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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 especially 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, theoretical models that describe the optical and electrical 
properties of LPCVD ZnO:B films are determined and verified 
experimentally. 
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CHAPTER 1  

 

Introduction

This chapter describes the general scientific context and the research field 
in which this thesis is included. First, the motivations for the use of 
photovoltaic (PV) power regarding the global 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. Finally, the 
aim of this work is summarized and the structure and the outline of this 
thesis is 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 CO2 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 renewable 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 exajoules per year  
(1 EJ = 1018 J = 278 109 kWh) [UNDP 2000]. The technical potential of these  
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Table 1.1 The renewable energy resource potential in exajoules (EJ) per year. Numbers 
from reference [UNDP 2000].1EJ=1018J=278 109kWh. 

Resource Current use (EJ) Technical potential 
(EJ) 

Theoretical 
potential (EJ) 

Hydropower 9 50 147 
Biomass energy 50 >276 2'900 
Solar energy 0.1 >1'575 3'900'000 
Wind energy 0.12 640 6'000 
Geothermal 
energy 0.6 5'000 140'000'000 

Ocean energy Not estimated Not estimated 7'400 

Total 56 >7'600 >144'000'000 

 
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 CO2 
concentration in the atmosphere of 550 ppm. The points labeled indicate what 
percentage the renewable energies would provide to the total expected energy 
consumption. Numbers from reference [Aitken 2004]. 1EJ=1018J=278 109kWh. 
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Figure 1.2 Four examples of Swiss photovoltaic installations : a : Institute of 
Microtechnology, Neuchâtel (NE), b : Nautical Club, Auvernier (NE), c : Barberèche 
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 CO2 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 electrical 
production from photovoltaic modules. As the application field of this 
research is the photovoltaic technique, we do not present the heat 
generation technique here. 
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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 installations in 
Switzerland. Large realizations 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-2 would provide a typical annual output of 900~1000 kWh/kWp for 
a rooftop photovoltaic generator and of 600~700 kWh/kWp for a façade 
installation [IEA PVPS 2006]. A solar installation of 3.5 kWp, which 
corresponds to a surface of 6×6 m2 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 modules [Fthenakis 2007, Aselma 2006, Wild-Scholten 2005].  
One issue is that solar electricity faces is its non-continuous production 
along the time due to the daily and seasonal 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 
electricity produced by PV installations can be stored using hydroelectrical 
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 electricity. No less than 9 billion 
dollars are now invested annually in new PV production facilities, leading 
to numerous job creations [EPIA 2007]. 
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Figure 1.3 The global annual PV market. Numbers from reference [EPIA 2007]. 

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-2, 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 
electrical current when extracted from the material [Goetzberger 2005, Green 
1987, Green 1982]. 
Several different materials are used as absorber in solar cells :  crystalline 
silicon, gallium arsenide, cadmium telluride, copper indium selenide, 
organic dyes etc… For reviews concerning photovoltaic technologies, see 
for instance [Sun 2005, Martí 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 from it. 

 
Figure 1.5 Scanning electron micrograph of a micromorph tandem solar cell composed 
of an a-Si:H cell /µc-Si: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 a large Eg, only photons with high energy are absorbed. This results in 
a lower 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 at a few GigaWatts of annual 
production [Behrendt 2008]. Furthermore, in thin film silicon solar cell 
technology, the raw material usage is reduced by a factor 100 in 
comparison to the silicon wafer based technology for which 200 µm-thick 
wafers are typically used [Goetzberger 1998]. The relative low process 
temperature, about 200°C, allows 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 (Wp : 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 collection is illustrated here. 

 



Chapter 1: Introduction 

 
 19 

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 Institute of Microtechnology of 
Neuchâtel (IMT) introduced the micromorph tandem cell concept [Meier 
1994]. As illustrated by figure 1.5, a high gap material (hydrogenated 
amorphous silicon aSi:H) is combined with a low gap material 
(hydrogenated microcrystalline silicon µcSi: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, Yamamoto 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 a detailed 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 
(SnO2), indium tin oxide (ITO) and zinc oxide (ZnO). Chapter 2 presents a 
complete review about TCO materials. 
Due to particularly thin absorber layer (typically 300 nm for aSi:H cells 
and 2 µm for µcSi: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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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, Hüpkes 2006, Löffler 2005, Groenen 2005, Kluth 
2004, Springer 2004, Müller 2004, Steinhauser 2005, Krc 2003, Faÿ 2003, Kluth 2001]. 

1.4 Aim and outline of this thesis 
In this thesis, we investigate low pressure chemical 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 finally a 
discussion of their integration into the solar cells. We can express the 
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"guiding line" of this thesis as : "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 
recapitulative table of the typical TCO used in thin film silicon solar cells. 
Chapter 3 "Characterization techniques" describes the experimental 
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 analyze their light scattering 
capability. Moreover, we discuss a theoretical 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 a function 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. 
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1.5 Contribution of this work to the research 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 states in 
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 
at 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 2007b]. 

♦ 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 due to particles in 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 µcSi:H and aSI:H/µcSi: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. This is of importance 
at a time where mass production equipment for such layers are being 
delivered worldwide to several modules manufacturers [Meier 2008]. 
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CHAPTER 2 

 

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. Finally, we summarize the fundamental physical properties of 
TCO materials. We present the theoretical models that we established and 
applied to LPCVD ZnO:B layers in 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 spectral 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 polycrystalline 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, SnO2, etc…. DC, RF magnetron or reactive sputtering are commonly 
applied. For instance, high quality TCO with a resistivity down to ~10-4 

Ωcm and a visible transmittance TT > 80 % are obtained by sputtering. 
Sputtered TCO have been studied for several years (see for instance a 
detailed review by Ellmer [Ellmer 2000], describing the possibilities and 
issues of this technique).   

♦ Chemical vapor deposition (CVD) 
Chemical vapor deposition is commonly used to deposit TCO. This 
technique consists of thermal decomposion of gases or vapors precursors in 
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 (PECVD) chemical vapor depositions are all 
derivative techniques that can achieve very high quality TCO films. ZnO, 
SnO2, 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, SnO2 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 SnO2 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, 
SnO2, 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 a figure of merit. This figure of merit (FM) is the ratio 
of the electrical conductivity (σ) and the visible absorption coefficient (α) : 

α
σ

=FM   (2.1) 

As the main characteristics of transparent conductive material are a high 
electrical 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. Faÿ 
[Faÿ 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 essential. In fact, 
a better contact is achieved with TCO with a low 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   

Ag  High plasma frequency, low deposition 
temperature 

Oxide   

SnO2 Sb, F, As, Nb, Ta 

Low plasma frequency, high work 
function (best contact to p-Si), Thermal 
stability, mechanical durability, chemical 
durability, low toxicity, low cost 

In2O3 
Sn, Ge, Mo, F, Ti, Zr, Hf, 
Nb, Ta, W, Te, H 

High conductivity, high plasma 
frequency, low deposition temperature 

ZnO Al, Ga, B, In, Y, Sc, F, V, Si, 
Ge, Ti, Zr, Hf 

High transparency, low plasma frequency, 
low work function (best contact to n-Si), 
easy to etch, resistant to H plasma, low 
deposition temperature, low toxicity 

CdO In, Sn  
Nitride   

TiN  High plasma frequency, thermal stability, 
mechanical durability, easy to etch 

Binary metal oxide compound   
Zn2SnO4   
ZnSnO3  high work function (best contact to p-Si) 
Zn2In2O5   
Zn3In2O6   
In4Sn3O12   
Cd2SnO4  High transparency, thermal stability 
CdSnO3   
CdIn2O4   
MgIn2O4   
GaInO3 Sn,Ge  
CdSb2O6 Y  
Ternary metal oxide compound   
Zn2In2O5-
In4Sn3O12 

  

CdIn2O4-Cd2SnO4   
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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, Özgür 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 wavelength and a high durability are needed. Tin oxide and TiN are 
generally well suited. 

♦ Defrosting windows 
The combined resistivity and transparency of TCO material 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 panel displays 
TCO are used as front electrodes in 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. 

TCO 

LPCVD 
ZnO:B for 

a-Si:H 
cell 

LPCVD 
ZnO:B 
for µc-

Si:H cell 

Sputtered 
and etched 

ZnO:Al 

Expand 
thermal 
plasma 
CVD 

ZnO:Al 

APCVD 
SnO2:F 
Asahi U 

APCVD 
SnO2:F 
Asahi 
HU 

Square 
resistance 

(Ω ) 
8 10 ~ 5 ~ 10 8 10 

Thickness 
(µm) 2.2 5 ~ 0.9 ~ 1.1 0.76 - 

Resistivity   
(×10-3 Ωcm) 1.7 5.2 0.3 - 0.5 1.1 0.6 - 

Hall mobility 
(cm2V-1 s-1) 30 40 30 - 40 38 - 44 ~37 - 

Hall carrier 
density      

(×1020 cm-3) 
1.2 0.3 4 - 6 0.7 - 2.5 ~2.2 - 

Visible range 
transparency 
(Absorptance 
@600nm %) 

High 
(2) 

Very 
High 
(0.7) 

High 
(3) High High 

(3) 
High 
(2.5) 

Light 
scattering 
capability 
(Haze@     

600nm %) 

High 
(38) 

Very high 
(84) 

Very high 
(54@700nm)

High     
(10-15) 

High 
(14) 

Very 
high 
(92) 

Data from ref [Faÿ 
2003] 

[Steinhau
ser 2005] 

[Müller 
2004, Kluth 

2004] 

[Löffler 
2005, 

Groenen 
2005] 

[Taneda 
2007] 

[Taneda 
2007] 
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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 SnO2 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 SnO2 [Taneda 2007] 
or ZnO [Löffler 2005, Groenen 2005, Steinhauser 2005, Faÿ 2003] or sputtered and 
etched ZnO [Hüpkes 2006, Kluth 2004, Müller 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 Eg of typically 3.5 eV < Eg < 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 hν (1.65 eV < hν < 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 materials are called degenerate semiconductors, and  
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Figure 2.1 The schematic energy band structure of a degenerate TCO. 

present a n-type conductivity. The onset of degeneracy usually takes place 
at a carrier concentration of around 1018cm-3 [Mott 1987, Mott 1990].  
The quantity of intrinsic defects in TCO materials is usually high enough to 
form an impurity band at the bottom of the conduction band [Edwards 2004], 
allowing conduction even at low temperature. TCO then behave like metals 
with a low 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 
the visible range. 

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 occurs in 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 optical characteristics of a material can be deduced from its dielectric 
function. The complex frequency dependent dielectric function ε(ω) is 
related to the optical constants : n (refractive index) and k (extinction 
coefficient) through : 

ikn +=)(ωε   (2.2) 

For energy hν << Eg, in highly degenerate semiconductor materials such as 
TCO, the dielectric function can be described by the Drude model  
[Exarhos 2007].  
In the Drude model, the local current density J of a free electron gases in a 
response to an electric field E oscillating at a frequency ω is given by 
[Drude 1900] : 

E
m

eN
J

dt
dJ optic

21
=+

τ  (2.3) 

where Noptic is carrier concentration, m the effective mass, e the free 
electron charge and τ the Drude scattering time. The dynamic conductivity 
σ(ω) is defined by : 

)()()( ωωσω EJ =   (2.4) 
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Since  Maxwell's corrected ampere law is :  

EiEiJH 00 )( εωωεεωε =+=×∇ ∞  (2.6) 

the Drude form of the complex frequency dependent dielectric function 
ε(ω)=ε1(ω)+iε2(ω) is expressed as :  

ωω
ωε

ωε
ωσεωε

Γ+
−=+= ∞∞ ii

N
2

2

0

)()(   (2.7) 

where ε∞ is the high frequency dielectric function, Γ=1/τ is the Drude 
damping frequency. 
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ωN  is the unscreened electrons plasma frequency defined by : 

m
eNoptic

N
0

2
2

ε
ω =   (2.8) 

where Noptic is the free electron density, e the electron charge, ε0 the 
permittivity of free space and m the electron effective mass. With analogy 
with equation 2.14, the optical mobility µoptic is given by :  

m
e

optic Γ
=µ   (2.9) 

It is noticeable that electrical parameters such as the free electron density 
Noptic and the carrier mobility µoptic are present in the dielectric function.  
Using the Fresnel formula, the normal-incident reflectivity TR for a semi-
infinite sample in air is expressed as [Hecht 1987] : 

 222

2222
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The normal-incident transmission TT of a finite sample thickness d 
considering internal reflection is given by [Hecht 1987] : 
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The absorption A can therefore be deduced : 

TRTTA −−=1   (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 material. However, the 
most critical and difficult issue is to model the dielectric function itself. 
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The Drude dielectric 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 typical 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) :  

ωωωω
ωεωε

Γ
∞ Ω−−Ω

Ω
+

Γ+
−=

ii
NN
22

0

2

2

2

)(  (2.13) 

where ε∞ is the high frequency dielectric function, Γ and ωN are the 
damping frequency and the unscreened plasma frequency of the Drude 
component, ΩΓ, ΩN, and Ω0 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 typical TCO optical 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.  

♦ In the UV region, i.e. region I, the band gap absorption takes place.  

♦ In the visible and near-IR regions, i.e. region II, the TCO are 
transparent. Several 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. Finally, interference phenomena take place depending of the 
thickness of the layer [Hecht 1987].  

♦ In the infrared region the Drude model explains the optical properties 
leading in region III 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 
(µm) 

ε∞ 
 

ωN 
(cm-1) 

Γ 
(cm-1) 

ΩN 
(cm-1) 

Ω0 
(cm-1) 

ΩΓ 
(cm-1) 

1 3.8 7000 475 11000 32000 800 

 

 
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 resistivity ρ and 
conductivity σ  are given by [Sze 1981] : 

τµσ
ρ 2

11
Ne

m
eN

===  (2.14) 

where N is the free carrier density, µ = eτ/m their mobility, e is the charge 
of the electron, m their effective mass and τ  is the relaxation time between 
two scattering events. 
Microscopically, various scattering events determine the mobility of the 
electrons. For bulk single crystalline TCO, the main scattering processes 
are the following [Ellmer 2008, Han 2008, Ellmer 2007, Özgür 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. 

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

Each scattering mechanism is described with its own scattering relaxation 
time τi and mobility µi.  
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The total scattering relaxation time τBulk  and the total mobility µBulk for the 
material is deduced by applying Matthiessen's rule to the individual 
scattering relaxation times τi and mobility µi [Sze 1981] : 

∑=
i iBulk ττ

11
 (2.15)   ∑=

i iBulk µµ
11

 (2.16) 

The complete expression for each scattering process relaxation time τi can 
be found elsewhere (in reviews such as [Ellmer 2007]).  
A simplified expression based on the empirical formula of Masetti [Masetti 
1983] is used to describe the dependence of the bulk mobility µBulk versus 
the free carrier density N: 
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                 (2.17) 

where µmax refers to the lattice mobility at low free carrier density, µmin is 
the ionized impurity mobility at high carrier densities, µmin-µ1 represents 
the clustering mobility at very high carrier concentrations, Nref1, Nref2, α1 
and α2 are empirical coefficients.  
This model was originally developed for doped silicon. Ellmer [Ellmer 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 usually 
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 (l) 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 
grain size.  
TCO are generally heavily n-type doped, therefore the trap density (Nt) at 
grain boundaries is lower than the carrier concentration within a grain: 

NLNt <   (2.18) 

where Nt 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 Qt the total traps charge and W the depletion 
region width, we have [Seto 1975] : 

eNWeNQ tt =−=  (2.19) 

N
NW t=   (2.20) 

The 1D Poisson's equation in the space charge region yields the spatial 
variation of the electric potential V [Seto 1975]: 
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where ε is the dielectric permittivity of the material, ε0 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) 
is continuous and dV/dx = 0 at x = L gives : 
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where V0 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 
µmax (cm2V-1s-1) lattice mobility 1414 470.5 200 
µmin (cm2V-1s-1) ionized impurity mobility 68.5 44.9 50 
µmin-µ1 (cm2V-1s-1) clustering mobility 12.4 15.9 10 
Nref1 (cm-3) 9.2 1016 2.23 1017 1.5 1018 
α1 0.711 0.719 1 
Nref2 (cm-3) 3.41 1020 6.1 1020 6 1020 
α2 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 : Nt < NL . The 
permittivity value taken for the calculation is ε = 8.12. 

Carrier density N (cm-3) Trap density 
Nt (cm-2) 5 1019 1 1020 2 1020 

1 1012 W = 0.2 nm 
eVb = 0.6 meV 

W = 0.1 nm 
eVb = 0.3 meV 

W = 0.05 nm 
eVb = 0.1 meV 

1 1013 W = 2 nm 
eVb = 56 meV 

W = 1 nm 
eVb = 28 meV 

W = 0.5 nm 
eVb = 14 meV 

5 1013 W = 10 nm 
eVb = 1393 meV 

W = 5 nm 
eVb = 696 meV 

W = 2.5 nm 
eVb = 348 meV 

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

N
NeeV t

b
0

22

8εε
=   (2.23) 

It should be noted that the barrier width W and height eVb are inversely 
proportional to the carrier density N. Table 2.5 gives calculated values for 
W and eVb in ZnO for varying free carrier and trap density densities. Due to 
the high carrier density, the values found for the barrier height (typically a 
few meV) and the barrier width (typically a few 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 real 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 paths i.e. thermionic emission and 
tunneling. They are also 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]: 
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where Vgb is the applied voltage on the grain boundary, k the Boltzmann 
constant, TT the temperature and m the effective mass.  
In a one dimensional grain boundary of width W we have : 
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This expression leads to a thermionic mobility equal to: 
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Considering that the tunneling current through a potential barrier of height 
eVb 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: 
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where h is the Planck's constant. 
The prefactor J0 could be expressed as [Mahan 1978]: 

DNevJ =0   (2.28) 

The drift speed vD can be expressed in terms of the accelerating electric 
field E = Vgb/W, the electron mass m, and the characteristic time between 
collisions τF [Sze 1981] :  
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  (2.29) 

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

3/12 )3( N
m

vF πh
=   (2.30) 

where h is the Planck's constant. To achieve reasonable tunneling current, 
ltun is of the order of magnitude of the nanometer [Myong 2007, Shimakawa 
2007, Mahan 1978]. 
The complete expression for the tunneling current is then: 
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In a one-dimensional grain boundary of width W we have: 
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Therefore, the tunneling mobility is given by: 
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Figure 2.4 is the equivalent 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: 
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the total voltage is: 

gbB VVV += 2   (2.41) 
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Figure 2.4 The equivalent circuit chosen to model the resistivity of a polycrystalline 
ZnO layer. 

 
Figure 2.5 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 = 0.28me, T = 
300 K and ltun = 5 nm, the Masetti parameters are taken from table 2.1. We deduce the 
total mobility µ from equation 2.42.The black curves are given for Nt = 8 1012 cm-2, the 
gray curves for Nt = 3 1013cm-2. 
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Therefore, the effective mobility µ is: 
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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 parameters are : L = 300 nm,  ε0 = 
8.12, ltun = 5 nm and two values of trap density : Nt = 8 1012 cm-2 and Nt = 3 
1013 cm-2. 
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 
theoretical models to describe the optical and electrical properties of 
LPCVD ZnO:B layers.  
Knowing theoretical models that applied to the properties of LPCVD 
ZnO:B films allow 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.  
Usually, 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 
the ink and the ZnO that covers it 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 a 1 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 
electrostatic 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 this tip 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 256×256 points for a scan size of 5×5 
µm. 

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

∑
=

=
n

i
iRMS z

n 1

21σ   (3.1) 

where n is the total number of data points, and zi is the vertical distance 
from the average line of the ith 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 θ 
and measuring the angles of diffraction of the scattered beam. 
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Figure 3.1 The schematic diagram of the θ -2θ configuration for XRD measurements. 

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

λθ nd =sin2   (3.2) 

d is the distance between the lattice plan, λ the X-ray wavelength, n the 
diffraction order, θ 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 (θ-2θ scans). We used 
an accelerating voltage of 30 kV and a current of 40 mA to produce Cu Kα 
radiation at a wavelength of 1.5418 Å. 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) He++ 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 a 2 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 analysis 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 ejected 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 typical 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 Ibackground is 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 Isample and the background intensity Ibackground : 

background

sample

I
I

TT =   (3.3) 

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.  

 
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(λ) is defined as the ratio between the diffuse 
transmittance DT(λ) and the total transmittance TT(λ) : 

)(
)()(

λ
λλ

TT
DTH =  (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 φ.  rs and rp 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 parallel 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 
rp/rs as : 

∆Ψ== i

s

p
el e

r
r

tanρ  (3.5) 

where tan Ψ is the amplitude, ∆ the phase shift and ρel the ellipsometry 
reflection coefficient. 
A dielectric model analysis is performed in order to extract the sample's 
properties (the dielectric function tensor ε, the complex refractive indexes, 
and the thickness) as well as to identify possible roughness or porosity. 
Equation 3.6 is an example of a model valid for a semi infinite abrupt non-
transparent medium.  
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where n is the refraction index, k the absorption coefficient and φ the angle 
of incidence. 

3.2.5 Raman spectroscopy 

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. The integration time is about several minutes. 

3.3 Electrical characterizations  

3.3.1 Four probe square resistance  

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

I
UCR =�   (3.7) 

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

dR�=ρ    (3.8) 

where d is the sample thickness. 

3.3.2 Hall effect  

We systematically investigate the carrier mobility µHall and the carrier 
density NHall 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 cm2 
samples.  
A small current IAB is applied between A and B and the resulting voltage 
VDC between D and C is measured. The same measurements are repeated 
for a source current IBC between B and C and a voltage VAD measured 
between A and D. Two resistance values R1 and R2 are deduced : 

AB

DC

I
VR =1  (3.9)  

BC

AD

I
VR =2  (3.10) 

 

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 :  
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The resistivity 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. 
Then we place the sample in a 0.51 T magnetic field B. The Lorentz force 
F is applied at the moving charge carriers : 

BevF ×=    (3.12) 

where e is the charge of the electron.  
When a current IAC is applied between A and C, the electrons are deviated 
by the Hall force and induce a voltage VBD between B and D. The resistance 
R3 is define as : 

AC

BD

I
VR =3    (3.13) 

The Hall coefficient RH is given by : 

3R
B
dRH ∆=    (3.14) 

where d is the thickness, B the magnetic field and ∆R3 is the difference 
between the R3  resistance value with and without the applied magnetic 
field.  

The Hall mobility µHall  is given by : 

ρ
µ H

H
R

=    (3.15) 

where ρ is the resistivity. 
The carrier density NHall can therefore be deduced using: 

HallHalleN µ
ρ

=
1

  (3.16) 
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3.3.3 Temperature 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 a temperature 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 Illuminated current-voltage measurement 

The current voltage characteristics of the illuminated solar cells are 
obtained under a class A WXS140s Wacom sun simulator.  The 1000 Wm-1 
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-2, 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 (Voc), the fill factor (FF), 
and the short-current density (Jsc) 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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all 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 shunts in solar cells 
(or other electrical 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 analyzed by an infrared lockin 
camera. The IR camera is coupled to an optical microscope, allowing the 
precise determination of the position of the shunt. 
 
 
 

 

Figure 3.4 The schematic diagram of the lock-in thermography. 
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CHAPTER 4 

 

Fabrication and growth of LPCVD 
ZnO:B films 

This chapter is a short summary of detailed investigations made by Faÿ and 
Selvan [Faÿ 2006, Faÿ 2005, Faÿ 2003, Faÿ 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 parameters in 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 elemental 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 a film on a heated 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 µbar. During 
deposition, the pressure is controlled by changing the pumping speed via a 
butterfly valve. The usual deposition pressure is about 0.5 mbar. 
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Figure 4.1 Schematic drawing of the LPCVD ZnO:B  system used at the IMT. 

 
Figure 4.2 Picture of the LPCVD ZnO:B system used at the IMT. 
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The deposition area is a 30×30 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 at 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 chemical process uses diethylzinc (DEZ, (C2H5)2Zn) and water vapor 
(H2O) as precursors. Figure 4.3 presents the structure of the precursors. As 
the DEZ is a metal organic compound, the process is also called 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 via the equation : 

622252 2)( HCZnOOHHCZn +→+    (4.1) 

This reaction occurs in at least two steps.  

 
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 a partial hydrolysis of the DEZ leading to 
formation of ethylzinc hydroxide (C2H5ZnOH) : 

62522252 )( HCZnOHHCOHHCZn +→+   (4.2) 

Further hydrolysis to Zn(OH)2 is also possible : 

622252 )( HCOHZnOHZnOHHC +→+    (4.3) 

The Zn(C2H5)OH and Zn(OH)2 produced can also form dimmers, tetramers 
or higher oligomers.   

2525252 )( ZnOHHCZnOHHCZnOHHC →+   (4.4) 

452252252 )()()( ZnOHHCZnOHHCZnOHHC →+  (4.5) 

4222 )()()( OHZnOHZnOHZn →+     (4.6) 

844242 )()()( OHZnOHZnOHZn →+    (4.7) 

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

6252 HCZnOZnOHHC +→      (4.8) 

6222252 2)( HCOZnZnOHHC +→     (4.9) 

6244452 4)( HCOZnZnOHHC +→     (4.10) 

OHZnOOHZn 22)( +→      (4.11) 

OHOZnOHZn 22242 2)( +→      (4.12) 

OHOZnOHZn 24484 4)( +→      (4.13) 

The formation of Zn2O2 and Zn4O4 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 B3+ is incorporated in the ZnO 
crystal. We know that B2H6 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 B3+ 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 Faÿ and 
Selvan [Faÿ 2006, Faÿ 2005, Faÿ 2003, Faÿ 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 partially reaction-rate limited. 
LPCVD ZnO:B films are usually polycrystalline, 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) parallel 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 [11 2 0] perpendicular to 
the substrate (the planes (11 2 0) are parallel 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 ZnO: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 at 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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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 10-3 Ωcm 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 [H2O] = 60 sscm, 
[DEZ] = 50 sccm, [B2H6] = 30 sccm, the deposition rate increases from 60 
to 130 Ås-1 by increasing the pressure from 0.5 to 5 mbar. 

♦ Water vapor to DEZ gas flow ratio 
The water to DEZ gas flow ratio [H2O]/[DEZ] influences the absorptance 
of the films. An excess of DEZ leads to films with low transparency, 
therefore the [H2O]/[DEZ] is usually maintained at ~1.1. 

♦ Diborane to DEZ gas flow ratio 
The diborane to DEZ gas flow ratio [B2H6]/[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 electrical 
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, developed within 
the framework of this study, is designed to be integrated in µcSi:H solar 
cells and is also used in micromorph cells. 

These two layers are optimized to have a square resistance of 8-10 Ω . 
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, originally developed by Faÿ [Faÿ 2003] is 2.2 
µm thick and exhibits a haze value of about 38 %@600nm. The ZnO layer 
designed for µcSi: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 µm (see 
5.2). Due to the higher thickness, we can lower the resistivity keeping a 
square resistance inferior to 10 Ω . As the carrier density of these films is 
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. 

Parameter Symbol Typical 
value Range Main influences on the 

layer characteristics 
Deposition time td 15' 1 – 60 ' Thickness 
Pressure P  0.3 mbar 0.1 – 1 mbar Deposition rate 

Temperature T 175°C 25 – 300 °C Surface texture, deposition 
rate, crystalline orientation 

Total gas flow 
[DEZ] + 
[H2O] + 
[B2H6] 

290 sccm 50-400 sccm Deposition rate 

Water to DEZ 
gas flow ratio [H2O]/[DEZ] 1.1 0.8 – 1.4 Transparency 

Diborane to 
DEZ gas flow 
ratio 

[B2H6]/[DEZ] 0.6 0 – 2  Conductivity, transparency 
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Table 4.2 The deposition parameters and layer characteristics of LPCVD ZnO:B 
design for aSi:H cells and for µcSi:H cells. 

 LPCVD ZnO:B design 
for a-Si:H cell 

LPCVD ZnO:B design 
for µc-Si:H cell 

Deposition parameters   

T (°C) 178 178 

P (mbar) 0.3 0.3 

DEZ flow (sccm) 95 95 

H2O flow (sccm) 120 120 

B2H6 flow (sccm) 78 17 

[H2O]/[DEZ] 1.1 1.1 

[B2H6]/[DEZ] 0.6 0.3 

Deposition time (min) 14 33 

Layer properties   

Thickness d (µm) 2.2 5 

Square resistance R  (Ω ) 8 10 

Resistivity ρ (×10-3Ωcm) 1.7 5.2 

Conductivity σ (Scm-1) 576 192 

Hall mobility µ (cm2V-1s-1) 30 40 

Hall carrier density N (×1020 

cm-3) 1.2 0.35 

Absorption coefficient (cm-1) 100@480nm 15@550nm 

Transmittance@750nm (%) 
Measured in air, light coming 
from glass side 

>80 >80 

Haze@600nm (%) 38 84 

Ref [Faÿ 2003] 
[Steinhauser 
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 θ-2θ configuration (see 3.1.4). The spectrum shows a 
strong preferential crystallographic orientation, within the (11 2 0) plane 
parallel to the surface.  
The peaks position observed for LPCVD ZnO:B concur with the literature 
for ZnO layers that crystallize in the hexagonal wurtzite (B4 type) structure 
and fit in the space group P63mc [ASTM 36-1451]. The preferential 
crystallographic growth axis is within the plane (11 2 0), parallel to the 
substrate. This preferential orientation is typical for ZnO film growth by 
LPCVD [Wenas 1991, Faÿ 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 Å and c = 5.602 Å [Reeber 1970]. The structure is 
composed of two interpenetrating hexagonal close packed sublattices; zinc 
atoms are surrounded by four oxygen atoms that form a tetrahedral 
pyramid, and vice versa. This tetrahedral coordination corresponds to a sp3 
covalent bond, but this material also has a strong ionic character [Jagadish 
2006]. Due to the non-symmetry of the [0002] and [000 2 ] directions, this 
structure shows two possible polarities along the c 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 µm, and its root mean square surface 
roughness is about σrms = 60 nm. 
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Figure 4.5 The XRD diffraction spectrum of an 
LPCVD ZnO:B layer designed for a aSi:H cells 
measured in  the θ-2θ configuration. 

 
 
Figure 4.6 The schematic 
drawing of the hexagonal 
wurtzite structure of ZnO. 

 
Figure 4.7 Surface SEM micrographs of a LPCVD ZnO layer deposited on glass. 

 
 

 
Figure 4.8 TEM micrograph of a LPCVD ZnO deposited on a glass substrate. 
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Two magnifications are presented : 10000× and 30000×. 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 slice is performed by mechanical 
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 Faÿ [Faÿ 2005, Faÿ 2003, Faÿ 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 chemical 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 cells (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 at 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 to 53.7 % 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 µm 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 
quantification 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. This value 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 1022 cm-3 [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 1021 cm-3, 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 also 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 4.9 The EDX spectrum of an 
LPCVD ZnO:B designed for aSi:H cells 
deposited on a glass substrate. 

 
Figure 4.10 The depth profile of the 
atomic concentration measured by RBS 
of an LPCVD ZnO:B designed for aSi:H 
cells deposited on a glass substrate. 

 
Figure 4.11 The depth profile of raw secondary ion counts of various elements 
measured by SIMS of an LPCVD ZnO:B designed for aSi: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 hexagonal wurtzite structure 
oriented within the (11 2 0) 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 nm made of small 
crystallite. 
Finally, chemical analysis on LPCVD ZnO:B layers provides evidence of 
its non stoechiometry as well as the presence of carbon and hydrogen in the 
layers.  
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CHAPTER 5 

 

Optical properties of LPCVD 
ZnO:B films

Understanding the mechanisms that govern the transparency of LPCVD 
ZnO:B layers in the visible and near infrared (NIR) range is 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 material 
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 analyze 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 µm to 3µm. 
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 films is 
about 2 µm and the carrier density N is around 1 1020 cm-3.  
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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 : 

TRTTA −−= 1   (5.1) 
For the deduction of A, we measure TT and TR with diiodomethane (CH2I2) 
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.  
Specialists 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 µcSi:H cells. Chapter 4, table 4.2 gives the deposition 
parameters and the layer's properties of the analyzed samples. The first 
sample, (LPCVD ZnO:B layer designed for aSi:H cell) absorbs about 2 % 
of the incoming light in the spectral region 430-580 nm. The second sample 
(LPCVD ZnO:B layer for µSi: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-1 at 480 nm 
and 15 cm-1 at 550 nm for the first and the second samples. 
Discussion 
Above an incident radiation energy of about 3.3 eV (wavelengths below  
λ = 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 
mechanisms in section 5.1.2.  
In the visible region (i.e. photon energy between 1.4 eV 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 after. 
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Figure 5.1 The transmittance (TT) and the reflectance (TR) spectra of a LPCVD ZnO:B 
layer for aSi:H cell  as a function of the wavelength. 

 
Figure 5.2 The absorptance (A) of a LPCVD ZnO:B layer for aSi: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 
spectroscopy measurement of a LPCVD ZnO:B layer for aSi:H cell. 

 
Figure 5.4 The experimental absorption coefficient α deduced from photothermal 
spectroscopy measurement.of a LPCVD ZnO:B layer for aSi:H cell and LPCVD 
ZnO:B for µSi:H cell. 
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Table 5.1 The experimental and calculated absorption coefficient α of a LPCVD 
ZnO:B layer for aSi:H cell and LPCVD ZnO:B for µSi:H cell. The measured 
absorption coefficient αexperimental is deduced from photothermal spectroscopy 
measurement. The calculated absorption coefficientαtheory is extracted from equation 
5.2 with m = 0.28m0 ,µ = 100 cm2V-1s-1, and n = 1.9. 

 Thickness after 
polishing (µm) 

Hall carrier 
density 
 (×1020 cm-3)

Experimental 
absorption 
coefficient 
αexperimental 
(cm-1) 

Calculated 
absorption 
coefficient αtheory 
from equation 5.1 
 (cm-1)  

LPCVD 
ZnO:B for  
aSi:H cell 

2.1 1.2  130 @650nm 179 @650nm 

LPCVD 
ZnO:B for 
µcSi:H cell 

4.2 0.3 18 @650nm 45 @650nm 

 

♦ The free carrier absorption coefficient α follows the relationship [Chopra 
1983] : 

µεπ
λα 23

0
2

32

4 nmc
Ne

=  (5.2) 

where N is the free carrier concentration, µ their mobility, n the refractive 
index, m their effective mass, ε0 the permittivity of free space, c the light 
velocity, and λ 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 µcSi:H cells. The 
calculated absorption coefficients αtheory are deduced from equation 5.2 
using the carrier density N evaluated from Hall measurements, the mobility 
µ = 100 cm2V-1s-1 is typical for monocrystalline ZnO [Gordon 2000, Ellmer 
2001], m = 0.28m0, and n = 1.9.  

The values of αtheory and αexperimental are close. The slight difference between 
these two values can be due to the measurement uncertainty and to the 
uncertainty of the value of µ 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. 

♦ Selvan [Selvan 1998] mentioned that LPCVD ZnO:B films can exhibit 
defect absorption resulting in a slight 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 [H2O]/[DEZ] < 1. For films grown with a 
[H2O]/[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 layers in 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 residual free carrier absorption. 

5.1.2 Band gap absorption 

This section discusses the fundamental band edge of LPCVD ZnO:B layers 
and its variation with the doping level.  
Experimental results 
2 µm thick LPCVD ZnO:B layers are deposited on glass with a gas phase 
doping ratio [B2H6]/[DEZ] varying from 0 to 2, leading to free carrier 
density N increasing from 1.9 1019 cm-3 to 2.2 1020 cm-3 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 all 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 evaluate the optical absorption 
coefficient α from the measured transmittance TT  value using [Pankove 
1975] :  

⎟
⎠
⎞

⎜
⎝
⎛=

Td
1ln1α  (5.3) 

where d is the film thickness.  
In a direct band gap material, such as ZnO, we can express the dependence 
of α as a function of the photon energy (hν) as [Pankove 1975]: 

)( gEhA −= να   (5.4) 

where A is a constant, and Eg the optical band gap energy.  

We calculate the absorption coefficient α for all the samples from equation 
5.3. Figure 5.6 shows a plot of α2 as a function of hν for ZnO layers with 
various boron doping levels. Following equation 5.4, we obtain the band 
gap energy Eg by extrapolating the linear part of the curve α2 versus the 
photon energy to α2 = 0. The Eg 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: 

32

322

3
8 ⎟

⎠
⎞

⎜
⎝
⎛

=∆
πm

NhEBM
  (5.5) 

where h is Planck’s constant, N is the free carrier density and m is the 
effective mass.  
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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Figure 5.5 The near band gap total transmittance for 2 µm thick LPVCVD ZnO:B films, 
for which the gas phase doping ratio [B2H6]/[DEZ] used during the deposition was 
varied from 0 (undoped) to 2 (higly doped). 

 
Figure 5.6 The square of the absorption coefficient α as a function of incident photon 
energy hν for LPCVD:B ZnO films grown with gas phase doping ratio [B2H6]/[DEZ] 
varying from 0 to 2. Full lines are fits to equation 5.3 and their intercept with abscissa 
gives the value for the optical band gap Eg. 
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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 (∆EBGN) proportional to 
N1/3. Therefore, ∆EBGN as a function of N is written: 

31CNEBGN =∆   (5.6) 

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

BGNBM EEEEg ∆−∆+= 0   (5.7) 

where E0 is the theoretical intrinsic band gap.  
Figure 5.7 shows experimental values of Eg (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 E0 = 3.3eV (band gap of the ZnO single 
crystal [Ellmer 2007]) and m = 0.28me. The experimental values of Eg 
strongly differ from the theoretical ones. This indicates that the Burnstein-
Moss shift effect alone 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 10-8 eVcm in equation 5.6, in 
agreement with Roth et al. [Roth 1982], who obtained a constant C = 3.6 
10-8 eVcm 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 slightly lower than the band gap, the absorption 
coefficient α follows an exponential law expressed by: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

= eE
h

e
ν

αα 0   (5.8) 

where α0 is a constant, Ee an energy which is interpreted by authors [Urbach 
1953, Natsume 2000] as an the exponentially decreasing tail of states in the 
band gap.  
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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 E0 = 3.3 eV, m = 
0.28m0. 

 
Figure 5.8 The logarithm of the absorption coefficient ln(α) as a function of incident 
photon energy hν for ZnO films grown with gas phase doping ratio [B2H6]/[DEZ] 
varying from 0 to 2. Full lines are fits to equation 5.7 for E > Eg and assuming α0 = 
5.61 10-17 cm-1. The slopes of the fitted curves give the value of 1/Ee. 



Chapter 5: Optical properties of LPCVD ZnO:B films 

 
 83 

Table 5.2 The band gap energy Eg and the parameter Ee for 2 µm-thick ZnO films 
grown with gas phase doping ratio [B2H6]/[DEZ] varying from 0 to 2. 
Gas flow ratio 
B2H6/DEZ 

Hall carrier density 
(×1020 cm-3) 

Band gap energy 
Eg (eV) 

Ee 
(meV) 

0 0.2 3.25 69.1 
0.3 0.6 3.30 70.1 
0.6 1 3.33 70.8 
1 1.5 3.38 71.7 
1.5 2.1 3.42 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 ZnO:B. They are obtained for 
E < Eg . We list the obtained values of Ee in table 5.2,  α0 = 5.61 1017cm-1. 
Ee 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 slight increase of Ee 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 ZnO:B occurs in 
the UV range around 3.3eV. The value 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 Eg, 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-µm thick ZnO films, for 
which the gas phase doping ratio [B2H6]/[DEZ] used during the deposition was varied 
from 0 (undoped) to 1.5 (higly doped). 

Experimental results  
We study the same series of LPCVD ZnO:B layers as in paragraph 5.1.2 (2 
µm thick ZnO layers grown on glass with gas phase doping ratio varying 
from 0 to 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 a function 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 µm). In the near infrared region (wavelength 
between 1 and 2 µm), 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 is increased.  
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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 [B2H6]/[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 ε is expressed as :  
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 where ε∞ is the high frequency dielectric function, Γ is a damping 
frequency and  
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0
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ε
ω =   (5.10) 

where Noptic is the free electron density, e the electron charge, ε0 the 
permittivity of free space and m the electron effective mass.  

Assuming ε∞ = 4 and m = 0.28me where me 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 ωN and Γ 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 is its 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 µm, 1.9 µm, 
2.4 µm, 4.0 µm, and 6.3 µm respectively are deposited on glass substrates. 
We obtain the different thicknesses by changing the deposition time. We 
adapt the gas phase doping ratio [B2H6]/[DEZ] used during ZnO deposition 
for each sample in order to obtain layers with the same sheet resistance of 
10 Ω .  We vary the [B2H6]/[DEZ] from 0 (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 σrms by 
Atomic Force Microscopy (AFM) measurements (see 3.1.3). Figure 5.11 
shows 3D interpretations of the AFM pictures for the 1.4 µm, 1.9 µm, 2.4 
µm, and 6.3 µm samples. Their respective deduced RMS 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 TT and DT spectra of the five samples. In the NIR 
range, the TT increases with the increasing thickness of the samples. In the 
visible range, the TT decreases and the DT increases with the increasing 
thickness of the samples.  
Figure 5.13 shows the absorptance of the series of samples as a function of 
the wavelength. Despite the increasing thickness of the layers, the A value 
is progressively lowered as the doping level decreases and thus the FCA. 
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Figure 5.11 3D atomic force microscopy (AFM) pictures for ZnO layers for which 
thickness was varied from 1.4 to 6.3 µm implying a surface roughness rms varying from 
60 to 226 nm. 

The haze factor is defined by the ratio between the diffuse transmittance 
DT to the total transmittance TT : 

)(
)()(

λ
λλ

TT
DTH =   (5.11) 

Figure 5.14 shows the deduced haze factor H for each sample of the series 
as a function of the wavelength. The haze factors strongly increase in the 
visible range with the increasing thickness of the ZnO:B samples.  
Figure 5.15 shows a normalized angular distribution function (see 3.2.3) 
measured for the thinner and thicker sample. We choose the normalization 
factors for each sample in order to equalize the maximum values of the 
absolute intensities. In the thinner sample the ratio between intensity of 
light scattered at large angles (scattering angle > 60°) and intensity of light 
scattered at small angle (scattering angle < 60°) is higher compared to the 
thicker sample, which diffuses light closer to the specular direction. 
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Figure 5.12 Total and diffuse transmittance as a function of the wavelength for ZnO 
layers for which thickness was varied from 1.4 to 6.3µm inducing a surface roughness 
σRMS varying from 60 to 226 nm.(measured without index matching liquid). 

 

 
 
Figure 5.13 Haze factor as a function of the wavelength for ZnO layers for which 
thickness was varied from 1.4 to 6.3µm inducing a surface roughness σRMS varying from 
60 to 226 nm (measured with index matching liquid). 
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Figure 5.14 Haze factor as a function of the wavelength for ZnO layers for which 
thickness was varied from 1.4 to 6.3µm inducing a surface roughness σRMS varying from 
60 to 226 nm. 

 
Figure 5.15 Normalized (the normalisation factors for each sample are chosen in order 
to equalize the maximum values of the absolute intensities) angular distribution function 
of two ZnO layers : one sample 6.3µm thick with large surface features, and one sample 
1.4µm with small surface features. 
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Discussion 
The light scattering capability of the layers is induced by their roughness. 
In first approximation, we can describe this phenomenon with the scalar 
scattering theory [Beckmann 1963]. This model assumes a diffuse 
transmittance DT given by : 
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where, n0 and n1 are the refractive index of the two interface media e.g. air 
and ZnO, σrms is the RMS roughness of the interface and λ the wavelength 
of the incident light. Note that the exponential factor shows a λ-2 
dependence. 

We can fit the DT spectrum of the 6.3 µm ZnO sample (i.e. sample with the 
large surface features) with equation 5.12 with satisfying convergence (see 
figure 5.14). However, similar fit with the DT curve of the 1.4 µm-thick 
sample (i.e. sample with small surface features) does not gives satisfying 
convergence. This indicate that the equation 5.12 does not correspond well 
with the light scattering behavior of all types of LPCVD ZnO:B samples. 
Similar disagreement has already been observed for Asahi U-type SnO2:F 
layers [Zeman 2000].  
Equation 5.12 is reported to be a good approximation of the haze 
parameters only for a certain type of surface morphology [Beckmann 1963]. 
As mentioned by Krc [Krc 2002], the equation gives a good approximation 
of DT if the roughness of the interface is completely random and has a 
Gaussian height distribution. In the case of small feature size, the AFM 
height distribution reveals deviations from the normal distribution.  
A condition of validity of the scalar scattering theory is that the correlation 
length of the interface morphology, which is a lateral parameter of the 
interface roughness, has to be much larger than the wavelengths of the 
incident light. For the sample with small surface feature size, this condition 
is not fulfilled.  

These conditions, which are clearly not satisfied for the 1.4 µm-thick 
sample (i.e. sample with small surface features) explain the disagreement 
with equation 5.12.  
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Figure 5.16 Diffuse transmittance fit with equations 5.12 and 5.13 (see text) of two ZnO 
layers : one sample 6.3µm-thick with large surface features, and one sample 1.4µm-
thick with small surface features. See text for details. 

In order to modelize the diffuse transmittance of layers that have small 
surface feature size, Zeman [Zeman 2000] introduces an empirical formula 
derived from equation 5.12: 
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C is a fitting factor. In this case, the exponential factor shows a λ-3 
dependence. 
We obtain fit with satisfying convergence, using equation 5.13 for the DT 
of the 1.4 µm-thick sample. 
Figure 5.16 shows experimentally determined DT curves for two rough 
ZnO layers, the 6.3 µm-thick sample with large surface feature (σRMS = 226 
nm), and the 1.4 µm-thick sample, with small surface features (σRMS = 60 
nm). The plain lines are fits with equations 5.12 and 5.13. 
The differences in the angular distribution function (figure 5.15) are related 
to the morphology of the surface roughness. Theories that model the 
angular distribution of light scattered by randomly rough interfaces are 
highly complexe and are not presented here. See [Beckmann 1963] and 
[Harvey 1989] for a complete review of these models.  
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We can intuitively explain the phenomenon with the help of theory that has 
been applied to periodic grating. The light transmitted through a periodic 
grating will have maxima intensities at angles θm given by : 

Λ
=

λθ m
msin   (5.14) 

where m is an integer, Λ is the period of the grating, and λ is the 
wavelength in the media. Considering the first order of diffraction m = 1, 
the light is scattered at large angle for structure with a period Λ that is small 
compared to the wavelength in the media.  
Intuitively, it is possible to consider a randomly textured interface as a 
random superposition of periodic gratings. In this case, we regard the value 
of the lateral feature sizes of the random textured interface as the center of 
the distribution of the periods of these superposed gratings. Applying  this 
assumption to equation 5.14 explain the fact that the 1.4 µm sample with 
small surface features diffuse the light at larger angles compared to the 
6.3µm sample with large surface features. Note that this behavior is very 
important for solar cell integration of rough TCO, because light scattered 
with large angles is more efficiently trapped [Haase 2007]. We discuss now 
the tendencies of the total transmittance of the samples.  
In the NIR range, the TT increases with the increasing thickness of the 
samples. Thick ZnO layers have lower absorbance than thin ones although 
they have larger thicknesses. This is due to a drastically reduced free carrier 
absorption in the NIR range, see 5.1.3. In the visible range, the TT 
decreases with the increasing thickness of the samples. We link this 
phenomenon to higher absorptance related with the increasing thickness of 
the films. However, as the doping level is low for the thick sample, the 
residual free carrier absorption is not sufficient to explain the low value of 
TT. During the measurement in air (see 3.2.1), in addition to the absorption 
of the sample and the expected reflection at each interface, the surface 
roughness of the TCO-air interface induces additional losses in the TT. As 
the roughness increases, the amount of back scattered light at the TCO-air 
interface increases leading to higher reflection and thus lower 
transmittance. In the silicon solar cell device, this additional reflection is 
considerably lower as the index of refraction of silicon is higher than the 
index of refraction of air. 
Conclusions 
We achieved a large variation in surface morphology by varying the 
thickness and the doping level of LPCVD ZnO:B layers. In this way, we 
observed different light scattering behaviors. For samples with small 
feature size, haze factor is low, and light scattering occurs at large angles. 
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For samples with large surface features, haze factor is high, and light is 
scattered more near the specular direction. We discuss the consequence of 
this morphological change on the solar cell current in chapter 7.1.  

5.3 Raman analysis 
This section presents Raman spectroscopy measurements on LPCVD 
ZnO:B. 
Experimental results 
We deposit a series of 2 µm-thick ZnO samples with three different doping 
levels. We obtain carrier densities of 2.8 1019cm-3, 1.1 1020cm-3, and 2.0 
1020cm-3 by varying the gas phase doping ratio [B2H6]/[DEZ] 
([B2H6]/[DEZ] equal to 0, 0.6, and 1.2 respectively). 
We characterize the samples by micro-Raman backscattering spectroscopy 
(see 3.2.5). Raman spectra are recorded using the 633 nm line of a HeNe 
laser as the exitation source. We measure all spectra at room temperature in 
the backscattering configuration.  
Figure 5.17 shows the shifted Raman spectra of the three measured samples 
as a function of the wavenumber. For all samples, the sharp peak of the 
wurtzite ZnO E2 phonon mode [Bundesmann 2003] is visible at 438 cm-1. As 
the doping level increases, the intensity of the 438 cm-1 line progressively 
decreases contrary to the intensity of other mode at 580 cm-1 that increases. 
Also, a shoulder appears at 470 cm-1.  
Discussion 
Authors [Limmer 1998, Wieser 1999] link changes in the Raman spectra of 
ZnO films with disorder in the layer. Manjón [Manjón 2005] attributes the 
line at 580 cm−1 to a Raman scattering mode caused by doping disorder in 
ZnO. The incorporation of dopants caused a breakdown of the translational 
lattice symmetry leading to the emergence of additional modes. In our case, 
the increasing intensity of the phonon mode at 580 cm−1 and its correlation 
to the doping level constitute a signature of the disorder in the layers due to 
the incorporated boron.  
The decreases of the 438 cm-1 line and the increases of the shoulder at  
470 cm-1 could also be attributed to the disorder induced by the boron 
incorporation . 
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Figure 5.17 Raman spectra of LPCVD films deposited with gas phase doping ratios 
B2H6/DEZ equal to 0, 0.6, and 1.2 leading to carrier density of 2.8 1019cm-1, 1.1 
1020cm-1, 2.0 1020cm-1 respectively. 
 

Conclusions 
The incorporation of boron in LPCVD ZnO:B layers increases the 
contribution of a molecular line-vibrational modes in the Raman spectra. 
Therefore, we can use these modifications of the Raman spectra as 
indications of the presence of dopants in LPCVD ZnO:B films. 

5.4 Conclusions 
In this chapter, we presente an important understanding of the mechanisms 
that govern the optical properties of LPCVD ZnO:B layers. We verify the 
validity of the Drude model in the visible and IR part of the spectrum for 
LPCVD ZnO:B layers with various doping level. Therefore, it is possible to 
predict the reflection and absorption of LPCVD ZnO:B films in the visible 
and infrared region using this model. We demonstrate that free carrier 
absorption is the predominant absorption mechanism in LPCVD ZnO:B in 
the NIR and also the visible range. We obtain highly transparent layers 
(with an absorption coefficient α < 20cm-1) by reducing the doping level of 
the film and thus the free carrier absorption.  
We describe the link between the carrier density value of LPCVD:B ZnO 
films and the band gap energy value. In LPCVD ZnO:B the band gap 
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energy shifts toward higher energies by increasing the carrier density, 
following a Burnstein-Moss plus band gap narrowing model. 
We relate the light scattering properties of LPCVD ZnO:B layers to the 
surface texture parameters. Basically, the total scattered light intensity 
depends on the roughness of the film. The light scattering angles depend on 
the lateral size of the surface texture. We achieved LPCVD ZnO:B films 
with a haze value greater than 80 %. 
Finally, we demonstrate that Raman measurements can be used for the 
detection of the boron incorporation in LPCVD ZnO:B layers.  
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CHAPTER 6 

 

Electrical properties of LPCVD 
ZnO:B films 

This chapter presents the electrical properties of LPCVD ZnO:B films. 
First, we analyze the influence of the doping level on the electrical 
properties of LPCVD ZnO:B films. Then, we discuss the electrical model 
that we introduced in chapter 2, with the results of three different 
experiments : 1) the comparison between the Hall and optical mobility and 
carrier density as a function of the doping level, 2) the measurement of 
temperature dependence of the conductivity, and 3) the measurement of the 
electrical properties of LPCVD ZnO:B films during exposure to water 
vapor. 

6.1 Overview of the electrical properties of 
LPCVD ZnO:B films 
This section describes the resistivity, the carrier density and the mobility of 
LPCVD ZnO:B layers. We analyze the influences of doping level 
variations on these physical properties. 
Experimental results 
A series of samples with  various gas phase doping ratios [B2H6]/[DEZ] 
within the range of 0 to 2 is deposited on glass substrates. In this series, we 
seek a constant grain size in order to keep the influence of the grain size on 
the carrier mobility stable. Incorporating boron influences the grain size of 
the layers [Faÿ 2003]. In consequence, we adapt the thicknesses of the films 
in order to reach a constant surface grain size. Therefore, the thicknesses of 
the samples vary slightly between 2.0 µm and 2.3 µm inducing lateral grain 
size of ~300 nm.  
We perform thickness (see 3.1.1), resistivity and Hall (see 3.3) 
measurements for all the series of the samples (table 6.1).  

Figure 6.1 shows the measured resistivity ρ as a function of the Hall carrier 
density NHall. The correspondence between the gas flow ratio and the carrier  
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 Table 6.1 The measured electrical parameters µHall, NHall, and σHall  for LPCVD ZnO:B 
films grown with gas phase doping ratio[B2H6]/[DEZ] varied from 0 to 2. 

[B2H6]/[DEZ] 
d 

(µm) 
ρ 

(×10-3 Ωcm) 
σ 

(Scm-1) 
µHall 

(cm2V-1s-1) 
NHall 

(×1019 cm-3) 

0 2.2 13.3 75 23 1.9 
0.15 2.1 6.89 145 26 3.7 
0.3 2.2 3.4 294 29 6.4 
0.6 2.2 1.98 503 30 10.3 
1 2 1.39 718 29 14.6 
1.25 2 1.27 782 27 18.5 
1.5 2.3 1.33 751 23 21.0 
2 2.2 1.38 724 22 21.7 

 

density is shown on the two abscissa axes of the graph. For the 
unintentionally doped layer, i.e. [B2H6]/[DEZ] = 0, the carrier density value 
is 1.9 1019 cm-3 and the resistivity value is 1.3 10-2 Ωcm. As the gas flow 
ratio increases, the carrier density rises to 2.2 1020 cm-3, leading to a 
decrease in resistivity down to 1.3 10-3 Ωcm for the sample deposited with 
[B2H6]/[DEZ] = 2. 

Figure 6.2 shows the Hall mobility µHall of the same series of samples as a 
function of the Hall carrier density NHall.  For unintentionally doped layer, 
i.e. [B2H6]/[DEZ] = 0,  µHall is equal to 23 cm2V-1s-1. As long as NHall is 
inferior to 1020 cm-3, µHall increases with the increasing carrier density. The 
mobility reaches a maximum value of 30 cm2V-1s-1 for a film with a carrier 
density of 1.0 1020cm-3. For films with NHall > 1.0 1020cm-3, µHall changes its 
tendency and decreases with the increasing carrier density. We measured 
the value of 21 cm2V-1s-1 at a carrier density of 2.2 1020cm-3 for the sample 
deposited with [B2H6]/[DEZ] = 2. 
Discussion 
We first discuss the high value of the carrier density NHall = 2.0 1019 cm-3 of 
the non-intentionally doped film. This high value obtained without 
extrinsic dopant, can partly be caused by deviation from stoichiometry. In 
fact, LPCVD ZnO film shows an excess of zinc (see 4.2.3) likely linked to 
defects such as zinc interstitial or oxygen vacancies. These defects act as 
shallow donors and constitute dopants [Jagadish 2006, Tomlins 2000, Look 
1999]. In addition to this stiochiometry deviation, Van de Walle [Van de 
Walle 2000] demonstrate that hydrogen constitutes shallow donors in zinc 
oxide. Since the LPCVD process introduces hydrogen in the films (see 
4.2.3), this effect can also contribute to the relatively high value of N 
measured in non-intentionally doped samples. 
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Figure 6.1 The resistivity ρ versus the free carrier density NHall for ZnO films grown 
with gas phase doping ratio [B2H6]/[DEZ] varied from 0 to 2. The curve is a visual 
guide. 

 
Figure 6.2 The Hall mobility µHall versus the free carrier density NHall for LPCVD 
ZnO:B  films grown with gas phase doping ratio [B2H6]/[DEZ] varied from 0 to 2. The 
curve is a visual guide. 
 

Constant grain size

Constant grain size
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Varying the doping level of LPCVD ZnO:B films strongly influences their 
electrical properties. In our case, increasing the [B2H6]/[DEZ] gas flow 
ratio incorporates more boron in the film, inducing a strong increase of the 
carrier density. Group III atoms such as boron act as extrinsic n-type 
dopant in zinc oxide. It is assumed that they are substitutionaly 
incorporated at the zinc lattice sites, releasing an additional electron (not 
required for the bonding) to the conduction band [Jagadish 2006].  
As the carrier density in LPCVD ZnO:B is high (NHall > 2.0 1019 cm-3), the 
classical description of charge transport in metals applies [Exarhos 2007] (see 
2.2.3). The electrical resistivity is given by : 

HallHalleN µσ
ρ 11

==   (6.1) 

where σ is the conductivity, NHall is the carrier density, µHall their mobility 
and e is the elementary charge of the electron. 
From equation 6.1, we see that increasing the carrier density of the film by 
doping with boron is a very convenient way to lower the resistivity. 
However, for solar cells applications, it is undesirable to have too high 
carrier densities because of enhanced free carrier absorption in the near 
infrared range (see 5.1.1). Therefore achieving high carrier mobility 
constitutes an important issue in order to fabricate films with both high 
conductivity and high transparency. 
Figure 6.1 shows that the resistivity does not vary linearly with the inverse 
of the carrier density, in disagreement with what is expected from equation 
6.1.  This behavior is related to the fact that the carrier mobility is a 
function of the carrier density (see 2.2.3).  

The relationship between µHall and NHall for the deposited serie of LPCVD 
ZnO:B layers is shown in figure 6.2. We have to discuss this behavior 
keeping in mind the theory developed in section 2.2.3 and illustrated in 
figure 2.5. For lightly doped films (NHall < 1.0 1020cm-3), the increasing 
mobility with the increasing carrier density indicates a mobility limited by 
grain boundary scattering [Ellmer 2007, Minami 2000]. We explain this 
scattering mechanism in section 2.2.3. Basically, filled traps states form 
potential barriers at the grain boundaries and limit the electronic transport.  

As long as N < 1020 cm-3, µHall increases with the increasing carrier density. 
We explain this behavior by an increasing carrier concentration that 
facilitates the transport by lowering and narrowing the potential barrier at 
grain boundaries (see 2.2.3).  
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For NHall > 1.0 1020cm-3, we relate the decrease in the mobility with the 
increasing carrier density to bulk scattering. For heavily doped TCO the 
main scattering mechanism is usually attributed to ionized-impurity 
scattering [Minami 2000, Ellmer 2001, Young 2000, Zhang 1996, Minami 1985]. 
This scattering mechanism has a µ = f(N) behavior that is in agreement 
with the behavior of the mobility observed here (see 2.2.3).  
However, Agashe [Agashe 2004] reported a high mobility value of 44.2 
cm2V-1s-1 for heavily doped sputtered ZnO:Al (N > 4.0 1020cm-3), in which 
mobility is limited by intragrain ionized impurity scattering. Ellmer [Ellmer 
2001] used the Masetti formula to fit experimental data for ZnO from 
various fabrication processes (see 2.2.3) and found a mobility of around 40 
cm2V-1s-1 for film with N ~ 2.0 1020 cm-3 . Here, the mobility limitation is 
attributed to ionized impurity scattering and clustering scattering. 
The relatively low mobility of heavily doped LPCVD ZnO:B, i.e. 23 cm2V-

1s-1 at 2.0 1020 cm-3, indicates that additional bulk scattering phenomena 
occur. As reviewed by Ellmer [Ellmer 2001], we can explain this lower 
mobility compared to the mobility calculated for ionized impurity 
scattering values by several other mechanisms that could occur in LPCVD 
ZnO:B. These include the formation of impurity clusters and neutral 
defects, higher charge state of the ionized donors (due to self doping by 
oxygen vacancies) or extrinsic dopants on interstitial sites. The distinction 
between these mechanisms demands high-level analysis of the temperature 
dependence of the mobility, which is not carried out in this study. 
Conclusions 
By varying the gas flow ratio [B2H6]/[DEZ] between 0 and 2, we achieved 
ZnO:B films with resistivity varying by a factor of 20. This make the 
LPCVD process a convenient technique for the optimization of the 
resistivity of ZnO films. 
We show that different scattering behavior occurs depending on the carrier 
density value. The doping series of LPCVD ZnO:B layers show a 
continuous transition from a grain boundary scattering limited mobility at 
low doping level to a bulk scattering limited mobility at high doping level. 
These assumptions will be further validate in the next sections. 

6.2 Advanced electrical characterizations 
In this section, we present an experiments done to achieve a better 
understanding of the electronic transport mechanisms in LPCVD ZnO:B 
films and validate our interpretation done in section 6.1. First, an optical 
method to extract the intragrain mobility and carrier concentration is 
described and applied to LPCVD ZnO:B films. Then, we measure and 
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Figure 6.3 Examples of fits applying the Drude model (solid lines) to near normal 
measured reflectance spectra of ZnO films (symbol) deposited with different gas phase 
doping ratio [B2H6]/[DEZ]. 

discuss the temperature dependence of the conductivity. Finally, we study 
the variation of the electrical properties of LPCVD ZnO:B films during an 
exposure to a humid environment. 

6.2.1 Optical measurements of electrical parameters 

Experimental results 
In TCO materials, the optical properties are closely linked to the electrical 
ones. Section 5.1.3 shows that the Drude model in its simplest form is 
sufficient to describe the NIR optical behavior of LPCVD ZnO:B films. 
We obtain good agreement between modelized reflectance spectra and the 
experimental data using the unscreened plasma frequency ωN and the 
damping frequency Γ as fitting parameters.  

These near infrared optical parameters are coupled to the charge transport. 
The density of charge carriers is related to the plasma frequency with (see 
2.1.2): 

m
eNOptic

N
0

2
2

ε
ω =   (6.2) 
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Table 6.2 The fitting factors Γ and ωN resulting from best fit to the infrared reflectance 
spectra. The optical electrical parameters µoptic,Noptic, and σoptic deduced from the fit for 
ZnO films grown with gas phase doping ratio [B2H6]/[DEZ] varied from 0 to 2. The 
measured Hall electrical parameters µHall, NHall, and σHall are given for comparison. 
[B2H6]/ 
[DEZ] 

t 
(µm
) 

ωN  
(cm-1) 

Γ 
(cm-1) 

µoptic 
(cm2

V-1  

s-1) 

µHall 
(cm2

V-1  

s-1) 

Noptic  

(×1019 
cm-3) 

NHall  

(×1019 
cm-3) 

σoptic 
(S   
cm-1) 

σHall  
(S   
cm-1) 

0 2.2 2400 830 41 23 1.8 1.9 118 75 
0.15 2.1 3600 900 37 26 4.0 3.7 236 145 
0.3 2.2 4350 950 35 29 6.0 6.4 336 294 
0.6 2.2 5700 1060 31 30 10.3 10.3 510 503 
1 2 7400 1170 28 29 17.0 14.6 760 718 
1.25 2 7700 1200 27 27 18.5 18.5 800 782 
1.5 2.3 8200 1430 23 23 21.0 21.0 772 751 
2 2.2 8370 1500 22 22 21.7 21.7 763 724 

 

 
 
 
 
 
 
 

 
 
 
Figure 6.4 The optical and 
the Hall mobilities versus 
the free carrier density for 
ZnO films grown with gas 
phase doping ratio 
(B2H6/DEZ) varied from 0 
to 2. Curves  are  visual 
guide. 
 
 
 
 

 
Figure 6.5 Illustration of an 
electron displacement under 
optical and DC excitation 
(Hall measurements). 
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Figure 6.6 The optical (circles) and Hall (squares) electron mobility as a function of 
grain size for films with a carrier density N=3.8 1019cm-3 (top) and N=2 1020cm-3 
(bottom). 
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where Noptic is the free electron density, e the electron charge, ε0 the 
permittivity of free space and m the electron effective mass. 

The optical mobility µoptic is given by the equation (see 2.1.2) :  

m
e

Optic Γ
=µ    (6.3) 

We obtain the optical conductivity from : 

OpticOpticOptic eN µσ =   (6.4)  

We measure and fit the infrared reflection of the previous series of samples 
having a variation of gas phase doping ratio [B2H6]/[DEZ] from 0 to 2 and 
constant grain size to the Drude model (see spectra in figure 6.3, also in 
5.1.3). Assuming ε∞ = 4 and m = 0.28m0 where m0 is the electron mass 
[Ellmer 2001, Jin 1988], and using ωΝ and Γ deduced from the fit with the 
experimental infrared reflectance spectra (see 5.1.3), the optical mobility 
 µoptic and carrier density Noptic are extracted using equations 6.2 and 6.3. 

Table 6.2 summarizes the used fitting parameter Γ and ωN and the deduced 
optical electrical parameters  µoptic, Noptic and σoptic for all the samples. The 
measured Hall electrical parameters µHall, NHall and σHall are given for 
comparison. 

Figure 6.4 shows the optical mobility µoptic and the Hall mobility µHall of the 
samples as a function of the optical carrier density Noptic and the Hall carrier 
density NHall respectively. For all measured samples, we found a value of 
the Hall electron density close to the one deduced from the optical 
measurements (within the measurement's uncertainty). This remarkable 
agreement strongly supports the validity of the Drude model and the chosen 
values for m and ε0.  

For the unintentionally doped layer,  µoptic has a value of 41 cm2V-1s-1, 
much higher than the value of  µHall = 23 cm2V-1s-1. As long as N < 1.0 1020 
cm-3, µHall increases with the increasing carrier density, contrary to µoptic. 
For N > 1.0 1020 cm-3, µoptic and µHall become similar and decrease with the 
increasing doping level. 
We deposit two other series of samples. They consist of an increasing grain 
size series obtained by changing the film's thicknesses. The gas phase 
doping ratios are set to [B2H6]/[DEZ] = 0.1 and [B2H6]/[DEZ] = 2 leading 
in two different carrier densities : NHall = 3.8 1019 cm-3 and  NHall = 2.0 1020 
cm-3 for each series of samples, respectively. 
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Figure 6.6 shows µhall and  µoptic as a function of the grain sizes δ for the 
two series with different thicknesses of ZnO:B samples.  
For ZnO:B layers with the low carrier concentration (N = 3.8 1019 cm-3), the 
Hall mobility is found dependent on δ : it increases from 22 to 36 cm2V-1s-1 
with the increasing grain size. In contrast, the optical mobility of these 
samples remains constant at a high value of 38 cm2V-1s-1, independently of 
the grain size. For heavily doped samples (N = 2 1020 cm-3) both Hall and 
optical mobility remain nearly constant at a value around 25 cm2V-1s-1, 
while δ is increased. 
Discussion 
Before discussing the results themselves, it is necessary to explain the 
differences between the optically deduced electrical parameters and the 
electrical parameter measured by Hall effect.The calculated electron mean 
free path in ZnO is in the range of a few nm (see 2.2.3) and, with the 
application of a rapidly oscillating electric field (i.e. under NIR light 
excitation) the average electron path length is much smaller than the typical 
grain size [Minami 2000, Guglielmi 1998]. Therefore, grain boundary scattering 
will not influence the measured value for the optical mobility, and only 
intra-grain scattering will influence µoptic. Note that the depleted region at 
grain boundaries occupies only a small volume compared to the bulk of the 
grain and will not affect the optical measurements.  
In the case of the Hall effect measurement, electrons have to travel over a 
macroscopic length (across several grain boundaries) and consequently 
both bulk scattering and grain boundary scattering will influence the 
measured value of µhall.  
Figure 6.5 illustrates the scale of the displacement experiment by an 
electron when excited optically or with a DC source, e.g. during Hall effect 
measurements. 
For the doping series of samples (figure 6.4), i.e. for samples with N < 1.0 
1020cm-3, experimental results show differences between the optical and the 
Hall mobility values. For lightly doped layers, µoptic has a value of 41 cm2V-

1s-1, much higher than the value of µHall = 23 cm2V-1s-1. As grain boundary 
scattering only affects the Hall mobility and as optical mobility is an 
indication of the bulk mobility, these differences evidence that at low 
doping level, µHall is limited by grain boundary scattering. This result is 
consistent with the conclusion of section 6.1 that affirms that this scattering 
effect is dominant for lightly doped LPCVD ZnO:B layers. 

For N > 1.0 1020cm-3, µoptic and µHall are close and decrease with the 
increasing carrier density, indicating that the intragrain scattering becomes 
the main limiting factor of the electron mobility. In this case, due to the 
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high carrier density, the potential barrier at grain boundary is low and 
narrow, facilitating thermionic emission and tunneling over and through the 
potential barrier. Therefore, grain boundary scattering no longer limits the 
conductivity (see 2.2.3).  
In consequence, as the carrier density increases, we show a continuous 
transition in the behavior of µ between a mobility mainly limited by grain 
boundary scattering and a mobility mainly limited by intragrain bulk 
scattering. The carrier density value for which the main limiting scattering 
mechanism changes from grain boundary scattering to bulk scattering is 
around 1.0 1020 cm-3.  
Considering figure 6.6 and as discussed in the previous paragraph, for the 
lightly doped ZnO:B film, the observed differences between optical intra-
grain mobility and Hall mobility values are due to grain boundary 
scattering limited mobility. As the grain size is increased, the grain 
boundary density is reduced. Therefore, the grain boundary scattering 
influence on µHall decreases and µhall and µoptic become almost identical. For 
δ > 600 nm, the grain boundary scattering becomes too low to influence the 
measured Hall mobility. Therefore, obtaining high mobility close to the 
bulk mobility in low-doped LPCVD ZnO films is achievable by increasing 
the grain size through (in this case) an increase of the thickness of the film. 
At heavy doping level (figure 6.6 right), grain boundary scattering plays 
only a minor role compared to intra-grain scattering mechanisms. Here, the 
optical and Hall mobility values become almost identical and the variation 
of grain size no longer affects the Hall mobility.   
Conclusions 
Using results from optical measurement of the mobility and carrier density, 
we confirm the conclusion of section 6.1 that shows that different 
scattering mechanisms limit the DC mobility, depending on the carrier 
density value. The maximum mobility achievable by increasing the grain 
size is determined for low-doped samples, reaching a value close to 40 
cm2V-1s-1. 

6.2.2 Temperature dependence of the conductivity 

Experimental results 
We deposit a series of five LPCVD ZnO:B films with a gas phase doping 
ratio [B2H6]/[DEZ]  varying from 0 to 1. Table 6.3 summarizes the 
electrical parameters measured at room temperature for all the samples of 
the series. 
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Table 6.3 The measured electrical parameters µHall, NHall, and σHall  for LPCVD ZnO:B  
films grown with gas phase doping ratio[B2H6]/[DEZ] varied from 0 to 1. 

[B2H6]/[
DEZ] 

t 
(µm) 

ρ 
(×10-3 Ωcm) 

σ 
(Scm-1) 

µHall 
(cm2V-1s-1) 

Extrapolated 
µOptic 

(cm2V-1s-1) 

NHall 
(×1019 
cm-3) 

0 2.2 18.8 53 30 42 1.1 
0.15 2.2 6.02 166 31 40 
0.3 2.3 3.13 319 35 

3.3 
5.6 

0.7 2.4 1.58 631 36 10.9 
1 2.2 1.53 653 32 

38 
36 
34 12.5 

 

Figure 6.7 shows the measured dependence of the conductivity σ as a 
function of the inverse of the temperature T-1 measured from T = 300 K 
down to T = 30 K (see 3.3.3).  

Below 150 K, σ remains almost constant. The strong differences in the 
absolute values of the conductivity are due to the different doping ratios 
used for each sample. 

From 150 K to room temperature, σ becomes temperature dependent with 
two different trends, depending on the doping level of the films. σ increases 
with T for undoped and lightly doped samples (i.e. [B2H6]/[DEZ] < 0.7), 
whereas, for heavily doped films (i.e. [B2H6]/[DEZ] > 0.7), σ is reduced 
when T is increased.  
Figure 6.8 shows simulated curves of dependence of the conductivity σ as a 
function of the inverse of the temperature T-1, calculated with the model 
described in chapter 2. For the calculation, we use equations 2.17, 2.28, and 
2.35 for the various mobility contributions. The parameters are set to L = 
300 nm, Nt = 8 1012 cm-2, m = 0.28me, T = 300 K and ltun = 5 nm. We shows 
in section 6.2.1 that the Masetti mobility is over evaluated for our LPCVD 
ZnO:B layers. Therefore, we take the extrapolated optical mobility as bulk 
mobility (see table 6.3). We deduce the total conductivity from equation 
2.42 and 2.14. We vary the carrier density in the model according to the 
carrier density of the series of samples measured by the Hall effect. 
Discussion 
As the mobility only slightly varies between the samples, the strong 
differences in the absolute values of the conductivity are mainly due to 
differences in the carrier density. LPCVD ZnO:B films exhibit a finite 
conductivity at low temperature. The experimental data only extend down 
to the temperature of 30 K, but it can be extrapolated for lower 
temperatures, conductivity is higher than zero even for intrinsic samples. 
This behavior is explained by the degeneracy of the films 
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Figure 6.7 The experimental measured 
dependence of the conductivity σ as a 
function of inverse of the temperature T-1 
for ZnO films gas phase doping ratio 
[B2H6]/[DEZ] varied from 0 to 1. The 
measured Hall carrier density values are 
indicated on each curve. 

 

Figure 6.8 Simulated curves of 
dependence of the conductivity σ as a 
function of the inverse of the temperature 
T-1calculated with the model described in 
chapter 2. For the calculation, we use 
equations 2.17, 2.28, and 2.35 for the 
various mobility contributions. The 
parameters are set to L = 300 nm, Nt = 8 
1012 cm-2, m = 0.28me, T = 300 K and ltun 
= 5 nm, the bulk mobility is the 
extrapolated optical mobility taken from 
table 6.3. We deduce the total 
conductivity from equations 2.42 and 
2.14. We vary the carrier density value in 
the model according to the carrier density 
of the series of samples measured by the 
Hall effect, the value taken are indicated 
on each curve. 
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due to the high concentration of the doping center, i.e. O vacancies, Zn 
interstitial and extrinsic doping with boron. The high quantity of defects 
forms an impurity band that overlaps the bottom of the conduction band 
(see 2.2.1). The degenerate electrons form a free electron gas that occupies 
the bottom of the conduction band and the impurity band and therefore 
participating to the conduction even at low temperature. 
At temperatures higher than 100 K the conductivity starts to show a 
temperature dependence. We can link these dependencies to the transport 
scattering mechanisms.  
The grain boundary scattering limited electronic transport is characterized 
by an increasing conductivity with the temperature. This behavior results 
from a thermionic current over the potential barrier height present at grain 
boundaries [Seto 1975]. The LPCVD ZnO:B samples with N < 1.0 1020cm-3 
exhibit such a dependency, which confirms the results of previous sections, 
that conclude with a  grain boundary scattering limited mobility at low 
doping level. 
The decrease of the conductivity when the temperature is increased is 
observed for heavily doped ZnO:B in figure 6.7. This is characteristic of a 
metal-like behavior, for which the mobility is limited by thermal lattice 
vibration and depends inversely on the temperature. The positive 
temperature dependency of the conductivity is cancelled due to grain 
boundary scattering. Indeed, when the doping is increased, the potential 
barrier becomes smaller due to the higher carrier density in the grain as 
illustrated by figure 6.9. Field assisted tunneling through the potential 
barrier becomes dominant compared to thermionic emission. The transport 
by tunneling is independent of the temperature [Roth 1981].  
These results shows that a transition from thermionic-like temperature 
dependency of the conductivity to metallic-like temperature dependency of 
the conductivity takes place with the increasing carrier density. Such a 
transition is also observed in pulsed laser deposited ZnO:Ga by [Bohsle 
2006].  
We reinforce the previous interpretations by comparing the experimental 
results with the calculated temperature dependence of the conductivity 
using the model described in chapter 2 (figure 6.8). This model takes into 
account the transport mechanisms previously discussed : a temperature 
dependent thermionic scattering over the barrier and temperature 
independent tunneling and bulk scattering. 
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Figure 6.9 The schematic drawing of the current path through a grain boundary 
barrier for lightly doped and heavily doped ZnO layers. 

We explain the differences with the experimental results in absolute 
conductivity values and the non-appearance of the decrease of the 
conductivity when the temperature is increased for heavily doped simulate 
ZnO, by the fact that we use the extrapolated optical mobility as bulk 
mobility. 
Doing this we assume a bulk mobility independent of the temperature, 
which is not the case in real films. Further investigation, not carried out 
here, using model for the temperature dependence of the bulk mobility 
need to be performed to get better fit with the experimental data. 
For lightly doped films, the differences between experimental and 
simulated temperature dependence of the conductivity is explain by the fact 
we use a simple thermionic emission model. Real films probably have a 
more complex mechanisms involving also thermionic field emission or 
variable range hopping transport [Myong 2007, Sze 1981].   
However, despite these approximations, we obtain trends with the model 
that are similar to the experimental results. The good agreement obtained 
between the experimental and modelized conductivity corroborate our 
interpretations. 
Conclusions  
We again confirm the results of section 6.1 with the analysis of the 
temperature dependency of the conductivity. In this section we found that 
thermionic-like conduction related to grain boundary barrier influences the 
conductivity in lightly doped ZnO samples, whereas in heavily doped ZnO 
films, metal-like conduction limited by grain bulk scattering mechanisms 
occurs.  
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6.2.3 Water vapour exposure 

The electrical properties of ZnO are affected by exposure to a humid 
atmosphere [Tohsophon 2006]. The stability of these films in a humid 
environment is a crucial issue for the use of these films as TCO in thin film 
silicon PV modules. In fact, in order to be commercialized, the modules 
have to pass the so called damp-heat test that consists of 1000 hours 
exposure in 85% humidity at 85°C. Studying the stability in humid 
environments allows us to understand the fundamental mechanism that 
governs such undesirable behavior.  
Experimental results  
We deposit a standard LPCVD ZNO:B film designed for aSi:H. See 4.4 for 
the details about deposition parameters and layers characteristics. After 
deposition, non encapsulated films are submitted to damp heat i.e. 100% 
relative humidity at a temperature of 40°C in an oven. These conditions are 
different from the standardized test (85°C, 85% humidity) to slow down the 
degradation kinetics in order to precisely record the changes in the 
electrical characteristics of the films. 
Hall measurements, optical measurements of the electrical characteristics 
and conductivity σ measurements as a function of the temperature from T = 
300 K down to T = 30 K are done on films exposed for varying durations. 
Figure 6.10, 6.11 and 6.12 show the resistivity, the optical and Hall carrier 
density, and the optical and Hall mobility respectively as a function of the 
damp heat exposure time for a film with N = 1.2 1020 cm-3. 

After 800 hours of damp heat exposure, the resistivity of the film increases 
from 2.2×10-3 to 4.6×10-2 Ω.cm. This increase is mainly due to a sharp drop 
of the Hall mobility, which decreases from 33 to 2 cm2V-1s-1, whereas the 
Hall carrier density is only slightly affected. Optical values µoptic and Noptic, 
relevant to intragrain scattering, remain constant after 800 hours of damp 
heat exposure. 

In figure 6.13, the conductivity as a function of the inverse of the 
temperature is shown for the same sample after varying damp heat 
exposure times. The shape of the σ(T-1) curves around ambient temperature 
change while the damp heat exposure time is increased. The conductivity 
decreases with the inverse of the temperature for non degraded samples and 
starts to increases with T-1 for longer damp heat exposure. 

Figure 6.14 shows simulated curves of dependence of the conductivity σ as 
a function of the inverse of the temperature T-1calculated with the model 
described in chapter 2. For the calculation, we use equations 2.17, 2.28, and 
2.35  for  the  various  mobility  contributions.   The  parameters  are  set  to 
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Figure 6.10 The resistivity as a function of the damp heat exposure (40°C, 100% 
humidity) for an unencapsulated 2µm- thick ZnO:B. 

L = 300 nm, m = 0.28me, T = 300 K, ltun = 5 nm, N = 1.2 1020 cm-3,and a 
bulk mobility extrapolated from the optical mobility measurement µBulk = 
35 cm2V-1s-1. We deduce the total conductivity from equation 2.42 and 
2.14. We set the carrier density in the model according to the carrier 
density of the samples measured by the Hall effect N = 1.2 1020cm-3. We 
progressively need to increase the trap density Nt from 8 1012 cm-2 to 44.5 
1012 cm-2 in the model in order to simulate the degradation of the sample 
during damp heat. 

To study the effect of the doping level on the damp heat stability, three 
samples : a lightly doped LPCVD ZnO:B film (N = 8 1019cm-3), a heavily 
doped LPCVD ZnO:B film (N = 2 1020cm-3) and a ZnO film deposited by 
sputtering, which has a higher carrier concentration (N = 4 1020cm-3) were 
deposited and put into damp heat. LPCVD ZnO:B films are 2 µm-thick and 
the sputtered ZnO film is 1 µm-thick doped with aluminum. We measure 
the electrical characteristics of the samples as a function of the damp heat 
exposure. 

Figure 6.15 shows the resistivity as a function of damp heat exposure 
duration. This figure shows that films with lower doping level are less 
stable against damp heat exposure. We strongly enhance the stability as we 
increase the doping level in LPCVD films. For sputtered film with a carrier 
density of N = 4 1020cm-3, we observe no degradation. 
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Figure 6.11 Optical and Hall carrier density as a function of the damp heat exposure 
(40°C, 100% humidity) for an unencapsulated 2µm-thick ZnO:B. 

 
Figure 6.12 Optical and Hall carrier mobility as a function of the damp heat exposure 
(40°C, 100% humidity) for an unencapsulated 2µm-thick ZnO:B. 
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Figure 6.13 Conductivity as a function of 
the inverse of the temperature for LPCVD 
ZnO film during damp heat exposure 
(40°C, 100% humidity). 

 
Figure 6.14 The simulated curves of 
dependence of the conductivity σ as a 
function of the inverse of the temperature 
T-1 calculated with the model described in 
chapter 2. For the calculation, we use 
equations 2.17, 2.28, and 2.35 for the 
various mobility contributions. The 
parameters are set to L = 300 nm, m = 
0.28me, T = 300 K, ltun = 5 nm, N = 1.2 
1020cm-3, and µBulk = 35 cm2V-1s-1. We 
deduce the total conductivity from 
equations 2.42 and 2.14. We 
progressively increase the trap density Nt 
from 8 1012 cm-2 to 44.5 1012 cm-2 in the 
model in order to simulate the 
degradation of the sample during damp 
heat. 
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¨ 
Figure 6.15 The resistivity as a function of damp heat exposure (40°C, 100% humidity) 
for a doped LPCVD ZnO (N=8×1019cm-3), a heavily doped LPCVD ZnO  
(N=2×1020cm-3) and a sputtered ZnO film (N=4×1020cm-3). 

Discussion 
Our results indicate that, unprotected LPCVD ZnO:B films show an 
increase in resistivity during exposure to hot humid atmosphere, mainly 
due to a decrease in the Hall mobility. The carrier density and the optical 
mobility remain constant. Following the analysis developed in section 
6.2.1, the significant difference between optical and Hall mobility for the 
degraded samples gives evidence of a electronic transport limited by grain 
boundary scattering. These results prove that potential barriers at grain 
boundaries increase after damp heat exposure, leading to higher electron 
scattering at grain boundary. Intragrain scattering remains stable as 
confirmed by the stability of µoptic. Figure 6.16 shows a schematic diagram 
of these mechanisms.  
We confirm this interpretation of our observations by measuring the 
experimental curves of the conductivity as a function of the temperature 
(figure 6.13) and comparing it with the calculated curves from the model 
described in chapter 2 (figure 6.14). These curves show a more and more 
thermionic-governed conductivity as the damp heat time increases. 
Tosophon [Tosophon 2006] explain the damp heat degradation of the 
electrical property of sputtered ZnO:Al  by diffusion of water vapor in the 
film. For LPCVD ZnO:B, diffusion of water vapor at grain boundaries that  
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Figure 6.16 The schematic drawing of the current path trough a grain boundary 
barrier for initial and damp heat degraded ZnO layers. 

lead to an increase of the trap state density, is in accordance with the 
experimental and modelized behavior of the films. 
The stability differences between samples with different doping levels 
shown in figure 6.15 could be explained using the model of increasing 
charge states at grain boundaries during damp heat. A heavier doping of the 
ZnO grains reduces the width W and the height eVb of the the grain 
boundary barrier to small values even with a high density of trap states 
(typically W < 5nm and eVb < 400 meV, see 2.1.3). These small values of 
W allow an important current path via tunnelling through the potential 
barriers and thus more stable films. 

The degradation the LPCVD ZnO:B layer exposed to water vapor implies 
that thin film silicon modules using these LPCVD ZnO:B layers as TCO 
should be encapsulated properly to avoid water vapor exposure. It has 
already been demonstrated by Oerlikon Solar [Kroll 2006] that properly 
encapsulated 1.4 m2 amorphous single junction modules using LPCVD 
ZnO:B layers as back contacts successfully pass the international standard 
IEC damp-heat test. 

6.3 Conclusions 
We discuss the electrical characteristics of LPCVD ZnO layers in this 
chapter. The conductivity of the films depends on two main parameters : 
the mobility and the carrier density. We show that the doping of the film 
mainly governs the carrier density.  
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The double Schottky barrier model with two transport paths : thermionic 
emission over the barrier and tunneling through the barrier, introduced in 
chapter 2 for describing the grain boundary electrical behavior applies with 
good agreement to the experimental results.  
We show that more complex mechanisms, that also depend on the carrier 
density, influence the Hall mobility. For films with low carrier density N < 
1 1020cm-3, the grain boundary scattering is the main limitation of the 
electron mobility. For heavily doped films N > 1 1020cm-3, the bulk 
scattering governs the mobility. 
The LPCVD ZnO:B is sensible to damp heat exposure. In fact, the 
resistivity increases with the damp heat exposure duration. We interpret 
this observation by an increase in the trap state density at grain boundary. 
We obtain more stable films when having high carrier density, because of 
an enhanced tunneling trough the potential barriers at grain boundary even 
if the trap density increases. 
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CHAPTER 7 

 

Integration of LPCVD ZnO:B 
films in thin film silicon solar cells 

The present chapter presents the effects of the LPCVD ZnO:B layers 
incorporated as electrodes in thin film silicon solar cells. These layers are 
used in amorphous (aSi:H), microcrystalline (µcSi:H), and micromorph 
tandem solar cells (aSi:H/µcSi:H).  
First, we consider the light trapping enhancement induced by the roughness 
of LPCVD ZnO:B layers in µcSi:H cells. Then, we discuss the solar cell 
shunt issues that occur depending on the front deposition conditions. 
Finally we summarize the results of the best solar cells made with LPCVD 
ZnO:B as front and back contacts. 

7.1 Light trapping in µcSi:H solar cells 
As grown rough LPCVD ZnO:B films have a high capability to scatter the 
light at the TCO-cell interface. This aspect is especially important for thin-
film solar cells in order to increase the effective absorption of light within 
the active layer of the cell. Chapter 5.2 discusses the main light scattering 
parameters of LPCVD ZnO:B layer : the haze factor and the angular 
distribution function. This section presents the short-circuit current 
improvement obtained with the implementation of rough front LPCVD 
ZnO:B layers in µcSi:H solar cells. 
Experimental results  
A series of seven different LPCVD ZnO:B layers is deposited with a gas 
phase doping ratio [B2H6]/[DEZ] varying from 0 (undoped ZnO) to 2 
(heavily doped ZnO). The thickness of each layer is adapted by changing 
the deposition time in order to achieve a square resistance of 10 Ωsq, which 
is high enough for good lateral conduction in µcSi:H solar cells. In order to 
simplify their denomination, we name the samples with their respective gas 
phase doping ratio [B2H6]/[DEZ] values. 
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Table 7.1 The optical and electrical characteristics of the LPCVD ZnO:B samples 
series tested as front TCO. 
[B2H6]/ 
[DEZ] 

d 
(µm) 

R  

(Ω ) 

ρ  
(×10-3 
Ωcm) 

µHall 
(cm2V-1s-

1) 

NHall 

(×1019 
cm-3) 

σrms 
(nm
) 

Haze factor 
 @600nm 

(%) 

Transmittanc
e @1000nm 

(%) 
0 6.3 10.7 5 42 3 226 96 75 
0.1 4 10.2 4 43 3.7  84 80 
0.3 2.4 9.8 2.5 39 6.8 109 69 82 
0.6 2 10.6 2 37 8 86 38 84 
0.9 1.4 10 1.5 24 17 60 11 84 
1.2 1.2 10.2 1.6 14 26  6 82 
2 1 12.5 1.1 14 39 30 2 77 

 

This series of LPCVD ZnO:B layers has thicknesses varying from 1 µm 
(for the heavily doped sample) to 6.3 µm (for the undoped sample). These 
differences in thickness lead to surface roughness from less than 60 nm to 
226 nm, respectively (see chapter 4.2.2 for an explanation of the roughness 
dependency on the film thickness), and thus a haze factor at 600 nm 
varying from 2 % to 96 %, respectively. The series of LPCVD ZnO:B 
layers use here is similar to the one describe in section 5.2. See 5.2 for a 
complete description of the optical properties (H=f(λ), A=f(λ)) of this 
series of samples. 
Table 7.1 summarizes the optical and electrical characteristics of the seven 
different LPCVD ZnO:B layers used as front TCO in this study. 
We deposit microcrystalline silicon pin solar cells on the seven different 
LPCVD ZnO:B front contacts described previously. We carry out four runs 
of cell deposition. µSi:H cells are deposited on four different ZnO layers in 
one run. Therefore, the same type of front contact has been tested in several 
cell deposition runs. 

Thickness of µc-Si:H i-layers is approximately 2 µm. After the silicon 
deposition, we pattern out of the whole substrate sub-cells with a surface of 
approximately 1/3 cm2. We use a LPCVD ZnO:B layer optimized for aSi:H 
cell (see 4.1.3) as back electrode without any back reflector. 
We measure the external quantum efficiencies EQE of the cells (see 3.4.3) 
under a bias voltage of -1 V in order to achieved a good collection of the 
charge carriers. Figure 7.1 shows the EQE measured for µc-Si:H cells 
deposited on five different front LPCVD ZnO:B layers. We observe an 
increase of the EQE over the whole spectrum as the [B2H6]/[DEZ] ratio 
decreases. The EQE increase is larger in the IR and NIR range. 
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Figure 7.1 The external quantum efficiency EQE of microcrystalline silicon solar cells 
deposited on five different front TCO's of the LPCVD ZnO:B series. 

 
Figure 7.2 The short-circuit current density photo-generated within 2 µm 
microcrystalline silicon solar cells deposited on the LPCVD ZnO:B series of substrates, 
represented in function of the gas phase doping ratio [B2H6]/[DEZ] used during the 
ZnO layers deposition. No back reflector is incorporated. 
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The short-circuit current density Jsc was evaluated from the measured 
external quantum efficiency data and the AM1.5G solar spectrum. Figure 
7.2 gives Jsc obtained for µc-Si:H cells versus the [B2H6]/[DEZ] ratio used 
for the front LPCVD ZnO:B layer deposition. A continuous increase of Jsc 
from 15 to 21 mAcm-2 with the decreasing [B2H6]/[DEZ] ratio is observed. 
These current values are modest due to the absence of white dielectric back 
reflectors and to the non optimal µcSi:H cell properties. See section 7.3 for 
results on optimized cells.  
The efficiencies of the cells measured under AM1.5 (see 3.4.2) as a 
function of the different ZnO are between 5 and 6.5 %. The open circuit 
voltage Voc and fill factor FF are relatively low for these series of cells. In 
fact the cell deposition parameters are not optimum here, however the 
tendencies discussed for the current are valid. 
Discussion 
We can explain the increase in current density with the [B2H6]/[DEZ] ratio 
of LPCVD ZnO:B films of the series of front TCO by various effects. We 
discuss these effects below in regard to the wavelength range where they 
are active.  

♦ In the total spectral range of interest (380 < λ < 1000 nm), a reduction 
of the reflection at the p/TCO interface take place. This anti-reflection 
effect come from the sub wavelength features of the rough interface that 
produce a graded index of refraction [Lechner 2004]. This effect induce a 
relative reflection reduction of 10~20 % compared to a flat interface 
[Hagemann 2008].  
We need further investigation to quantify difference in reflectance due to 
this effect in our series of samples. In this case, even the heavily doped 
sample has a high roughness (σRMS = 30nm), and this effect takes place 
[Hagemann 2008]. Therefore, we consider that the reflection changes only 
slightly in this series of samples. 

♦ In the red and infrared range (550 < λ < 1000 nm), the increase of the 
current density is attributed to two effects : 

- Firstly, a lower free carrier absorption in layers with low 
[B2H6]/[DEZ] ratio (see 5.1). 

- Secondly, a higher light scattering effect in samples with front ZnO 
with low [B2H6]/[DEZ] ratio because of their higher surface 
roughness [Krc 2003]. 

EQE between cells deposited on undoped ZnO layers (i.e. [B2H6]/[DEZ] = 
0) and lightly doped layers (i.e. [B2H6]/[DEZ] = 0.1) does not show 
significant differences, although these layers have different haze factors. 
The residual free carrier absorption is very low and its variation can be 
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Table 7.2 The parameters used to simulate the LPCVD ZnO:B sample series tested as 
front TCO and the variation of p-Si layer thickness used to obtain figure 7.4. 

[B2H6]
/ 
[DEZ] 

d (µm) σrms 
(nm) 

ADF 
 

EMA  
ratio of 
mixed index 
[ ZnO - Si]  

αZnO @ 
550nm 
(cm-1) 

p-Si layer 
thickness 
(nm) 

0 6.3 230 ADFZnO optimized for 

aSi:H 

[2/5-3/5] 50 25 

0.1 4 190 ADFZnO optimized for 

aSi:H 
[2/5-3/5] 60 27 

0.3 2.4 80 ADFZnO optimized for 

aSi:H 
[2/5-3/5] 80 32 

0.6 2 65 ADFZnO optimized for 

aSi:H 
[2/5-3/5] 90 36 

0.9 1.4 40 ADFZnO optimized for 

aSi:H 
[2/5-3/5] 160 40 

 
 

neglected for these two samples. This means that further increase of the 
thickness after a threshold value is of no further use to improve the current 
density for a given photoactive thickness. This effect is explained by the 
fact that despite of the increasing haze factor, the light is no longer 
scattered in large angles for surface morphology exhibiting large surface 
features (see 5.2) as it is the case for the 6.3 µm-thick undoped ZnO layers. 
This losses of light scattered at large angles explain the stagnation of the 
current density despite the increasing haze factor. 

♦ In the "blue" spectral range (380 < λ < 550 nm), the EQE increases with 
the decrease of the ZnO layers doping level. We relate this effect to a 
change in the optical absorption of the silicon p layer : 

- Firstly, a variation in thickness of the p layer due to change in the 
effective surface of the TCO/p interface. 

-  Secondly, a different optical path length in the p layer induced by 
different scattering angles [Krc 2003].  

In order to verify these assumptions, optical modeling of the experiment 
are made for comparison. 
We use a Monte Carlo simulation program [Springer 2002] to calculate the 
optical behavior of solar cells structure. The simulated structure is : glass / 
front ZnO / EMA /p-Si / i-Si / n-Si / back ZnO / air. 
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Figure 7.3 The simulated external quantum efficiency curves of µc-Si:H solar cells with 
a 2 µm thick i layer deposited on five different front TCO of the LPCVD ZnO:B series of 
substrate. The silicon p layer thickness is constant set to 30 nm. 

 
Figure 7.4 The simulated quantum efficiency of 2 µm-thick i layer microcrystalline 
silicon solar cell on five different front TCO of the LPCVD ZnO:B series of substrate. 
The silicon p layer thickness changes from 40 nm on flat highly doped ZnO to 25 nm on 
rough undoped ZnO. 



Chapter 7: Integration of LPCVD ZnO:B films in thin film silicon solar cells 

 
 125

The front ZnO is simulated using experimentally determined wavelength-
dependent optical coefficients n and k extracted from transmittance and 
reflectance measurements (see 3.2.1). We use experimental thickness and 
experimental or extrapolated σRMS. The σRMS value is used for the 
calculation of the diffuse transmittance using scalar scattering theory (see 
5.2). A layer model the decreases in reflection compared to flat interface at 
the front ZnO / p-Si interface by mixing 2/5 of nZnO and 3/5 of nSi (effective 
media approximation EMA). It is important to note that the angular 
distribution functions of the interfaces are kept identical for all the samples. 
The angular distribution function chosen is an experimentally determined 
polynomial function that corresponds to the ADF of a LPCVD ZnO 
optimized for aSi:H cells. 
Table 7.2 shows the parameter used in the simulation for the various front 
ZnO. 
We use experimentally determined wavelength-dependent complex 
refractive indexes given by Poruba [Poruba 2000] as parameters for 
simulating the optical characteristics of the silicon layers. The thickness of 
i-Si and n-Si layers are set to 2 µm and 20 nm, respectively. We assume 
that the morphologies of the interfaces within the full pin solar cell are 
conformal copies of the roughness of the front ZnO layer.  

Simulated EQE curves are obtained by assuming an ideal extraction of 
charge carriers from the i layer. The photon absorbed in the p and n layers 
do not contribute to the current.  
Fig 7.3 shows simulated EQE curves of µcSi:H solar cells (2 µm thick i 
layer) deposited on five different front LPCVD ZnO:B of the series of 
substrates. The silicon p layer thickness is constant, set to 30 nm. 
Fig 7.4 shows simulated EQE curves obtained with the same model 
parameters as the simulations described previously except that the silicon p 
layer thickness is gradually lowered from 40 nm for flat highly doped front 
ZnO to 25 nm for rough undoped front ZnO (see table 7.2). 
Simulations are able to reproduce the EQE enhancement in the red and NIR 
range, and confirm an improved photogeneration potential of thick, highly 
rough, lightly doped ZnO layers.  
EQE simulated with a constant 30 nm p-layer thickness did not show any 
differences in the blue range. This modelization is in disagreement with the 
experimental curves. We obtain better agreement by adapting the p layers 
thickness in the simulated structure from 40 nm for flat highly doped ZnO, 
to 25 nm for rough undoped ZnO.  
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This reduction of the simulated p layer thickness, necessary for a good 
agreement between the experimental and simulated data, is very important 
(-62 %). The increase of the effective surface of the series of front ZnO 
measured by AFM is about 33%. Therefore, we cannot expect such a big 
different in the p layer thickness of the experimental cells due to an 
increase of the effective surface of the front TCO.   
We can explain the additional absorption in the p layer for heavily doped 
ZnO sample by differences in the angular distribution function of the series 
of ZnO samples. In chapter 5.2 we demonstrate that sample with large 
surface features (here the lightly doped sample) scattered light more near 
the specular direction. Therefore, the optical path length in the p layer is 
reduced compared to the sample with small surface features (here the 
heavily doped sample) [Krc 2003]. 
The efficiency of the cells only slightly increases with the series of front 
LPCVD ZnO:B contacts despite the increase of Jsc. This is due to low FF 
and Voc values induced by shunt and poor microcrystalline cell quality, due 
to by the morphology of the front LPCVD ZnO:B layer. We discuss these 
effects in the next section (see also [Python 2008, Bailat 2006]). 

7.2 Front contact induced shunt issues 
An important cause of low Voc and FF in silicon solar cells is shunts. 
Basically shunts are short circuits between the front and the back contacts 
of a cell. Short circuit can be induced by particles or by the morphology of 
the front contact. This section first presents characterization results of 
shunts due to particles. Then we discuss the link between the morphology 
of the front contact and the presence of shunts in thin film silicon solar 
cells. Finally, we present the work of Bailat [Bailat 2002, Bailat 2006] that 
introduces a plasma treatment of the front LPCVD ZnO:B, which improves 
the performance of thin film silicon solar cell grown on LPCVD ZnO:B 
layers. 

7.2.1 Particles and its influence on shunting behaviors 

Experimental results 
28 aSi:H pin solar cells are deposited on a front LPCVD ZnO designed for 
aSi:H solar cells (see 4.1.3). We measure the Voc at low illumination with a 
multimeter under a light box (0.1sun). We take lockin thermography 
pictures of each cell under a reverse bias of 0.3V (see 3.4.4). 
The left part of figure 7.5 shows the lockin thermography pictures of 28 
aSi:H pin solar cells tested. The white points on the thermography lockin 
pictures correspond to the location where an increase of the temperature 
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occurs. In parallel, on the right side, the value of the Voc measured at low 
illumination is given. 
Figures 7.6 and 7.7 show complete analysis of shunts due to particles on 
aSi:H cells deposited on a front LPCVD ZnO:B designed for aSi:H solar 
cells (see 4.1.3). We localize and mark the shunts with the help of the 
lockin thermography and an optical microscope, then we perform SEM 
analysis of the surface and cross-sections obtained by FIB cutting of the 
nearest surface anomaly. Appendix A presents additional samples that have 
undergone the same analysis. 
 

 

 

 

 

 
Figure 7.5 The lockin thermography picture and Voc at low illumination (0.1sun) of 28 
aSi:H cells. 
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Figure 7.6 Lockin thermography picture, SEM micrograph of the surface (a), and SEM 
micrographs of the cross section obtained by FIB (b,c,d,e) of a surface anomaly located 
at a thermography hot spot in an aSi:H cell. 
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Figure 7.7 Lockin thermography picture, SEM micrograph of the surface (a), and SEM 
micrographs of the cross section obtained by FIB (b,c,d,e,f) of a surface anomaly 
located at  a thermography hot spot in an aSi:H cell. 
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Figure 7.8 The EDX profile (following the white line) of a surface anomaly located 
near a thermography hot spot and obtained by FIB cross-cutting  in an aSi:H cell . 
 

Figure 7.8 is an EDX profile of the cross section of a surface anomaly 
(localized as describe in the previous paragraph). We observe a slight 
increase of the Cu and the Si lines when crossing the particle.  
Discussion  
We give evidence of a clear correlation between the Voc value at low 
illumination and the lockin thermography hot spots in figure 7.5. The cells 
showing a hot spot usually also exhibit Voc under 600 mV. The hot spots 
shown on the lockin thermography picture as well as a low Voc are the 
signature of localized shunt. 
If during the handling of the TCO-coated glass a foreign particle falls on 
the substrate, the subsequent deposition of the Si-based layer and back 
contact easily form shunted devices, as identified on figures 7.10 and 
7.7e/f.  
Particles present on glass do not induce short circuit. Figure 7.7c/d shows 
an example of a particle located on the glass. The complete cells, including 
front and back contacts, are deposited on the particle, which creates a bump 
on the surface. However, no evidence of short circuit shunt is observed in 
these cases because all the layers are deposited with good conformity over 
the particle. 
The EDX analysis, such as presented on figure 7.8, does not allow a 
definitive identification the composition of the particle. EDX does not 
possess enough spatial sensitivity for such cross sections. However, an 
increase of the copper line is likely observed in the EDX scan. There are 
several possible sources of particles. Glass cutting, dust from the operator 
as well as the substrate environments are all possible sources of particles. 
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The deposition reactors (LPCVD, PECVD) can also produce particles. A 
close control of the environment as well as the deposition system is 
necessary to reduce particle induced shunts. As particles present on the 
front ZnO are particularly destructive for the cells, we could envisage 
cleaning the front substrate (as it is performed after the laser scribing in 
module production) in order to get rid off the problem. Mechanical, high 
pressure gas flow or wet cleaning are all possible solutions. 
However, we cannot prove a perfect correlation with a particle presence for 
all shunts located by lockin thermography and low illumination Voc. Some 
runs of cells present shunting behavior despite of a perfectly clean substrate 
and the absence of any particles. In these cases, other effects such as the 
front TCO morphology cause losses in Voc and FF. We discuss these effects 
in the next section. 
Conclusions 
In this section, we demonstrated that lockin thermography is a powerful 
characterization tool to localized shunts due to particles. The presence of 
particles on the glass substrate does not systematically induce shunts, 
contrary to the presence of particles on the front TCO. 

7.2.2 Morphology and its influences on shunting behavior 

Experimental results 
We deposit a temperature series of LPCVD ZnO:B. We vary the deposition 
temperature from 149°C to 175°C. We adapt the thickness of each sample 
in order to get the same roughness σRMS. We name the different ZnO 
substrates of the series according to their deposition temperature values. 
Figure 7.10 shows SEM and AFM pictures of the samples. The varying 
deposition temperature induces different types of morphologies. Samples 
deposited at high temperature exhibit sharp, well designed pyramids, in 
contrast to samples deposited at low temperature that show a more random 
texture made of either small or large pyramidal features.  
To obtain statistical data, we pattern a set of 200 1 cm2 aSi:H cells 
codeposited on each front ZnO of the series. We measure the Voc of the 
cells under low illumination. We qualify cells with a low illumination Voc 
value below 100 mV as shunted. We consider cells with a low illumination 
Voc between 100 mV and 600 mV as "bad", and cells with a low 
illumination Voc higher than 600 mV as "good cells". In this case, the lockin 
thermography does not indicate the presence of localized shunts. 
Figure 7.9 shows the percentage of shunted and good cells as a function of 
the front ZnO deposition temperature. The percentage of good cells 
increases as the deposition temperature decreases. The maximum number 
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of good cells is obtained at 150°C, which correspond to the random 
pyramid size features. At higher temperature, the number of bad cells 
increases. At 170°C all the cells are completely shunted. 
 
 
 

 
Figure 7.9 The percentage of shunted, bad and good amorphous cells as a function of 
the front ZnO deposition temperature. Statistics made on 200 cells. 
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Figure 7.10 The AFM and the SEM pictures of front ZnO deposited at different 
temperatures. The thickness of each film has been adapted to achieve the same 
roughness. 
 
 
 



Chapter 7: Integration of LPCVD ZnO:B films in thin film silicon solar cells 

 
 134 

Discussion  
The surface morphology of the front TCO plays a role in the cell's quality. 
The sharp valley present on layers deposited at high temperature lead to the 
formation of voids and cracks in the silicon cells [Python 2008, Bailat 2006, 
Löffler 2005]. These voids induce leak in the current between front and back 
contacts, i.e. a shunting behavior. We assume that critical features (e.g. too 
sharp valley) occur with a different rate of recurrence for the different 
LPCVD regime and are likely not uniformly distributed on the substrate. 
For front ZnO deposited at low temperature, the valley are not as sharp as 
ZnO deposited at high temperature, leading to substrates with less critical 
features, on which it is more easy to grow silicon solar cells with good 
performances. 
The experiments described here are achieved on amorphous cells, but 
microcrystalline cells are even more sensitive to the morphology [Python 
2008, Bailat 2006]. In fact, in order to achieve high current density, 
microcrystalline cells need a high surface roughness in order to enhance 
light trapping. This high roughness, in addition to tough surface features, 
makes microcrystalline very sensitive to the front TCO morphology.  
Strong interdependence exists between the front contact surface texture and 
the subsequent silicon solar cell growth on it. It is therefore crucial to 
develop the front contact and the solar cell PECVD process together. In 
fact, the solar cells deposition processes can vary in their sensitivity to the 
morphology of the front TCO. Recent results show that high yield and high 
current can be achieved on rough LPCVD ZnO:B layers using improved 
silicon PECVD process [Meier 2008, Benagli 2008, Benagli 2007]. 

7.2.3 Plasma surface treatments 

Paragraph 7.2.1 and 7.2.2 describe the difficulties that can occur when 
growing aSi:H cells on LPCVD ZnO:B layers. In fact, due to presence of 
particles and the sharp surface morphology of the front ZnO layer, 
obtaining high values of solar cell open circuit voltages and fill factors is 
sometimes difficult. This section presents a plasma treatment introduced by 
Bailat [Bailat 2006] on the surface of the LPCVD ZnO:B layer developed in 
this study, that improved the performance of silicon solar cells grown on it. 
An Ar plasma treatment is applied to the front ZnO layer. This surface 
treatment profoundly modifies the morphology of the ZnO surface (figure 
7.11). The surface becomes slightly smoother with a decrease of σRMS from 
approximately 200 nm (without treatment) to 175 nm and 150 nm after 
surface treatments of 40’ and 80’ duration, respectively.  
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The sharp edges of the larger pyramids remain visible after the treatment, 
forming a network of salient and curved lines at the surface. However,  the 
sides of the pyramids that are initially flat appeared to have been hollowed 
by the treatment. This is the reason why the V-shaped valleys seen in figure 
7.11a turn into U-shaped valleys in figure 7.11b [Bailat 2006]. 
The efficiency of the µcSi:H solar cells subsequently grown on these 
substrates, increased from 3.3 to 9.2% after 40’ of surface treatment. 
Further optimization of the solar cell deposition parameters led us to 
µcSi:H cells with conversion efficiencies as high as 9.9% [Bailat 2006].  

Authors mentioned that cracks and voids have often been observed in µc-
Si:H [Python 2008, Bailat 2006, Bailat 2002] and aSi:H [Löffler 2005] solar cells 
grown on rough substrate. These cracks usually arise from the tip of the V-
shaped valleys within the i-Si layer. Investigations by transmission electron 
microscopy (TEM) on similar samples to the one treated 80' showed that 
cracks and voids are no longer observed when the valleys have a U-shape, 
i.e. after the plasma treatment. The absence of cracks during the subsequent 
deposition of the µcSi:H layers may be caused by the TCO surface having a 
different shading effect on the impinging silicon precursors. This depends 
on the TCO's surface morphology. The presence of cracks is associated 
with poor carrier collection. Carrier collection immediately improves with 
the surface treatment [Bailat 2006]. However, as the treatment reduces the 
short circuit current due to lower light scattering capability of the treated 
surface morphology, a compromise between the Voc, FF and Isc has to be 
found in order to produce the best solar cell. 
Further improvement has to be carried out in order to reduce the treatment 
time. For instance, changing the composition of the plasma by adding 
methane may increase the etching speed [Ip 2002]. Wet etching with acid 
could also lead to promising surface features. 

 
Figure 7.11 SEM micrographs of surface morphologies of front ZnO before and after 
80'  plasma treatment. 
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7.3 High current and best solar cell results 
Thin film silicon solar cells have been studied and optimized at the IMT for 
more than 10 years. This long-term work is published in numerous papers, 
see for instance [Dominé 2008, Shah 2006, Bailat 2006, Steinhauser 2005, Meier 
2003, Shah 1999]. 
Table 7.3 summarizes the best solar cells results obtained at the IMT with 
LPCVD ZnO:B used as front and back TCO. Please see reference for the 
exact experimental details. 
These results show that LPCVD ZnO:B layers are well suited in order to 
achieve high performance  thin film silicon solar cells.  
The best pin aSi:H cell obtained on LPCVD ZnO:B with an antireflection 
(AR) coating on glass has an efficiency of η = 9.5 % with FF = 63 %, Voc 
=860 mV and Jsc = 17.5 mAcm-2 [Meier 2003].  
 
 
Table 7.3 The electrical characteristics of thin film silicon solar cells obtained at IMT 
with LPCVD ZnO:B used as front and back TCO. 

Solar Cell Front TCO Back TCO 
Jsc 

(mAcm-2) 
FF 
(%) 

Voc 
(V) 

η 
(%) ref 

aSi:H pin 
stabilized, 
with AR 
glass 

LPCVD 
ZnO 1.9µm 

LPCVD 
ZnO 
1.9µm + 
white 
paint 

17.5 63 0.86 9.5 [Meier 
2003] 

µSi:H pin 
without AR 
glass 

LPCVD 
ZnO 4.1µm 
plasma 
treated 

LPCVD 
ZnO 
1.9µm + 
white 
paint 

24.7 74.1 0.54 9.9 [Bailat 
2006] 

micromorp
h aSi:H 
pin/µSi:H 
pin 
stabilized, 
without AR 
glass 

LPCVD 
ZnO 4.8µm 
plasma 
treated 

LPCVD 
ZnO 
1.9µm + 
white 
paint 

12.5 67.2 1.32 11.1 [Dominé 
2008] 

micromorp
h aSi:H 
pin/µSi:H 
pin 
initial, with 
AR glass 

LPCVD 
ZnO 4.8µm 
plasma 
treated 

LPCVD 
ZnO 
1.9µm + 
white 
paint 

13.8 70.8 1.36 13.3 [Dominé 
2008] 
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The best pin µcSi:H solar cell obtained so far on the plasma treated 
LPCVD ZnO:B has a 1.6µm thick i layer and reached an efficiency of η = 
9.9 % with FF = 74.1 %, Voc = 545 mV and Jsc = 24.7 mAcm-2 [Bailat 2006]. 
High current up to 26.25 mAcm-2 are obtain in reverse bias for 2.5µm thick 
pin µcSi:H solar cell without AR coating on glass [Ballif 2006]. 
The best stabilized micromorph cell is deposited on plasma treated LPCVD 
ZnO:B without AR coating on glass and yield η  = 11.1 % with FF = 67.2 
%, Voc = 1.32 V and Jsc = 12.5 mAcm-2 [dominé 2008]. The thickness of the 
top and the bottom cell are 300 nm and 3 µm, respectively. Initial 
efficiency of η = 13.3 % is reported for a aSi:H/µcSiH deposited on plasma 
treated LPCVD ZnO:B with an AR coating on glass and a 3.5 µm thick 
bottom cell. This cell shows a remarkable sum of the Jsc of the component 
cells equal to 27.7 mAcm-2 [dominé 2008]. 
These efficiencies and current densities compares very well with the best 
results of other groups that work with other front TCO (e.g. sputtered and 
etch ZnO) [Finger 2008, Schropp 2007, Matsui 2006, Rech 2005]. 
These results demonstrate the versatility of the LPCVD ZnO:B process, 
which is used to achieve front and back TCO for aSi:H, µcSi:H and 
aSi:H/µcSi:H. In fact, for each type of cells the LPCVD ZnO:B layer can 
be adapted in order to achieve the specific requirement needed. 

7.4 Conclusions 
We demonstrate that rough ZnO layers can be successfully implemented in 
thin film silicon solar cells. High current density in µcSi:H and 
aSi:H/µcSi:H solar cells is achieved with thick, large grain, high mobility, 
low absorption LPCVD ZnO:B films as front TCO. 
We identify the important role of the particles and the morphology of the 
front TCO in shunts issues in thin film solar cells. In order to achieve high 
value of Voc and FF, it is important to avoid any dust on the front TCO.  
The surface morphology of the front TCO also plays a crucial role for the 
cells quality. Valley that are too sharp induce low Voc in the cell. Therefore, 
an adapted deposition temperature of the LPCVD ZnO:B has to chosen in 
order to get a surface morphology well suited for the growth of silicon solar 
cells.  
Finally, we show that applying a Ar plasma surface treatment on the front 
ZnO greatly improves the electrical parameters of the µcSi:H cells 
subsequently grown on it. 
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CHAPTER 8 
 

Final conclusions 

8.1 Conclusions 
The object of the present work was to provide a better understanding of 
LPCVD ZnO:B and to show its full technical potential as a transparent 
conductive contact in thin film solar cells. 
In this work we study "LPCVD ZnO:B layers, from the deposition process 
to the final application" and focus especially on their electrical and optical 
properties. 
The LPCVD ZnO:B film studied is a transparent conductive oxide 
polycrystalline material, made of large columnar grains that typically 
appear at the surface as large pyramid features. These surface features 
scatter the light in the subsequently-grown solar cell and thus increase their 
current density. 
The layer properties depend strongly on the deposition parameters. By 
varying the parameters of the LPCVD process, we can obtain a large range 
of film transparency and conductivity, as well as a large variety of surface 
features. In order to maximize solar cell efficiencies, it is important to 
adapt the TCO film properties to the requirement of the solar cells in which 
they are used. 
In this work, we focus 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. 
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To achieve a better understanding of the LPCVD ZnO:B film physics, 
several characterization techniques were used for the first time on our 
layers: 

♦ Raman analysis : 
We successfully link the increasing intensity of a mode at 580 cm−1 
measured by Raman spectroscopy with the doping level of LPCVD 
ZnO:B layers.  

♦ Elemental analysis :  
We measure LPCVD ZnO:B layers with SIMS and RBS techniques. 
The results provide evidence of the non stoechiometry of LPCVD 
ZnO:B films and the presence of hydrogen and carbon in the layers. 

♦ Solar cell shunt study :  
We demonstrate that lockin thermography is a powerful 
characterization tool to localize solar cell shunts due to particles.  
 

We determine and verify theoretical models that describe the optical and 
electrical properties of LPCVD ZnO:B films: 

♦ Optical model for the visible and infrared region of the light 
spectrum :  
We show that the Drude model in its simplest form is sufficient to 
describe the NIR optical behavior of LPCVD ZnO:B films. We 
attribute the low absorption of LPCVD ZnO:B films that remains in 
the visible range to residual free carrier absorption also described by 
the Drude model. 

♦ Band gap behavior model :  
We prove that changing carrier density shifted the value of the band 
gap energy according to a Burstein-Moss and band gap narrowing 
law effects. At energies slightly lower than Eg, we observe 
exponential band tail absorption due to states in the band gap.  

♦ Light scattering model :  
We observed different light scattering behaviors depending on the 
surface morphology of the LPCVD ZnO:B films. For samples with 
small surface feature, 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 closely to the specular 
direction. 
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♦ Electrical model :  
We found that the electron mobility is limited by grain boundary 
scattering at low carrier densities and by bulk scattering at high 
carrier densities. The transition between these regimes is continuous 
in the range of doping level achievable in LPCVD ZnO:B films. 

We systematically changed the ZnO film properties and evaluated the 
effect this had on the solar cells deposited on such layers. Considering the 
results of those measurements, we optimize our front ZnO contact and 
achieve improved cell performances. 

 
♦ Influence of the light scattering capability on the current in µcSi:H 

cells :  
We observe a high improvement in current density of µcSi:H cells, 
which we attribute to good light trapping and low absorption in 
highly rough, lightly doped front LPCVD ZnO:B layers.  
We measure a significant improvement of current density with an 
increasing film thickness due to light trapping and low absorption 
due to the reduced doping level.  

♦ Shunt issues :  
We show that, in order to achieve high Voc and FF values in silicon 
solar cells, it is important to avoid the presence of dust on the front 
TCO.  
The surface morphology of the front contact also plays a crucial role 
in the cell quality. We demonstrate that, when used as a front 
contact, the overly sharp valley of the LPCVD ZnO:B surface can 
result in solar cells with low Voc and FF. Therefore, we have to 
choose an adapted deposition regime in order to get a surface 
morphology well suited to the growth of silicon solar cells.  

♦ Development of an optimized TCO for µcSi:H cells and  
aSI:H/µcSi:H cells :  
Taking into account all the previous results, we develop a LPCVD 
ZnO:B layer especially designed for high efficiency µcSi:H and 
aSi:H/µcSi:H cells. This layer has high light trapping capability. To 
achieve this, we enlarge the surface features of the LPCVD ZnO 
layer by increasing the thickness of the film up to 5 µm. Due to the 
higher film thickness and high mobility, we achieved the required 
sheet resistance of 10 Ω  even with low carrier density. Therefore, 
the carrier density is set to a minimum, leading to highly transparent 
films due to low free carrier absorption.  
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After smoothing the ZnO surface with a plasma treatment introduced 
by.Bailat [Bailat 2006], we achieved light soaked high efficiency 
µcSi:H (9.9 %) and aSi:H/µcSi:H cells (11.1%).  

8.2 Perspectives 
Many interesting topics are left to be studied on LPCVD ZnO:B layers. In 
the author's opinion the most pressing are: 

♦ Understanding the growth and the nucleation process of LPCVD 
ZnO:B films : so far, we do not understand the exact growth 
mechanism. However, this could help improving the properties of the 
first 300 nm of the layers, which are detrimental to the overall film 
quality.  

♦ Analyzing the doping mechanisms in LPCVD ZnO:B films. A large 
amount of boron that is incorporated in the layer is not active as a 
dopant. It may form clusters and impurities that reduce the electron 
bulk mobility. Thus, understanding the exact incorporation of 
dopants in LPCVD ZnO:B layers may help to improve the electrical 
characteristics of the films. 

♦ Studying the ZnO-silicon interface. The LPCVD ZnO:B surface 
states influence the growth of the solar cell subsequently deposited 
on it. Analyzing this influence may help to obtain better TCO-cell 
contacts and a better nucleation of the silicon, leading to progress in 
solar cell performances. 
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Appendix : Shunt analysis 

 
Figure A.1 The lockin thermography picture, SEM picture of the surface (a), and SEM 
pictures of the cross section obtained by FIB (b,c) of a surface anomaly  located near a 
thermography hot spot in an amorphous cell. 
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Figure A.2 The lockin thermography picture, SEM picture of the surface (a), and SEM 
pictures of the cross section obtained by FIB (b,c,d,e) of a surface anomalies located 
near a thermography hot spot in an amorphous cell. 
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Figure A.3 The lockin thermography picture, SEM picture of the surface (a), and SEM 
pictures of the cross section obtained by FIB (b,c) of a surface anomaly  located near a 
thermography hot spot in an amorphous cell. 

 

 
Figure A.4 The EDX profile (following the white line) of a surface anomaly located 
near a thermography hot spot in an amorphous cell obtained by FIB cutting . 
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