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Summary :

Transparent conductive oxides (TCO), such as LPCVD ZnO:B (low
pressure chemical vapor deposited zinc oxide doped with boron), play a
major role as contacts in thin film silicon photovoltaic solar cells. This
document study the "LPCVD ZnO:B layers, from the deposition process to
the final application” and focus especialy on their electrical and optical
properties. This work intended on understanding the physics of the LPCVD
ZnO:B film properties in order to efficiently optimize its characteristics to
obtain TCO films well suited for thin film solar cell applications. In
particular, theoretica models that describe the optical and electrical
properties of LPCVD ZnO:B films are determined and verified
experimentally.
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cuaeter1 | ntroduction

This chapter describes the genera scientific context and the research field
in which this thesis is included. First, the motivations for the use of
photovoltaic (PV) power regarding the globa energy issues are given. The
second paragraph gives a brief overview of the diverse photovoltaic
technologies and discusses the advantages of thin film silicon solar cells. In
section 1.3, transparent conductive oxide (TCO) materials are presented
and their use as an electrical contact in solar cells is explained. Finaly, the
aim of this work is summarized and the structure and the outline of this
thesisis presented.

1.1 Solar energy

In 2005 no less than 87% of the world's total primary energy production
was coming from non renewable sources : oil (35%), coal (25.3%), natural
gas (20.7%), and nuclear (6.3%) [IEA 2007]. These non-renewable energies
will soon be facing outstanding problems. Firstly, the decrease of the fossil
fuels and uranium stocks make their capacity to supply the long-term
energy demand with reasonable price uncertain [Laherrere 2005]. Secondly,
burning fossil fuel releases large amounts of CO, into the atmosphere
inducing the global warming of the Earth [IPCC 2007]. Besides these issues,
the International Energy Agency expects an increase in the energy
consumption of less developed countries, due to their rising
industrialization [IEA 2007]. Therefore, in order to support the world energy
consumption, we need to develop energy generation techniques that
support the requirements of sustainability and renewability.

Resources for renewabl e energy production are various : solar energy, wind
energy, geothermal energy, hydropower, biomass energy, wave power, and
ocean thermal energy. Table 1.1 shows technical and theoretical potentials
of renewable energy resources expressed in exgoules per year
(1 EJ=10"J= 278 10°kWh) [UNDP 2000]. The technical potential of these
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Chapter 1: Introduction

Table 1.1 The renewable energy resour ce potential in exajoules (EJ) per year. Numbers
from reference [ UNDP 2000] .1EJ=10"%3=278 10°kWh.

Technical potential Theoretical

Resource Current use (EJ) E) potential (EJ)

Hydropower 9 50 147

Biomassenergy 50 >276 2'900

Solar energy 0.1 >1'575 3'900'000

Wind energy 0.12 640 6'000

Geothermdl 0.6 5000 140000000

energy

Ocean energy Not estimated Not estimated 7'400

Tota 56 >7'600 >144'000'000
1600 2100 :

80% renewables

1400 [
2050 :

1200 - . 50% renewables Sf'ar

L 30% renewables
800

600

400
Nuclear

200 Fossil fuel

Exajoules (EJ) of global energy consumption

0
2000 2020 2040 2060 2080 2100
Year

Figure 1.1 Contributions of the different energy sources to primary energy consumption
described by Aitken [Aitken 2004] in his "scenario” to support a stabilization at a CO,
concentration in the atmosphere of 550 ppm. The points labeled indicate what
percentage the renewable energies would provide to the total exgected energy
consumption. Numbers from reference [ Aitken 2004] . 1EJ=10"%3=278 10°kKWh.
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Chapter 1: Introduction

Figure 1.2 Four examples of Swiss photovoltaic installations : a : Institute of
Microtechnology, Neuchatel (NE), b : Nautical Club, Auvernier (NE), ¢ : Barberéche
farm (FR), d : Swiss stadium (BE).

energy sources is superior to 7600 exajoules per year, which is 15 times
higher than the world total energy consumption (478.8 exajoules/year in
2005 [IEA 2007]). Solar energy has a particularly high technical
potential, more than 1575 exajoules per year, which exceed the potential of
hydropower, biomass energy and wind energies.

Figure 1.1 shows the expected energy consumption from now until 2100
and the amounts of fossil fuel and renewable energy needed for a
stabilization of the CO, concentration in the atmosphere at 550 ppm [Aitken
2004]. It can be noticed that, according to Aitken, solar energy will play a
major role in the next century. This tendency is also predicted by the
International Energy Agency which publishes a "scenario” of the evolution
of renewable energy. It expects a 60-fold increase of solar energy
production from now until 2030 [IEA 2007b].

Energy suppliers convert the solar energy to functional energy using two
techniques : heat generation from thermal collectors and electrica
production from photovoltaic modules. As the application field of this
research is the photovoltaic technique, we do not present the heat
generation technique here.

13



Chapter 1: Introduction

The photovoltaic electricity production has numerous advantages : 1) it has
no moving part or mass flow, 2) it has no maintenance, 3) It is highly
reliable, 4) it integrates well into an urban environment, 5) and it has the
possibility to produce electricity locally.

Figure 1.2 shows some examples of photovoltaic instalations in
Switzerland. Large redlizations such as the Swiss stadium solar generator
or small ones such as the solar rooftop of the Nautical Club of Auvernier
demonstrate that photovoltaic installations are appropriate for any type of
location.

In Bern, Switzerland, the global annual solar irradiation of about ~1100
kWhm would provide a typical annual output of 900~1000 kWh/kWp for
a rooftop photovoltaic generator and of 600~700 kWh/kWp for a facade
installation [IEA PvPS 2006]. A solar installation of 3.5 kWp, which
corresponds to a surface of 6x6 m? of 10 % efficient PV modules, covers
the average consumption of a Swiss household (3000 kWh/year). In this
case, the energy needed to produce the modules (energy payback time) is
produced in about 3 years with crystalline modules or even 1.5 years with
thin film modul es [Fthenakis 2007, Aselma 2006, Wild-Scholten 2005].

One issue is that solar electricity faces is its non-continuous production
aong the time due to the daily and seasona variations of the sun
irradiance. However, several facts attenuate this drawback. Firstly,
electricity consumption occurs mainly during the day when PV modules
also produce electricity. Secondly, peak production is regulated via
"balancing power" techniques (e.g. switching electricity production of fuel
plants on or off [Sinn 2006]). Third, in countries equipped with dams, the
eectricity produced by PV installations can be stored using hydroel ectrical
resources. Finally, the electricity can be distributed on the worldwide grid.

Another currently negative aspect is the relatively high cost of photovoltaic
systems. At the beginning of 2008 the retail module price in Europe was
about 3~4 Euros per watt peak [Solarbuzz].

Indeed, best fabrication costs (not prices) are reported to be in the range of
1 Euro per watt peak for thin film and 1.5 Euros per watt peak for
crystalline modules. Furthermore, PV module manufacturers predict
important cost reductions in the PV module price, linked with the
development of thin film PV modules manufacture [Photon].

Figure 1.3 shows the annual PV production capacity from 1995 to 2006.
The exponential growth is due to large industrial investment and political
support for the development of solar eectricity. No less than 9 billion
dollars are now invested annually in new PV production facilities, leading
to numerous job creations [EPIA 2007].

14
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1.2 Photovoltaic solar cells

Figure 1.4 shows the spectral distribution of the AM1.5G solar spectrum. It
corresponds to the sun energy incident normalized at 1000 W.m?, at each
wavelength, on a 37° sun-facing tilted surface relative to the horizontal
under standard atmospheric conditions (see [IEC 2005] for a complete
description of these standards conditions). A photovoltaic cell is made of a
material that absorbs a part of this solar spectrum. This absorption
generates electrical charge carriers. These charge carriers produce an
electrica current when extracted from the material [Goetzberger 2005, Green
1987, Green 1982].

Severa different materials are used as absorber in solar cells : crystalline
silicon, galium arsenide, cadmium telluride, copper indium selenide,
organic dyes etc... For reviews concerning photovoltaic technologies, see
for instance [ Sun 2005, Marti 2004, Green 2003, Bubenzer 2003, Fonash 1981].

To be absorbed, in semiconductor materials such as silicon, photons must
have energy to excite an electron from the valence band to the conduction
band. This minimum energy named "energy gap" or "band gap" (Eg)
depends on the type of semiconductor [Sze 1981].
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Figure 1.4 The solar spectrum under standard atmospheric conditions AM1.5G
[IEC 2005], and the maximum energy that commonly-used photovoltaic material can

extract fromit.
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Figure 1.5 Scanning electron micrograph of a micromorph tandem solar cell composed

of ana-Si:H cell /uc-S:H cell layer stack.
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In semiconductors with small Eg, photons of low energy are absorbed and a
large quantity of electron-hole pairs are generated, leading to a high
photogenerated current. However, in this case, electrons in the conduction
band have low energy levels compared to holes in the valence band leading
to photodiodes with low voltage. In contrast, in case of a semiconductor
with alarge Eg, only photons with high energy are absorbed. This resultsin
alower generation of electron-hole pairs but with higher energy difference,
leading to low current and high voltage photodiodes [Sze 1981].

Superposed on the solar spectrum in figure 1.4, is the maximum energy that
semiconductors with different band gaps can extract from the sun energy,
plotted as a function of the wavelength. This illustrates the compromise
existing between current and voltage, leading to an efficiency limit for
semiconductor single junction solar cells of 33% [Green 2002].

In this study, we focus on thin film silicon solar cells. The first amorphous
thin film silicon solar cells was fabricated in 1977 by Carlson [Carlson 1977].
Since then, several international research groups have been studying thin
film silicon solar cells and regularly publishing reviews about their latest
developments [Shah 2006, Rech 2003, Brendel 2003, Shah 1999, Schropp 1998,
Catalano 1982].

Advantages of thin film silicon solar cells are multiple. The raw material is
non-toxic and wide available, contrary to indium (In) and telluride (Te) for
which feedstock become problematic a a few Gigawatts of annua
production [Behrendt 2008]. Furthermore, in thin film silicon solar cell
technology, the raw materia usage is reduced by a factor 100 in
comparison to the silicon wafer based technology for which 200 um-thick
wafers are typically used [Goetzberger 1998]. The relative low process
temperature, about 200°C, alows deposition of solar cells on a large
variety of substrates. In particular, thin film silicon solar cells can be
deposited on flexible plastic foils [Rath, 2007, Liu 2007, Katsum 2007, Haug
2006, Yan 2006, Saito 1998, Ichikawa 1993]. The building integration of such
cells is thus facilitated. In addition to this, the thin film silicon deposition
process shows synergy with other industrial sectors like flat panel display
or the packaging industry, which favors the fabrication of large area
modules [Meier 2008, Lechner 2008, Chae 2007] and their continuous
fabrication capability [Bailat 2005].

The relatively low efficiency of amorphous thin film silicon modules
(about 6~8 %) is counterbalanced by lower production costs [Zweibel 2004,
Green 2003b, Woodcock 1997] and a better temperature coefficient of the
efficiency [Carlson 2000]. This improved temperature coefficient of the
efficiency combine with a self annealing effect leads to an annual power
generation per watt peak (W, : the maximum rated output of a photovoltaic
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Figure 1.6 The schematic structure and the band diagram of a pin solar cell. The
photocarrier collectionisillustrated here.
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device, under standardized test conditions [IEC 2005]) installed superior to
the one achieved with crystalline silicon modules [Adhikari 2004].

To achieve higher efficiency cells, the Ingtitute of Microtechnology of
Neuchétel (IMT) introduced the micromorph tandem cell concept [Meier
1994]. As illustrated by figure 1.5, a high gap materia (hydrogenated
amorphous silicon aSi:H) is combined with a low gap materia
(hydrogenated microcrystalline silicon ucSi:H). Such a combination is
particularly efficient as it takes advantage of a large part of the solar
spectrum without sacrificing the voltage of the solar cells [Meillaud 2006].
This type of solar cells is now developed on a world-wide scale for large
PV modules [Meier 2008, Chae 2007, Noda 2003, Repmann 2003, Y amamoto 2002].

Figure 1.6 illustrates the photocarrier collection in a typical thin film
silicon solar cell (pin substrate configuration). The light is absorbed
essentially in the intrinsic layer (i layer). This absorption generates free
electron-hole pairs. An electrostatic field separates the electron-hole pairs
in order to produce available electrical current on the external electrical
contacts. Using substitutional doping with boron and phosphorus, we
obtain a negatively charge n layer and a positively charge p layer. The
electrostatic field is produced in the i layer by the pin structure of the layers
stack (for adetailed explanations, see for instance [Shah 2004]).

1.3 Transparent contacts

The electrical current produced by the solar cells is extracted through
electrical contact layers deposited on each side of the pin structure. The
contact layer deposited on the face of the cell that is exposed to the sun, i.e.
the front contact, needs to be transparent in order to let the light enter into
the solar cell.

To achieve this, we use materials with the remarkable combination of high
electrical conductivity and high optical transparency : the Transparent
Conductive Oxides (TCO). The most commonly used TCO are tin oxide
(SnOy), indium tin oxide (ITO) and zinc oxide (ZnO). Chapter 2 presents a
complete review about TCO materials.

Due to particularly thin absorber layer (typicaly 300 nm for aSi:H cells
and 2 um for ucSi:H cells [Shah 2004, Schropp 1998]) of thin film silicon solar
cells, a front contact possesing a surface morphology that scatters the light
is necessary to achieve a high current. As shown in figure 1.7, rough
diffusing layers considerably increase the light path through the absorber
and thus the amount of absorbed photons.
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Back
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Figure 1.7 A schematic comparison of the optical path through a flat interface solar
cell (a) and through a rough interface solar cell (b). In case b, the rough interface
scattered the incoming light leading to a longer optical path through the solar cell.

This light scattering phenomenon can increase the solar cell current by
20~40 % (see 7.1) [Taneda 2007, Hiipkes 2006, Lffler 2005, Groenen 2005, Kluth
2004, Springer 2004, Miiller 2004, Steinhauser 2005, Krc 2003, Fay 2003, Kluth 2001].

1.4 Aim and outline of thisthesis

In this thesis, we investigate low pressure chemica vapor deposited zinc
oxide layers doped with boron (LPCVD ZnO:B) for their used as
transparent conductive contacts in thin film silicon solar cells.

The aim of this study is to improve and better understand the properties of
LPCVD ZnO:B layers, especially on the optical and electrical properties of
these films.

This work is organized in 3 parts : a presentation of the fabrication of
LPCVD ZnO:B layers, a study of the layers properties and finadly a
discussion of their integration into the solar cells. We can express the
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"guiding line" of thisthesisas: "LPCVD ZnO, from the deposition process
to final applications’.

Chapter 2 "Basics on transparent conducting oxides' gives an overview of
the literature relating to TCO. We summarize the physical laws that apply
to TCO. We describe the most commonly used materials and deposition
processes. We give a summary of TCO's applications as well as a
recapitul ative table of the typical TCO used in thin film silicon solar cells.

Chapter 3 "Characterization techniques' describes the experimenta
techniques used for this work.

Chapter 4 "Fabrication and growth of LPCVD ZnO:B films' summarizes
previous results concerning LPCVD ZnO:B layers. We describe the
deposition process and give a literature summary of the chemical reactions
that occur during deposition. We summarize the influences of the
deposition parameters on the layer properties. We describe the structural
properties and present original results on elemental characterization of
LPCVD ZnO:B films.

The chapter 5 "Optical properties of LPCVD ZnO:B films" focuses on
experimental results and discussions about the optical properties of LPCVD
ZnO:B layers grown with various parameters. We study their transmittance,
reflectance and absorptance properties. We anayze their light scattering
capability. Moreover, we discuss a theoretica model that explains the
optical behavior of the films.

In chapter 6 "Electrical properties of LPCVD ZnO:B films" we analyze the
electrical transport mechanisms of LPCVD ZnO:B layers deposited with
various parameters. We establish which dominant electrical scattering
factor occurs as afunction of the film properties.

Chapter 7 "Integration of LPCVD ZnO:B films in silicon solar cells'
relates the integration of LPCVD ZnO:B layers as a front contact in thin
film silicon solar cells. We analyze the consequences of the changes of the
ZnO film properties on the solar cell behavior. We study the light scattering
role of various LPCVD ZnO:B layers in microcrystalline cells. We discuss
the responsibility of the front TCO morphology in case of electrically-
shunted solar cells.

Finally, chapter 8 "conclusion and perspectives' summarizes this work and
proposes further perspectives for the improvement and better
comprehension of LPCVD ZnO:B layers.

21



Chapter 1: Introduction

1.5 Contribution of thiswork to theresearch field

In the last years, the research on transparent contact for thin film solar cells
has gained importance. This PhD thesis has contributed to the research
field with the following elements :

+ We prove that changing carrier density shifts the value of the band gap
energy according to Burstein-Moss and band gap narrowing effects. In
contrast to the Burnstein-Moss effect, the band gap narrowing reduces the
gap and is only a factor 2 smaller than the BM shift. At energies slightly
lower than Eg, we observe exponential band tails absorption due to statesin
the band gap [Steinhauser 2006].

+ We show that the Drude model is sufficient to describe the NIR optical
behavior of LPCVD ZnO:B films. We can attribute the small absorption of
LPCVD ZnO:B films that remains in the visible range to residual free
carrier absorption, also described by the Drude model [Steinhauser 2007].

¢ We establish an electrical model describing the conduction mechanisms
in polycrystalline LPCVD ZnO:B layers (see 2.2.3) and verify it
experimentally (see chapter 6). We find that the electron mobility is limited
by grain boundary scattering at low carrier densities and by bulk scattering
a high carrier densities. The transition between these regime is continuous
in the range of doping level achievable in LPCVD ZnO:B films [Steinhauser
2007, Steinhauser 2007h)].

¢ We explain the degradation of the electrical properties of LPCVD
ZnO:B films during damp heat exposure using the electrical model
establish previously (chapter 2). We link this degradation to an increase of
trap states localized in grain boundaries. We also show and explain that
films with a higher doping level are more stable during damp heat exposure
[Steinhauser 2008].

+ We use characterization techniques for the first time on LPCVD ZnO:B
layers : First, we show that Raman analysis could provide information on
the doping level of LPCVD ZnO:B (see 5.3). Then, we measure LPCVD
ZnO:B layers with secondary ion mass spectroscopy and Rutherford back
scattering spectroscopy techniques. The obtained results gives evidence of
the non stoechiometry of LPCVD ZnO:B films and the presence of
hydrogen and carbon in the layers (see 4.2.3). Finally, we establish a
procedure using IR-lockin thermography, optical and electronic
microscopy, and focus ion beam techniques to characterize and localize
shunts dueto particlesin the solar cells (see 7.2.1).
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+ We observe different light scattering behaviors depending on the surface
morphology of the LPCVD ZnO:B films. For samples with a small feature
size, the haze factor is low, and light scattering occurs at large angles. For
samples with large surface features, the haze factor is high, and light is
scattered more close to the specular direction [Steinhauser 2005].

¢ We develop a LPCVD ZnO:B layer especially design for high
efficiency pucSi:H and aSl:H/ucSi:H cells. This film has a high haze factor,
a high mobility, and low absorptance and allows the fabrication of state of
the art devices (see 7.3 and [Steinhauser 2005]).

To summarize, this study provides a more in-depth understanding of the
electro-optical properties of the LPCVD ZnO:B film. Thisis of importance
a a time where mass production equipment for such layers are being
delivered worldwide to several modules manufacturers [Meier 2008].
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cwrer2 - BaSiCS ON transparent conductive
oxides: fabrication, applications
and theory

This chapter presents an overview of the literature on Transparent
Conducting Oxide (TCO). First, we describe the most commonly used
TCO materials and their most common deposition processes. Then, we
summarize the main applications of TCO. This section also focuses on
TCO suitable for silicon thin film solar cell applications and gives a
comparative description of the various TCO most commonly used for this
application. Finaly, we summarize the fundamental physical properties of
TCO materias. We present the theoretical models that we established and
applied to LPCVD ZnO:B layersin the frame of this study.

2.1 TCO fabrication, materials and applications

The materials named "Transparent Conducting Oxide" (TCO) are oxides
that combine transparency in the visible spectra range with low electrical
resistivity. TCO have been known for more than 50 years, and many
reviews explain in detail their physical properties and fabrications [Exarhos
2007, Edwards 2004, Minami 2000, Freeman 2000, Gordon 1996, Hartnagel 1995,
Chopra 1983]. This section presents the different TCO materials, their
fabrication processes and their applications.

2.1.1 Deposition processes

Thin film TCO are obtained by various fabrication processes. The most
commonly used techniques are the following :

¢ Sputtering
Due to it simplicity and it large area capability, sputtering constitutes the
most extensively used technique for the growth of TCO [Yim 2006, Dehuff
2005, Carcia 2003, Kluth 2001, Sundaram 1997]. A flat polycrystaline or

amorphous film is obtained by deposition of sputtered species from plasma
bombardment of a ceramic target or a metallic target in an oxidizing
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atmosphere. A large choice of materials is grown by sputtering : ITO, ZnO,
CdO, SnO,, etc.... DC, RF magnetron or reactive sputtering are commonly
applied. For instance, high quality TCO with a resistivity down to ~10™
Qcm and a visible transmittance TT > 80 % are obtained by sputtering.
Sputtered TCO have been studied for severa years (see for instance a
detailed review by Ellmer [Ellmer 2000], describing the possibilities and
issues of thistechnique).

¢ Chemical vapor deposition (CVD)

Chemical vapor deposition is commonly used to deposit TCO. This
technique consists of thermal decomposion of gases or vapors precursorsin
a vacuum reactor. The dissociated molecules interact with a hot substrate
and form a thin film. Atmospheric pressure (APCVD), low pressure
(LPCVD) or plasma enhanced (PECV D) chemical vapor depositions are all
derivative techniques that can achieve very high quality TCO films. ZnO,
SnO,, ZnMgO, CdO are TCO that are easily grown by CVD. CVD has the
advantage of being a moderate temperature process (150°C — 600°C), with
large scale production capability and high growth rates [Li 2004, Kirchner
2003 Gessert 2001]. We give a detail description of the LPCVD process used
in this study in chapter 4.

¢ Pulsed laser deposition (PLD)

Pulsed laser deposition consists of focusing a train of high energy laser
pulses on a target in a vaccum chamber. The molecular species, ablated
from the target, reach the substrate and form a thin film. High quality films,
i.e. epitaxial films, are obtained with this technique. A large variety of
materials can be deposited including TCO [Christoulakis 2005, Grundmann
2005, Matsubara 2002].

¢ Spray pyrolysis
Aerosol spray pyrolysis consists of spraying droplets of liquid precursors
on a heated substrate. The solvent is then evaporated and the solutes
become thermally pyrolized at the surface. ITO, SnO, or ZnO layers are
deposited by this simple technique adapted to mass production and large
area coatings [Prince 2002, Zhou 2001, Messing 1993].

¢ Wet technique (solution deposition)

Solution deposition techniques such as the dip technique or the sol gel
technique are well suited for the deposition of ITO and SnO, on large areas
without any vacuum process. However, these methods lead to low film
quality [Niessen 2002, Chatelon 1999, Exarhos 1995].
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+ Other methods

Other methods are commonly employed in order to deposit TCO material.
e.g. thermal evaporation, molecular beam epitaxy. See for instance [Chopra
1983] and [Exarhos 2007] for full reviews on TCO fabrication processes.

2.1.2 Materials

A lot of materials are used as transparent conductive materials. e.g. very
thin films of metal and wide band gap oxides. The most popular are ITO,
SnO,, CdO and ZnO, fabricated with various processes and doping
elements. The material characteristics strongly depend on the deposition
process and on the process parameters. The substrate can also have a strong
influence on the film's properties. Table 2.1 presents the main materials
used as TCO with their possible dopant elements [Exarhos 2007, Koida 2007,
Koida 2006, Minami 2005, Gordon 2000, Minami 2000, Freeman 2000, Ginley 2000,
Minami 2000, Hartnagel 1995, Chopra 1983].

Gordon [Gordon 2000] tries to evaluate and classify these TCO for various
applications using of afigure of merit. This figure of merit (FM) istheratio
of the electrical conductivity (o) and the visible absorption coefficient (o) :

O
FM =2
2.1)

As the main characteristics of transparent conductive material are a high
eectrical conductivity and low absorption in the visible range, this
definition of the figure of merit seems consistent. However, as discussed by
Gordon himself, these two characteristics are not sufficient to evaluate
TCO for the several different applications that they are planed to be use for.
The question : "what is the best TCO ?' does not have an unique answer
but strongly depends on the specific application envisaged.

The example of thin film solar cells is particularly demonstrative. For this
application, we need high conductivity and transparency. But, another
criterium is important : the capacity for the TCO to scatter the light. Fay
[Fay 2006] redefines the figure of merit of Gordon in order to take into
account this third parameter. However, the light trapping capability needed
differs depending on the type of thin film solar cell (a-Si:H, micromorph,
CIGS). In addition to this, the solar cell-TCO interface is essentia. In fact,
a better contact is achieved with TCO with alow workfunction at the n-Si
interface and with TCO with a high workfunction at the p-Si interface.
Finally, the cost and the resistance against the hydrogen plasma used
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Table 2.1 The main TCO materials with their doping elements are presented in this
table with respect to their specific properties(compiled from [Exarhos 2007, Koida
2007, Koida 2006, Gordon 2000, Minami 2000] ).

Material Dopant Properties

Metal

A High plasma frequency, low deposition

9

temperature

Oxide
Low plasmafrequency, high work

S0, b, As, Nb, Ta ebilty, mechenical cr i, chemical
durability, low toxicity, low cost

INOs Sn, Ge, Mo, F, Ti, Zr, Hf, High conductivity, hi_gh plasma

Nb, Ta, W, Te, H frequency, low deposition temperature

High transparency, low plasma frequency,

7n0 Al, Gg, B,InY,Sc, F,V, S, lowwork functi_on (best contact to n-Si),

Ge, Ti, Zr, Hf easy to etch, resistant to H plasma, low

deposition temperature, low toxicity

Cdo In, Sn

Nitride

TiN High pl_asmafrqugncy, thermal stability,
mechanica durability, easy to etch

Binary metal oxide compound

ZnpSnOy

ZnSn0O3 high work function (best contact to p-Si)

anl n205

Zn3In206

IN4SNz012

Cd,SnO, High transparency, thermal stability

CdsnOs

CdIn,O4

M gl n204

GalnOs; Sn,Ge

CdSh,06 Y

Ternary metal oxide compound

anl n205-

In4Sn3012

CdIn,O4-CdoSnO,4
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during the Si cell deposition play also a crucial role for choosing a TCO for
this application.

In this study, we invetigate zinc oxide. The advantage of ZnO compared to
other TCO materials is a combination of low cost, large availability, non-
toxicity, hydrogen plasma resistance, large area deposition and low
temperature process capability [Gordon 2000, Minami 2005]. Recently, ZnO
has attracted much attention within the scientific community not only as a
TCO but as material suitable for optoelectronic devices i.e. UV light
emitting diodes and lasers, detectors, and transparent transistors. Recent
reviews and books give an extensive overview of ZnO properties and
applications [Jagadish 2006, Ozgiir 2005, Nickel 2005]. A particular emphasis on
the use of ZnO as thin film solar cell transparent contacts is given in
[Ellmer 2007].

2.1.3 Applications

The following list gives an overview of the main applications of TCO. We
summarize the criteria that influence the TCO choice, for each application,
based on the reviews of [Exarhos 2007, Minami 2005, Gordon 2000].

¢ Low emissivity windows for building

The high free electron reflectivity of the infrared radiation of TCO is used
to improve the energy efficiency of building windows. In hot climates,
TCO coated glass reflects the infrared portion of the incident sunlight off
the buildings. In cold climates, infrared radiation is reflected back into the
buildings. The same property is used for oven windows in order to lower
the outside temperature to a safe level. For these applications, a short
plasma wavel ength and a high durability are needed. Tin oxide and TiN are
generally well suited.

¢ Defrosting windows

The combined resistivity and transparency of TCO materia is used in
defrosting windows. By applying an electrical current, the layer is heated
due to Joule effects. Thus, such windows prevent moisture in the air from
condensing. Low cost and high durability makes tin oxide a particular good
candidate for this application.

+ Flat pand displays

TCO are used as front electrodesin flat panel displays to address the pixels.
As good conductivity is needed, ITO is generally used. The low deposition
temperature is also a factor in this application because the TCO need to be
deposited on thermally sensitive devices.
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Table 2.2 TCO materials used in thin film solar cells applications. In addition to high
conductivity and high transparency, light trapping capability are important criteria.

Expand

ZIHZC':I;/ f%r "Z'?]%\,/g Sputtered  thermal  APCVD ASnPSV_FD
TCO ' andetched plasma SnOxF 2
aSi:H for pc- . . Asahi
- ZnO:Al CVD AshiU
cell Si:H cell ZrOAl HU
Square
resistance 8 10 ~5 ~10 8 10
(@)
Thickness 2.2 5 ~09 ~11 076 -
(nm)
Resistivity
(x10°C2cm) 17 5.2 0.3-05 11 0.6 -
Hall mobility ~
(cm?visY) 30 40 30-40 38-44 37 -
Hall carrier
density 1.2 0.3 4-6 07-25 ~22 -
(x10%cm®)
Visible range Ver
transparency High Hig)rq High High High High
(Absorptance 2 ©0.7) 3) 3 (2.5
@600nm %) '
Light
(’;;f;‘;gl' Rg High  Veryhigh Veryhigh  High  High XSK
(Haze@ (38) (84)  (54@700nm) (10-15)  (14) 92)
600nm %)
[Fay  [Steinhau  LMUler Coos." [Taneda [Taneda
Datafromref 5503 or 2008) 200240'051; U Groenen 2007 2007]

2005]
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¢ Transparent electronic

The development of transparent electronics constitutes an activity in which
the need for specific TCO is obvious. Touch panel controls, light emitting
diodes, and thin film transistors are examples of applications. The main
challenge in this domain is to fabricate p-type TCO in order to form p-n
homojunctions. ITO is often use in these applications.

¢ Solar cells

TCO are commonly used as electrodes in thin film solar cells, for instance :
sputtered ITO is used on flexible silicon solar cells [Bailat 2005], sputtered
ZnO:Al in copper indium gallium selenide (CIGS) cells [Campa 2007] or
APCVD Sn0O, in cadmium telluride (CdTe) cells [Wu 2004].

Thin film silicon solar cells on glass substrates require the following
characteristics : high conductivity, high transparency, light scattering
capability, low cost, large area capability, high durability, and low
deposition temperature.

Table 2.2 gives the characteristics of the principals TCO suitable for front
contact in thin film silicon solar cells. As grown rough SnO, [Taneda 2007]
or ZnQO [Loffler 2005, Groenen 2005, Steinhauser 2005, Fay 2003] or sputtered and
etched ZnO [Hupkes 2006, Kluth 2004, Miiller 2004] are common solutions to
get sufficient light trapping inside the cells.

2.2 Thin film TCO physics

2.2.1 Band structure

TCO are wide band gap semiconductor oxides with an optical band gap
energy Eq of typically 3.5 eV < E; <4.0 eV. This characteristic is necessary
in order to have materials that are transparent in the visible range. Indeed,
in materials with Eg > 3eV, the visible light energy hv (1.65 eV < hv<3.26
eV) is insufficient to be absorbed by a band-to-band electron transition
mechanism.

In order to be conductive, the presence of free electrons is necessary. This
is achieved in TCO by either crystal defects or by incorporating extrinsic
dopant elements in the crystalline network. The defects and the dopants act
as shallow donor levels leading to such a high electron density in the
conduction band that the Fermi level is positioned within the conduction
band. In this case, the materias are called degenerate semiconductors, and
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Conduction

--------- <--- Fermi level

Optical
transition

Eg = 3eV-4eV

Impurity
band

Figure 2.1 The schematic energy band structure of a degenerate TCO.

present a n-type conductivity. The onset of degeneracy usualy takes place
at acarrier concentration of around 10*%cm™[Mott 1987, Mott 1990].

The quantity of intrinsic defectsin TCO materialsis usually high enough to
form an impurity band at the bottom of the conduction band [Edwards 2004],
alowing conduction even at low temperature. TCO then behave like metals
with alow density of electrons.

Figure 2.1 shows an illustration of a TCO band structure, which leads to an
unusual combination of electrical conductivity and optical transparency in
thevisiblerange.

2.2.2 Optical properties

In TCO semiconductors, for photons of energy below to the band gap
energy value, the band-to-band absorption takes place. As TCO are wide
band gap semiconductors, this effect occursin the UV part of the spectrum.
As TCOs are usually not perfect crystals due to their fabrication process
some defect states might absorb in the visible range as well. These
phenomena are not explained further here, but the reader can refer to [Sze
1981, Adachi 1999, Adachi 1999b] for a comprehensive review on band gap and
defects absorption.
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The optica characteristics of a material can be deduced from its diglectric
function. The complex frequency dependent dielectric function &) is
related to the optical constants : n (refractive index) and k (extinction

coefficient) through :
Jé(w) =n+ik (2.2)

For energy hv << Eg, in highly degenerate semiconductor materials such as
TCO, the didectric function can be described by the Drude model
[Exarhos 2007].

In the Drude model, the local current density J of a free electron gasesin a
response to an electric field E oscillating a a frequency w is given by
[Drude 1900] :

d'J 1 Noptice2
@« T T e

where Ngyic IS carrier concentration, m the effective mass, e the free
electron charge and 7 the Drude scattering time. The dynamic conductivity
o(w) is defined by :

J(0) = o(w)E(0) (24)
Noptice2 1
i (HMJ @5)

Since Maxwell's corrected amperelaw is:
VxH =J+iwe, & E=lws(w)sE  (26)

the Drude form of the complex frequency dependent dielectric function
do)=¢(w)+iew) isexpressed as:
2
o\w w
5(a)):500+—_( ):g >

iwe, =~ o’+iTw 2.7)

where &, is the high frequency dielectric function, 7=1/7 is the Drude
damping frequency.
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wy isthe unscreened el ectrons plasma frequency defined by :

2
o 2 Noptice
N T oM (2.8)

where Nygic is the free electron density, e the electron charge, &, the
permittivity of free space and m the electron effective mass. With analogy
with equation 2.14, the optical mobility zspic iS given by :
e
Hoptic = m (2.9
It is noticeable that electrical parameters such as the free electron density
Nopiic and the carrier mobility Lioic are present in the dielectric function.

Using the Fresnel formula, the normal-incident reflectivity TR for a semi-
infinite samplein air is expressed as [Hecht 1987] :

Ve[ (@1-n)?+n%k?

TR= =
|1+\/E| (1+n)2+n2k2 (210)

The normal-incident transmission TT of a finite sample thickness d
considering interna reflection is given by [Hecht 1987] :

2
i%/@d
T = ‘(1— g(w))e

i2 Je(w)d
1-s(w)e s

(2.12)

The absorption A can therefore be deduced :
A=1-TT-TR (2.12)

Optical properties of more complicated multilayer samples, (i.e. substrate +
layer, rough interface) as well as non-normal incidence require additional
computational steps. These are described in text books [Smith 1978, Tao 1994]
and can be modeled with optical software such as GenPro [Zeman 2000].

In principle, we can calculate the optical spectra (i.e. the reflectance, the
transmittance and the absorptance as a function of the incoming light
frequency) knowing the dielectric function of a materia. However, the
most critical and difficult issue is to model the dielectric function itself.
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The Drude didlectric function (expressed in equation 2.7) is not valid for
the whole electromagnetic spectrum. Therefore, many dielectric function
models can be used and even different models can be associated to fit
experimental data over a broad frequency range.

In the near infrared region, the Drude model is well suited for the
description of TCO optical properties. For the UV-visible region, the most
commonly used optical models are Lorentz, Cauchy, Sellmeier, Tauc-
Lorentz and Forouhi-Bloomer [Hong 2002, Losurdo 2002, Volintiru 2008,
Logothetidis 2008].

Figure 2.2 shows the typica calculated reflectance, transmittance and
absorptance curves of a TCO. These curves are simulated with in-house
made software using the Drude model (for describing the infrared
behavior) in addition to a Lorentz oscillator (in order to describe the band
gap absorption) :

a)N2 QN2

+
o’ +iTo Qf-0?*-iQo ¥

e =¢, -

where ¢, is the high frequency dieectric function, 7~ and wy are the
damping frequency and the unscreened plasma frequency of the Drude
component, 25, O, and 2 are the damping frequency, the plasma
frequency, and the resonant frequency of the Lorentz oscillator. The model
considers a finite TCO layer deposited on a glass substrate. We adjust the
model parameters in order to get typica TCO optica spectra (the
parameters are listed in table 2.3).

Four separate regions come into view in these spectra, they are labeled with
roman numbers on figure 2.2.

+ Inthe UV region, i.e. region |, the band gap absorption takes place.

¢ In the visible and near-IR regions, i.e. region I, the TCO are
transparent. Severa factors limit the transmission in this region :
Firstly, the reflection losses at the optical interface; secondly, the
residual absorption, primarily due to free carrier but also to material
defects. Findly, interference phenomena take place depending of the
thickness of the layer [Hecht 1987].

¢ Intheinfrared region the Drude model explains the optical properties
leading in region |1l mostly to free carrier absorption and in region
IV mostly to free carrier reflection.
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Table 2.3 The parameters of the Drude + Lorentz oscillator model for the dielectric
function (equation 2.13) used to obtain the optical spectra of figure 2.2.

Thickness €5 N r On Qo Qr
(nm) (cm™) (em™) (cm™) (em™) (cm™)
1 38 7000 475 11000 32000 800
1
: Reflectance
0.8 !
: Absorptance
06 |
I I M
04 | !
0.2 -
0 [ I / [ L | | | |

300 900 1500 2100 2700 3300 3900 4500
Wavelength (nm)

Figure 2.2 The calculated transmittance, absorptance and reflectance for a typical
TCO. The curves are obtained from a Drude + Lorentz oscillator model for the
dielectric function (equation 2.11). The model considers a finite TCO layer deposited on
a glass substrate. The model parameters were adjusted in order to get typical TCO's
optical spetra and are listed in table 2.3.
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2.2.3 Electrical properties

TCO materials are degenerate semiconductors i.e. with the Fermi level
within the conduction band. They are conductive and behave like metals.
The free electron gas model of solids applies. The resigtivity p and
conductivity o are given by [Sze 1981] :

L
eNu  Ne’r

1
o (2.14)
where N is the free carrier density, 1 =ezfm their mobility, e is the charge

of the electron, mtheir effective mass and 7 is the relaxation time between
two scattering events.

Microscopicaly, various scattering events determine the mobility of the
eectrons. For bulk single crystalline TCO, the main scattering processes
are the following [Ellmer 2008, Han 2008, Ellmer 2007, Ozgiir 2005, Look 2004] :

¢ Optical phonon scattering caused by the interaction of the electrons
with the electric field induced by electric polarization associated with
the lattice vibration at optical frequencies.

¢ Acoustic phonon scattering caused by the interaction of the
electrons with the lattice deformations that correspond to pressure
waves.

¢ Piezoelectric scattering caused by the interaction of electrons with
the electric fields produced by the strain associated with phonons in
the crystal.

¢ Neutral impurity scattering caused by the interaction of the
electrons with uncharged defects.

¢ lonized impurity scattering due to deflection of free carriers by the
potential of a charge center originating from doping impurities. As
TCO are usualy heavily doped, this scattering mechanism is
generally predominant.

Each scattering mechanism is described with its own scattering relaxation
time 5 and mobility z4.
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The total scattering relaxation time zgy and the total mobility gy for the
material is deduced by applying Matthiessen's rule to the individua
scattering relaxation times z; and mobility z4 [Sze 1981] :

1 1 1 1
== (@15 =)= (216

TBuk i T Heuk 7 Hi
The complete expression for each scattering process relaxation time z can
be found el sewhere (in reviews such as [Elimer 2007]).

A simplified expression based on the empirical formula of Masetti [Masetti
1983] is used to describe the dependence of the bulk mobility pgux versus
the free carrier density N:

Himax = Hmin tH
1+ (N/N, )% 1+(N,g,/ N)*
(2.17)

/'lBqu ~ ﬂMasseti = lumin +

where um refers to the lattice mobility at low free carrier density, tiin iS
the ionized impurity mobility at high carrier densities, uin-z4 represents
the clustering mobility at very high carrier concentrations, Nye1, Nrer2, o
and o, are empirical coefficients.

This model was originaly developed for doped silicon. Ellmer [Elimer 2001]
used it to fit experimental data for ZnO produced using various deposition
techniques. Table 2.4 summarizes the parameters found by Ellmer for ZnO
regarding equation 2.17.

All the scattering phenomena described previously are related to the bulk
single crystal material. However, thin film TCOs are usudly
polycrystalline. In this case, an additional scattering mechanism occurs due
to presence of grain boundaries : the grain boundary scattering. Grain
boundaries are present in thin film TCO due to polycrystalline nature of the
film induced by the fabrication process.

As described by Seto in the case of polycrystalline silicon [Seto 1975],
acceptor centers are localized in grain boundaries, which captures electrons
from the conduction band. The grain boundaries are charged negatively and
a space charge region extends into the crystallite forming a "back-to-back”
schottky potential barrier [Orton 1981, Orton 1980, Seto 1975].

Considering a degenerate ZnO layer, the mean free path (1) of the electron
is estimated at 1~10 nm [Myong 2007, Shimakawa 2007, Mahan 1978]. Typical
grain size for thin film ZnO are about 300 nm. Therefore, for the following
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calculations, we assume that the electron mean free path is smaller than the
grainsize.

TCO are generally heavily n-type doped, therefore the trap density (N,) at
grain boundariesis|ower than the carrier concentration within agrain:

N, < NL (2.18)
where N, is the trap density, N the carrier density inside the grain and L the
grain size.

Considering a single grain of length L with a single grain boundary
localized at L/2 and with Q, the total traps charge and W the depletion
region width, we have [Seto 1975] :

Q =-eN, =eNW (219

N
W= Wt (2.20)

The 1D Poisson's equation in the space charge region yields the spatia
variation of the electric potential V [Seto 1975]:

dV(x) eN L W L
2 5 <MN<5 2.21
dx &g, 2 2 2) (@2

where ¢ is the dielectric permittivity of the material, & the dielectric
permittivity of free space and x the position within the grain.

Integrating equation 2.21 twice and applying the boundary conditions : V(x)
iscontinuous and dV/dx = O at x = L gives:

V(x):(zeN J(x—[%—\%vj) +V, [%—VEV<|X|<%)
&€,

where V, is the potential of the conduction band edge.
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Table 2.4 The fit parameters for silicon and zinc oxide according to equation 2.17, from

[Ellmer 2001].
Parameter Si:P Si:B ZnO
max (cm?V's?) lattice mobility 1414 470.5 200
pmin (cm?VsY) ionized impurity mobility ~ 68.5 44.9 50
pmin-pa (cm?V1s?) clustering mobility 12.4 15.9 10
Nrera (cm®) 9210 223107 1510°
o 0.711 0.719 1
Nrerz (cm™®) 34110°  6110° 6107
o 1.98 2 2

Table 2.5 The depletion length and barrier height calculated from equations 2.20 and
2.23 for a back-to-back schottky barrier in case of heavily doped ZnO : N; < NL . The
permittivity value taken for the calculationis = 8.12.

Trap density Carrier density N (cm®)
Ne(em? 5102 110° 210%
1102 W =0.2nm W =0.1nm W =0.05nm
eVp =0.6 meV eV, =0.3meV eV, =0.1meV
1101 W =2nm W=1nm W =0.5nm
eVy =56 meV eV, =28 meV eVy =14 meV
510% W =10nm W =5nm W=25nm
eVp,=1393meV eVp=696meV  eVy=348 meV
Thermionic
emission
o
Conduction
band &V
W - i
—r > e Tunneling
EFerm\ = = =
E. = =
= Trap state o
i Nt
Valence
band |
Grain Grain size L
houndary

Figure 2.3 The schematic band energy diagram of a TCO grain of length L. Potential
barriers of height eV, are formed at grain boundaries due to electronic trap states of
density Nt. The thermionic emission and the tunneling current flows areillustrated.
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The maximum barrier height eV, isgiven at x = L/2 by:

_e’NS?

Vs 8es,N (2.23)

It should be noted that the barrier width W and height eV, are inversely
proportional to the carrier density N. Table 2.5 gives calculated vaues for
W and eV, in ZnO for varying free carrier and trap density densities. Dueto
the high carrier density, the values found for the barrier height (typically a
few meV) and the barrier width (typicaly afew nm) are very low. In these
cases, the current flow occurs both by thermionic emission over the barrier
and by tunneling through the barrier. Note that the very small value of W
(W < 1 nm) has no rea physical meaning and we should only interpret
them qualitatively.

Figure 2.3 illustrates the band bending in such polycrystalline materials.
Current flow trough the barrier could be described by various mechanisms
i.e. Thermionic emission, field emission (tunneling), thermionic field
emission or variable range hopping transport [Myong 2007, Sze 1981]. In our
model, we choose two possible transport pathsi.e. thermionic emission and
tunneling. They areaso illustrated in figure 2.3.

For the classical thermionic emission, based on the use of Maxwell-
Boltzmann statistic, the current density is given by [Seto 1975):

-eVy

Jin = eN [ o ]

Vo N € (2.24)

where Vy, is the applied voltage on the grain boundary, k the Boltzmann
constant, TT the temperature and m the effective mass.

In aone dimensional grain boundary of width W we have :
J. = VerOin _ Vo €N,
th — W - W (2.25)

This expression leads to a thermionic mobility equa to:

—-eVy

ew e[ =y

N e (226)
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Considering that the tunneling current through a potential barrier of height
eV, and width W is proportional to the tunneling probability (i.e. the
exponential term) [Sze 1981, Simmons 1963], the expression for the tunneling
current is:

—47W . [2meV,, ]

h

Jun = Joe[ (2.27)

tun

where h isthe Planck's constant.
The prefactor J, could be expressed as [Mahan 1978]:

Jo = Nev, (2.28)

The drift speed vp can be expressed in terms of the acceerating eectric
field E = Vg/W, the electron mass m, and the characteristic time between
collisions 7 [Sze 1981] :

e e |
Vp =—Er. =—E
P m " m Ve (2.29)

where, Iy, is the mean free path of the electron and vi is the Fermi velocity
given by [Sze 1981] :

h
Ve = E (372'2 N )1/3 (2.30)

where h is the Planck's constant. To achieve reasonable tunneling current,
lwn is Of the order of magnitude of the nanometer [Myong 2007, Shimakawa
2007, Mahan 1978].

The complete expression for the tunneling current is then:

—47W [2meV,,

2
tun \/Vh (372.2 N )1/3 (231)
In aone-dimensional grain boundary of width W we have:
_ ngatun _ ngeN:utun
tun W - W (2.32)
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Therefore, the tunneling mobility is given by:

[—47[\N 2mev, ]

el tun h

My = H(@ETEN)E € (2.33)

Figure 2.4 is the equivaent circuit chosen to model the conductivity of a
polycrystalline ZnO layer. It considers the grain resistivity and the two
possible current path at the grain boundary (i.e. thermionic emission and
tunneling).

In this case the current flow is:

J=Jg=Jun+ Iy (2.34)

ng atun ng ath ng eN

Jin +Ipn =3 = w Tw o w (t + ) (2.35)

w1
Voo = a/uth + Hun (2:30)
Vg0, Vg eN
J — J — B~'B — B )
B (L-W)/2  (L-W)/ ZIUMasettl (2.37)
V. = JL-W)/2 1
° eN Hmasetti (2:38)
J= Vo VeN
LT Tﬂ (2.39)
L1
V=—=—
eN 4 (2.40)

the total voltageis:

V=2M+Vy  a
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boundary :

Grain size L

Figure 2.4 The equivalent circuit chosen to model the resistivity of a polycrystalline

ZnO layer.
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Figure 25 The calculated mobility contributions for polycrystalline ZnO from
equations 2.17, 2.28,and 2.35.The parameters are set to L = 300 nm, m= 0.28m, T =
300 K and lyn = 5 nm, the Masetti parameters are taken from table 2.1. We deduce the
total mobility x from equation 2.42.The black curves are given for N; = 8 10'? cm?, the
gray curves for Ny = 3 10%cm2.
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Therefore, the effective mobility uis:

H L Hirasatii Lt + (242)

Figure 2.5 shows the different calculated contributions of the mobility
regarding equations 2.17, 2.28, 2.35, and the deduced total mobility from
equation 2.42. For typical ZnO layer the parametersare : L =300 nm, & =
8.12, Iy, = 5 nm and two values of trap density : Ny = 8 10?cm?and N, = 3
10%cm?

Here, it clearly appears that grain boundary scattering governs the mobility
for low carrier density. In contrast, the bulk mobility described by the
Masetti equation dominated the mobility behavior for high carrier density.

2.2.4 Conclusions

The basic physical properties of TCO have been presented. We established
theoretica models to describe the optical and electrical properties of
LPCVD ZnO:B layers.

Knowing theoreticad models that applied to the properties of LPCVD
ZnO:B films alow to predict their variation tendencies and their limit.
These theoretical predictions give, therefore, useful rules for the
optimization of LPCVD ZnO:B films as contact layers in thin film solar
cells.

In the next chapters, we refer to these models in order to describe and
discuss experimental results.
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CHAPTER 3

Characterization techniques

In this chapter, we present the main techniques used in this thesis to
characterize TCO and solar cells.

3.1 Structural characterizations

3.1.1 Thickness

LPCVD ZnO:B layers are deposited on AF45 glass. In order to measure the
thickness of these films we construct a mesa or a step.

Usualy, we obtain these features by wet etching of the ZnO film after
masking a part of the layer with a plastic paint (plastik70). Then, we
remove the remaining plastic by immersing it in acetone. A second method
consists of a lift-off technique. We draw the step contour with ink directly
on the glass before the ZnO deposition. After the deposition, we remove
theink and the ZnO that coversit using acetone.

We measure an average thickness d of the obtained step with a stylus
Alpha-Step 200 profilometer, having a resolution of +/-5 nm. For rough
samples, we evaluate the thickness by averaging the heights of a1 mm scan
length.

3.1.2 Electron microscopy (SEM, EDX, TEM, FIB)

The electron microscopy techniques consist of focusing an electron beam
on the sample and forming an image from the measured scattered electron.
With these methods, we can obtain surface micrographs, chemical
information, and diffraction patterns. In this study, we use scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX),
and transmission electron microscopy (TEM).
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An ESEM-FEG Philips XL300 microscope is used to visualize the surface
of the ZnO layers. We use the same equipment in EDX mode in order to
perform chemical analysis.

A TEM Philips CM200 is used to obtain precise micrographs of the cross-
sections of samples.

We obtain the cross-sections of defective devices presented in chapter 7
with a Zeiss NVision 40 CrossBeam FIB coupled to an ESEM microscope.
The FIB instrument focuses Ga ions and accelerates them through
electrogtatic lenses. The high energy of the accelerated Ga ions permits to
precisely cut cross-sections of the samples.

3.1.3 Atomic force microscopy (AFM)

Atomic force microscopy AFM consists of scanning the surface of the
sample using a cantilever with a sharp tip at its end. When thistip is close
to the sample surface, interaction between the tip and the sample take
place. This interaction leads to a deflection of the cantilever, which is
measured using a laser technique. The scanning of the surface by the
cantilever is controlled through a piezoelectric tube. Images obtained with
this technique gives 3D information of the surface topology.

We performed the AFM measurements for this work in the non-contact
(tapping) mode on a scanning probe microscope from Vista Burleigh
Instruments. The scan resolution is 256x256 points for a scan size of 5x5
um.

The Root Mean Square values of the surface roughness orys is determined
from Atomic Force Microscopy (AFM) measurements using :

ORrms = ‘fﬁz_ll Z (3.1

where n is the total number of data points, and z is the vertical distance
from the average line of the i"" data point.

3.1.4 X-ray diffraction (XRD)

We measured the crystallographic orientation of the layers using X-ray
diffraction (XRD) spectroscopy technique. The principle, illustrated in
figure 3.1, consists of focusing a X-ray beam on the sample with an angle &
and measuring the angles of diffraction of the scattered beam.
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Incoming Scattered
X-ray beam beam
e P /
d | "\ 2d sins

Figure 3.1 The schematic diagram of the #-26 configuration for XRD measurements.

When Bragg's law (equation 3.2) is verified, constructive interferences are
formed and an intensity peak is measured.

2dsind =nA (3.2

d is the distance between the lattice plan, 4 the X-ray wavelength, n the
diffraction order, 8 and the angle defined on figure 3.1.

The X-ray spectrometer employed during this study is a Philips PW3020
diffractometer used in the Bragg-Brentano geometry (6-26 scans). We used
an accelerating voltage of 30 kV and a current of 40 mA to produce Cu Ka
radiation a a wavelength of 1.5418 A. The diffraction spectrum of ZnO
layers measured in this configuration showed a maxima of intensity, which
correspond to crystalline plane orientations parallel to the substrate.

3.1.5 Rutherford backscattering spectroscopy (RBS)

Rutherford Backscattering Spectroscopy RBS is an ion scattering technique
used for elemental thin film analysis. During an RBS measurement, high-
energy (MeV) Het++ ions are directed onto a sample and the energy
distribution and yield of the backscattered He++ ions at a given angle is
recorded. Since the backscattering cross-section for each element is known,
it is possible to obtain quantitative depth profiles from the RBS spectra
[EAG 2008]. For this work, an external company, CAFI-EIAJ, measured the
samples using an RBS instrument using a2 Mev proton beam.
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3.1.6 Secondary ion mass spectroscopy (SIMS)

Secondary ion mass spectroscopy SIMS is a measurement technique used
for elemental anaysis of thin film samples. A high energy primary ion
beam is directed on the sample whose composition is to be determined. The
interaction of the primary ions with the sample surface produces secondary
particles (atoms and small molecules) that are gjected from the sample. An
electrical field between the sample and an extraction lens extracts the
charged particles of one polarity (i.e. secondary ions) from the sputtering
area. These accelerated secondary ions constitute a secondary ion beam,
which lead into a mass spectrometer. There, an ion detector (i.e. an electron
multiplier, a Faraday cup or a channel plate), count the secondary ions by
mass. The count rate of different secondary ion species gives information
about the composition of the sample in the sputtered area.

SIMS technique measures most of the elements of the periodic table,
including hydrogen, with a typica resolution of a few ppm. During a
measurement, the sample is slowly sputtered away, therefore SIMS is
capable of measuring depth profiles [Uni St Louis 2008]. For this study, an
external company, Cascade Scientific Ltd, measured the samples using a
PHI quadrupole SIMS instrument.

3.2 Optical characterizations

3.2.1 Ultra-Violet / Visible/ Near InfraRed spectroscopy

We measured the sample transmittance and reflectance spectra with a
Perkin Elmer dual beam UV/VIS/NIR Lambda 900 spectrometer equipped
with an integrating sphere. Deuterium and halogen lamps are used as light
sources. A grating monochromator produces a monochromatic beam over
the range of 200 nm to 3000 nm. This monochromatic light is directed on
the sample, which is placed at the entrance port of the integrating sphere.
The integrating sphere reflects the incoming light beam homogeneously. In
the dual beam technique, a second monochromatic beam enters the sphere
through an open port : the "reference beam". A chopper technique
successively lets enter into the integrating sphere : no beam, the "sample
beam", and the "reference beam". Detectors (a photomultiplier and a lead
sulphide detector) placed inside the integrating sphere measure the related
intensities. The change in reflectivity of the sphere due to the open port and
the sample is deduce from measurement of the intensity of the dark and the
"reference beam" and taken into account to correct the sample beam
intensity.
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This equipment measures optical reflectance and transmittance of samples
that diffuse the light. We acquire a first intensity spectrum with a 100 %
reflectance reference (spectralon) without a sample mount. The intensity
measured lpakgrouna 1S USed as 100 % background. Then, we place the
sample at the entrance of the sphere and we acquire a second intensity
spectrum. The total transmittance (TT) is deduced from the ratio between
the measured intensity | e and the background intensity | packground :

_ sample
= (3.3)

background

We obtain the diffuse transmittance (DT) spectrum using the same
procedure as for TT, but with an open port at the back side of the sphere.
This hole lets the specular transmitted light get out of the sphere, thus only
the diffuse part stays inside the sphere and is measured.

We measure the total reflectance (TR) by putting the sample at the back of
the sphere, tilted at a 7° angle in order to not let the primary reflection get
out of the sphere through the incoming beam port. We measure the diffuse
reflectance (DR) by opening a port that allows the primary reflection of the
sample to leave the sphere. Figure 3.2 illustrates the different
configurations of the sample on the integrating sphere used to measure TT,
DT, RT and DR.

M?nochrognatlc Port open for I\/I?nochrorbnatm
reference beam diffuse reference beam

********************************************

reflectance
measurement

Monochromatic Monochromatic

sample beam sample beam
Port open for
Detectors difuse Detectors
Sample transmittance
measurement Sample
Integrating sphere Integrating sphere
a) Transmittance measurements b) Reflectance measurements

Figure 3.2 The schematic diagram of the configurations used to measure the
transmittance and reflectance with an integrating sphere.
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The haze factor H(Z) is defined as the ratio between the diffuse
transmittance DT(A) and the total transmittance TT(4) :

DT(1)
H(4)=
(1) T (3.4)
We take the haze factor value at 600 nm as an indicator for the light

scattering capability of diffusing TCOs used in thin film solar cell
applications.

3.2.2 Fourier Transform InfraRed spectroscopy (FTIR)

We measure the reflectance of the samples in the infrared region with a
Perkin Elmer 1720X FTIR spectrometer equipped with a specular
reflectance accessory. Light from a broadband infrared source enters an
interferometer and is directed on the sample. The reflected intensity is
measured on a detector and the reflectance spectrum can be reconstructed
using a Fourier transform.

3.2.3 Angular distribution function (ADF)

We measure the angular distribution function with a setup built at the IMT.
A 632.8 HeNe laser beam is used as source and directed under normal
incidence on the sample, usually from the glass side. A silicon detector
mounted on a step motor rotate around the sample and measure the diffused
beam intensity at each angle with a lock-in technique. Measurements are
performed either in reflection or in transmission.

It is important to compare normalized ADF. Since the haze values
determine the total amount of scattered light, comparison of normalized
ADF gives us more clear information about the directional dependency of
scattered light. We chose the normalization factors such that the maximum
values of the absolute intensity for each sample are equal.

3.2.4 Ellipsometry spectroscopy

A light beam is linearly polarized by a polarizer and reflected onto the
sample. After reflection, a detector through a second polarizer, called an
analyzer, measures the change in polarization, at an angle ¢. rsand r, are
the normalized reflection amplitudes of the two components of the incident
polarized light (s correspond to oscillation perpendicular to the plane of
incidence and paralé to the sample surface, and p to oscillation parallel to
the plane of incidence).
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The fundamental equation of ellipsometry express the mesurable quantity
rersas:

rP iA
pa = =tante (35)

S

where tan ¥ is the amplitude, A the phase shift and py the ellipsometry
reflection coefficient.

A dielectric model analysis is performed in order to extract the sample's
properties (the dielectric function tensor &, the complex refractive indexes,
and the thickness) as well as to identify possible roughness or porosity.
Equation 3.6 is an example of amodel valid for a semi infinite abrupt non-
transparent medium.

L+ pq )?

where n is the refraction index, k the absorption coefficient and ¢ the angle
of incidence.

&=(n+ik)* =sin? ¢(1+ tan%wj (3.6)

3.2.5 Raman spectr oscopy

Micro-Raman spectroscopy consists of a laser excitation beam that is
focused through a microscope on the sample surface. The back scattered
light intensity is measured as a function of its frequency shift. These shifts
are induced by the inelastic energy exchange between photons and
vibrational modes. The spectra obtained gives information on the bonding
environment in the sample.

Raman spectra measurement were made at the Hahn Meitner Institut in
Berlin (Germany). The laser source used is a helium-neon laser emitting at
633 nm. Theintegration timeis about several minutes.

3.3 Electrical characterizations

3.3.1 Four probesquareresistance

We applied four in-line metallic probes spaced at 2 mm at the surface of
the samples. A small current | is source between the two externa probes
and the resulting voltage drop U is measured between the two internal
probes.
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We deduce the sguare resistance R, from :

]
R=C T 3.7)

where C is a constant dependent on the geometry of the sample [Smits 1958],
for ainfinite sample C = 4.53. The resistivity p of the sample is evaluated
using :

p=Rd (39

where d is the sample thickness.

3.3.2 Hall effect

We systematically investigate the carrier mobility s and the carrier
density Nyg of LPCVD ZnO layers with an HEM-3000 Hall system.

This equipment first measures the resistivity of the samples with the Van
der Pauw configuration [Van d Pauw 1958] as described in figure 3.3. Four
contacts A,B,C,D, are ultrasonically soldered at the corners of about 1 cm?
samples.

A small current I, is applied between A and B and the resulting voltage
Vpbc between D and C is measured. The same measurements are repeated
for a source current Igc between B and C and a voltage Vap measured
between A and D. Two resistance values R; and R, are deduced :
V, \%)
R=—"% (39 R, = (310

D
IAB IBC

Al J|B
e .-
/.\v I
F _
é./'/'/
D C

Figure 3.3 The schematic diagram of the Van der Pauw configurations.
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The square resistance R, is then deduced by numerically resolving the

equation :
e[_;Rl] + e(_RﬁRZJ =1

The resitivity is finally calculated from the square resistance and the
thickness using equation 3.8. ZnO resistivity measure with the Hall
measurement setup and with the 4 probes setup (3.3.1) are consistent.

(3.12)

Then we place the sample in a0.51 T magnetic field B. The Lorentz force
F isapplied at the moving charge carriers:

F=evxB (312

where e isthe charge of the electron.

When a current I xc is applied between A and C, the electrons are deviated
by the Hall force and induce avoltage Vgp between B and D. The resistance
R;isdefineas:

VBD

R, = 1 (3.13)
AC
The Hall coefficient Ry isgiven by :
d
Ry = EARa (3.14)

where d is the thickness, B the magnetic field and AR is the difference
between the R; resistance value with and without the applied magnetic
field.

The Hall mobility s isgivenby :

(3.15)

" :‘&
yoj

where pistheresistivity.
The carrier density Ny can therefore be deduced using:

— = Ny M (3.16)
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3.3.3 Temper atur e dependence of the conductivity

We measure the temperature dependence of the conductivity using a four-
probe configuration (see 3.3.1). We place the samples in a cryostat cooled
with liquid helium. The temperature is precisely controlled with a heater
using a feedback loop based on an in situ temperature sensor measurement.
A Keitley 2600 sourcemeter executes the current voltage measurements
during atemperature ramp from 300 K to 30 K.

3.4 Solar cell characterizations

3.4.1 Solar cell deposition

The solar cells were fabricated by Very High Frequency plasma-enhanced
chemical vapour deposition (VHF-PECVD). See [Meier 2004] for a
comprehensive review about the VHF-PECVD technique for deposition of
amorphous and microcrystalline solar cells.

3.4.2 llluminated current-voltage measur ement

The current voltage characteristics of the illuminated solar cells are
obtained under a class A WX S140s Wacom sun simulator. The 1000 Wm'™*
AM1.5G solar spectrum is reproduced with two continuous light sources, a
xenon lamp and a halogen lamp. The AM1.5G spectrum corresponds to the
sun energy incident normalized at 1000 W.m'?, at each wavelength, on a
37° sun-facing tilted surface relative to the horizontal under standard
atmospheric conditions (see [IEC 2005] for a complete description of these
standards conditions). The open-circuit voltage (Vo), the fill factor (FF),
and the short-current density (Jy) are deduced from a four probe voltage
sweep measurement operated with a Keithley 2700 sourcemeter. We
performed the measurements at a cell temperature of 25°C stabilized by
ventilation.

3.4.3 External quantum efficiency

The external quantum efficiency (EQE) (i.e. the number of electrons
produced in the device per incident photon in short circuit condition) is
measured with a custom made setup. Using a lockin technique, the cell
current density is measured at each wavelength and divided by the incident
photon flux determined with a calibrated reference detector. We can expose
the cell to a stabilized white bias light in order to measured the device
performance under its operating conditions. Bias voltage can be applied.
Under sufficient reverse bias, the recombination losses are negligible and
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al generated electron-hole pairs are collected, allowing us to distinguish
between the optical and the collection losses.

3.4.4 Lockin thermography

Lockin thermography measurements localize electrical shuntsin solar cells
(or other electrica components). Figure 3.4 illustrates the principles of
functioning of the lockin thermography. A periodic square bias voltage is
applied to the sample. The current flows predominantly in the shunts and
induces a local heat dissipation that is anadyzed by an infrared lockin
camera. The IR camera is coupled to an optical microscope, allowing the
precise determination of the position of the shunt.

CMT-FPA
pulsed bias 384 x 288
detector head

sample

Y

frame grabber

lock-in I board

pulsed power reference
hardware
supply < counter Q%
A PC-RAM !
RS 232 P(‘

Figur e 3.4 The schematic diagram of the lock-in thermography.
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cwererd - Fabrication and growth of LPCVD
ZnO:B films

This chapter is a short summary of detailed investigations made by Fay and
Selvan [Fay 2006, Fay 2005, Fay 2003, Fay 2000, Selvan 1998] on the LPCVD
ZnO:B process used in this study. Their studies, summarized below, allow
the fabrication of state of the art low pressure chemical vapor deposition
ZnO layers doped with boron (LPCVD ZnO:B). As we investigate the
properties of these films in detail in the following chapters, it is useful to
have the most important effects of the fabrication parametersin mind.

First, we describe the LPCVD deposition system and the chemical
reactions that occur during growth. We summarize the correlations between
the deposition parameters and the film's properties. We recapitulate the
deposition parameters and the layers characteristics of typical LPCVD
ZnO:B films designed for thin film silicon solar cells. Then, we summarize
the structural properties of layers. Finally, we present results obtained
within the framework of this study, on the elementa composition of the
LPCVD ZnO:B layers.

4.1 Fabrication of LPCVD ZnO:B

4.1.1 Low pressure chemical vapor deposition system

The ZnO layers are made using low pressure chemical vapor deposition
(LPCVD). Basically, it consists of mixing reactant gases (or vapors) in
order to grow afilm on aheated substrate (see 2.2.1) [Pierson 1999].

Figures 4.1 and 4.2 show a schematic view and a picture of the LPCVD
reactor used in this study, respectively. A root pump evacuates a vacuum
chamber. We obtain base vacuum levels inferior to 1 pbar. During
deposition, the pressure is controlled by changing the pumping speed via a
butterfly valve. The usua deposition pressure is about 0.5 mbar.
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Figure 4.2 Picture of the LPCVD ZnO:B system used at the IMT.
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The deposition area is a 30x30 cm temperature controlled hot plate.
Temperature can be set from ambient to 300 °C.

We introduce the gases and vapors in the vacuum chamber through a
shower cooled with ambient temperature water. The cooling is necessary in
order to avoid deposition inside the showerhead.

We use vapors of liquid diethylzinc (DEZ) and water as precursors, directly
evaporated in the reactor without any bubbler gas. The DEZ and the water
vapor lines are heated a 35°C in order to avoid condensation. We use
diborane gases 1 % diluted in argon as doping gases. Mass flow controllers
control the flow of vapors and gases introduced in the vacuum chamber.

4.1.2 Chemical reactions

In the LPCVD ZnO deposition process, the deposition occurs as a result of
chemical reactions of vapor phase precursors on an heated substrate. This
section presents a review of the literature of the chemical reactions that
may occur during the LPCVD ZnO:B layer fabrication [Smith 2003, Pierson
1999, Herold 1962].

Our chemica process uses diethylzinc (DEZ, (C,Hs),Zn) and water vapor
(H»0) as precursors. Figure 4.3 presents the structure of the precursors. As
the DEZ is a metal organic compound, the process is aso caled metal
organic chemical vapor deposition (MOCVD).

The hydrolysis reaction that leads to the formation of ZnO from DEZ and
water vapor during CVD is described viathe equation :

Zn(C,H;),+H,0 >ZnO+2C,H, (4.2

This reaction occursin at least two steps.

H (o]
/ /
y \C—Zn—C /H
/ /N
. H c\ ; H\ /H /H
a) H/ H B B
/S
H H H

Figure 4.3 The structure of the precursors used to growth LPCVD ZnO. a) Diethylzinc,
b) Water, c) Diborane.
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The first step must consist of apartial hydrolysis of the DEZ leading to
formation of ethylzinc hydroxide (C;HsZnOH) :

Zn(C,H;), + H,05C,H.ZnOH +C,H, (4.2
Further hydrolysisto Zn(OH),is also possible :
C,H;ZnOH + H,05Zn(0OH), + C,H, (4.3

The Zn(C;Hs)OH and Zn(OH), produced can also form dimmers, tetramers
or higher oligomers.

C,H;ZnOH +C,H,ZnOH —»(C,H,ZnCH), (4.4)
(C,HsZnOH), + (C,H,ZnOH),—(C,H,ZnOH),  (4.5)
Zn(OH), + Zn(OH),—>Zn,(OH), (4.6)
Zn,(OH), + Zn,(OH),—>Zn,(OH), 4.7)

Using products resulting from reactions described by equations 4.2 to 4.7,
ZnO formation can occur through severa reactions :

C,H,ZnOH —>ZnO + C,H, (4.8)
(C,H,ZnOH),—>Zn,0, + 2C,H, (4.9
(C,H,ZnOH),—>Zn,O, +4C,H, (4.10)
Zn(OH),—>Zn0+H,0 (4.12)
Zn,(OH),—>Zn,0, +2H,0 (4.12)
Zn,(OH);—Zn,0, +4H,0 (4.13)

The formation of Zn,O, and Zn,O, is energetically unfavorable but may
occur from larger oligomers.

Diborane reactions and incorporation in the ZnO crystal during the LPCVD
process remain unclear. Basically, at rather low deposition temperatures,
the diborane is decomposed and the ion B** is incorporated in the ZnO
crystal. We know that B,Hg is highly reactive and may react with water or
oxygen and carbon compounds [Pierson 1999]. Therefore, the boron atoms
incorporated in the layer may not only be the B* ion but also boron
compounds.
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4.1.3 Review of the main deposition parameter effect

The structural, optical and electrical characteristics of LPCVD ZnO:B
layers are sensitive to the deposition parameters. This makes the LPCVD
ZnO:B process a very convenient tool for the optimization of TCO layers.
Summarized below are the main parameters of the LPCVD process and
their influences on the layer characteristics, based on the work of Fay and
Selvan [Fay 2006, Fay 2005, Fay 2003, Fay 2000, Selvan 1998].

¢ Temperature

Temperature is the most sensitive parameter in LPCVD ZnO deposition. It
strongly influences the crystalline structure of the film and thus the surface
roughness, the electrical and the optical parameters.

The deposition rate strongly depends on the temperature : between 130°C
and 240°C, it increases with the increasing temperature. This indicates a
growth almost partialy reaction-rate limited.

LPCVD ZnO:B films are usudly polycrystaline, having a wurtzite
structure (see 4.2.1). The most commonly preferred crystallographic
growth axis is with the c-axis (direction [0002]) perpendicular to the
substrate. This corresponds to the closest packed plane (0002) paralel to
the substrate. We observed this preferential orientation for ZnO deposited
by sputtering as well as for LPCVD layers deposited below 150°C. This
orientation gives a smooth film surface.

For LPCVD ZnO:B films grown at higher temperatures, the preferential
crystallographic orientation is with the direction [1120] perpendicular to
the substrate (the planes (1120) are paralel to the substrate), and a
pyramidal textured growth surface is formed.

At deposition temperatures higher than 200°C, the enhanced surface
diffusion of adatoms leads to random oriented small grain structure. Figure
4.4 shows a schematic drawing visualizing the crystal orientations and their
corresponding film type.

LPCVD zZnO:B films show good transparency, independently of the
temperature. The main optical characteristic that strongly changes is the
diffuse transmittance (DT). In fact the DT is linked to the surface features
(see 5.2). Films grown a low temperature are flat and the diffuse
transmittance is low. For layers growth at a higher temperature, the DT
becomes important due to the presence of a surface texture.
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No
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orientation

Figure 4.4 The schematic drawing of the cross section of polycrystalline ZnO (top) and
an illustration of their preferential growth orientation (bottom).

Concerning the electrical characteristics, the resistivity shows a minimum
of about 10° Qcm around 150°C. Films deposited at higher or lower
temperature exhibit a drastic decrease in electron mobility and carrier
density leading to films with low conductivity. This optimum resistivity in
regard to the deposition temperature value is strongly influenced by the
total gas flow value.

¢ Pressure

The deposition pressure mainly influences the deposition rate. At a
deposition temperature of 172°C and gas flow value of [H,O] = 60 sscm,
[DEZ] =50 sccm, [BoHg] = 30 scem, the deposition rate increases from 60
to 130 As™ by increasing the pressure from 0.5 to 5 mbar.

+ Water vapor to DEZ gasflow ratio

The water to DEZ gas flow ratio [H,QO]/[DEZ] influences the absorptance
of the films. An excess of DEZ leads to films with low transparency,
therefore the [H,O]/[DEZ] is usually maintained at ~1.1.

¢ Diboraneto DEZ gasflow ratio

The diborane to DEZ gas flow ratio [B,H¢]/[DEZ] controls the doping
level. The carrier density, and thus the conductivity, is directly dependent
on this parameter. A tradeoff has to be found between the electrica
conductivity and the optical absorption induced by free carriers (see 5.2).

Table 4.1 summarizes the main influences of the deposition parameters on
the layer characteristics.
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4.1.4 Standard LPCVD ZnO:B layers deposition parameters and
characteristics

Table 4.2 presents the deposition parameters as well as the properties of
two types of LPCVD ZnO:B layers that constitute standard layers for the
development of thin film silicon solar cells at IMT. The first type is
designed to be integrated in aSi:H cells. The second type, devel oped within
the framework of this study, is designed to be integrated in pcSi:H solar
cellsand is aso used in micromorph cells.

These two layers are optimized to have a square resistance of 8-10 Q_.
They are highly transparent, i.e. the total transmittance TT is superior to 80
% and the absorptance below 2 % in the wavelength region 450 - 600 nm.

The ZnO layer for aSi:H cells, originaly developed by Fay [Fay 2003] is 2.2
um thick and exhibits a haze value of about 38 %@600nm. The ZnO layer
designed for ucSi:H cells is developed within the framework of this study.
It needs a higher light trapping capability. To achieve this, we enlarge the
surface features by increasing the thickness of the film up to 5 um (see
5.2). Due to the higher thickness, we can lower the resistivity keeping a
square resistance inferior to 10 Q. As the carrier density of these filmsis
low and the carrier mobility high, the film is highly transparent due to a
low free carrier absorption (see 5.1.1).

Table 4.1 The main influences of the LPCVD deposition parameters on the layer
characteristics.

Typica Main influences on the
Parameter Symbol value Range layer characteristics
Depositiontime  ty 15 1-60' Thickness
Pressure P 0.3 mbar 0.1-1mbar  Deposition rate
o o Surface texture, deposition

Temperature T 1sc 25-300°C rate, crystalline orientation

[DEZ] +
Tota gasflow [H2QO] + 290 sccm 50-400 sccm  Deposition rate

[B2He]
Water to DEZ
gas flow ratio [H-O]/[DEZ] 11 08-14 Transparency
Diboraneto
DEZ gas flow [BoHg)/[DEZ] 0.6 0-2 Conductivity, transparency
ratio

65



Chapter 4: Fabrication and growth of LPCVD ZnO:B films

Table 4.2 The deposition parameters and layer characteristics of LPCVD ZnO:B
design for aSi:H cellsand for 4cS:H cells.
LPCVD ZnO:B design LPCVD ZnO:B design

for aSi:H cell for uc-Si:H cell
Deposition parameters
T(°C) 178 178
P (mbar) 0.3 0.3
DEZ flow (sccm) 95 95
H,0 flow (sccm) 120 120
B,Hs flow (sccm) 78 17
[H-Ql/[DEZ] 11 11
[B2Hg)/[DEZ] 0.6 0.3
Deposition time (min) 14 33
Layer properties
Thicknessd (um) 22 5
Square resistance R (Q2) 8 10
Resistivity p (x10°Qcm) 17 52
Conductivity o (Scm™) 576 192
Hall mobility u (cm?V-'s?) 30 40
: ; 20
CHn.:;\I_L)carrler density N (x10 12 0.35
Absorption coefficient (cm™) 100@480nm 15@550nm
Transmittance@750nm (%)
Measured in air, light coming >80 >80
from glass side
Haze@600nm (%) 38 84
[Steinhauser
Ref [Fay 2003] 2005]
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4.2 Structural and chemical properties of LPCVD
ZnO:B films

4.2.1 Crystallographic orientation

Figure 4.5 shows the measured X-ray diffraction spectrum of an LPCVD
ZnO:B layer designed for aSi:H cells (see 4.4 for the detailed deposition
parameters) using the 6-26 configuration (see 3.1.4). The spectrum shows a
strong preferential crystallographic orientation, within the (1120) plane
parallel to the surface.

The peaks position observed for LPCVD ZnO:B concur with the literature
for ZnO layersthat crystallize in the hexagonal wurtzite (B4 type) structure
and fit in the space group P63mc [ASTM 36-1451]. The preferentia
crystallographic growth axis is within the plane (1120), parale to the
substrate. This preferentia orientation is typical for ZnO film growth by
LPCVD [Wenas 1991, Fay 2005] in the range of temperatures (i.e. 150 °C —
200 °C) that produce films with a rough surface, suitable for thin film solar
cells applications.

Figure 4.6 shows a representation of the position of the atoms in the
elementary cell for the hexagonal wurtzite structure of ZnO. The lattice
parameters are a = 3.25 A and ¢ = 5.602 A [Reeber 1970]. The structure is
composed of two interpenetrating hexagonal close packed sublattices; zinc
atoms are surrounded by four oxygen atoms that form a tetrahedra
pyramid, and vice versa. This tetrahedral coordination corresponds to a sp3
covaent bond, but this material also has a strong ionic character [Jagadish
2006]. Due to the non-symmetry of the [0002] and [0002] directions, this
structure shows two possible polarities along the ¢ axis. Authors [Dong 2008,
Jagadish 2006, Losurdo 2005, Segawa 1997, Sun 1994] report that the ZnO
polarity influences many characteristics of the material such as thermal
stability, impurity incorporation, doping efficiency, and gas adsorption and
reactivity. For LPCVD ZnO:B layers deposited in this study, the polar
faces are perpendicular to the substrate, therefore the polar facets may be
located at grain boundaries.

4.2.2 Electron microscopy investigations

Figure 4.7 shows scanning electron micrographs (SEM) of the surface of
the LPCVD ZnO:B sample optimized for aSi:H cells on glass (see 4.4).
The sample thickness is d = 2.2 um, and its root mean sgquare surface
roughness is about oyys= 60 NM.
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Figure 45 The XRD diffraction spectrum of an Figure 4.6 The schematic
LPCVD ZnO:B layer designed for a aS:H cells drawing of the hexagonal
measured in the 6-26 configuration. wurtzite structure of ZnO.
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Figure 4.7 Surface SEM micrographs of a LPCVD ZnO layer deposited on glass.

Glass substrate

Figure 4.8 TEM micrograph of a LPCVD ZnO deposited on a glass substrate.
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Two magnifications are presented : 10000x and 30000x. Pyramidal
features appear randomly distributed at the surface. The lateral width of the
pyramids is about 100 — 400 nm.

Figure 4.8 shows a transmission electron micrograph (TEM) of a similar
ZnO:B sample. Preparation of the dice is performed by mechanica
polishing. The first 300 nm of ZnO on the top of the glass substrate, i.e. the
bottom of the ZnO layer, is composed of small crystallites. At greater
thickness, the film is composed of vertically-stack monocrystalline grains
that enlarge themselves as the film thickness increases. We can observe
these large grains that appear at the surface as pyramids on the TEM
micrograph in the upper part of the layer and on the SEM micrographs. The
structure and the growing mechanisms of LPCVD ZnO:B layers have been
extensively described by Fay [Fay 2005, Fay 2003, Fay 2000].

The first 300 nm of the layer is composed of small grains with no
preferential orientation and has poor electrical conductivity. The larger
crystallites compete the smaller ones, leading to a columnar growth of
vertically-stack grains with good electrical conductivity. These grains
appear at the surface as pyramids. Further increases in the thickness lead to
larger grain size and larger surface features.

4.2.3 Chemical properties

In this section we discuss the chemica composition of LPCVD ZnO:B
layers analyzed in the framework of this study using various
characterization tools.

Experimental results

Figure 4.9 presents an energy-dispersive X-ray spectroscopy (EDX, see
3.1.2) spectrum acquired by a ESEM on a LPCVD ZnO:B film designed
for aSi:H cdls (see 4.4). Lines of zinc and oxygen are present. EDX
technique cannot detect boron. Other elements are below the detection
limits (~1% at.).

Figure 4.10 shows the depth profile of the atomic concentration of Zn and
O measured by Rutherford backscattering spectroscopy RBS (see 3.1.5).
The measured sample is similar to LPCVD ZnO:B samples optimized for
aSi:H cells except a a reduced thickness of 1080 nm. Boron and other
possible elements are not detected using RBS measurements. This analysis
reveals a constant ratio over the whole film thickness between the Zn and O
equal t053.7 % at Zn and 46.3 % at O.

Figure 4.11 shows the Secondary ion mass spectroscopy (SIMS, see 3.1.6)
depth profile of a 1.5 um thick sample similar to LPCVD ZnO:B samples
optimized for aSi:H cells. We analyse the B, Fe, H, C, O, Cu and Si depth
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profile. We do not carry out quantification due to the lack of standards in
ZnO. Therefore, we leave the profile as raw secondary ion counts. As
guantification is not possible, we discuss the results qualitatively.
Discussion

The results of the RBS analysis clearly prove and quantify the non-
stochiometry of as grown LPCVD ZnO:B. The ratio between the measured
atomic percentage is Zn/O = 1.094. Thisvalue is surprisingly high, and can
be induce by the imprecision of the RBS measurement (~1 %). However, a
close value measured by energy dispersive X-ray spectroscopy on sputtered
ZnO: Zn/O =1.09 have been reported [Bensmaine 2007].

Authors [Ellmer 2007, Jagadish 2006, Nickel 2004, Tomlins 2000. Look 1999]
related the excess of zinc with the n type doping character of intrinsic zinc
oxide. The exact doping mechanisms are still hardly discussed, but it is
generally admitted that Zn interstitial and oxygen vacancies act as electron
donors in ZnO. If we consider an atomic density of 4.19 10 cm™® [Ellmer
2007] and that only the doubly charge zinc interstitials (or oxygen
vacancies) contribute to the excess of electrons, we find a carrier density of
3.7 10 cm®, which is about 100 times higher than electron density
measured by hall measurement on intrinsic LPCVD ZnO films. One
hypothesis to explain this difference could be self-compensating p doping
from acceptor centers such as zinc vacancies or nitrogen on oxygen sites
[Ellmer 2007, Jagadish 2006, Nickel 2004].

SIMS analysis shows the incorporation of boron. These measurements also
indicate the presence of hydrogen and carbon in the film. Hydrogen and
carbon could be incorporate during the deposition through the
decomposition of diethylzinc and diborane. Moreover, Zn and B can be
incorporated in their atomic form but aso as compounds bound with
oxygen, hydrogen or carbon.

Recently, authors found that hydrogen can act as a shallow donor in ZnO
[Bang 2008,Van de Walle 2000]. This fact, in addition to the non-stoechiometry
of the film, explain the strong n type doping character of our intrinsic layer.

As the structure of the film is polycrystalline, we suspect that compound
containing hydrogen and carbon could precipitate at the grain boundaries
[Domingos 2004, Fionova 1993].
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Figure 4.11 The depth profile of raw secondary ion counts of various elements

measured by SMS of an LPCVD ZnO:B designed for aS:H cells deposited on a glass
substrate.
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4.3 Conclusions

We show that the LPCVD ZnO:B deposition process is a very flexible and
convenient tool to achieved films with various characteristics. In fact,
varying the process parameters, easily change the properties of the
deposited films.

We show that LPCVD ZnO:B layers have an hexagona wurtzite structure
oriented within the (1120) plane parallel to the surface. The films are
polycrystalline, composed of large columnar monocrystalline grains. This
columnar structure leads to surface pyramidal shape features. We observe
the presence of an incubation layer of about 300 nhm made of small
crystallite.

Finaly, chemical analysis on LPCVD ZnQ:B layers provides evidence of
its non stoechiometry as well as the presence of carbon and hydrogen in the
layers.
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ZnO:B films

Understanding the mechanisms that govern the transparency of LPCVD
ZnO:B layersin the visible and near infrared (NIR) rangeis crucial in order
to get films suitable as TCO for thin film solar cells. Moreover, analyzing
the optical behavior at other wavelengths such as the ultra-violet (UV) or
infrared regions (IR) gives important knowledge about the meaterial
properties.

In this chapter, we analyze the optical properties of LPCVD ZnO:B layers.
We describe the transmittance, reflectance and absorptance of LPCVD
ZnO:B films for a broad range of wavelengths extending from the UV to
the IR. We anayze the band gap absorption, the infrared free carrier
absorption and the reflection as a function of the doping level of the layer.
We study the light scattering capability resulting from the as grown rough
surface of the ZnO films. Finally, we present Raman analyses of LPCVD
ZnO:B with different doping levels.

5.1 Transmission and reflection studies

5.1.1 Overview

This section presents transmittance, reflectance, absorptance spectra and
ellipsometry results of typical LPCVD ZnO:B films in the wavelength
range from 0.2 um to 3um.

Experimental results

The following measurements are performed on LPCVD ZnO:B layers
designed for aSi:H cells deposited with the parameters given in chapter 4,
table 4.2. The samples are deposited on glass, the thickness d of the filmsis
about 2 pm and the carrier density N is around 1 10° cm?,

73



Chapter 5: Optical properties of LPCVD ZnO:B films

Figure 5.1 shows the transmittance (TT) and the reflectance (TR) measured
with a UV-visible photospectrometer (see 3.2.1) in the visible range and
with an FTIR spectrometer (see 3.2.2) in the near infrared region.

Figure 5.2 shows the absorptance (A) deduced from the transmittance and
reflectance using the equation :

A=1-TT -TR (5.1)

For the deduction of A, we measure TT and TR with diiodomethane (CH,l5)
as index matching liquid in order to avoid internal reflections (see 3.2.1).

Figure 5.3 shows the optical constants n and k extracted from ellipsometry
spectroscopy (see 3.2.4) measurements performed on a LPCVD ZnO:B
layers for aSi:H cells. The dielectric function used to model this ZnO layer
is a sum of two Lorentzien oscillators and a Drude oscillator (see 2.2.2).
The roughness of the films is modeled with an additional layer considering
the dielectric characteristics of air and ZnO. In the visible range, the
refractive index is about n ~ 1.9 and the extinction coefficient k < 0.2.

Specidists from Prague University (Institute of physics, Academy of
Sciences of the Czech Republic) measured the absorption coefficients by
photothermal deflection spectroscopy [Jackson 1982] after polishing the
samples.

Figure 5.4 shows the absorption coefficients for LPCVD ZnO:B designed
for aSi:H and for ucSi:H cells. Chapter 4, table 4.2 gives the deposition
parameters and the layer's properties of the anayzed samples. The first
sample, (LPCVD ZnO:B layer designed for aSi:H cell) absorbs about 2 %
of theincoming light in the spectral region 430-580 nm. The second sample
(LPCVD ZnO:B layer for uSi:H cells) absorbs only 0.7 % of the incoming
light in the region 480-650 nm despite its greater thickness. The minimum
absorption coefficients listed table 5.1, are respectively 100 cm™ at 480 nm
and 15 cm™* at 550 nm for the first and the second samples.

Discussion

Above an incident radiation energy of about 3.3 eV (wavelengths below
A = 375 nm), the extinction coefficient k of LPCVD ZnO:B sample
strongly increases. This increasing k value is related to the fundamental
band gap absorption, which is due to interband transition, i.e. formation of
electron-hole pairs (see 2.1.1). We discuss details and models about these
mechanismsin section 5.1.2.

In the visible region (i.e. photon energy between 1.4 €V and 3 eV),
transmission is limited only by reflection losses and by the low absorptance
A > 2%. This can be caused by both residual absorption due to free carriers
and defect-related absorption. These two absorption mechanisms are
discussed here &fter.
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Figure 5.1 The transmittance (TT) and the reflectance (TR) spectra of a LPCVD ZnO:B
layer for aS:H cell asa function of the wavelength.
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Figure 5.2 The absorptance (A) of a LPCVD ZnO:B layer for aS:H cell as a function
of the wavelength.
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Figure 5.3 The optical constants n and k extracted from a fit of an ellipsometry
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Table 5.1 The experimental and calculated absorption coefficient « of a LPCVD
ZnO:B layer for aS:H cell and LPCVD ZnO:B for uxS:H cell. The measured
absorption coefficient dexperimenas 1S deduced from photothermal  spectroscopy
measurement. The calculated absorption coefficientainenry IS extracted from equation
5.2withm= 0.28my ,z = 100 cm?V/'s?, and n= 1.9.

Experimental Calculated
Hall carrier  absorption absor ption

Thickness after

. density coefficient coefficient otheor
polishing (um) (x10°cm®)  Geperimenta from equation 5>.,1
(cm™) (cm™
LPCVD
ZnO:B for 2.1 12 130 @650nm 179 @650nm
aSi:H cell
LPCVD
ZnO:B for 4.2 0.3 18 @650nm 45 @650nm
ucSi:H cell

+ The free carrier absorption coefficient « follows the relationship [Chopra
1983] :

€N
Ar’e,cnm?y 62

where N is the free carrier concentration, u their mobility, n the refractive
index, m their effective mass, & the permittivity of free space, ¢ the light
velocity, and 4 the wavelength. It should be noted that the free carrier
absorption is an increasing linear function of the carrier density, and is
inversely proportional to the mobility. It increases with the square of the
wavelength.

Table 5.1 gives the measured and calculated absorption coefficient for
LPCVD ZnO:B samples designed for aSi:H and ucSi:H cells. The
calculated absorption coefficients ainery are deduced from equation 5.2
using the carrier density N evaluated from Hall measurements, the mobility
4 =100 cm?®V'stis typical for monocrystalline ZnO [Gordon 2000, Ellmer
2001], m= 0.28my, and n = 1.9.

The values of dineory 8N Aeperimental &€ Close. The slight difference between
these two values can be due to the measurement uncertainty and to the
uncertainty of the value of x and N taken for the calculation. This indicates
that for these LPCVD ZnO:B samples, the residual FCA is the main factor
governing the absorption in the visible range. Therefore, following
equation 5.2, a decrease in the carrier concentration or an increase in the
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mobility can further reduce the absorption coefficient in the visible
wavelength range.

¢ Sevan [Selvan 1998] mentioned that LPCVD ZnO:B films can exhibit
defect absorption resulting in a dlight yellow coloration of the films. This
absorption is due to an optical assisted charge transfer of an electron from
the valence band to a deep donor like level located in the forbidden band.
These deep levels could be related to interstitial zinc atoms or clusters
forming a donor like species. This absorption was observed for layers
grown with a gas phase ratio [H,O]/[DEZ] < 1. For films grown with a
[H20]/[DEZ] > 1, such as the ones presented here, the absorption resulting
from this phenomenon is negligible.

In the IR region, strong absorption and reflection occur. We discuss this
infrared optical response of LPCVD ZnO:B layersin Section 5.1.3.

The oscillations present in both reflection and transmission spectra are due
to constructive and destructive interferences resulting from multiple
reflections inside the thin ZnO layer [Hecht 1987]. Because the samples are
rough, the interference amplitudes are attenuated compared to the
theoretically calculated ones for layers with flat interfaces. We can explain
this phenomenum by a loss in the coherence of light due to the surface
roughness [Beckmann 1963].

Conclusions

Band gap absorption at low wavelength, transparency in the visible range,
and free carriers absorption and reflection in the infrared region constitute
the typical optical behavior that is observed for LPCVD ZnO:B samples.

We attributed the slight absorption of LPCVD ZnO:B that remains in the
visible range to residua free carrier absorption.

5.1.2 Band gap absor ption

This section discusses the fundamenta band edge of LPCVD ZnO:B layers
and its variation with the doping level.

Experimental results

2 um thick LPCVD ZnO:B layers are deposited on glass with a gas phase
doping ratio [B,He]/[DEZ] varying from 0 to 2, leading to free carrier
density N increasing from 1.9 10" cm® to 2.2 10°° cmi® respectively.

We measure the total transmittances of these samples by UV spectroscopy
(see 3.3). Figure 5.5 shows the near band gap transmittance as a function of
the wavelength for al the series of samples. We observed a shift of the
transmittance edge to a higher energy as the doping level increases.
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In the range from 300 nm to 420 nm, we evauate the optical absorption
coefficient o from the measured transmittance TT value using [Pankove
1975] :

d T ( - )
where d is the film thickness.

In adirect band gap material, such as ZnO, we can express the dependence
of a asafunction of the photon energy (hv) as [Pankove 1975]:

a=A|(hv-E)) (5.4)

where A isaconstant, and E, the optical band gap energy.

We calculate the absorption coefficient « for all the samples from equation
5.3. Figure 5.6 shows a plot of ¢ as a function of hv for ZnO layers with
various boron doping levels. Following equation 5.4, we obtain the band
gap energy Ey by extrapolating the linear part of the curve o versus the
photon energy to o = 0. The E, values obtained for the series of samples
are increasing with the doping level from 3.24 eV for the undoped sample
to 3.44 eV for the heavily doped one.

Discussion

We can partly explain the widening of the band gap with the increase of the
carrier density by the filling of the lowest states in the conduction band.
This effect is known as the Burnstein-Moss (BM) shift [Burnstein 1954],
which predicts a band gap widening that follows the equation:

h?N%3

o W( 7[)2/3 (5.5)
3

where h is Planck’s constant, N is the free carrier density and m is the
effective mass.

AEg,, =

A second phenomenon that affects the optical absorption edge with the
increasing carrier density is a band-gap-narrowing (BGN) effect due to
electron-electron repulsive interactions and screening of the potential due
to the presence of many electrons.
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This effect is described by several authors [Roth 1982, Sernelius 1988, Jin 1988]
that found a gap shrinkage in heavily doped ZnO (AEggy) proportional to
NY3. Therefore, AEggy as afunction of N iswritten:

AEBGN =CN¥? (5.6)

where C is aconstant.
The expression for the band gap energy is then written:

Eg = EO + AEBM - AEBGN (5.7)

where Ey is the theoretical intrinsic band gap.

Figure 5.7 shows experimental values of E, (see figure 5.6) plotted versus
N. The dashed line is the theoretical prediction of the band gap widening
following only the Burstein-Moss shift law. The BM widening is
calculated from equation 5.5 with E; = 3.3eV (band gap of the ZnO single
crystal [Ellmer 2007]) and m = 0.28m.. The experimental values of E
strongly differ from the theoretical ones. This indicates that the Burnstein-
Moss shift effect aone is not well suited to explain the band gap shift in
LPCVD ZnO:B. The solid line represents the predicted variations of Eg
taking into account both BM and BGN effects. These correspond well with
the experimental values by setting C = 5.4 10® eVcm in equation 5.6, in
agreement with Roth et a. [Roth 1982], who obtained a constant C = 3.6
10® eVem foor ZnO samples prepared by sputtering and MOCVD.
Therefore, it demonstrates that the degeneracy of LPCVD ZnO induce non-
negligible band gap narrowing effects.

In the energy range dlightly lower than the band gap, the absorption
coefficient « follows an exponential law expressed by:

S
Ee
€ (5.8)

where ¢, is a constant, E. an energy which isinterpreted by authors [Urbach
1953, Natsume 2000] as an the exponentially decreasing tail of states in the
band gap.

a=aq,
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Figure 5.7 The optical band gap energy Eg as a function of the carrier density N. The
lines are theoretical predictions. The dashed lines take into account the Burnstein-Moss
law alone. The solid line takes into account both Burnstein-Moss and band gap
narrowing effects (equation 5.7). For these calculations we take Eo = 3.3 eV, m =

0.28m,
12
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Figure 5.8 The logarithm of the absorption coefficient In(«) as a function of incident
photon energy hv for ZnO films grown with gas phase doping ratio [B,Hg]/[DEZ]
varying from O to 2. Full lines are fits to equation 5.7 for E > Eg and assuming o =
5.61 10 cm™. The slopes of the fitted curves give the value of U/Ee.
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Table 5.2 The band gap energy E; and the parameter E. for 2 pm-thick ZnO films
grown with gas phase doping ratio [ B,Hg] /[ DEZ] varying from 0 to 2.

Gasflow ratio Hall carrier density  Band gap energy Ee

B,H¢/DEZ (x10%° cm’®) Eqy (eV) (meV)
0 0.2 3.25 69.1
0.3 0.6 3.30 70.1
0.6 1 3.33 70.8
1 15 3.38 717
15 21 342 72.5
2 2.2 3.44 72.9

Figure 5.8 shows the fits of the experimental absorption coefficient with
equation 5.8 for the doping series of LPCVD ZnQO:B. They are obtained for
E < Eg . We list the obtained values of E.intable 5.2, o, = 5.61 107cm™.
E. increases with the doping level of the ZnO:B samples from 69.1 meV
for the undoped sample to 72.9 meV for the heavily doped one.

We can relate this dight increase of E, with the increasing doping level to
an increase of the number of states in the band gap induced by the
increasing numbers of incorporate boron atoms. This conclusion is in
agreement with interpretation of similar behavior reported by [Aghamalyan
2003] on sputtered ZnO:Ga.

The laser beam energy used for scribing silicon solar cells (355 nm, i.e.
3.49 eV) is close to the optical band gap energy of LPCVD ZnO:B layers.
Therefore, our results show that the ZnO doping level absorption
dependence has to be taken into account when performing the optimization
of the laser scribing process for TCO.

Conclusions

In conclusion, the direct optical band gap edge of LPCVD ZnQO:B occursin
the UV range around 3.3eV. The vaue of Eg is shifted toward larger
energies as carrier density increases following the Burstein-Moss plus band
gap narrowing effects. At an energy level slightly lower than Ej; we
observe exponential band tail absorption due to states in the band gap.

5.1.3 Infrared response

In the near infrared region, the free carrier absorption and reflection
describe with the Drude model dominate the optical properties of LPCVD
ZnO:B layers (see 2.2.2). This section analyzes the IR response of LPCVD
ZnO:B layers with various doping levels.
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Figure 5.9 The total transmittance TT and reflectance TR for 2-xmthick ZnO films, for
which the gas phase doping ratio [B;Hg] /[ DEZ] used during the deposition was varied
from O (undoped) to 1.5 (higly doped).

Experimental results

We study the same series of LPCVD ZnO:B layers asin paragraph 5.1.2 (2
um thick ZnO layers grown on glass with gas phase doping ratio varying
from0to 2).

We evaluate the visible transmittance and reflectance of the series of
samples with a UV-visible photospectrometer (see 3.2.1). We measure the
total reflectance in the near infrared and infrared range with a FTIR
spectrometer (see 3.2.2).

Figure 5.9 shows the measured reflectance TR and transmittance TT spectra
as afunction of the wavelength. These films have an average transmittance
TT > 80% and the absorbance A = 1-TT-TR < 3 % in the visible range
(wavelength between 0.4 to 1 um). In the near infrared region (wavelength
between 1 and 2 um), TT decreases. The inflexion point is shifted towards
shorter wavelengths with increasing doping ratios, due to the related
increase of free carrier absorption (FCA). At longer wavelengths, TR
abruptly increases after the so-called plasma resonance wavelength. The
plasma wavelength is progressively lowered as the boron content and
consequently the free carrier density isincreased.
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Figure 5.10 Examples of fits using the Drude model (solid lines) of near normal
reflectance spectra of ZnO films (symbol) deposited with different gas phase doping
ratio [B;H¢]/[DEZ] .

Discussion

At a distance from the band gap, the optical behavior of the films can be
described using the classical Drude model detailed in chapter 2 (see 2.1.3)
[Hamberg 1986, Jin 1988, Aghamalyan 2003]. The corresponding dielectric
function ¢ is expressed as :

2
a)N

ew)=¢, ——N
(@) =2, o’ +ilw

(5.9)

where &, is the high frequency dieectric function, 77 is a damping
frequency and

2
o 2 Noptice
N £,M (5.10)

where Nygic is the free electron density, e the electron charge, ¢, the
permittivity of free space and m the electron effective mass.

Assuming &,= 4 and m = 0.28m, where m is electron mass [Jin 1988, Qiao
2006], the reflectance spectra of ZnO films could be fitted with this model
taking into account the glass substrate and using wy and 7~ as fitting factors.
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Example of fits for ZnO layers with different doping ratios are given in
figure 5.10. We obtain a good convergence of the fitted curves with the
experimental data in the range of validity of the Drude model. We will
discuss in chapter 6 the relation between the optical parameters and the
electrical properties of the films.

Conclusions
The Drude model in its simplest form is sufficient to describe the NIR
optical behavior of LPCVD ZnO:B films.

5.2 Light scattering capabilities

For thin film solar cell applications, one of the most important
characteristics for a front contact TCO isits capability to scatter the light in
order to increase the optical path through the solar cell. The LPCVD
ZnO:B layer has the advantage to possess an as grown roughness leading to
surface texture with efficient light scattering capability without any post
treatment. This paragraph studies this light scattering behavior in detail.

Experimental results

A series of five LPCVD ZnO:B layers with thicknesses of 1.4 um, 1.9 um,
2.4 um, 4.0 um, and 6.3 um respectively are deposited on glass substrates.
We obtain the different thicknesses by changing the deposition time. We
adapt the gas phase doping ratio [B,He]/[DEZ] used during ZnO deposition
for each sample in order to obtain layers with the same sheet resistance of
10 Q. We vary the [B;Hg]/[DEZ] from O (thick undoped ZnO) to 2 (thin
heavily doped ZnO). In order to simplify their denomination we label the
samples with their thickness values.

We determine the root mean square values of the surface roughness o;s by
Atomic Force Microscopy (AFM) measurements (see 3.1.3). Figure 5.11
shows 3D interpretations of the AFM pictures for the 1.4 um, 1.9 um, 2.4
um, and 6.3 pm samples. Their respective deduced RM S roughness values
are: 60 nm, 86 nm, 109 nm, 226 nm.

We measure the total and diffuse optical transmittance (TT and DT,
respectively) for each sample in air with a photospectrometer (see 3.2.1).
Figure 5.12 shows the