipated in section [5.1], the possibility to grow AZO nano-

forests in mixed Ar:Oy atmospheres, with features at the mesoscale for different
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partial pressure ratios, was thus demonstrated.
The structure of these layers was probed by XRD measurements, whose main

results are presented in figure 5.3} The most intense reflections of ZnO powders
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Figure 5.3: (a) XRD patterns of porous AZO layers (300 nm thick) grown at 100 Pa with
different oxygen partial pressures. The most intense reflections of ZnO powders are present, with
hints of a preferential orientation in the (002) direction. (b) Mean domain size D, calculated

from Scherrer’s formula on the (002) peak, as a function of oxygen partial pressure.

appear in the diffractograms; however, the peak intensity ratio suggests a slightly
preferential orientation along the (002) direction. The mean size of the crystal
domains was calculated from Scherrer’s formula on the (002) peak and the values
are reported in fig/f.hlb. The calculated domain size is of the order of 20 nm
for all oxygen partial pressures, except for the case of pure argon (oxygen-free
atmosphere), with a mean domain size of about 14 nm. This can be interpreted
as an indication of the presence of O vacancies in the lattice, similarly to what
discussed in section 4.1, suggesting that it is actually possible to obtain sub-
stoichiometric AZO layers with mesoscale porosity. Calculations of the ¢ lattice
parameter from Bragg’s formula (not shown) were also performed, indicating only
small variations from the ZnO reference value, corresponding to the very small
shifts visible in fig. [5.3] However, neither the degree of preferential orientation nor
the ¢ parameter shift are comparable to the compact AZO films grown in oxygen
described in section where the intensity of the (002) peak was higher than all
other reflections by up to 4 orders of magnitude, and where relative shifts in ¢ as
high as 5% were found.

In order to provide a confirmation of the correlation between oxygen partial
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pressure during deposition and oxygen stoichiometry in the films, selected AZO
layers were probed by X-ray Photoemission Spectroscopy (XPS) and Scanning
Photo Emission Microscopy (SPEM), with synchrotron X-ray radiation at 650 eV
as an excitation source. In particular, variations in the Zn/O stoichiometry ratio
were estimated by acquiring point XPS spectra in different regions of the cross-
section of the nano-forest layers, with a focused X-ray beam with a minimum spot
size of 200 nm. Measurements were performed on layers grown at a total pressure
of 110 Pa, both in pure O, and in 6% Oy atmosphere. Samples with a thickness
over 10 um were used in order to estimate the composition in different points by
cross-sectional measurements with focused beam. According to the approach by
Islam et al. [155] for Al-doped ZnO, the Zn 3d and O 1s photoemission lines were

used to estimate stoichiometry from the following relation:

no _ Io ozn MEznsa)
Nzn IZn 0o )‘(EOL?)

(5.1)

where [ is the integral intensity of the peak, ¢ the photoionization cross-section
at the incoming X-ray wavelength (approximately 0.34 and 0.18 Mbarn for O and
Zn, taken from refs. |[156,|157]), A the electron escape depth at the corresponding
kinetic energy (approximately 7 Aat Eo and 24.5 Aat E,, respectively [158]).
The obtained average values of the np/nz, ratio were employed to estimate the
variations in stoichiometry due to differences in the deposition atmosphere: the
O/Zn ratio for AZO grown at low (6%) oxygen partial pressure was 70% of the
O/Zn ratio of stoichiometric (100% O2) AZO. This significant variation allows to
safely state that the oxygen partial pressure during deposition directly influences
the stoichiometry of the material even though a precise quantitative determination
is not possible.
The possibility to perform SPEM measurements with a lateral resolution of
hundreds of nanometers was also employed to acquire spatial maps of the
distribution of Al, Zn and O elements in different regions of the nano-forests
by comparing the relative intensities of the corresponding photoemission peaks.
Figure .a presents a map of the distribution of Al atoms (evaluated from the
Al 2p photoemission peak) over the cross-section of an AZO layer grown at 110
Pa O, with the corresponding SEM image in fig. [5.4]b. In the map, darker colors
correspond to higher aluminum concentrations: it is possible to see how there
is a tendency for Al to accumulate in the top part of the layer. Interestingly,

this result was found regardless of the partial pressure ratio during deposition,
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Figure 5.4: (a) Map of the distribution of Al, evaluated from the Al 2p photoemission peak,
over a nano-forest of AZO grown at 110 Pa Oy. (b) Cross-sectional SEM image of the same

region. (c) Evolution of the Al 2p photoemission peak from single point spectra.
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suggesting possible segregation effects. This behaviour was also confirmed by
point spectra acquired in different regions, as shown in figure [5.4lc. A simple
explanation to this phenomenon is difficult to formulate, especially considering
that all depositions were performed at room temperature from a uniform target,
and the samples did not undergo any thermal treatment which could drive Al
migration. This result confirms that a complex interplay between the Al dopant
and the ZnO structure is present, as already suggested by results presented in

chapter [} which needs further investigation.

5.2.2 Optical properties

The investigation of optical transparency and light scattering was carried out
by measuring the total transmittance and haze for AZO grown in different Ar:O,
mixtures and with different thickness values. By comparing the optical properties
for films of different thickness it was possible to estimate the attenuation coefficient

a, whose average values for different thickess are shown in figure |5.5}a.
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Figure 5.5: (a) Attenuation coefficient as a function of Oz partial pressure. (b) Haze factor

as a function of O partial pressure for AZO layers of different thickness

The values of the attenuation coefficient show a significant decrease as the
oxygen partial pressure is increased: AZO grown in pure Ar is strongly absorbing
in the visible range (o ~ 2.8-10*cm™!) and then the attenuation coefficient
decreases by over one order of magnitude as the oxygen content in the deposition
chamber (hence in the film) increases, down to 1400 cm ™! for a pure O, deposition
atmosphere. The calculated values of « (Lambert-Beer’s law was employed since
reflectance is negligible in the visible) were consistent for layers of different
thickness, and in agreement with the estimates reported in section for
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depositions performed in pure oxygen. The mean transmittance of 300 nm thick
films is of the order of 90% (except for the case of pure Ar, with 7'~ 55%). For
2 pum thick layers T' is of the order of 60% (in this case, 2 um thick AZO layers
grown in an oxygen free atmosphere were completely opaque to visible light, even
at eyesight). This trend in optical transparency can be interpreted as a successful
control of optical properties through variations of ZnO stoichiometry. In fact,
the influence of oxygen vacancies on optical transparency which was identified
in section [A.1.3] allows to state that these measured trends in transmittance
correspond to the achievement of control over mid-gap defect states associated
with oxygen content, by a variation of the Ar:Oy partial pressure ratio.

Figure [5.5|b shows the average (400 nm - 700 nm) haze values for AZO films of
different thickness, as a function of Oy partial pressure. Two different thickness
values are shown as an example, since in the case of haze there is not a simple
relation analogous to Lambert-Beer’s law to estimate the effects of thickness. The
values reported in figure [5.5]b show that at low thickness there is an increase of
haze with the oxygen content (i.e. with a more open morphology), whereas in
the case of thick films haze is almost constant and close to unity, meaning that
virtually all the transmitted photons are scattered by the hierarchical structures.
This means that it is possible to achieve control of light scattering in mesoporous
AZO by varying either the oxygen partial pressure or the film thickness, and it
is possible to know how both parameters influence total transmittance by using

Lambert-Beer’s law on the values in fig. |5.5]a.

5.2.3 Electrical properties

The in-plane electrical resistivity of hierarchical AZO layers is reported in
figure 5.6}, as a function of Oy partial pressure during deposition and for different
thickness values. The measurements were performed in the 4-point probe
configuration for resistivities up to 100 2cm, and in 2-wire configuration for
higher values. As introduced in section [£.1.2], for porous samples such as the 2 pm
thick ones (see fig. , the measurements needed to be performed by depositing
the samples on evaporated contacts due to the impossibility of applying electrical
contacts on the top.

There is an extremely significant increase in resistivity with increasing oxygen
content, ranging from 0.3-0.4 2 cm for oxygen-deficient AZO (O partial pressure
< 2.5%) to the order of 1052 cm for the case of depositions in pure Oy. This
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Figure 5.6: In-plane electrical resistivity of hierarchical AZO layers of different thickness, as

a function of oxygen partial pressure during deposition.

increase by many orders of magnitude is observed both for 300 nm and 2 um thick
films; in the case of 300 nm layers the resistance of the samples grown in pure
oxygen was out of the instrumental range. In the region of O, partial pressures
between 2% and 10% the resistivity of thinner films is higher: a similar effect
of thickness was observed also for compact AZO films (see section [4.1.2)), and in
this case it may have been enhanced by the fact that resistivity measurements
on thicker films were performed by injecting the current at the substrate/film
interface rather than from the top. In any case, the observed trends show the
importance of oxygen defects (or in general of oxygen content) in determining the
electrical properties of AZO, whose resistivity spans across 7 orders of magnitude
as a result of variations in the O, partial pressure during deposition. In principle it
is not possible to exclude an influence of morphology on these values, considering
also the similar trend in haze (see figure b). Unfortunately, it was not possible
to perform reliable Hall effect measurements on nano-forests due to the very low
Vi signal, which is likely to be a consequence of the nonuniform connectivity due
to porous morphology, therefore no reliable carrier concentration and mobility

data are available.
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The time stability and durability of electrical properties was investigated
by monitoring the evolution of electrical resistivity in the month following film

deposition. The results of this characterization are presented in figure [5.7] Unlike
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Figure 5.7: FEvolution of electrical resistivity as a function of ageing time for hierarchical AZO

layers grown at different Ar:Os partial pressure ratios.

compact AZO, whose many-year durability in terms of electrical properties was
already mentioned in section [£.2.3] the electrical resistivity of nano-forests is
subject to a rapid increase in the days following film synthesis. In fact, regardless
of the initial value, the measurements report an increase in electrical resistivity
by a factor 103 — 10* within one week. One possible explanation to this degree
of instability can be found in interaction with humidity from the environment
(ageing took place in ambient conditions), leading to accumulation of OH™ from
water vapor at grain boundaries, as recently reported in recent ageing studies
conducted on AZO [159]. This phenomenon, which in compact films occurs mainly
at the surface, raises the height of the grain boundary potential barrier (see eq.
decreasing carrier mobility. In mesoporous films with a very high surface-
to-volume ratio, this decrease is bound to be more important, leading to a quick
degradation of electrical properties. Interestingly, moving the samples to a vacuum
environment after degradation allows a partial recovery of electrical resistivity (2-3
orders of magnitude), even without heat treatments: this can give a confirmation

of the role played by humidity in degradation of electrical transport properties.
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5.3 Cross-plane electrical transport

The electrical transport properties of the nano-trees along the tree axis,
which are of primary importance when considering applications of AZO as a
photoanode, were investigated by two independent approaches. Due to the
difficulty of applying electrical contacts on the surface of porous AZO layers,
which was already mentioned in the previous sections, a macroscopic cross-plane
measurement involving the whole film was not possible.

For this reason, both approaches are based on local (microscale) measurements.
In particular, the first approach (in collaboration with the University of Modena
and Reggio Emilia) consisted in measuring the electrical resistance of a bundle of
nano-trees by employing a micrometrical W tip to apply a known voltage from
the conducting substrate (ITO) to the top of a bundle, as depicted in figure .a,
and measure the corresponding current low. The measurements were performed

in vacuum, inside a SEM chamber, by applying bias voltage cycles of amplitude

200mV (0V — +02V — -0.2V — 0 V). Fig. [5.8|b shows a SEM image of the W

Multimeter

Figure 5.8: (a) Scheme of cross-plane electrical measurements. (b) SEM image of the trace

left by the W tip on a nano-forest.

tip employed for the measurements, whose trace on the top of a the nano-forest is
visible at the center of the image. The calculated area of the print is of the order
of 20-30 um?. Hierarchical AZO layers grown with variable Ar:O, pressure ratios
were measured with this setup, acquiring I-V curves with different contact-to-tip
distances (the blue d in figure a) and varying also the time interval ¢ between
measurements and the applied pressure on the nanotree top, which was minimized
by trial and error. Examples of I-V curves for AZO layers grown at 6%, 10% and
100% O, partial pressures are reported in figure [5.9l The main features of these

results can be summarized as follows:
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Figure 5.9: (top) I-V curves of hierarchical AZO layers (2 wm thick) grown in different Ar:O
atmospheres. Arrows denote the voltage sweep directions, corresponding to one bias voltage
cycle. (bottom) Effects of variations in contact-to-tip distance d and time interval ¢ between
measurements, for a sample grown at 10% Os. (Courtesy of G. C. Gazzadi and V. De Renzi,
UniMoRe, Italy)
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5.3. Cross-plane electrical transport

e All the I-V curves were characterized by a non-linear shape, emerging
more strongly at higher O, partial pressures. This behaviour can be due
to a Schottky-type barrier between the W tip and the AZO surface [91],
and possibly enhanced by non-ohmic conduction mechanisms resulting from

discontinuous distributions of the conduction paths.

e A hysteresis effect is present, which is probably caused by charge trapping ef-
fects in mesoporous structures. This effect is stronger in less conducting films
(higher O5 partial pressures) as well, recalling a memristor-like behaviour

which has recently been reported for compact AZO layers [160}/161].

e For each deposition condition, variations in d and t have a strong influence
on the shape of the curves and on the absolute value of the measured current
intensities. The measured data are heavily scattered, and appear to depend
also on the mechanical pressure exerted by the W tip. These considerations,
as well as the very low values of the measured current (especially for films
grown in pure oxygen) and the uncertainty about the exact number of nano-
trees involved in each bundle, force data interpretation to be considered
only as a reliable estimate of the order of magnitude of cross-plane electrical

resistance.

e The estimated resistance orders of magnitude were 10 K¢ for layers grown at
6% Oq, 100 KQ at 10% O, and 10 G2 at 100% O,. Knowing film thickness
(2 um) and assuming that the current flows in a column whose section equals
the diameter of the tip (=~ 20 — 30 um?) it is possible to have an estimate
of the order of magnitude of cross-plane electrical resistivity in hierarchical
AZO nano-forests. Interestingly, there is compatibility between the values
calculated with this approach (ranging from 10 Qcmto 1 MQcm ) and the

measured in-plane resistivity values reported in figure [5.6}

e The hypothesis that the current flows preferentially in the vertical (cross-
plane) direction has been confirmed by isolating a 5x5 pum trench with a
Focused Ion Beam (FIB) down to the ITO substrate and repeating the I-V
measurements with the W tip inside and outside the FIB-milled square. The
measured current values (without alterations in the I-V curve shape) were
reduced by 75% if the tip was placed on top of the isolated area (i.e. when
vertical current transport was impeded), indicating that 75% of the current

does actually flow in a vertical column from the W tip to the I'TO substrate.
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Chapter 5. Electrically conducting nano-forests

e It is not possible to exclude that the cross-plane resistivity values can be
higher in as-grown AZO nano-forests, since this analysis was carried out
several weeks after deposition, when the degradation of electrical properties
discussed in section had already taken place. If this degradation
mechanisms is similar for in-plane and cross-plane electrical transport, the
vertical conductivity of the as-grown AZO layers can be expected to be

higher.

The investigation of cross-plane electrical transport properties was also per-
formed through an indirect approach, based on Scanning Photo Electron Mi-
croscopy (SPEM). The basic principle of this approach (which was recently
developed to measure the conductivity of spatially separated nanowires [162])
consists in acquiring photoemission spectra in different points along the growth
direction and monitoring the shift due to charging effects: the photoemitted
electrons are not effectively compensated by electrons from the (grounded)
substrate if the electrical conductance of the measured structure is too low to
permit an easy electron flow from the substrate to the top. This results in the
build up of a surface potential, leading to a rigid shift in the kinetic energy of the
photoemitted electrons, which increases proportionally to the distance from the

substrate x, according to the relation [162]
AE, =CTA, (5.2)
o

where C'is a parameter depending on the beam properties (photon flux, irradiated
area, electron yield), o is the electrical conductivity and A, the nanostructure
cross-section at a distance x from the substrate, estimated from SEM measure-
ments. Equation [5.2] shows that the peak shift is inversely proportional to o,
meaning that if conductivity is too high the shift may not be detectable (in highly
conducting nanostructures, electrons coming from the substrate can easily travel
along the nanostructure, managing to screen the positive charges deriving from
photoejected electrons). The measurement was performed on thick (10-15 pm)
AZO nano-forests grown in different Ar:Oy atmospheres, in order to estimate
the effects of oxygen content on cross-plane conductivity. SPEM maps of the
whole forest cross-section were acquired from the Zn 3d, O 1s and Al 2p core
levels. Figure [5.10la shows the map obtained from the Zn 3d level on a sample
grown at 100% O,. A set of points (marked with letters from A to E on the
figure) were selected from the map as a possible conduction path for electrons

along the nanotree axis. In correspondence to those points, XPS spectra of the
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Figure 5.10: (a) SPEM map (11223 wm?) of the cross section of an AZO nano-forest grown
at 110 Pa Os, acquired from the Zn 3d core level. The letters A-E indicate the acquistion points
of XPS spectra along a possible electron conduction path. (b) Single point XPS spectra of the
Zn 8d core levels taken at the A-E points indicated on the map. (c) Single point XPS spectra of

the valence band in the same points.
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Zn 3d, O 1s, Al 2p levels as well as the valence band were acquired to monitor
the charging-induced shift. Results of these measurements can be seen in figure
[5.10[b-c, where the evolution of the Zn 3d and valence band peaks upon moving
from A to E is reported. A rigid shift (up to 250 meV) towards smaller kinetic
energies is observed along the growth direction, without significant alterations
of the peak shape. This is compatible with the assumptions leading to the
formulation of equation [162], indicating that the shift is possibly induced
by the ineffective screening of photoemitted charges, and it is therefore depending
on the conductivity of the nanotrees. Equation [5.2] can be then used to estimate
the order of magnitude of o, obtaining o ~uS/cm, corresponding to cross plane
resistance values of the order of 10'°€).

The same measurement, performed on hierarchical AZO layers grown with
a smaller (6%) oxygen partial pressure, revealed a negligible shift, indicating a
cross-plane resistance below the sensitivity limit of this approach. Instrumental
considerations regarding the parameter C' of equation allow to estimate
that this limit is around 1Gf2, suggesting that the resistance of the sample is
significantly lower than this value. Both the obtained results are in agreement
with the direct estimate of cross-plane electrical resistance, which indicated a
resistance of about 10 GQ2 at 100% O, and 10 K at 6% O, as discussed above.
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Multifunctional graded layers

HIS chapter presents another approach for the development of transparent
conducting AZO layers with effective light management properties. The
basic idea behind this approach is to obtain complex AZO architectures

constituted by a large surface area porous scattering layer and a compact TCO.
The development of this approach - leading to the synthesis of functionally graded
structures - and the subsequent optimization of multifunctional architectures are
described in section [6.1] An in-depth analysis of the effects of surface morphology
on electrical and optical properties of graded AZO layers is presented in section
6.2] followed by an example of application as a light harvesting enhancer in organic
PV devices in section [6.3]
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Chapter 6. Multifunctional graded layers

6.1 Development of functionally graded structures

The optimized electrical properties of compact AZO layers and the large
surface area and optical properties of hierarchical mesoporous AZO layers, as
described in chapter [4] are the result of a complex interplay between morphology,
structural and local stoichiometry properties. In chapter the possibility to
achieve independent control of these properties by means of stoichiometry was
discussed: another possible way to obtain a multifunctional material, described in
the present chapter, is constituted by a spatial separation of functional properties.

The basic idea for the development of this approach is depicted in figure [6.1} a

time

Compact layer: _—

Electrical conduction : e Sosilaga:

Porous layer: —_—

Light scattering

Dépositio

v

Substrate

Pressure

Figure 6.1: Schematic of the development of functionally graded AZO layers. The bottom
porous layer is grown at high deposition pressure, the top compact layer is grown at low deposition

pressure.

multifunctional structure can be obtained by growing a compact conducting AZO
layer on top of a porous scattering layer. If both layers are transparent, the
resulting structure is a scattering TCO film. The realization of this structure can
be devised in a single PLD process, in which the (oxygen) deposition pressure is
varied: as depicted in the graph of figure [6.1], if the first part of the deposition
is performed at high pressure, the bottom layer of the film is constituted by a
hierarchical mesoporous nano-forest. The pressure is then decreased down to
values suitable for the growth of a compact AZO layer. However, due to the
high kinetic energy of the ablated species in low pressure conditions, an abrupt
decrease in the O, pressure leads to the damaging of the forest-like structures. As
a consequence, the pressure decrease needs to be performed gradually, obtaining
a buffer layer between the porous and compact parts of the film: this strategy
allows the realization of graded AZO structures, rather than plain multi-layers.
The optimization of the growth conditions of this buffer layer constituted a first,

critical step: an average pressure decrease rate of ~ 6 Pa/min was identified as an
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6.1. Development of functionally graded structures

effective compromise to preserve the forest-like morphology without excessively
increasing film thickness. The opposite approach, i.e. the realization of a porous
film on top of a compact film, does not require this kind of procedure: however,
its degree of interest is lower for two reasons. First, the electrical characterization
of such structure is rather complex due to the difficulty of applying contacts on
the top where the porous layers are present. Second, this architecture is less
applicable to a HOPV device, where the TCO is placed on a glass substrate and
below the active layer: the interface between a forest-like layer and the active
medium is inevitably more complex to deal with than the same interface with a

compact layer.

Taking advantage of the results discussed in chapter [4, the background pressure
for the deposition of the bottom porous layer was chosen in the 100-200 Pa
range in order to obtain scattering hierarchical structures and the pressure for
the top compact layer was fixed at 2 Pa O,, where electrical properties showed
their optimal values. The parameters explored in order to obtain the desired
combination of properties were the background gas pressure for the deposition of
the porous layer and the equivalent thickness (i.e. deposition time) of the porous

and compact layers.
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Figure 6.2: FElectrical conductivity and average optical transmittance from AZO layers grown
at 2 Pa Oy, as a function ot film thickness.

The thickness of the compact layer was chosen in order to have a suitable

combination of electrical conductivity and optical transparency, whose variations
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Chapter 6. Multifunctional graded layers

Figure 6.3: Cross-sectional SEM images of graded AZO films with porous layers grown at 160
Pa Oy (left) and 100 Pa Oy (right)

with film thickness (at a fixed deposition pressure of 2 Pa Oy) can be seen in figure
In the 250-300 nm range, very high transmittance values are accompanied
by high conductivity: this range was chosen in order to keep the transmittance as

high as possible in view of the development of an overall thick graded structure.

To understand the effects of the bottom layer deposition pressure on the
morphology of the graded structure, figure [6.3| shows cross-sectional SEM images
of functionally graded AZO films grown in different conditions. The left part of the
figure shows a film whose scattering layer was grown at 160 Pa Oy with a thickness
of 800 nm: the morphology of this layer is (as expected from previously discussed
results) characterized by hierarchical forest-like structures, with a significant
fraction of voids, corresponding to a partial spatial separation of the hierarchical
structures; as a consequence, the compact layer provides a nonuniform coating
which traces out the underlying porous layer surface. In the right part of fig. [6.3
a film whose bottom layer was grown at 100 Pa O, is presented; the morphology is
significantly less porous and more uniformly connected. The less open morphology
results in a more uniform surface, on which the growth of the compact layer occurs
in a more uniform manner; the top part of the film is constituted by a flatter,

uniform coating.
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6.1. Development of functionally graded structures

O, pressure (Pa) 160/2 100/2
Equivalent thickness (nm) 8004300 7504250
Mean total transmittance 64.7% 90.2%
Mean haze 73.1% 11.6%
Sheet resistance (€2/0) 15.1 k 93.1
Sheet carrier density (-10'° cm™2) 1.68 8.2
Hall mobility (cm?/Vs) 0.25 8.19

Table 6.1: Quverview of properties of the films shown in figure . Mean transmittance and

haze have been calculated in the wvisible (400 nm - 700 nm) range.

An overview of functional properties of the films is reported in Table [6.1], which
can be used to highlight the main effects of deposition time and pressure.
First, a higher oxygen pressure during the growth of the bottom layer increases
its porosity and hence haze; as discussed in the previous chapters, the interaction
of the incoming light with the hierarchical structures is maximized when the
characteristic dimensions of the nano-trees are comparable with the incoming
wavelength. An increase in the deposition time of the bottom layer sorts the
same effect, since porosity increases along the direction normal to the substrate.
On the other hand, a higher effective thickness implies lower total transmittance
(in ordered media the decrease would be exponential according to Lambert-Beer’s
law, in highly scattering systems such as these the optical path is expected to be
even longer, with even lower total transmittance). Furthermore, an increase of
deposition time or pressure results in higher surface roughness, and hence in a
less regular coverage by the compact layer. This has dramatic effects on electrical
properties: the sheet resistance of the 160 Pa sample is over 150 times higher than
the 100 Pa sample, as reported in table 6.1 The main reason to this discrepancy
is found in the significant decrease in mobility (by a factor 30) due to the lack of
a continuous path for charge carriers as a consequence of morphology. It should
be pointed out that these mobility values were obtained by approximating the
compact film to a uniform coating in order to ensure validity of the Van der
Pauw hypotheses, and are hence to be considered as effective Hall mobility values.
Increasing the thickness of the compact layer can significantly increase carrier
mobility, but it is detrimental for optical transparency: 200 nm of compact AZO
(2 Pa) are characterized by the same mean visible transmittance (= 90%) (see
figure as 1 um of porous AZO (100 Pa), as discussed in chapter .

An optimal combination of deposition conditions was identified by increasing the
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Figure 6.4: Cross-sectional SEM image of a sample grown with a thicker bottom layer grown

at 100 Pa. The inset on the right shows a photograph of the corresponding sample deposited on
a flexible ETFE substrate .

O pressure (Pa) 100/2
Equivalent thickness (nm) 1600+250
Mean total transmittance 77.07%
Mean haze 42.39%
Sheet resistance (€2/0) 162
Sheet carrier density (- 10! cm=2) 15.2
Hall mobility (cm?/Vs) 2.52

Table 6.2: Ouverview of properties of the film shown in figure . Mean transmittance and haze

have been calculated in the visible (400 nm - 700 nm) range.

equivalent thickness of a 100 Pa bottom layer to about 1.6 pm, maintaining 250
nm of compact layer on the top. A cross-sectional SEM image of a film grown
in these conditions is presented in figure and a summary of its functional
properties is listed in table [6.2l The increase in thickness is sufficient to obtain
a haze over 40% without compromising total transmittance, which is close to
80%. We point out that total transmittance can be controlled by choosing the
combination of equivalent thicknesses of the two layers. Transmittance and haze
spectra are presented in figure a, where total transmittance (dotted line)
shows a flat profile in the red-nIR (=~ 80%) and decreases in the blue-UV due to
interband electronic transitions, but also in the IR due to free carrier absorption

in the conduction band. Light scattering (diffuse transmittance, dashed line) is
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6.1. Development of functionally graded structures

maximum in the visible (= 35%) giving rise to a haze (dotted line) of the order

of 40%.
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Figure 6.5: (a) Optical transmittance spectra of the optimized graded architecture shown in
fig. [6.3 Total transmittance (green), diffuse transmittance (red) and haze (black) are reported
in the 250 nm - 2000 nm wavelength range. (b) Haze spectra of the investigated graded AZO
layers, shown with a reference 980 nm FTO Asahi U-type glass [165).

The sheet resistance of this film is around 160 /0, with a carrier mobility of
around 2.5 cm?/Vs. This is a confirmation of the fact that electrical transport
occurs in the compact layer alone: a compact AZO film of the same thickness (200
nm) grown at 2 Pa on a smooth substrate has a sheet resistance which is lower
by a factor 5 (Rg ~ 3092/00), with a carrier mobility of about 13 cm?/Vs (5 times
higher than the graded film as well).
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Figure 6.6: Optical transmittance spectra of identical functionally graded AZO films deposited
on glass (red dashed line) and on ETFE (black solid line).
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The properties of the films grown on flexible ETFE substrates were also mea-
sured: no significant difference was found in optical properties (both transmittance
and haze varied by less than 4% with respect to glass substrates, as shown in figure
whereas the sheet resistance was uniformly increased by a factor 2.5, reaching
an optimal value of 400 £2/0J in the optimized films. This increase in resistivity
is reasonably due to a decrease in connectivity, as confirmed by SEM analysis.
It is worthwhile to point out that this value does not significantly increase upon
bending, probably because of a damping of strain due to the porous structure and
buffer layer below the compact film. A photograph of a graded film grown on
ETFE is reported in the inset in fig. [6.4]
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6.2 Surface morphology and functional properties

The connection between morphology and carrier mobility was investigated
in detail by synthesizing graded AZO layers similar to the optimized structure
reported in figure [6.4] with controlled surface roughness, to determine whether it
is possible to state that the morphology of the porous layer drives carrier mobility

in the compact layer.

In order to do so, small variations of the bottom layer deposition pressure and
time were performed: the deposition of the compact layer is strongly influenced
by the underlying porous structure, therefore the morphology of the top layer
is directly connected with the properties of the bottom layer. Cross-sectional
SEM images of functionally graded AZO layers with increasing porosity (i.e.,
deposition pressure or time) of the bottom layer are reported in figure The
details (deposition pressure and time for the compact and porous layers) and the
average thickness (taken from multiple SEM measurements) are also reported in
the figure. The effects of deposition time and pressure are visible both in terms of
thickness (increasing both with pressure and time) and of surface morphology: in
figure [6.7}a the compact layer is smoother and more uniformly connected, and as
pressure and time are increased (b-c) the top layer evolves towards a more wavy
and corrugated surface. This is in agreement with the AFM images presented in
fig. [6.7}d-f, from which surface roughness values were calculated. Both Roughness
average (Ra, mean value of the absolute displacement from average height data
of on 10x10, 20x20 and 50x50 um? AFM images) and root mean square (Rms,
their standard deviation) are shown. Ra values increase from about 40 nm to
about 60 nm as a result of the devised deposition conditions, and Rms values
accordingly increase from 50 nm to 80 nm. Surface grain area was also calculated:
results indicate that the area of the surface domains, increasing from 0.1 pm?
to 0.4 um? with increasing surface roughness, traces the characteristic size of
the underlying nanotree forest. The difference in surface grain size is clearly
visible from AFM images. For comparison, SEM images of the same samples at
the same scale are shown in the figure insets. Roughness values on glass and
silicon substrates were comparable (i.e. within the standard deviation of the
data). The average roughness Ra value has been used as an indicator to perform
a quantitative analysis of optical and electrical properties, and its variations can
be controlled through the morphology of the bottom porous layer alone, since the

surface properties of the compact layer are strongly influenced by the underlying
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Ra =38.9 nm 48
Rms =52.2 nm} 3. Rms = 81.3.nm

Figure 6.7: (a-c) Cross sectional SEM images of samples with different surface morphology.
The deposition pressures and times are also presented, along with the average thickness values.
(d-f) 5 um x 5 um tapping mode AFM images of graded AZO layers, for the same samples,
with the measured Roughness average (Ra) and Root mean square (Rms). The insets show top

SEM views of the same samples at the same scale, for comparison W/
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material, provided that the transition between the two layers occurs in a smooth
and gradual way.
Figure shows the effects of surface roughness on electrical and optical

properties. The values of resistivity here presented were calculated from sheet
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Figure 6.8: Electrical resistivity (a) and carrier mobility (b) as a function of average surface
roughness. Resistivity is of the order of 1073Q cm and increases with surface roughness, carrier
mobility is of the order of few em?/Vs and decreases accordingly. Resistivity and mobility values
of an isolated compact layer (half-filled red dots) are reported in correspondence of its roughness
for comparison. (c¢) Optical transmittance (black squares) and haze (red dots) averaged in the

400 nm-700 nm wavelength range, as a function of average surface roughness [164)].

resistance using an equivalent thickness of 300 nm for the compact layer, under
the hypothesis that electrical conduction occurs in the compact layer only.
Electrical resistivity, of the order of 1072 Qcm, increases by a factor 2 with
the examined increase of surface roughness, and carrier mobility values decrease
accordingly by the same amount. The concentration of charge carriers exhibits
small variations (from 3.15 to 3.6 - 10%** cm™2), indicating a significant correlation
between morphology and electrical properties, mainly affecting mobility. As
widely discussed in the previous chapters, carrier concentration in doped ZnO
is influenced by intentional and unintentional dopants, and therefore variations
in morphology should leave it virtually unaffected. The in-plane effective carrier
mobility, on the other hand, is affected by grain boundaries (possibly smaller
crystal grain size) and lack of uniform connectivity, which can increase significantly
as the compact layer changes from a uniform, flat film to a wavy corrugated
surface (see figure . The trend in mobility as a function of surface roughness
allows to state that carrier mobility in graded AZO is morphology-limited, and
morphology can almost fully account for the measured increase in electrical
resistivity. Optical transmittance (fig. [6.8}c) exhibits a small decrease with
increasing surface roughness, showing mean values decreasing from almost 90%

to almost 80% in the visible range. This variation can be mainly ascribed to an
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increase in thickness, as can be seen from the SEM images of figure [6.7; if the
absorption coefficient is considered rather than the transmittance, values do not

vary significantly and are of the order of 1400 cm™!.

The variations in haze are
more significant, indicating that morphology affects light scattering more heavily
than optical transmittance: the mean value of haze in the visible range is doubled
from 20% to 40% with the variations of morphology described above in terms of
porosity, thickness and surface roughness. Besides the increase in porosity, part
of this increase may be also due to light deflection at the film/air interface as a
consequence of surface roughness.

To summarize, this functionally graded AZO architecture allows to obtain
transparent scattering electrodes, whose properties can be fine-tuned by small
morphology variations, and whose whole synthesis process is performed in one step

at room temperature, without any kind of post-treatment and hence providing full

compatibility with flexible substrates.
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6.3 Light harvesting properties

In the framework of advanced solutions for solar cells, semiconducting polymers
offer excellent light harvesting capabilities and good charge carrier mobility in
the same material. However, in contrast to inorganic absorbers, the energy
bands are relatively narrow, and low band gap polymers tend to incompletely
absorb light in the visible region of the spectrum. Also, in contrast to inorganic
absorbers, a heterojunction is required between the light absorbing polymer and
an electron acceptor in order to ionize the photoinduced excitons. For all organic
solar cells, ‘panchromaticity’ is achieved by employing an electron acceptor which
also absorbs visible light. However, the choice of effective visible absorbing
electron acceptors is currently limited to one, namely (6,6)-phenyl-C70-butyric
acid methyl ester (C70-PCBM), or derivatives thereof, which is both challenging
to isolate and purify and also limited in its own spectral width. The beneficial
effects of the scattering layer on the material performance in photovoltaic devices
have been tested by evaluating the increase in absoprtion of PCPDTBT[Y a low
bandgap polymer [165] employed in state-of-the-art organic photovoltaics as an
electron donor [166]. As anticipated in section[L.3 theoretical studies [128] predict
maximum device efficiency if the active medium thickness is below 100 nm. For
these reasons, in order to investigate the benefits deriving from light scattering,
a 40 nm thick layer of PCPDTBT was spin-coated on an optimized 100/2 Pa
graded AZO film and on a 200 nm thick compact AZO layer for comparison. An
example of cross-sectional SEM image of the obtained structure is presented in
fig. [6.9a, where it is possible to notice how the polymer adheres to the compact
layer without infiltrating into the porous part. Optical absorption properties
were measured in the two systems, and the substrate and AZO contributions were
subtracted to analyze the effects of haze. The spectra are reported in figure [6.9
The optical density of the polymer deposited on the graded system is significantly
increased (up to 100%) in the 400 nm - 600 nm region with respect to the compact
one. This corresponds to an increase in light harvesting efficiency from 36% to
60% in the short wavelength absorption peakﬁ. In this wavelength range the
polymer absorption is lower than in the red-NIR regions, and the haze of the
graded structure is maximum (see figure [6.5)). It is thus possible to state that
the increase in optical density is due to an increase in optical path due to the

improved light scattering of the graded structure. This benefit can be expected

IPoly|[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-diyl]]
2Light harvesting efficiency is defined as 1-10~9P where OD is the optical density.
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Figure 6.9: (a) SEM image of a 40 nm PCPDTBT layer spin-coated on a graded AZO film. No

infiltration of the polymer into the porous layer is observed. (b) Optical density of a PCPDTBT

layer on a compact AZO film (black, solid) and on a 100/2 graded AZO film (red, dashed). The

absorption of substrate and AZO was subtracted from the curves .

to increase further if the incidence angle is varied from the normal direction.
It is also possible to point out that, as discussed in section [£.I] the spectral

behaviour of haze can be modified by varying the pressure and gas flow rate

during the synthesis of hierarchical AZO layers: the approach presented in the

present chapter can be considered as a proof of concept which can be adapted to

maximize light harvesting in other spectral regions, if other absorbing materials

are considered.
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Conclusions and perspectives

HE requirements for transparent electrodes in new-generation PV devices
have gone beyond the conventional combination of electrical conductivity
and optical transparency typical of flat Transparent Conducting Oxide

(TCO) layers. Large surface area, effective light management (scattering and
trapping), preferential charge transport direction, mechanical flexibility and room
temperature synthesis are among the most important properties suitable for
applications of novel transparent electrodes and photoanodes. These requirements
have been addressed in the present work, leading to the development of nanostruc-
tured Al-doped ZnO (AZO) layers synthesized at room temperature by Pulsed
Laser Deposition (PLD). The structure/property relation was first investigated
by obtaining different structures and morphologies, identifying the effects of the
deposition parameters (e.g. O background pressure during deposition) which can

be varied to achieve control of structural and functional properties.

State-of-the-art compact AZO layers, with electrical resistivity of the order of
4.5-1071Q cm (sheet resistance 9 /) and mean visible transmittance of 85%
were obtained at an optimal Oy deposition pressure of 2 Pa, where a compromise
between electron donor-type defects and local structural order permits the filling
of the conduction band without excessively decreasing carrier mobility and optical
transparency. At higher deposition pressures (> 100 Pa), the morphology evolves
towards a hierarchical assembly of nanoparticles which resembles a forest of nano-
trees with mesoscale porosity: this morphology is optimal for light scattering (haze
> 80%) and optical transmittance (> 85%) but the lack of continuous conduction
paths is detrimental for electrical resistivity, which reaches values of the order

of 10 Qcm. All the depositions were performed also on flexible ETFE layers,
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Chapter 7. Conclusions and perspectives

obtaining full compatibility with polymer substrates of interes for organic PV.

The understanding of the structure/property relation, supported by inves-
tigations on the effects of thermal treatments in different atmospheres and
comparisons with undoped ZnO, allowed to devise two approaches to obtain
separate control of electrical and optical properties in order to combine them into
multifunctional AZO layers. The first approach aims at an independent control
of morphology and defect concentration (i.e. ZnO stoichiometry) by performing
PLD in mixed Ar:O, atmospheres. If the total deposition pressure is maintained at
high (> 100 Pa) values, forest-like morphologies optimized for light management
can be obtained. The O, partial pressure can be varied to obtain control of
stoichiometry, which directly influences electrical properties. In fact, electrical
resistivity, optical transmittance and haze all increase with Os partial pressure.
With this approach, at O,:Ar partial pressure ratios in the 2%-6% range, it was
possible to decrease the resistivity of mesoporous AZO nano-forests by up to 5-6
orders of magnitude, maintaining optical transparency and haze at high values,
which can be further adjusted by varying film thickness. The electrical properties
of electrically conducting nano-forests were also investigated in terms of cross-
plane electrical transport, finding a similar dependence on oxygen partial pressure.

The second approach consists in the synthesis of functionally graded AZO
layers, constituted by a mesoporous forest-like structure which evolves into a
compact transparent conducting layer. This architecture can be synthesized in
a single PLD process, by decreasing the Oy pressure during deposition. In the
obtained graded AZO structures, the bottom porous layer acts as a (transparent)
light scatterer, and the top compact layer as a (transparent) electrical conductor.
Analyzing the influence of the morphology of the porous layer on the electrical
properties of the compact layer allowed us to find an optimal graded architecture,
with resistivity of the order of 1072 Q c¢m , optical transparency of about 80% and
haze of about 40%. This optimal structure (deposited also on ETFE, where it
exhibited mechanical stability upon bending) was tested by evaluating the benefits
of haze on the absorption profile of a low bandgap polymer employed in organic PV
solar cells as an electron donor (PCPDTBT). The test demonstrated a significant
increase (up to 100%) in the spectral region where the polymer absorption is lower
and AZO haze is maximum.

Among the possible future perspectives deriving from this work, it is possible to
cite a deeper study of local chemistry taking advantage of preliminary results from

Scanning Photo Electron Microscopy, which pointed at a somewhat surprising
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distribution of the Al dopant atoms in the film cross section, with a tendency to
segregate to the top part of the nano-forest regardless of deposition conditions
and without any thermal treatments.

Another development, as a natural consequence of the test performed on graded
AZO with PCPDTBT, is the fabrication and test of a full PV device, to evaluate
the benefits deriving from the obtained increase in PCPDTBT absorption on short
circuit current density and device efficiency. Preliminary tests of compatibility
in novel perovskite-based solar cells are also under way, with the aim to take
advantage of the morphology of mesoporous AZO layers.

Since the most recent developments of research on transparent electrodes involve
networks of quasi-1d structures, it would be interesting to investigate the possi-
bility to cover low-cost nonconducting networks (e.g., polymer nanowires) with
a thin AZO layer to make them free-standing transparent conducting nanowire
networks. Preliminary tests of compatibility have already been performed in this
direction.

Finally, the discovery of a complex interplay between defects and functional
properties suggests that further work may be dedicated to understanding defect
chemistry /physics by deeper investigations of Raman spectroscopy, photolumines-

cence measurements and X-ray photoemission spectroscopy.
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Experimental details

HIS Appendix lists the technical details and specifications of the ex-
perimental instrumentation employed during this work. The relevant
physical processes involved in the synthesis and measurement processes
are described in chapter [3 For practical instructions concerning the deposition
procedures for AZO layers with the apparatus employed in the present work, the

reader is referred to ref. [143].

A.1 Pulsed Laser Deposition apparatus

The PLD system employed for the synthesis of AZO layers is shown in figure
and it is constituted by a Continuum-Quantronix Powerlite 8010 pulsed Q-
switched Nd:YAG laser, with two frequency multipliers to obtain the 4* harmonic
wavelength of 266 nm. The pulse duration was ~ 6 ns, the energy per pulse 75
mJ, the repetition rate 10 Hz. The laser spot size on the target was varied with a
plano-convex lens with focal length=50 mm. The target was a solid sintered
2%wt. Al,O3 blend (Lesker). The substrates (soda-lime glass, (100) Si, Ti,
ETFE) were mounted on a rotating substrate holder which was placed off-axis and
rotated during deposition in order to increase the deposited area. The deposition
chamber was evacuated to < 1073 Pa prior to each deposition with pumping
system constituted by a Varian dryscroll pump and a Turbomolecular pump. The
gas flow was supplied by mks 2179a digital system, with 100 sccm and 1000 sccm
mass flow controllers. Deposition rates were measured with an Infcon XTC/2
Quartz Crystal Microbalance, and pre-deposition cleaning was performed with a
Mantis Dep RFMAx60 Ion Gun (Ar plasma accelerated at 500 V, radiofrequency
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Appendix A. Experimental details

Figure A.1: Pulsed Laser Deposition apparatus

power 200 W).

A.2 Structural and functional characterization

Scanning Electron Microscopy was performed with a Zeiss SUPRA40 Field
Emission SEM, equipped with Oxford Energy Dispersive X-ray Spectroscopy.
Atomic Force Microscopy images were acquired with a Thermomicroscopes
Autoprobe CP II using Veeco RTESPA tips (spring constant 20-80 N /m, resonance
frequency 200-300 kHz). X-Ray Diffraction was performed in 6 — 26 configuration
with a Bruker D8 Advance Diffractometer (Cu Kqy, A = 1.5406 A).

In-plane electrical properties were measured in the 2-point (for resistivities
of 100 €2 ¢cm and higher) and 4-point probe (for resistivities up to 100 € cm)
configurations with a Keithley K2400 Source/Measure Unit as a current generator
(from 100 nA to 10 mA), an Agilent 34970A voltage meter (6 3 digits, sensitivity
1 nV) and a 0.57 T Ecopia permanent magnet. A homemade analog commutator
was used to exchange the current carrying and voltage measuring electrodes, which
were constituted spring loaded Au pogo pins mounted on an Ecopia PCB board.
In the case of thick porous films (2 um), due to difficulties in applying contacts
onto the porous surface, the current was injected from the bottom (i.e. at the
substrate/film interface) through evaporated Au contacts.

Cross-plane electrical measurements were performed inside a Dual Beam (FIB-
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A.2. Structural and functional characterization

SEM) system using a two-probe setup: one electrode was fixed on the ITO
substrate by silver paste, the second electrode was a tungsten tip mounted on
a piezo nanomanipulator that could be moved around on the AZO film. The
electrodes were connected to a Keithley sourcemeter supplying the bias voltage
and measuring the current down to a sensitivity of 0.01 pA. On each sample, as
a first check, an I-V curve was measured on the ITO substrate. Because of the
porosity of the sample, the approach of the tip onto the AZO film was a critical
step, therefore it was controlled under live SEM imaging in order to obtain similar
conditions for each measurement. After lifting up the probe, an SEM image was
taken to measure the tip contact area.

Relative variations in stoichiometry were estimated with spatially resolved X-
ray photoemission spectroscopy performed at the ESCA microscopy beamline of
the Elettra Synchrotron facility in Trieste, [taly. Synchrotron source X-ray beam
is focused on the sample to a diameter of about 130 nm using Fresnel zone plate
optics, and the sample can be raster scanned with respect to the microprobe.
Photoemission spectra were measured with a 650 eV photon energy with 0.2 eV
energy resolution.

Optical characterization was performed with a UV-vis-NIR PerkinElmer
Lambda 1050 spectrophotometer in the range 250 nm -+ 2000nm, with a 150
mm diameter Spectralon-coated integrating sphere (reflectance > 95% in the 250-
2000 nm range, > 99% in the 400-1500 nm range). The detector was a R6872
photomultiplier in the UV-vis and an InGaAs photodetector in the NIR. For
reflectance measurements, the specimen was mounted with a 8° inclination to let
specular reflected light be detected. For transmittance measurements, the incident
beam was made to hit the sample on the glass or ETFE side, to allow for an easier
correction of the substrate contribution. Tauc plots and related fits were realized
with the MATLAB software.
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Envelope analysis

The envelope analysis method [31] employs the following analytical expression

for the optical transmittance of a thin film in a low absorption region:

16n2n*z
(1+n)%2(n+ng)? — 2z cos(y) [(n? — 1)(n? —n2)] + 22(n — 1)%(n — ng)%2x?
where n, and n are the substrate and film refractive indices, x is the absorption

(B.1)

factor:
x=e 5 (B.2)
and the oscillating term depends on both film thickness and refractive index:
dnd
= B.3
: (B.3)

The following hypotheses must hold for the validity of eq. [B.1}
e The film must be weakly absorbing in the examined spectral region.

e Film thickness must be uniform in the probed area (This was guaranteed by

applying a 3 mm-diameter mask).
e Light absorption by the substrate must not be normalized.

The maxima and minima of 7" in eq. can then be obtain by letting cos(y) =
+1:

T _ 16nsn’z
e [(1+n)(n+ns) —(n— 1)(n—n5)x]2
1 2
T = bnsnx (B.4)

[(1+n)(n+ny)+ (n—1)(n—ny)a]
These equations can be used to obtain, at a given wavelength corresponding to a

stationary point, the values of k and n, if the interpolated 7/ _ and T . values

mazx min
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are calculated. 77 —and T

mazx min

are, respectively, the values of the maxima envelope

where T has a minimum and vice versa. If a dimensionless parameter N’ is defined:

1 T — T
N/ — = 1 2 2 5 mazx man

max

(B.5)

egs. [B.4) can be rearranged to give

n= \/ (N’ + /N2 = n2) (B.6)

and

Tr =

( 1)( ) ,17Inaz 1
n + n + Nng \/ Trmin

(n—l)(n—ns)\/%_i_1

And analogously for any given pair of (7). Tae:). If we now call ny and no

min
the refractive indices calculated from at two wavelengths \; e Ay where two

adjacent maxima (or minima) are present, we obtain

A1z
d = B.8
2(711)\2 — n2)\1) ( )

These equations were combined in an iterative self-consistent MATLAB code,

structured as follows:

e The experimental points of maxima and minima of the oscillations were

acquired from transmittance spectra.

o' —and T’

max min

were calculated with a MATLAB interpolating algorithm.

e Egs. were used to calculate n and z at every stationary point. I
valori di n, x e T" appena calcolati costituiscono i dati iniziali del processo

autoconsistente vero e proprio.

e At every iteration step, eq. is used (with d as a known parameter), to

recalculate nj e nﬂ:

X 2d
and analogously for n. Inspection of eq. shows that the term in brackets

A A
ny=n; —a (—nl + gt + 1) (B.9)

in eq. must go to zero upon convergence. The parameter a (0 < a < 1)

was introduce to control the iteration steps and avoid divergence.

1The asterisk denotes the next iteration step
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e With the calculated values of n} e nj, 7" is recalculated, leading to new z

and n values at both wavelengths, moving to the next iteration cycle.

e After 1000 cycles, if |n — n*| < 107, and the last calculated T” values are
compatible with the experimental spectrum, the obtained values of n e k are

accepted.
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