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Abstract

In silicon thin-film solar cells, transparent conductive layers have to fulfill the following
requirements: high conductivity as effective contact, high transparency to transmit the
light into the cell, and a textured surface which provides light scattering. Magnetron
sputtered and wet-chemically textured aluminum doped zinc oxide (ZnO:Al) films are
widely used as the transparent conductor. The technological goal of this dissertation is
to develop an alternative to the wet etching process for light trapping in the thin silicon
absorber layers through modification of the glass/ZnO:Al or ZnO:Al/Si interfaces by
ion beam treatment. The study focuses on the textured growth of ZnO:Al films on ion
beam pretreated glass substrates, and the preparation and application of textured glass
for light trapping.

The technological aspects such as the etch rates of the glass substrate and ZnO:Al
films with different ion beam configurations were studied. The experimental etch rates
are compared with simulated and theoretically predicted values. With regard to the ion
beam treatment of glass substrate, the influence of the ion pretreated glass on the growth
of ZnO:Al films was investigated. The ZnO:Al films grown on ion beam pretreated
glass substrates exhibit self-textured morphology with surface roughness of 40 nm while
remaining highly conductive. Silicon thin-film solar cells prepared on the as-grown rough
ZnO:Al films show that this front contact can provide excellent light trapping effect.
The highest initial efficiencies for amorphous single junction solar cells on as-grown
rough ZnO:Al films was 9.4 %. The as-grown rough morphology was attributed to large
conical ZnO:Al grains initiated from the ion pretreated glass surface. It was found that
the roughness of the as-grown rough ZnO:Al film is proportional to the number of O
dangling bonds created by ion beam treatment on the glass substrate. A growth model
was proposed to explain the growth mechanism of ZnO:Al films on Zn- and O-polar ZnO
single crystals, as well as on untreated and ion beam treated glass substrates.

With regard to the ion beam treatment of ZnO:Al films, the influence of the ion
treatment on the surface morphology, HCI etching, silicon growth, and additional ZnO:Al
growth was investigated. Ion beam etching has a smoothening effect on the textured
ZnO:Al films. Using sputtered and wet chemically etched ZnO:Al as ion beam etching
mask, textured glass with features similar to the ZnO:Al films were obtained. Textured
glass with a wide range of morphologies was prepared by varying the etching mask and
the ion beam treatment conditions. Finally, as-grown textured ZnO:Al films prepared on
ion beam treated textured glass, which exhibit 'double textured’ features, were produced
and applied in solar cells.

The ion beam treatment enabled the preparation of light scattering surfaces by tex-
tured glass and as-grown rough ZnO:Al films without the need of wet etching between
TCO preparation and absorber deposition. Further, new ’double textured’ surface struc-
tures could be created by the combination of both techniques. Solar cells with efficiency
of 11.9 % proved the applicability as-grown textured ZnO:Al for light trapping. The
growth studies provided deeper insights and a new understanding of ZnO structure for-
mation and will govern optimization of ZnO:Al film properties.






Zusammenfassung

In Diinnschichtsolarzellen aus Silizium miissen transparente, leitfhige Schichten fol-
gende Anforderungen erfiillen: Hohe Leitfahigkeit als guter Kontakt; hohe Transparenz
an der Frontseite der Solarzelle; und eine strukturierte Oberfliche, die das einfallende
Licht effektiv streut. Durch Magnetronsputtern erzeugte und nasschemisch texturierte,
mit Aluminium dotierte Zinkoxid (ZnO:Al) Schichten werden héaufig als transparente
Leiter eingesetzt. Das technologische Ziel dieser Dissertation ist es, durch Modifika-
tion der Glas/ZnO:Al- oder ZnO:Al/Si-Grenzfldche mittels Ionenstrahl eine Alternative
zur nasschemischen Atzung zu finden, um das Licht in den diinnen Absorberschichten
aus Silizium einzufangen. Die Studie konzentriert sich auf das texturierte Wachstum
von ZnQO:Al-Schichten auf Glassubstraten, die mit Ionenstrahlen vorbehandelt wurden,
sowie auf die Herstellung von texturiertem Glas und deren Anwendung in Solarzellen.

Zuniichst wurden technologische Aspekte, wie Atzraten der Glassubstrate und ZnO:Al-
Schichten mit verschiedenen lonenstrahlkonfigurationen, untersucht und die experi-
mentellen Daten mit theoretisch berechneten Werten verglichen. Mittels Ionenstrahl
vorbehandeltes Glas fithrte zu texturiertem Wachstum der ZnO:Al-Schicht wihrend des
Sputterprozesses. Solche ZnO:Al-Schichten weisen eine texturierte Oberfliche mit einer
Rauheit von 40 nm auf, wobei die hohe Leitfahigkeit erhalten bleibt. Diinnschichtso-
larzellen aus Silizium, die auf der rau gewachsenen (,as-grown) ZnO:Al-Schicht angefer-
tigt wurden, zeigen, dass dieser vordere Kontakt einen ausgezeichneten Lighttrapping-
Effekt bieten kann. Die héchste anféangliche Effizienz fiir amorphe Einzel Solarzellen
aus Silizium auf as-grown rauen ZnO:Al-Schichten erreichte 9,4 %. Die raue as-grown
Morphologie konnte auf grofe konische ZnO:Al-Kérner zuriickgefithrt werden, deren
Nukleation durch das mit Ionen vorbehandelte Glas hervorgerufen wurde. Es wurde
ein linearer Zusammenhang zwischen der Rauheit der as-grown ZnO:Al-Schicht und
dem Anteil der offenen Sauerstoff-Bindungen (,dangling bonds”) gefunden, die durch
die Ionenstrahlbehandlung auf dem Glassubstrat erzeugt wurden. Basierend auf den
experimentellen Beobachtungen wurde ein Modell entwickelt, das den Mechanismus der
Nukleation und des Wachstums von ZnO:Al-Schichten auf Zn- und O-polaren ZnO-
Einkristallen, sowie auf unbehandelten und mit Ionenstrahl vorbehandelten Glassub-
straten qualitativ erklért.

Der FEinfluss der Ionenbehandlung von ZnO:Al-Oberflichen auf die Ober-
flichenbeschaffenheit, HCl-Atzung, Siliziumwachstum und auf erneutes ZnO:Al-
Wachstum wurde systematisch untersucht. Die Ionenstrahlédtzung hat eine leicht
gliattende Wirkung auf die strukturierten ZnO:Al-Schichten. Durch léngere Ionen-
strahlatzung von nasschemisch geédtztem ZnO:Al konnte die Oberflaichentextur in das
Glassubstrat iibertragen und so strukturiertes Glas mit dhnlicher Oberflache wie die
der ZnO:Al-Schicht hergestellt werden. Strukturiertes Glas mit einer grofen Bandbreite
an Morphologien ist durch Variation der Atzmaske der Bedingungen der Ionenstrahlbe-
handlung verfiighar. Die Kombination von as-grown texturierten ZnO:Al-Schichten und
texturiertem Glas fithrte zu ,doppelt strukturierten“Oberflichen, deren auswirkungen
ebenfalls in Solarzellen getestet wurden.



Die ITonenstrahlbehandlung erméglichte die Herstellung von lichtstreuenden Ober-
flachen durch strukturiertes Glas und as-grown raue ZnO:Al-Schichten ohne nasschemis-
ches Atzen zwischen TCO-Priparation und Absorberdeposition. Weiterhin konnten
neuartige ,doppelt texturierte“Oberflichenstrukturen durch die Kombination beider
Techniken erzeugt werden. Solarzellen mit einem Wirkungsgrad von bis zu 11,9 %
beweisen die exzellenten Eigenschaften der hergestellten Frontkontakte. Die Wachs-
tumsuntersuchungen liefern weitere Einsichten in und ein neues Versténdnis von ZnO-
Strukturenbildung und werden die kiinftige Optimierung der Eigenschaften von ZnO:Al-
Schichten begiinstigen.



1 Introduction

Presently, the increasing consumption and combustion of fossil energy resources are
causing severe economic and environmental problems. To meet the quickly increasing
demand for energy, photovoltaics, which directly convert sunlight into electricity, is re-
garded as a promising technique for a future energy supply, due to its almost infinite
source and environmentally friendly nature. In the past decades, several types of so-
lar cells have been developed. Among them, silicon wafer based monocrystalline and
multicrystalline silicon solar cells were classified as the first generation solar cells. The
efficiency of monocrystalline silicon solar cells has been improved significantly from 6%
to 25% [1]. The material cost and high energy consumption during production of the
silicon wafer, however, makes it a challenge to compete with traditional energy sources.

The second generation solar cells, including thin-film silicon solar cells and copper
indium gallium selenide (CIGS) solar cells have received increased interest in the pho-
tovoltaic market over the past decade. The thickness of the absorber layer in thin-film
solar cells is only one percent of that of crystalline silicon solar cells [2]. Additionally,
thin-film solar cells are usually deposited at low temperatures, which allows for the use
of large area and low cost substrates such as glass and plastics. A drawback of thin-
film solar cells is their lower efficiency as compared to that of wafer based solar cells.
Stabilized efficiency for thin-film silicon solar cells of 13% has been reported [3]. In in-
dustrial production, presently available amorphous solar modules usually have efficiency
in the range of 4.5-8.5% [4]. A lot of effort has been made and is still ongoing with the
aim of increasing the stable efficiency of thin-film silicon solar cells while keeping the
manufacturing cost low in large scale production. This is also the aim of this work.

Thin-film silicon solar cells usually consist of hydrogenated amorphous and/or micro-
crystalline silicon absorber layers, sandwiched between a transparent conducting oxide
(TCO) front contact and a conductive back reflector. The low absorption of the very
thin silicon layers requires a textured TCO/silicon interface in order to achieve light
scattering and a subsequent light trapping effect. The short circuit current density of
a single junction microcrystalline silicon solar cell can be increased by about 40% with
the help of a textured TCO/silicon interface as compared with that of a same solar
cell with flat TCO/silicon interface. The textured interface can be introduced by the
TCO surface or by the glass substrate. The former has been widely investigated and
has already been applied in industrial applications. The latter concept of textured glass
on the photovoltaic scale has become popular in recent years.

For a TCO layer on flat glass the material prerequisites are, low resistance, high
transmission in the visible and near infrared region, and a surface texture that leads
to effective light trapping in the silicon absorber layers. Aluminum doped zinc oxide
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(ZnO:Al) films have proved to be such material. The wide band gap of ZnO (3.4 eV)
makes it transparent in the visible range. By degenerate doping, it can be made nearly
as conductive as a metal. The electrical and optical properties of doped ZnO films have
to be balanced carefully, as the high doping level which is required for high conductivity
decreases the transparency of ZnO films due to high free-carrier absorption. Highly
transparent and conductive ZnO:Al films have been deposited by magnetron sputtering
with both low and high growth rates [5, 6]. To achieve the textured interface, the ZnO:Al
films are typically textured in wet chemicals, as sputtered ZnO:Al films are usually flat.
Ideally, the ZnO:Al film sputtering and silicon, as well as the back contact deposition,
would be performed in an in-line process system. However, currently the vacuum has
to be broken for wet chemical etching. This leads to further energy demand for cooling
and heating cycles, as well as, additional vacuum equipment usage. The solution for
solving the above problem in order to further decrease the production cost is as-grown
textured ZnO films. A few methods have already shown this capability, including, as-
grown textured ZnO by low pressure or metal-organic chemical vapor deposition [7, 8] or
as-grown textured by sputtering at high pressure or with water vapor [9-14]. However,
none of these yet has taken the way to full vacuum in-line production systems. In this
work, it is found that ZnO:Al films grown on ion beam pretreated glass substrates exhibit
self-textured morphology while still keeping high conductivity. The nucleation of ZnO
thin film is very sensitive to the underlying substrate. Thus, by modifying the substrate
by ion beam treatment, the ZnO:Al films can be tuned in such a way that the surface is
dominated by large pyramids.

Additionally, textured glass on millimeter scale are very common in decorative glass.
However, to be used in photovoltaics, the patterns in the textured glass should be in the
wavelength range of visible and near infrared light. Textured glass with periodical or
random patterns in this range has been developed by glass casting operation [15], alu-
minum induced texture (AIT) process [16], sandblasting, lithography, and wet chemical
etching by hydrofluoric acid [17]. However, textured glass is difficult or expensive to
prepare and optimized solar cells have only previously been prepared only on textured
TCO films. In this work, another promising method for transferring structures of three
dimensional masks to glass is presented. The dry etching masks can be prepared by
self-organizing patterned films or nano-particles. If the wet chemically etched ZnO:Al
films are used as the etching mask, textured glass with features similar to sputtered and
wet chemically etched ZnO films can be prepared.

The afore-mentioned methods have a common aspect: the ion beam processing is
utilized during production to improve solar cells. The ion beam technologies have been
developed rapidly since the middle of the last century. The energetic ions can be used to
remove and modify the film surface or influence the growth of thin film [18]. Parameters
of an ion beam, species, energy, flux, charge state, and divergence are all easily quantified
and controlled [18]. However, application of ion beam technologies is rare in the field
of thin-film photovoltaics. In this work, the ion beam processing technology will be
applied on glass substrate and ZnO:Al films during the preparation of thin-film solar
cells. The influences of the ion beam treatment on the glass substrate and ZnO:Al films
on solar cells will be thoroughly discussed. The main focus of this work will be on the



study and understanding of as-grown textured ZnO:Al films on ion beam pretreated
glass substrates and the preparation and application of textured glass.

The following chapter reviews the relevant physics upon which this work is based.
A short discussion of ion beam generation and ion-solid interactions will first be given,
followed by the basic properties of ZnO thin films and Si thin-film solar cells. In Chapter
3, the ion beam treatment and film deposition systems will be briefly introduced. The
underlying principles and experimental process of various characterization techniques
used in this work will be presented.

The results of new experiments begin in Chapter 4. First, the ion beam treatments are
characterized by static and dynamic etch rates on glass substrates and ZnO thin films.
The experimental etch rates are compared with simulated and theoretically predicted
values. Chapter 5 examines the effects of ion beam treatment of glass substrate on the
growth of ZnO:Al films. The electrical and optical properties of ZnO:Al films on ion
beam pretreated glass are investigated. Single junction amorphous Si thin-film solar
cells deposited on these ZnO:Al films exhibit efficiency of 9.4%. To better understand
the influence of ion beam pretreatment on ZnO:Al growth, the crystallographic structure
of ZnO:Al films is studied, and the chemical bond structures of ion beam treated glass
surface are investigated. Finally, a comprehensive growth model is developed. Chapter
6 shows that the ZnO:Al surfaces can be modified by ion beam treatment, leading
to different HCI etching, or growth of ZnO:Al or Si. Chapter 6 further presents the
fabrication and application of textured glass in solar cells. The textured glass can be
obtained by ion beam etching of wet chemical etched ZnO:Al films. A short summary
and outlook for further work are provided in Chapter 7.






2 Fundamentals

This chapter is intended to introduce and explain the theory and background upon which
this work is based on. First, the fundamentals of ion beam treatment are introduced.
The configuration of ion source, as well as, the mechanism of ion generation and the
ion-solid interaction are discussed. Then, a short overview of current understanding of
the physics and technologies of transparent conducting oxide (TCO) are given. With
many types of TCO films, the motivation of using ZnO:Al films in thin-film silicon
solar cells are discussed. The electrical, optical and growth properties of ZnO:Al films
are then introduced. At the end of this chapter, the basics of silicon thin-film solar
cells with ZnO:Al films as front contacts are discussed. The operating principle and
characterization methods of solar cells are presented.

2.1 lon beam treatment

Ton beam is a directed flux of ions with certain energies in vacuum. Ion beams have
been widely used in various fields and for numerous applications, including implantation,
etching and ion beam assisted deposition. In this work, ion beams are used for etching
and surface modification. The generation and applications for ions beams are briefly
introduced in the section.

2.1.1 lon source

An ion source is a type of plasma source from which one can extract ions in order to
form a beam. The source gas will define the type of ions, while the plasma generation
and extraction system will determine the parameters of the ion beam. A typical ion
source system consist of three parts, ions generation, acceleration, and extraction sys-
tem. Typically, the ions are generated in the following way: first, a filament is heated
by alternating or direct current. The electrons emitted by the hot filament are then
accelerated towards a wall by applying high voltage. Supposing the volume is filled
with an appropriate gas, then the gas atoms are ionized by the collisions with electrons.
Thus, a plasma containing ions and electrons is ignited. The electrons are then sepa-
rated from the ions by applying negative voltage on a grid [19]. The drawback of this
traditional structure is that the hot filament and sensitive grid increases the maintenance
difficulty. In the middle of last century, most ion sources were based on the filament
heated principle. Then in the 60ies, inductively coupled ion sources were introduced,
identified by the coil with a small number of windings driven by radio frequency and
an isolating (quartz) vessel. Later on microwaves were used for ionization, providing
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Figure 2.1: Schematic diagrams of the discharge zone in close drift ion sources/thrusters,
in which (a) is the magnetic layer type and (b) is the anode layer type.
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high ionization density and low electron temperature [19]. In the nineties, more simple
and robust ion sources without filament and grid appeared in the thin-film industry, for
example end-hall or close-drift ion sources. The concepts come from the ion thrusters
used in the spacecraft, which have attracted more interest and obtained pronounced
progress [20]. The ion source used in this work belongs to the type of close-drift. The
word ’close-drift’” relates to the circular movement of electrons. Generally there are two
types of ion source in the category of close-drift ion thrusters [21]: (1) ion sources with
extended acceleration zone, which are also called magnetic layer ion sources, and (2) ion
sources with short acceleration zone, which are also called anode layer ion sources. The
former is characterized by a ceramic discharge channel wall, while the latter is identified
by a conductive channel wall. The schematic diagram of the two ion sources are shown
in Fig. 2.1 and their working principles are discussed in the following paragraphs.

Both types of the ion sources have a gas inlet, an anode, and two cathodes. Voltages
up to several kV are applied to the anodes while their outer and inner cathodes are
grounded. Thus, an electric field is formed between anode and cathode, and electrons
are accelerated from cathode to anode. The volume between cathode and anode is the
discharge zone, where the positive ions flow from anode to cathode. The differences
between the two types of ion source are also drawn in the Fig. 2.1. Magnetic layer
ion sources have ceramic discharge channel walls in addition to the anode and cathode.
When the electrons and ions are moving in the channel, a fraction of them collide with
the ceramic walls, generating low energy secondary electrons. These secondary electrons
tend to keep the temperature of electrons low in the plasma. Thus, the discharge zone
is extended further by the lower temperature of electrons, resulting in a longer discharge
length ! than width w [20]. In the anode layer type ion sources, there is no ceramic
channel wall to lower the temperature of electrons. The electrons flowing from the
cathode to the anode increase in temperature which results in a sharp increase in plasma
potential as the anode is approached, so a large fraction of the ion generation and
acceleration take place in a thin layer near the anode, which is the origin of the name
"anode layer’ [20]. The walls of the discharge channel might be considered the inner and
outer cathodes, so that the channel width, wy, is the width between these cathodes. The
discharge length [ between the cathode and anode is short, as compared with its width

10
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Figure 2.2: Magnetic and electric field in the discharge zone of anode layer ion source.
The electrons gyrate around the magnetic line, while the ions are accelerated
and shot from the slit between the cathodes.

wy. The erosion of these cathodes is minimized by confining most of the accelerated
beam of ions to a narrower beam width, as shown by the width, w,, in Fig. 2.1(b) [20].

The principle of an anode layer ion source is shown in Fig. 2.2. A radial magnetic field
(B) which is perpendicular to the electric field (E) is induced by magnetic windings or
permanent magnets. The magnetic field induces a Lorentz force on the electrons, forcing
the electrons onto a circular path perpendicular to the magnetic field lines, i.e. the elec-
trons gyrate around the magnetic field lines. With the confined mobility, the electrons
often collide with the gas atoms or molecules which flow into the discharge zone through
a gas inlet pipe. Ions and more electrons are then generated. The discharge channel is
self contained because of magnetically enhanced electron density, so the filament is not
required for this function. Part of the newly generated electrons provide neutralization
to the ions in the plasma. The huge mass of ions are primarily influenced by the electric
field, hence they do not drift like electrons, but are accelerated from the source and then
shot from the slit between the inner and outer cathodes. After the ion beam has left
the ion source, the electrons leaked from the cathodes and secondary electrons from the
environment provide neutralization to the ion beam, thus the ion source does not need
additional compensations. In the anode layer ion source, the generation and acceleration
of ions are simultaneous. The magnetic layer type of close drift ion sources with extended
acceleration zone is favorable in space due to their higher energy efficiency. However, the
anode layer sources are preferred in the industry application due to its simper design.
Moreover, as compared with magnetic layer ion sources, the anode layer sources suffer
less from cathode erosion, and therefore have a longer lifetime. Several companies have
applied the anode layer ion source in the field of thin-film and nano-technologies.
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When pure Ar is used as source gas, depending on the energy of electrons, the following
collisions may occur between the electrons and Ar gas atoms:

e electron impact ionization: Ar +¢~ — Art +2¢, Ey = 15.8 ¢V
Electrons with sufficient energy can remove one electron of Ar atom and produce
one extra electron and ion. The extra electron can again be accelerated to gain
enough energy and ionize another atom. Through this mechanism, it is possible to
maintain a continuous plasma. The threshold energy Ey, to remove one electron
from Ar is 15.8 eV.

e electron impact exitation: Ar +e~ — Ar* + e~
Electrons with sufficient energy can also excite the electrons of Ar atoms from low
energy level to a high energy level. This process produce excited neutral atoms
whose chemical reactivity towards the surface could be quite different from the
ground state atoms [22]. The excited Ar* atoms are called metastables [22].

e clectron metastable ionization: Ar* +e~ — ArT + 2¢~
Electrons with sufficient energy can remove the excited electrons in metastables
and produce one extra electron and ion. Since the metastable is already excited,
less energy is required for this ionization process.

When pure O, is used as source gas, the processes between electrons and O, molecules
are more complex than Ar, since the dissociation of diatomic oxygen molecules occurs
as well as ionization.

e electron impact dissociation: O +¢= - O+ O +e¢, Ey = 5.1 eV
Electrons with sufficient energy can break the chemical bond of an Oy molecule
and produce atoms.

e electron impact exitation: Oy +e~ — O + e~
Similar as the process as Ar*, electrons with sufficient energy can excite the elec-
trons of Oy molecule from ground state to excited state. Depending on the excited
state, the threshold energy of the excitations varies in the range of 0 — 10 eV.

e electron impact ionization:O, + e~ — OF + 2e7, By, = 12.2 €V [22)]
This is very similar to the process produce Ar* ions. The threshold energy to
remove one electron of Og is 12.2 eV.

Beside the above basic processes, following reactions also exist in oxygen plasma The
channels to generate ions are listed in the following with their threshold energies, re-
spectively.

e Oy +e = O +0+2e, Ey, = 18 eV [23]
e Oy+e” — O3 +3e7, By, = 24.1 eV [24]

¢ Oy +e¢™ = 05" +3¢7 = O+ 0% +3e7, By, = 52.7 eV [24]

12
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Figure 2.3: Configuration of linear anode layer ion source (Type LION 420, VON AR-
DENNE Anlagentechnik GmbH [30]). 1. ionized gas, 2. racetrack, 3. Outer
cathode, 4. Water-cooled magnetic package, 5. Magnetic system from per-
manent magnetism, 6. Inner cathode, 7. Gas, 8. Water-cooled anode.

e Oy +e” — OF +4de” — O + 0% +4e™, Ey, = 63 eV [23]

When mixed Ar/O, is used as source gas, additional processes between Ar atoms and
O3 molecule, for example Ar* + Oy — Ar + O + O, may occur. Therefore, the fraction
of O atoms with respect to Oy molecules might be enhanced [25].

To summarize, the majority of particles in Ar ion beams are neutral Ar* and Ar™"
ions, but excited Art* and double ionized Ar?* ions might also exist. The O ion beams
are composed of mixture of neutral and ionized particles O3, O*, OF, OF, 03% and O**.
The electron impact ionization cross sections of the above mentioned ions were measured
experimentally or calculated in detail by many groups [26-29]. The results reveal that
the cross sections have the relationship oo > 01 g2+ > 002+ Therefore, the fraction
of OF should be highest among the various of ions.

The shape of the permanent magnet has to be specially constructed in order to provide
the appropriate distribution of magnetic field. The paths of electrons have to be without
obstacles, as well as with high uniformity. Usually, they are maintained with an axis-
symmetric construction such as circular ion source. Non-circular sources, for example,
the elongated racetrack structure which is also called linear ion source is also possible
with careful design. Moreover, the linear anode layer ion source has nearly unlimited
scalability for industrial purposes [31], therefore it has become a popular source in recent
years for large area thin-film or glass treatment. The linear anode layer ion source used

13
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in this work was supplied by VON ARDENNE Anlagentechnik GmbH (Type LION
420). The configuration of this ion source is shown in Fig. 2.3. It consists of a water-
cooled anode and permanent magnet, inner and outer cathodes, and gas inlet system.
The inner and outer cathodes are made of iron and are grounded, thus the discharge
wall is conducting. The gases flow into the ion source near the anode and leave as ions
through the slit between the inner and outer cathode. With the essentially perpendicular
magnetic field and electric field, electrons move along the racetrack and produce a strong
drift current along the way.

The physical parameters for characterizing an ion beam mainly include ion energy,
ion energy distribution, ion current, charge number, beam diameter, and lateral current
density distribution. All of the above parameters depend on the configuration of the ion
source, as well as the working parameters. Depending on the pressure and gas flow rate,
the ion source can work in collimated or diffused beam modes. The collimated beam is
characterized by high energy and low density, while the diffused beam is characterized
by low energy and high density having a plasma-cloud shape. The two types of beams
can be distinguished by the naked eye. In the collimated beam, the ion current density
J; is limited by the space charge law (Child-Langmuir Law):

Vd3/2
a2’

Ji=K (2.1)
where K is a constant related to charge to mass ratio of the particle, V; is the plasma
potential which is the discharge voltage applied to the anode, and d is length of the
plasma. Thus, the ion current increases with the discharge voltage. By increasing the
gas flow or working pressure, the ion source can be switched to diffuse-beam mode.
The high pressure increases the impact between the ion and gas collision, leading to a
loss of ion energy. At some point, the energy of ions is so low that they do not come
out between the slit at the cathode, but form a pseudo-neutral plasma together with
the neutralized electrons. Therefore, the ion current is no longer limited by the space
charge law. The discharge current of the ion source in diffuse mode can be much higher
than in collimated mode. However, in the diffuse mode, the ions are not well confined
to a particular width and thus the erosion of cathode is increased, resulting in higher
contamination of the treated samples.

For a linear anode layer ion source, the average energy of ions in electronvolt (eV)
is approximately half that of the discharge voltage in volts (V) [32]. A typical energy
distribution of an oxygen ion beam from a linear anode layer ion source is shown in Fig.
2.4. In general, ion beam current is proportional to ion density and the temperature of
the electrons [19]. In collimated mode, the ion beam current is approximately equal to
80-90% of discharge current [33].

On the way from ion source to the substrate, the ions collide with the background
gas and lose energy. The mean free path of collision which is defined as the average
distance an ion travels before a collision, is inversely proportional to the charge exchange
cross-section and density of background atoms. Therefore, high vacuum conditions (<
2 x 1073 mbar) are required to minimize the energy loss of ions.

14
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Figure 2.4: Energy distribution of oxygen ions at 5 sccm oxygen gas flow into a linear
anode layer ion source (type: LIS-65, Advanced Energy Industries) at dis-
charge voltage of 1500 V, and gas pressure in vacuum chamber is 0.21 mTorr
[32].

2.1.2 lon-sample interaction

In the last century, the interaction between ions and sample has been investigated thor-
oughly. More detailed theoretical overviews of the topic can be found in the recent
monographs [34, 35]. This section briefly discusses physical backgrounds of the interac-
tions between ions and treated samples. The kinetic energy of moving ions is dissipated
via elastic (nuclear excitation) and inelastic collisions (electronic excitation). In elec-
tronic collisions, the energy of incident ions or knock-on atoms are transfered to 'bound’
electrons, leading to emission of Auger electrons, X-rays, or photons. The electronic
excitations can cause the trapping of charge at defects, as well as local changes in bond-
ing and free energy; these can lead to permanent bond breakage and the formation of
defects in the atomic structure.

In nuclear collisions, an incident ion collides with a sample nucleus, and the energy is
exchanged via momentum transfer. The energy might dissipate as heat if it is lower than
displacement energy of the atom on the sample. If the energy exceeds the displacement
energy of the atom on the sample, the primary knock-on atom is created, leaving a
vacancy behind. The primary knock-on atom might receive enough energy to displace
other atoms in the sample. The result is a collision cascade, which is also called an atomic
displacement cascade. Eventually, a large number of atoms within the sample can be
set in motion. This can lead to a distribution of vacancies, interstitial atoms, mixing
of layers in the vicinity of interfaces, or lattice disorder in the region around the ion
bombardment position. It seems that the defects are not desired in the sample material.
However, in recent years, the re-organization of surface atoms by ion beam incident can
be used to modify surface structures in a controllable way. For example, off-normal ion
bombardment of amorphous substrate often produces periodic ripples structures [36, 37].
Ion beams were also used to tailor the properties of carbon nanotubes [38]. If the incident
ions are incorporated into the sample, the process is considered as ion implantation. If
materials from the treated sample are emitted from its surface due to ion bombardment,
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the process is then called sputtering, which is a main focus of this work. Sputtering is
an important mechanism for the use of ion beam in nano-technology. The sputtering of
the sample materials by ion bombardment is often called as ion beam milling or etching,
which is a typical dry etching method and often used to remove layers or build 2- or
3-dimensional structures with the help of etching masks. The sputtering yield is defined
as the average number of total sputtered atoms per incident ion. In the following, the
sputtering yields are analyzed based on a number of collision theories.

2.1.2.1 Sputtering yield

A number of moved recoils in the collision cascade are produced during the nuclear col-
lisions. Recoils that reach the surface with energy exceeding the surface binding energy
will leave the sample surface. It is conceivable that the sputtering yield is dependent
on the properties of both the incident ions and the treated samples, however quanti-
tative theories are required to describe the direct relationships between the yield and
the ion beam etching parameters. The sputtering yield was predicted by linear cascade
theory developed by Sigmund et al. [39, 40]. With this approach, sputtering yield is
proportional to the energy deposited in elastic collisions at the surface, Fp(E;, 6,2 = 0)

Y = AFp(E},6.0). (2.2)

In the equation, A is a material dependent parameter, which depends on the angle, depth,
and energy averaged probability of a target atom escaping from the surface [41]. A is
inversely proportional to the surface binding energy, Us (usually taken as the sublimation
energy). Fp(E;,0,x) is the energy transferred by the bombarding ion with energy E;
and incident angle 6 relative to surface normal in low-energy recoils in the depth interval
(x,x + dx). Fp(E;0,0) is linearly proportional to the nuclear stopping cross section
Sn(E;) and equation 2.2 can be written as

= mc 1 (0 = 002720 1), (2.3)

Here, Cj is a constant appearing in the power approximation of the scatting cross-section.
« is a dimensionless function of the incident angle 6, the atomic mass of incident ion ()
and sample atom (M,). With normal incidence, absolute values of a at different mass
ratios were given by Sigmund et al. and can also be fitted from experimental sputtering
yields. For My/M; < 0.5, v is nearly constant (~0.2), but rises strongly with an increase
of My/M; above 0.5. Approximation for « in the range of 0.5< My/M; < 10 can be
written as
o = 0.3(My/M,)¥3. (2.4)
The stopping cross section S, (F;) of nuclear collision has often been expressed by
E:
E—l7 where Ej; is a
it
scaling constant depending only on the ion and substrate masses ]\1;, M, and atomic

simple analytical expressions as a function of reduced energy ¢ =
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numbers 71, Z,, given by

1 M, 2/3 2/3\1
Ey=—(14-52,Z,(Z 723112 . 2.
it 32.5( +Mz) 1Zo( 277" + 2y ) = [keV] (2.5)

Sn(e) was reliably estimated by Wilson et al. as [42]

1 In(l+e)

Snle) = 5 T 1070

(2.6)
Finally, f(0) in equation 2.3 describes the sputtering yield dependence of incident angle.
The yield increases with larger incident angle because of the higher energy transfer in
the vicinity of the surface. For not too oblique incidence, f(6) is approximated as

1(0) = (cost) ", (2.7)

where b is a function of My/M;. For My/M; > 5, b ~1, thus the dependence is roughly
1/cosf. For My/M; < 3, b ~5/3. At large values of 6 (approaching 90°), the scattering
and reflection of incident beams increases, leading to rapidly decrease of sputtering yield.
The linear cascade theory is valid for many regularly sputtering behavior of amorphous
or polycrystalline elemental targets bombarded with atomic ions.

Note that the linear cascade theory as well as angle dependence of sputtering yield
discussed above is only applicable for ion energies in the keV range. For ions with
lower energies (E; < 1keV) and/or very light ions (e.g. H, D, He), the sputtering is
predominately due to primary recoils. The collisions may only involve a small number
of atoms and a collision cascade does not develop. The number of collisions between the
first ion-sample interaction and the final ejection collisions should be small, indicating
that reflective scattering collisions near the sample surface contribute predominately to
sputtering. The process in this regime is often called as direct knock-on collisions and
does not fulfill the linear cascade theory. In this regime, the sputtering yield is expressed
as

~ 3 B

~ a2,
where 7 is the maximum energy transfer between ions and sample atoms in a knock-on
collision and is written as

for E; > Epy, (2.8)

v = 4M My /(M + Ms)?. (2.9)
The threshold energy for sputtering E;, can be estimated as

Us

Ep=—20
T

(2.10)

Zalm et al. [43] derived a sputtering yield from the simplified expression of stopping
power in equation 2.6 for the region 0.2< Z,/Z; <5:

19
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(SHY2(BY? —0.000,"), (2.11)
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where f = 1[(Z1/22)*%+(Z5/Z,)*?] is a slowly varying function of Z5/Z;. The sputter-
ing yield is almost independent of the choice of the projectile and the accuracy is within
10 %.

The angle dependence of sputtering yield given in equation 2.7 cannot describe the
direct knock-on collisions [44], because of a strong influence of the target material by
the difference in threshold energies. Oechsner et al. fitted b by etching of a series of
elemental targets with 1.05 keV Ar* [45]. The results show a large deviation between
experimentally fitted b and theoretical predications. The incremental sputtering yield
AY () between the yield Y (6) at incident angle 6 and Y (0) at normal incidence is found
to be inversely proportional to the surface binding energy Uy [46], as

2%

AY(0) =Y(0) =Y (0) = ey

F(0/0maz), (2.12)

where o7 is the atomic hard sphere collision cross sections for the first interaction between
an ion and a sample atom, d is the average distance between atoms in the sample,
and F(0/0mas) is a uniform function of the reduced angle 6/6,,.., where 6,,,, is the
bombarding angle for maximum sputtering yield. It was reported that F'(6/0,,..) varies
approximately as (0/0,4z)? for bombarding angle up to 50°. Additionally, Bay et al.
reported that the light ions in low keV range often lead to yield increase more pronounced
than cos(6)7! |44].

On the other hand, if the incident ions have very high energy and large mass, the
density of recoil atoms within the cascade is so high that collisions between moving
atoms become frequent, and then the linear collision cascade assumption breaks down
and a non-linear cascade regime is reached. Since the ions in this work do not reach
such high energies, the sputtering yield in this regime is not discussed.

2.1.2.2 Reactive or molecular ions and compound substrates

The situation becomes more complicated when the incoming ion can react chemically
with the treated sample surface. The formation of a volatile compound can enhance the
removal of treated sample and hence the sputtering yield. For example, bombardment
of Si with F or Cl ions can remove the materials much more rapidly, than similar mass
noble gas ions like Ar. Conversely, if an involatile compound forms, such as O and Si
leading to SiO or O and Zn leading to ZnO, the sputtering yield is generally reduced.
As a rough approximation, the total sputtering yield is reduced to -b/(a-+b) of physical
sputtering yield if involatile compound 7,1, is produced by ions I on substrate T [18].

For molecular ions, at energies above a few hundred eV, the total sputtering yields are
generally higher than those for comparable mass noble gas ion sputtering, which results
from the probably overlapping of collision cascade initialed simultaneously by individual
atoms [18]. It was reported that a molecular enhancement factor Y01 /nYatom, where n
is the number of atoms of the bombarding molecule is 10 for 90 keV Sbj incident on Ag
[47, 48].

If the substrates are composed of more than one element, for example metal alloys
and oxides, the sputtering yield of the elements in the compound might be different,
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depending on the stopping power of each element. Thus, preferential sputtering is gen-
erally observed for ion beam etching of multi-component compound and alloys, resulting
in compositional changes at surface [34]. Simultaneously, the region far beyond the top-
most surface layer is influenced by preferential sputtering. The linear cascade theory
can be extended and detail analysis on sputtering of multi-component substrate can be
found in [34]. Preferential sputtering of metal oxides by bombardment with 1 — 5 keV
inert and reactive ions have been widely studied both experimentally and theoretically
[49-53]. Preferred sputtering of O was observed clearly on some oxides, for example,
TayO5 and MoOs. According to Sigmund’s linear collision theory, the loss of O is re-
lated to the mass and surface binding energy ratio of the metal atoms [50]. Specifically
for Al;O3 and ZnO, which are interested in this work, it was reported that no obvious
changes in the surface composition were observed by Ar" etching [49-51]. Recent report
showed that ZnO (0001) surface was not influenced, while ZnO (000-1) surface exhibited
some O deficiency for low energy Art bombardment [54]. As for SiOg, which is the main
component in a glass substrate, the experimental observations were not the same due to
different analysis techniques and methods. Most reports show that no or only slightly
O loss happened by Ar™ etching [50, 53].

2.2 Transparent conducting oxide

Transparent conducting oxides (TCOs) are doped metal oxides used in many optoelec-
tronic devices such as flat panel displays and photovoltaics. TCOs play important roles
in Si thin-film solar cells as a source of light scattering and current conduction. The
requirements of TCOs in Si thin-film solar cells are the following: high conductivity to
avoid ohmic losses, high transmission in the active range of the absorber layer, and mor-
phologies favorable for light scattering and Si deposition. To date, typical candidates
to be applied in Si thin-film solar cells are tin doped indium oxide (InyO3:Sn), fluorine
doped tin oxide (SnO:F) and aluminum or boron doped zinc oxide (ZnO:Al or ZnO:B)
films. InyO3:Sn films have been widely applied as transparent electrodes over the past
decades. InyO3:Sn films with high transparency and conductivity are commercially avail-
able, however, it is difficult to achieve rough morphology for light scattering. Moreover,
the scarcity of In in nature yields a high price, which is not favorable for thin-film solar
cells. SnOq:F films have been successfully applied in amorphous Si solar cells. However,
due to the chemical reduction of SnO,:F to metallic Sn in hydrogen containing plasmas
present during the chemical vapor deposition of microcrystalline Si, the transmission of
SnOs:F films decreases. This effect makes uncoated SnO.:F unsuited as substrate for
single junction microcrystalline Si solar cells.

Doped ZnO films have been considered as a promising material of front contacts in
solar cells. As compared with In, Zn has 400 times higher abundance in earth crust. ZnO
films offer excellent transparency in the visible range and are highly resistant to hydrogen
plasmas. With sufficient doping, the films show low sheet resistance and can be used
to transport current generated in the Si absorber layer. Magnetron sputtering is widely
used to deposit thin-films due to its high deposition rate and the possibility of adaption to
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large area. One of the focuses of this work is improving the magnetron sputtered ZnO:Al
films through ion beam treatments of the glass substrates. The physical properties
and growth of ZnO:Al films by magnetron sputtering are summarized in the following
sections.

2.2.1 ZnO structure

ZnO belongs to II-VI binary compound semiconductors with hexagonal wurtzite struc-
ture as shown in Fig. 2.5. Each zinc atom is surrounded by four oxygen at the corners
of a tetrahedron, and vice versa. As shown by the left figure, the structure is composed
of two interpenetrating hexagonal-close-packed (hep) sublattices, each of which consists
of one type of atom displaced with respect to each other along the c-axis. Thus the
stacking sequence of (0001) plane is AaBbAaBb---. Due to the absence of inversion
symmetry, the ZnO crystal exhibits polarity. This means that there is a direction of the
c-axis and the (0001) and (000-1) planes are different. When the bonds along the c-axis
are from Zn to O, the polarity is referred to as Zn termination. On the other side, when
the bonds along the c-axis are from O to Zn, the polarity is referred to as O termination.
Zn and O terminated surfaces are marked by (0001) and (000-1) planes which are per-
pendicular to c-axis. Many properties of the ZnO material depend on the polarity, for
example, growth, etching, and piezoelectricity. Besides the primary basal (0001) plane
and associated direction ( 0001 ), which are the most commonly used surface and direc-
tion for growth, many other planes and growth directions exist. At room temperature
the lattice parameters in the wurtzite are a = 0.325 nm, ¢ = 0.52066 nm [55]. Besides
the wurtzite structure, rocksalt structure has also been observed. The wurtzite is ther-
modynamically stable at ambient conditions, while the rocksalt structure is obtained
only under relatively high pressure [56].

The melting points of Zn metal and ZnO compound are 419.6 °C and 1975 °C, re-
spectively. Above 200 °C, Zn is no longer stable anymore, and tends to absorb O, to
form ZnO. The thermal expansion along the a and ¢ directions (see Fig. 2.5) are linearly
dependent on temperature, as long as T is above 300 K [57]. The density of ZnO is
5.6 g/cm?® [58].

2.2.2 Electrical properties

Low resistivity is required for ZnO films used in TCO applications. In order to under-
stand the meaning of resistivity, the transport of electrons is first introduced. Suppose
a group of electrons with density of ng flows in a electrical field E. The drift current

density is
T =ny7, (2.13)

where U is the drift velocity of the electrons and ¢ is the electrical charge.
The drift velocity of electrons is proportional to the applied electrical field, i.e.

T = uE. (2.14)
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Figure 2.5: Wurtzite structure of ZnO crystal.

In this equation, mobility u is defined as the ratio between the electrical field and the
electron drift velocity.

A common approximation for the current density assumes that the current density is
simply proportional to the electrical field, as expressed by:

7 =0E. (2.15)

For intrinsic semiconductors, the conductivity is expressed as

0 = Nsqhtn + PsQhin, (2.16)

where ng and p,, and p; and p, are the carrier density and mobility for electrons and
holes, respectively.

For materials with electrons as primary carriers for electrical transport, for example
metals and n-type semiconductors, the above equation is written as

0 = Ngqp. (2.17)

The resistivity of the material is defined as the reciprocal of conductivity

1 1
p=1= , (2.18)
o nqu
The mobility of transport carriers in semiconductors can also be written as
qTc
= 2.19
p= (2.19)
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where m* is the effective mass of the particle and 7. is the time between scattering
events. Therefore, if the mass of a particle is small and the time between scattering is
large, the mobility of the carrier will be higher. Greater effective mass of holes is the
reason why they have lower mobility than electrons. The mobilities of transport carriers
are mainly limited by scattering events in the lattice or defects.

Generally, for an intrinsic semiconductor, the Fermi level is in the middle of valence
band and conduction band. By n- or p-type doping, the Fermi level shifts toward the
conduction or valence band, respectively. ZnO is a II-VI semiconductor with direct band
gap of 3.2 — 3.4 eV. Photoelectron microscopy showed that the Fermi level position is
approximately 2.8 eV higher on the valence band maximum for an undoped ZnO thin
film [57]. Thus, the Fermi level in undoped ZnO is close to conduction band, indicating
that the non-intentionally doped ZnO is an n-type semiconductor.

Non-intentionally doped ZnO films are conducting because of deviations from stoi-
chiometry. Zinc interstitial and oxygen vacancy are generally considered to be the in-
trinsic shallow donors that cause n-type conductivity [59, 60]. Annealing of ZnO crystals
in an oxygen atmosphere produce crystals with higher resistivity. On the other hand, an-
nealing in a hydrogen atmosphere or zinc vapor produce more conductive crystals. The
carrier concentration, Hall mobility, and resistivity for undoped ZnO crystals are around
10" em™3, 200 — 225 cm?/Vs and 1 — 10 Qcm, respectively [61-64]. The shallow donors
can be compensated by acceptors, for example, the resistivity of ZnO can be increased
to 10'2 Qcm by annealing in a Li;CO3z melt [65]. For an undoped ZnO polycrystalline
thin film, the resistivity is very high: on the order of 1500 Q2cm perpendicular to and >
10? Qem parallel to the substrate [66]. Therefore, the conductivity of intrinsic ZnO thin
film is not high enough for TCO applications. Extrinsic doping atoms have to be added
in order to improve the conductivity.

Using extrinsic dopants, ZnO can easily be n-type doped, while p-type doping remains
difficult. B, Al, In and Ga are the commonly used n-type dopants for ZnO, improving
the conductivity of ZnO by orders of magnitude. It is assumed that the dopant atoms are
built into the Zn lattice sites, providing additional electrons. The carrier concentration
increases with the doping level. Equation 2.18 shows that increasing the mobility or
carrier concentration decreases the resistivity. However, when the carrier concentration
is above 10" em™2, the Hall mobility start to decreases continuously. This is caused
by ionized impurity scattering. The highest reported carrier concentration for a doped
ZnO crystal is 7 x 10'® cm™ [67]. The Hall mobility is decreased to around 50 cm?/Vs
[67]. For polycrystalline ZnO thin films, the highest reported carrier concentration is
1.5 x 10?! em™3. Higher carrier concentrations are not possible due to a limited solubility
of the donor substance in ZnO. The Fermi level of heavily doped ZnO thin films shifts
into the conduction band, resulting in so called degenerate semiconductors. The shift of
Fermi level has been predicted by many theories and also been measured experimentally.
Heavily doped ZnO thin film behave more like a metal than like a semiconductor. The
scattering of electrons in the material is the main limit for the high mobility. Various
scattering mechanisms are listed in the following for doped ZnO polycrystalline thin
films.
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e Phonon scattering: Phonon scattering refers to the scattering of transport car-
riers by vibrations in the crystal lattice. The electrons interact with the electrical
field induced by optical phonons. As compared with the mobility of other semi-
conductors, such as j,[Si] =1415 cm?/Vs and pu,[GaAs] =8500 cm?/Vs, the lower
electron mobility of ZnO is mainly caused by the strong scattering by optical
phonons. Acoustic phonons from lattice vibration lead to a local energy shift of
the band edges. Acoustic mode scattering is less dominate than the optic mode
scattering. At room temperature, the mobility of undoped ZnO crystal is mainly
limited by the optic phonon scattering.

e Piezoelectric scattering: Piezoelectric scattering is caused by the electric fields
induced by acoustic phonons. It is only significant at low temperatures around
100 K.

e Ionized impurity scattering: This scattering is caused by ionized dopant atoms
and dominates at carrier concentration above 10! ecm~3. Several theoretical mod-
els were proposed to simulate the mobility of ZnO with different carrier concen-
tration. In order to match the experimental results, the non-parabolicity of the
conduction band of degenerate semiconductors has to be considered in the model.
Moreover, clusters of impurities act as scattering centers with higher discharge
state, leading to greater scattering effects. The dependence of the electron mo-
bility on the carrier concentration was fit by a empirical curve with certain fit
parameters. The fit revealed that clusters of charge can have a maximum value up
to 6. For a detailed review of ionized impurity scattering, readers are referred to
[58].

e Neutral impurity scattering: This scattering is caused by the unionized dopant
atoms in ZnO. The mobility is inversely proportional to the density of neutral
scattering centers in the material. The ionization energy of shallow donors in TCO
materials is around about 50 meV. In degenerate semiconductors, this energy is
further reduced. Therefore, the density of neutral impurities in doped ZnO thin
films at room temperature is very low.

e Dislocation scattering: Dislocation scattering is relatively low in ZnO single
crystals, but in polycrystalline materials, it seems to be a common scattering pro-
cess. However, this process is rarely used to explain experimental carrier transport
in ZnO, since it is difficult to estimate the defect density in ZnO thin films.

e Grain barrier limitation: This is an important carrier scattering mechanism
for polycrystalline ZnO materials, due to the crystallographically disturbed re-
gions. Defects at grain boundaries trap electrons, resulting in a depletion zone on
both sides of the grain boundary leading to an energetic barrier of height ¢p for
electrons. The mobility of the whole material is expressed as

¢
Heff = MOGIP(*k%;), (2.20)
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where k and T" are the Boltzmann constant and sample temperature, respectively.
o is the mobility in the grains given by

eL
= 2.21
o rm kT 220)
The barrier height ¢ depends on the doping concentration N, the grain size L,
and the carrier trap density IV, at the boundary

2L2N2
P see, for LN <N, (2.22)
2N2
o5 = 8;0;\[ for LN > N, (2.23)

Suppose that the grain size L and carrier trap density [V, are fixed, and then the
doping concentration N is increased from a low to a high value. Equation 2.22
indicates that the barrier height ¢ is proportional to the doping concentration N
as long as N < N;/L. When N > N;/L, equation 2.23 reveals that ¢p is inversely
proportional to N. The barrier height reaches the maximum value as N = N;/L.
Therefore, for very high doping concentrations, additional tunneling through bar-
rier takes place, which increases the current flow between grains. The carrier trap
density N; at grain boundaries can be obtained by fitting the experimental data
with the above equations. Many results show that the trap density changes signif-
icantly depending on the deposition conditions [57]. Generally, ZnO films grown
by pulsed laser deposition (PLD) or RF magnetron sputtering have lower trap
densities than films deposited by DC or pulsed-DC magnetron sputtering. It is
assumed that the reduction of particle bombardment on the growing film decreases
the carrier trap densities at grain boundaries, resulting in better crystal quality.

2.2.3 Optical properties

ZnO films are characterized by high transparency in the visible (VIS) and near infrared
(NIR) region, due to its large band gap (E, = 3.2 — 3.4 ¢V). When a light beam incident
on ZnQO, the light is either reflected, transmitted, or absorbed. Thus, optical properties
of a material are described by reflectance (R), transmission ('), and absorption (A).
The absorption is calculated by A = 1 — R — T. In the long wavelength region, the
transmission is limited by the free carrier absorption. Typical optical properties of
ZnO:Al films are shown in Fig. 2.6 as a function of light wavelength. The figure can be
divided into three regions.
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e Urtraviolet region (300-400 nm): The energy of photons (E) in any monochro-

matic light is related to its wavelength A\ by

e

E
A )
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Figure 2.6: Optical transmission (7'), reflection (R), and absorption (A) of a typical

7Zn0O:Al film.

where h and ¢ are plank constant and the speed of light, respectively. When the
energy of the photon exceeds that of the band gap E|;, electrons in valence band can
be excited to conduction band. Photons with lower energy tend to be transmitted
through the material. For ZnO materials with a band gap of Ey, =3.4 ¢V, the
absorption peak is around 365 nm according to equation 2.24. Fig. 2.6 however
shows that the absorption peak in the ultraviolet region is around at 300 nm. The
reason is directly related to the electrical properties of highly doped ZnO materials.
For degenerate semiconductors, the Fermi level is located in the conduction band,
resulting in a population of electrons in lowest states of conduction band. The
electrons in valence band require more energy to be excited into free states within
the conduction band. Therefore, the optical band gap is increased, leading to a
shift of absorption peak to higher photon energy, i.e. smaller wavelength. This is
the so called Burstein-Moss Effect (blue shift). Illustration of this effect is shown
in Fig. 2.7. The shift of optical band gap AFEpg,, is given by

1
*
my

h? 2, 1
A Epy = ?(3n7r2)2/3(— +—), (2.25)

m*
where mj, is the effective mass of holes in valence band, and n is the electron
concentration. A second effect resulting from electron-electron and electron-dopant
interactions counteracts the Burstein-Moss effect, resulting in a band gap slightly
smaller than Eg + AFEgy. Theoretical and experimental evaluations have shown
that the Burstein-Moss effect is dominant for ZnO materials.
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Figure 2.7: Burstein-Moss broadening of the optical band gap of degenerate
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semiconductors.

e VIS and NIR region (400-1000 nm): The photon energy in this region is too

low for electron excitation, and therefore, there is significant increase of transmis-
sion. The transmission is as high as 80% from 450 nm until near 1000 nm. The
pronounced interference is caused by the reflections at the front and back side of
the sample. The limitations to transmission in this region are mainly caused by re-
flection and absorption as a result of impurities and non-stoichiometry. Free carrier
absorption which is discussed in inferred region, has tiny effect in this region.

infrared region (1000-2500 nm): The optical properties of ZnO in this region is
related to the plasma frequency of free-charge-carriers. In degenerate semiconduc-
tors, the material behaves similar to a metal, and the electrons can be described
as free electron gas. The material can be viewed as an aggregate of a negatively
charged plasma of free electrons and a positively charged background of atomic
cores. The resonance oscillation frequency of electrons w is expressed as

2
nsq

w, = _
D )
EscEom™

(2.26)
where ¢ is the elemental charge, and e, and ¢( are the high-frequency and static
dielectric constants of ZnO, respectively. The equation shows that plasma fre-
quency w, depends only on the free carrier density n,. When the incident light has
the same angular frequency as the plasma frequency of the free electron gas, the
highest absorption occurs. The wavelength of the absorption peak is calculated by

2me EacEom™

2.27
Wp nsq ( )

With decreasing free carrier density, the absorption peak shifts to longer wave-
length, and therefore grater transparency in the near infrared region is expected.
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When the wavelength of incident light approaches A,, the reflection is still low,
while the absorption increases continuously. Thus, the transmission of ZnO:Al
film decreases. When the wavelength of incident light is larger than A, (w < w,),
most of the light is reflected, resulting in very low transmission.

As mentioned earlier, high transmission through TCO material is required. The op-
tical properties of ZnO at near infrared region depend mainly on the carrier density.
Optimized TCO materials typically have low carrier density and high mobility. The
latter ensures that the films still have good conductivity while maintaining high trans-
mission at near infrared region.

2.2.4 Deposition of ZnO:Al films

ZnO thin films can be deposited by a various of techniques, including chemical vapor
deposition (CVD), magnetron sputtering, pulsed laser deposition (PLD), and electrical
chemical deposition. The structural properties of ZnO thin films depend strongly on
the deposition methods and conditions. To reach the requirements of front contacts in
Si thin-film solar cells, i.e. good conductivity and high transparency, while keeping the
deposition methods economically applicable, CVD and sputtering were commonly used
in the lab and industry over the past decade. The roughness of ZnO:Al films deposited by
the two methods can be varied from 3 nm to over 100 nm. The morphology of the ZnO
surface can also be varied over a wide range, such as pyramids, round shape, hillock, and
so on. The low pressure CVD deposited ZnO:B films exhibit large pyramid topographies,
while magnetron sputtered ZnO:Al films tend to show small crater-like structures. This
section will first introduce the principles behind the magnetron sputtering of ZnO:Al
films used within this work, and then many aspects related to the growth of ZnO thin
films are presented.

2.2.4.1 Magnetron sputtering

Sputtering refers to the ejection of particles from a condensed-matter target due to
the impingement of energetic particles. A schematic drawing of magnetron sputtering
is shown in Fig. 2.8. Sputtered deposition is performed within a vacuum chamber.
The source of coating material, termed as ’target’, is mounted opposite to the sub-
strate in a vacuum chamber which has a base pressure approximately in the range of
1076 — 1078 mbar. Normally, the chamber is filled with a background gas, for example
Ar, in order to generate positive charged gas ions. Applying an electrical potential be-
tween cathode and anode accelerates the positive charged gas ions towards the target,
leading to sputtering of target materials. The sputtered atoms are then deposited on
the substrate. The sputtering of target materials is a result of collisional cascade as dis-
cussed in Section 2.1.2. The energy and angular distribution of sputtered atoms which
are important to the property of growing film are mainly determined by the energy of
ions, target materials, temperature, and pressure.

Historically, one of the challenges of sputter deposition was a very low deposition rate.
The pressures required to achieve discharge were high, leading to a relatively small mean
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Figure 2.8: The schematic drawing of magnetron sputtering.

free path for the ejected target material, and thus a low deposition rate. To achieve high
sputtering yield, a magnetic field is generally incorporated in sputtering system. The
applied magnetic field B is parallel to the target, therefore perpendicular to the electrical
field E. Similarly as discussed in Section 2.1.1, the electrons are trapped in the £ x B
field, flowing along the circuit of a cylindrical target or racetrack of a planar target. The
density of electrons are highly enhanced by the magnetic field. Thus, the probability
of collisions between electrons and background gas are increased, and then the plasma
can be retained at low pressure. The ions are accelerated to the target by the E - field.
The sputtered atoms are not trapped in the £ x B field due to their relatively large
mass as compared to that of the electrons. Therefore, the integrating of magnetic field
dramatically improves the sputtering yield, resulting in high deposition rates.

Depending on the target materials, direct current (DC) and radio frequency (RF)
excitations can be applied on the electrodes. DC discharge is generally used to deposit
metals or conducting films. The positive charge deposited by ions on the target can be
neutralized by the electrons from cathode, as long as the target is conducting. However,
if the target is not conductive, the accumulated positive charges on the target build
an electrical field opposite the external applied field. These charges can cause arcs to
disturb the sputtering or even damage the target. RF magnetron sputtering is used to
solve this problem for sputtering of non-conductive or semiconductor films. When the
target is negatively biased, the materials from target are sputtered as in DC sputtering.
On the other half circle, when the target is positively biased, the electrons flow toward
target to neutralize the built-in positive charges, while ions don’t follow the switching
due to their heavy mass. Generally, frequencies in the low MHz range are required. RF
magnetron sputtering can be used to deposit both conductive or insulating films. The
Zn0:Al films used in this work were deposited by RF magnetron sputtering.

An alternative technique to deposit insulating compound films with DC power dis-
charge is reactive sputtering. The target is usually composed of a pure metal. A reactive
gas for example O, or Ny is injected into the system together with a background gas.
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1 out-of-plane orientation 7 in-plane orientation f grain boundary

Figure 2.9: Schematic drawing of randomly textured (a), out-of-plane textured (b), and
a biaxial textured (c¢) thin films. The solid arrows indicate the crystallo-
graphic out-of-plane orientation, while the dashed arrows indicate the in-
plane orientation.

Chemical reactions occur on the sample or target surface. More information about the
reactive sputtering of ZnO:Al films can be found in [68].

2.2.4.2 Preferred orientation

The polycrystalline thin-films are composed of a collections of grains or columns. Each
crystalline grain is characterized by its crystallographic texture with respect to the sub-
strate. The direction perpendicular to the substrate is called out-of-plane orientation.
In-plain orientation is defined as perpendicular to the out-of-plane orientation [69, 70].
Three situations may exist in polycrystalline thin films as shown in Fig. 2.9. The grains
in a thin film might have different out-of-plane and in-plane orientations (a). The film
is then regarded as having no preferred orientation (random texture). Fig. 2.9(b) shows
a film with preferred out-of-plane orientation and random in-plane orientation; and (c)
shows a film with preferred out-of-plane and in-plane orientations (biaxial aligned) [69].

It is easy to achieve c-axis textured ZnO films by magnetron sputtering even at room
temperature, i.e. the c-axes of the grains are perpendicular to substrate. The preferred
orientation of ZnO films has been discussed thoroughly by Kajikawa et al. [71]. The
growth of polycrystalline ZnO films is divided into two stages: initial nucleation stage
and bulk growth stage. It is debatable that whether the preferred orientation is already
induced in the initial nucleation stage or determined by the evolutionary selection in
the bulk growth stage. The evidence for nucleation stage is the minimization of sur-
face energy which results in preferred nucleation. Fujimura et al. calculated that the
surface energy by counting the dangling bond density of each plane, and the results
show that (0001) plane has the smallest surface energy as compared with (11-20) and
(10-10) planes [72]. It was also recently reported that bombardment with low energy Xe
ions during magnetron sputtering can promote c-axis preferred orientation in nucleation
stage, while bombardment with high energy oxygen ions lead to a-axis texture in nucle-
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ation stage [70]. However Wander et al. calculated the cleavage energy using ab initio
density functional theory (DFT). The results show that the (0001) plane does not have
the smallest energy [73, 74]. Moreover, high magnification TEM image of ZnO/glass
interface reported by Yoshino et al. shows that there is about a 5 nm thick amorphous
layer and a 10 nm thick random oriented layer [75, 76]. The paper also showed that for
ZnO films sputtered on crystallized substrate, for example Au and sapphire, ZnO grows
with preferred orientation from the initial nucleation stage.

2.2.4.3 Thin-film growth mechanism

When the particles sputtered from target reach a bare substrate, these particles can
touch-down, diffuse, adsorb, or desorb on it. Depending on the energy transfer between
the particles and between the particle and substrate, the particles may eventually stick
together and form a stable nucleus (island formation) or form a complete monolayer
on the surface. The former is called island or Vollmer-Weber growth, while the latter
is called layer-by-layer or Frank-van der Merwe growth. More information about the
nucleation and growth of thin-films can be found in [77]. In the following, the relationship
between the sputter parameters and growth ZnO:Al film is briefly introduced.

Magnetron sputtered ZnO films on amorphous glass substrate generally belongs to 3D
island growth, due to the large lattice mismatch between the substrate and film. The
mobility of the impinged particles is mainly determined by substrate temperature and
pressure in the chamber. Based on this, many structure zone models were proposed. A
review of different growth models can be found in [69]. Among them, Thornton model
was developed to describe the growth of sputtered metals in dependence of two param-
eters, substrate temperature and sputter pressure 78, 79]. Kluth et al. has proposed a
modified Thornton model to describe the growth and etching behavior of sputtered ZnO
films [80]. The model is shown in Fig. 2.10. In the figure, SEM micrographs of different
Zn0:Al films, denoted by type A, B and C, before (left) and after (right) HCI etching
are given, as well as a sketch of structural properties as function of deposition pressure
and substrate temperature.

The crystallites can be easily distinguished in type A film by high resolution cross-
sectional SEM. However, this is more difficult for type B and C film. It indicates the
increasing compact and dense structures of the materials from type A to C. After etching
in HCI solution, more obvious morphology differences can be observed (see Fig. 2.10
right). Since type A ZnO:Al films can be easily etched, very small features are observed
after etching. In contrast, compact type B and C films develop craters on the surface
after etching. The opening angle of these craters is between 120° and 135° as measured
by AFM. Type B films consist of homogeneous craters which was shown to provide best
light trapping effect in solar cells, while type C film surface is composed of few large
craters and many small craters.

Similarly, Jost et al. has shown a series of ZnO:Al films change from compact to
porous structures, by adjusting the deposition parameters [82]. The SEM micrographs
before and after HCI etching are listed in the left and right column of Fig. 2.11. From
film A to H, the surface changes from crater type to pyramid type. Accordingly, the
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as deposited

Sputtered RF-ZnO:Al on glass

Figure 2.10: Modified Thornton-model for RF-sputtered ZnO:Al films according to
Kluth et al. [80]: Structural properties and etching behavior as function
of deposition pressure and substrate temperature T,. The SEM micro-
graphs show cross sections and the surface in the as-deposited state (left)
and after etching in HCI (right). The matrix of the substrate temperature
and deposition pressure contains structure zones according to the Thornton
model[78, 79, 81].

feature size increases from around 50 nm to approximately 100 nm. After etching, film
A to D develop round craters on the surface, while the other films exhibit small hillock
structures.

To summarize, the morphology and properties of as-deposited ZnO:Al film are strongly
dependent on the sputtering parameters. Low temperature and high sputter pressure
tend to develop porous ZnO films with relatively large lateral features, while high temper-
ature and low sputter pressure tend to lead to compact films with small lateral features.
Consequently, the morphologies of HCI etched ZnO:Al films are related to the compact-
ness of ZnO:Al films. Compact ZnO:Al films tend to develop craters with HCI etching.
The size of the craters are much larger than those on the as-deposited surface. On the
other hand, HCI etching of porous films tends to develop hillock structures. Porous

31



2 Fundamentals
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Figure 2.11: A series of ZnO:Al films deposited at different conditions. The left column
shows the SEM micrographs of ZnO:Al films before HCI etching and the
right column show the films after HCI etching [82].
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ZnO:Al films are also characterized by low material density, relatively high resistivity
and high HCI etch rate.

2.2.4.4 As-grown rough ZnO films

As-grown rough ZnO:B films have been prepared by several deposition techniques such as
low pressure chemical vapor deposition (LPCVD) [83, 84] and expanding thermal plasma
CVD [85]. As already discussed, magnetron sputtered ZnO films tend to exhibit c-axis
preferred orientation. Compared with those CVD prepared films, sputter deposited ZnO
films generally exhibit smaller lateral features. Thus, the flat sputtered ZnO:Al films
have to be etched in wet chemicals in order to provide a light scattering effect at the
ZnO/Si interface. The replacement of wet chemical etching by dry etching or as-grown
rough ZnO seems very attractive for industry process, because the vacuum break can
be avoided. There have been many attempts to sputter as-grown rough ZnO films by
magnetron sputtering [9-13]. In the following, the literature related to as-grown rough
ZnO films by magnetron sputtering are briefly reviewed.

Generally, as-grown rough ZnO surfaces were sputtered at very high pressures or with
water vapor. It was reported by Minami et al. and Sato et al. that wedge-like surface
features were sputtered on undoped ZnO and ZnO:Al films with gas pressure between
3 and 10 Pa and substrate temperature of about 300 °C. The sheet resistance of these
films is approximately 1.8 Q at thickness of 3 um [9, 11, 12]. Nakada et al. added HyO
together with Ar gas in the sputtering chamber. With increasing HoO partial pressure,
the columnar structure which can be seen in ZnO films deposited in pure Ar disappeared.
The maximum lateral feature size for ZnO films grown in pure HyO was approximately
1 um. With Al doping, the change of surface morphology was not significant. The
mobility of the ZnO:Al film sputtered in mixed water vapor and Ar, however, is quite
low 3 cm?/Vs. After annealing in vacuum, the mobility can be improved to 9 cm?/Vs.
As a result, the electrical properties of these ZnO:Al films are not sufficient for the front
contact in solar cells. Similar results were found by Kluth et al. [14]. As-grown rough
ZnO:Al films were obtained as long as the fraction of water vapor in the Ar gas is larger
than 1% and the film thickness is larger than 500 nm. However, these films also suffered
high resistivity. It was also noted by the above authors that gas mixtures such as Ar/O,
and Ar/H, do not lead to as-grown rough ZnO:Al films.

Additionally, it was found by Krantz et al. that adding Ny into the sputter chamber,
as-grown rough ZnO:Al films were obtained by reactive sputtering [86]. The surface
lateral size was increased from 50 nm to 500 nm as the flow rate of Ny was increased
from 0 to 10 sccm. The sheet resistance of the film, however, was increased from 4 to
4277 Qcm due to the large decreasing mobility.

To summarize, as-grown rough ZnQO:Al films have been deposited by magnetron sput-
tering at very high pressure or by adding water vapor or Ny to the sputter process.
The as-grown rough ZnO:Al films, however, tend to exhibit low mobility as well as high
resistivity, making them unlikely to be applied in solar cells. One important focus of
this work is the sputtering of as-grown rough ZnO:Al films without strongly deteriorated
electrical properties.
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2.2.4.5 Surface evolution

The evolution of thin-film surfaces has been characterized through the concept of dy-
namic scaling theory for many years. Under this theory, the roughness is assumed to
evolve with a time- and scale-invariant structure, characterized by a set of scaling param-
eters, namely global roughness exponent «, growth exponent /3, and coarsening exponent
1/z, respectively [87]. The last one is also called dynamic exponent in some books [88].
The above exponents can be obtained by either experimental observations or simulations
with certain growth models. The scaling theory was first analyzed based on self-affine
surfaces, and then it can be generalized to more complex surfaces. The self-affine surface
is defined similar to fractals in that the vertical and horizontal directions of the surface
can be rescaled to yield a new surface that is statistically identical to the original surface.
Systematical discussions about the thin-film evolution can be found in [87, 88]. In this
section, the parameters used to describe a rough surface are briefly introduced, and then
the evolution of the rough surface is discussed with regard to some growth models used
in this work.

(a) Large a (a = 1)

(b) Small o (« = 0)

Figure 2.12: Comparison of the local surface morphology for surface with similar rough-
ness o, but different values of a. A smaller a implies a rougher local surface,
where « lies between 0 and 1 [87].

Generally, rough surfaces are characterized by three parameters: roughness o, lateral
correlation length &, and roughness exponent . Roughness ¢ is the most widely used
measure of roughness. It characterizes the spatial variation of a rough surface along the
vertical direction. Lateral correlation length £ is the distance within which the surface
variations are correlated but beyond which the surface fluctuations spread. Roughness
exponent « describes a measure of surface in the short range (< &). A larger value of
« indicates a smooth surface in short range (see Fig. 2.12(a))while a smaller value of «
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corresponds to a more jagged local surface morphology as shown in Fig. 2.12(b).
The three surface parameters can be obtained from height-height correlation function
(HHCF) [87], which is defined as following:

H(r,t) = ([h(r,t) — h(0,1)]?), (2.28)

where () is the spatial average over the measured area and h(r,t) is the surface height
at position r and time ¢. For a self-affine rough surface, the height-height correlation
function can be expressed in a scaling form

H(r,t) = 20(t)* f(r/&(t)) (2.29)
where the function f(r/&(t)) behaves as,

107600 = {peay 1or 1 m s (2.30)

An example of H(r) is shown in Fig. 2.13. It is seen that H(r) scales as H(r) ~ r?*

for r < € and becomes constant for r > ¢. Thus, the roughness exponent « is derived
from the slope of the H(r,t) curve at short r range. The value of o is obtained directly
from the saturating value of H(r) when r > £. The average value of ¢ is obtained from
the crossovers of the H(r).

H(r)

r

Figure 2.13: Representative height-height correlation function obtained from a self-affine
surface. The plot is on log-log scale, which gives the H(r) a linear behavior
for small r with slope 2« [87].
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Figure 2.14: Representative power spectrum density function obtained from a self-affine
surface. The plot is on log-log scale, which gives the PSD(k) a linear
behavior for large k with slope —2a — 2 [87].

The surface fluctuation in reciprocal space is characterized by the power spectrum
density (PSD) function
PSD(k,t) = (H(k,t)H(—k,1)), (2.31)
where H(k,t) is the Fourier transform of surface height and k is the spatial frequency.
An example of PSD(k) is shown in Fig. 2.14. In a similar fashion, the PSD shows a
power-law behavior as PSD(k,t) ~ k=22=2 for k > ¢~ and becomes k-independent for
small frequencies.
The parameters are not only characterized for films at a time, but also invariant with
time. It is common to observe a power law behavior for the roughness in deposition time

o~ 17 (2.32)
where [ is referred as growth exponent. Similarly, the power law behavior of £ is char-
acterized by coarsening exponent 1/z as

£~ tlz, (2.33)

For self-affine surfaces, the relation 5/« = 1/z is fulfilled [88]. This relation has been
reported by many experimental investigations, including sputter-deposited ZnO, TiN,
and AIN thin-films [89-92]. However, during the thin-film growth, many factors such
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as shadowing, step-edge barrier lead to break-down of dynamic scaling, i.e. the relation
B/a =1/z is not fulfilled [87, 88, 93].

A simple model to describe thin-film growth is random deposition which means that
no growth effects are present. This model serves as an analytically solvable model with
exact prediction of 5 = 1/2. This [ is often reported at very early points in the growth
process from a flat substrate when noise is the most dominant growth mechanism.

In realistic thin-film deposition processes, shadowing, reemission, and surface diffusion
are the main growth effects on the growing surface, as shown in Fig. 2.15. Among these
three effects, diffusion is generally defined as local effect since atoms can diffuse to nearby
locations depending on deposition conditions such as activation energy and temperature
[87]. By definition, nonlocal growth effects are of much longer range than local effects.
The primary nonlocal effect is the shadowing effect, where taller surface features block
incoming flux from reaching lower-lying areas of the surface. Shadowing is an inherently
nonlocal process because the shadowing of a surface feature depends on the heights of
all other surface features, not just close, or local, ones [93]. Reemission effect is also
inherently nonlocal because an event that occurs at one place on the surface can affect
the surface profile a far distance away [87]. Thin film growth models can be separated
into two main categories: models that are based on continuum mathematics, and models
that are based on discrete mathematics. In the past few decades, a number of models of
both types have been proposed and have been shown to successfully predict properties
of certain types of thin film growth, each with their own advantages and disadvantages.
Both types of models were first built based on only local effect. Models that include
nonlocal effects build off the results of local models.

First, the continuous and discrete local models are introduced in this paragraph. If
only the diffusion effect is considered in the discrete model, g is decreased from 0.5 to
approximately 0.24 + 0.03 when the surface diffusion is increased from zero to infinity
[87]. The results are consistent with § = 0.25 predicted by continuous Mullins diffusion
model. To conclude, diffusion tends to smoothen the local surface during film growth
process.

.\ /

Shadowing

Figure 2.15: Diagram of growth effects including diffusion, reemission and shadowing
that may effect the surface morphology during thin-film growth. [87]
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This paragraph expands the model to non-local area. Shadowing and reemission are
competitive mechanisms in this range, where shadowing leads to rough surface and ree-
mission leads to smooth surfaces. The shadowing effect is a result of the tilted incident
angle. For normal incident atoms, the shadowing effect is zero. Yao and Guo have
calculated that with the shadowing effect, films grow with # = 1 and 1/2 = 1/3 in
three dimensions [94]. However, this calculation was performed with a uniform angular
distribution of incoming atoms, which is not experimentally realistic. Experimentally,
depending on target geometry and substrate movement, different angular distributions
are present. Generally cosine angular distributions are considered. On the other hand,
the reemission effect hinders roughness development. Reemission is related to stick-
ing coefficient sy such that when the sticking coefficient sq is high, the probability of
reemission of the incident atom is low.

There were many models calculating the competition of shadowing and reemission, and
similarly results were obtained. With the shadowing effect, when the sticking coefficient
S0 is high, i.e. low reemission effects are present, S = 1 is obtained as shown in Fig.
2.16. When the sticking coefficient sq is low, i.e. with high reemission effects, § < 1
are commonly observed [87, 93, 95]. In both cases, the diffusion effect D/F seems to
be negligible for 5. However, 1/z is still very sensitive to both of the diffusion and
reemission. The value of 1/z is in the range of 0.12 & 0.05 ~ 0.61 £ 0.01 [87]. Note
that when the shadowing is dominant, the growing surface is no longer self-affine, and

therefore, 8/a # 1/z.
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Figure 2.16: Monte Carlo simulated [ value as a function of sticking coefficient s, for
sputter deposition. It is assumed that the sticking coefficient of the second
strike at the surface for the re-emitted atom is 1 [95].
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The discussions above have not considered the effect of grains crystallinity and orienta-
tion during the film growth which are not present in amorphous semiconductor thin-film
growth. However, during the MBE process, step-edge barrier effect also gives significant
influences to the surface roughening process [87]. This effect does not allow atoms to
diffuse over the edge of a step on the surface, which creates an overall uphill current of
diffusive particle flux. This effect is a characteristically local growth effect because it
involves the diffusion of particles on the surface. For sputtered polycrystalline thin-films,
the models to describe the crystallinity and step-edge barrier effect on the growth be-
havior is lacking on the theoretical level. From an experimental point of view, the role of
step-edge barrier effects in the polycrystalline thin-film is debated. It was assumed that
in a polycrystalline film step-edge barriers will be improbable if growth starts out with
randomly orientated grains and grain sizes much smaller than film thickness [96, 97].
However, recently step-edge barrier effects have been proved to be key parameter for
the growth of 1 um thick polycrystalline Cu films by sputtering, when the grains have
a size close to 200 nm [98] and 1.5 um thick ZnO films by pulsed laser ablation, when
the grain size is close to 500 nm [99]. During sputter depositions, there are other effects
such as damage to the film by impinging high energy oxygen ions or Ar neutral atoms
[100].

2.3 Silicon Thin-film Solar cells

One of the goals in performing ion beam treatment is to improve the efficient of solar
cells. This section introduces the basic physical concepts and the materials related to
Si thin-film solar cells. Solar cells are a opto-electrical device that convert the energy
of light directly into electricity by the photovoltaic effect. There are many types of
absorber materials, for example, solar cells based on element or compound semiconduc-
tors with heterojunctions or based on organic electrochemical photovoltaic materials.
Within this work, only Si based materials are used. Among the different kinds of Si
solar cells, thin-films solar cells based on amorphous and microcrystalline silicon have
the advantage of low-cost and large area deposition as compared with crystalline Si solar
cells. Hydrogenated amorphous silicon (a-Si:H) and hydrogenated microcrystalline sili-
con (pc-Si:H) are used as absorber layers in Si thin-film solar cells. In this section, the
physical properties of the two materials are briefly introduced, and then the operating
principle and characterization methods of thin-film Si solar cells will be summarized.

2.3.1 Hydrogenated amorphous silicon

Amorphous Si is characterized by the absence of long range order, which is caused by
the deviations in the bond lengths and bond angles in the Si-Si bonds. Amorphous
Si consists of a covalently bonded random network of Si-H and Si-Si bonds. H atoms
are used to terminate the dangling bonds, in order to reduce the defect density. The
amorphous Si behaves like a direct band gap semiconductor with a band gap between
1.7 and 1.8 eV, resulting in a very high absorption coefficient in short wavelength region.
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Figure 2.17: Absorption coeflicient of a-Si:H, pc-Si:H and crystalline Si (¢-Si) as a func-
tion of photon energy.

Therefore, the a-Si:H solar cells can be made much thinner than pc-Si:H solar cells. The
drawback of a-Si:H solar cells is the deterioration in the cell performance after long term
illumination. The degradation is caused by increased defect density after light soaking,
which increases the carrier recombination rate, this effect is called ’Staebler-Wronski
effect’ [101]. More information on amorphous Si can be found in [102].

2.3.2 Hydrogenated microcrystalline silicon

Opposite to the homogeneous nature of a-Si:H, uc-Si:H can be considered as a mixture
of crystallites, amorphous regions, grain boundaries, and voids. Depending on the depo-
sition conditions, the volume fraction and spatial distribution of crystallites and amor-
phous regions can be adjusted. During the plasma enhanced chemical vapor deposition
(PECVD), process parameters such as silane concentration, power, and pressure can be
used to tune the structure from highly microcrystalline to fully amorphous growth.

pe-SizH is an in-direct semiconductor with band gap of 1.1 eV. The optical absorption
coeflicient «v of a typical pc-Si:H film is shown in Fig. 2.17 together with that of a-Si:H
and crystalline Si (c-Si) as a function of photo energy [103]. The absorption of pc-Si:H
and c-Si are almost the same over a wide range. Only at high photon energies, o of
pne-Si:H is higher than c¢-Si. This is mostly caused by the presence of an amorphous
phase and the internal scattering at grain boundaries. Compared to a-Si:H, uc-Si:H
show higher absorption in the red and infrared region. Accordingly, puc-Si:H solar cells
have higher spectra response in the wavelength range of 700 to 1100 nm as compared to
a-Si:H solar cells.
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2.3.3 Operating principle

Due to the high defect density in the doped a-Si:H and pc-Si:H films, the diffusion length
of charge carries is relatively short. Thus, the p-n structure used in crystalline Si solar
cells does not work in Si thin-film solar cells. A 1 um intrinsic layer (i-layer) is usually
used as light absorption layer, where electron-hole pairs are generated. The electron-
hole pairs are separated by the electrical field provided by the p- and n- type doped Si
layers which are deposited on both sides of i-layer. The electrons are electrostatically
driven to n-layer and the holes are driven to p-layer. Thus, a photovoltage is built up
by the separation of electron-hole pairs. Finally, front and back contacts are required to
transport the current if the solar cell is connected into a circuit.

Due to the smaller mobility of holes in Si thin film, the solar cells are usually illumi-
nated from p-layer side. As a result, most of charge carries are generated close to p-layer,
leading to a shorter avearge distance for the holes travel to reach the p-layer. Therefore,
the TCO front contact coated glass substrates are adjacent to the p-layer. The config-
uration of the single junction Si thin-film solar cells used in this work is shown in Fig.
2.18. Textured ZnO films are deposited on a glass substrate, providing a light scattering
effect. Subsequently a very thin p-doped layer (15 — 20 nm), a thin intrinsic (~ 300 nm
for a-Si:H and ~ 1 pm for pe-Si:H), and a very thin n-doped layer (15 — 20 nm) are
deposited on top of the ZnO films. Finally, a back reflector consisting of Ag or ZnO/Ag
layer is deposited on the Si layers. This configuration is the so called p-i-n superstrate
structure.

A simplified band diagram is shown on the bottom of Fig. 2.18. Light with sufficient
photon energy excite the electrons from the valence band to conduction band, leaving
a positively charged hole in valence band. The electrons and holes are driven and
separated by the internal electrical field. More information about the amorphous and
microcrystalline silicon thin-film solar cells can be found in [104].

2.3.4 Characterization parameters

In solar cells, generally current density J is used instead of current I. Fig. 2.19 gives a
typical dark and illuminated J — V' curve for a Si thin-film solar cell. The dark J —V
curve is measured without illumination and the solar cell behaves simply as a diode.
The illuminated J — V curve of a solar cell is the superposition of the J — V' curve of
the solar cell diode in the dark and the light-generated current density. The important
parameters for a solar cell are denoted in the figure, including open circuit voltage (V,.),
short circuit current density (Js.), and maximum power point (M PP). M PP is defined
as the working point where the solar cell can deliver maximum power. The maximum
output power P, is marked by the gray area in the figure. The fill factor (FF') of a
solar cell is defined as the ratio between the maximum power and the product of V. and
Jsc

Pmam

FPF= ——rro0.
‘/OCX‘]SC

(2.34)
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Figure 2.18: Schematic diagram of a single junction Si thin-film solar cell. The bottom
of this figure represents a simplified band diagram resulting from p- and n-
doped layers and shows the electron hole pair generation as well as charge
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The efficiency 7 of solar cells is defined as the ratio between the maximum output power
and the energy input of light,
7Pmam 7‘/;7CX‘]SC><FF

= = 2.35
Plight Plight ( )

The spectrally resolved response of a solar cell provides important information on
light incoupling and light trapping. The spectra response is defined as the ratio of the
number of carriers collected by the solar cell N,(\) to the number of photons of a given
energy incident on the solar cell N.,()). The quantum efficiency of a solar cell for a given
wavelength \ can be expressed as

NV
N,

—QE() = q‘];hiq%, (2.36)

where J,, () is the photo current density at wavelength A, ¢ is the elemental charge and
®(A) is the photo flux. This form is also referred to as the external quantum efficiency
(EQE). The so-called internal quantum efficiency (/QF) only takes photons which are
actually absorbed in the solar cell device into account. Thus, the reflection of the solar
cell Ry is removed when calculating IQF

QF

IQF = ——.
Q 17-Rcell

(2.37)

The short current density (Js.) can be calculated by integrating the product of the
electron charge, the quantum efficiency, and the photo flux over the wavelengths of any
given spectrum

Ju=q / QE(N)®(N\)dA. (2.38)
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3 Experimental

This chapter describes the experimental processes related to this work, including the
deposition techniques for ZnO:Al and Si thin-films, the surface treatments by ion beam,
and the methods used to characterize the materials and devices. To begin, the deposi-
tion of ZnO:Al films by magnetron sputtering and Si films by plasma enhanced chemical
vapor deposition (PECVD) are presented. Then, the geometry of the ion source and
the experimental process of ion beam treatment are introduced. Next, the various char-
acterization techniques of glass and ZnO thin-films are introduced, as sorted by their
functionality, including electrical properties, optical properties, surface topographies,
and structural properties. Finally, the characterization methods of solar cells are pre-
sented.

3.1 Deposition techniques

Within this work, ZnO:Al films and Si absorber layers were deposited by magnetron
sputtering and PECVD process, respectively. The following sections describe the exper-
imental details during the preparation of different samples.

3.1.1 ZnO:Al films - Magnetron sputtering

ZnO:Al layers were sputtered from different types of targets, including planar ceramic
target, tube ceramic target, tube metallic target, and small area round ceramic target.
Most of the ZnO:Al films were prepared in a vertical in-line deposition system (VIS
300) provided by Von Ardenne Anlagentechnik GmbH. Fig. 3.1 shows a sketch of the
sputtering system. The system contains two load chambers and two process chambers.
All chambers are equipped with heaters. The left process chamber contains a linear ion
source (LION) for various surface ion beam treatment (See Section 3.2) and a rotatable
dual magnetron (See Section 3.1.1.2). The other process chamber includes several planar
cathodes RF, DC, or AC (See Section 3.1.1.1). Ceramic or metallic, rectangular or tube
targets are mounted on the double cathodes. Unless otherwise specified, depositions
were made onto 10 x 10 cm? glass (Eagle XG, Corning) substrates. Prior to deposition,
substrates were cleaned in deionized water and weak acidic decantate at 68 °C. The
following sections give the specific deposition details for different ZnO:Al films.

3.1.1.1 Standard ZnO:Al films - Planar ceramic target

Within this work, the so-called ’Standard’ ZnO:Al films are sputtered from a planar ce-
ramic target in the VIS 300 system. The target is a linear planer ceramic ZnO:Al,O3 (1
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Figure 3.1: Sketch of the vertical in-line deposition system with two load chambers, and
two process chambers including ion source (Lion), tube targets (RDM) and
different cathodes.

wt%) with length of 75 cm and width of 10 cm. Substrates with size up to 30 x 30 cm?
can be deposited homogeneously in this system. For standard ZnO:Al films, the exci-
tation frequency and power of the generator are 13.56 MHz and 1.5 kW, respectively.
The substrates are heated to 300 °C for one hour prior to sputtering. A background
gas flow of 100 sccm provides Ar ions which bombard the target. The process pressure
is kept at 1 ubar during sputtering. Depositions are made in dynamic mode with the
substrates oscillating in front of the target for several passes until the desired thickness
is achieved. For the standard ZnO:Al films, a thickness of 800 nm are obtained when
the substrates are oscillated 32 times. The dynamic deposition rate as calculated from
the film thickness is around 6 nm - m/min.

3.1.1.2 High rate ZnO:Al films - tube target

ZnO:Al films are also sputtered from tube targets in the VIS 300 system. The principle of
the sputtering is similar as the one above, except the target rotates during the sputtering
process. As compared with the planar target, the benefit of the tube target is the
improved utilization of the target material. The tube target is also mounted in the
large area in-line magnetron sputtering system, and it is composed of Zn0:Al,O3 (0.5
wt%). The system is operated in mid-frequency mode having a excitation frequency of
40 kHz. The power of generator is 14 kW. A background Ar gas flow of 200 sccm is used
as source gas and the working pressure is 20 pubar during the sputtering process. The
substrates are heated to 350 °C. With these parameters, the films are deposited with
dynamic mode. The dynamic deposition rate is 110 nm - m/min. For more information
about sputtering from ceramic tube targets, the readers are referred to [105, 106].

Additionally, deposition of ZnO:Al films by reactive magnetron sputtering from metal-
lic tube targets was performed. The metallic target is composed of Zn:Al (0.5 wt%).
200 sccm Ar is used as source gas. The Oy gas flow is controlled by plasma emission
monitoring. The frequency, power of the generator, working pressure, and substrate
temperature are 40 kHz, 10 kW, 9.5 pbar, and 350 °C, respectively. Under these con-
ditions, the dynamic deposition rate is around 100 nm - m/min. For more information
about magnetron sputtering from metallic tube targets, the readers are referred to [6].
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3.2 Ion beam treatment

3.1.1.3 Small area deposition system

ZnO:Al films are also deposited in a small area magnetron sputtering system provided
by Kurt J. Lesker Company. The so called 'small area’ refers to the smaller maximum
size of substrate 10 x 10 cm? used in the system. The target in this system is round with
a diameter of 15.24 cm (6 inches) and is composed of ZnO:Al,O3 (0.5 wt%). The power
of the generator, substrate temperature, Ar gas flow, and working pressure during the
sputtering process are 225 W, 400 °C, 8 sccm, and 2.7 ubar, respectively. The substrate
is static during the deposition. Therefore, only the center of the substrate is relatively
uniformly sputtered. More information about this system can be found in [14, 107].

3.1.2 Silicon - PECVD

This section briefly introduces PECVD, which was used in this work to deposit Si layers.
The Si depositions are made in an in-house modified PECVD system (Materials Research
Group). This system has two process chambers, one is used for developing p- and n-
type doped Si, while the other is only used for depositing intrinsic Si. The plasma
excitation frequency is in the RF range at 13.56 MHz. Substrate temperature is kept
at 250 °C. Hydrogen (H;) and silane (SiHy) are used as precursor gases during silicon
deposition. Trimethylborane (B(CHs)s) and phosphine (PHj) are introduced for p- and
n-type doping of the Si, respectively. The doped layers are around 20 nm thick. A
showerhead is used to homogeneously introduce all the gases. Further details about the
PECVD system can be found in [108].

3.2 lon beam treatment

Within this work, the glass substrates and ZnO:Al films were treated by Ar and O, ion
beam. The ion beam treatments were performed in the VIS 300 system as shown in
Fig. 3.1. The following sections give the geometry of the ion source and system, and
the main parameters during the treatments.

3.2.1 Geometry of the ion source

Among many types of ion sources as referred in Section 2.1.1, a linear anode layer ion
source was chosen for our system, because of its simplified gridless design, possibility to
scale-up, and excellent performance such as long, uninterrupted ion beams. This section
describes the geometry of the ion source, including the active beam length, the width of
the racetrack, and the angle of the incident beams.

A photograph of the ion source is shown in Fig. 3.2(a). As discussed in 2.1, the ions
are shot from the racetrack, which is a slit between the inner and outer iron cathodes.
The size of the racetrack is shown in Fig. 3.2(b). The width and height of the racetrack
are 7 cm and 30 cm, respectively. The semicircles on the top and bottom of the racetrack
have radius of 3.5 cm. The intensity of the ion beams in the vertical direction is similar.
Thus, the height of maximum homogeneous treated area is approximately 30 cm.
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Figure 3.2: (a) Photograph of the linear anode layer ion source. (b) the geometry of the
racetrack.

As already said, the ion source is installed in an in-line process vacuum chamber,
next to the ZnO:Al,O3 tube target. Fig. 3.3 gives a schematic diagram of the process
chamber during the ion beam treatment. The chamber wall on the left side is the end of
the in-line system. The substrate is placed in a vertical carrier, which is located on the
back chamber wall and can move along the x-direction. Optical emission spectroscopy
(OES) is used to measure the ions through a window on the back chamber wall. The ion
source in Fig. 3.3(a) is not tilted, and the ion beam is directed in y-direction. In Fig.
3.3(b), the ion source is tilted to an angle of 6 with respect to x-direction, this means
that the substrate receives ion beam with angle of # around the y-axis. For this system,
the ion source can only be tilted to the right direction, The maximum tilt angle is 40°.
When the ion source is not tilted, the distance between the racetrack and the substrate
is 16 cm; if the ion source is tilted by 40°, the distance is increased to approximately
21 cm. The size of the substrate holder is 30 x 30 cm?.

3.2.2 Parameters

As mentioned in Section 2.1.1, the ion source has two operating modes, diffuse and
collimated modes. Due to the severe Fe contamination in the diffuse mode [109], in this
work all films were treated in collimated mode. In collimated mode, discharge voltage,
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Figure 3.3: Schematic drawing of the ion beam treatments with non-tilted ion source (a)
and tilted ion source (b).

source gas flow, and working pressure are adjustable parameters. The discharge current,
however, depends on the above three parameters. The discharge voltage can be adjusted
in the range of 0 — 3 kV on the generator. All the treatments were performed at room
temperature. Ar or Oy were used as source gas.

Dynamic carrier is required for homogeneous treatment. The dynamical etch rate
(DER) is defined as the following

T
DER =~ 2" (3.1)
n

where T' is the removed thickness of the substrate, v is the speed of the carrier, and n
is the number of passes the carrier made through the ion beam. For example, DER =
5 nm - m/min means that the removed thickness would be 5 nm if the carrier was moved
through the ion beam once with a speed of 1 m/min.

3.3 Characterization methods

3.3.1 Electrical properties

Two methods are available for measuring the electrical properties of ZnO:Al films in air
and at room temperature. One is 4-point probe measurement, which is an easy and
quick method to measure the sheet resistance of ZnO:Al films. It takes less than 1 min
to obtain the results. The other one is Hall effect measurement, which can measure the
resistivity, carrier concentration, and carrier mobility of ZnO:Al films.
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Figure 3.4: Schematic diagram of the principle of 4-point probe measurement.

3.3.1.1 4-point probe measurement

Four-point probe measurements are widely used to measure the sheet resistance of thin-
film semiconductors. Fig. 3.4 shows a schematic diagram of 4-point probe measurements.
A current I which flows through the thin-film is measured by the outer probes with an
ampere-meter, while the voltage drop over the sample V' is measured by the inner probes
with a voltage meter. If the film is infinitely large and the distance between the four
probes are the same, the sheet resistance is calculated by

o= zn7(rz) ' % (32)

For the standard ZnO:Al film, the sheet resistance is approximately 3.2 Q. If the sample
does not have infinite size as compared with the space between the probes, correction
factors in the range of 0.5 - 1 need to be considered.

3.3.1.2 Hall effect measurement

In Hall effect measurements, there are also 4-points contacts, but the 4-contacts are not
in a line but in the corners of a square sample. Like the 4-point probe measurement, two
contacts are used to measure current and the other two contacts are used to measure
Hall voltage. Unlike the 4-point probe, during the measurement, the sample is located
in a magnetic field. When an electrical current (/) flows through a sample in x-direction
and a the magnetic field (B) is applied perpendicularly along z-axis, the electrons are
subjected to a Lorentz force and drifted away from the current direction, resulting in an
excess negative electrical charge on one side of the sample. The Lorentz force (F})from
the magnetic field is perpendicular to the direction of current flow and magnetic field.
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The value is given by

Fi—e¥ x B, (3.3)

where v is the velocity of the electrons. The deflected electrons accumulate on one side
of the sample until this transverse electrical field balances the Lorentz force, resulting
the Hall voltage (Vi), a potential drop across the two sides of the sample. For metals
or semiconductors with primarily one type of carriers, the Hall voltage depends on the
number of electrons ng in the films

_ —IB
 qdny’

(3.4)

H

where d is the thickness of the sample. The carrier type is determined by the sign of
the Hall voltage. During the measurement, the current (I) and magnetic field (B) are
known, and the sheet resistance (Rg,) and Hall voltage (Vi) are directly measured.
Thus, the carrier density (ns) can be calculated by using equation 3.4. If the thickness
of the film is known, the resistivity (p) can be calculated by

p = Ryd. (3.5)

Finally, the carrier mobility (u) is calculated by using equation 2.18.

In this work, the Hall effect measurements are performed using a commercial Hall
setup Keithley 926. The sample is square with size of 0.8 x 0.8 cm?. Silver paste is
used to make the four contacts on the corners of the square sample. The errors of this
measurements depend on the area of the silver contact as compared to the sample area.
To address this sample-particular error, at least two measurements were made on each
sample generally at a current of 1 and 10 mA.

3.3.2 Optical Properties

The optical properties of the glass and ZnO:Al films are measured with spectrometers,
where the total and diffuse transmissions, and reflections are measured. Using the above
parameters, the absorption and Haze of ZnO:Al films can be calculated. Haze is defined
as the percentage of light scattered in the total transmitted light. The distribution of
the scattered light is determined by angular resolved scattering (ARS) measurements.

3.3.2.1 Total and diffuse transmission, Haze, reflection

To measure the optical properties, a LAMBDA 950 spectrometer from Perkin Elmer
is used. The spectrometer contains two light sources in order to provide light with
wavelength in the range of 250 — 2500 nm. During measurement, a monochromatic
light beam is generated using a monochromator in the optical system. The light beam
is divided into two beams by a mirror in the system. One of the beam is used as
measurement beam, and the other is used as reference beam. While the measurement
beam travels through a sample and is measured by a detector, the reference beam is
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measured by the detector without traveling through the sample. By comparing the two
measured intensities, the influence of the variation of light intensity can be excluded.

The light intensity is measured by the detectors located in the inner wall of an inte-
grating sphere. The inner wall is coated with a highly reflective layer, so that all light
in the sphere can be reflected to the detector. The measurement light beam comes into
the sphere through a slit at one side of the sphere. When the total or diffused transmis-
sion measurements are made, the sample is put in front of the slit. The glass side of the
sample faces the beam direction, like the situation in solar cells. On the other side of the
sphere there is another slit, which can be covered either by a white reflector or a black
absorber. With the white reflector, the directly transmitted beam is reflected back into
the sphere, so that the total transmission (Tj;) is measured. With a black absorber,
the direct beam is absorbed, and only diffuse transmission (7 fuse) is measured. Then,
Haze is calculated as

Haze = M (3.6)

total

When the reflection is measured, the sample is put on the back slit of the sphere. The
glass side of the sample still face the beam direction. The total reflected light (R) is
measured by the detector. Then, the absorption (A) of ZnO:Al films is calculated by

A=1-Trya - R. (3.7)

In this work, total transmission, diffuse transmission, and reflection measurements are
made on textured glass, ZnO:Al films in the wavelength range of 300 — 1300 nm, with
a resolution of 2 nm. The error of the spectrometer is approximately in the range of
+ 2 %. In near inferred region, the error increased to approximately + 4 % due to
the variation in the sensitivity of the detector and intensity of the Halogen lamp. At
wavelength near 860 nm, the error is much larger due to the change of detector.

3.3.2.2 Angular resolved scattering (ARS)

The angular distribution of the scattered light is measured using an in-house made
system. A schematic diagram of the setup is shown in Fig. 3.5. A green laser with a
wavelength of 550 nm is used as light source. After passing through a filter, a chopper,
and an aperture plate, the light beam is scattered by the sample. The scattered light
intensity is measured by a photo diode that rotates around the sample in a plane with
a step of 1°. The scattered light intensity is first measured from 0° to + 170° in one
direction. The measurement is then repeated once in the other direction 0° to - 170°.
If the rough features on the sample are statistically symmetric, the measured intensity
in the two directions should be the same; otherwise, the asymmetric structures yield
different distributions in the two directions. In order to ensure that the detector and
the sample are in the same plane, the height and position need to be adjusted carefully
before every measurement. The voltage measured by the photo diode is assumed to
be proportional to the light intensity, i.e. the light intensity can be represented by the
diode voltage V,. Because the measuring is performed in in-plane geometry, the diode
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measured data has to be integrated over all azimuthal scattering angle to include the
whole light scattering cone at a certain polar angle 6. Thus, in this work, the angular
distribution function S(6) of scattered light is calculated by

r2[cos(|6 — 0.5]) — cos(|6 + 0.5])] o Vi(8)

Qdetector %

S(0) =27 x , (3.8)
where r is the distance between the detector and sample, agesecror i the area of the de-
tector, and Vj is the reference diode voltage measured without sample. This calculation
is correct if the sample is isotropic, which leads the same measured intensity in the two
directions.

3.3.3 Surface topography

Within this work, the surface topography of glass and ZnO:Al films are characterized by
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). SEM can
give clear topographies with very high magnifications at different angles, while AFM
yields three dimensional images which can be statistically analyzed.

3.3.3.1 Scanning Electron Microscopy (SEM)

During the SEM measurement, the sample is scanned by a focused electron beam of
specific energy. The electron beam, which typically has an energy ranging from 0.5 keV
to 40 keV, is focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in
diameter. The beam passes through pairs of scanning coils or pairs of deflector plates
in the electron column, typically in the final lens, which deflect the beam along the x
and y axes such that it scans in a raster fashion over a rectangular area of the sample
surface. The primary electrons interact and exchange energy with the sample surface.
High energy electrons are reflected back from the surface through elastic scattering
and secondary lower energy electrons are emitted by the inelastic scattering. Both of

+90°

photo diode

Laser source - | ............ @ .............. ° .................................................. 0°

filter chopper aperture plate

-90°

Figure 3.5: Schematic diagram of measurement setup of angular resolved scattering

(ARS).
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them can be detected by specific detectors and used as information for the topography
and internal structures of the samples. Electronic amplifiers of various types are used
to amplify the above signals are displayed as variations in brightness. Therefore, the
topography of the scanned area is recorded. The magnification the microscopy can be
adjusted, by changing the size of the primary electrons raster. Since an electron beam
is used to image, the sample can be cut and cross-sectional images are possible.

In this work, the measurements are performed with a Gemini field-emission SEM by
LEO. Typically the electrons used for bombarding the samples have energy of 20 kV
and incident angle of 60° with respect to the surface normal. The samples used for
SEM measurements have size of 1 x 1 cm?. To prepare cross-sectional SEM samples,
the samples are broken manually with the help of a glass cutting machine. Cautions are
required in order to protect the cross-section of sample. The maximum resolution of the
SEM measurements is in the range of 1 — 10 nm. If the samples are not conductive, a
thin gold or iridium layer must first be sputtered onto the sample surface.

3.3.3.2 Atomic Force Microscopy (AFM)

Unlike SEM measurements, conducting films are not required for AFM measurements.
During an AFM measurement a Si/SiO, tip, fabricated by lithography and having a
height of 10 — 15 pm, is used to scan the sample surface. The operating principle of
the AFM 1is shown in Fig. 3.6. A monochromatic light beam from a laser strikes

Laser Diode Photo Dlode
S/ <« incident
L,/ <—=——Fiber Reflected
Fiberoptical / <—=——Cantilever Reflected
Coupler // Laser Beamn

Fiber L
(Variable Length) 7

Deflection

Figure 3.6: Schematic of the working principle of atomic force microscopy (AFM) [110].
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the cantilever. Two reflected light signals are detected by a photo diode. One is the
reflection of the fiber, which serves as reference signal. The other is the reflection from
the cantilever. By analyzing the superposition of the two reflected signals, the distance
between the fiber and cantilever is determined. When the tip is scanning over a sample,
laser light incident on the back of the cantilever is deflected differently as the surface
features change.

In general, there are two operation modes for AFM measurements: contact and non-
contact (or tapping) mode. In contact mode, the tip presses on the sample while scanning
and the topography of sample is measured directly by the deflection of the cantilever.
The load force between the tip and sample is held constant by adjusting the potential
across the piezoelectric z-axis control. The deviation of z-feedback determines the to-
pography of surfaces. In the non-contact mode, the cantilever is externally oscillated at
or close to its fundamental resonance frequency by a small piezoelectric element. The
distance between tip and sample can be controlled by the amplitude and set point of the
cantilever. When the tip is within 1 — 10 nm of the sample surface, the van der Waals
forces tend to change the amplitude and frequency of the cantilever. The target value
of z-feedback is a constant amplitude. Thus, the frequency of the piezoelectric element
has to be modulated. The modulation values correspond to the surface topography. In
the non-contact mode the tip does not interact with the sample directly, therefore wears
down the tips more slowly as compared to contact mode.

In this work, the AFM measurements are performed in non-contact mode using a Nano
300 (SIS). It takes around 15 — 40 min to get one image depending on the scanning speed,
size, and resolution. To get a good image, the tip has to be clean and sharp, and has a
good shape before the measurement. After scanning, the AFM images have to be leveled
by plane correction. Typically the obtained images have a data size of 512 x 512 pixels,
which corresponds to the surface height h(z,y) in x- and y- directions. Therefore, it is
possible to characterize a surface by many statistical parameters. The most common
statistic parameter used to describe the roughness of a surface is standard deviation o of
the surface heights, also called root-mean-square (rms) roughness. The rms roughness
is calculated by

o = \/([(7) = h(r)]?), (3:9)

where h(r) is the average height of the surface. The roughness o characterizes the spatial
variation of a rough surface along the vertical direction. Larger values of ¢ indicates
a rougher surface. Two other parameters, lateral correlation length £ and roughness
exponent « characterize the spatial variation in lateral direction and can be determined
from the height-height correlation function H(r) as described in Section 2.2.4.5.

3.3.4 Structural properties

Within this work, the structural properties of the ZnO:Al films are characterized by
x-ray diffraction (XRD) and transmission electron microscopy (TEM). Though TEM
can also determine the topography of thin-films, the role of TEM in analyzing the struc-
tural properties is emphasized, as the topographies are more easily available from SEM
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Figure 3.7: (a) - Schematic of Bragg’s law; (b) - a typical diffraction peak versus 26 of
ZnO:Al films.

and AFM measurements. In the following, the sample preparation and measurement
principles of XRD and TEM are briefly introduced.

3.3.4.1 X-ray diffraction (XRD)

XRD is a non-destructive technique for determine the crystallographic structures in
crystals and polycrystalline thin-films. The energetic x-rays can penetrate deep into
the samples and providing information about the bulk material. The wavelength of the
x-rays used is comparable to the size of atoms (in the range of a few angstroms to 0.1
angstroms). Thus, x-rays are suited to probe the arrangement of atoms or lattices in a
wide range of materials. a common XRD measurement is the so-called § — 26 scan. In
the 6 — 20 geometry, the x-ray tube is stationary, the sample is moved by the angle
and the detector is simultaneously moved by the angle 20. To achieve this configuration,
the sample holder and the detector are driven in a 1:2 relationship.

In 6 — 20 measurement, if the sample has crystalline portions parallel to the surface
with a periodic lattice plane spacing (d) larger than that of the incoming x-rays, the x-
rays will constructively interfere when the Bragg condition is meet. The Bragg condition
is expressed as

2dsin(#) = nA, (3.10)

where d is the inter-plane distance, ¢ is the incident angle of x-ray beam, n is an integer
representing the order of the diffraction peak, and A is the wavelength of the x-rays. A
schematic of Bragg’s law is shown in Fig. 3.7(a). By scanning through different angles
(but keeping the 6 — 20 geometry), peaks in the reflected signal appear when Equation
3.10 is satisfied. The positions of the diffracted peaks correspond to a given lattice spac-
ing that can be correlated to a particular crystal orientation, assuming the composition
of the sample is know. The different crystallographic orientations are denoted by Miller
indices (hkl). With hexagonal and rhombohedral lattice systems, it is possible to use
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the Miller indices which have 4 numbers (hkil), where ¢ = —h — k. In the 6§ — 20 mea-
surement, since the sample is fixed, thus only the planes parallel to the substrate are
measured. Therefore, it is important to note that other orientations may exist, but are
not observed.

A typical XRD diffractogram of sputtered ZnO:Al films is shown in Fig. 3.7(b). The
dominate peak position is normally locate at an angle of 34.4°, which corresponds to
(0002) out of plane orientation. The positions, widths, intensities, and shape of the
peaks provide important information about the structure of the measured materials.
The position of peaks shift to smaller or larger angles if the lattice constant is larger or
smaller, respectively. The shifts of the peak in ZnO:Al films can be caused by stress in
the films and the impurities such as dopants in the films.

In this work, the XRD measurements were performed by Xpert-pro (PANalytical) in
6 — 260 mode. The x-ray source was copper-K, with a wavelength of 0.154 nm. The
incident angle of x-ray beam 6 was changed from 10° to 40° in small steps. The widths
of the peaks are characterized by the full width at half maximum (FWHM) which is
denoted Fig. 3.7(b). The vertical grain size 7 of a grain can be calculated from the
FWHM of the peak using the Scherrer formula

KX

T B(20)cos(0)’ (8:11)
where K is the shape factor and 8 is the FWHM of a particular peak in radians. The
dimensionless shape factor has a typical value of about 0.9. Note that lattice distortions
such as defects and strain reduce the estimated grain size, since the estimated grains
corresponds to the thickness of the coherently scattering layers in the vertical direction.
Note that the relative error of FWHM has been estimated to be between +20 and -3 %
[68], since FWHM is sensitive to the sample alignment.

3.3.4.2 Transmission electron microscopy (TEM)

TEM is a microscopy technique whereby a beam of electrons is transmitted through
an ultra thin specimen, interacting with the specimen as it passes through. TEMs are
capable of imaging at a significantly higher resolution than light microscopes, owing
to the small de Broglie wavelength of high energy electrons. Unlike the SEM, where
back scattered and secondary electrons are utilized, forward scattering electrons include
a direct beam of mostly elastically scattered electrons, and a diffraction and inelastic
scattered electrons through the thin specimen are seen on a screen as diffraction patterns
or images. From top to bottom, TEM measurement set up normally consist of three
components: illumination system, objective lens/stage, and the imaging system. The
illumination system contains the electrons gun and the condenser lenses. Its role is to
take the electrons from the source and transfer them to the specimen. Parallel electron
beams were used in this work. The stage is used to clamp the specimen holder in a correct
position such that the objective lens can produce reproducible diffraction patterns and
images. The distance between the sample and intermediate lens has to be fixed. The
imaging system uses several lenses to magnify the image or the diffraction patterns
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produced by the objective lens and focus these on the viewing screen. The center part of
a TEM is the objective lens. A schematic drawing of objective lens and imaging system
is shown in Fig. 3.8. Typically, there are two operation modes in TEM measurement:
diffraction mode and image mode. The working principle of the two operation modes are
shown separately in the figure. The objective lens disperses the electrons emerging from
the back surface of the specimen, to create a diffraction pattern in the back-focal plane.
The intermediate lens and project lens then take the diffraction pattern as object, and
project them on the viewing screen. If an aperture is inserted on a plane conjugate with
the specimen, then it creates a real aperture on the specimen. The resulting diffraction
pattern is called selected area diffraction pattern (SADP).

To view the images of the specimen, an aperture is inserted on the back-focal plane
of the objective lens to block out most of the diffraction pattern, except that small area
which is visible through the aperture. If the aperture is adjusted such that only electrons
in the direct beam can pass through, then the bright-field (BF) images are obtained. If
instead the scattered electrons (e.g., a specific diffracted beam (usually) or a portion of
a diffraction ring) are selected, dark-field (DF) images are obtained.

Specimen

T AN\ /B

<7 7; Objective lens < >
——Back focal plane — EE—_{ _r‘t
fixed aperture
— mmmmm——Conjugate plane
aperture
\ Intermediate lens P.

Projector lens
Imaging screen

Diffraction pattern Final image

Figure 3.8: Schematic of the objective lens and imaging system of a typical TEM setup.
The left figure shows the diffraction operation mode while the right one shows
the image working mode. [111]
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One challenge of making TEM measurement is that thin specimens are required (gen-
erally less than 100 nm). Cross-sectional and plan view ZnO:Al films were investigated.
To prepare the specimen for cross-sectional image, focused ion beam (FEI co., Helios
nanolab 400S) was used to cut the ZnO:Al films on glass substrates twice to get a thin
lamella. Pt was deposited on the ZnO:Al film surface in order to protect the surface of
the film during ion beam bombardment. Planar view specimens were prepared by me-
chanical grinding, dimpling, and Ar ion milling employing the back thinning technique.

The SADP depends on the nature of the specimen. The positions of the spots in the
SADP corresponds to the reciprocal distances of the planes in the specimen. Only the
planes parallel to the electron beam are detected by TEM measurements. Thus, in a
planar view of c-axis oriented ZnO:Al sample, the diffraction spots from (0002), (10-10),
(10-12) and (10-13) planes are absent, and only the spots from (10-10), (11-20) and
(20-20) planes are observed [72]. Generally, a ring pattern indicates a random in-plane
distribution of the crystallites within the selected area, while regular spots indicates the
crystallites within the selected area have preferred in-plane orientation. By integrating
over the rings of a diffraction pattern, the radius of the rings is the reciprocal of the lattice
constant. A curve with many peaks similarly to XRD spectra is obtained. However, the
integration of rings from a TEM SADP is different than an XRD pattern, since in XRD
0 — 26 measurements, the planes parallel to the substrate surface are detected. Moreover,
the diffraction peaks of electrons from the atoms in TEM are broader than in XRD.

3.3.5 Surface composition - X-ray photoelectron spectroscopy
(XPS)

Within this work, the surface chemical composition after ion beam treatment is charac-
terized by x-ray photoelectron spectroscopy (XPS).
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Figure 3.9: (a) Schematic of the emission of electrons by x-ray. (b) A typical XPS
spectrum of Corning glass.
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Photoelectron spectroscopy utilizes photo-ionization and analysis of the kinetic energy
distribution of the emitted photoelectrons to determine the composition and electronic
state of the surface region of a sample. In the XPS, the photon energy of x-ray is usually
in the range of 200 — 2000 eV. The energy of the photons E is expressed as

E = h, (3.12)

where h is the Planck constant and v is the frequency of the photon. The photons with
certain energies hv are absorbed by material, leading to ionization and the emission of
core (inner shell) electrons. The kinetic energy of the emitted photoelectrons K E must
obey the energy conservation law

E(A)+hv = E(A") + KE, (3.13)

where E(A) and E(A*) are the energy of atom before and after ionization, respectively.
Thus
KE = hv — (E(A") — E(A)). (3.14)

The term E(A1)— E(A), representing the energy difference between ionized and neutral
atoms, is the binding energy of the electron. Another simplified consideration about the
binding energy of electrons is shown in Fig. 3.9(a). The binding energy may be regarded
as the energy difference between the initial and the final state after the photoelectron
has left the atom. Because there is a variety of possible final states of the ion from each
type of atom, there is a corresponding variety of kinetic energies of the emitted electrons.
Moreover, there is a different probability or cross-section for each final state. Therefore
peak intensity indicates the relative probabilities of the various ionization processes.

Because each element has a unique set of binding energies, XPS can be used to identify
and determine the concentrations of the elements in the surface. Variations in the
elemental binding energies (the so called chemical shifts) arise from differences in the
chemical potential and polarizability of compounds. These chemical shifts can be used
to identify the chemical state of the material being analyzed.

In this work, XPS analysis were carried out with a Physical Electronics XPS 5600
spectrometer using monochromatized Al Ko radiation (hv = 1486.6 ¢V). The analyzed
area of the sample was 800 um?. The pressure in the analysis chamber was around
5 x 107 mbar. Two different measurement modes were recorded. The survey scans
were performed using a high pass energy of 187.8 ¢V and a step size of 1 eV, which
correspond to an energy resolution of a few eV. This mode was used to detect the
elemental composition of the surfaces. The binding energy scale was calibrated from the
hydrocarbon contamination using the C 1s peak at 285.0 eV. The relative error of the
estimated atomic percentage is £15%. Fig. 3.9(b) shows a typical XPS survey scan of a
Corning glass surface. The O 1s, Si 2p and C 1s core levels are identified by the peaks at
binding energy of 532 eV, 102 eV and 285 eV, respectively. The intensity of each peak
is directly related to the quantity of each element within the measured area.

In addition core level spectra were recorded (pass energy = 11.75 eV, step size =
0.05 eV) with an energy resolution of about 0.5 eV in order to determine the different
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compounds of each element. Core peaks were analyzed using a nonlinear Shirley-type
background [112]. The peak positions and areas were optimized by a weighted least-
squares fitting method using a convolution of Gaussian and Lorentzian line shapes.
Quantification was performed on the basis of Scofield’s relative sensitivity factors [113].
Thus, by making a detailed scan of several peaks, more information about the corre-
sponding elements are extracted.

3.3.6 Solar cells characterization
3.3.6.1 Current-voltage measurement

As mentioned in Section 2.3.4, the performance of solar cells are characterized by cell
efficiency 7, fill factor F'F, short circuit current density Jy., and open circuit voltage
V,e. These parameters can be obtained from the characteristic of an illuminated J — V
curve. Standardized measurement conditions of solar cells allows for the comparison of
different cells. The standards for cell testing are Air Mass 1.5 spectrum (AM 1.5) for
terrestrial cells and Air Mass 0 (AM 0) for space cells. The intensity of AM 1.5 solar
irradiation is 1000 W/m? and cell temperature is 25 °C. The cells in this work were
measured by a class A solar simulator (WXS-140S-Super, Wacom) under standard test
conditions. The class of the sun simulator is defined according to the spectra match,
irradiance inhomogeneity, and temporal instability. The light source in this setup comes
from the combination of xenon and halogen lamps, which produce light with shorter and
longer wavelengths, respectively. Several filters are then utilized to simulate the AM 1.5
spectrum. The challenges for maintaining stable results are the homogeneity of the light
source and the temperature control of the solar cell. The homogeneity of the light is
achieved by integrator and collimator lenses. The solar cells are fixed with vacuum to a
copper plate equipped with water cooling and integrated electrical heating keeping its
temperature constantly at 25 °C. Moreover, the intensity of the light source might also
be influenced by the age of the lamps. Therefore, calibrations of the setup with photo
diode are performed regularly before the cell measurement to ensure the accuracy of the
results. The cell current densities are measured as a function of voltage by SMU 238
(Keithley) while the cells are illuminated. Short circuit current density Jg., open circuit
voltage V,., and fill factor F'F’ were then determined from the J—V curve. Cell efficiency
is calculated from the maximum output electrical power over the light, as introduced by
equation 2.35. Additionally, blue (BG 7) and red filters (OG 590) were used to block
part of the spectrum when cell performances under a special light spectrum are desired.

3.3.6.2 Quantum efficiency

Spectral response of solar cells in this work was measured with an in-house made setup. A
xenon lamp was used as light source. Using a monochromator and chopper, a monochro-
matic light with wavelength between 200 and 1400 nm were generated. The source beam
is then divided into two beams using a mirror. A reference beam is directed to a photo-
diode and the other is used to illuminate the solar cell. The generated current density
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of the solar cell sample is detected with a source measurement unit, normalized to the
illumination density of the lamp, and is referred to as the differential spectral response
(DSR). For QE measurement of microcrystalline Si thin-film solar cells, light with wave-
lengths from 300 to 1100 nm are used with a step of 10 nm. The quantum efficiency is
calculated from the differential spectral response as shown in equation 2.36.
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4 Characterization of the ion beam
treatment

This chapter introduces the characterization of the ion beam treatment. The ion beam is
generated from a linear anode layer ion source. First of all, the characterization of the ion
beam by Optical emission spectroscopy (OES) is given. In order to modify the surfaces
by ion beam treatments in a controllable way, the characteristics of the ion beam etching
should be investigated. Therefore, as a foundation of this work, this chapter shows the
etch rates of glass substrates and ZnO:Al films under different treatment conditions. The
experimental etch rates are compared with simulation and theoretical predicted values.

4.1 Optical emission spectroscopy of the ion beam

Optical Emission Spectroscopy (OES) has been applied to detect Ar and O, ions in
different ion beams. The optical fiber was fixed at the backside of the process chamber
in order to watch the ion beams through a window. The detectable wavelengths of this
optical fiber are in the region of 393 — 526 nm. Fig. 4.1(a) shows the emitted light
spectra of Ar and O elements versus wavelength by black and blue lines, respectively
[114]. The intensities of these lines represent quantitative estimates of relative line
strengths that take account of varying detection sensitivity at different wavelengths.
State I and II indicate neutral and single ionized elements, respectively. It is seen that
both neutral and single ionized Art are detectable, while only single ionized OF and
O™ ions can be detected by this measurement setup, since the lines emitted by neutral
oxygen are in the wavelength region of 616 — 778 nm.

The emission spectra of ion beams generated with different parameters were recorded.
The discharge voltage was varied from 2 kV to 1 kV, while the pressure in the chamber
was kept at 1 pbar. 30 standard cubic centimeter per minute (scem) Ar, 60 scem Oa,
and mixed 20/20 sccm Ar/Oq were used as source gases for the ion source, respectively.
The emission spectra of the six ion beams are shown in Fig. 4.1(b). Most peaks can
be attributed to Ar and O elements, as compared with Fig. 4.1(a). Few peaks might
be related to the impurities in the environment or caused by the artificial error of the
spectrometer. In this work, the focuses are on the Ar and O peaks with highest in-
tensities which are marked by arrows in Fig. 4.1(b) and enlarged in Fig. 4.1(c) and
(d), respectively. The ion beams generated from discharge voltage of 2 kV are shown in
bold lines, while the ion beams with smaller discharge voltage are shown in thin curves.
The Ar, Oq, and mixed Ar/O; ions are shown by solid, dash-dotted, and dashed curves,
respectively.
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Figure 4.1: Optical emission spectra of Ar and O elements [114], in which I indicates
neutral and II indicates singly ionized gas (a). OES signals of ion beams
generated from Ar (solid curve), Ar/O, (dashed curve) and O, (dash-dotted
curve) gas in the wavelength range of 393 — 526 nm (b). Two enlarged spec-
tra are given in the range of 419.5 — 420.5 nm and 487.5 — 488.5 nm (c) and
464.5 — 465.5 nm (d).
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4.2 Static etching

For Ar ion beams with two different discharge voltages, the peaks at wavelength about
420 nm originated from neutral Ar has similar intensity to the peaks of singly ionized
Ar at about 488 nm (see Fig. 4.1(c)). It indicates that in Ar ion beam, the ionization
fraction of Ar gas atoms may be approximately 50%. With half discharge voltage, the
Ar peak intensity decreases more than a factor of 3, indicating that much less ions were
generated with smaller discharge voltage. For O, ion beam, because the neutral state
of oxygen is not measurable with this setup, it is not possible to estimate the oxygen
ionization fraction. However, the intensities of oxygen ions are so low that when the
discharge voltage was 2 kV, only one peak at 465 nm was measured, and when the
discharge voltage was 1 kV, almost no signals were detected (see Fig. 4.1(d)). The O
peak at 465 nm represents first ionized state, i.e. OF or OF. Because the threshold
energy for OT ions is higher than O3 ions (see Section 2.1.1), it is assumed that O3 ions
contribute more to this peak.

When pure Ar or Oy were used as source gases, only Ar or O peaks were detected,
respectively. With source gas of mixed Ar/O,, both Ar and O peaks were observed,
though with lower discharge voltage, the intensity of O peak was very low. In the mixed
Ar/O, ion beams, the intensity of Ar ions peak is around 8 times higher than that of O
peak, means that the concentration of Ar ions is much higher than O ions, indicating
lower ionization fraction of O, ions.

4.2 Static etching

Static etching refers to static substrates in front of the ion source. The ions are shot
from the narrow racetrack of the ion source, thus the intensities of the ions are not
uniform along the x-direction (see Fig. 3.3). The removed thickness of ion bombarded
substrates is proportional to the intensity of the ions, including ion energy and density.
Assuming that the distribution of ion energies is not related to their positions in the
beam, the etch rate is proportional to the ion density. The removed thickness profiles of
statically treated substrates were measured, in order to obtain information on the ion
beam density. Source gas and tilt angle were varied in this section. The etch rate of glass
substrates with different parameters were estimated based on these removed thickness
profiles.

4.2.1 Different source gas

It is known that the etch rate of certain material depends on the species of ions. The
mass, velocity and chemistry of different ions influence the interactions between the ions
and the substrates. Static ion beam etchings were performed with different source gases
(Ar, O; and mixed Ar/O,).

Three Corning glass substrates were etched statically by ions generated from different
gas compositions. The source gas for the three treatments was 30 sccm Ar, 60 sccm
O,, and mixed 20/20 scem Ar/O,, respectively. The discharge voltage was 2 kV and
the working pressure in the process chamber was 1 pubar. The treatment time was fixed
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Figure 4.2: Removed thickness and static etch rate of glass substrates by Ar (squares),
Oy (circles), and Ar/O, (triangles) ions.

for 65 min. Discharge current was determined by the source gas, working pressure, and
discharge voltage. Under the above conditions, the discharge currents were in the range
of 0.14 — 0.19 A for the three treatments. The ion source was not tilted during these
treatments. A line under a vacuum tape was protected from the ion beam etching, while
the other areas were etched. Thus, after removing the vacuum tape, the thickness step
at the edge of vacuum tape measured by Dektak provides the removed thickness.

The removed thickness and static etch rate of differently treated glass substrates are
shown in Fig. 4.2 versus positions on the substrate. The x-axis represents the distance
to the left chamber wall. For each treatment, the removed thickness profile has two
peaks, indicating the fastest etched positions. The distances between the two peaks is
7 cm, the same as the width of the racetrack of ion source. Therefore, it is concluded
that the removed thicknesses are the highest at the racetrack positions, and decreases
at other positions. It means that the ion flux is higher in front of the racetrack, and
decreases as getting far away from the racetrack.

The figure also shows that the removed thickness and etch rate of Ar ion etching are the
highest among the three treatments, while the other two etchings lead to similar smaller
removed thicknesses and etch rates. Removed thicknesses are directly corresponding
to sputtering yield (atoms/ion) multiplied by ion flux (number of ions). The ion flux
generated from O, gas is lower than from Ar gas, as shown by OES measurements in the
last section. The comparison of sputtering yield by Ar and O ions on glass substrates
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Figure 4.3: Removed thicknesses and etch rates of Corning glass substrates by Ar etching
from non-tilted ion source (squares), 11° tilted (circles), 25° tilted (triangles)
and 40° tilted (inverse triangles) ion source.

will be discussed in the final section of this chapter.

4.2.2 Tilted ion source

As shown in Fig. 3.3, the ion source can be tilted to change angle of incidence. The
etch rates of the substrates are different for ion beams incident from different angles.
The etch rates of Corning glass substrates by Ar ion beams were investigated at four
different angles in terms of removed thickness.

Three 10 x 10 cm? glass substrates were placed along x-direction and treated by Ar
ion beams for 65 min. The experiments were performed when the ion beam was not
tilted and tilted 11°, 25°, and 40° to surface normal. The discharge voltage for all the
ion beam treatments was fixed at 2 kV. The source gas was 30 sccm Ar and the working
pressure in the process chamber was 1 pubar. Vacuum tape was used to measure the
removed thickness along x-direction.

Fig. 4.3 shows the removed thicknesses and static etch rates of glass substrates versus
positions on the substrates. As the last figure, the x-axis represents the distance to the
left chamber wall, and the peaks in each etching profile correspond to the racetrack. The
distances between the two peaks for the etchings by non-tilted, 11° tilted, 25° tilted, and
40° tilted ion source are 7 cm, 8 cm, 9 cm, and 11 cm, respectively. The slightly increase
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of the width of peak was caused by the tilt of ion source. Moreover, with tilted ion
source, the etched area gets wider and shifts to larger x-position.

The figure also shows that the etch rate gets higher with increasing tilted angle, which
is a common effect for ion beam etching as discussed in Section 2.1.2.1. The sputtering
yield increases with increasing incident angle and reaches maximum at about 70 — 80°,
because more sputtered recoils can move to sample surface with tilted ion incident angle.
When the incident angle is approaching 90°, sputtering yield will dramatically decrease
as a result of extended scattering and reflection. However, the maximum tilt angle of
the ion source in this system is 40°. Thus, it is not possible to check the incident angle
for maximum sputtering yield.

4.3 Dynamic etching

This section examines the etch rate of Corning glass and ZnO:Al films by dynamic
ion beam etching. The substrate was moved through the ion beam in order to receive
uniform treatment. The etch rate of ZnO:Al films and glass substrates by various ion
beam treatments are presented in the following.

4.3.1 Different power and tilt angle

A series of glass substrates were etched by Ar ion beams with different discharge power
and tilt angle of ion source. The pressure during the ion beam etching was fixed at 1 pbar
and the source gas was kept at 30 sccm. The discharge voltage was varied from 500 V
to 2000 V to achieve various discharge powers. The discharge power is the product
of discharge voltage and discharge current. The dynamic etch rates (DER) defined
according to equation 3.1 in Section 3.2.2 were calculated from the removed thickness.
The etchings were performed by ion source with tilted angle of 25° and 40° to surface
normal. Experimental obtained dynamic etch rates versus discharge power with different
incident angles are shown in Fig. 4.4 by solid symbols. The dynamic etch rates estimated
from static etching in Fig. 4.3 are also shown by empty symbols. These DERs were
estimated by integrating the static etch rates over the etched area. It is shown that
the estimated DERs from static etching are consistent with the experimental measured
DERs.

As already experienced in static etching, the DER is higher at large tilted angle. If
higher etch rates are required, the ion source needs to be tilted. DER increases linearly
with increasing discharge power, reflecting the fact that ions with higher energy lead to
higher sputtering yields than those of low energy. Note that when the discharge voltage
is in low kV range, most of ions obtained energies also in low keV range, then the ion-
sample collisions belong to knock-on regime, in which the sputtering yield is proportional
to ion energy Fj;, as described by equation 2.8. Thus, the DER increases linearly with
the increasing discharge voltage. Maximum etch rate of 1.5 nm - m/min was achieved at
40° and discharge power of 313 W.
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Figure 4.4: Dynamic etch rate (DER) of glass substrates by Ar ions versus discharge
power of the ion source when the tilt angle of ion source is 25° (triangles)
and 40° (inverse triangles). The calculated DER from static etching in Fig.
4.3 are shown with empty symbols.

4.3.2 Different source gas and substrate

The DER also depends on the ion species and etched materials. The static etching
experiments of glass substrates with different ions have shown that the Ar ions have
higher etch rate than the Oy ions. This section presents the DER of Ar and O, ions on
ZnO:Al films and glass substrates.

When the ion source was tilted 40° to substrate normal, 30 sccm Ar and 60 sccm
O, were used as source gases to treat ZnO:Al films and glass substrates with different
discharge power. Again, the pressure in the process chamber during the ion etching was
fixed at 1 pbar and the discharge power was varied by using different discharge voltage.
The DER results versus discharge power for different treatments are shown in Fig. 4.5.
Similarly as last figure, DERs increase linearly with increasing discharge power. With
the same source gas and discharge power, both Ar and O, ion beams have faster etch
rates on ZnO:Al films than on glass substrates. For the same substrates, Ar ions have
faster etch rates than O, ions with similar discharge power, which is the same as in static
etching.
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Figure 4.5: Dynamic etch rate of glass and ZnO:Al films.

4.4 Discussion

As mentioned, the collisions lie in the knock-on regime, indicating the sputtering yield is
described by equation 2.8. The sputtering yields are proportional to the dimensionless
function o and energy transfer coefficient v between ions and substrate atoms during
the collisions, which both are determined by the mass ratio My/M; for perpendicular
incidence. The values of o and v for Ar and O ions bombardments of O, Si and Zn
atoms calculated from equation 2.4 and 2.9 are listed in Table 4.1. Here atomic ions
and substrates are assumed. For Ar and O ions, the energy transfer coefficients v to Zn
are lower than to Si, seems that less energies are transferred to ZnO films than to glass
substrates. However, Zn atoms have higher o than Si atoms, resulting in higher coeffi-
cient of v x a. Moreover, the sputtering yields are inversely proportional to substrate
surface binding energy U,. The absolute sputtering yield Y calculated from equation
2.11 in Section 2.1.2.1 are also listed in the table. The surface binding energy U, are
taken from the sublimation energy of the atomic elements. The incident energy of the
atomic ion for the calculation is 1000 eV. The results indicate that Yy, > Yy > Y.
However, in ZnO and glass substrates, the surface binding energy of the molecules
differs from elemental substrates. Generally, the surface binding energy describes the
amount of energy required to remove the atoms from sample surface. Several methods
have been proposed to estimate surface binding energy for metal alloys and oxides [115-
117]. This work follows the method introduced by May P.W. et al., which uses the
heat of atomization to estimate U, [117]. In this calculation, it was assumed that the
average surface energy is relevant to all atoms equally. It was assumed that in Corning
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Table 4.1: Energy transfer coefficient v between ions and substrate atoms, dimensionless
function «, and theoretical predicated sputtering yield Y of atomic Ar and
O ions bombardment of O, Si and Zn atoms. M; and M, represent the mass
of ions and substrate atoms, respectively. Uy represents the surface binding
energy of substrate atoms.

Substrate Ar ions (M;=40) O ions (M;=16)
Type | My | Us ¥ a | vXa Y ¥ a | vXa Y
eV atoms/ion atoms/ion
O 16 2 0.82 | 0.2 | 0.16 2.2 1 0.3 0.3 2.3
Si 28 [1.351 097 ]0.24| 0.23 1.2 0.92 1 0.44 | 0.40 1.2
Zn | 65 | 4.7 1094 ]0.42 | 0.39 6.7 0.63 | 0.76 | 0.48 5.8

Table 4.2: Estimation of surface binding energy by summarizing compound formation
enthalpy AH, sublimation energy AH; and gas dissociation energy AHT.

Substrate | Reactions Energy kJ/mol Total energy

Zn0O Zn0 (s) = Zn (s) + 1/2 Oy (g) | AH; = 348 kJ/mol | 725.5 kJ/mol
1/2 05 (g)—0 (g) AHT = 247 kJ /mol =

Zn (s) — Zn(g) AHg = 130.5 kJ/mol | 3.75 eV /atom

SiOq Si0q (s) — Si (s) +02 (g) AH; =908 kJ/mol 1607 kJ/mol
02 (g)— 20 (g) AHT = 247 kJ /mol =

Si (s) — Si (g) AH, =494 kJ/mol | 5.55 eV /atom

glass substrate, the materials are composed of amorphous SiOy. Table 4.2 shows the
estimations of the ZnO and SiO, compounds, in which AH; denotes the formation
enthalpy per molecule of compounds, AHT denotes the energy required for dissociation
of molecular atoms, and AH, represents the sublimation energy of the elements. The
above energies were found in SI and JANAF chemical tables [118, 119]. As a result,
the surface binding energies for ZnO and SiO, are 3.75 eV /atom and 5.55 eV /atom,
respectively. Combined with the coefficient v X v as shown in Table 4.1, it is conceivable
that ZnO can be etched faster than glass substrates.

The sputtering yield of atomic Ar and O ions bombardments of ZnO and SiO, films
were calculated by TRIM, which is a Monte Carlo computer program that calculates
the interactions of energetic ions with amorphous samples [120]. TRIM codes are also
based on binary collisions as the linear collision theories. Therefore, the results from
TRIM simulations shall be consistent to the above theoretical analysis. Sputtering yield
in atoms/ion is one of many output results of TRIM program. The properties of ions,
including ion type, energy, and incident angle are defined by input parameters. The
properties of substrates are described by several parameters, for example film density,
thickness, and compositions. Additionally, lattice binding energy, displacement energy,
and surface binding energy of each element in the substrate are required. Calculated
surface binding energy as shown in Table 4.2 were used in the TRIM program, while
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Figure 4.6: (a) - Sputtering yields versus incident angle simulated by TRIM program
of four ion beam treatments: Ar bombardments of glass (squares), O bom-
bardments of glass (circles), Ar bombardments of ZnO (triangles) and O
bombardments of ZnO (inverse triangles). (b) - Y (6)/Y(0) of the above
TRIM simulated results, compared with cos()~® when b = 1 and 1.5.

the other two parameters were taken from default values in the program. The total
sputtering yields of glass substrates or ZnO films by atomic Ar and O ions are shown
versus incident angle in Fig. 4.6(a), in which 0° indicates normal incidence. Energy of
incident ion for the TRIM simulation is 1000 eV.

At normal incidence (6 = 0), sputtering yields from TRIM simulation of ZnO and SiO,
by Ar ions are 2.23 and 0.61 atoms/ion, respectively. Similarly, by O ions, the sputtering
yields of ZnO and SiO, are 1.73 and 0.84 atoms/ion, respectively. As discussed already,
lower sputtering yield of SiO, as compared with ZnO is due to higher surface binding
energy Uy and smaller product of energy transfer coefficient and dimensionless factor
v X a.

The TRIM simulation also shows that on ZnO substrate, sputtering yields of Ar ions
are higher than O ions at all incident angles, while on glass substrate, Ar ions lead to
lower sputtering yield than the O ions when the incident angle is below 30°. When the
incident angle is larger than 40°, Ar ions again lead to higher sputtering yield than O
ions. However, in experiments, Ar ions always show higher etch rate than O ions, even
for perpendicular bombardments of glass substrates (see Fig. 4.2). The reason might
be related to the reduced sputtering yield due to the formation of nonvolatile oxides by
reactions between substrate atoms and O atoms. Therefore, the real etch rate of O ions
shall be smaller than the prediction of TRIM simulation.

The angle dependence of experimental etch rate is considered together with the TRIM
simulation in this paragraph. The simulation shows that the sputtering yield increases
with increasing incident angle and to the highest at 70°, and then decreases with further
larger tilted angle. The sputtering yields at incident angle 6 are divided by the yield
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at normal incidence. The results are shown in Fig. 4.6(b). As introduced in Section
2.1.2.1, angle dependence of sputtering yield often follows cos(6)~, where b is a constant
related to mass ration My/M;. However, this relationship might break down for light
or low energy ions. The solid and dashed lines represent curves of cos(6)~" with b = 1
and 1.5, respectively. It shows that the increase of sputtering yield of ion-ZnO system
is fitted approximately close to b=1.5, while the sputtering yield of ion-glass etching
increases with angle more pronounced than cos()5. The former is consistent with the
theoretical predicted value and the latter seems more like in low energy knock-on regime.
The experimental etch rates of ZnO and glass from 0 — 40° are also shown in the figure
by empty circles and squares, respectively. The experimental etch rate increases with
increasing incident angle in a much more pronounced way than the TRIM simulations
and theoretical predictions, which can be explained by several reasons. Firstly, the
discharge voltage for these experimental data points was 2 kV, so the average ion energy
is approximately 1000 eV with energy distribution similar to Fig. 2.4. Thus, a large
fraction of ions in the ion beam have lower energy than 1000 eV, indicating that more
collisions belong to low-energy regime. Secondly, the theory deals with totally flat
surfaces, while in reality, the glass and ZnO are not ideally flat. The ZnO films used in
this work have crater-like morphologies with lateral length in the range of 50 nm. The
local slope on the surface increases the incident angle, leading to enhanced etch rate.
Therefore, in the experiments, etch rates increase with increasing incident angle faster
than the predictions of theories.

4.5 Summary

The compositions of ion beams have been investigated by OES in this chapter. It was
concluded that both neutral and ionized ions exist in the ion beam. Static and dynamic
etching of ZnO and glass substrates by ions generated from Ar and O, gas have been
studied in the last sections. The removed thickness and etch rates were obtained under
different treatment parameters and compared with theoretical values. It is important for
the following experiments, since the treatment time for glass substrates or ZnO:Al films
can be estimated as long as the required removed thickness and treatment parameters
are known.
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p-i-n silicon thin-film solar cells are composed of many layers, including glass substrate,
front contact, absorber silicon layer, and back contact. The surface condition of one
layer is quite sensitive for the growth of the next layer. Therefore, an ion beam is
used to treat film surfaces in the silicon thin-film solar cells, with the aim of improving
the performance of solar cells. This chapter focuses on the ion beam treatment of the
glass substrate. In the first section, it is shown that the ion beam pretreatment of
glass substrate influences the growth of ZnO:Al films significantly, resulting in as-grown
rough ZnO:Al film. The as-grown rough ZnO:Al films provide proper electrical and
optical properties for solar cells. Further, amorphous and microcrystalline silicon thin-
film solar cells on these substrates show that as-grown rough ZnO:Al films can provide
efficient light trapping effect. Then, a series of post treatment experiments and XPS
measurements are investigated, in order to find out the reason of the rough growth.
The surface evolution and structural properties of the as-grown rough ZnO:Al films are
analyzed in the following section. Finally growth mechanisms of as-grown rough ZnO
films are proposed, enlightened by the growth behaviors of ZnO:Al films sputtered on
single ZnO crystal.

5.1 As-grown rough ZnO:Al films

The ZnO:Al films grown on ion beam treated glass substrates are introduced in this
section. Different ion beam treatments were applied on bare, clean Corning glass (Eagle
XG@G), then standard ZnO:Al films were sputtered on the ion beam pretreated glass sub-
strates. On ion beam treated glass substrates, the ZnO:Al films show as-grown rough
features. Firstly, electrical and optical properties of the ZnO:Al films developed on
Ar/O, treated glass substrates are examined. Then, a-Si:H, uc-Si:H and tandem solar
cells prepared on the as-grown rough ZnO:Al films will be given.

5.1.1 Different glass pretreatment

In the following, the properties of the ZnO:Al films grown on ion beam treated glass
are discussed. Different characterization methods such as SEM, haze measurements,
thickness measurements, and hall measurements were taken on the ZnO:Al films.

The experimental procedure is shown in Fig. 5.1. Firstly, cleaned Corning glass sub-
strates were treated by ion beams. 30 sccm Ar, 60 sccm Og, and mixed 20/20 sccm
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(1)lon beam pretreatment (2) Magnetron sputtering
lons
RRRAAIR PR
T Glass 3 Glass

Figure 5.1: The experimental procedure of ion beam pretreatment of glass substrates
before sputtering of ZnO:Al films.

Ar/O4 were used as source gases, respectively. The discharge voltage of these ion beam
treatments was kept at 2 kV and the working pressure was 1 ubar. The discharge cur-
rents determined by the above parameters were all in the range of 0.14 — 0.19 A for the
three treatments. The substrates were oscillated 5 passes with carrier speed of 1 mm/s
in front of the ion source in order to receive homogeneous treatment. The ion beam
treatments time were approximately 16 min. Then the glass substrates were transferred
from the ion source chamber to the sputtering chamber. Note that there is vacuum
break during the transfer process. Standard ZnO:Al films were sputtered on the glass
substrates by rf magnetron sputtering as introduced in Section 3.1.1.1. Additionally, an
untreated glass substrate was added to the series as reference. The four ZnO:Al films
were co-sputtered at the same time.

Figure 5.2: Top SEM micrographs of four as-grown ZnO:Al films on different glass sub-
strates: (a) - untreated glass, (b) - Ar ion beam treated glass, (c) - Oz ion
beam treated glass, and (d) - Ar/O, ion beam treated glass.
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Figure 5.3: Haze of the different ZnO:Al films grown on different glass substrates: (a)
dash-dotted curve - untreated glass, (b) dotted curve - Ar treated glass, (c)
dash curve - Oy treated glass and (d) solid curve - Ar/O, treated glass.

The topographies of the four ZnO:Al films are shown in Fig. 5.2. Fig. 5.2(a) shows
the ZnO:Al film grown on the untreated glass substrate. This is the standard reference
ZnO:Al films in this work. The standard ZnO:Al film exhibits small crater-like features
which are around 50 nm in diameter. Fig. 5.2(b) shows the ZnO:Al film grown on
the Ar treated glass substrate. The ZnO:Al film exhibits small pyramidal grains, and
the surface features are larger than the ones of standard film. On the O, treated glass
substrate (Fig. 5.2(c)), the feature size of the ZnO:Al film increases further to around
300 nm. On the Ar/O, treated glass substrate (Fig. 5.2(d)), the ZnO:Al film shows
largest feature size which is around 500 nm in diameter.

The Haze of the four different ZnO:Al films from 350 nm to 1300 nm wavelength are
shown in Fig. 5.3. The dash-dotted curve is the haze of ZnO film on untreated glass.
Since the surface feature of the ZnO film is only in the range of 50 nm, the haze is very
low. The dotted and dashed curves are haze of ZnO films grown on Ar and O, treated
glass, respectively. The haze increases with increased surface roughness. The solid curve
presents the haze of ZnO film grown on Ar/O, treated glass substrate. It has highest
value because the ZnO film has highest surface roughness.

Concerning Fig. 5.2 and Fig. 5.3 together, it is concluded that the haze value is
related to the surface feature. This is in accordance with the scalar scattering theory
[121-124]

Hrr=1- exp~ (57, (5.1)

where, o is the rms roughness of the ZnO:Al film, and A is the wavelength of the light.
The haze of the film is increased with increasing rms roughness.
The thickness and sheet resistance of ZnO:Al films grown on the different glass sub-
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Table 5.1: The thickness, sheet resistance, lateral feature size and rms roughness of as-
sputtered ZnO:Al films on different glass substrates.

Glass As-grown ZnO:Al films
thickness | sheet resis- | Lateral Rms
tance feature roughness
size
nm Q nm nm
(a) on reference glass 785 4.9 50 4
(b) on Ar treated glass 746 8.1 100 12
(c) on Oy treated glass 688 8.9 200-300 34
(d) on Ar/O, treated glass | 690 11 500 44

Figure 5.4: The cross-sectional SEM micrographs of ZnO:Al films on (a) untreated glass
and (b) Ar/O, ion beam treated glass substrates.

strates are listed in Table 5.1. The first column shows the thickness of the four films.
The standard ZnO:Al film has highest thickness, while the thicknesses of the other three
films are reduced. The thickness difference indicates that the ZnO:Al film on untreated
glass has a higher growth rate than the films on ion beam treated substrates. The sec-
ond column is the sheet resistances of the four ZnO:Al films measured by 4-point probe
setup. The sheet resistance of 4.9 Q) is lowest for standard ZnO:Al on untreated glass,
and highest for the film grown on Ar/O, treated glass (11 ).

The lateral feature size estimated from SEM micrographs and rms roughness calcu-
lated from AFM measurements are also listed in Table 5.1. The film grown on Ar/Os
treated glass has the highest rms roughness of 44 nm, while the reference film is compa-
rably flat with a rms roughness of only 4 nm. Note that with increasing rms roughness,
the sheet resistance of a film also increases. Detailed studies on the electrical properties
are provided in Section 5.1.2.

Cross-sectional SEM micrographs were taken on two ZnO:Al films: reference film and
the film grown on Ar/O, treated glass. They are shown in Fig. 5.4 by (a) and (b),
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respectively. Due to the break edge of the sample, the fringes on the cross-section are
difficult to avoid. Besides of the fringes, the reference ZnO:Al film shows columnar
grains, while the film on Ar/O, treated glass exhibits two types of grains: columnar
grains and conical grains. The surface of the film is dominated by the top of the conical
grains. These conical grains seem to grow much faster than the columnar grains, thus
they overtake the majority of the film’s surface. Note that the as-grown rough Zn0O:Al
film has slower growth rate than the reference film. Therefore, the columnar grains in
the as-grown rough ZnO:Al film has much slower growth rate than the columnar grains
in the reference film. The columnar grains in the as-grown rough ZnO and the reference
material must be different.

The topographies, haze, growth rate, and resistance differences show that the ion
beam pretreatment has significant influence on the growth of ZnO films. Apparently the
pretreatment of the glass substrates leads to as-grown rough ZnO:Al films. Among the
three ion species, mixed Ar/O ions develop ZnO:Al films with largest lateral feature
size and rms roughness, which are favorable in the Si thin-film solar cells. Thus in the
following part of this chapter, the Ar/O, ion beam pretreatment will be focused.

The effect of Ar/O; ion beam pretreatment on the ZnO:Al growth might be influ-
enced by the ion beam treatment intensity and the duration of the ion beam treatment.
Therefore, the ion beam treatment intensity was varied from 2 kV to 1 kV, as well as
the ion beam treatment time from 5 min to more than 120 min. However, the rough
growth behavior of ZnO:Al film was not changed so much. No obvious trends were con-
cluded from these experiments. In the next experiments, the parameters of ion beam
treatments will not be emphasized, but only the species of the ions will be pointed out.

To conclude, unlike the small crater features of standard ZnO:Al film, the ZnO:Al films
grown on ion beam treated glass substrates show larger surface features with pyramidal
shape. Among different gas composition of the ion beam, Ar/O, ion beam pretreatment
of glass substrate gives ZnO:Al film largest feature size and highest haze. When the
ZnO:Al films features become larger, the growth rate of the magnetron sputtering is
reduced. The sheet resistances of the as-grown rough ZnO:Al films are higher than the
standard ZnO:Al film. The optical and electrical properties of as-grown rough ZnO:Al
films will be examined in detail in the following parts of this section. Afterwards, the
films are applied in thin-film Si solar cells.

5.1.2 Electrical properties

This section focuses on the electrical properties of the ZnO:Al films. Reference and
as-grown rough ZnO:Al films on Ar/O, pretreated glass were deposited with different
duration, in order to prepare the thickness series.

Hall effect measurements were performed on those ZnO:Al films at room temperature.
The resistivity, mobility, and carrier concentration were drawn versus film thicknesses
in Fig. 5.5. The reference ZnO:Al films are shown by black squares while the as-grown
rough films are shown by red circles. Though the two types of films were co-deposited,
the as-grown rough films have slower growth rate than the reference films. Therefore,
the data points of the as-grown rough films were shifted to small thickness.
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Figure 5.5: The electrical properties of the as-grown rough ZnO:Al films and reference
ZnO:Al film.

For both series of films, the resistivity drops dramatically at the beginning of film
growth, and then decreases slowly with increased film thickness. Carrier concentration
increases significantly at the initial growth stage and then stays almost constant. Sim-
ilarly the mobility of the two series of films rises fast when the films are thinner than
150 nm and then slow when the films are thicker. From the Fig. 5.5 it is also seen that
the gradient in the resistivity, mobility and carrier concentration of the as-grown rough
ZnO:Al films is much lower than the reference film. There is a crossover, i.e. thick
as-grown rough films have higher resistivity and lower mobility, whereas for very thin
films below 100 nm an opposite trend can be observed.

5.1.2.1 Annealing without Si capping layer

Annealing experiments for as-grown rough ZnO:Al films were performed with and with-
out Si capping layer. As-grown rough ZnO:Al films with thickness of 1556 nm was
annealed in vacuum for 1 to 3 hours. The heater temperature was 600 °C. The base
pressure in the chamber was approximately 1 x 10~7 mbar. The electrical properties of
the ZnO:Al films before and after annealing were measured by Hall effect measurements
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Figure 5.6: The electrical properties of the as-grown rough ZnO:Al film (1556 nm thick)
after annealing in vacuum up to 3 hours. No Si capping layer was covered
on the ZnO:Al film surface.

at room temperature.

The changes of the electrical properties are shown in Fig 5.6. Before annealing, film
mobility is around 33 cm?/Vs. The mobility of the annealed films increases at the
first hour to around 40 cm?/Vs. However, by further increasing of annealing time, the
mobility decreases again to near 34 cm?/Vs. The carrier concentration decreases from
4.7 x 10 ¢cm™ to 3.6 x 10%° cm™2 at first two hours, and then increases a bit at the
third annealing hour. The final carrier concentration is still lower than the as-deposited
film. Annealing of reference ZnO:Al films at 450 °C and 500 °C were described by Ruske
et al. in [125]. It was reported that the mobility and carrier concentration were reduced
significantly by annealing without capping layer.

5.1.2.2 Annealing with Si capping layer

Annealing with Si capping layer has been applied on reference ZnO:Al films as an effective
method to improve the electrical properties to a large extent [125]. Therefore, similar
experiments were carried on the as-grown rough ZnO:Al films.
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Annealing with capping layer experiment was done on as-grown rough ZnO:Al films
with thickness of 620 nm. The ZnO film was thoroughly cleaned and then coated with
n-type amorphous silicon films. Annealing was carried out under Ny atmosphere at
600 °C for 24 h.

The electrical properties of the ZnO:Al films before and after capping-annealing are
shown in Table 5.2. The carrier concentration keep constant, while mobility increases
from 27 cm?/Vs to 37 ecm?/Vs. Accordingly, the sheet resistance and specific resistivity
decreases.

Table 5.2: Electrical properties of as-grown rough ZnO:Al film (620 nm thick) before and
after annealing for 24 hours in Ny with Si capping layer.

Capping-annealing | Sheet Specific re- | Mobility Carrier con-
resistance | sistivity centration
1/Square | Qcm cm?/Vs cm ™3

Before 7.4 4.6 x 107* |27 5.2 x 10%

After 5.4 3.4x107* | 37 5.2 x 10%

5.1.2.3 Discussions

In bulk polycrystalline ZnO:Al films, the electron mobility can be limited mainly by
two mechanisms: the electron scattering within the grains (e.g. the scattering by the
ionized impurities, lattice defects, or phonons) or the electron scattering that occurs
at the grain boundaries, due to the potential barrier formed at these locations [84]. If
the mobility is dominated by the latter, the mobility should increases with increased
grain size, because the grain boundary density decreases, which is the case for the
reference films, their mobility increases with increased thickness. However, for the bulk
as-grown rough films, the mobility gradient is lower. For the films from 95 nm to 350 nm,
i.e. before the large conical grains connect to each other, the mobility is constant at
23 cm?/Vs. This indicates that during the growth of as-grown rough films, two possible
mechanisms exist. One is that the electron scattering in the grains contribute more to
the mobility, means that there are more defects in the grains. The other one is that the
grain boundary density keeps similar during the thin film growth, i.e. the average grain
size doesn’t increase accordingly with film thickness. However, from the AFM results, it
is known that the large grains size increases during the film growth. The latter possible
mechanism can be almost excluded. Thus, the conclusion would be that there are more
defects in the large conical grains, which results in a lower mobility for as-grown rough
film, 29 cm?/Vs at 620 nm, compared to 48 cm?/Vs for the reference film at 800 nm.
The carrier concentration, which is 5 x 10?° cm™3, is roughly constant for the two films
after nucleation stage. The resistivity has similar trends like the mobility. For the as-
grown rough ZnO:Al film at 620 nm the resistivity is 4.6 x 10™* Qcm, even though it is
not as low as the reference Zn0:Al films, it is as already low enough to be considered as
the front contact for thin films solar cells.
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The improvement of as-grown rough ZnO:Al films after annealing in vacuum without
Si capping layer in the first hour may be related to the improved crystallographic quality
in the grains. With continuous annealing in vacuum, the degradation of ZnO:Al films
might be caused by the oxygen diffusion in the films, even though the oxygen content
is low in the ambient. Similar results were reported by Berginski et al. [126] on ZnO:Al
films deposited from low Al content target. The mobility of the ZnO films keep in a
range of £16%. Annealing thermal treatments with Si capping layer can improve the
conductivity even after 24 h’s annealing. It was assumed that the amorphous silicon
capping layer can prevent the degradation of the films during heat treatment, because
amorphous silicon can protect the oxygen diffusion into the ZnO films. Similar results
were also applied on other ZnO:Al films and successfully improved the film electrical
properties [127-129).

5.1.3 Optical properties

Fig. 5.3 has shown that Ar/O, ion beam pretreatment of the glass substrate develops
ZnO:Al film with highest haze. This section focuses on the optical properties of the
as-grown rough ZnO:Al films compared with HCI etched reference ZnO:Al films and
AsahiU SnOs:F film. Not only total transmission and haze, but also angular resolved
scattering (ARS) are investigated to characterize different TCO films. One as-grown
rough ZnO:Al film was prepared on Ar/O treated glass substrate with thickness of
650 nm. The rms roughness of the ZnO:Al film is around 35 nm. The total transmission,
diffuse transmission were measured by optical spectrometer with light from 300 nm to
1300 nm. Angular resolved scattering was measured by the in-house made setup with
rotated light detector as introduced in Section 3.3.2.2.

The total transmission (Tita), haze versus light wavelength, and ARS versus scatter-
ing angle are shown in Fig. 5.7. The as-grown rough ZnO:Al films are shown in dashed
line. As mentioned, the HCI etched reference ZnO:Al film and the AsahiU SnOy:F
film were added for comparison. They are represented by solid and dotted curves, re-
spectively. Ty of the ZnO:Al films are higher than 80% in the wavelength range of
600 — 1000 nm, while the Ty of Asahi U SnOs film is a bit lower in this wavelength
range. However, the SnOs:F film has higher Ty, at smaller wavelength range due to
higher band gap as compared with the ZnO:Al films. T, of as-grown rough ZnO:Al
film and Asahi U SnO,:F film have pronounced interferences as compared with the T a0
of HCl etched ZnO:Al film. HCI etched reference ZnO:Al film has the highest haze, while
the other two films have much lower haze.

In Fig. 5.7(b), the data from 0° to 90° show the diffused transmitted light, while
the data from 90° to 170° present the diffused reflected light. The ARS curves of the
as-grown textured ZnO:Al film and AsahiU SnOy:F film are lower according to the
lower haze value at 550 nm, but have a more Lambertian-like distribution. The highest
intensity of the scattered light for HCI etched reference ZnO:Al film occurs at 12°, while
for the other two films, the highest intensities are shown around 40°.

HCI etched reference ZnO:Al film has highest Haze, which is in accordance to scalar
scattering theory [123]. The lateral feature size of the HCI etched reference ZnO:Al
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Figure 5.7: Optical properties of as-grown rough ZnO:Al films: (a) - Total transmission

and haze; (b) - Angular resolved scattering at 550 nm. HCI etched reference
ZnO:Al film and AsahiU SnOs:F film are added for comparison.
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film is around 1 — 2 wm, which is much larger than those of as-grown rough ZnO:Al
film and AsahiU SnOs:F film. Pronounced interferences of as-grown rough ZnO:Al film
indicate a low rms roughness as compared with the HCI etched reference film. SnOq:F
films have sharp pyramids, while the pyramids on the surface of as-grown rough Zn0O:Al
films have round top. Even the topography of the two films are slightly different, the
Haze and ARS of the two film are very similar. The ARS of HCI etched ZnO:Al films
and SnOq:F films have been related to surface inclination angle by Schulte et al. [130].
Consistent results were found that the maximum scattering angle of SnO,:F is larger
than HCI etched ZnO:Al films. It means that for the as-grown textured ZnO:Al films
and AsahiU SnOs:F film, the transmitted light tends to be scattered to large angles,
which is favorable for solar cells [82, 131, 132]. Though the total intensities of scattered
light by as-grown rough ZnO:Al and SnOy:F films are not as high as by the HCI etched
reference film, the broader scattering angle can compensate the low haze.

5.1.4 Solar cells

In the previous sections, the electrical and optical properties of the as-grown rough
ZnO:Al films have been examined. Based on these measurements, it was claimed that
they are suitable for Si thin-film solar cells. Thus, this section presents the results of
solar cells grown on these ZnO:Al films. ZnO:Al films prepared on Ar/O, pretreated
glass substrates were used as front contacts for amorphous, microcrystalline, and tandem
solar cells. The cell results are given in the following and compared with cells on HCI
etched reference ZnO:Al films.

5.1.4.1 Amorphous Si thin-film solar cells

Amorphous Si thin-film solar cells were deposited on as-grown rough ZnO:Al front con-
tacts. The roughness of the front contact is around 37 nm. The sheet resistance is
around 7.1 €. For comparison, a standard ZnO:Al film which was etched in 0.5% HCI
solution for 40 s was applied as reference. The amorphous Si absorber layers were co-
deposited in an industrial PECVD cluster at Applied Materials. Combined ZnO/Ag
layers were used as back contacts. 18 small square cells with area of 1 x 1 cm? were
separated on each substrate by back contacts. The I-V measurements were performed
by the sun simulator as introduced in Section 3.3.6 under standard condition. Three
best solar cells were averaged and the results are shown in Table 5.3. The best cell on
each substrate was used to measure quantum efficiency. Their results are shown in Fig.
5.8.

The solar cells prepared on the as-grown rough ZnO:Al films give higher cell efficiency
n, fill factor F'F', and open circuit voltage V,., which are 9.4 %, 71 %, and 932 mV, respec-
tively. The short circuit current density J,. of the two cells are the same 14.5 mA /cm?,
as can also be seen from the Fig. 5.8, indicating the as-grown rough ZnO:Al films can
provide excellent light trapping as the reference ZnO:Al substrates. The higher F'F' and
Ve of the solar cells on as-grown rough ZnO:Al films show that the as-grown rough
features are favorable for the growth of amorphous Si layers.
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Table 5.3: Photovoltaic parameters of a-Si:H solar cells grown on as-grown rough ZnO:Al
films and HCI etched reference ZnO:Al films.

Front contact | Back contact White

n | FF | Vo Jsc

% | % | mV | mA/cm?

as-grown rough Zn0/Ag 9.4 71 | 925 14.5

HCI etched Ref. Zn0/Ag 9.1 70 | 911 14.5
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Figure 5.8: External quantum efficiency (EQE) of amorphous Si solar cells on HCI etched
reference ZnO:Al (solid symbols) and as-grown rough ZnO:Al films (dashed
symbols).

5.1.4.2 Microcrystalline Si thin-film solar cells

This section shows the jc-Si thin-film solar cells deposited on the as-grown rough ZnO:Al
films. For this experiment, as-grown rough ZnO:Al films were prepared on Ar/O, treated
glass substrates. 40 s HCI etched standard ZnO:Al films were added for comparison. The
absorber layers were deposited in the large area PECVD chamber in the lab of TEK-5
institute. The thickness of the absorber layer is around 1.1 wm. Single Ag and combined
Zn0/Ag layers were used as back contacts in this experiment. The cells were separated
to 1x1 em? small cells by the back contacts. After the Ag evaporation, the cells were
annealed in oven at 160 °C for 30 min. The cell measurements were performed by the sun
simulator as introduced in Section 3.3.6. The best three cells were selected to calculated
the average value, and the best cell on each substrate was used to measure quantum
efficiency.

The cell results are shown in Table 5.4. With single Ag as back contact, HCI etched
reference ZnO:Al films provide effective light trapping effect with the J,. of 18.1 mA /cm?.
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Table 5.4: Photovoltaic parameters of microcrystalline solar cells on as-grown rough and
HCI etched reference ZnO:Al films.

Front contact | Back contact White Blue Red
n FF ‘/oc Jsc Jsc Jsc

% | % |mV | mA/cm? | mA/cm? | mA /em?
HCI etched Ref. Ag 6.9 | 73.5 | 521 18.1 2.86 8.9
as-grown rough Ag 6.2 | 69.3 | 491 18.2 2.9 8.9
HCI etched Ref. Zn0/Ag 8.0 | 70.3 | 509 22.3 2.67 13.2
as-grown rough ZnO/Ag 6.6 | 69.4 | 508 18.7 2.29 10.8

The as-grown rough ZnO:Al films can also provide excellent light trapping, since they
give comparable Jy. of 18.2 mA /em?. The solar cells grown on as-grown rough ZnO:Al
film give lower FF' and V,. as compared with reference cells. Under blue and red
illumination, comparable Jy. are also obtained. In all, the solar cells on as-grown rough
ZnO:Al films show lower 7 than the reference cells because of the lower F'F' and V..

With ZnO/Ag as back contacts, the performance of cells on HCI etched reference
Zn0:Al films are significantly improved, J,. is increased to 22.3 mA /cm? and 7 is in-
creased to 8.0 %. However, for the cells deposited on as-grown rough ZnO:Al films, the
Jse increases only to 18.7 mA /cm?. The quantum efficiency (QE) and 1-reflection (1-R)
of the four solar cells are shown in Fig. 5.9. The solar cell prepared on as-grown rough
ZnO:Al film is shown in solid curve while the reference cell is shown in dashed curve.
For the two cells with only Ag as back contacts (Fig. 5.9(a)), the QE curves are almost
the same while the 1-R curves have slight difference. 1-R represents the absorbed light
of the cell. The cell prepared on as-grown rough ZnO:Al film has less absorbed light
because of the pronounced interference originated from less rough TCO surface. For the
two cells with ZnO/Ag as back contacts (Fig. 5.9(b)), reference solar cell shows higher
QE than the solar cell on as-grown rough ZnO:Al film.

Generally, ZnO/Ag back contacts can provide higher current density as compared
with the Ag back contacts. It is explained by that ZnO back contact can shift the
back contact absorption peak from about 800 nm to 500 nm where is less relevant to
pe-Si cells [133]. However, for the as-grown rough ZnO:Al substrate, the improvement
of current density by adding ZnO to the back contact is small. This might be due to the
following two reasons. One reason is that the lateral feature size of this specific ZnO:Al
film is too small to scatter light in the wavelength range of 600 — 1000 nm. Researchers
have shown that features with lateral size at about 900 nm are favorable for uc-Si:H
solar cells [134]. The lateral feature size of as-grown rough ZnO:Al film (~ 500 nm), is
not optimal for pc-Si:H solar cells. Another reason would be that the absorption peak
of the ZnO/Ag back contacts is shifted to small wavelength [133]. The most effectively
scattered light by the as-grown rough ZnO:Al films is in the range of its lateral length,
i.e. also in the range of 500 nm. Therefore, a large fraction of the light traveled through
the Si absorber layer after the first optical path is absorbed by ZnO/Ag back reflector,
instead of reflecting back to the absorber layer.
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Figure 5.9: External quantum efficiency (EQE) and 1- cell reflection R of microcrys-
talline silicon cells grown on as-grown rough (dashed lines) and HCI etched
reference ZnO:Al films (solid lines).

The differences in the F'F" and V.. for cells with different back contacts is most probably
given by the reproducibility of the PECVD system since the two series of solar cells were
deposited during different runs. Lower F'F' and V. of cells on as-grown rough ZnO:Al
films are obtained as compared with the cells on reference ZnO:Al films, which might be
due to the topography. The morphology of the as-grown textured ZnO:Al films might be
less suitable for the pc-Si growth compared to the etched ZnO, even though the Raman
measurements show that the crystallinity fraction of the silicon i-layer is very similar
for both substrates. Dropped FF and V,. also happened for cells grown on LPCVD
deposited ZnO:B films and AsahiU SnO,:F films [135, 136]. The reasons are generally
considered to be more grain boundary defects or voids in Si layers grown on the v-shaped
valleys of the substrates [137].

5.1.4.3 Tandem Si thin-film solar cells

This section presents tandem Si thin-film solar cells prepared on as-grown rough ZnO:Al
films. Similar to the a-Si cells, the tandem absorber layers were deposited in PECVD
system by Applied Materials. 40 s HCI etched standard ZnO:Al film was used as refer-
ence. Combined ZnO/Ag layers were used as back contacts. 18 small square cells with
area of 1 x 1 cm? were separated by the back contacts on each substrate. The cell mea-
surements were performed by the sun simulator as introduced in Section 3.3.6. Three
best solar cells from the J —V measurement were averaged and shown in Table 5.5. The
best cell was used to measure quantum efficiency.

As compared with the reference solar cells, the solar cells on as-grown rough ZnO:Al
film exhibit higher V,. and J.. In all, the n of the tandem solar cells on as-grown rough
ZnO:Al film is 0.4% higher than that of the reference cells. The EQE of the solar cells
on HCI etched reference and as-grown rough ZnO:Al films are shown by the solid and
dashed curves in Fig. 5.10, respectively. For both substrates, the J,. generated from
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5.1 As-grown rough ZnO:Al films

Table 5.5: Photovoltaic parameters of tandem Si thin-film solar cells on as-grown rough
and HCI etched reference ZnO:Al films.

Front contact | Back contact White

n | FF| Vi Jse

% | % | mV | mA/em?

as-grown rough Zn0O/Ag 11.9 | 74 | 1393 11.6

HCI etched Ref. Zn0O/Ag 11.5 | 74 | 1378 114
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Figure 5.10: External quantum efficiency (EQE) of tandem Si solar cells on HCI etched
reference ZnO:Al (solid lines) and as-grown rough ZnO:Al films (dashed
lines).

top a-Si:H solar cells is lower than that of bottom pc-Si:H solar cells, indicating that the
solar cells are top limited and the J. are determined by the top a-Si:H solar cells. The
solar cell on as-grown rough ZnO:Al films show higher EQE at wavelength region of 400
- 500 nm, however, lower EQE at wavelength region of 700 - 1100 nm, as compared with
the reference solar cell. Therefore, the tandem solar cells prepared on as-grown rough
ZnO:Al films give slightly higher J,. than the reference solar cells. It is conceivable that
if the thickness of the bottom cell is decreased till the tandem cell is bottom limited,
the J,. of the tandem solar cell on as-grown rough ZnO:Al film will be lower than the
reference solar cell.

The as-grown rough ZnO:Al films show a good potential to be applied as front con-
tacts in a-Si:H, pc-Si:H, and tandem solar cells. Especially for a-Si:H solar cells, as-grown
rough ZnO:Al films show excellent light trapping effect similar to the HCI etched refer-
ence ZnO:Al films. However it is difficult to achieve the same light trapping effect as
the reference ZnO:Al films for pc-Si:H cells. This is because the lateral length of the
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5 Ion beam treatment of the glass surface

as-grown rough ZnQO:Al film is approximately 500 nm, which is sufficient for a-Si:H cells,
but not optimal for pc-Si:H cells. The solution would be to increase the lateral feature
size of the as-grown rough films, which might be possible by adjusting the deposition
conditions, e.g. deposition time for thicker film or lower deposition temperature for
larger pyramids.

5.1.5 Summary

The effects of the ion beam pretreatment on the growth of ZnO:Al films were introduced
in this section. The ZnO:Al films show as-grown rough features on ion beam treated
glass substrates. Among pure Ar, pure O, and mixed Ar/O; ion beam treatment, the
last one leads to roughest ZnO surface, which has roughness approximately 40 nm and
lateral length approximately 500 nm. The as-grown rough ZnO:Al films are composed
of two types of grains, large conical grains and small columnar grains. The large grains
exhibit faster growth rate and dominate the surface gradually due to the survival of the
fastest grains. Finally a surface fully covered by pyramid grains is developed.

Though the as-grown rough ZnO:Al films exhibit higher resistivity and lower mobility
as compared to the reference films sputtered on untreated glass substrate, the electrical
properties of the films are sufficient for the application as front contact layers in solar
cells. The haze and angular distribution of the as-grown rough film is similar to that of
AsahiU SnOq:F films. Excellent light trapping effects are confirmed by a-Si:H thin-film
solar cells. The highest cell efficiency of the a-Si:H solar cells on as-grown rough ZnO:Al
film is 9.4%.

5.2 Reason of rough growth

The first section of this chapter introduced the as-grown rough ZnO:Al films grown on
ion beam pretreated glass substrates. This section focuses on the reason of the rough
growth. Ton beam treatment and magnetron sputtering were tried with other deposition
parameters and systems. Substrates were varied from Corning glass to other types. The
ion beam treated glass was cleaned.

5.2.1 Different substrates

In this section, the Corning glass was replaced by other glass substrates and Si wafer.
The aim of this experiment is to test that whether the substrate material or the surface
treatment is responsible for the change in ZnO:Al growth.

Fig. 5.11 shows the AFM images of ZnO:Al films grown on different untreated (left
column) and pretreated substrates (right column). The AFM measurement scan size
for all the films is 4 x 4 um?. The Z range on top of each figure represents the height
of color bar. From (a) to (d), the substrates are Borofloat glass, Borofloat glass with
SiN coating, Diamond glass (Saint-Gobain), and Si wafer, respectively. The ion beam
pretreatment and ZnO:Al films deposition were performed at the same condition. The
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Without ion beam pretreatment  With Ar/O, ion pretreatment

Figure 5.11:

Z Range: 46.78 nm

Z Range: 211.4 nm

The effect of ion beam pretreatment on different substrates, in which (a):
Borofloat glass, (b): Borofloat glass with SiN coating, (c¢): Diamond glass
(Saint-Gobain) and (d): Silicon wafer. The images on the left column are
the ZnO:Al films grown on untreated substrates, while on the right column
are grown on ion beam pretreated substrates. The AFM measurement
scan size for all the films is 4 x 4 um?. The Z range on top of each figure
represents the height of color bar.
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5 Ion beam treatment of the glass surface

figure shows that the ZnO:Al films on untreated substrates show small surface features
while the films on ion pretreated substrates exhibit large surface features. Additionally,
small differences were observed for different substrates.

As a conclude, the rough growth is observed on different types of glass substrates,
even on Si wafer. It means that the ion beam pretreatment has common effect on the
treated surface. The method of developing as-grown rough ZnO:Al films can be applied
to other cheap glass substrates.

5.2.2 Post-cleaning of ion treated glass

In this section, cleaning was applied on ion beam treated glass substrates. After the glass
was treated by mixed Ar/Oq ion beam, the glass surface was treated by different process
before the ZnO:Al film was deposited on the glass. The aim of the post-treatments is
to understand more about the surface influence of the ion beam treatment on growth of
ZnO:Al films.

Fig. 5.12 shows the experimental process in this experiment. The first step was ion
beam treatment by Ar/O, ion beam on Corning glass. Then, the treated glass substrate
was cleaned by different methods, for example, dipping into HCI and NaCl solutions
at room temperature. The ion beam treated glass substrate may also be processed by
standard glass cleaning which contains two steps: first dip the glass in deionized water
and weak acidic decantate at 68 °C. Then put the glass together with the decantate in
an ultrasonic cleaner for 3 h. Afterwards, the glass substrate was rinsed by deionized
water and dried by Ns gas. Finally, standard ZnO:Al films were sputtered on the glass
substrates. The ion beam pretreated glass substrates without post-treatment were used
as reference.

Firstly, the effect of HCI and NaCl cleaning was investigated. Two ion beam treated
glass substrates were dipped into HCl and NaCl solution for 2 min, respectively. Fig.
5.13 shows the AFM images of ZnO:Al films grown on the different glass substrates.
The AFM measurement scan size for all films are 4 x 4 pm2. One ZnO:Al film grown
on ion beam pretreated glass without post-treatment was added as reference and shown

(1)lon beam pretreatment (2) post-cleaning process (3) Magnetron sputtering
lons
RESRAR N\

A Glass 3

ZnO:Al

$ Glass <+

Figure 5.12: Experimental process of post-cleaning process. After the glass was treated
by mixed Ar/O, ion beam, the glass substrate was cleaned by different
methods before the ZnO:Al film was deposited on the glass.
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Z Range: 238.2nm

(a) no dipping (b) 2 min dipping in HC1 (c) 2 min dipping in NaCl

Figure 5.13: The effect of post HCI and NaCl etching of ion beam treated glass substrates
on the growth of ZnO:Al films. The images show ZnO:Al films grown on
Ar/Og beam pretreated glass substrates. After Ar/Oy beam pretreatment,
substrate (a) was not dipped in HCl or NaCl, (b)was dipped into HCI
Solution for 2 min, (¢)was dipped into NaCl Solution for 2 min. The AFM
measurement scan size for all the films are 4 x 4 um?. The Z range on top
of the AFM images means the height of the color bar.

as film (a). As introduced before, the rough large grains were developed on the top
surface. Film (b) was grown on ion beam pretreated glass substrate after 2 min dip in
HCI solution. The rough growth was not developed. Film (c¢) was prepared on ion beam
pretreatment glass substrate after 2 min dip in NaCl solution. The rough growth was
not influenced by NaCl dip.

Next, the duration of post HCI etching was studied. 15s and 1 min HCI etching
were performed on the same Ar/O, pretreated glass substrates. Then the ZnO:Al films
were sputtered on the glass substrates. Fig. 5.14(a - ¢) present the AFM images of
these surfaces. Note that the ZnO films in this series have smaller thickness than in the
last figure. The thickness of the films is not important here, because the aim of this
experiment is to observe whether the rough growth is changed. Film (a) was grown on
pretreated glass without post-cleaning. Rough growth was observed on this substrate as
usual. Film (b) and (c) show the film grown on pretreated glass substrates with 15 s and
1 min post HCI etching, respectively. The feature size of film (b) was slightly reduced
compared with film (a), while film (c) exhibits much smaller surface feature. The rough
growth of ZnO:Al films on ion beam pretreated glass with long time HCI etching is not
observed any more.

Finally, the effect of standard glass cleaning process was investigated. Film (d) in
Fig. 5.14 shows the ZnO:Al film grown on pretreated glass substrates with standard
post-cleaning process. Standard small grains were developed instead of the large grains.
It clearly shows that the rough growth effect is removed by the glass cleaning process.

ZnO:Al films grow differently on ion beam treated glass substrates. Either the physical
or the chemical state of the glass surface or both must be changed by the ion beam
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(c) 1 min dipping in HC1 (d) with standard-cleaning

Figure 5.14: The effect of post HCI etching and re-cleaning of ion beam treated glass sub-
strates on the growth of ZnO:Al films. The AFM images show ZnO:Al films
grown on Ar/Os beam pretreated glass substrates without post-cleaning (a),
with 15 s dipping in HCI solution (b), 1 min dipping in HCI solution (¢) and
with post-standard cleaning process (d). The AFM measurement scan size
for all the films are 4 x 4 um?. The Z range on top of the AFM images
means the height of the color bar.

treatment. SEM and AFM were taken on the ion beam pretreated glass substrates,
and no surface roughness was observed. Therefore, the chemical states of the glass
surface must be altered by the ion beam treatments. Post HCI etching of the ion beam
treated glass substrate lead the growth of ZnO:Al films back to standard, while the NaCl
etching has no effect on the rough growth. This indicates that HCI etching can remove
the chemical effects on the glass substrates which are needed for the rough growth of
the next ZnO:Al films. Moreover, the etching effect of HCI is time dependent and can
be changed gradually. Short time dip in the diluted HCI solution cannot fully remove
the chemical effects.

As a conclusion for this section, the rough growth of ZnO:Al films was not observed
if the ion beam pretreated glass was etched in HCI or re-cleaned by standard cleaning
process. These facts indicate the chemical changes on the glass surface caused by the
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ion beam treatment are not persistent with acidic solution. The observations give a hint
to explore the reason of the rough growth.

5.2.3 Sputter ZnO:Al film in different system

In the previous sections the glass substrates were changed or modified by post-cleaning
process. This section examines the growth of ZnO:Al film in other sputtering systems.
In our institute, apart from the large area planar target, small area round target, tube
ceramic target, and tube metallic target are available as introduced in Section 3.1.1.
As for the large area planar target, a sputtering area of 30 x 30 cm? is possible, while
sputtering area of 10 x 10 cm? is considered in small area sputtering system. The new
installed tube target benefits from its high target material utilization and high sputtering
rate. Sputtering process has been optimized at high rate sputtering for Si thin-film solar
cells.

In this experiment, Corning glass substrates were pretreated by mixed Ar/O, ion
beam under the same condition. Then the glass substrates were transfered to different
Zn0:Al sputtering system. ZnO:Al films around 800 nm were sputtered in all systems.
In each sputtering system, an untreated glass substrate was added as reference. Finally,
the ZnO:Al films were characterized by AFM and 4-point measurement.

The characterization of the ZnO:Al films grown in the four sputtering systems are
listed in Fig. 5.15. The scan size of AFM measurement for all samples is 4 x 4 um?.
The sheet resistance and rms roughness of each sample are marked on the right of the
AFM images. For all the samples, with ion beam pretreatment, higher resistance and
larger roughness of ZnO:Al films are observed, even though the topographies of ZnO:Al
film grown in various system differ from each other.

The rough growth of ZnO:Al films on Ar/O, treated glass substrates is a universal
effect in different sputtering system. Based on this results, the as-grown rough ZnO:Al
films might be possible to transfer to other sputtering system, for instance for industrial
process.

5.2.4 Sputter ZnO:Al film with different temperature

This section examines the rough growth of ZnO:Al films in the standard sputtering
system with different sputtering parameters. As introduced by the modified Thornton-
model in Section 2.2.4.3, the growth of ZnO:Al films depend on the substrate temper-
ature and sputtering pressure. In this section, the deposition temperature was varied
to increase the roughness further, while keeping the sheet resistance and total transmit-
tance in a moderate range. Three different heater temperatures were applied during the
Zn0O:Al deposition. The topography and sheet resistance of the ZnO:Al films change with
temperature. On an untreated glass substrate, the ZnO:Al films change from crater-like
to pyramid-like feature with decreased compactness as shown in Fig. 2.11 when the tem-
perature decreases. The influence of the rough growth by decreasing the temperature
is interested since as-grown rough ZnO:Al films have already pyramide-like features and
lower compactness.
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Different system Without ion pretreatment |With Ar/O, pretreatment
Large area sputtering
Planar target 7Q
ZnO:ALO, (1wt%) Rms:
32 nm
Small area sputtering
Round target ZnO:Al | 70 O
(0.5 Wt%) Rms:
28 nm
Tube ceramic target % 57 0
- 0 -
ZnO:ALO; (0.5 wi%) 8 Rms:
® 22 nm
Tube metallic target 6.8 O
Zn:Al (0.5 wt%) Rms:
20 nm

Figure 5.15: ZnO:Al films deposited in different sputtering systems. The target in each
system is described in the first column. The AFM topography of the ZnO:Al
films grown on untreated and Ar/O, treated glass are shown in the second
and third column, respectively. The sheet resistance and rms roughness of
each sample are displayed on the right of the AFM images.

The first step of the experiments is ion beam pretreatment by mixed Ar/Os ions.
Afterwards the glass substrates were transfered to standard sputtering chamber and
heated in the chamber for at least 90 min. Finally, the ZnO:Al films were sputtered at
the standard condition except the temperature is varied. For a reference ZnO:Al film,
430 °C is used as heater temperature. In this experiment, lower temperature of 350 °C
and 250 °C were examined. The deposition time was adjusted to achieve ZnO:Al films
with desired thickness.

The results are shown in Fig. 5.16. The scan size of AFM measurement for all samples
is 4 x 4 pm?. The thickness, sheet resistance of each film are marked on the top of the
AFM image and the the rms roughness is given at the bottom of the image. At 430 °C,
two films were sputtered with thickness of 350 nm and 650 nm. The sheet resistance
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of the thicker film decreases. The rms roughness is constant, while features size and
coverage of large grains increase. At 350 °C, two films with further increased thickness
of 700 nm and 800 nm were sputtered. The rms roughness of the two films are the same
(52 nm). With lowest heater temperature at 250 °C, the sputtered film shows largest
rms roughness of 57 nm.

The feature size of the as-grown rough ZnO:Al film can be adjusted by the deposition
temperature. When the temperature is decreased, the feature size increases due to less
nucleation densities of large grains. Up to now, the feature size can be improved from
500 nm to around 800 nm.

5.2.5 Different ion beam system

In the previous sections, ion beam treatments were performed only with the linear anode
layer ion source. Actually, the ion beam pretreatments of glass substrates were also
applied with a round anode layer ion source. The round ion source is integrated in
a cluster-tool of ZnO:Al and ZnO:Ga sputtering system as a sputter-etcher. The ion
source and two other ZnO targets face upwards to the substrate holder. The substrate
needs to rotate if homogeneous deposition or treatment is required. Like for the linear

Heater 650 nm, 6.4 O
temperature
N

o by

430° C 5
700 nm, 96 Q 8600 nm, 6.3 Q
350° C
- Rms: 52n
920 nm, 14 Q

250° C

Figure 5.16: AFM images of ZnO:Al films sputtered at different temperatures. The
thickness, sheet resistance and rms roughness are marked on the images.
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anode layer ion source, Ar and Oy can be used as source gas. The maximum power of
this ion source is 600 W.

10 scem Ar and 10 scem O, were utilized as source gases for the ion beam treatments.
The power of the ion source was kept at 200 W. The Corning glass substrate did
not rotate. Therefore, only part of the substrate was bombarded by the ion beam.
After ion beam pretreatment, the glass substrate was transfered to standard ZnO:Al
sputtering system and standard ZnO:Al film was rf sputtered from a ceramic target.
The experimental process is shown in Fig. 5.17. As shown in the first step, area A
was treated by the ion beam, while area B was not treated by the ion beam. A sharp
line between area A and B can be seen by naked eye. The second step in Fig. 5.17
is magnetron sputtering on the ion beam pretreated glass substrate. The difference
between area A and B becomes even more obvious. Area A is transparent while area B
is milky.

The AFM measurements of area A and B are shown in Fig. 5.18. The measurement
scan size for the two areas are 4 x 4 um?. The film in area A has small feature size while
film in area B has large pyramids. Thickness and 4-point probe measurements were
performed on the two areas. The results show that film in area B has thinner thickness
and higher resistance than film in area A. The thinner thickness indicates that the film
grown on the unetched area has reduced growth rate. The results are almost the same to
the as-grown rough ZnO:Al films grown on Ar/O, treated glass by linear anode layer ion
source. Therefore, ZnO:Al films grown on ion etched area A behave like the reference
films, while the films on area B where the ion beam cannot reach has as-grown rough
features. The reason will be analyzed in Section 5.4.3.

lon beam Magnetron
pretreatment sputtering

B B
A A

(a) Glass (b) ZnO:Al

Figure 5.17: The experimental process of ion beam pretreatment in the sputter etcher
system. Area A is the area where the ions were reached, area B is where
the ions were not reached.
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Figure 5.18: ZnO:Al films grown on the glass substrates which were treated by ions
from sputter-etcher. On different areas, the ZnO:Al films have different
morphologies. (a) is on area A where the ions are reached, (b) is on area B
where the ions were not reached.

5.3 Surface evolution and structural properties

The previous sections have shown that the ZnO:Al films grown on Ar/O, treated glass
substrate exhibit rough lateral features with lateral length of approximately 500 nm. Ref-
erence sputtered ZnO:Al films on untreated glass substrates are usually (0001) textured
because the (0001) plane has lowest surface energy. Actually, (0001) texture dominates
most sputtered ZnO:Al films [72, 138, 139]. However, in as-grown rough ZnO:Al films,
two types of grains - large conical grains and small columnar grains are present. The
crystal orientations of the two types of grains are unknown. This section focuses on the
surface evolution and structural properties of the as-grown rough ZnO:Al films. AFM
measurements of reference and as-grown rough ZnO:Al films with different thickness are
given. The mechanisms in the growth process are analyzed based on the statistical val-
ues from AFM images. Next, the structural properties of as-grown rough ZnO:Al films
are analyzed by TEM and XRD. The crystal orientations of the two types of grains are
revealed.

5.3.1 Film evolution

In the previous sections different ion beam treatments were applied on the glass sub-
strates. It turns out that on the Ar/O, treated glass substrate, ZnO:Al film has largest
feature size. Thus, this specific treatment will be focused and more analysis will be car-
ried out to understand the film growth. This section examines the evolution of ZnO:Al
films sputtered on untreated and Ar/O, treated glass substrates by the theory of dy-
namic scaling which was introduced in Section 2.2.4.5. To do so, AFM measurements
were taken on ZnO:Al films sputtered for different time. The dynamic components ob-
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Figure 5.19: AFM measurements of reference ZnO:Al films. From (a) to (e), the films
deposition time are 4 min, 19 min, 38 min, 57 min and 76 min, respectively.
As depicted in the figure, the scan size of film (a) is 500 x 500 nm?, of films
(b)-(e) is 2 x 2 um?.

tained from AFM measurements are compared to the theoretical values in literature.
Thus, the kinetic roughening process can be related to various growth mechanisms.

In order to investigate the evolution of the ZnO:Al films grown on untreated and Ar/O,
ion beam treated glass, films were prepared with different thicknesses. The thickness
is controlled by the deposition time. As-grown rough and reference ZnO:Al films for
different deposition duration (4 min, 19 min, 38 min, 57 min, 76 min and 152 min) were
sputtered at the same time. Then, AFM measurements were taken on the film surfaces.
Based on the AFM measurements, various growth dynamic parameters which reflect the
growth mechanism during the magnetron sputtering are investigated and compared with
theoretical values.

The film topographies are shown in Fig. 5.19 and Fig. 5.20 for reference and as-
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Figure 5.20: AFM measurements of as-grown textured ZnO:Al films on Ar/Os ion beam
treated glass substrates. From (a) to (f), the films deposition time are 4 min,
19 min, 38 min, 57 min, 76 min and 152 min, respectively. As depicted in
the figure, the scan size of film (a) is 500 x 500 nm?, of film (b)-(f) are
4 x 4 um?.

grown rough ZnO:Al films, respectively. Note that the reference film at 152 min was
not measured since cracks had developed on the film. The formation of cracks is related
to stress in the ZnO films induced by the growth process itself or the different thermal
contraction of substrate and film after deposition. This becomes usually more critical
for thick films.

The reference and as-grown rough ZnO:Al films grown at 4 min have exhibited big
differences. Reference film is composed of small grains with size in a range of 25 — 40 nm.
The height of the grains is uniformly distributed. However, on the as-grown rough film,
except the small grains which have similar size and height to the reference film, some
bumps are developed among the small grains. The situation becomes more obvious

101



5 Ion beam treatment of the glass surface

Figure 5.21: SEM micrograph of as-grown rough ZnO:Al film at 57 min. The small ZnO
grains between the large grains are flat.

when the deposition time increases. For the reference films from 19 min to 76 min, the
average grain size is unchanged in the range of 66 — 76 nm. For the as-grown rough
films, at 19 min, the bumps which are distributed randomly on the surface are around
40 nm higher than the surrounding small grains. The sizes of the small grains in the
flat plateaus on the as-grown rough films are not measurable from AFM measurements
due to the limit of the setup. High resolution SEM micrograph of film at 57 min in Fig.
5.21 shows that the small grains are so flat that the grain boundaries are difficult to be
identified.

The large grains in the AFM measurements correspond to the conical grains in SEM
cross-sectional images. The large grains which start from the nucleation stage distribute
on the surface randomly. Because they grow faster than the surrounding flat grains,
finally they cover the whole surface of the as-grown rough ZnO:Al film. The mean
diameter and coverage of the large grains for the six films were counted by advanced
threshold detection method with a commercial imaging process software - scanning probe
image processor (SPIP) [140]. The advanced threshold detection method first mark the
area of particles and then split the grains according to the height of the grains. The
results are shown in Fig. 5.22. The mean diameter and coverage of the large grains are
shown by solid squares and triangles, respectively. The standard deviation of the grain
size is marked by the error bars. The grain size increases with increasing film thickness,
as well as the coverage of large grains on the surface. The latter reflects the fact that
more and more surface areas are covered by the large grains. The dashed line indicates
that the size of the large grains increases linearly with deposition time on the log-log
scale. It means that the size of large grains exhibit a power law relationship to the
deposition time, which is a common phenomenon for the growth of aggregates on seeds
[87].

The height-height correlation function H(r,¢) and power spectral density function
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Figure 5.22: Statistics on the large conical grains of the ZnO:Al films grown on Ar/O,
treated glass.

PSD(k,t) of the ZnO:Al films with different deposition time can be obtained directly
from AFM software. Both are displayed in Fig 5.23 in logarithmic scale. The refer-
ence ZnO:Al films are shown in black while the as-grown rough films are in blue. The
deposition time is denoted in the figure.

Fig. 5.23(a) shows that H(r) increases linearly at small r and reach plateaus at large
r, consistent with the asymptotic behavior predicted in Eq. 2.30. Another observation
from the figure is that all H(r) curves at small r value except the as-grown rough ZnO:Al
films after 57 min shift upwards gradually with increasing time. This is different to the
other reports in literature of a normal scaling surface, where the local slope is time
invariant [141]. The upward shift of H(r,¢) at small r range indicates that the existence
of anomalous scaling in the growth of ZnO:Al films. The anomalous scaling has also
been found by many theoretical models [142] and experimental results [143-145].

Fig. 5.23(b) shows the PSD(k,t) functions of all the films. It is clear that all curves
are composed of two regions according to equation 2.31: (a) for high k value (i.e., small
length scales) there is a negative slope, indicating the existence of kinetic roughening
for these length scale; (b) for small k values (i.e., saturated), indicating the absence of
any lateral correlation in the surface roughness at these length scales.

From the H(r,t) curves, roughness o, lateral correlation length ¢ and roughness ex-
ponent « are obtained as introduced in Section 2.2.4.5. Firstly, the roughness exponent
a for all the films are around 1 in the measurement error range. Then, roughness of
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reference and as-grown rough ZnQ:Al films versus growth time are drawn in Fig. 5.24 in
logarithmic scale. The slope of the dashed lines is characterized by the growth exponent
B. The reference ZnO:Al films have growth exponent 8 of 0.79 & 0.02 and the as-grown
rough ZnO:Al films have a larger value of 1.22 £ 0.12. Therefore, §/a = 0.79 and 1.22
for reference and as-grown rough films, respectively. Finally, the logarithmic plot for
the evolution of lateral correlation length ¢ is shown in Fig. 5.25. For the reference
Zn0:Al film, coarsening exponent 1/z = 0.09 & 0.01 is obtained and for the as-grown
rough ZnO:Al films, 1/z = 0.75 £ 0.06. For both films, 5/« are larger than the coars-
ening exponents. This indicates that the dynamic scaling relation 5/« = 1/z is broken
down for these two series of films. In the following, the growth mechanisms behind the
breaking down behavior will be explained.

Firstly, the reference ZnO:Al films is compared with the theoretical values. The films
are developed with unstable process, as indicated by 8 = 0.79 £+ 0.02 > 0.5. Shadowing
and reemission effects are dominant over the diffusion effects in determining J. The
reemission effects are taken into account because the substrate is heated to 300 °C and
the ZnO starts to evaporate at 380 °C. For large length scales, shadowing influences the
scaling. The coarsening exponent 1/z = 0.09 is close to the lower limit of the predicted
value with in error. The low 1/z means that the grains grow preferably in vertical
direction than lateral direction and well aligned columnar structures are developed.
According to Tong et al. [88, 146], the short length scale behavior is dominated by
surface diffusion effects if the PSD(k) curve has slope of -4 on a log-log plot at large
k range, which is the case for ZnO:Al films (The dashed line in Fig. 5.23(b) represents
line with slope of -4.1).

Next, for the as-grown rough films, 5 > 1 exceed the theoretical prediction limit. The
rapidly increasing roughness indicates that the films grow under very unstable conditions.
This phenomenon might be caused by enhanced shadowing effect caused by the height
difference of the two types of grains. However there are no calculation to support this
assumption. [ > 1 was reported in the earlier growth stage of reactively sputtered AIN
thin films [92]. The reason was assumed to be different sticking probabilities of impinging
particles on different crystalline planes [147]. In the earlier stage of the AIN growth, well-
aligned and textured grains are embedded into a randomly oriented matrix. Thus, these
regions having a higher sticking probability should grow faster than the other regions.
This scenario, combined with shadowing, can be used to explain the growth instability
with a high 2 value (8 > 1). The sticking difference is not limited to nitride films, but
also applied to ZnO films [71]. In the bulk growth of reference ZnO:Al films, the (0002)
planes are spread over the whole surface, therefore, the sticking probability is similar on
the whole surface. Conversely, for the ZnO:Al films grown on ion beam treated glass
substrates, the small grains might have lower sticking probability, not only because of
their lower location, but also due to their crystallographic structure. The difference of
sticking probability and shadowing effect lead to a high 3 value with g = 1.22 £ 0.12.

As a conclusion, this section has discussed the evolution of reference and as-grown
rough ZnO:Al films. The differences of growth behavior between the two types of films
start from the nucleation stage. On Ar/O, treated glass substrates, some bump grains
were developed among the flat grains. The growth front surfaces for both films are not
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self-affine because of the shadowing effect during the sputter deposition. The as-grown
rough ZnO:Al films are characterized by very high growth exponent with 5 > 1. It
is assumed that the reason to be that the growth instability is enhanced by different
sticking probability of impinging particles on large and small grains.

5.3.2 Transmission electron microscopy measurements

This section focuses on the Transmission electron microscopy (TEM) measurements of
ZnO:Al films. TEM enables us to investigate the grains in detail by transmitting a
beam of electron through an ultra thin specimen and interacting with the specimen as
it passes through. Not only the morphology, but also the crystallographic structures of
the specimen can be abstracted from the dark-field images and diffraction patterns.

Figure 5.26: TEM bright field images of reference ZnO:Al films. (a) cross-sectional image
and (b) plan-view image.

For our purpose, both reference ZnO:Al films and as-grown rough ZnO:Al films were
measured by TEM. Cross-sectional and plan view specimens were prepared with different
sample preparation technique as described in Section 3.3.4.2. In the following, firstly
the bright field images and selected area diffraction pattern (SADP) of reference ZnO:Al
films are introduced, then these of the as-grown rough ZnO:Al films are presented.

The cross-sectional and plan view TEM bright field images of the reference ZnO:Al
films, i.e. grown on untreated glass, are shown in Fig. 5.26. As shown in cross-sectional
TEM, the films are composed of columnar dominated grains which are directed nearly
perpendicular to the glass substrate. The plan view TEM image shows that the average
grain size which also corresponds to the width of the columns is measured to be approx-
imately 50 nm. The corresponding SADP are shown in Fig. 5.27. The circle in Fig.
5.26(a) shows the aperture to obtain the diffraction pattern of the cross-section view
(Fig. 5.27(a)). Two diffraction patterns of the (2-1-10) and (01-10) pole are revealed
from the SADP, marked by the red and yellow circles, respectively. In addition, the

107



5 Ion beam treatment of the glass surface

direction
-

—0002

‘.:.-_2110*1‘.‘— 2201
. 1010
0111 .

110

e

Figure 5.27: Selected area diffraction pattern (SADP) of reference ZnO:Al films. (a) is
from cross-sectional specimen and (b) is from plan view specimen.

growth direction is indicated, which deviates by approximate 10° from the [0001] direc-
tion. The tilted angle of the c-axis is determined by the direction difference of the bright
field image in Fig. 5.26(a) and the diffraction pattern in Fig. 5.27(a). Hence, it can
be concluded, that two sets of orientation of the columnar grains prevail. The SADP of
the plan view sample (Fig. 5.27(b)) is mainly composed of two diffraction patterns, too,
namely the (01-12) pole (red) and the (1-21-3) pole (yellow). However, the diffraction
spots are arranged in an arc-like fashion, which indicates small angular deviations of the
orientation of neighboring grains.

Fig. 5.28 shows the TEM bright field image of the as-grown rough ZnO:Al films, i.e.
grown on Ar/O, treated glass. The discharge voltage of this treatment was 1 kV. Note
that the voltage of the ion source doesn’t have major influence on the as-grown rough
features. From cross-sectional TEM (Fig. 5.28 (a)), it is seen that the film contains not
only fine columnar grains, but also few large conical grains which appear at statistical,
but quite regular intervals. Note that the large conical grains have been observed on
the AFM image of 20 nm thick as-grown rough ZnO:Al (Fig. 5.20(a)). The bottom of
cones does not appear on the glass substrate in the cross-section TEM image, because
the cut is not in the center of the cones. During the film growth process, they gradually
overgrow the small columnar grains and cover the whole film surface. Therefore it is
concluded, that the large grains have faster growth rate than the surrounding columnar
grains. For the SADP shown in Fig. 5.28(b), a small selected area aperture (marked in
Fig. 5.28(a)) was applied such that only the columnar grains were included. The SADP
has similar basic pattern as the reference film, together with some additional spots. The
similarity between the patterns indicate that the columnar grains in the as-grown rough
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Figure 5.28: TEM of the as-grown rough ZnO:Al films. (a) is the cross-sectional bright
field image and (b) is SADP of the small columnar grains. The aperture is
marked by the blue circle in (a).

ZnO:Al films are similar to the reference material. The additional spots might have
originated from some large grains that lay behind the columnar grains in the lamella.

In order to investigate the difference between the large and small grains, two plan-
view TEM specimens were investigated for as-grown rough ZnO:Al films. The specimens
represent a cut at thickness level of 650 nm (Fig. 5.29 (a-b)) and 350 nm (Fig. 5.29(c-f)),
respectively. This implies that two different stages of the growth are seen as indicated
in Fig. 5.28(a), because plan view specimens reveal only the top 100 nm of the films.
Accordingly, Fig. 5.29(a) detects only the large conical grains reigning the upper part of
the film which are in average 500 nm in size. Fig. 5.29(c) images roughly a cut through
a layer containing both, the fine columnar grains and the large conical grains.

Interestingly, the diffraction patterns corresponding to these intermediate and final
growth stages differ considerably: The diffraction pattern of the intermediate stage
reproduces the features observed for the sample grown onto untreated glass (compare
Fig. 5.29(d) and Fig. 5.27(b)), except for some additional spots in between the arcs.
Fig. 5.29(e) and (f) show the dark field images for the diffraction spots marked by
blue dashed and green solid circles, respectively (see Fig. 5.29(d)). It is confirmed
that the additional spots are contributed by the large conical grains while the arcs are
generated from the smaller columnar grains. In contrast to the intermediate stage, the
small columnar grains are not present in the final stage. The conical grains show a
ring diffraction pattern, which implies a random, azimuthal in-plane orientation of the
crystallites. Note, that the selected area for the intermediate state (Fig. 5.29(d)) SADP
was around 1 um?, so the number of large conical grains and thus the number of related
SADP peaks is limited and the ring is not fully developed. On the other hand, the
number of large conical grains for the SADP of the final stage (Fig. 5.29(b)) is more
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(a) bright field- (b) SADP-
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Figure 5.29: Plan view TEM bright field images of as-grown rough ZnO:Al films at final
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stage (a) and intermediate stage (c), and their corresponding SADP (b)
and (d). (e) and (f) show the dark-field image with two different apertures
as marked in (d) by blue dashed and green solid circles, respectively.
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Figure 5.30: Radial profile plot of the SADP from the final stage of as-grown rough
ZnO:Al films as shown in Fig. 5.29(b) (blue) and the standard ZnO:Al
films as shown in Fig. 5.27(b) (black), as well as of ZnO powder (gray). All
the peaks are marked by the corresponding planes.

increased, so that the ring pattern is obtained.

Fig. 5.30 shows the radial integration of the ring diffraction pattern in Fig. 5.29(b)
by the blue curve. The radial integration of the diffraction pattern of standard ZnO:Al
film grown on untreated glass substrate is shown by black curve. The spectra for powder
ZnQ is also given by thin gray curve on the bottom. Major diffracted planes are marked
in the figure. For the reference ZnO:Al films, only (10-10), (11-20), (10-11) and (11-22)
planes were observed. Note that only the planes parallel to the electron beam in TEM
can be detected. Thus, the two planes (10-10) and (11-20) indicate the materials with
c-axis orientation. The other two planes (10-11) and (11-22) indicate the materials with
inclined c-axis orientation. For the large grains in as-grown rough ZnO:Al films, almost
every planes are presented, except only the (0002) peak is missing, indicating that large
grains exhibit quasi random out-of-plane orientation, but the c-axis of the crystallites
parallel to the surface is strongly suppressed. Moreover, cross-sectional TEM measured
on several conical grains give different SADP. Thus, it can be concluded that the conical
grains have near random out-of-plane orientations.

The aim of this section was to determine the crystallographic structure of the two types
of grains in as-grown rough ZnO:Al films by performing TEM measurements on reference
and as-grown rough ZnO:Al films. It was proven that the columnar grains in reference
ZnO:Al films have dominate (0002) texture, though the (0002) orientation is approximate
10° tilted to the surface normal. The grains have similar in-plane orientation in the
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neighboring area, but on the large scale, the ZnO:Al grains should have random in-plane
texture [139]. TEM measurements have shown that the small columnar grains and large
conical grains have different orientations. The small grains have similar orientation as
the columnar grains in reference ZnO:Al films, while the large grains have quasi-random
out-of-plane orientation, and the grains with c-axis parallel to the surface is strongly
suppressed. The in-plane orientation of the large grains are random.

5.3.3 X-ray diffraction measurements

This section examines the structural properties of as-grown rough ZnO:Al films by X-
ray diffraction (XRD) technique. For this measurements, reference and as-grown rough
ZnO:Al films were co-deposited with different time. The thickness of the two series of
films varies from 30 nm to 1556 nm. For the reference films, due to the cracks formed
in the films at thickness over 1000 nm, the maximum thickness of the analyzed films is
792 nm. As learned from the previous discussions, the conical grains already coalesce
with each other when the film is 620 nm thick. The film of 1556 nm thickness contains
a large fraction of conical grains.

Fig. 5.31 shows the XRD 6 — 26 measurement results of reference (a) and as-grown
rough (b) ZnO:Al films at different thickness. The thickness of each film is indicated
in the figure. Dominant (0002) and (0004) peaks were observed for all samples, even
for very thin films. This indicates that all the films have (0002) preferential orientation.
Except the dominant two peaks, some additional small peaks start to show up for the
as-grown rough sample at 650 nm thick (Fig. 5.31(b)). When the as-grown rough film
continues grows to 1556 nm, (0002) and (0004) peaks are still the dominate, and the
additional peaks are increased slightly.

In order to investigate the additional peaks in more detail, Fig. 5.32 shows the as-
grown rough and reference ZnO:Al films together. As already pointed out, (0002) and
(0004) are the dominant peaks for both films, while the film on Ar/O, treated glass
shows additional (10-10), (10-11), (10-12), (10-13) and (11-20) peaks. The peak at 30.9°
is the (0002)-Kz peak. The one at 37.4° seems to be a parasitic peak that appears in
the setup used for measurement, and it might correspond to some unknown impurity of
the x-ray source.

The strong intensity of the dominant (0002) peaks of the reference as well as the as-
grown rough ZnO:Al films indicate, that there is a preferential orientation of the ZnO
crystallites along the c-axis. This peak is attributed to the fine columnar grains. This
means, that the columnar grains on the treated substrate are similarly oriented and
aligned as the reference material. The additional peaks except (0002) and (0004) are
attributed to the conical grains in the as-grown rough films since they are not present in
the reference material. However, some part of the conical grains might still contribute
to the (0002) and (0004) peak, since the intensities of the additional peaks seem rather
low considering the fact that the conical grains cover a large portion of the film volume.

In the following, the additional peaks are evaluated further, in order to find out the
orientation of the conical large grains. The open triangles and circles in Fig. 5.33
show the intensity of these additional peaks of the as-grown rough ZnO:Al film with
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Figure 5.31: §—26 XRD scans of the two ZnO:Al thickness series, in which (a) - reference
ZnO:Al films, (b) - as-grown rough ZnO:Al films.

thickness of 1556 nm and 650 nm, respectively. The black solid squares represent the
intensity of ZnO powder pattern. Considering the as-grown rough ZnO:Al film with
650 nm thickness, basically the intensity pattern of the additional peaks is close to the
one of ZnO powder. It means that the conical grains have nearly random orientation.
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Figure 5.32: Comparison of XRD peaks for reference film (thickness: 792 nm) and as-
grown rough ZnO:Al films (thickness: 650 nm).

Only the (10-11) peak is higher and (11-20) peak is lower than the corresponding peaks
of the ZnO powder. The higher (10-11) peak might be related to the columnar grains,
since even in the XRD signal of reference ZnO:Al films, there is a small (10-11) peak
(Fig. 5.32). The not detectable (11-20) peak in as-grown rough film indicates that
no crystallite has c-axis parallel to the substrate plane, which is corresponding to the
suppressed (0002) peak in TEM SADP (Fig. 5.30). Comparing the additional peaks of
the as-grown rough films with thickness of 1556 nm and 650 nm, the thicker film has
obviously increased intensities of (10-10), (10-11) and (11-22) peaks, while the intensities
of (10-12) and (10-13) peaks are only slightly increased. This might be caused by the
different growth rate of various grains.

Apart from the 6 — 26 scan, the (0002) peaks were also analyzed in detail including full
width at half maximum (FWHM), peak position, and peak intensity for the two thickness
series, i.e. reference ZnO:Al films and as-grown rough ZnO:Al films at different thickness.
The reference films are shown with solid squares in Fig.5.34 while the as-grown rough
films are shown with open triangles in the figure.

FWHM of the two series have similar trends: decreases significantly at first 150 nm.
This trend reflects the fact that the grains are getting larger quickly during initial stage
of the grains growth. When the films are thicker than 250 nm, the vertical grain sizes
for reference films evaluated from FWHM by Scherrer equation are in the range of
36 — 61 nm. This is much smaller than expected for the films with this thickness, since
reference films have columns throughout the film thickness. This effect is well known for
sputtered ZnO:Al and is attributed to strain and defects. For the as-grown rough ZnO:Al
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Figure 5.33: Comparison of additional XRD peaks (except (0002) and (0004)peak) of as-
grown rough ZnO:Al film with thickness of 1556 nm (open triangles) and
650 nm (open circles), and the powder ZnO (solid squares).

films, the vertical grain sizes calculated from FWHM are only in between 38 — 48 nm,
due to the high defects density in the large conical grains.

The (0002) peak positions locate at smaller angles for as-grown rough ZnO:Al films as
compared with reference films, indicating more stress and defects in the films. For the
two thickness series, the peak position shift to large angle when the films get thicker,
indicating that the films release some stress during the growth process.

The measured peak intensity depends also on the film thickness, because some part
of the X-ray is absorbed by the ZnO:Al films and not reflected back. Therefore, the in-
tensity correction was carried out by following the typical procedure for Bragg-Brentano
technique [148]:

2dpzno
I=1;/(1—exp( <inf ))s (5.2)
where I; is the measured intensity, 12,0 is the absorption coefficient for X-ray in ZnO, ¢
is the Bragg angle, and I is the corrected peak intensity. Unlike the measured intensity,
the corrected intensity have included the part of X-ray absorbed by ZnO:Al films and
therefore, larger than the measured intensity. The corrected intensities are normally
used to characterize the crystal quality of polycrystalline films of films with different
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Figure 5.34: (0002) peaks analysis, including FWHM (a), peak position (b), measured
intensity (¢) and corrected intensity (d) of the reference and as-grown rough
ZnO:Al films. The corrected intensity are calculated by Eq. 5.2.

thickness, since the factor of thickness have been excluded by this correction. Fig.
5.34(c, d) shows (0002) peak intensity before and after correction, respectively. For
both films, the measured (0002) peak intensity increases with increased thickness. After
correction, as the film thickness increases, the corrected intensity arises to certain value
and then decreases. For the as-grown rough ZnQO:Al films, similar trend is observed, but
the last point is much lower, even lower than the starting point. The trend indicates that
the texture of the films first increases with film thickness, and when the films are getting
thick, the texture is poor. Similar results like reference ZnO:Al films were reported in

[148).

This section presented the XRD measurement results of reference and as-grown rough
ZnO:Al films. The reference ZnO:Al films have dominate (0002) texture, while the as-
grown rough ZnO:Al films have worse (0002) preferred orientation when the films are
growing thicker. The conical grains are considered to have random orientation.
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5.4 X-Ray photoelectron spectroscopy of the glass
substrate

This section focuses on the chemical changes of the ion beam treated glass surfaces. In
the previous sections, it was concluded that the chemical changes caused by the ion beam
pretreatment are responsible for the rough growth of ZnO:Al films. Surface composition
changes are a common effect for ion bombardment of compound substrates. Thus, the
details of the surface chemical changes are of interested. X-Ray photoelectron spec-
troscopy (XPS) measurements are widely used to characterize the chemical structures
of sample surfaces. The introduction and sample preparation of XPS measurements can
be found in Section 3.3.5. Survey and core level spectra scans were performed on ion
beam treated glass surface.

5.4.1 X-Ray photoelectron spectroscopy survey scan

Survey scan can provide the chemical composition of sample surface with in a rela-
tive error range of +£15%. In this work, the measurements were performed with two
experiments, dynamic and static ion beam treatments.

5.4.1.1 Dynamic ion beam treatment

Firstly, let us look back to the Fig. 5.2 in this chapter. Four ZnO:Al films were sputtered
on four different glass substrates. Apart from the untreated reference glass, the other
three glass substrates were treated by Ar, O, and mixed Ar/O; ion beam, respectively.
The ZnO:Al films grown on these substrates show different surface morphology and
properties. On the Ar/O; mixed ion beam treated glass substrates, ZnO:Al films exhibit
largest feature size and can be used as light scattering front contact for Si thin-film solar
cells. In this section, the XPS measurement results of the four glass substrates will be
shown. The difference between untreated glass and treated glass will directly show the
chemical changes caused by the ion beam treatments.

Four 1 x 1 cm? samples were cut from the middle of the aforesaid four glass substrates
and then were measured by XPS survey scan. The atomic percentage (at%) of the
elements on the surface were calculated from the area of the peaks.

The compositions of the four glass surfaces used to grow ZnO:Al films in Fig. 5.2
are shown in Table 5.6. The values in the table are the atomic percentage (at%) of
each element. Generally, a Corning glass surface is composed of C, Si, O, Al, and Ca.
For an untreated glass substrate, the percentage of O is more than two times higher
than Si, because Al-O, Ca-O, C-O, and -OH bonds are presented. C contaminations are
normally not avoidable for all samples because they can be adsorbed on the surface from
air, breath or gloves. On the ion beam pretreated samples, unlike to the previous reports
as shown in Section 2.1.2.2, the surface chemical compositions have been changed to a
large extend. Higher C contents were observed on ion beam treated glass surfaces. The
contamination level of C is related to the samples storing time and place, the micro-
roughness, and the surface activity. Therefore, it is reasonable to observe more C on
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Table 5.6: XPS measurement results on a reference and three different ion beam treated
Corning glass. The values in the table are the atomic percentage (at%) nor-
malized to 100 with Rel. error of + 15%. The minimum measurable range was
1 at%. The four substrates were used for preparing ZnO:Al films as shown
in Fig. 5.2. The rms roughness of the four ZnO:Al films are given in the last

row.
‘ Glass ‘ Ref. ‘ Ar treated ‘ O, treated ‘ Ar/O, treated ‘

C 19.9 33 32.3 27.8

0] 56 44 46.7 49.9

Fe - 3.8 - 5.0

Zn - 0.1 0.5 1.2

Si 18.7 8.1 14.6 7.5

Al 3.9 5.6 3.9 3.7

Ca 0.9 2.3 0.9 2.0

N 0.7 0.6 0.9 0.3

p - 1.1 - 0.8

Cl - 0.1 0.2 0.4

Ar - 1.2 - 1.3

rms roughness (nm)
ZnO:Alfilms | 4 | 12 | 34 ] 44

the ion beam pretreated samples since the ion bombardment activated the surface. The
percentage of O and Si were reduced, while Zn and Fe were added to the surface. Few
Ar was implanted to the sample surface by Ar and Ar/Os bombardment. Additionally,
slight changes were observed on Al, Ca, P, and Cl elements.

On Ar ion beam treated glass surface, Fe contamination is severe (3.8 at%), but on
O, ion beam treated glass surface, there is almost no Fe contamination (< 0.1 at%).
Zn is observed on the three ion beam treated glass surface. However, on the Ar treated
glass surface, the amount of Zn contamination is very low (0.1 at%), while on the Ar/O,
treated glass, the Zn contamination is the highest (1.2 at%).

Lower Fe contamination from O, ion beam treatment is a common phenomenon for
this type of ion source: Fe is sputtered from the steel cathode because of the strike of
argon ions, whereas the oxygen ions lightly passivate the surface of the steel cathode,
resulting in a thin oxide film on the cathode. Since the etch rate for FeO is lower than
Fe, less cathode erosion is enabled by the use of Oy gas [149]. However, with mixed
Ar/O, ions, the sputtering rate of steel cathode might becomes larger due to additional
Ar ions, leading to more Fe contaminations (5.0 at%).

The Zn contamination is supposed to be from the process chamber, since the ion source
is installed in a same chamber with a rotatable ZnO:Al,O3 target (See Fig. 3.1). The
difference between Ar and O, treatment is that Ar is physically milling off materials from
glass surface while O, ions can also react with the substrate atoms or contaminations as
well as etching off the substrate materials. More FeO, Fe;Og, or ZnO might be formed on
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Figure 5.35: Schematic experimental process of XPS overview scans on statically ion
beam pretreated glass substrates. (1): a 10 x 10 cm? glass was treated by
ion beam, (2): half of the substrate was measured by XPS, and the other
half was sputtered with ZnO:Al films and then measured with AFM. The
red dots indicate the points for measurement along x-direction.

the glass surface by Os ion beam treatment. This could be an explanation of the higher
Fe and Zn concentration on the glass surface after mixed Ar/O, ion beam treatment.

The XPS measurements confirm that the compositions of glass substrates are changed
by ion beam treatments. However, the changes are difficult to be related to the change
of ZnO:Al film growth as shown in Fig. 5.2.

5.4.1.2 Static ion beam treatment

In the previous subsection, the glass substrate was dynamically moved in front of the
ion source in order to get homogeneous treatment. Therefore the measurements on the
treated glass substrates is supposed not to be related to the position on the sample. In
this section, the substrates are treated statically by ion source. As shown in Section 4.2,
the ion density is not uniform in the chamber. As a result, the ion beam has highest
intensity in front of the racetrack. Therefore, in one etching experiment, a series of
etching points bombarded by different intensities of ions can be obtained.

The schematic experimental process is shown in Fig. 5.35. Firstly one 30 x 30 cm?
glass substrate was treated by ion beams statically. Then the glass substrate was cut
into two halves (a) and (b). Part (a) was transfered to sputtering chamber to deposit
standard ZnO:Al film. AFM measurements were performed at 30 points on the ZnO:Al
films. The points are depicted in Fig. 5.35 (2) by the red dots on a red straight line along
x-direction. The distance between each point is 1 cm. XPS survey scans were performed
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Figure 5.36: Removed thickness of statically Ar and Ar/O beam treated glass substrates
(left) and Rms roughness of ZnO:Al films (right) grown on the two sub-
strates. Each position in the z-axis represents the 30 measurement points.

on the other half of glass substrate - part (b) at 30 points which have the same x values
as the 30 points in part (a). The measurements points in part (b) are supposed to have
the same ion beam treatments as the points in part (a). Therefore, the measurement
results of same x value can be compared. 30 sccm Ar and 20/20 scem/scem Ar/Os were
utilized as source gases for two ion beam pretreatments. The discharge voltage of the
two ion beam treatments was 1 kV. The ion beam treatment time was 60 min.

The removed thickness of glass surfaces and the rms roughness obtained from AFM
measurements of ZnO:Al films versus the positions of the 30 points are shown in Fig.
5.36. Removed thickness is the highest at racetrack positions and not detectable else-
where. Therefore, the racetrack positions are identified at the position where highest
removed thickness occurred. The Ar ion beam treatment remove more materials than
the Ar/O, treatment because the former has higher etch rates, as discussed in Chapter
4. The figure also shows the roughness of ZnO:Al films at part (a) of the sample as
shown in Fig. 5.35. Generally speaking, the films grown on Ar/O, treated glass show
higher roughness than the films on Ar treated glass. The rms roughness of the two films
is related to the position during ion beam pretreatment. The ZnO:Al films exhibit lowest
rms roughness, in the middle of the two racetracks. From the center to the racetrack
position, the rms roughness of ZnO:Al films increases and becomes the highest at the
racetrack position. And then the rms roughness for ZnO:Al films on Ar/O, treated glass
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Figure 5.37: The dependence of ZnO:Al film roughnesses on the removed thicknesses (a)
and surface compositions (b-h) after Ar and Ar/O; ion beam treatments.
(b)-(h) show the dependence of roughness on atomic percentage of C, O, Si,
Fe, Zn, Al and Ar on glass substrates, respectively. One untreated Corning
glass was added as reference.
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decreases slightly, while the films grown on Ar treated glass decreased to near the lowest
rms roughness.

The surface compositions of the 30 points were obtained from XPS measurements. Fig.
5.37(a) - (h) shows the dependence of rms roughness of ZnO:Al films on the removed
thicknesses and atomic percentage of C, O, Si, Fe, Zn, Al, and Ar on glass substrates,
respectively. The results from Ar and Ar/O, treatments are represented by open circles
and triangles, respectively. One untreated glass is shown by solid squares as reference.
Most of the 30 points on the ion treated points contain C and O in the range of 15-28
at% and 52-62 at%, respectively (figure (b) and (c)). The reference glass has a C and O
concentration in the middle of above ranges. Thus, the amounts of C or O on the surface
are not responsible for the change of ZnO growth. All ion beam treated points contain
reduced Si as compared with untreated glass (figure (d)), indicating that Si atoms are
either replaced or covered by other elements. The percentage of Si was reduced from 19
at% to 2-10 at% by ion bombardment. Fe, Zn, and Ar were added for almost all ion
beam treated points, except that there was no Zn detected at some places on Ar treated
surface (figure (e, f, g)). The amounts of Fe, Zn, and Ar on ion treated samples are
distributed in the range of 2-16 at%, 0-7 at% and 0.5-2 at%. Al was found to be reduced
on most part of ion beam treated glass surfaces (figure (g)). It is worthy to note that
the aim of this experiment was to find out direct relation between rms roughness and
surface compositions. However, all of the figures exhibit no direct relationships. Fig.
5.37(h) shows that rms roughness can be fitted to Ar compositions. However, it is not
supported by O, treated surface, which contains zero Ar, still leading to rough ZnO:Al
film.

As a conclusion of this section, the ZnO:Al films grown on Ar/O, treated glass have
higher rms roughness than films on Ar treated glass. The concentrations of Si and
Al were reduced by ion bombardment, while Fe and Zn were added on the surface.
The amounts of C and O on ion beam treated glass surface were randomly distributed.
However, the contamination level on the treated glass surface seems not to be the control
parameter for rms roughness of ZnO:Al films.

5.4.2 XPS core level spectra scan

The last section examined the XPS survey scan of dynamically and statically ion beam
pretreated glass substrates. The results show that contaminations like Zn and Fe are
presented after ion beam treatments. However, the bonds between the contamination
and the Corning glass surface are unknown. Detailed XPS measurements provide another
possibility to investigate the chemical bonds by analyzing the binding energy of the
excited electrons.

Two ion beam treated glass substrates were chosen for the core level spectra scans.
The first sample was treated by Ar ions for 30 min with discharge voltage of 2 kV. The
second sample was treated by mixed Ar/O; ions for 86 min with discharge voltage of
1 kV. The ZnO:Al films on the two films promote rough growth with roughness of 15 nm
and 47 nm, respectively. Ar and Ar/O, treated glass surfaces were measured by XPS
in the binding energy range of 529 — 544 eV with resolution of 0.05 eV to detect O 1s
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Figure 5.38: Comparison of O 1s peaks detected from Ar treated glass (a) and Ar/O,
treated glass (b) to reference Corning glass surfaces. The unsymmetrical
peaks are decomposed into 2 or 3 Gaussian contributions.

peak.

Fig. 5.38(a) and (b) show the comparison of normalized O 1s spectra of untreated
glass, the Ar treated, and Ar/O, treated glass substrates, respectively. The solid black
curves in the two figures are the O 1s peak of reference glass. This peak is symmetric and
the center locates at 532.3 eV. This peak is considered as reference O 1s peak originated
from an untreated glass surface, which is composed of Si-O, OH-, C-O, and C=0. The
thick red curve in figure (a) represents the O 1s peak of Ar treated glass. This peak
can be decomposed to two Gaussian peaks: one is centered at 532.3 eV, the same as the
reference peak and the other is centered at 531.0 eV. They are represented by thin solid
and dashed curves, respectively. The contribution bonds to the left peak should be the
same to the untreated glass, while the right peak shall be caused by the Ar ion treatment.
The dash-dotted curve in figure (b) is the O 1s of Ar/O, treated glass. It is clear that
this O 1s peak has a left shoulder. Three small Gaussian peaks which are located at
532.3 eV, 531.2 €V, and 530.0 eV are the deconvolution of this peak. The three small
peaks are depicted by thin solid, dashed, and dotted curves, respectively. Note that the
first two small peaks locates at the same position as untreated and Ar treated glass,
respectively. The area under each peak represents the amounts of contributions.

Similarly, core level spectra of C 1s, Fe 2p3, Zn 2p3, and Si 2p were recorded in the
binding energy region of 278 — 292 eV, 703 — 720 ¢V, 1016 — 1028 ¢V, and 95 — 109 eV,
respectively. Similar as O 1s peaks, the peak is decomposed to Gaussian peaks if it is
not symmetric. The quantification of the above spectra is summarized in Table 5.7. The
total amount of the five elements is supposed to be 100 at%. C peaks are decomposed
to three small peaks, with centers locates at about 285.0 eV, 286.3 eV, and 289.6 eV.
These three peaks correspond to CHy, C-O, and COOH, respectively.

The peaks of Fe 2p can be fitted to two small peaks, centered at about 711 ¢V and
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Table 5.7: XPS compound measurement results on the glass substrates.

glass substrates
Reference | Ar treated | Ar/O; treated | Possible compounds
eV/at% eV/at% eV /at%
O 1s - - 530.0/25.61 | Oy, Si-O,(x<1)
- 531.0/33.22 | 531.2/24.7 | ZnO, FeO, Si-O,(x~1)
532.3/57.7 | 532.3/20.13 532.3/7.2 OH-, C+0, Si-O,(x~2)
C1s | 285.0/8.5 | 285.0/16.34 | 285.0/17.79 | CH,
286.4/2.2 | 286.3/6.03 286.3/2.18 C-0
289.6/0.3 | 289.2/1.57 288.9/0.99 COOH
Fe 2p - 711.4/1.24 710.6/4.45 Fey O3
- 713.7/0.94 712.6/4.03 Fey,O3(sat)
7Zm 2p - 1022.2/1.84 1021.7/1.42 ZnO
Si2p | 103.3/31.3 | 102.3/18.68 102.0/11.6 Si-O,

713eV. They are corresponding to Fe?T and satellite Fe?*, respectively. Similarly, it
means that Fe-O bonds are presented on the ion beam treated glass surfaces. The peaks
of Zn 2p of the two ion beam treated samples are close to 1022 eV. This is in accordance
to the reported Zn®* species in ZnO films [150-152. It means that Zn-O bonds were
developed on the ion beam pretreated glass substrates. The metallic Zn seems not stable
on the surface, due to its low evaporation temperature.

By ion beam treatment, the binding energy of Si 2p core level shift to small energy,
indicting that the stoichiometry ratio x in SiO, decreases [153]. It was reported that as
the stoichiometry ratio = decreases from 2 to 1, the binding energy of Si 2p and O 1s
peak shifts from 103.3 eV to 102 eV [153] and from 533 eV to 531.5 eV [154], respectively.
Thus, the deconvolution peak of O 1s near 531 eV on Ar and Ar/O, treated glass may
be related to the same effect. Additionally, the lower binding energy of O 1s core level
might also relate to the Zn-O and Fe-O bonds, since Zn and Fe contaminations were
observed on the ion beam treated glass surface.

The deconvolution of O 1s curve of Ar/O, treated glass shows that even lower binding
energy 530 eV is presented on the surface. This might be attributed to two aspects.
First, the stoichiometry ratio z in SiO, might decrease further more, since when z < 1,
the literature suggested that the binding energy of O 1s stays almost constant at 530.1 eV
[153]. Because the decrease of Si percentage on the ion beam treated glass surface, less
O atoms are required in the Si-O matrix. The other cause for the low binding energy
is that there might be implanted Oy atoms on the surface. The O 1s peak at 531.6 eV
and 530.5 eV have been attributed to dissociated (atomic) oxygen state and molecular
peroxy species on the oxygen adsorbed Si (111) surface, respectively [155]. The rather
lower binding energy of O 1s at 530.5 eV was also found for molecule O5 on Pt (111)
and Ag. It was proved that physically absorbed O = O bonds are not stable on surface
at room temperature [156, 157]. The metastable peroxy species might be presented on
the surface in peroxy radical atom — O — O or bridge atom — O — O — atom. Thus, the
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undissociated O — O bonds might also exist on Oy treated surface. The net effects of
the above two situations would be to cause excess O dangling bonds on the ion beam
treated glass surfaces. During the initial growth stage of ZnO:Al films, the metastable
O — O bonds are expected to be dissociated due to the high temperature and particle
sputtering, thus they behave similar as O dangling bonds.

The percentage of O dangling bonds can be estimated by subtracting metal oxides,
silicon oxide and carbon oxides from the measured O 1s, as described by the following
equation,

Odanglingbonds = Omeasurea — (Zn~+Fex1.5+Ca+Alx1.5+Sixx+(C—0)+(C = 0)*2)

(5.3)
where x is the stoichiometry ratio z in SiO,. For reference glass, x = 2 is used. For
Ar treated glass, based on the decrease of Si 2p binding energy and the deconvolution
of O 1s, z = 1.48 is used. For the Ar/O, treated glass, 2 = 0.67 is used. The value
of z is estimated from the area of deconvoluted O 1s peaks. By equation 5.3, the
percentages of O dangling bonds are approximately 0.3 at%, 12 at%, and 25 at% for
reference, Ar treated, and Ar/O, treated glass substrates, respectively. The calculations
are based on many assumptions, for example it is assumed that the metal oxides have
right stoichiometry which might not be the case. Because of the many assumptions in
the calculation, the obtained numbers only give relative comparisons about the number
of O dangling bonds on the surface. On the reference glass substrate, a low amount of
O dangling bonds is reasonable, since the glass surface is chemically stable. On the Ar
and Ar/O, treated glass substrates, relatively higher amount of O dangling bonds are
presented.

Same parameters and methods were applied to estimate the number of O dangling
bonds of statically ion beam treated glass as shown in Fig. 5.37. The obtained results
are shown in Fig. 5.39, in which the x-axis is the calculated O dangling bonds and
y-axis is the AFM measured roughness of ZnO:Al films grown on the 30 points. The
Ar treated sample is shown in open circles and the Ar/O, treated sample is shown in
open triangles. The black square on the left bottom is the reference glass. Though a
large scattering of data points, the figure shows a roughly linear relationship, that the
roughness of grown ZnO:Al films is proportional to the number of O dangling bonds on
the glass substrates.

The XPS core level scans have revealed the states of the elements of interest. The
results showed that the stoichiometric of SiOy has been changed by ion bombardment,
leading to O deficiency in Si-O matrix. Meanwhile additional Zn-O, Fe-O bonds are
formed due to the contaminations of the ion source. By Os treatments, metastable
O — O bonds may also be presented as indicated by the lower binding energy of O 1s
spectra. The number of excess O dangling bonds were estimated and correlated to the
rms roughness of ZnO:Al films. Therefore, as an important conclusion from this section,
the excess O dangling bonds might be the reason for the change of ZnO growth.
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Figure 5.39: The roughness of ZnO:Al films versus the number of O dangling bonds on
the static ion beam treated samples.

5.4.3 Different ion beam system

As shown in Section 5.2.5, the ion beam treatment was changed to an inverse sputter
etcher. ZnO:Al films grown on etched area A seems like reference film, while the filims
grown on unetched area B show as-grown rough features. XPS survey and core level
scans were performed for this film at area A and B. The measurement processes are the
same as in last two sections.

The composition of the glass surface obtained by XPS survey scans are listed in Table
5.8. As always, one untreated Corning glass was added as reference. The percentage
of Si is reduced at both areas. However, it is more strongly reduced at area B than
at area A, indicating a higher contamination level at area B. This is confirmed by
the observed Fe and Zn contamination at area B. At area A, there are almost no Fe
contamination and few Zn concentration, while at area B, high Zn contamination and
few Fe contamination were detected.

XPS core level scans of the O 1s, C 1s, Fe 2p3, Zn 2p3, and Si 2p were also performed
on these samples. O 1s spectra from reference glass, area A, and area B are shown in
Fig. 5.40 by solid, dashed, and dash-dotted curves, with centers located at 532.0 eV,
532.1 eV, and 531.6 eV, respectively. Similar to the analysis in Section 5.4.2, the lower
binding energy might be caused by lower stoichiometry ratio x in SiO, and additionally
Zn-O and Fe-O bonds. However, lower binding energy of 530.0 eV was not observed by
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Table 5.8: XPS survey scan results on the glass substrates treated by round ion source.
One untreated glass was measured as reference. The values in the table are
the atomic percentage (at%) normalized to 100 with Rel. error of + 15%.
The minimum measurable range was 1 at%. The area A and B are marked

in Fig. 5.17.

‘ Element ‘ Reference glass ‘ Etched area A ‘ Unetched area B ‘
C 13.1 16.4 24.7
@) 57.4 55.5 48.5
Fe - - 0.4
Zn - 0.2 5.7
Si 22.2 16.8 10.8
Al 5.5 6.9 3.0
Ca 1.2 34 6.4
P - 0.8 0.3
Cl - - 0.3

Table 5.9: XPS core level scans on the glass substrates treated by round ion source. One
untreated glass was added as reference. The values in the table are shown in
binding energy [eV] / atomic percentage [at%]. The area A and B are marked

in Fig. 5.17.
glass substrates
Reference glass | Etched area A | Unetched Area B | Possible compounds
eV/at% eV/at% eV/at%

O 1s - - 531.5/37.4 Zn0, FeO, Si-O,(x~1)

532.3/57.7 532.1/59.8 532.3/15.17 OH-, C+0, Si-O,(x~2)
C1s 285.0/8.5 285.0/11.74 285.0/17.2 CH,

286.4/2.2 286.4/2.2 286.5/3.6 C-O

289.6/0.3 289.3/1.23 289.2/1.36 COOH
Fe 2p - - 710.6,/0.42 Fey O3

- - 714.9/0.29 FeoO3(sat)

7Zn 2p - 1022.5/0.17 1022.2/7.33 Zn0O
Si 2p 103.3/31.3 103.1/24.85 102.7/17.35 Si-O,

this experiments. One reason might be the reduced O implantation under the relatively
low energies ion bombardment. The core level scans of the five elements are summarized
in Table 5.9.

The bonds structure of etched area A is quite similar to reference glass, except that
few Zn was detected and the binding energy of O 1s and Si 2p lines decreases 0.2 eV.
This is might corresponding to the slight deficiency of O in SiO5. The bond structures
of unetched area B are changed a lot. More Zn was deposited on this area. Si 2p and O
1s lines shift more to small binding energy. According to equation 5.3, the percentage of
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Figure 5.40: Detail scan of O 1s of the pretreated glass by sputter-etcher. Two different
areas were measured, one is the etched area A, and the other is unetched
area B.

O dangling bonds for reference glass, etched area A, and unetched area B are 0.3 at%,
3 at%, and 11 at%, respectively. The higher number O dangling bonds on the unetched
area B explains the rough growth of ZnO:Al films in this area.

Higher contamination level on the area B lead to a fast reduction of Si-O bonds as
well as an accumulation of Zn-O, Fe-O, and O-O bonds. It is assumed that when the
ion source is switched on, main part of Fe contaminations sputtered from the cathode
are in the ion beam, but still some parts are outside the ion beam range. Therefore,
Fe contaminations are also visible on the area B where the ion beam cannot reach.
The Zn ions are supposed to be distributed in the whole system chamber that the Zn
contaminations are the same on the whole substrate surface. It means that area A and B
have the same chance to receive contaminations. However, the contaminations deposited
on area A are etched away by the ions, while the contaminations deposited on area B
are not removed. Therefore, high contamination levels are formed on areca B.

The XPS survey and core level scans of the treated glass surfaces in this section show
that the analysis methods regarding O dangling bonds are applicable for other ion beam
treatments. The unetched area B promotes excess O bondings due to the deposition of
contamination layers. As a result, the growth of ZnO is changed and leading to as-grown
rough surface.
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5.4.4 Summary

Survey and core level scans of XPS were applied on the ion beam treated glass. They
yield evidence that the glass surface chemical composition has been changed by ion beam
pretreatment. On the ion beam treated glass surface, Si-O bonds are reduced, while Fe-
O and Zn-O bonds are increased. On the O, treated glass surface, O, molecules might
be implanted on the surface. Excess O bonds are presented on the ion beam pretreated
glass surfaces. Section 5.2.2 shows that the rough growth of ZnO:Al films is not observed
when the ion treated glass is etched by HCI solution or cleaned by acidic decantate. The
observation is in accordance to the XPS measurements, since the excess O bonds are
not stable in acidic solution.

5.5 Growth of ZnO:Al on ZnO crystal

Before the discussion of the mechanism of the rough growth of ZnO:Al film on ion beam
pretreated glass substrates, this section introduces the growth of ZnO:Al films on ZnO
crystal. As seen in Section 2.2.1, ZnO is a polar crystal with either Zn terminated
(0001) surface or O terminated (000-1) surface along c-axis direction. In the following,
the influence of the substrate polarity on the growth of sputtered ZnO:Al films are
discussed, by observing and comparing ZnO:Al film growth on Zn and O-terminated
ZnO crystal and Corning glass.

ZnO crystal with polished (000+1) planes were purchased from CrysTec GmbH,
Berlin, Germany. The ZnO crystal polar surfaces are marked on the sample. The
ZnO crystals with the two faces were glued on a Corning glass substrate by silver paste.
Thus, ZnO:Al films can be sputtered on the Zn-terminated ZnO crystal, O-terminated
ZnO crystal, and Corning glass at the same time.

Table 5.10: Growth parameters of polycrystalline ZnO:Al thin film deposited on a Zn-
terminated ZnO crystal, O-terminated ZnO crystal and Corning glass [127].

Substrate Zn-terminated ZnO | O-terminated ZnO | Corning glass
passes 32 [ 64 32 [ 64 32 |64
thickness[nm] 771 1434 555 977 731 | 1451
growth rate [nm/pass| | 24 22 17 15 23 23
rms roughness [nm| | 3.5 4.5 37 98 5.2 6.1

7ZnO:Al films were sputtered under standard conditions as described in 3.1.1.1. Two
different film thicknesses were deposited by performing the standard number of passes
(32) and twice the standard number of passes (64) in front of the target. Table 5.10 lists
the thickness and growth rate of the ZnO:Al films grown on different substrates. It shows
that the films on Zn-polar single crystal and Corning glass have similar growth rate of
around 23 nm/pass. However, the films grown on O-polar crystal have lower growth
rate of around 16 nm/pass. The rms roughness determined by AFM measurements are
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Figure 5.41: Top SEM micrographies of ZnO:Al films grown on (a) Zn-terminated ZnO
crystal, (b) on O-terminated ZnO crystal. The two films were deposited
with 32 passes.

WO PO
ZnO crystal

ZnO crystal _'

Figure 5.42: Cross-sectional SEM micrographies of ZnO:Al films grown on (a) Zn-
terminated ZnO crystal, (b) on O-terminated ZnO crystal. The two films
were deposited with 64 passes.

shown in the last row of the Table 5.10. The films grown on O-terminated ZnO crystal
have significantly higher rms roughness than the other films.

The top SEM micrographs of ZnO:Al films grown on Zn-terminated and O-terminated
ZnO single crystal are shown in Fig. 5.41. The two ZnO:Al films were sputtered
by performing the standard number of passes (32). Film (a) was deposited on Zn-
terminated crystal and composed of small crater-like features. Film (b) was sputtered
on O-terminated crystal. Round hillocks with diameter in the range of 100 nm to 450 nm
were observed on the otherwise flat surface.

When the films were sputtered by making twice the standard number of passes (64),
cross-sectional SEM measurements were performed. The results are shown in Fig. 5.42.
The interfaces between ZnO crystals and polycrystalline films are indicated in the figure.
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5.5 Growth of ZnO:Al on ZnO crystal

The Zn0O:Al films grown on Zn-polar crystal (Film (a)) still have small crater-like features
on the surface. Moreover, columnar grains are observed on the cross section. Film (b)
was developed on O-polar crystal. The bumps are growing larger with time. A hole
was observed in the cross-section image, indicating that a large grain was thrown off
during the break of sample. It clearly shows that the large grain start to grow during
the growth of ZnO:Al films, but not from the beginning of the growth. Moreover, the
large grains on the surface exhibit different lateral size, indicating that they appear at
different time.

This experiment examined the growth characterization of the ZnO:Al films on various
substrates. The growth rate difference of (0001) and (000-1) ZnO surfaces has also been
observed for epitaxially deposited ZnO films [158, 159]. The reason for the different
growth rates is due to the different dangling bond configuration of the growing surfaces.
On Zn-polar surface, each O atom has three dangling bonds along c-axis, while O atom
on O-polar surface only has one dangling bond. The Zn sticking coefficient on the O atom
plane of Zn-polar ZnO is higher than that of the O-polar surface [160]. The growth of
ZnO is easier on Zn-polar surface than on O-polar surface. Therefore, Zn-polar ZnO:Al
films exhibit faster growth rate than the O-polar ZnO:Al films. The ZnO:Al films grown
on Corning glass have similar growth rate as on Zn-polar ZnO crystal, indicating that
the ZnO:Al films on Corning glass have Zn-polar surfaces.

Kato et al. reported homoepitaxial Zn-polar ZnO films grown on Zn-face substrates by
molecular beam epitaxy (MBE). The morphologies of ZnO surfaces strongly depend on
O-Zn ratio in the deposition chamber [160, 161]. Kato et al. pointed out that atomically
smooth Zn-polar surface can be deposited in O-rich region. Under stoichiometric or
Zn-rich conditions, the films become rough with hexagonal pits on the surface. The Zn
atoms bonded to O substrates are not stable, leading to a promotion of 3D growth [160].
The crater features of the sputtered ZnO:Al films on Zn-polar crystal indicate that the
growth of sputtered ZnO:Al films belongs to 3D growth.

O-polar ZnO films have been deposited by MBE or rf magnetron sputtering on Sap-
phire substrates [162-164] and O-face ZnO crystal [165, 166]. It was claimed by Xu et al.
that a high temperature of 1000 — 1050 °C together with Zn-rich condition is required
to promote 2D growth of homoepitaxial O-polar ZnO film [165]. At low temperature
near 600 °C, 3D island growth of O-polar surfaces were observed [165, 166]. 3D island
growth was also found for heteroepitaxial O-polar ZnO on Sapphire substrates with the
deposition temperature below 700 °C [159, 163, 167, 168]. Therefore, it is assumed that
the sputtered O-polar ZnO:Al films in this work also has 3D growth over the whole film.

There might be many reasons to promote the as-grown rough features of ZnO:Al films
on O-polar single crystal. One reason could be the flip of polarity of ZnO:Al films
during the film growth process, because Zn-polar surface is more thermodynamically
stable due to the low temperature. Mixed polarity is also observed for Zn-terminated
surface grown on Sapphire at relatively low temperature [162]. Jo et al. observed the
formation of inversion twin boundaries in sintered ZnO [169]. The flip of polarity does
not start from the crystal interface due to the difficulty to form anion-anion bonds. The
Zn-polar surfaces have faster growth rate and therefore overgrow other flat grains and
finally dominate the surface. Additionally, due to the imperfect of the ZnO single crystal,
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5 Ion beam treatment of the glass surface

defect sites or edge dislocation position may be nucleation sites for differently oriented
grains. In this case the different size surface textures would arise from the different
growth rates associated with the particular orientation. Finally, as a combination of the
two previous suggestions, the as-grown rough surface may also due to the formation of
a crystal with other orientations during the growth process. It’s known that sputtering
is not the ideal method for epitaxial growth due to its high deposition rate. Thus, the
defects in grain or at grain boundaries may provide sites for other oriented ZnO:Al films.

This experiment not only investigated the different growth on Zn-polar and O-polar
surface, but also revealed the growth mechanism of reference ZnO:Al films grown on
untreated and ion beam treated glass. Firstly the similarity of growth characteristics
between the ZnO:Al films on Zn-terminated crystal and untreated glass suggests that the
glass substrates develop primarily Zn-terminated (0001) films. This can be further con-
firmed by their HCI etching behavior [127]. The ZnO:Al films grown on Zn-terminated
crystal have epitaxial growth and already have in-plane orientation. Therefore by HCI
etching, the surfaces consist of six-fold symmetric craters. On an amorphous glass sub-
strates, a thin random ZnO:Al layer will first grow on the surface. Then the plane (0001)
which has lowest surface energy and fastest growth rate dominate the growth. Thus in-
plane orientation for the film does not form by this competing mechanism. SADP by
TEM measurements on reference ZnO:Al films on Corning glass show that the film has
local relation of in-plane orientation, but random in-plane orientation at long distance
[139]. This is reflected by the round crater after HCI etching. Secondly, the reduced
growth rate and rough topography of ZnO:Al films grown on O-terminated ZnO crystal
is similar to the ZnO:Al films grown on ion beam treated glass. The similar conical
grains on the two surfaces indicates similar growth mechanism of the ZnO:Al films. In
next section, the growth model of as-grown rough ZnO:Al films grown on ion beam
pretreated glass substrates will be discussed.

5.6 Growth model

In the previous sections, ZnO:Al films grown on untreated and ion beam treated glass
substrates were introduced and characterized. The films grown on ion beam treated
glass substrate exhibit conical grains starting from the beginning of the film growth.
The conical grains grow faster than the surrounding flat grains and therefore they over-
grow the flat grains and finally dominate the surface. TEM and XRD reveal that the
conical grains have no favored orientation, no matter in-plane or out-of-plane. TEM
also determined the orientation of the grains between the conical grains and confirmed
that the small columnar grains have c-axis direction similar to the reference ZnO:Al
films grown on bare glass. However, the growth rate of the columnar grains on ion
treated glass is slower than the columnar grains on reference glass. Considering the
slower growth rate of (000-1) grains, it is assumed that the small grains in the as-grown
rough ZnO:Al films are oriented along (000-1) termination, while the reference ZnO:Al
films grow in (0001) direction. Therefore, the growth rates of different grains are as
follow: G(columnar grains on reference glass) > G(conical grains on ion beam treated
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5.6 Growth model

glass) > G(columnar grains on ion beam treated grains), where G means the growth
rate of ZnO:Al films. This relationship is in accordance to the reported

G(0001) > G(random) > G(000 — 1). (5.4)

Hong et al. have reported that O-terminated ZnO epitaxially deposited films were
grown on O, plasma pre-exposed GaN /sapphire substrates by MBE, while Zn-terminated
ZnO epitaxially deposited films were prepared on Zn pre-exposed sample [170, 171].
Other results considering the MBE deposited O-polar ZnO on Oy or Ga pretreated
substrates can be found in [159, 172, 173]. Specifically, Vinnichenko et al. has found
that magnetron sputtered ZnO epitaxially deposited films exhibit (000-1) out-of-plane
orientations on O rf plasma pretreated sapphire substrates, while without O, rf plasma
pretreatment, the epitaxially deposited films are composed with both (0001) and (000-1)
oriented materials [163]. It is therefore concluded that the nucleation of ZnO films are
not only strongly dependent on the deposition parameters, but also on the status of
substrates. The O, pretreated substrates tend to promote grains oriented with (000-1)
directions.

The XPS measurements revealed that additional Zn-O, Fe-O, and O dangling bonds
cover the glass surface after ion bombardment. It was observed that the rms roughness
of ZnO:Al films is proportional to excess O bonds on the substrates. Thus, the O bonds
on the treated glass surface promote the (000-1) texture in the sputtered ZnO:Al films.
At other places where no O bonds are covered, random grains are developed. Since the
random grains have faster growth rate than the (000-1) grains, they overgrow the (000-
1) grains and dominate the surface. The random grains start from the glass/Zn0O:Al
interface.

Combined with the growth characteristics of ZnO:Al films on ZnO single crystal, a
model is proposed and shown in Fig. 5.43. In the figure, the (0001) and (000-1) planes
are distinguished by upward and downward curved lines as well as the arrows directing
towards (0001) direction. The figures (a) and (b) describe the ZnO:Al films grown on
Zn-polar and O-polar ZnO crystal, respectively. The figures (¢) and (d) show the ZnO:Al
films sputtered on untreated and ion beam treated glass surfaces, respectively.

On Zn-polar crystal (Fig. 5.43(a)), the ZnO:Al films grow epitaxially, so that the
grains show well aligned (0001) orientations. The grain sizes are uniform and the growth
rates of all grains are similar. As a result, the ZnO:Al films have relatively smooth
surface. Some other oriented grains might also be presented during the film growth
process at defect sites, but they are overgrown by (0001) grains due to the growth rate
difference.

On O-polar crystal (Fig. 5.43(b)), most of the ZnO:Al films are nucleated with (000-1)
orientation due to the epitaxial growth. However, as discussed in Section 5.5, during the
growth of film, many large grains overtake the small grains, resulting a rough surface.
Three possible reasons for the as-grown rough growth of ZnO:Al on O terminated ZnO
are depicted in the figure. From left to right, these reasons include the flipping of grain
polarity from O to Zn terminated during the growth process, the growth of ZnO:Al with
another orientation beginning at the underlying substrate, and the formation of a crystal
with other orientations during the growth process.
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Figure 5.43: Growth model of ZnO:Al films on Zn-terminated ZnO crystal (a), O-
terminated ZnO crystal (b), reference Corning glass (¢), and ion beam
pretreated glass substrates (d). The initial grain growth of ZnO:Al poly-
crystalline films on different substrates are shown. The zigzag in substrate
(b) indicates defects in the imperfect single crystal.
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The ZnO:Al films grown on untreated glass (Fig. 5.43(c)) start from random nu-
cleation stage due to the amorphous substrate. This has been observed by high res-
olution TEM images: thin randomly oriented polycrystalline layers were developed at
Zn0/glass interface [76]. During the growth of randomly oriented grains, competition
of fastest growth rate exists among the grains. Finally, (0001) grains overcome others
and dominate the surface.

On the ion beam treated glass surfaces (Fig. 5.43(d)), O dangling bonds and possibly
other bonds exist on the surface instead of only Si-O bonds. These O dangling bonds
are assumed to provide the ZnO grains higher opportunity to form (000-1) orientation
instead of random orientations. Therefore, the ZnO:Al polycrystalline films have two
types of grains: one is the (000-1) grains with slower growth rate, which are well aligned
as columns similar to the growth on untreated glass. The other type is randomly oriented
grains which overgrow the columnar grains. They are represented by the three large
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grains on the right side in the figure. At around 600 nm, the random oriented grains
coalesce and dominate the surface. Moreover, during the growth of the (000-1) oriented
grains, some grains with other orientation may exist. This is shown by the left large
grain.

This model is supported by the effects observed in Section 5.2.2. The ion beam treated
glass surface is OH-terminated after cleaning in acidic solution, leading to similar growth
as on untreated glass. The model is also supported by the TEM and XRD measurement
results. The columnar grains on ion bombarded glass surfaces show similar SADP as the
reference material grown on untreated glass despite of their inverted polarities. The large
conical grains show random orientations as indicated by the ring diffraction patterns from
plan-view TEM as shown in Fig. 5.29(b). Among the randomly oriented large grains,
some orientations might be promoted while some are suppressed due to their growth
rate difference. This is confirmed by the different increase of small XRD peaks of thicker
as-grown rough ZnO:Al films as shown in Fig. 5.33.

5.7 Summary

This chapter has examined the ion beam treatment of the glass substrate in Si thin-film
solar cells. Pure Ar, pure Og, and mixed Ar/O, ions were used to treat the Corning
glass substrates. The morphology of the glass surface was not changed obviously by
the ion beam bombardment. However, the growth of ZnO:Al films has been influenced
significantly by the treatment of glass substrates. All of the three ion beam treatments
lead to slower growth rate and develop pyramids on the surface of ZnO:Al films. Among
them, Ar/O; ions develop the roughest ZnO:Al films with rms roughness of around
40 nm. The electrical and optical properties of the as-deposited rough ZnO:Al films
suggested that the films could be used as front contact TCO in the Si thin-film solar
cells. The wet chemical etching process used for the reference ZnO:Al films can be
avoided. Amorphous, microcrystalline, and tandem Si thin-film solar cells prepared on
the rough ZnO:Al films show that the front contact can provide efficient light trapping
effect. The highest initial efficiencies for amorphous single junction and amorphous
microcrystalline silicon tandem solar cells on as-grown rough ZnO:Al films were 9.4 %
and 11.9 %, respectively.

The as-grown rough ZnO:Al films are composed of two types of grains: small columnar
and large conical grains. Both types of the grains start from the glass/ZnO interface.
Because of the faster growth rate of conical grains, they overgrow the columnar grains
and dominate the surface. The small columnar grains have similar texture to the ref-
erence ZnO:Al materials sputtered on untreated Corning glass, while the large grains
show nearly random orientations.

Ar/O, ion beam pretreatments were applied on other glass substrates and Si wafer
instead of Corning glass and similar rough growth was observed. Alternatively, an
inverse sputter etcher was used to replace the large linear ion source, and similar rough
growth was only developed on the part of substrate where the ions did not impinge.
The effect of rough growth of ZnO:Al films can be removed by dipping the treated glass
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5 Ion beam treatment of the glass surface

into HCI solution or re-cleaning in the glass cleaning process. It was concluded that the
chemical properties of the glass surface were changed by the ion beam treatment and
are responsible for the rough growth of ZnO:Al films. Oxygen dangling bonds created
by ion bombardment show a correlation to the rough growth.

Sputtered ZnO:Al grains on O-terminated surface tend to have (000-1) orientations
which have the lowest growth rate among the other crystal orientations. Comparison to
epitaxial growth on ZnO single crystals lead to the conclusion that the columnar grains
grow along (000-1) direction and conical grains are randomly oriented. At the end of
this chapter, a growth model was built, in order to explain the growth mechanism of
as-grown rough ZnO:Al films on ion beam treated glass surface.
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6 lon beam treatment of the TCO
surface

This chapter focuses on the ion beam treatment of TCO surfaces, namely the ZnO:Al
films in Si thin-film solar cells. As-deposited smooth and HCI etched textured standard
ZnO:Al films are treated by the ion beam. The chapter starts with the study of HCIl
etching, the growth of ZnO:Al and Si films on ion beam treated ZnO:Al films. Next,
the changes in the morphology of the ZnO:Al films by Ar ion beam etching are given.
With continuous ion beam etching, the ZnO:Al films are totally removed, resulting in
the fabrication of textured glass, which is a main part of this chapter. The properties
of the textured glass, the growth of ZnO:Al films on textured glass, and the application
of textured glass in solar cells are presented in the following parts. At the end of this
chapter, the puc-Si:H thin-film solar cells based on various textured glass are given.

6.1 The effect of ion beam treatment on HCI etching
behavior of ZnO:Al films

This section focuses on the effect of ion beam treatment on HCI etching behavior of
ZnO:Al films. Firstly the etching behaviors and mechanism of reference ZnO films in
HCI are briefly introduced, ending up with the motivation of ion beam treating ZnO:Al
films before HCI etching. Then the AFM images of HCI etched ion beam treated ZnO:Al
are presented.

The wet chemical etching of polycrystalline ZnO films is a complicated process. The
grain boundaries, especially the points where three grains meet were supposed to be
etching attack points as determined by TEM [127]. Starting from the attack points, the
etchings spread both laterally and vertically. On the reference ZnO:Al films, etching in
0.5 % diluted HCI solution for 30 — 40 s lead to round craters with diameter of about
1000 nm. Etching in HF solutions lead to smaller and deeper craters with higher densities
[174]. The reason was attributed to that HF molecule tends to penetrate deeper before
a chemical reaction [174]. The different etching behaviors of HF and HCI have been
successfully used to adjust the morphology of TCO front contact by etching in HF and
HCI for different duration [175]. The etching behaviors depend not only on the properties
of etchant, but also on the film properties. By controlling the properties of films during
the deposition process, the films have significantly different morphologies after etching in
the same wet chemicals, as shown in Fig. 2.10. It has been widely discussed in Chapter 5
that the surface properties have been changed significantly by ion bombardment. Thus,
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6 Ion beam treatment of the TCO surface

it is conceivable that the ZnO surface may also be influenced by ion beam treatment,
leading to different HCI etching behavior. The size, shape, and density of craters on the
ZnQO:Al films for different etching time are the parameters to characterize the etching
behavior. In the following, the etching properties of ion beam treated ZnO:Al films are
examined.

For testing the difference of etching behavior of ion beam treated and untreated stan-
dard ZnO:Al films, the samples were dipped in HCI solution for very short time. In order
to minimize the influence of the inhomogeneous deposition, one 10 x 10 cm? as-deposited
standard ZnO:Al film was cut into two pieces. One half was treated by ion beam and
the other was not treated. Then the two halves were dipped into 0.5 % diluted HC1
solution for 2 s. Then the films were measured by AFM to obtain the top morphologies.
Two types of ion beam treatments with 30 sccm Ar and 20/20 sccm Ar/Os as source
gases were performed, respectively. The discharge voltage was kept at 2 kV during the
treatments. The treatments were stopped when the removed thickness of ZnO:Al films
were near 120 nm. Due to the reduced thickness, sheet resistance of the ZnO:Al films
were increased from 3.2 € to 3.9 Q.

Fig. 6.1 and Fig. 6.2 give the AFM measurements of the 2 s HCI etched Ar/O, and
Ar ion beam treated ZnO:Al films, respectively. In both figures, the HCI etchings of
untreated ZnO:Al films are shown in (a) and the etchings of treated films are shown in
(b). The AFM scan size is 15 x 15 pm?. The number and size of the craters of the films
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Figure 6.1: 2 s HCI etching of untreated ZnO:Al film (a) and Ar/O, treated ion beam
treated ZnO film (b). AFM scan size is 15 x 15 pm?. Statistical values from
AFM images are listed on the bottom.
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Figure 6.2: 2 s HCI etching of untreated ZnO:Al film (a) and Ar treated ion beam treated
Zn0 film (b). AFM scan size is 15 x 15 um?.Statistical values from AFM
images are listed on the bottom.

were evaluated by the advanced threshold method in SPIP program [140]. The values are
shown on the bottom of each figure, together with the rms roughness values. The crater
number and rms roughness of the HCI etched film in Fig. 6.1(a) is 485 and 40 nm, while
the values in Fig. 6.1(b) are 203 and 27 nm, respectively. Less and smaller craters were
developed by HCI etching on Ar/O, treated samples. Accordingly, lower rms roughness
was obtained for the HCI etching Ar/O, treated samples. Similar results were observed
on Ar ion beam treated ZnO:Al films. The crater number and rms roughness of the HCI
etched film in Fig. 6.2(a) is 488 and 50 nm, while the values in Fig. 6.2(b) are 219 and
37 nm, respectively. But the size of the craters does not have obviously difference, as
can be seen from Fig. 6.2.

The change of etching behaviors seems to be more pronounced on Ar/O, treated
sample as compared to Ar treated sample. It has to be noted that large errors might
originate from the experimental procedure due to the inaccuracy of the 2 s dip. There-
fore, further experiments with longer HCI etching time were performed on Ar/O, treated
ZnQO:Al samples.

The HCI etching time of ZnO:Al films was extended from 2 s to 10 s and 40 s. Mixed
Ar/O, gas were used as source gas. The ion beam was generated with soft and strong
intensities by fixing the discharge voltage at 1 kV and 2 kV, respectively. The soft ion
beam treatment removed 45 nm ZnO:Al films, while the strong ion beam treatment
removed ZnO:Al films approximately 115 nm.

The AFM measurements of the 2 s, 10 s, and 40 s HCI etched films are shown in Fig.
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Figure 6.3: 2's, 10 s and 40 s HCI etching of untreated ZnO:Al film, soft Ar/O, ion beam
treated ZnO film and strong Ar/O, ion beam treated ZnO film. AFM scan
size is 15 x 15 pum?2.
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6.3. The AFM scan size was 15 x 15 um?. In the figure, AFM images of HCI etching of
untreated samples, soft ion beam treated samples, and strong ion beam treated sample
are shown from left to right column. The statistical values from AFM images including
crater number, size, and rms roughness are listed on the bottom of each image. AFM
measurements of 2 s HCI etched ZnO:Al films show that the strong ion beam treated
ZnO:Al film has obviously less craters than the reference film, while the soft ion beam
treated ZnO:Al has similar number of craters as the reference film. When the HCI etching
time was increased to 10 s, AFM images (see second row) show that the reference and
soft ion beam treated ZnO:Al films have similar shape while the strong ion beam treated
ZnO:Al film has slightly less craters. As the HCI etching time is further increased to
40 s, the three films have similar number and size of craters. However the strong ion
beam treated ZnO:Al film has smallest rms roughness (118 nm) as compared with the
reference film (137 nm). The smaller rms roughness shall be caused by lower crater
depth, because the number and size of the craters of this film are similar to other two
films. Further calculations of the three AFM images reveal that the crater depth of the
reference, soft ion beam treated and strong ion beam treated ZnO:Al films are 589 nm,
550 nm, and 487 nm, respectively.

The two experiments in this section indicate that ion beam treatments of ZnO:Al
films have changed their etching behavior. Ion beam treated ZnO:Al films have less
attack points as compared with the reference film. With longer etching time, the distri-
bution of the craters are similar, but the depth of the craters are shallower. The exact
reason is unclear. As mentioned, it is believed that the grain boundaries of standard
polycrystalline ZnO:Al films are attacked by the HCI etchant. Thus, less HCI attack
points might be caused by less grain boundaries or more compact material on the ion
beam treated ZnO:Al surfaces. Owen et al. has observed that the density of craters have
similar trends as the density of grains during the growth of standard ZnO:Al films [127].
Densities of grain boundaries should be approximately constant for a standard ZnO:Al
film with thickness around 800 nm and another standard film which is 120 nm thinner.
Therefore, it is assumed some grain boundaries on the surface are filled by redeposited
ZnO films. Thus, less attack points were observed at the initial stage of HCI etching
on ion beam treated ZnO films. When the etching time is increased, the change of HCI
etching is less pronounced, because the influence of ion beam treatment lies mainly in
the surface region. From this fact, it is suggested to perform ion beam treatment after
HCl-etching rather than before.

6.2 ZnO:Al films grown on ion beam treated ZnO:Al
films

This section examines the effect of ion beam treatment of ZnO:Al films on the growth
of ZnO:Al films. In this work, the influences of ion beam treatment of glass substrate

on the growth of ZnO:Al films, and the influence of ion beam treatment of ZnO:Al films
on their HCI etching behavior have been investigated in Chapter 5 and 6.1, respectively.
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(c) HCI etched ZnO film (d) ZnO on ion treated HCI etched ZnO

Figure 6.4: SEM micrographs of ZnO:Al film grown on reference ZnO:Al film (a), HCI
etched reference ZnO:Al film (c), ZnO:Al film grown on Ar/O, treated as-
deposited (b) and HCI textured ZnO:Al (d). Both top and cross-section view
images are shown for film (b) and (d).

The ion beam treatments have significant effects on the treated surface. The changes
of the growth or etching properties have been attributed to the alteration of the ion
beam treated surface. It has also been investigated that the ZnO:Al films have epitaxial
growth on etched ZnO:Al films if there is no buffer layer at the interface [127]. However
if a SiO,, buffer layer is prepared on the ZnO:Al substrate, the c-axis of new deposited
ZnO:Al films is perpendicular to the substrate surface [127]. In the following, ZnO:Al
films grown on ion beam treated ZnO:Al films are presented.

Standard as-deposited and HCI etched ZnO:Al films were treated by Ar/Os ion beam.
The discharge voltage was 1 kV. Afterwards, standard ZnO:Al films were deposited on
the Ar/O, ion beam treated ZnO:Al films. SEM were taken on the ZnO:Al films.

Fig. 6.4 shows the top and cross-sectional SEM micrographs of ZnO:Al films grown
on Ar/O, ion beam treated as-deposited (b) and HCI etched (d) ZnO:Al films. For
comparison, the reference ZnO:Al film sputtered on untreated ZnO:Al film is shown by
Fig. 6.4(a), and HCl etched reference ZnO:Al film is shown by Fig. 6.4(c). As mentioned,
the sputtered ZnO:Al on ZnO:Al film show epitaxial growth. The interface between the
two layers is hardly observed. The morphology of the film exhibits small crater feature.
On the ion beam treated ZnO:Al films, the new ZnO:Al films show granular grains with
larger size. The interface between the new deposited ZnO:Al films and the substrate is
clear in the cross-sectional SEM image. The ZnO:Al substrate has small columnar grains
while the new deposited ZnO:Al films have much larger grains. The new nucleation is
easily observed in the cross-sectional image. The newly deposited ZnO:Al films are
much thinner than the underlying ZnO:Al substrate although the deposition condition
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and duration are the same. Therefore, it is concluded that the ZnO:Al films on ion
beam treated ZnO:Al films have reduced growth rate. On the HCI etched ZnO:Al films,
the new ZnO:Al film maintains the crater shape. However, small flower structures are
formed on the crater walls as seen by comparison of Fig. 6.4(c) and (d). Cross-sectional
SEM image shows no clear new nucleation of the newly deposited ZnO:Al film.

From the top SEM image, it seems that the large grains of the ZnO:Al films grown
on Ar/O, treated ZnO:Al are similar to the films grown on Ar/O, treated Corning
glass. However, the cross-sectional SEM reveals that all of the nucleated crystallites on
the Ar/O; treated ZnO:Al are the larger grains, while only few large conical grains are
nucleated on the Ar/O, treated glass. The lower growth rate of the large grains suggests
that they might also have opposite c-axis polarity. The flip of polarity might be caused
by the Oy exposure similarly to the (000-1) ZnO epitaxially deposited films grown on Oy
pretreated sapphire substrates [163, 170]. XPS survey scans on Ar/Os treated ZnO:Al
films revealed that the fraction of Zn and O were changed from 44 at% and 56 at% to 26
at% and 71 at%, respectively. It supports that more O and less Zn were terminated on
the surface. Thus, new nucleations with preferred (000-1) orientation might dominate.
It is not clear why the flower structures were developed on the ZnO:Al films grown on
Ar/O, treated craters. Nevertheless, the different morphologies of the ZnO:Al films on
Ar/O, treated ZnO:Al show that the ZnO:Al surface has been changed by the ion beam
treatment. It is possible to modify the growth of ZnO:Al films by applying ion beam
treatment on the glass or ZnO:Al films.

6.3 Modification of the TCO surface by ion beam
etching

It was reported that ion beam treatment on LPCVD deposited ZnO:B films can modify
the morphology of TCO front contact, in a way that the V shape structures change
into U shape. The former V' shape structures might lead to bad crystalline quality
in the pc-Si layer, resulting in relatively lower FF and V,. [136, 137]. Through the
modification of the ZnO:B films by ion beam treatment, the F'F' and V,. of solar cells
can be improved [7, 176]. Moreover, it was reported that there is potential to further
enhance the absorption in solar cells if the craters are partly filled or cut [177]. The ion
beam etching may be employed to cut the top of craters. Therefore, the influence of ion
beam treatment of sputtered ZnO:Al films on the performance of solar cells is interesting.
In this section, firstly the morphology change of HCI etched sputtered ZnO:Al films is
investigated, and then in next section, the growth of Si on ion beam treated TCO front
contact is studied.

Reference ZnO:Al films were etched in 0.5 % HCI solution for 40 s. Then Ar ion beam
was applied on the ZnO:Al films for different duration. During the ion beam treatment,
the ion source was tilted 40° to the substrate normal. The discharge voltage was kept at
2 kV. The treatment time was varied by different passes the carrier moves through the
ion beam. The ZnO:Al films were treated by Ar ion beam by 2, 4, 6, 8, and 10 passes,
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Figure 6.5: rms roughness and crater depth of the Ar etching series of the ZnO films

with the treatment time approximately of 10, 20, 30, 40, and 50 min, respectively. After
each treatment, the ZnO:Al films were taken to measure the removed thickness and
surface morphology by AFM.

Fig. 6.5 shows the crater depth (solid squares) and rms roughness (open squares) of
Ar ion beam etched ZnO:Al films versus the ion beam etching time. The crater depth is
calculated from the AFM measurements, representing the average depth of the craters.
The crater depth and rms roughness of the ZnO:Al films decreases with the etching time,
indicating that the ion beam treatment has smoothing effect on the ZnO:Al films. The
surface morphology of ZnO:Al films measured by AFM are shown in Fig. 6.6, in which
Fig. 6.6(a) is the ZnO:Al film before ion beam etching, and Fig. 6.6(b)-6.6(f) show the
morphology of ZnO:Al films after ion beam treatments. The sharp edge between the
craters get smoother with increased etching time. The shape of the craters are changed
from symmetric to asymmetric by the tilted ion beam etching. Shadowing effect and
the angle dependent sputtering yield are the main reason for the asymmetric craters
when the ion source is tilted. The shape of the craters show that the ions are shot
from left side. For Ar etching, the smoothening effect might be caused by the difference
between the collision cascade at crater top and valley. For normal bombardment, where
no shadow exists, more surface atoms are involved in collision cascade for crater top
as compared with crater valley. Therefore, the top of craters is etched faster than the
valley, leading to a smoothening effect. For ion bombardment with tilted incident angle,
the shadowing effect enhance the smoothening process because the valleys receives less
ions. Oy and mixed Ar/O, ion etching were also performed and similar smoothening
effects were obtained.
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Figure 6.6: The topographies of Ar ion beam etched HCI textured ZnO:Al films. The
ion source was tilted 40° to surface normal. Ar etching time: (a):0 min, (b):
10 min, (c): 20 min, (d):30 min, (e): 40 min and (f): 50 min. The scan size
is 15 x 15 pum?.

However, it is common to observe roughening effect when CF, or SFg plasma are
utilized to etch Si surface [178, 179]. It was also reported that CHy/Hs/Ar, Cly/Ar,
Cly/Hy/Ar, and CHF3 plasma can roughen ZnO films [180, 181]. The roughening effect
indicates that the valley of crater is removed faster than the top of crater. The etchant
particle from gas phases hits the surface at one point. The incident reactive particle
either sticks to the surface and removes the substrate materials or it is reemitted from
the surface and reach another point on the surface. If the sticking coefficient is low,
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most of the incident particles are reemitted from the surface, the valley of the craters
have more chance to receive incident ions, then ion beam etching has roughening effect
[95]. Thus, the chemical etching tends to end up with a rougher surface.

This section has examined the morphology change of ion beam treated ZnO:Al films.
The craters of the HCI textured films become less deep and the films are smoothened
after ion beam etching. Thus, the ion beam etching can be used to cut the top of crater
top as mentioned in the beginning of this section. However, before the solar cells are
deposited on the smoothed ZnO:Al films, the growth of Si on the ion beam treated ZnO
has to be investigated.

6.4 Silicon grown on ion beam treated ZnO:Al films

It was shown that ion beam etching can smoothen the HCI textured ZnO surface. This
section investigates the performance of solar cells and the growth of Si p-layers on ion
beam treated ZnO:Al films.

Three 10x10 cm? ZnO:Al films were etched in 0.5 % diluted HCI solution for 30 s,
and then two of them were treated by Ar ion beam for 1 min and 30 min, with strong
and soft intensity, respectively. The removed thicknesses for the two films were expected
to be approximately 12 nm. Finally, standard microcrystalline Si p-i-n solar cells were
prepared on the three substrates in a same run. AFM measurements of the untreated,
1 min, and 30 min treated ZnO:Al films show that the rms roughness are all around
135 nm. The roughness exponent « obtained from height-height correlation function is
only slightly increased after ion beam treatments. It indicates the change of the surface
morphology is so little that it is hardly to be observed by AFM. 18 1x1 cm? small cells
were defined by Ag back contacts on each substrate. J — V measurement results of
the three solar cells under standard condition are shown in Table 6.1 and the external
quantum efficiency (EQE) is shown in Fig. 6.7. Note that the J — V results were the
average value of three best small cells while the QE was measured on one best cell.

The J —V measurement results show that the V. is slightly increased while the J. is
slightly decreased on the ion beam treated ZnO substrates as compared with reference.
As a result, the n of the solar cells on ion treated ZnO:Al films is approximately 0.1%
reduced. Spectral response in Fig. 6.7 show that the light scattering effect in long
wavelength region is not influenced by the ion beam treatment, because the removed

Table 6.1: J — V measurement results of the pc-Si solar cells prepared on untreated
ZnO:Al films, 1 min and 30 min Ar treated ZnO:Al films.

Substrates n | FF | Vo | Jse

% % | mV | mA

Reference 7.45 | 72.7 | 499 | 20.5

1 min treated | 7.33 | 72.6 | 503 | 20.1

30 min treated | 7.35 | 72.7 | 503 | 20.1
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Figure 6.7: External quantum efficiency (EQE) of the uc-Si solar cells prepared on un-
treated ZnO:Al films (solid curve), 1 min (dashed curve) and 30 min (dash-
dotted curve) Ar treated ZnO:Al films.

thickness of the ZnO film is very thin. The reduction of current locates mainly in
the short wavelength region, indicating that the p-layer is altered on ion treated ZnO
films. Further experiments to investigate the influence of ion beam treatment on the
crystallinity of Si p-layer were conducted.

The first experiment deals with the influences of Ar ion beam treatment on the crys-
tallinity of puc-Si. The Ar treatments were performed with a tilted ion source (40° to
substrate normal). Discharge voltage was fixed at 3 kV. As-deposited and HCI etched
7ZmO:Al films were utilized in this experiment. The Ar ion beam treatment time was var-
ied from 5 to 25 min by moving the substrates through the ion beam from 1 to 5 passes.
After the Ar treatment, 20 nm p-type puc-Si was deposited on the ZnO:Al films with
standard parameters by PECVD. Then, Raman measurements were performed on the
thin Si p-layers to determine the crystallinity.

Fig. 6.8 gives the crystallinity of puc-Si p-layers deposited on different ZnO:Al films.
The as-deposited ZnO:Al films are shown with full squares while the HCI etched samples
are given with open squares. On untreated ZnO:Al film, the crystallinities of pc-Si are in
the range of 40-60 %. The HCI etching of ZnO:Al films does not have obviously effects
on the crystallinity. On Ar ion beam treated ZnO:Al film, the crystallinities of pc-Si
are significantly reduced to less than 20%, no matter how long is the treatment. The
reduction of crystallinity in pc-Si p-layers shall be the reason for the reduced J. of the
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Figure 6.8: Crystallinities (/.) of uc-Si p-layer deposited on Ar ion beam treated as-
deposited (full squares) and HCI etched ZnO films (open squares) versus the
time of Ar ion beam treatments.

cells in short wavelength region.

The next experiment changes the source gas from only Ar to Oy, Ar+0,, and mixed
Ar/Os. In this treatment, only as-deposited ZnO:Al films were used and the ion source
was not tilted. The discharge voltage was kept at 2 kV. The ZnO:Al films were treated
for 33 min by moving the substrates through the ion beam for 10 passes. Ar+O, ion
beam treatments indicates the film was treated by first 8 passes of Ar and then 2 passes of
Os. 20 nm puc-Si p-layers were developed on the ZnO:Al films with standard parameters
by PECVD. Finally, Raman measurements were performed on the thin Si layers to
determine the crystallinity.

The results are shown in Fig. 6.9. The uc-Si grown on reference film has crystallinity
around 30%. On Ar, Oy, Ar+0O,, and mixed Ar/Os ion beam treated ZnO films, the
crystallinity of Si films are around 29%, 14%, 12%, and 5%, respectively. The Ar treat-
ment in this experiment does not lead to significant decrease of crystallinity, while the
other three treatments reduce the crystallinity of Si layers obviously.

The reason of the low crystallinity of Si layers on ion beam treated ZnO:Al films is not
clear. It might be related to the modification of the ZnO:Al films by ion bombardment
in a similar way to the different growth and HCI etching behavior on ion beam treated
ZnO:Al films. XPS measurements performed on Ar, Oy, Ar+0O,, and mixed Ar/O, ion
beam treated ZnO films show that the percentage of Zn was reduced, while Fe, C, and O
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Figure 6.9: Crystallinities (/) of uc-Si deposited on reference, Ar, Oq, Ar+O4 and mixed
Ar/Oq ion beam treated ZnO films. Ar+O, indicates first 8 passes of Ar
treatment and then 2 passes of Oy treatment.

were increased as compared with reference ZnO:Al films. Thus, the ZnO/Si interface was
changed by ion beam treatment, resulting in that the crystallization of Si layer becomes
difficult. The direct relation between the change of the interface and the growth behavior
of Si is not further investigated in this work. The focus of this work moves to textured
glass which seems more promising.

6.5 Textured glass

Apart from the textured TCO surface, textured glass is an alternative way to increase the
light scattering in Si thin-film solar cells. Textured glass has attracted much interest in
recent years, for example 1-D or 2-D patterned glass distinguished by mark preparation,
and self-organized patterning, sandblasting glass, or HF etched glass have been applied
in Si thin-films solar cells [15-17]. Basically, the principle of using textured glass in thin-
film solar cells is feasible. In this work, another promising method to create textured
glass is proposed: with features similar to the sputtered and wet-chemically etched ZnO
films, compatible with the present sputtering technology. Possible benefits of using
textured glass are illustrated by a simple geometric optical model. This section begins
with the introduction of the concept and the motivation of using textured glass in Si
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thin-film solar cells. Then the method of producing textured glass is introduced, followed
by some examples of textured glass and different ZnO:Al films grown on the textured
glass. Finally, Si thin-film solar cells on textured glass are presented.

6.5.1 Motivation

In Fig. 6.10 the schematic diagrams of the solar cells based on the traditional wet-
chemically etched ZnO (a) and the textured glass (b) are compared. Conformal growth
of ZnO:Al films on the glass substrates are assumed. The incident light enters the devices
perpendicular to the glass surface. Then it is refracted at the first textured interface
before it reaches the silicon absorber layer. Therefore, for the traditional structure, the
light starts to scatter from the TCO/Si interface, while for the second structure, the
light starts to be scattered at the glass/TCO interface and it has to pass two rough
interfaces until the light beam reaches the absorber layer.

The light scattering angles in absorber layer of the two structures is calculated by
geometrical optics. The local tilt angle of the rough interface is denoted as «, and the
angle of the scattered light in silicon is denoted as 6. Applying Snell’s law on each layer
interface, 0 is calculated at different surface tilt angle a for the two structures. For
structure (a) flat glass + HCI textured ZnO, 6 is calculated as a function of « by

(nZno sin(a) )

- 6.1
) ~al, (6.)

6 = |arcsin

where the refractive indexes of ZnO and Si nz,o and ng; are 1.9 and 3.5, respectively.

Air Air
n=1.0 n=1.0
(a) flat glass + HCI textured ZnO (b) textured glass + as-grown ZnO

Figure 6.10: The schematic diagram of the solar cells based on traditional flat glass (a)
and textured glass (b).
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Figure 6.11: Light scattering angle 6 versus a which is the tilt angle of local textured
interface for the two structures. The 6 and « are denoted in Fig. 6.10.

For structure (b) textured glass + as-grown ZnO, 6 is calculated by

Nglass SN ()

) - al, (6.2)

0 = | arcsin(
nsi
where the refractive index of glass ng,ss is 1.5. The results are shown by the thick solid
and dashed curves in Fig. 6.11. Here only the scattering at the front contact interfaces
rather than all scattering events in the device are considered. Small ZnO:Al thickness
as compared to the lateral surface feature size is also assumed.
Note that during a optical measurement of the ZnO:Al films on glass substrates,
the light is scattered into air. Therefore, for the ’air/glass/ZnO /air’ configuration, the
scattered angle 6 is calculated by the following equation

(M) —a

0= i 6.3
| arcsin e (6.3)

for structure (a), and the equation
0= |arcsin(w) — (6.4)

air
for structure (b). The results are shown by thin solid and dashed curves. The two curves
do not reach 90° due to the internal reflection.
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With increasing surface tilt angle a, the scattered angle # and the discrepancy between
cases (a) and (b) also increases. Since a larger angle 6 leads to an increase of the
optical path length, in principle steeper surface textures might be favorable for light-
trapping in solar cells. Note that multiple scattering events at the interfaces which
might occur especially for high a are not taken into account. Since the scattered angles
0 for the textured glass structure are larger than 6 for traditional structure, there is
potential to improve the light scattering behavior of solar cells based on the textured
glass structure. However, this benefit can not be measured in air, since in air the textured
glass configuration tend to scatter light into smaller angle.

6.5.2 Preparation of textured glass

In the following, the preparation process of textured glass is given. The technique is
based on the physical ion beam etching with 3D etching mask, which was also use to
prepare optical micro-devices [182, 183]. The shape of the etching mask is transfered
on the glass substrate, since glass can also be etched by ion beam. Due to the different
etch rate of glass substrate and etching mask, as well as the smoothening effect of the
ion beam etching, the morphology of the textured glass is modified during transfer. In
this work, HCI etched ZnO:Al films are used as etching mask.

The schematic preparation process is shown in Fig. 6.12. A randomly HCI etched
ZnO:Al film on glass substrate was etched by the ion beam (a). The ZnO:Al films were
removed by the incident ion beam, and some part of the glass substrate was exposed to

ion beam etching

T T O O O

a flat
glass
b
c
textured
d \/\/\/\/\/\/\/W\A/W glass

Figure 6.12: Preparation process of textured glass.
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and etched by the ion beam (b, ¢). Finally, the ZnO:Al film is totally removed, the glass
revealed the crater morphology similar to the ZnO:Al films (d).

The preparation of textured glass by ion beam etching of ZnO:Al films might not be
economically feasible for industry process. However, it provides textured glass with sim-
ilar crater morphology, which is interesting for studying light trapping effect. Textured
ZnO:Al films can also be replaced by cheap materials, such as ZnO nano-particles or
micro-particles. Some examples are shown in Section 6.5.3.

The topography of textured glass is shown in Fig. 6.13, in which Fig. 6.13(a) shows
the textured ZnO:Al film which was etched in HCI for 60 s, and Fig. 6.13(b) shows the
resulting textured glass after ion beam etching. The ion source was not tilted for this
experiment. Therefore, the textured glass has symmetric craters. The lateral size of the
large craters is similar for the two samples, but the small craters have disappeared on
the textured glass. The craters on the textured glass become shallower, because of the
smoothening effect.

The topography of textured glass can be adjusted by the ZnO:Al films. Fig. 6.14
shows surface analysis data of a series of textured glass obtained by ion beam etching
of different ZnO:Al films. The as-grown ZnO:Al films have thickness around 800 nm.
They were etched in 0.5 % HCI solution for different time, from 60 s to 150 s. The
crater depth, rms roughness, and lateral correlation length of the ZnO:Al films are
shown by solid squares in the figure. Ion beam etching with different time were applied
on the ZnO:Al films, till the ZnO:Al material were totally removed. The ion source
was not tilted in these experiments. The corresponding parameters obtained by AFM
measurements of the resulting textured glass are shown as open squares. The figure
shows that the crater depth and roughness have similar trends for the ZnO:Al films
and textured glass. With increasing etching time, they first increase and then decrease.
The largest crater depth and roughness are observed when the HCI etching time is
100 s. When the etching time is less than 120 s, the correlation length of ZnO:Al surface
is slightly increased, while for very long time etching 150 s, the correlation length of
Zn0:Al surface increases significantly. The crater depth and roughness decreases by
240 nm and 50 nm for the textured glass as compared with the ZnO:Al films. Maximum

8.
X[um]

(a) ZnO:Al films (b) Textured glass

Figure 6.13: AFM images of textured glass (b) prepared by ion beam etching of 60s HCI
etched ZnO films (a). The scan sizes are 15 x 15 um?.
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Figure 6.14: (a) Crater depth, (b) rms roughness, and (c) lateral correlation length of
800 nm thick wet chemically etched ZnO:Al films (Solid squares) and the
values for the corresponding textured glass (open squares). All lines are
guide for the eyes. The ion source was not tilted during this process.

crater depth and rms roughness for textured glass of 360 nm and 100 nm were obtained.
The lateral correlation length of textured glass is larger than the ZnO:Al films when the
etching time is less than 120 s and smaller than the ZnO:Al film when the etching time
is 150 s. The increase of lateral correlation length might be caused by the elimination
of small craters. The decrease of crater depth and roughness of ZnO:Al films after 100 s
is because the glass has been reached by HCI etching. Since glass is not etched by
HCI solution, the surface becomes smoother for further etching. The textured glass is
smoother than the corresponding ZnO:Al films, which confirms again that the ion beam
etching has smoothening effect.

Fig. 6.15 gives the haze results of the above ZnO:Al films and corresponding textured
glass. The samples with different HCI etching time are shown in the legends. ZnO:Al
films and textured glass are denoted in the figure. Clearly, textured glass have lower
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Figure 6.15: Haze of 800 nm thick wet chemically etched ZnO:Al films (upper curves)
and the values for the corresponding textured glass (bottom curves) as
shown in Fig. 6.14.

haze than the ZnO:Al films. Note that the haze of 80 s and 100 s HCI etched sample is
very close to each other, which can also be identified by the very similar crater depth and
rms roughness values as shown in Fig. 6.14. It indicates many uncertainties during the
etching process, such as the time accuracy of different people, the difference of samples
in various deposition series and the ambient temperature.

The size and depth of the craters on the glass substrate can be further adjusted by
changing the thickness of the ZnO:Al etching mask. A series of 800 nm and 1500 nm
ZnO:Al films were etched in HCI for 30 — 330 s. Then, ion beam etching was applied
on the ZnO:Al films. The ion source was tilted by 40° to the substrate normal in order
to get faster etch rate. AFM was measured on the ZnO:Al films and resulting textured
glass surfaces. The crater depth, rms roughness, and lateral correlation length of the
ZnO:Al film and textured glass surfaces are shown in Fig. 6.16. For the ZnO:Al films
with initial thickness of 800 nm and 1500 nm, the maximum crater depth of 700 nm and
900 nm were achieved after 75 and ~ 300 s etching, respectively. Thus, the use of thicker
films allows for creating deeper craters in the ZnO:Al etching masks. As compared to
the corresponding ZnO:Al etching masks with initial thickness of 800 nm and 1500 nm,
the crater depth of textured glass was reduced by 90 — 230 nm and 100 — 300 nm, re-
spectively. Accordingly, maximum crater depth of 600 nm and 800 nm were achieved for
textured glass. The trend of rms roughness was again similar to the crater depth. The
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Figure 6.16: (a) Crater depth, (b) rms roughness, and (c) lateral correlation lengths of
800 nm (full squares) and 1500 nm (full circles) thick wet-etched ZnO films
and the values for the corresponding glass surfaces (open symbols). All
lines are guide for the eyes. The ion source was tilted 40° to the substrate
normal.

maximum rms roughnesses for HCI etched ZnO:Al films were 190 nm and 320 nm for
800 nm and 1500 nm initial film thicknesses, respectively. The rms roughness of glass
was about 30 — 80 nm smaller than for the corresponding ZnO:Al surface. Accordingly,
maximum rms roughness of textured glass was 157 nm and 320 nm. The correlation
length of the longer HCI etched ZnO:Al films increased to around 1500 nm, indicating
large size of the craters. The lateral correlation length of textured ZnO and glass are
comparable for these samples. This might be due to unsymmetrical craters caused by the
tilt of ion source. As compared to the textured glass prepared by normal ion incidence,
tilted ion beam etching leads to rougher textured glass.

This section examined the textured glass prepared by ion beam treatment of HCI
etched ZnO:Al film, in which the ZnO:Al film was used as 3D etching mask. The
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morphology of textured glass can be adjusted in a large range, by changing the initial
thickness and morphology of etching mask. The textured glass exhibit shallower craters
topographies as compared with ZnO:Al films.

6.5.3 Different etching mask

As discussed in the last section, other materials than ZnO:Al films can also be used as
etching masks. This section introduces the textured glass made by ion beam etching of
AsahiU SnOy:F films and ZnO micro-particles.

AsahiU SnOy:F films were etched by ion beam, until the SnOy:F material was totally
removed. The ion source was tilted 40° to the substrate normal. As a result, the glass
has textured morphology. Fig. 6.17 shows the AFM images of the SnOy:F film and
the resulting textured glass. The scan size is 4 x 4 um?. SnO,:F film exhibit pyramid
features with rms roughness of around 42 nm. After the ion beam etching, the roughness
was decreased to 12 nm. The small roughness of textured glass is due to small roughness
of the etching mask. The shape of the pyramids changed to shallow craters. Because of
the tilted ion source, unsymmetrical craters were obtained.

ZnO micro-particles with size range of 1 — 3 pm were coated on clean glass substrates
by spin coating. The ZnO micro-particles was mixed in mixed solution of glycerol and
ethanol. After spin coating, the liquid residues were evaporated during annealing on a
hot plate with temperature of 120°. Then, the samples were treated by ion beam for
certain time. If the micro-particles was not fully removed by ion beam, the samples
were etched and cleaned in HCI solution. Many parameters can be adjusted such as
the concentration of the micro-particles in the liquid, the speed of the spin coating, the
type of the micro-particless and the ion beam etching time and so on. Fig. 6.18 gives
some examples of textured glass with varying parameters. The scan size of the AFM
measurements was 4 X 4 um?. The textured glass of Fig. 6.18(a) exhibit hillock shapes
with lateral feature size around 500 nm and vertical height around 200 nm. The one of
Fig. 6.18(b) show deep craters with flat plateau. For this film, the micro-particless were
not totally removed by ion beam, but etched by HCI solution. Thus, large plateaus were
left on the glass surface. The last one (Fig. 6.18(c)) is characterized by shallow craters

15 20 25 30 35
X[um]

(a) AsahiU SnOq:F film (b) Textured glass

Figure 6.17: Textured glass (b) prepared by ion beam etching of AsahiU SnOq:F film(a).
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Figure 6.18: Textured glass prepared by ion beam etching of ZnO micro-particles. The
differences between (a), (b) and (c) are adjusted by the concentration, spin
speed of the spin coating and the time of the ion beam etching. For detail
information, see [184].

with lateral size around 500 nm. More details can be found in [184].

This section presented a variety of textured glass prepared by ion beam etching. De-
pending on the type of etching masks, the morphology of the textured glass can be
varied in a large range. This technique provides a large potential for creating differently
textured interfaces in Si thin-film solar cells.

6.5.4 ZnO:Al films on textured glass

This section examines the growth of ZnO:Al films on textured glass. As one of the
advantages of textured glass, the ZnO:Al films must not be etched in wet chemicals in
order to achieve textured surface. Therefore, the requirements for the sputter depositions
of ZnO:Al films are relaxed. The textured glass samples were always prepared by Ar
ion beam etching of HCI etched ZnO:Al films, due to the fast etch rate of Ar ions.
Afterwards, the textured glass were directly used, or treated by Ar/Os ion beam, or
cleaned by standard cleaning process. Thus, the ZnO:Al films directly grown on the
textured glass are the so called ZnO:Al on Ar treated textured glass, while films grown
on the other two types of glass are called as ZnO:Al films on Ar/O, treated and cleaned
textured glass, respectively. In the following, the standard sputtered ZnO:Al films on
Ar treated, Ar/O, treated, and cleaned textured glass are investigated. The benefit of
double textures are presented by AFM and optical measurements in this section and
solar cells in next section.

6.5.4.1 ZnO:Al films on Ar treated textured glass

A standard ZnO:Al film was etched in 0.5% diluted HCI solution for 80 s, then the
textured ZnO:Al film was dry etched by Ar ion beam to remove all ZnO:Al material.
Finally standard ZnO:Al film was deposited on the textured glass. AFM measurements,
optical Haze and ARS measurements were performed on one textured glass and as-grown
Zn0O:Al film on the textured glass. AFM scan size was 15 x 15 pm?.

Fig. 6.19 shows the AFM images of Ar treated textured glass (a) and the ZnO:Al filins
on the textured glass (b). Apart from the background of the textured glass, the ZnO:Al
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Figure 6.19: AFM measurements of ZnO:Al films (b) grown on Ar treated textured glass
(a). The scan size was 15 x 15 um?.
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Figure 6.20: Height-height correlation function of Ar treated textured glass (a) and
ZnO:Al film grown on the textured glass (b) as shown in Fig. 6.19. Lat-
eral correlation length &, roughness exponent «, and rms roughness o are
denoted in the figure.

film has small granular features. Fig. 6.20 shows the height-height correlation functions
of the textured glass (a) and ZnO:Al film (b) calculated from the AFM measurements.
Lateral correlation length &, roughness exponent «, and rms roughness ¢ are denoted in
the figure. The meaning of the three parameters can be found in Section 2.2.4.5. After
the deposition of ZnO:Al film, the rms roughness and lateral correlation length ¢ are
slightly increased from 69 nm to 74 nm and from 867 nm to 894 nm, respectively. The
roughness exponent « is decreased from 0.95 to 0.76. The slightly increase of o and &
indicate that the average size of craters in lateral and vertical direction become slightly
larger, while the decrease of o suggest that small rough features are added to the crater
morphology. The small rough features shall be corresponding to the as-grown rough
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Figure 6.21: Haze (a) and ARS (b) of the Ar treated textured glass (solid squares) and
the ZnO:Al films grown on Ar treated textured glass (open circles).

polycrystalline ZnO:Al films.

Fig. 6.21 gives the haze and ARS measurements of the two samples, in which the
textured glass is shown in full squares and the ZnO:Al film grown on the textured glass
is shown in open circles. Haze of the two samples are almost the same, except the ZnO:Al
film has slightly higher haze at wavelength region of 350 — 500 nm. It is consistent to
the slightly increase of rms roughness. The intensity of scattered light versus scattering
angle is shown by log-scale in Fig. 6.21(b). For both samples, the scattering intensity
increases with the scattering angle till 7°, then decreases sharply till 20°. As mentioned
in Section 6.5.1, the light tends to be scattered to larger angle in Si layer on textured
glass. However, the benefit can not be measured here, because the ARS measurement
was performed in air. When the scattering angle is less than 20°, the scattering light
of ZnO:Al film is slightly lower than that of textured glass, which might be due to
enhanced absorption and reflection by the ZnO:Al layer. In the angle range of 20 — 90°,
the intensity of scattered light decreases further with increasing angle, but the scattered
light of ZnO:Al film is higher than of textured glass. Higher scattered light at large
angle is supposed due to the small rough features of ZnO:Al films.

6.5.4.2 ZnO:Al films on Ar/O, treated textured glass

This section examines the growth of ZnO:Al film on Ar/O, treated textured glass. A
standard ZnO:Al film was etched in 0.5% diluted HCI solution for 90 s, then the textured
ZnO:Al film was dry etched by Ar ion beam to remove all ZnO:Al material. Afterwards,
the textured glass was treated by Ar/O; ion beam with low intensity. The removed
thickness by the Ar/O, treatment can be neglected. Finally standard ZnO:Al film was
deposited on the textured glass. Similarly characterizations - AFM, haze, and ARS
measurements were performed on the textured glass and ZnO:Al film on the glass.
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Figure 6.22: AFM measurements of ZnO:Al films (b) grown on Ar/Os treated textured
glass (a). The scan size was 15 x 15 pm?.
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Figure 6.23: Height-height correlation function of Ar/O, treated textured glass (a) and
Zn0:Al film grown on the textured glass (b). Lateral correlation length &,
roughness exponent «, and rms roughness o are denoted in the figure.

Fig. 6.22 shows the AFM images of Ar/O, treated textured glass (a) and the ZnO:Al
films on the glass (b). Compared with the ZnO:Al film on Ar treated textured glass,
the ZnO:Al film on Ar/O, treated textured glass has large granular features, and the
background of the textured glass is difficult to be observed. The second texture added by
the ZnO:Al films are caused by the Ar/O, treatment of glass substrate which has been
widely discussed in Chapter 5. Fig. 6.23 shows the height-height correlation functions
of the textured glass (a) and ZnO:Al film (b) calculated from the AFM measurements.
Lateral correlation length &, roughness exponent «, and rms roughness o are also denoted
in the figure. After the deposition of ZnO:Al film, the rms roughness is increased from
61 nm to 78 nm. Lateral correlation length is decreased from 769 nm to 619 nm. The
roughness exponent « is decreased from 1 to 0.76. The increase of o and decrease of
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Figure 6.24: Haze (a) and ARS (b) of the Ar/O, treated textured glass (solid squares)
and the ZnO:Al films grown on Ar/O, treated textured glass (open circles).

« indicate that both the ZnO:Al film becomes rougher than the textured glass both in
large and small scale.

Fig. 6.24 gives the haze and ARS measurements of the two samples, in which the
textured glass is shown in full squares and the ZnO:Al film grown on the textured
glass is shown in open circles. The ZnO:Al film has nearly two times higher haze at
wavelength range 350 — 800 nm. The significantly increase of haze at short wavelength
region is contributed by the small texture of ZnO:Al film. At the rest of the wavelength
range, the haze of the two samples are similar. The ARS curves also have difference at
the angle range of 18 — 90°. ZnO:Al film scatter more light to the large angle region.
It can be concluded that for the ZnO:Al films, the peak at 7° is contributed by the
textured glass substrate, while the high light scattering in the angle range of 30 — 90° is
contributed by the as-grown textured ZnO:Al films. Therefore, with the double texture
features, more light can be scattered to large angles.

6.5.4.3 ZnO:Al films on cleaned textured glass

This section examines the growth of ZnO:Al film on cleaned textured glass. Similar to
the previous sections, a standard ZnO:Al film was etched in 0.5% diluted HCI solution
for 90 s, then the textured ZnO:Al film was dry etched by Ar ion beam to remove all
ZnO:Al material. Afterwards, the textured glass was re-cleaned by the standard cleaning
process. Finally standard ZnO:Al film was deposited on the textured glass. The growth
of ZnO:Al film shall be different to the Ar or Ar/O, treated textured glass as expected
from the experiments on flat glass investigated in Section 5.2.2. In the following, the
AFM images and the optical properties of textured glass and ZnO:Al film are studied.
Fig. 6.25 shows the AFM images of cleaned textured glass (a) and the ZnO:Al films on
the glass (b). The textured glass exhibit a large fraction of flat bottom due to the long
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Figure 6.25: AFM measurements of ZnO:Al films (b) grown on cleaned textured glass
(a). The scan size was 30 x 30 um?.
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Figure 6.26: Height-height correlation function of cleaned textured glass (a) and ZnO:Al
film grown on the textured glass (b). Lateral correlation length £, roughness
exponent «, and rms roughness o are denoted in the figure.

HCI etching time in the preparation process. Compared with the ZnO:Al film on Ar or
Ar/O, treated textured glass, the ZnO:Al film on cleaned glass has conformal growth.
The background of the textured glass is maintained to a large extend in the ZnO:Al
film. The small holes on the rim of the craters which can also be observed from SEM
images might originate from the defects produced in growth process. The nucleation of
ZnO:Al films shall be perpendicular to the underlying substrate, thus less materials are
sputtered on the rim of craters. Fig. 6.26 shows the height-height correlation functions
of the textured glass (a) and ZnO:Al film (b) surfaces. Lateral correlation length &,
roughness exponent «, and rms roughness o are also denoted in the figure. After the
deposition of ZnO:Al film, the rms roughness is decreased from 96 nm to 84 nm. Lateral
correlation length is slightly decreased from 873 nm to 839 nm. The roughness exponent
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Figure 6.27: Haze (a) and ARS (b) of the Ar/O, treated textured glass (solid squares)
and the ZnO:Al films grown on Ar/O, treated textured glass (open circles).

« is slightly increased from 0.86 to 0.92. The change of above parameters indicate that
the small features on the textured glass are smoothened after sputtering of ZnO:Al films.

Fig. 6.27 gives the haze and ARS measurements of the two samples, in which the
textured glass is shown in full squares and the ZnO:Al film grown on the textured glass
is shown in open circles. The ZnO:Al film has even slightly lower haze than the textured
glass, which is expected from reduced rms roughness value. The ARS curves are almost
the same. The scattered light has highest intensity around 7° and reduced intensity at
large angle. The Haze and ARS measurements confirmed that the sputtered ZnO:Al
films grown on textured glass show conformal growth. As a result, the ZnO:Al film
might even be slightly smoother than textured glass.

6.5.4.4 Summary

The previous three sections presented the morphologies of ZnO:Al films sputtered on
cleaned, Ar and Ar/O, treated textured glass. On a cleaned textured glass, the poly-
crystalline ZnO columns grow perpendicular to the substrate. The lateral feature size
of ZnO:Al film is similar to the reference ZnO:Al on flat glass which is around 50 nm.
As a result of the conformal growth, the ZnO:Al film exhibit similar morphology to
the textured glass, thus similar rms roughness, lateral correlation length, and roughness
exponent are observed. At the rim of the craters, due to the competing growth of grains
with different directions, holes are present. On Ar or Ar/O, treated textured glass,
the lateral feature size of ZnO:Al film is larger. Especially on Ar/O, treated textured
glass, the lateral feature size of the ZnO:Al film is as large as 500 nm. Therefore, the
ZnO:Al surfaces are composed of double textures: one is from the textured glass and the
other is from their large grains. The double textures provide the ZnO:Al layer unique
light scattering properties. Haze is increased by the textured ZnO:Al film at the short
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wavelength range and more light is scattered into large angles. Therefore, the double
textured ZnO:Al films might be favorable TCO layers in Si thin-film solar cells.

6.5.5 Solar cells

This section gives the solar cell results based on textured glass. Two series of solar cells
were prepared to analyze the feasibility of incorporating textured glass in solar cells.
In the first series, ZnO:Al films were prepared on differently treated textured glass,
including cleaned textured glass, Ar and Ar/O, treated textured glass. The second
series compares the textured glass prepared by ion beam etching of HCI etched ZnO:Al
films with different HCI etching time.

6.5.5.1 Influence of the treatment on textured glass

This section examines the influence of different treatment on textured glass. Firstly the
surface morphology and optical properties of three ZnO:Al films on differently treated
textured glass are presented. The three textured glass were prepared with the same
parameters, only the post treatments were different. Then the pc-Si:H cells grown on
the three substrates are investigated.

Three textured glass samples were co-prepared by Ar ion beam etching of 40 s HCI
etched ZnO:Al film. Afterwards, one textured glass was treated by Ar/O, ions and
another one was cleaned. Standard ZnO:Al films were sputtered on the three textured
glass. Therefore, the differences of the three ZnO:Al films were mainly caused by the
different growth of ZnO:Al films. 1.1 um thick pc-Si single junction solar cells were
co-deposited by PECVD on the three ZnO:Al substrates. A 50 s HCI etched standard
ZnO:Al film was added as reference. Back contacts of 700 nm Ag were deposited by
thermal evaporation. The performance of the cells were characterized by J —V and QE
measurements.

Fig. 6.28 shows the SEM micrographs of three different ZnO:Al substrates. From
(a) to (c), they were grown on cleaned textured glass, Ar treated, and Ar/O, treated
textured glass, respectively. The ZnO:Al film grown on cleaned textured glass still have

Figure 6.28: SEM micrographs of substrates for pc-Si single junction solar cells: (a)
Zn0:Al on cleaned textured glass, (b) ZnO:Al on Ar treated textured glass
and (c¢) ZnO:Al on Ar/O, treated glass.
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Figure 6.29: Total transmission, Haze (a) and ARS (b) of the ZnO:Al substrates grown
on cleaned, Ar treated, Ar/Oq treated textured glass and reference ZnO:Al
substrate.

similar morphology to textured glass. The other two films exhibit obviously larger lateral
feature size as compared with the first one, due to the textured growth of ZnO:Al films.

Fig. 6.29(a) presents total transmission (T;) and haze of the four ZnO:Al substrates.
T, and haze of ZnO:Al films grown on cleaned, Ar and Ar/O, treated textured glass
are shown with solid, dashed, and dotted curves, respectively. The HCI etched reference
ZnO:Al film is shown by dash-dotted curve. It has the highest haze and T; among these
samples at the whole wavelength range. For the rest three samples, the film on Ar
treated glass has slightly higher haze than the film on cleaned textured glass, while the
film on Ar/O, treated glass has much higher haze at wavelength range of 350 — 800 nm.
Therefore, it is concluded that due to the differences of feature size, the textured glass
contribute more to light scattering at long wavelength, while the as-grown textured
Zn0:Al film contribute more at short wavelength. T of the film grown on Ar/O, treated
glass has higher value than the other two films, because it has lowest growth rate and
accordingly lower thickness. The pronounced interference in the T, of ZnO:Al films on
cleaned and Ar treated textured glass suggest that the two films are quite smooth.

Fig. 6.29(b) shows the ARS curves of the ZnO:Al substrates. The films grown on
cleaned, Ar treated, and Ar/O, treated textured glass are shown in full, open squares,
and open triangles, respectively. The first two films have similar light scattering be-
havior. The ARS of the ZnO:Al film grown on Ar/O, treated textured glass represents
the combination of textured glass and as-grown textured ZnO:Al film. Therefore, it has
one scattering peak at 7°, and still preserve higher scattering intensities at 17 — 90° as
compared with the other two substrates. The reference ZnO:Al film is shown by gray
squares, it has highest scattering light at all angles, but larger fractions of scattered light
locates in small angle.

Table 6.2 and Fig. 6.30 give J — V' and QE measurement results of puc-Si:H cells
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Table 6.2: The J — V results of pc-Si single junction solar cells based on cleaned, Ar
treated, Ar/Os treated textured glass, and reference ZnO:Al film.
ZnO:Al films n | FF | V, Jse
% | % | mV | mA/cm?
on cleaned textured glass 5.58 | 73 | 495 15.45
on Ar treated textured glass 5.65 | 72 | 489 16.05
on Ar/O, treated textured glass | 6.34 | 70 | 494 | 18.29
reference ZnO:Al film 6.73 | 72 | 505 18.38

10 ZnO on clean textured glass

- ---Zn0 on Ar treated textured glass
------ ZnO on Ar/O, textured glass

EQE

0.0

400 600 800 1000
Wavelength [nm]

Figure 6.30: Quantum efficiency (QE) of uc-Si single junction solar cells based on cleaned
(solid curve), Ar treated (dashed curve), Ar/O, treated (dotted curve) tex-
tured glass and reference ZnO:Al film (dash-dotted curve).

grown on these substrates. In Fig. 6.30, the cells grown on cleaned, Ar treated, Ar/O,
treated glass, and reference ZnO:Al film are shown by solid, dashed, dotted, and dash-
dotted curves, respectively. Si solar cells grown on cleaned textured glass has lowest .J,. of
15.45 mA /em?. Its QE curve shows that the low current is due to poor light scattering at
long wavelength range. The roughness of the textured glass is only around 52 nm which
is quite low as compared to the HCI etched ZnO:Al film. The Jg. of the cell on ZnO:Al
film grown on Ar treated textured glass is increased slightly to 16.05 mA /cm?. From QE
it is observed that the improvements can be attributed to the better light scattering at
long wavelength region and better light incoupling at short wavelength region. However,
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the interference at long wavelength range is large, due to the low roughness of 55 nm.
The J,. of the cell on Ar/O, treated textured glass is the highest 18.29 mA /cm?. The
QE reflects that the light scattering and incoupling at whole wavelength range is much
improved. The spectra response of cell grown on Ar/O, treated textured glass is quite
similar to reference cell at short wavelength region, while at long wavelength region the
values are slightly reduced. As a result, the J,. is 0.1 mA /ecm? less than reference cell.
Considering the lower haze of the ZnO:Al film on Ar/O, treated textured glass, the
good light scattering performance shall be provided by the improved angular resolved
scattering.

FF and V,, of the three cells are less influenced by the substrates. It seems that the F'F’
decreases slightly when the ZnO:Al films are grown with self-texture. It might be caused
by the slightly deteriorated electrical properties of as-grown textured ZnO:Al films or due
to worse growth of pc-Si on the textured ZnO:Al. Nevertheless, the cell grown on Ar/O,
treated textured glass has much higher n, due to the improved light scattering properties.
The cell grown on cleaned textured glass can not provide efficient light trapping effect to
the solar cells, because of the lower roughness. If rough enough textured glass substrates
were used for cells, together with the self-texture of ZnO:Al films on Ar/O, treated
surface, the potential of further increasing of Jg. is high. Additionally, the double texture
might be even better for tandem cells.

6.5.5.2 Influence of HCI etching time on textured glass

Last section has shown that the ZnO:Al films grown on Ar/O, treated textured glass
exhibit double textures, which can provide enhanced light trapping for thin-film solar
cells. In this section, pc-Si single junction solar cells are deposited on Ar/O, treated
different textured glass. As discussed in Section 6.5.2; the textured glass are prepared
by ion beam etching of HCI etched ZnO:Al films. Depending on the initial thickness
and HCI etching time of the ZnO:Al films, textured glass with different lateral size and
roughness can be fabricated.

800 nm thick ZnO:Al films were etched in 0.5 % HCI solution for 50's, 70's, 90 s,
110 s, and 130 s. Ar ion beam etching was applied on the ZnO:Al films till the ZnO:Al
material was totally removed. Ar/Os mixed ion beam treatments were performed on the
five textured glass at the same time. Then standard ZnO:Al films were sputtered on the
textured glass surfaces. Afterwards, 1.1 wm thick pc-Si single junction solar cells were
co-deposited by PECVD on these substrates. Finally, back contacts of 700 nm Ag were
deposited by thermal evaporation. The performance of the cells were characterized by
J — V and QE measurements.

Fig. 6.31 shows the haze of the textured glass. The HCI etching time is denoted by
the legends in the figure. It is shown that the haze first increases with the etching time
till 110 s, and then decreases with further etching. This observation is in accordance to
the trend of rms roughness versus HCI etching time in Fig. 6.14. The decrease of haze
and roughness after long time HCI etching is related to the flat plateau at bottom. A
ZnO:Al film grown on textured glass prepared from 130 s HCI etching is given in the
figure, in order to show that the haze of ZnO:Al film is improved.
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Figure 6.31: Haze of a series of textured glass which were prepared from different HCI
etched ZnO:Al films. The HCI etching time are marked in the figure.
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Figure 6.32: Haze (a) and ARS (b) of ZnO:Al films grown on the series of textured glass.
The textured glass were prepared from different HCI etched ZnO:Al films.
The HCI etching time are marked in the figure. A HCI etched standard
ZnO:Al film is added as reference (small dot dark gray curve).

The total transmission, haze and ARS were measured on the ZnO:Al films and the
results are given in Fig. 6.32. One 40 s HCI etched ZnO:Al film is added as reference
and is shown in small gray dots. The other curves represent the ZnO:Al films grown on
textured glass. The HCI etching time during the preparation of textured glass are de-
noted in the legend. Fig. 6.32(a) shows the haze of the ZnO:Al films. It is clearly visible
that the reference ZnO:Al film has the highest haze and total transmission. Haze of the
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Figure 6.33: The results of uc-Si single junction solar cells deposited on textured glass
prepared from different HCI etching time of ZnO:Al films (full squares).
Solar cell prepared on HCI textured standard ZnO:Al film is shown as ref-
erence (cross).

ZnO:Al films on textured glass vary in a small range and have higher values for films
grown on textured glass made of ZnO:Al films with long time HCI etching. Compared
with the textured glass, the ZnO:Al films have higher haze at whole wavelength range.
However, the enhancement of Haze is more pronounced in short wavelength range than
in long wavelength range, because the as-grown rough ZnO:Al film exhibit lateral feature
size of 500 nm. ARS curves in Fig. 6.32(b) show that the intensity of total scattered
light of ZnO:Al films on textured glass is not as high as reference ZnO:Al film. However,
the fraction of light scattered into large angle is higher than that of reference ZnO:Al
film.
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Figure 6.34: Quantum efficiency (QE) of uc-Si single junction solar cells deposited on
textured glass prepared from different HCI etching time of ZnO:Al films.
Solar cell prepared on HCI textured standard ZnO:Al film is shown as ref-
erence (small dotted dark gray curve).

The J —V and QE measurement results of the solar cells are shown in Fig. 6.33(a-d)
and Fig. 6.34, respectively. The cell results give as average value of 12 test cells on
a 5 x 10 cm? sample, while the QE was measured on the best cell. In Fig. 6.33, the
reference cell grown on HCI etched reference ZnO:Al film is shown with the cross, and
the other cells prepared on different textured glass are shown with full squares. The
x-axis refers the HCI etching time of ZnO:Al films. In Fig. 6.34, the reference cells is
given by dotted gray curve and the HCI etching time of other cells are denoted in the
legend. V,. and F'F of the cells grown on textured glass are lower than the reference cell,
while The differences in J,. are not so obvious. The two insets in QE reveal that the cells
on Ar/Os treated textured glass produce more current at short wavelength region, while
the reference cell lead to more current at long wavelength range. At short wavelength
region, the QE of cells on textured glass increases with increasing HCI etching time till
110 s, and then decrease with 130 s HCI etching. At long wavelength region, the spectra
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6 Ion beam treatment of the TCO surface

response of cells on textured glass shows to trend with HCI etching time. The cell grown
on textured glass which was prepared from a 110 s HCI etched ZnO:Al film has highest
Jse of 18.4 mA /em?. Lower V,. and F'F of the solar cells grown on textured glass were
already discussed in section 5.1.4.2 and are related to the worse growth of Si on the
pyramid structures.

In order to further analyze the J,., the haze of textured glass and ZnO:Al films at
700 nm are shown in Fig. 6.33(e) by open and solid squares, respectively. As discussed,
the haze of textured glass increases with HCI etching time and reaches maximum at
110 s HCI etching. The trend of J,. versus HCI etching time is very similar to the haze
of textured glass. All ZnO:Al films exhibit higher haze than the corresponding textured
glass, but the increment is different for each sample. The samples with 90 s and 110 s
HCI etching present relatively less increase. As a result, the trend between Jg. and haze
of ZnO:Al film is not the same. The haze of reference ZnO:Al film is also shown by cross.
The reference ZnO:Al film give highest haze, but not highest J,.. The different trends of
haze with HCI etching time between textured glass and ZnO:Al films might be caused
by measurement error or different growth of ZnO:Al films on the samples. The relation
between J;. and HCI etching time was also reported in [185]. A series of standard ZnO:Al
films with different HCI etching time were used as back contact in n-i-p pc-Si:H cells and
the results showed that highest current density was obtained when the HCI etching time
was 90 s. It indicates that the morphology of craters of standard ZnO:Al films can be
further optimized by changing the HCI etching time. The morphology of textured glass
can be adjusted with more possibility than front contact ZnO:Al films in p-i-n solar cells,
since the thickness and electrical properties of TCO layers do not need to be considered.
Furthermore, the as-grown rough ZnO:Al films are promising to provide more favorable
angular resolved scattering behavior for solar cells.

6.6 Summary

This chapter has focused on the ion beam treatment of ZnO:Al films in the Si thin-film
solar cells. Ton beam treatments of ZnO:Al films also have influence on the etching
behavior, the growth of ZnO:Al films and Si films. Less HCI attack points were ob-
served on ion beam treated ZnO:Al films. The reason was attributed to that the grain
boundaries at the surface area become more compact by the redeposited ZnO material.
Zn0:Al films develop larger grains on flat Ar/O, treated ZnO:Al films and additional
flower structures on the crater walls on Ar/O, treated HCI textured ZnO:Al films. Si
films exhibit lower crystallinity on ion beam treated ZnO:Al films, indicating that it is
difficult for Si atoms to form crystallites on ion treated Zno:Al films. These are probably
related to the chemical modification of the ZnO:Al surfaces by the ion beam treatments.
However, more measurements or experiments are required to identify the exact reasons.

The Ar ion beam treatments have a smoothening effect on HCI textured ZnO:Al
films, since the top of craters are etched faster than the bottom of craters. If the
HCI textured ZnO:Al films are considered as etching mask, dry etching leads to the
production of textured glass. The motivation of textured glass in Si thin-film solar cells
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was introduced by a simple optical calculation. The morphologies of textured glass can
be adjusted by the etching masks. Therefore, by adjusting the initial thickness and
HCI etching time, textured glass with a large variety of topographies were prepared.
The application of textured glass in Si thin-film solar cells were presented with pc-Si
solar cells. ZnO:Al films with double texture were realized by combining textured glass
and as-grown textured ZnO:Al films on Ar/O, treated glass. The double texture has
potential to provide better light scattering in solar cells.
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Ton beam treatment is typically used for dry etching, surface and growth modification
in thin-film devices. The task of this work was to evaluate how ion beam treatment can
be utilized in photovoltaics to improve silicon thin-film solar cells. This work proposed
two novel techniques to produce as-sputtered rough ZnO:Al films and textured glass,
which are used to provide light trapping effects in silicon layer. With the as-grown
rough ZnO:Al films or textured glass, traditionally wet chemical etching of ZnO:Al films
can be avoided, as well as the vacuum break. It means that the cooling and heating
cycles and the vacuum equipment usage can be reduced, which are attractive for industry
process. The as-grown rough ZnO:Al films are sputtered on ion beam pretreated glass
surface, and the textured glass is prepared from ion beam etching of three dimensional
etching mask.

As a foundation for further experimental works, the ion beam etching was charac-
terized by etch rates in the first results chapter (Chapter 4). The etch rates of Ar
and O, ions on glass substrates and ZnO:Al films were experimentally investigated and
compared with theoretical values, estimated from ion source characteristics and TRIM
simulations. Next, the ion beam treatments were applied to glass substrates and ZnO:Al
films.

The growth of ZnO:Al films was significantly influenced by ion beam pretreatment of
glass substrates. On Ar/O, pretreated glass, ZnO:Al films develop pyramids at the sur-
face with rms roughness of approximately 40 nm and lateral feature size of 500 nm. The
as-grown rough features of ZnO:Al films on Ar/O, treated glass substrates are caused by
the additional conical grains in addition to the columnar grains grown on reference glass.
Both types of grains start from the glass/ZnO interface. The conical grains grow faster
than the columnar grains, leading to a rough surface dominated by pyramid structures.
Amorphous, microcrystalline, and tandem silicon thin-film solar cells prepared on the
rough ZnO:Al films show that this front contact can provide excellent light trapping
effect. The highest initial efficiencies for amorphous single junction and amorphous mi-
crocrystalline silicon tandem solar cells on as-grown rough ZnO:Al films were 9.4 % and
11.9 %, respectively. Moreover, there might still be potential for improvement of light
trapping by optimization of ZnO:Al growth by deposition conditions in combination
with pretreated glass.

In order to understand the modified growth of as-grown rough ZnO:Al films, ion
beam treatments were applied on other types of glass substrates and Si wafer, in an
inverse sputter etcher, or the ZnO:Al films were deposited under different conditions.
Similar conical growth of ZnO:Al grains with rough surfaces were observed. However,
by cleaning of the ion beam treated glass substrates in acidic solutions for sufficient
duration, the growth of ZnO:Al films returned to the usual case of columnar grains. It
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was observed that the large conical grains exhibited quasi random orientation, while the
c-axis of the small columnar grains was perpendicular to the substrates. Analysis of
surface composition and bond structures of ion beam treated glass substrates revealed
oxygen dangling bonds as source of modified growth and roughness of the ZnO:Al films.
Additionally, epitaxial growth of polycrystalline ZnO:Al films on Zn- and O- polar ZnO
single crystals were investigated. The ZnO:Al films grown on O-polar crystal show a
slower growth rate and rougher surface than the films on Zn-polar crystal.

Based on these experimental studies, a growth model was proposed to explain the
relationships among substrate surface, orientation of the ZnO:Al grains, and film surface
structures. The c-axis aligned columnar grains in as-grown rough ZnO:Al films were
supposed to exhibit (000-1) orientation, which might be caused by the excess O bonds
on the ion beam treated glass surface. Random nucleation occurs at the sites where
not terminated by O bonds. Thus, the randomly oriented conical grains overgrow the
o-terminated columnar grains, since the (000-1) oriented grains have the lowest growth
rate.

The next part of this work examined the ion beam treatments of ZnO:Al films. The
initial points of attack by HCI etching decreased in ion beam treated ZnO:Al films. The
reason was attributed to the compact grain boundaries at the surface area after ion
beam treatment. It is conceivable that the effect lies only in the surface region. With
long duration HCI etching, the etching behavior returned to usual case. The growth
of ZnO:Al films on ion beam treated ZnO:Al films started with new nucleation center.
Concerning the growth of Si films on ion beam treated ZnO:Al films, the crystalline
fraction of the p-doped pc-Si:H was reduced.

By prolonged ion beam treatment of HCI etched ZnO:Al films, the optimized ZnO:Al
surface structure can be transferred to the textured glass. Cheaper materials, for exam-
ple spin or spray coated nano-powders, can also be used as three-dimensional etching
masks. The morphologies of textured glass can be adjusted in a large range by changing
the thickness and shape of the etching mask.

More interestingly, textured glass provides the possibility of “double textures’by com-
bining with as-grown rough ZnO:Al films. The pc-Si:H solar cells prepared on Ar/O,
treated textured glass have proved that the “double textures’can provide improved light
trapping than textured glass. Moreover, the as-grown rough ZnO:Al films, textured
glass, and double structures possess further potential for optimization, for example re-
garding the reproducibility, module incorporation, quality and cost aspects.

This work revealed new insights in the growth mechanisms of sputter deposited ZnO:Al
films. The morphologies of sputtered ZnO:Al films can be controlled not only by the
sputtering parameters, but also the substrate conditions. The new surface features of
the textured glass and as-grown rough ZnO:Al films provide more opportunities to study
the light trapping in solar cells.
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