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Abstract

Providing energy for a steadily increasing world population is one of the major tasks of
our time. Solar energy has the ability to satisfy this demand in a clean, sustainable and
environmentally friendly manner. Though solar module prices have fallen considerably
within the last years, costs need to be further reduced to achieve comprehensive grid-
parity. A possible approach for reduced module costs is provided by thin-film technologies
and the use of low cost polymer substrates. In addition, this research field offers the
opportunity to provide flexible and lightweight solar modules, gaining increasing attention
for applications in building integrated photovoltaics, flexible electronics and mobile power
applications. Roll-to-roll manufacturing in turn provides an additional tool for possible
cost reductions by high-throughput production.

The use of low cost transparent plastic films enables to produce solar cells in the so-
called superstrate concept, where sunlight enters through the substrate. However, these
types of substrates limit the applicable process temperature range. The aim of this thesis
is to investigate the influence of low deposition temperatures (120 ◦C) on the properties of
functional layers and to establish a link between material properties and the performance
of thin-film silicon solar cells on plastic substrates. This work demonstrates that the
deterioration in electrical properties of amorphous silicon (a-Si:H) layers, due to a lower
deposition temperature, can be compensated by careful adjustment of deposition gas flow
mixtures, resulting in an efficiency of 9.1 % for an a-Si:H solar cell on glass substrate.
Microcrystalline silicon (µc-Si:H) layers are less sensitive to a reduction in deposition
temperature and by implementation in an a-Si:H/µc-Si:H tandem solar cell, an efficiency
of 9.8 % was achieved with great potential for future improvement.

The low temperature a-Si:H solar cells exhibit a strong improvement in all photo-
voltaic parameters, particularly in the fill factor, after post-deposition annealing at 120 ◦C.
Extensive studies were carried out to understand the underlying physical processes and to
link the changes in individual layers upon annealing to changes in solar cell performance.
Changes in layer properties were investigated as a function of annealing time and con-
sequent influence on the solar cell performance was analyzed. Measurements of external
quantum efficiencies of p- as well as n-side illuminated solar cells in addition to variable
intensity measurements revealed a strong positive effect of the post-deposition annealing
on the charge carrier collection efficiency. Possible contributions from the µτ -products of
electrons and holes in the intrinsic absorber layer, as well as the built-in field in the solar
cell were analyzed and discussed, and supported by computer simulations. Annealing
effects present in a-Si:H solar cells on PET substrates and µc-Si:H solar cells on glass
substrates were treated as well.
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The utilization of light management concepts represents one of the most important
factors to enhance solar cell performance while keeping absorber layers sufficiently thin.
By using transparent polymer films for solar cells in the superstrate concept, light man-
agement approaches need to be maintained at low temperatures and should not impair
the substrate transparency. Two approaches were investigated: (i) wet-chemical etching
of aluminum doped zinc oxide in HCl solution and (ii) nanoimprint lithography. A signifi-
cant improvement in light scattering properties of the TCO covered substrates was found
by implementation of each of the approaches compared to the flat reference. Applied in an
a-Si:H solar cell, an enhanced external quantum efficiency and thus short-circuit current
density as well as fill factor of the flexible solar cell was found. Furthermore, it could be
shown that similar solar cell efficiencies can be achieved on PET and glass substrates for
amorphous silicon solar cells deposited at 120 ◦C.

Finally, the angular dependence of the photovoltaic parameters of a-Si:H solar cells
on imprint-textured PET substrates was investigated to analyze the influence of various
bent states on the performance of flexible devices. A model was introduced to calculate
efficiencies for solar cells in various bent states and the largest deterioration was found to
result from a reduction in effective solar cell area and thus reduced number of collected
photons.



Zusammenfassung

Die ausreichende Energieversorgung der stetig wachsenden Weltbevölkerung ist wohl ei-
ne der größten Aufgaben unserer Zeit und die von der Sonne zur Verfügung gestellte
Energie ist grundsätzlich ausreichend, um dieser Nachfrage nachhaltig und umweltfreund-
lich nachzukommen. Obwohl die Preise für Solarmodule in den letzten Jahren erheblich
gefallen sind, sind weitere Kosteneinsparungen notwendig, um umfassende Netzparität
zu erreichen. Ein möglicher Ansatz für reduzierte Modulkosten bieten die sogenannten
Dünnschichttechnologien sowie die Verwendung von kostengünstigen Polymersubstraten:
Hierdurch können flexible und sehr leichte Solarmodule entwickelt werden, die zunehmend
in den Fokus für Anwendungen wie gebäudeintegrierte Photovoltaik, flexible Elektronik
und mobile Stromversorgung rücken. Die Möglichkeit der Rolle-zu-Rolle Prozessierung von
flexiblen Solarzellen birgt zudem weiteres Potential für mögliche Kosteneinsparungen.

Die Verwendung von kostengünstigen transparenten Plastikfolien ermöglicht es So-
larzellen im sogenannten Superstrat-Konzept zu entwickeln, bei dem das Sonnenlicht durch
das Substrat in die Solarzelle eintritt. Diese Plastikfolien limitieren jedoch auch die an-
wendbaren Prozesstemperaturen. Das Ziel dieser Arbeit ist daher den Einfluss von nied-
rigen Depositionstemperaturen (120 ◦C) auf die Eigenschaften der funktionalen Schichten
sowie deren Zusammenhang mit der Leistung von Dünnschichtsilizium-Solarzellen auf Po-
lymersubstraten zu untersuchen. Diese Arbeit zeigt, dass die Verschlechterung der elektri-
schen Eigenschaften von amorphen Silizium (a-Si:H)-Schichten, aufgrund der verringerten
Depositionstemperatur, durch sorgfältige Anpassung der Depositionsparameter kompen-
siert werden kann, und es werden Wirkungsgrade von 9.1 % für eine a-Si:H Solarzelle auf
Glassubstrat erzielt. Mikrokristallines Silizium (µc-Si:H) ist weniger empfindlich gegen-
über niedrigen Depositionstemperaturen und durch Implementierung in eine a-Si:H/µc-
Si:H Tandemsolarzelle kann ein Wirkungsgrad von 9.8 % auf Glassubstrat erreicht werden,
mit großem Potential für weitere Verbesserungen.

Die bei niedrigen Temperaturen hergestellten a-Si:H Solarzellen weisen eine erheb-
liche Verbesserung der photovoltaischen Parameter, speziell des Füllfaktors, durch nach-
trägliches Tempern bei 120 ◦C auf. Umfangreiche Studien wurden durchgeführt, um die zu-
grundeliegenden physikalischen Prozesse des Temperns zu verstehen und Veränderungen in
den Schichteigenschaften mit der Verbesserung der Solarzellenleistung in Zusammenhang
zu bringen. Schichteigenschaften wurden als Funktion der Temperzeit evaluiert und dar-
aus folgende Einflüsse auf die photovoltaischen Parameter der Solarzelle auf Glassubstrat
untersucht. Durch Messungen von externer Quantenausbeute von p- und n-Seiten beleuch-
teten Solarzellen, sowie Strom-Spannungs-Kennlinien unter variabler Intensität, wurde ei-
ne stark positive Wirkung des nachträglichen Temperns auf die Ladungsträgersammlung
festgestellt. Mögliche Beiträge durch Verbesserung des Mobilität-Lebensdauer-Produkts
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der Elektronen und Löcher in der intrinsischen Absorberschicht, sowie des eingebauten
Feldes in der Solarzelle wurden analysiert und diskutiert, sowie durch Computersimula-
tionen unterstützt. Tempereffekte in a-Si:H Solarzellen auf PET Substrat sowie µc-Si:H
Solarzellen auf Glassubstrat wurden ebenfalls untersucht.

Lichtmanagement-Systeme zur verbesserten Lichteinkopplung und Lichtstreuung
stellen einen der wichtigsten Faktoren zur Verbesserung der Wirkungsgrade von So-
larzellen mit dünnen Absorberschichten dar. Die Verwendung von transparenten Po-
lymersubstraten für Solarzellen im Superstrat-Konzept erfordert die Entwicklung von
Lichtmanagement-Konzepten bei niedrigen Prozesstemperaturen, ohne Beeinträchtigung
der Transparenz des Substrates. In dieser Arbeit wurden zwei Ansätze verfolgt: (i) nas-
schemisches Ätzen von Aluminium-dotiertem Zinkoxid in Salzsäure und (ii) Nanoimprint-
Lithografie. Es konnte eine erhebliche Verbesserung der lichtstreuenden Eigenschaften der
mit Zinkoxid beschichteten Substrate durch beide Lichtmanagement-Konzepte gegenüber
der flachen Referenz festgestellt werden. Durch Implementierung in eine a-Si:H Solarzelle
wurde eine Verbesserung in der externen Quantenausbeute und somit Kurzschlussstrom-
dichte, sowie im Füllfaktor der flexiblen Solarzelle erzielt. Des Weiteren konnte gezeigt
werden, dass ähnliche Solarzellen-Wirkungsgrade für bei 120 ◦C hergestellten a-Si:H So-
larzellen auf Glas- und PET-Substrat erreicht werden können.

Schließlich wurde die Abhängigkeit der photovoltaischen Parameter von a-Si:H So-
larzellen auf geimprinteten PET Substraten vom Lichteinfallswinkel untersucht, um den
Einfluss des Biegezustandes auf die Leistung von flexiblen Solarzellen zu analysieren. Ein
Model zur Berechnung von Wirkungsgraden von Solarzellen in verschiedenen Biegezu-
ständen wurde entwickelt und die größte Minderung durch die Reduzierung der effektiven
Solarzellenfläche, und somit reduzierten Anzahl von gesammelten Photonen, identifiziert.
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1. Introduction

In a world marked by a rising population and industrialization of developing countries,
the global energy demand is steadily increasing, attaining a consumption of 108170 TWh
in 2013 [1]. Though increased attention is given to low-carbon sources of energy, emitting
little or no greenhouse gases, fossil fuels such as oil, coal and natural gas continuously
dominate the global energy mix, having a share of 81 % on the total energy use in 1989
and still in 2014 [2]. Natural consequences on the economy, environment as well as society
are for example economic dependence, imponderable influence on the climate and global
warming by emission of greenhouse gases, as well as a negative impact on human health
by air pollution. Accordingly, a clean and sustainable energy supply is needed to meet the
rising energy demand (also called the Terawatt Challenge [3]) on one hand and to comply
with the target of the Paris Agreement to hold the increase in global average temperature
well below 2 ◦C, compared to pre-industrial levels, on the other hand.

A solution is provided by renewable energy sources and among these, solar energy
is by far the most abundant source of energy. The yearly earth-reaching energy provided
by the sun is around 1×109 TWh, thus a thousand times as much as the world energy
consumption per year. This means that the energy demand can easily be satisfied, pro-
vided that the energy can be collected in a feasible way. Photovoltaic (PV) devices, such
as solar cells, are able to collect the sunlight and convert it into electrical power. In re-
cent years, the deployment of solar modules was significantly increased, inducing a drop
in market prices by 80 % from 2008 to 2015 [4]. As a result, solar energy is starting to
meet ”grid-parity” in a growing number of countries, meaning that the levelized cost of
electricity is equal to or less than the price of purchasing power from the electricity grid.
The lowest reported price for a solar PV project so far is 0.0299 US$/kWh for a 800 MW
project in Dubai [5]. Costs are even predicted to decline further as deployment increases
and technology improves [6].

Among commercially available technologies, solar modules based on crystalline sili-
con (c-Si), having best efficiencies of more than 22 % [7], represent the largest photovoltaic
market share of around 90 %. Thin-film technologies based on copper indium gallium se-
lenide (CIGS), cadmium telluride (CdTe) and thin-film silicon (amorphous (a-Si:H) and
microcrystalline (µc-Si:H) silicon) exhibit lower module efficiencies with best values of
around 16-18 %, 19 % and 12 %, respectively [7]. Though thin-film technologies had been
predicted to attain an increasing market share despite lower efficiencies [8], the share ac-
tually decreased from 15 % in 2009 to 10 % in 2013 [6]. This may be related to significant
cost reductions for c-Si solar modules due to huge investments in production capacity,
especially in China, in the last few years [6]. Furthermore, as the balance of system (in-
cluding all components other than the photovoltaic panels) accounts for rising proportions
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of PV generation costs, high efficiencies become increasingly important. As a result, thin-
film technologies were left behind regarding utility-scale PV deployment. Nevertheless,
there is still a huge potential for thin-film technologies regarding special applications such
as building integrated photovoltaic (BIPV) systems, flexible electronics and mobile power
applications [6, 9, 10]. The possibility for thin-film photovoltaics to be processed on flex-
ible substrates in roll-to-roll manufacturing provides not only possible cost reductions by
high throughput production, but also enables new markets where flexible and lightweight
products are needed. In fact, the market forecast for flexible photovoltaics is estimated
to be 70 billion US$ by 2030 [11]. However, the level of maturity in flexible photovoltaics
is considerably lower compared to its rigid counterpart [12].

Among thin-film technologies, thin-film silicon has the advantage of relatively low
process temperatures below 200 ◦C by using plasma-enhanced chemical vapor deposition
(PECVD) from the gas phase. This enables a wider choice of substrates, especially the use
of low cost plastic films. The PECVD process can easily be scaled up enabling large area
and high throughput production by roll-to-roll processing. Most thin-film silicon solar
cells are produced in the so-called superstrate concept where sunlight enters through the
substrate (typically glass). Consequently, transparent polymer films such as polyethylene
naphthalate (PEN), polyethylene terephthalate (PET) or polycarbonate (PC) are required
for flexible devices. They are also essential in the case of flexible (semi-)transparent
BIPV products. On the other hand, due to their low glass transition temperatures,
these types of substrates impose a limited temperature of <150 ◦C for all fabrication
processes. This work therefore aims at the investigation and development of thin-film
silicon solar cells entirely deposited at temperatures below 150 ◦C, including amorphous
and microcrystalline silicon films as well as transparent conductive oxide (TCO) layers.

The electronic transport properties in amorphous and microcrystalline silicon are
considerably deteriorated compared to its crystalline counterpart. A thin absorber layer
is therefore desired to ensure effective collection of photo-generated charge carriers. Fur-
thermore, low material consumption and short deposition times may save costs. Yet light
absorption and thus the photocurrent generated by the solar cell is significantly reduced
in the case of thin solar cells. For this reason, so-called light management concepts have
been developed, aiming at enhanced light absorption without increasing the absorber layer
thickness. This includes increased incoupling of sunlight as well as prolongation of the op-
tical light path inside the absorber layer. In fact, the improvement of light management
concepts has been suggested as one of the most important factors in the development
of thin-film silicon modules as well as other photovoltaic technologies [9]. Usually, pro-
longation of the optical path is achieved by inserting textured interfaces, to scatter or
diffract the light, in combination with a highly reflective back contact. If the scattering
angle is large enough, light may even be trapped in the device due to multiple reflections,
thereby significantly enhancing absorption in accordance with the Lambert-Beer law. In
the case of devices in superstrate configuration, these textured interfaces are typically
implemented at the front side of the device between the substrate and photoactive lay-
ers. Using transparent polymer films, several of the commonly used light management
approaches may not be applicable anymore as temperature limits are imposed here as
well. Consequently, there is a strong need for advanced light management concepts that
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1. Introduction

can be obtained at low temperature. Moreover, for the case of superstrate solar cells
or (semi-)transparent devices, a negative influence on the substrate transparency due to
the light management concept should be avoided. This work therefore also investigates
different light management approaches realized at low process temperatures regarding the
influence on the performance of flexible amorphous silicon solar cells.

This work was embedded in the joint research project ”FlexSol” and was supported
by the German Federal Ministry for Economic Affairs and Energy (BMWi) (funding code
0325442D) and part of the results have been published in the final report [13]. The present
work is organized as follows:

Chapter 2 comprises the fundamentals of transparent conductive oxides (TCO) as well as
thin-film silicon and their implementation in single junction and multi-junction solar
cells. Particular focus is thereby placed on the effect of low deposition temperature
as well as post-deposition annealing treatment of silicon layers and solar cells. Basic
principles of light management concepts are introduced and a short review about
flexible thin-film silicon solar cells is given.

Chapter 3 provides details about the deposition processes of TCO and silicon films in
addition to the characterization methods used for layers and solar cells.

Chapter 4 presents the results on the influence of reduced deposition temperature on
thin-film silicon layers and solar cells. Though results on microcrystalline layers
and solar cells as well as a-Si:H/µc-Si:H tandem devices are also presented, the
main focus is placed upon the effect of low deposition temperatures on the material
properties of amorphous silicon layers and solar cells.

Chapter 5 elaborates the results on the effect of post-deposition annealing on low tem-
perature a-Si:H material properties as well as solar cells on glass substrates. Silicon
layers are investigated with respect to changes in their electrical and optical prop-
erties as well as bonding structure upon annealing. Accordingly, the influence of
varying material properties of silicon layers on the device performance is investi-
gated. Furthermore, links between changes in layer properties and charge carrier
collection in the solar cell upon annealing are addressed applying computer simula-
tions using a simplified device model. A short outlook on the annealing effects in
a-Si:H solar cells on PET substrates as well as µc-Si:H solar cells on glass substrates
is given as well.

Chapter 6 presents the results of a-Si:H layers and solar cells on flexible substrates. Spe-
cial attention is paid to the investigation of light management approaches that may
be applied at low temperature on PET substrates. Two light management ap-
proaches are investigated, (i) etching of zinc oxide, where a texture evolves when
treated in acidic solution after deposition and (ii) nanoimprint lithography where
a rough texture is imprinted on the PET substrate. The effects of these textured
interfaces on the performance of a-Si:H solar cells is examined and both approaches
are compared. Moreover, this chapter addresses issues that arise from the flexibility,
particularly bending of the substrate. For this reason, the performance of a-Si:H
solar cells operating in bent conditions is analyzed by measurements under various
angles of light incidence and subsequent calculations.

Chapter 7 summarizes the conclusions drawn in the individual chapters.
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2. Fundamentals

2.1. Transparent Conductive Oxides

Several device applications require materials that exhibit a high optical transparency
in the visible and near infrared (NIR) spectrum as well as a high electrical conductiv-
ity. The applications in focus are multifunctional windows as well as contact electrodes
for optoelectronic devices such as displays, light-emitting diodes (LED) and solar cells
[14]. Possible materials include thin (few nm) metal films like Al, Ag and Cu, metallic
nanowires or particles, carbon based nanotubes and graphene, conductive polymers like
PEDOT:PSS as well as metal oxides called transparent conductive oxides (TCO) [15–17].
Among these, TCOs still provide the highest market share [15]. So far most important
TCOs for electrode applications are In2O3, SnO2 and ZnO typically doped with Sn, F and
Al, respectively. These materials provide a large optical band gap (typically above 3 eV)
while exhibiting a nearly metallic conductance when appropriately doped.

In this chapter, the basic electrical and optical properties of TCOs will be addressed,
although the focus will specifically be put upon aluminum doped zinc oxide (ZnO:Al)
which will be the most intensively investigated TCO in this work. An overview of various
TCO materials and their applications can be found in [18]. Further details about ZnO
and ZnO:Al can be found in [19].

2.1.1. Electrical Properties

For application as electrical contact, a high conductivity is a key parameter for TCO
materials. The conductivity of a material can be described as follows:

σ = q(Nnµn +Npµp) (2.1)

where q is the elementary charge, Nn/p and µn/p are the density and mobility of electrons
and holes, respectively. Accordingly, the conductivity of a TCO can be increased by
enhancing the density and/or the mobility of charge carriers in the material. As the
majority of TCOs is n-type [18], the contribution from positive charges, and thus the
right term in the bracket, can be neglected.

Due to the large band gap, the charge carrier density of undoped zinc oxide is
relatively low with 1017 cm−3 [19], but can be increased by either extrinsic and/or intrinsic
doping. In the case of intrinsic doping, free electrons can be generated by changing the
stoichiometry of the film. Resulting oxygen vacancies or interstitial metal atoms lead
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to excess electrons with low energies for excitation to the conduction band. However, an
increasing number of oxygen vacancies reduces the transparency of the film and is therefore
undesirable. The most common way to increase the charge carrier density in TCOs
is extrinsic doping by impurity atoms. For this purpose, metal atoms in the lattice are
substituted by higher-valence impurity atoms (such as Al in the case of ZnO) that provide
additional electrons for conduction. The dopant concentration is limited by the solubility
of the impurity atom in the metal oxide lattice. Above a certain carrier concentration, the
donor levels are shifted into the conduction band and the material becomes degenerated.
In this case, no energy is needed to excite electrons into the conduction band and the
electrons can be treated as a free electron gas such as in metals. For zinc oxide this is the
case for N>5×1018 cm−3 [20], and all films investigated in this work can be treated as
such.

Another possibility to enhance the conductivity is the improvement of electron trans-
port by increasing the mobility of charge carriers in the film. Though designed for the
description of metals, the Drude model [21] provides an appropriate description for the
electron transport in degenerated semiconductors. In this model the conductivity of a
film can be described by

σ =
Nq2τ

me

(2.2)

where q is the elementary charge, N the charge carrier density, me the effective mass of
an electron and τ the average time between two scattering events. Accordingly, scattering
processes limit the electronic transport. Amongst others, the main mechanisms in zinc
oxide are (i) scattering at ionized impurities such as intrinsic lattice defects or extrinsic
dopants and (ii) scattering at grain boundaries. In (i), the electrical field of ionized
impurities disturbs the electronic transport and correspondingly scattering increases with
increasing dopant concentration and thus N . In case (ii), grain boundaries consist of a
disordered phase and thus present a potential barrier for charge carriers. The probability
of overcoming this barrier, and consequently the mobility of charge carriers increases, with
increasing N . Due to the opposing trends with N , ionized impurity scattering dominates
the electronic transport and thus mobility for ZnO films exhibiting N>1020 cm−3, while
at lower charge carrier densities, scattering at grain boundaries dominates the mobility in
polycrystalline TCO films [22].

2.1.2. Optical Properties

In optoelectronic applications such as solar cells or LEDs, the transparency is important
for sufficient coupling of light in- or out of the device. An incoming electromagnetic wave
has three options to interact with a certain material. Reflection occurs at interfaces be-
tween materials with different refractive indexes. Inside the material, the electromagnetic
wave can either be absorbed or transmitted. The resulting measures of transmittance
T , reflectance R and absorptance A each describe the portion of interaction relative to
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the total amount of incoming intensity. For reasons of energy conversion the following
equation applies:

A+ T +R = 1 (2.3)

In Fig. 2.1, typical curves for A, T and R of a TCO are plotted as a function wavelength
of the incident light. In this case, the measurements were conducted on a 800 nm thick

Figure 2.1.: Spectra of transmittance T (blue), reflectance R (green) and absorptance A (red)
as a function of wavelength λ for a ZnO:Al layer with a thickness of 800 nm. Three regions I-III
can be distinguished (see text for explanation), as approximately indicated by dashed grey lines.

layer of ZnO:Al deposited by magnetron sputtering on a glass substrate. The spectra can
be divided into three regions I-III which are explained in the following.

Region I - Fundamental Absorption In this region, the energy of incident photons
Eph is larger than the optical band gap Eg of the TCO and electrons are excited from
the valence into the conduction band. Towards lower energies (longer wavelengths), A
abruptly decreases and T increases when the energy becomes too low for direct excitation.
The transition wavelength depends on the optical band gap but is also influenced by the
so-called Burstein-Moss effect [23, 24], which describes the shift of absorption edge towards
shorter wavelength with increasing charge carrier density.

Region II - Transparent Region In this region, Eph is not sufficient for direct excita-
tion of electrons from the valence into the conduction band and a high transparency of
around or more than 80 % is evident for the visible and near-infrared (NIR) range between
450 and 1000 nm. In this region, the transmittance is mainly reduced by reflections at
glass/ZnO:Al and ZnO:Al/air interfaces (depending on the refractive indexes and rough-
ness of the interfaces) and absorption due to defects that induce states within the optical
band gap. Interference fringes in T and R are visible due to constructive and destructive
interference in the thin-film resulting from reflections at smooth interfaces.
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Region III - Free Carrier Absorption With further increase in λ, the frequency of the
incoming light is lowered and free electrons in the conduction band of the TCO may follow
the oscillation of the incoming electromagnetic wave. This free carrier absorption increases
with increasing wavelength and consequently reduces the transmittance in this region.
With increasing carrier concentration in the TCO, the onset of free carrier absorption
shifts to shorter wavelengths [19]. For applications such as thin-film silicon solar cells,
the transparency in the relevant wavelength range up to 1200 nm may then already be
affected by a reduction in T . This directly indicates a fundamental trade-off between the
electrical conductivity and optical transparency in the long wavelength region of a TCO
layer and each material needs to be tailored regarding its specific application.

2.1.3. Fabrication by Magnetron Sputtering

In this work, ZnO:Al is used as TCO layer for the application in solar cells on flexible
substrates. Although various deposition techniques exist, such as e.g. chemical vapor
deposition, spray pyrolysis, electrochemical deposition, pulsed laser deposition, sol-gel
processes and evaporation (see [22, 25, 26] and references herein), the focus in this chapter
will be on magnetron sputtering. Advantages of this technique are the low deposition
temperature due to the plasma assistance, suitable for flexible polymer substrates, and
the possibility of large area deposition, as needed for roll-to-roll processing.

The sputter process is schematically drawn in Fig. 2.2. Two electrodes are placed

Figure 2.2.: Schematic drawing of the sputtering process. Argon atoms are ionized and Ar+

ions are accelerated towards the target. Upon impact atoms or atom clusters are released and
veered towards the substrate where they form a film upon deposition.

in a ultrahigh vacuum (UHV) chamber. The target material is positioned on the cath-
ode and the substrate for film deposition is positioned on the anode, respectively. In the
simple case, a DC power is applied to the electrodes, building up a static electrical field
between the electrodes. An inert sputtering gas such as e.g. argon provides the particles
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for ionization. Some particles in the Ar gas volume are inherently ionized and are thus
accelerated. Due to collisions with neutral atoms, more ionized particles are generated,
setting off collision cascades and ignite the plasma. Due to the electrical field, Ar+ ions
are accelerated towards the cathode and impinge on the target under high velocity. Upon
impact, apart from other interactions, atoms or atom clusters are ejected (so-called ”sput-
tered”) from the target with a certain amount of kinetic energy. Upon contact with the
(substrate) surface, the particles are deposited and form a film.

Target materials such as ZnO:Al2O3 are not conductive and the charge transfer
from Ar+ ions would lead to charging of the target. In the extreme case, this leads to
compensation of the electrical field and the plasma extinguishes. Alternating electrical
fields (with e.g. radio frequency RF) are therefore applied. The frequency is chosen in such
way that electrons can follow the field and reach the target, while Ar+ ions are virtually
static in the plasma due to their inertia. As a result, the negative charge at the cathode
induces an electrical field, that accelerates the ions and induces ion bombardment of the
target.

The deposition rate depends on the number of collision events of the sputtered
particles and a low pressure is thus desired to ensure short deposition times. However,
if the pressure is too low, less particles are available for sustaining the plasma and the
plasma may extinguish. The placement of a permanent magnet under the target confines
electrons on helical paths close to the surface of the sputter target due to the Lorentz
force. The effect on the argon ions can be neglected due to their inertia. This way the
probability for ionization of argon atoms is enhanced and the plasma is stable also at low
pressures. Further references about the sputtering process and its variations can be found
in [26].

2.2. Thin-Film Silicon

Thin-film silicon, that is amorphous and microcrystalline silicon, is a widely applied ma-
terial for thin-film electronics and in particular for solar cells. It can be cost effectively
deposited from the gas phase by chemical vapour deposition at relatively low substrate
temperatures (<200 ◦C), enabling the deposition on temperature-sensitive but low-cost
polymer substrates. In this section, the structural and resulting electrical and optical
properties of hydrogenated amorphous (a-Si:H) and microcrystalline (µc-Si:H) silicon are
presented. Plasma enhanced chemical vapor deposition (PECVD) is used for the fabrica-
tion of the silicon layers and solar cells in this work and will thus be introduced. More
detailed information about the material and processes can be found in e.g. [27–29].

2.2.1. Amorphous Silicon

Structure Like in its crystalline equivalent, Si-atoms in amorphous silicon are bonded
in a tetrahedrally and mainly fourfold coordinated network. However, no long range or-
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der exists in the material, as the bond distances and especially angles are distorted up
to 1 % and 10 %, respectively [30]. As a result, highly strained and in some cases even
non-saturated bonds, so-called dangling bonds, are present within the network. Another
consequence, resulting from the lack of long range order, is that crystalline directions for
indirect minima in the band structure are undefined. Thus amorphous semiconductors
always have effectively direct band gaps, leading to higher absorption coefficients com-
pared to the crystalline phase [27, 30]. Without a band structure in the common sense
being available, the electronic structure of amorphous silicon is described by the density
of states N(E), as shown in Fig. 2.3.

Figure 2.3.: Electronic structure in amorphous silicon described by the density of states as
function of energy N(E). Three types of states are available: 1) extended band-like states,
2) localized band-like states, 3) localized defect states in the energy gap. Indicated by dashed
lines are the valence band and conduction band edge EV and EC , respectively, that define the
mobility gap.

In general, three types of states can be identified: 1) extended band-like states, sim-
ilar to the conduction and valence band in crystalline silicon, resulting from overlapping
electronic wavefunctions of non- or only slightly distorted bonds in the network. Charge
carriers can move freely in these states [30]. 2) Localized band-like states or tail states,
resulting from more strongly distorted and thus weak bonds, where no overlapping of
wavefunctions occurs. At room temperature, charge carriers in these states are frequently
excited to the conduction band and recaptured, resulting in a reduced mobility. Conse-
quently, mobility edges are defined at the transition from localized to extended states,
as indicated in Fig. 2.3. In between the mobility edges, the mobility gap serves as an
equivalent to the band gap in crystalline silicon. As the edge from extended to localized
states is not abrupt, the value for the mobility gap depends on the definition or eval-
uation, impeding a direct comparison of absolute values. Though mobility gap is the
correct terminology here, it will be named in a more common way as band gap in the
following sections. 3) Localized defect states resulting from highly distorted or mostly
non-saturated bonds, so-called dangling bonds. These build up a distribution of defect
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states inside the band gap, which act as recombination centres for charge carriers and
thus impede the lifetime of excess carriers [27, 30].

In unhydrogenated amorphous silicon the density of such defect states is rather high
(above 1019 cm−3 [27, 31]), making the application in optoelectronic devices unattractive.
However, dangling bonds can be saturated by incorporation of hydrogen (typically without
changing the amorphous structure [27]), resulting in a significantly reduced defect density
around 1015-1016 cm−3 [27, 32]. Furthermore, only the reduction in defect density allowed
the significant increase in dark conductivity by p- and n-type doping of amorphous silicon
[33]. Accordingly, only hydrogenated amorphous silicon (a-Si:H) will be suitable for the
application in solar cells.

A short notice on the stability of amorphous silicon shall be given here. In 1977,
Staebler and Wronski discovered that the conductivity of a-Si:H films is reduced upon
illumination [34]. This so-called Staebler-Wronski-Effect (SWE) is due to an increased
defect density resulting from broken Si-H bonds under illumination of the samples [35].
This in turn results in a deterioration of the photovoltaic performance which stabilizes
after a certain time of illumination. The effect is metastable and initial efficiencies of
solar cells can nearly be retrieved upon annealing at temperatures below the deposition
temperature, typically at 160 ◦C for deposition temperatures of 180-200 ◦C.

Electronic Transport The electronic properties of a-Si:H are only briefly presented here,
a more detailed discussion can be found in [27]. In general, when a conducting material is
placed into an electric field E, a current density J can be observed given by Ohm’s law:

J = σE (2.4)

where σ is the conductivity of the material, that can be described by the following equation
(see also Section 2.1.1).

σ = q (Nnµn +Npµp) (2.5)

where q is elementary charge, µn/p the mobility and Nn/p the charge carrier density of
electrons and holes, respectively. In amorphous semiconductors different transport mech-
anisms can take place, as mentioned in the section above, but at room temperature the
transport in the extended states is dominating [27]. As the hole mobility is low in amor-
phous silicon, primarily electrons contribute to the current transport. The conductivity
in a-Si:H is thermally activated, so that the dark conductivity can be estimated by equa-
tion 2.6:

σd = σ0 exp

(
−EA

kT0

)
= σ0 exp

(
−EC − EF

kT0

)
(2.6)

where k is the Boltzmann constant, T0 the absolute temperature and EA is the activation
energy, that the charge carriers have to overcome to contribute to the current transport.
For the material investigated in this work, this is the energy difference between Fermi
level EF and conduction band edge EC and the value for the conductivity prefactor σ0 is
150 S/cm [36].
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Under illumination, additional energy is provided by photons that excite charge
carriers into the extended states. For the resulting photo conductivity, which is evaluated
from the conductivity measured under illumination minus σd, the charge carrier density
is determined by the generation rate G and lifetime τ until recombination of the charge
carriers. Therefore the photo conductivity can be described by

σph = qGµτ (2.7)

The generation rate, and therefore the photo conductivity, depends on the energy and
intensity of the photons the material is exposed to. A large mobility-lifetime (µτ) product
of charge carriers, and thus a large σph, usually indicates a high material quality. Other
influences like the position of the Fermi level will be discussed later.

Optical Properties The optical properties of absorber materials in solar cells are cru-
cial, since after all the absorption of the sunlight plays a significant role for the efficiency
of the photovoltaic device. In Fig. 2.4, the absorption coefficient α of intrinsic a-Si:H
is plotted as a function of photon energy Eph (black solid line). For comparison, the

Figure 2.4.: Exemplary absorption spectrum of an a-Si:H sample (black solid line). Three areas
can be distinguished: (I) the defect absorption in the low energy range. The photon energy is just
enough to enable transitions between extended and defect states, (II) transitions between band
tails and extended states, (III) transitions between extended states in the valence and conduction
band. The curves for crystalline silicon c-Si (red dash-dotted line) and microcrystalline silicon
µc-Si:H (blue dashed line) are shown for comparison.

absorption spectrum of crystalline silicon is also plotted in the figure (red dash-dotted
line). The a-Si:H spectrum can be divided into three regions: (I) for photons with low
energy (Eph<1.5 eV), only transitions between the extended states and defect states are
possible. Therefore the absorption coefficient in this range is dominated by the defect
density and can be used for the evaluation of the electronic quality of the material. In
the second region (II, 1.5 eV<Eph<1.9 eV), excitations from the valence band tail into
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the conduction band or from the conduction band tail into the valence band are domi-
nating for electrons and holes, respectively. Light absorption by charge carriers in defect
states still takes place but is superimposed by tail state transitions. A strong increase
in absorption occurs in this range, as with more energy the number of states available
for excitations increases exponentially (see also Fig. 2.3). Finally, when the energy of
photons is sufficiently high (III, Eph>1.9 eV), band-band transitions take place in the
third region. Due to the quasi-direct band gap in a-Si:H, the absorption coefficient is
considerably larger than for crystalline silicon in this region.

2.2.2. Microcrystalline Silicon

Microcrystalline silicon is a mixed phase material that consists of crystalline grains, amor-
phous silicon phase, grain boundaries and voids. A detailed description of this material
can be found in [37, 38]. The size and volume fraction of the crystallites strongly depends
on the conditions during PECVD deposition. In Fig. 2.5, the schematic model developed
by Vetterl et al. is presented, showing the microstructure of µc-Si:H film as a function of
the crystalline volume fraction [37]. On the left and right hand side of the figure, material

Figure 2.5.: Schematic model showing the microstructure of µc-Si:H film as a function of the
crystalline volume fraction. The picture is taken from [37].

exhibiting a highly crystalline and a low volume fraction of crystallites, respectively, is
shown. For most deposition conditions, the layer growth starts with an incubation zone
before the actual growth of microcrystals begins. The diameter of the crystalline grains
increases with deposition time, resulting in a conical shape of crystallites before columnar
growth continues. The space between grains is filled with amorphous tissue, but also voids
or cracks can be present there, depending on the deposition conditions. With decreasing
crystalline volume fraction (towards the right side in Fig. 2.5), grains are interrupted and
more amorphous silicon is present in between, until only nanocrystals distributed in the
amorphous tissue are present. The main parameter influencing the crystallinity of films
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is the silane concentration, that is the share of silane flow in total gas flow during the
deposition [37, 39].

The electrical and optical properties are strongly affected by structural changes.
The absorption coefficient of intrinsic microcrystalline silicon is presented in Fig. 2.4,
along with the absorption curves for a-Si:H and crystalline silicon. In the range
1.3 eV<Eph<1.7 eV, the absorption coefficient of µc-Si:H mainly follows the funda-
mental absorption curve for crystalline silicon with its nominal band gap of 1.1 eV. For
Eph>1.7 eV, contribution from the amorphous phase with quasi-direct band gap enhances
α over c-Si [40]. For Eph<1.3 eV, defect absorption increases α compared to c-Si and
consequently these defects also deteriorate the electrical properties such as mobility and
lifetime of charge carriers compared to crystalline silicon. Regarding light-induced degra-
dation due to the SWE, µc-Si:H solar cells are generally more stable compared to a-Si:H
[41], and the magnitude of degradation depends on the amount of amorphous volume
fraction [42].

2.2.3. Film Growth by PECVD

The predominant deposition technique for thin-film silicon is by plasma enhanced chemical
vapor deposition (PECVD), in which the film is deposited on a substrate from the gas
phase. In the case of amorphous silicon, silane is the main precursor gas and hydrogen
gas is added to improve the material quality. The thermal dissociation of silane would
require temperatures around 400 ◦C [43], which is energy-intensive and restricts the choice
of substrates. For thin-film silicon deposition, PECVD offers a more cost-effective way, as
due to collisions with electrons, accelerated by an alternating field, silane molecules will
dissociate without additional thermal energy. Nevertheless, the substrate temperature is
usually around 200 ◦C to ensure sufficient surface mobility of growth radicals, which is
important to gain reasonable material quality [29].

A schematic illustration of the deposition process for thin-film silicon is shown in
Fig. 2.6. An alternating voltage with frequencies in the range from 10-100 MHz is applied
to two parallel electrodes, while silane and hydrogen are introduced into and pumped
through the deposition chamber. Owing to the inelastic collisions with electrons in the
plasma, the gas molecules are dissociated or ionized, forming various types of radicals,
atoms and ions. The substrate is placed on the grounded electrode and growth precursor
molecules such as SiH3 bind to silicon dangling bonds on the growing film. The surface
dangling bonds are generated from reactions abstracting hydrogen, either thermal desorp-
tion of hydrogen or reaction of the hydrogen atoms with other SiH3 or hydrogen molecules,
as it is depicted in Fig. 2.7.

The material quality of the growing film sensitively depends on the surface mobility
and diffusion of growth precursors on the film surface and the growing film will be more
compact if the silicon precursor is able to find an energetically favorable site for bond
formation. The surface mobility of the atoms or molecules in turn depends on the sub-
strate temperature and surface properties. Adding hydrogen to the gas mixture leads to
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Figure 2.6.: Schematic illustration of the PECVD process. Silane and hydrogen molecules are
dissociated to form various types of radicals that interact with the growing film on the substrate
surface.

Figure 2.7.: Mechanisms possible for the binding of SiH3 to the growing surface. The picture
is taken from [27].
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a coverage of the surface with atomic hydrogen by saturation of surface dangling bonds,
thereby enhancing the diffusion of growth precursors [44, 45]. Furthermore, it provides
local heating of the film surface by hydrogen exchange reactions, thereby providing addi-
tional energy for the surface diffusion of growth radicals [29]. The silicon film formation
is a balance between deposition and etching by hydrogen atoms as indicated by the ideal-
ized reaction equation 2.8 [39], although there are many complex processes and secondary
reactions in between.

SiHx(plasma) 
 Si(solid) + xH(plasma) (2.8)

The forward reaction represents film deposition and the reverse reaction describes the
etching process. The hydrogen gas, which is added to the deposition, promotes the depo-
sition of high quality material, likely due to etching of the growing surface. It is expected
that weak Si-Si bonds (in energetically unfavorable configurations) in disordered regions
are preferentially etched, so that ordered regions remain, resulting in a reduced defect
density. In the extreme case, this leads to the growth of microcrystalline silicon. Ions are
also considered to influence the material properties, in such way that the energy impact
upon (moderate) ion bombardment on the growing surface results in an enhancement of
the surface mobility of growth precursors [46].

The growth mechanism for microcrystalline silicon is still under discussion and sev-
eral growth models have been proposed. A common basis is the key role of atomic hy-
drogen covering the surface of the growing film. Details and an overview can be found in
[47].

2.2.4. Low Temperature Deposition of Thin-Film Silicon

As mentioned above, the material quality sensitively depends on the surface mobility
of growth precursors. The higher the surface mobility, the higher the probability to
find an energetically favorable binding site and thus more ordered material is produced.
Apart from surface properties that can be influenced by adding hydrogen, the substrate
temperature during the PECVD process plays an important role. In general, more energy
for the diffusion of precursors is available at higher substrate temperatures. It should
be mentioned here that the diffusion mechanism of adsorbed precursor radicals are still
under discussion and a summary of existing models is provided by Collins and Ferlauto
[48].

Matsuda investigated the defect density in a-Si:H films as a function of substrate
temperature Ts during deposition and observed that minimal defect densities are obtained
at temperatures around 250 ◦C [29], as shown in Fig. 2.8. The explanation is based on the
idea that the dangling bond density in the bulk film is mainly governed by the dangling
bond density at the film surface during growth [44]. While the abstraction rate of hydrogen
by SiH3 radicals is assumed to be temperature independent, additional thermal desorption
of hydrogen from the surface begins at temperatures above 300 ◦C, thus increasing the
surface defect density. At low temperatures below 200 ◦C on the other hand, the surface
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Figure 2.8.: Defect density as a function of substrate temperature for a-Si:H films grown by
PECVD according to Matsuda [29].

dangling bond density increases due to the slow surface diffusion of SiH3 radicals, resulting
in the U-shaped defect density as function of substrate temperature shown in Fig. 2.8.
A controversial hypothesis was given by Robertson, who attributed the increase in bulk
defect density towards low deposition temperatures to an increased fraction of weak Si-
Si bonds generated in the subsurface of the growing film rather than the surface defect
density [49]. A detailed overview of various models may be found in [48, 50].

A common approach to reduce the defect density at low deposition temperatures
is the increase in hydrogen gas flow during deposition [51]. As a result, the etching
effect explained above is likely to increase, thereby enhancing the structural order in
the film and resulting in a more stable network with lower defect densities [39]. In the
case of microcrystalline silicon, the defect density is less sensitive to the reduction in
deposition temperature, as shown by Matsuda [29]. A possible explanation is related
to the high hydrogen flux in the plasma and the consequent local heating effect from
hydrogen exchange reactions that provide additional energy for the surface diffusion of
growth precursors, even at low temperatures [29].

Typical hydrogen contents in device quality a-Si:H films are around 5-20 % [49],
significantly more than needed for the passivation of dangling bonds. It has been demon-
strated that the hydrogen content in the film decreases with increasing substrate tem-
perature [27, 51–53]. This is usually interpreted as an increased desorption of hydrogen
from the film surface at higher substrate temperatures [54]. Resulting from the higher
hydrogen content at low deposition temperatures, an increase in the band gap of a-Si:H
can be observed [55–60]. Though not clearly understood, an explanation is often related
to the reduction of weak Si-Si bonds by hydrogen. These weak Si-Si bonds create states
near the valence band edge, while stronger Si-H bonds induce states deeper in the valence
band. As a result, the valence band edge shifts down and as the conduction band remains
unaffected the band gap increases [27, 53, 58, 61]. Therefore low deposition temperatures
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have been utilized to reduce the parasitic absorption of doped layers and also to increase
the open-circuit voltage of solar cells by tuning the band gap of intrinsic layers [51, 62],
for example for photo electrochemical water splitting [63].

In summary, low deposition temperatures increase the defect density in thin-film
silicon films, which need to be compensated by process optimization by e.g. increasing the
percentage of hydrogen in the gas mixture during deposition.

2.3. Solar Cells

2.3.1. Main Principle of a Thin-Film Silicon based Solar Cell

The operating principle of silicon wafer-based solar cells is based on the diffusion of gen-
erated charge carriers in a pn-junction. The key is a diffusion length of charge carriers
around 200µm. The defect density in doped a-Si:H layers is significantly larger and dif-
fusion lengths of charge carriers are very low. Therefore, an intrinsic absorber layer with
lower defect density is embedded between a p-type window layer and an n-type layer in a
so-called p-i-n configuration (see Fig. 2.9). Incident photons are absorbed in the intrinsic
layer and generate, or more precisely excite, charge carriers (electrons to the conduction
band and holes to the valence band). The p- and n-type layer built up an electrical
field through the intrinsic absorber layer that leads to separation of charge carriers and
transport to the electrodes, where they can be collected (as shown in Fig. 2.10).

Figure 2.9.: Structure of a p-i-n solar cell
in superstrate configuration. As the light
comes through the substrate and front con-
tact, both must be transparent.

Figure 2.10.: Schematic band diagram of a p-i-n
solar cell for short-circuit conditions. The p- and
n-type layer produce an electric field in which the
charge carriers are separated and transported to
the electrodes.

Due to the higher absorption coefficient, resulting from the quasi-direct band gap,
thin-film silicon layers need considerably less material to absorb the same amount of
light: typical absorber layer thicknesses are in the range of 300 nm (a-Si:H) and 1-2µm
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(µc-Si:H), compared to several hundreds of micrometers in the case of c-Si solar cells. The
lifetime of charge carriers that are generated in the doped layers is very low and usually
do not contribute to the photocurrent [27]. A trade-off exists regarding the thickness of
the absorber layer: the thinner the intrinsic layer, the larger the built-in field and thus
enhanced charge carrier collection from the device. Due to this, solar cells with thin
absorber layers are also considered to be less sensitive to light-induced degradation [28].
On the other hand, a reduced layer thickness also reduces the absorption of light and
thus the photogenerated current provided by the solar cell. Accordingly, light-trapping
concepts have been introduced that prolong the light path inside the absorber layer. These
will be discussed later in this chapter (Section 2.5). The drift lengths are significantly
larger in microcrystalline silicon but on the other hand the absorption coefficient is also
lower, thus the absorber layer thickness is typically larger compared to amorphous silicon
solar cells.

There are different configurations regarding the deposition sequence of the layers in
solar cells. In the substrate configuration, which is mainly used for opaque substrates,
the deposition sequence is n-i-p on top of a contact layer. In the superstrate concept,
exclusively used in this work, the substrate material and contact layer on top needs
to be transparent and is followed by a p-i-n deposition sequence (as in Fig. 2.9). In
both configurations, the device is illuminated through the p-type layer of the device,
and is called p-side illuminated. This is preferable due to the short drift length of holes
as minority carriers compared to electrons, especially in a-Si:H. The larger amount of
photons is absorbed in the front part of the absorber layer and correspondingly holes have
a shorter way to drift when the p-type layer is positioned at the front. Accordingly, n-side
illuminated devices usually exhibit lower photovoltaic performance [46], but can be used
to separately investigate effects on the charge carrier extraction of electrons and holes, as
will be shown in Section 5.3.

The performance of a photovoltaic device is evaluated by its current density-voltage
(J-V ) curve under illumination. In Fig. 2.11, a typical J-V curve of a solar cell is shown.
The short-circuit current density JSC is the maximum current density and is obtained in
short-circuit condition at V =0. In the ideal case, it should equal the photo-generated
current density Jph, assuming that the dark current at short-circuit conditions can be
neglected. The open-circuit voltage VOC is the maximum voltage generated by the solar
cell and is obtained at J=0, when no net current is flowing. At any point of the J-V
curve, the power density that is delivered by the solar cell is defined by

P = V × J . (2.9)

The point where the power reaches its maximum Pmax is called the maximum power point
(MPP) with its corresponding current density JMPP and voltage VMPP. The fill factor FF
is defined as

FF =
Pmax

JSC × VOC

=
JMPP × VMPP

JSC × VOC

(2.10)

which corresponds to the ratio of the grey rectangle to the rectangle with the dashed
border in Fig. 2.11. Linked to the fill factor are the series and shunt resistance Rs and Rsh
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Figure 2.11.: Current density-voltage J-V curve of a solar cell and the parameters that can
be evaluated: short-circuit current density JSC, open-circuit voltage VOC, current density and
voltage at the maximum power point (MPP) JMPP and VMPP, respectively.

of the solar cell, that are calculated from the slope dV/dJ at V =VOC and V =0, respectively.
The resistances arise from losses that occur in different regions of the solar cells, and Rs

and Rsh should be as low and as high as possible, respectively. Finally the efficiency η is
defined as the ratio of maximum power Pmax provided by the solar cell to the power of
the incident light Pill, and can be calculated from

η =
Pmax

Pill

=
JSC × VOC × FF

Pill

. (2.11)

Solar cells in this work are characterized by four photovoltaic parameters: short-circuit
current density JSC, open-circuit voltage VOC, fill factor FF and efficiency η.

2.3.2. Tandem Solar Cells

The efficiency of single-junction solar cells is limited by its fundamental trade-off between
voltage and light absorption, which both depend on the band gap [64]: thermalization
losses occur for photons with energy Eph larger than the band gap Eg of the absorber
material, while photons with Eph<Eg can not be absorbed at all. As a result, a maximum
efficiency of around 30 % can be achieved in the ideal case using a band gap between 1.3 eV
and 1.4 eV [65]. By employing multijunction solar cells with absorber layers exhibiting
different band gaps, a better utilization of the solar spectrum can be achieved as high
energy photons are absorbed by a large band gap absorber and thus allow high voltages,
while a low band gap material provides the utilization of low energy photons. Accordingly,
the efficiency limit can be extended, in the case of four junctions up to 50 % [65].

In the case of thin-film silicon, the availability of amorphous and microcrystalline
silicon with differing band gaps provides an intruding multijunction device concept and the
so-called ”micromorph” a-Si:H/µc-Si:H tandem solar cell was developed [66]. The tandem
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cells are composed of two p-i-n solar cells stacked upon one another and connected in
series. The amorphous silicon sub cell is positioned at the front of the device, filtering the
incident light by absorbing high energy photons and transmit low energy photons that
can be absorbed in the microcrystalline sub cell (see Fig. 2.12). Accordingly, both cells

Figure 2.12.: Band diagram of a p-i-n-p-i-n tandem solar cell for short-circuit conditions. Holes
and electrons from top and bottom cell, respectively, have to recombine at the n-/p-interface to
ensure a continuity in current transport. The interface is therefore called tunnel recombination
junction (TRJ).

absorb light, leading to the generation of charge carriers, and for both an electric field is
provided by respective p- and n-type layers. Holes are transported to the front contact
(p-type layer), whereas electrons are transported to the n-type layer, and electrons from
the top cell recombine with holes provided by the bottom cell to ensure a continuous
current transport. For the recombination, charge carriers have to tunnel through the
n1-/p2-interface. This is called tunnel recombination junction (TRJ) and a good contact
must build up, so that there is no accumulation of charge carriers that disables further
excitation. For this purpose, highly doped n- and p-type layers forming a defect rich
interface are usually needed to reduce the tunnel distance and to increase the density of
states available for recombination [67]. Due to the series connection, the photovoltages
of the sub cells sum up, while the overall photocurrent is limited by the sub cell with
the lowest current. Accordingly, the photocurrents of the sub cells should preferably be
similar to avoid electrical losses (so called ”current-matched”).

2.4. Annealing of Thin-Film Silicon Films and Solar Cells

As a typical, empirically deduced procedure, thin-film silicon solar cells are annealed at
temperatures below deposition temperature after back contact evaporation, mainly to
remove uncontrollable light-induced degradation which may occur during the deposition
or handling of the sample [68–70]. On the other hand, it is well known that prolonged
annealing, especially at temperatures above the deposition temperature, may lead to
outdiffusion of hydrogen [71]. This in turn results in a significant increase in the defect
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density as dangling bonds remain when Si-H bonds are broken, and thus layer and device
properties are considerably deteriorated [72–74].

However, significant improvements are sometimes found in amorphous silicon solar
cells upon post deposition annealing, especially when the layers are deposited at low
temperatures: Brinza et al. have studied a-Si:H solar cells deposited at 100 ◦C and have
shown that upon post-deposition annealing at 100 ◦C, the efficiency considerably increases
by up to 40 % relative [75]. They ascribed this improvement mainly to an increase in
VOC. Studies of Koch et al. reported an even stronger increase in efficiency up to a factor
of 5 for a deposition temperature of 75 ◦C and subsequent annealing at 110 ◦C, caused
by a strong increase in short-circuit current density [76, 77]. An efficiency improvement
of 50 % relative was found by Wang et al. for amorphous silicon germanium solar cells
prepared at 200 ◦C for different annealing temperatures up to 230 ◦C [78]. They correlated
the improvement in FF and JSC to an increase and decrease of the shunt and series resis-
tance, respectively. Mittal et al. [79] investigated the effect of post-deposition annealing
on complete a-Si:H modules and found an increase in module performance. In literature,
the reasons for the improvements were manifold, such as a reduced sheet resistance of the
TCO covered substrate [78], but most often the improvement in device performance was
ascribed to an improvement in intrinsic layer properties [78, 79].

Annealing of amorphous silicon solar cells was deeply investigated in the past
decades, predominantly with regards to the recovery of the device performance after
light-induced degradation. After discovery of the Staebler-Wronski-Effect (SWE) in 1977
[34], much research was conducted to understand the mechanism of degradation, as well
as of the subsequent annealing process. Light exposure deteriorates the optoelectronic
properties of a-Si:H, which correspondingly reduces the performance of the photovotaic
device. Explanations and models are numerous [80], yet the reason is often related to
the recombination of electron-hole-pairs, generated by illumination, which induce the cre-
ation of dangling bonds [35]. The underlying processes are still under discussion and an
overview can be found in [80]. These light-induced defects were found to be metastable,
meaning that they can be removed by subsequent annealing [34]. Accordingly, many
studies were performed to investigate the annealing kinetics of light-induced degradation
[81–83].

On the other hand, annealing may also remove so-called ”native” defects present in
the as-deposited state and it is under discussion whether the two types of defects have
the same origin and/or annealing kinetics [84–88]. Several studies have been performed
on various types of amorphous silicon layers, deposited by different PECVD techniques,
sputter deposition, as well as for material with deposition temperatures ranging between
room temperature and 250 ◦C [86, 89]. Even when keeping only to studies for low deposi-
tion temperatures (<150 ◦C), the results of post-deposition annealing of intrinsic a-Si:H
layers are manifold:

• Concerning electrical properties of the intrinsic layer, the photo response - that is
the ratio of photo to dark conductivity - increases in most cases (up to several orders
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of magnitude) upon post-deposition annealing, mainly due to an increase in σph [76,
86, 89–93].
• Kunst et al. [94], Neitzert et al. [95] and Koch et al. [77] have shown that the µτ -

product of electrons improve upon post-deposition annealing. They assigned this to
a reduction in defect density in the intrinsic absorber layer upon annealing, as de-
tected from CPM measurements [76] as well as ESR spin density [95]. Indeed, many
authors find a reduction in defect density (between 20 % and orders of magnitude)
upon post-deposition annealing at various temperatures and for various durations
[77, 86–89, 92, 93, 96–98].
• Indication for a reduction in structural disorder is found by a reduction in Urbach

energy upon annealing [87, 89, 93].
• Regarding doped a-Si:H layers, several authors have found the dark conductivity of

doped a-Si:H layers significantly increases upon post-deposition annealing [99–102].
This is often ascribed to activation of dopant atoms, for example due to a reduction
in defect density of the films [100]. Especially in p-type layers, activation of dopants
may also occur by breaking boron-hydrogen complexes that keep the boron atoms
in a non-active three-fold coordination [101, 102].

In intrinsic as well as doped a-Si:H layers, the effects of deposition temperatures
and post-deposition annealing are often related to thermal equilibrium models introduced
by Smith and Wagner [103] as well as Street et al. [104, 105]: Smith et al. explained
the defect density for films deposited at 250 ◦C by glow-discharge with the formation of
dangling bonds due to the recombination of thermally excited charge carriers similar to
what happens during Staebler-Wronski effect [106]. This defect density may be frozen-in
during cooling down of the layers after deposition and relaxation may occur upon post-
deposition annealing. Street et al. introduced another thermal equilibrium model first for
doped layers [104, 105] which was later extended also for intrinsic a-Si:H layers [84]. It was
shown that the material properties of a-Si:H sensitively depend on the deposition temper-
ature, as well as annealing temperatures and corresponding cooling rates. According to
their theory, above an equilibrium temperature TE, the material is in thermal equilibrium
with TE being around 80 ◦C and 130 ◦C for p- and n-type layers respectively, and 200 ◦C
for intrinsic a-Si:H layers. For annealing temperatures below TE, thermally activated
equilibration occurs to bring the structure of a-Si:H in direction of thermal equilibrium.

Stutzmann on the other hand suggested that thermal defect equilibration is of minor
importance for the overall defect density in a-Si:H and that structural transitions only
occur at the highest temperature in thermal history of the material [74]. Parsons et al.
[86] concluded that for intrinsic a-Si:H films with low defect density, annealing at Tann for
a time tann is essential after deposition to relax the intrinsic electronic defects incorporated
during film deposition. At Ts of 225-325 ◦C, relaxation occurs during deposition, while for
lower Ts annealing at e.g. 170 ◦C for more than 2 h is necessary to reach equilibrium.

Microscopically, Street et al. assigned the above described effect to the motion of
hydrogen in the silicon network, and introduced the ”hydrogen glass model” [104]. In this
model, the hydrogen sublattice can be considered as a glass where the glass transition
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temperature (=TE) is between the metastable equilibrium and the frozen-in state of a
glass. They suggest that hydrogen atoms diffuse well below the deposition temperature
and close to the equilibrium temperature. A detailed overview of various equilibrium
models can also be found in [50].

Overall, amorphous silicon deposited at low deposition temperatures below 150 ◦C
is considered to be far away from thermal equilibrium and relaxation processes need to
be taken into account when post-deposition annealing treatments are carried out.

2.5. Light Management

Light management in a solar cell comprises the incoupling to as well as trapping of light
inside the absorber layer of the device. Light incoupling can be improved by e.g. intro-
duction of rough surfaces at the front side of the solar cell that serve as refractive index
grading [107]. Other possibilities are antireflection layers between the TCO and silicon
layers [108] or anti-reflection coatings on the glass substrate [109]. Trapping of the light
leads to a prolongation of the optical path inside the absorber layer and is usually achieved
by introduction of textured surfaces that scatter or diffract the light in combination with
a highly reflective back contact. Light trapping enhances the absorption of photons and
thus increases the short-circuit current of the solar cell. Besides, it allows a reduction of
the absorber layer thickness, which may lead to an increased open-circuit voltage, reduc-
tion in manufacturing costs and/or reduced degradation as e.g. in the case of amorphous
silicon absorber layers [28].

Several light management concepts exist, which can exhibit periodic or random
concepts, including as-grown textured SnO2:F, wet-chemically etched ZnO:Al, as-grown
textured low-pressure chemical vapor deposition (LPCVD) ZnO:B, textured silver layers,
imprinted photo resists, hot embossed plastic foils, etched glass substrates, nanoparticles
or photonic crystals (see [110–112] and references herein). An overview of state-of-the-art
light management approaches in thin-film silicon solar cells can be found in [110]. The
light trapping performance of a textured surface can be evaluated by the haze value and
the angular intensity distribution and several approaches have been made to describe a
relation between these measures and the surface morphology [113–115].

In this chapter, the two light management approaches on flexible substrates applied
in this work are introduced. First, the well established etching of aluminum doped zinc
oxide ZnO:Al is introduced. Second, the nanoimprint lithography approach is presented
that can be used to create arbitrary nanotextures on various types of substrates.

2.5.1. Etching of ZnO:Al

Layers of sputter deposited zinc oxide develop an inherent texture when they are wet-
chemically etched in acidic or alkaline solutions [116, 117]. The evolving surface morphol-
ogy depends strongly on the microstructure of the initial films and accordingly on the
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growth conditions during deposition, as well as on the etching process through the type of
etchant, its concentration, temperature and time. For example, different textures evolve
by etching in KOH, HCl or HF solution [19, 20]. A well established process is the etching
of sputtered aluminum doped zinc oxide (ZnO:Al) in HCl solution, which can lead to well
designed surface morphologies that enhance the light trapping in thin-film silicon solar
cells [118].

Several models have been developed to relate the growth conditions of ZnO:Al films
to the surface texture after etching in HCl solution, which are briefly presented in the fol-
lowing. Kluth et al. [119] presented an approach to relate the evolving surface morphology
of the film to the temperature and pressure during growth of the ZnO:Al. It is based on
the Thornton model [120], which was originally developed to correlate the microstructure
of sputtered films to deposition conditions. The model is based on the general idea that
the energy available for adsorbed atoms on the substrate surface increases with increas-
ing substrate temperature and reduced pressure, respectively. In the model of Kluth et
al., three types of material named A, B and C were found for sputtered ZnO:Al films,
deposited in the temperature range from room temperature to 270 ◦C. Type A material,
which is deposited at low temperature and high pressure, thus low energy available for
adsorbed atoms, is isotropically etched with hardly any change in surface morphology.
Type B material, which evolves at intermediate temperature and pressure, is more com-
pact and anisotropic etching leads to homogeneously distributed craters on the surface of
the etched film. Type C material, deposited at high temperatures, was found to be very
compact and upon etching only a few large craters evolve. This model was extended by
Berginski et al. to include also the target dopant concentration of the ceramic ZnO:Al2O3

target [118].

Owen investigated the influence of various types of etchants as well as their con-
centration and temperature and postulated a connection to the resulting crater size and
distribution [20]. Horizontal and vertical etching rates and thus the size and depth of
etched craters depend on the nature of the grain boundary as well as the mobility and
size of the etchant. If large etchants can not penetrate deeply into the grain boundary,
the vertical etching rate is limiting and reactions are limited to the surface. Sharper fea-
tures are observed when the horizontal etching rate is limiting, as in the case of small HF
etchants which can more easily penetrate deep into grain boundaries.

Application of this light management approach to thin-film silicon solar cells was
early presented by Löffl et al. [121] and is now widely applied in state-of-the-art solar
cells.

2.5.2. Nanoimprint Lithogaphy

Nanoimprint lithography was first developed in 1996 by Chou et al. for the replication
of nanotextured surfaces [122]. Since then, the technique has been further developed
and optimized, and sub 5 nm features are possible by now [123]. In general, nanoimprint
lithography (NIL) describes the replication of nanoscale textures from a textured mold
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on the surface of a substrate. Among this technique, several variations exist: the mold
can consist of a soft or hard material, the textures can be pressed directly into a polymer
substrate via hot embossing or utilizing a photo sensitive polymer cast, that can be cured
by UV light, laser light, and/or temperature. A great advantage is the possibility of a high
throughput production on large scale substrates by roll-to-roll frabrication [124]. Applica-
tions range from electrical devices [125, 126], optical devices [127, 128] and optoelectronic
devices [129, 130] to magnetic applications [131]. An overview of the various techniques
of NIL can be found in [132, 133]. Regarding the implementation in thin-film silicon solar
cells, the approach was successfully applied at the IEK-5 in Jülich [134, 135] as well as
the Neuchâtel group [136, 137] and several other [138, 139].

2.6. Flexible Thin-Film Silicon Solar Cells

Due to their special characteristics, flexible solar cells offer many advantages: the flexibility
and light weight make them suitable for building integration as well as mobile applications.
Using roll-to-roll production, a high throughput may allow a cost reduction, not only
regarding the deposition process [140], but also for storage and transport when the solar
cells are space-savingly rolled up. More costs can be avoided considering the rejects due to
breakage of fragile glass substrates. The glass substrate actually contributes to more than
20 % to the overall module cost, supporting the economic advantage of cheaper substrates
[141].

Thin-film silicon is especially suited for the application on flexible substrates, as the
PECVD deposition process can easily be applied on large area in roll-to-roll deposition
systems [142], and the process temperature is relatively low to enable the use of polymer
films. Already in the 1980s, flexible a-Si:H solar cells have been deposited in roll-to-
roll deposition on stainless steel, polyimide (PI) and polyethylene terephthalate (PET)
substrates [142–144]. The choice of the substrate defines the boundary conditions for the
fabrication of thin-film silicon solar cells, and several flexible substrates will therefore be
discussed in the following.

Metal and PI films In the case of metal foils or temperature-resistant polymer films like
polyimide (PI), optimal process conditions with substrate temperatures of around
200 ◦C can be applied. Most developments have so far been conducted on these
opaque substrates at high temperatures by several groups [139, 142, 143, 145–157],
and maximum initial efficiencies of 16.3 % were achieved with a triple-junction struc-
ture of a-Si:H/a-SiGe:H/µc-Si:H by United Solar [158]. Low temperature (≤150 ◦C)
a-Si:H solar cells on stainless steel substrates were fabricated by Brinza et al. as well
as Ma et al. [75, 159]. Using opaque substrates however, monolithic series connec-
tion of a large area module can not easily be performed by laser scribing but needs
more advanced techniques [148]. As a result, considerable losses occur by upscaling
to modules.
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Flexible glass Recently, flexible glass substrates show presence in the market and solar
cells deposited on these substrates show initial efficiencies of 9.3 % using tandem
junctions of a-Si:H/µc-Si:H [160]. However, the cost of these substrates is relatively
high [161], and its intrinsic brittleness may cause problems during handling.

Transparent polymer films On the other hand, low-cost polymer films like polyethylene
terephthalate (PET), polyethylene naphthalate (PEN) or polycarbonate (PC) can
be used to reduce the costs of the device and allow lighter weight compared to
metal films. However, these plastic films have low glass transition temperatures and
maximum process temperatures are limited to 150 ◦C [162, 163]. Accordingly, con-
siderable effort is needed to develop low temperature silicon films with appropriate
material quality. Three concepts were considered in the past:

• In order to avoid the temperature limitation imposed by cheap polymer films,
the Helianthos consortium developed an advanced concept, in which the deposi-
tion was carried out on aluminum foil at high deposition temperatures (around
200 ◦C) and subsequently transferred to a transparent polyester substrate. Fi-
nally, the temporary aluminum substrate was removed by chemical etching
[164]. Solar cells deposited with this approach achieved initial efficiencies of
9.4 % and 8.1 % in the case of a-Si:H/µc-Si:H and a-Si:H solar cells, respectively
[165, 166]. However, the use of a temporary substrate and its chemical etching
causes additional production costs.

• Most of the research on transparent polymer films was conducted on solar cells
in the substrate or n-i-p configuration, where opaque or less transparent sub-
strates can be used as well [137, 144, 166–172]. Without any light management
textures, efficiencies of thin-film silicon solar cells were low, with maximum ini-
tial efficiencies of 6.3 %. In the substrate configuration, the transparency of the
substrate does not need to be considered for light management approaches and
best efficiencies for a-Si:H and a-Si.H/µc-Si:H tandem solar cells of 9.9 % and
11.2 %, respectively, were achieved by the Neuchâtel group, using hot emboss-
ing and UV NIL technique on PEN substrates and deposition temperatures
below 180 ◦C [137, 170–172]. Though initially transparent, the polymer sub-
strates need to be covered with a reflecting layer to ensure trapping of light in
the absorber layer in the case of n-i-p configuration.

• On the other hand, considerably less work was done on flexible solar cells in
p-i-n configuration with illumination through the transparent polymer sub-
strate. Most groups have not been using light management textures, resulting
in low efficiencies [77, 173–177]. The group at Utrecht University utilized light
trapping for a p-i-n a-Si:H solar cell on transparent polymer substrates, thus
achieving higher efficiencies. They developed a microstructuring process of PC
substrates by hot embossing a periodically pyramidal texture, thereby achiev-
ing initial 7.4 % efficiency for an a-Si:H solar cell deposited at low substrate
temperature of 130 ◦C [111, 178, 179].
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Overall, the crucial elements to develop flexible solar cells in superstrate configuration with
appropriate efficiencies on cost-efficient polymer films are (i) the development of high qual-
ity thin-film silicon layers and solar cells at low deposition temperatures (<150 ◦C) and
(ii) the application of advanced light management schemes that improve light incoupling
and trapping, that do not impair the transparency of the substrate and can be fabricated
at low temperature.
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3.1. Clustertool Deposition System

The clustertool deposition system, used for the fabrication of transparent conductive
oxide (TCO) and silicon layers as well as solar cells, is a multichamber deposition system
consisting of nine chambers, as depicted in Fig. 3.1. In addition to five process chambers

Figure 3.1.: Schematic drawing of the clustertool deposition system. The labels indicate the
name of the respective chambers. Extracted from: Manual of the Clustertool Deposition System
CS 300 PS, VON ARDENNE Anlagentechnik GmbH.

(PC1-PC5), two loading chambers (MC1, MC2) and a heater station (HS) are present,
which are connected by the transfer chamber (TC) thus allowing a transport between the
chambers without vacuum break. Except for the heater station, each chamber is divided
from the TC by valves. The transport of substrates between the chambers is provided
by an automated robot arm that is located in the transfer chamber. Among the process
chambers are three identically designed PECVD chambers, one each for p-type, intrinsic
and n-type silicon layers (PC1, PC2 and PC3, respectively), to avoid cross contamination
of the doping gases, which may deteriorate the quality of the individual layers. The other
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process chambers are a hot-wire CVD chamber (PC4), as well as a sputter chamber for
the deposition of front and back contacts (PC5). The system is designed for a maximum
substrate size of 10×10 cm2. Further details about the deposition system can be found in
[180].

3.1.1. PECVD Process Chamber (PC1-PC3)

A schematic drawing of a PECVD process chamber is presented in Fig. 3.2. The substrate

Figure 3.2.: Schematic drawing of the PECVD process chambers PC1-PC3 in the clustertool
deposition system. All chambers have the same construction. The drawing is adapted from [181]
and not drawn to scale.

is transferred into the chamber by the robot arm and positioned into the holder for the
substrate carrier. The substrate is heated directly by the heater, which is brought into
contact with the substrate. The temperature controller allows to adjust the heater temper-
ature up to 500 ◦C. In order to obtain information about the actual substrate temperature,
calibration measurements were carried out using a thermocouple [182] as well as temper-
ature data logger SL55T from Signatrol Ltd. Under ultrahigh vacuum (< 10−7 mbar),
the substrate temperature resulting from heat conduction and radiation is significantly
lower than the aimed temperature. Upon inlet of the process gases, the substrate tem-
perature considerably increases resulting from convective heat transfer. Accordingly, a
preheating procedure of 10 minutes under process conditions but without ignited plasma
was conducted prior to the first deposition on the substrate.

In this work, the indicated temperature values are nominal substrate temperatures
during the deposition after the preheating step, though one has to keep in mind that
the temperature measurements are accompanied by a large error bar of up to ±15 ◦C at
a substrate temperature of 120 ◦C. In this work, heater temperatures were set between
140 ◦C and 200 ◦C for the deposition of silicon layers, corresponding to nominal substrate
temperatures of 120 ◦C and 180 ◦C.

The holder along with the substrate serves as grounded electrode for the PECVD
process. The powered circular electrode with a diameter of 164 mm is underneath, con-
sequently the deposition of material occurs in face-down configuration. The distance
between the two electrodes can be varied between 5 mm and 25 mm by moving the heater,
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which in turn pushes down the substrate towards the powered electrode in the desired
position. Each chamber is equipped with two generators operating at 13.56 MHz (ra-
dio frequency RF) and 81.36 MHz (very high frequency VHF), respectively, which are
connected to the chamber via a matchbox for impedance matching, i.e. optimal power
coupling. The process gases are regulated by mass flow controllers and introduced into
the chamber through the powered electrode positioned on the bottom of the chamber
(so-called ”showerhead electrode”). A shutter protects the substrate from irregularities
during the plasma starting process and deposition starts when the shutter is opened after
stabilization of the plasma. The transport, valves, shutter and also the deposition param-
eters such as heater temperature, pressure, gas flows, electrode distance, etc. as well as
the power and impedance matching are controlled by a fully computer based system.

3.1.2. Sputter Chamber (PC5)

The schematic drawing of the sputter chamber PC5 is presented in Fig. 3.3. Similar to

Figure 3.3.: Principle design of the sputter chamber PC5 in the clustertool deposition system.
1: target shutter, 2: substrate shutter, 3: RF cathode with ZnO:Al target, 4: DC cathode, 5:
DC/RF cathode with ITO target, 6: substrate holder, 7: heater. The picture is taken from the
manual of the Clustertool deposition system.

the case of PECVD process chambers, the substrate is transferred into the chamber by
the robot arm and positioned into the holder for the substrate carrier (6) which is located
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in the center of the chamber. During deposition, the substrate can be rotated to improve
the homogeneity of the deposited layers. In this case, the substrate is heated by a graphite
heater (7), which is positioned 7 cm above the substrate. Likewise, the actual substrate
temperature was related to the set heater temperature by calibration measurements with
the temperature data logger SL55T from Signatrol Ltd. The indicated temperatures in
this work are thus also nominal substrate temperatures. The heating of the substrate upon
particle bombardment of the sputtering process have been found to be small within 10 ◦C
for the power values used in this work when the deposition is started at room temperature
and is thus neglected.

Three cathodes with a diameter of 96 mm are placed at the bottom of the sputtering
chamber, each tilted by 45◦ to the substrate normal, as depicted in Fig. 3.3. Consequently,
the deposition occurs in face down configuration as well. The target positions used in this
work are cathode 3 and 5, where a ZnO:Al2O3 (99/1 wt.%) and a In2O3:SnO2 (95/5 wt.%)
target is placed, respectively. Both targets are powered by an RF generator, while an
additional DC generator is connected to the ITO target on cathode 5. The targets are each
covered with a shutter (1) if not in use to protect them against contamination resulting
from other sputter processes. A pre-sputtering process is carried out for 10 minutes prior
to each deposition with the substrate shutter (2) closed to ensure a contamination free
deposition. Sputtering gases connected to the chamber are argon as well as oxygen (1 %
diluted in argon).

3.1.3. Deposition on Flexible Substrates

Due to the face down deposition configuration, the flexible 10×10 cm2 substrate needs
to be carried in a special holder in order to avoid dropping of the substrate into the
chamber. Furthermore, the electrode distance in the PECVD reactor is adjusted by the
heater pushing the substrate down towards the powered electrode, implying that the
holder needs to exhibit a certain stability. One possibility is the use of a metallic mask,
on which the substrate is positioned and fixed with a metallic backing plate. However,
supportive grids of the mask would always reduce the area available for deposition and
may also influence the plasma conditions at the substrate surface. Another solution was
developed in a preceding project and is shown in Fig. 3.4. The holder consists of a two-
piece metal frame; the flexible substrate is inserted into the first frame (indicated A in
Fig. 3.4) and is fixed when the second metal frame (B) is placed on top. The second metal
frame is secured by four set screws indicated by red arrows. Besides the uninterrupted
deposition area, this holder has the additional advantage that also parts of the layer
and solar cell characterization can be performed while the flexible substrate is fixed in
the holder. This prevents curling up of the sample after deposition, which arises due to
the residual stress resulting from different thermal expansion coefficients of the deposited
layers and the polymer substrate.

A few points need to be considered regarding the deposition process of silicon and
TCO layers using this substrate holder. First, the electrode distance in the PECVD
chambers is set by the heater position. The thickness of the metal frame is 5 mm, thus
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Figure 3.4.: Photographs of the substrate holder used in this work for the deposition and
characterization of layers and solar cells on flexible substrates. A: supporting metal frame in
which the substrate is placed, B: fixing metal frame. Frame B is fixed by four set screws indicated
by red arrows.
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significantly larger as a typical glass substrates (around 1 mm). Considering that the flexi-
ble substrate is not positioned at the bottom of the holder but slightly closer to the center,
the electrode distance was estimated to be around 2 mm less than set by the heater. In or-
der to have approximately similar deposition parameters for glass and flexible substrates,
the electrode distance thus needs to be set 2 mm larger when the flexible substrate holder
is used. Another significant difference is the temperature transfer to the substrate. In
case of glass substrates, the heater in the PECVD chamber is directly in contact with
the substrate allowing an appropriate heat transfer by radiation as well as conduction. In
case of the flexible substrate holder, the heater is only in contact with the metal frame,
diminishing heat conduction to the substrate. Accordingly, the substrate temperature of
the polymer substrate is expected to be lower. On the other hand, a significant portion
of the heat transfer occurs via convection of the process gases which should be similar for
both glass and polymer substrates. Apart from that, a difference in emissivity for the two
types of substrates may also influence the actual substrate temperature. The accurate
temperature difference between glass and PET substrate could not be determined within
the scope of this work and a possible difference needs to be considered when results for
layers and solar cells on PET substrates are discussed. In case of the sputtering process,
the heat transfer occurs mainly by radiation, meaning that a possible difference would
primarily arise due to varying emissivities of the substrates.

3.2. Deposition Processes for Layers and Solar Cells

3.2.1. Substrates

Several types of substrates were used during the preparation of this work. Commercially
available SnO2:F covered glass substrates exhibiting a pyramidal surface structure type U
and VU from Asahi Glass Co., Ltd. were used for a-Si:H single junction and a-Si:H/µc-
Si:H tandem solar cell deposition, respectively. These are named Asahi-U and Asahi-
VU in the following. Alternatively, Corning Eagle XG glass substrates covered with
ZnO:Al layers were used. In the case of µc-Si:H single junction solar cells, in-house
optimized ZnO:Al deposited at 300 ◦C on Corning Eagle XG glass substrates in an inline
sputtering system were used [118]. These ZnO:Al layers were texture-etched for 40 s in
0.5 % HCl solution before deposition of the silicon layers. For selected a-Si:H solar cells,
ZnO:Al layers deposited at lower substrate temperatures were used as TCO. Corning
Eagle XG glass substrates with a thickness of 1.1 mm were also used for the deposition
and characterization of individual TCO and silicon layers as well as solar cells. In some
cases the glass was coated with a 10 nm layer of electron beam evaporated SiO2 to improve
the adhesion of layers. In addition, individual silicon layers were deposited on double-
side polished Czochralski (CZ) grown silicon wafers for the characterization by infrared
spectroscopy.

In the case of deposition of TCO as well as silicon layers and solar cells on flexible
substrates, heat stabilized polyethylene terephthalate (PET) film Melinex R© ST504 with a
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thickness of 125µm from DuPont Teijin Films was used. The film has an upper processing
temperature of 150 ◦C [163]. PET films covered with a thin (20 nm) layer of zinc tin oxide
(ZnSnOx) as barrier layer were provided by Fraunhofer-Institut für Elektronenstrahl- und
Plasmatechnik FEP. After deposition of the barrier layer, the films have been sent between
clean paper sheets to protect them from contamination and dust. Alternatively, an in-
house developed silicon oxynitride (SiOxNy) layer with a thickness of 70 nm deposited by
sputtering was used as barrier layer [183]. No further cleaning steps were conducted on
the substrates before loading into the deposition system.

3.2.2. Deposition of Transparent Conductive Oxides

Besides Asahi-U and VU substrates, ZnO:Al is the most used TCO in this work. For
the deposition of ZnO:Al layers, a ZnO:Al2O3 (99/1 wt.%) target is used. The substrate
temperature Ts was varied between room temperature and 320 ◦C and the substrate was
rotating with 5 rpm during the deposition. Argon was used as process gas with a flow
of 30 sccm and the deposition pressure was 1.3 or 4.7µbar. The powered electrode was
operated in RF mode with a power of 100 W. Prior to each deposition, the substrate is
loaded into the sputter chamber and kept for at least 1 hour under vacuum for preheating,
and removal of moisture from the substrate to assure a base pressure of around 10−7 mbar.
Afterwards, a 10 minutes pre-sputtering process is conducted, as described in Section 3.1.2.

3.2.3. Light Management

In order to achieve appropriate incoupling and trapping of the light in the solar cell,
two light management approaches were investigated during this work. The experimental
procedures to achieve the textured interfaces are described in the following.

Etching of ZnO:Al A relatively simple light management approach but which is limited
to only zinc oxide material is by a wet-chemical etching treatment. Details about chemical
texturing can be found elsewhere [20]. In this work, etching was performed by dipping
the ZnO:Al covered substrate in 0.5 % diluted solution of hydrochloric acid (HCl). The
etching time was varied between 10 s and 40 s.

Nanoimprint Lithography The preparation of light management textures by ultra violet
nanoimprint lithography (UV NIL) is a two step process, as presented in Fig. 3.5.

First, the inverse of an arbitrary surface texture (”master”) is transferred into a
soft polymer mold via hot embossing (a). For this purpose, a UV-transparent polymer
(polyolefin plastomer, POP) is heated up above its glass transition temperature to 90 ◦C
and pressed into the master texture. Due to the reduced viscosity at high temperature,
the polymer flows into the texture and after cooling down the inverse master texture is
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Figure 3.5.: Process flow for the replication of light trapping textures. (a) Polyolefin plastomer
(POP) stamp production from a high temperature ZnO:Al master texture, (b) replication of the
master texture on the glass/PET substrate via the resist layer.

sustained in the POP. Afterwards the POP stamp and master texture are mechanically
separated.

Second, the original texture is replicated into a photo resist layer on the glass or
PET substrate (b). For this, the UV sensitive photo resist layer Ormocorp from the
Microresist Technology GmbH is spin-coated on the substrate (3000 rpm). This photo
resist is explicitly designed for optoelectronic devices which require high transparencies
[136]. The previously produced and UV-transparent POP stamp is pressed into the liquid
photo resist which is then hardened by UV illumination. Thus, the original master texture
is sustained after removal of the stamp. After UV exposure, the photo resist has a
refractive index similar to glass.

For the nanoimprint process, the commercially available system Nanonex NX2000
was used and further details about the process and replication quality can be found in the
literature [134, 135, 184]. The maximum substrate diameter is 10 cm. In the case of PET
substrates, a short cleaning step in acetone and isopropanol is conducted in advance.

3.2.4. Deposition of Thin-Film Silicon Layers and Solar Cells

Prior to each deposition, the substrate is loaded to the process chamber and preheated
for at least 1 hour to remove moisture from the substrate and assure a base pressure of
around 10−8 mbar. Afterwards, additional 10 minutes pre-heating process in the presence
of process gases is conducted to ensure an appropriate substrate temperature, as described
in Section 3.1.1. An important point regarding the PET substrates here is its hygroscopic
nature which leads to the absorption of moisture from the ambient atmosphere [185]. For
this reason, the preheating procedure in vacuum needs to be significantly longer in the
case of PET substrates, in order to achieve base pressures in the range of 10−8 mbar.
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Preheating times took up to several hours and was usually conducted over night before
the deposition was started.

For the deposition of thin-film silicon layers, silane (SiH4) and hydrogen (H2) gases
were used as process gases. In case of p-type and n-type layers, trimethylborane (B(CH3)3

TMB, 2.54 % diluted in helium) and phosphine (PH3, 5 % diluted in silane) are added as
doping gases to PC1 and PC3, respectively. In the case of amorphous silicon p-type layers,
methane (CH4) can be added as alloying gas to the p-type layer deposition to widen the
band gap of the material. When the gas composition is varied in order to change the
material properties, results are given as a function of TMB concentration cTMB, phosphine
concentration cPH3, CH4 concentration cCH4 as well as silane concentration SC, which are
defined as follows:

cTMB =
[TMB]× 0.0254

[SiH4]

cPH3 =
[PH3]× 0.05

[SiH4]

cCH4 =
[CH4]

[CH4] + [SiH4]

SC =
[SiH4]

[SiH4] + [H2]

The flows of respective gases are indicated in brackets and are given as absolute gas
flows including the dilution gas in the case of TMB and PH3. The deposition parameters
including the gas flows for the various types of layers presented in this work are listed in
Table 3.1.

After deposition of the silicon layers, the gas supply and generator were switched
off and the chamber was purged with argon for three minutes to ensure that no residual
deposition gases remain. After transfer to one of the loading chambers, the sample was
cooled down for at least 30 minutes before exposition to ambient air and further processing.

Finally, the back contact needed to be prepared. In most cases, a 700 nm silver
(Ag) layer was thermally evaporated on the substrate through a shadow mask, which
simultaneously defines the individual active solar cell area of 0.1..1.0 cm2. The front
contact is connected by scribing through the silicon layer and subsequent evaporation of
silver stripes. The typical cell design forming 36 solar cells and front contact stripes on a
10×10 cm2 glass substrate is shown in Fig. 3.6. In order to reduce plasmonic absorption
losses at the silicon/silver interface, in some cases a 70 nm layer of ZnO:Al (1 % dopant
concentration) was sputtered on the silicon layer before silver evaporation [107]. After
silver deposition, the sample was dipped in 0.25 % hydrochloric acid solution to remove

1Some intrinsic a-Si:H layers with CH4 gas added during deposition were prepared for comparison
purposes in Section 4.1.1
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Table 3.1.: Parameters for the deposition of silicon layers in this work: power P , excitation
frequency f , electrode distance del, deposition pressure p, substrate temperature Ts, as well as
process gas flows. Dopant gas flow corresponds to TMB and PH3 in the case of p-type and n-
type layers, respectively. The flows are given as absolute values including dilution gases (2.54 %
TMB in helium and 5 % PH3 diluted in silane, respectively). A more detailed sample list of
deposition parameters can be found in the appendix.

Layer
P f del p Ts

SiH4 H2 CH4 dopant
flow flow flow flow

[W] [MHz] [mm] [mbar] [◦C] [sccm] [sccm] [sccm] [sccm]

p-type
a-Si(C):H 4 13.56 12 1.6 120-180 9 90 0-5 5-25
µc-Si:H 30 81.36 22 1.0 120,180 1.5 200 – 1.2

intrinsic
a-Si:H 4 13.56 12 1.6 120-180 5-30 90-115 0-101 –
µc-Si:H 20 81.36 11 1.0 120 4-11 200-207 – –

n-type
a-Si:H 4 13.56 12 1.6 120 5-50 100-140 – 2-50
µc-Si:H 10 81.36 10 1.0 120 2.7 200 – 1.2

Figure 3.6.: Picture of a typical solar cell design deposited on a 10×10 cm2 substrate. The
silver back contact determines the cell areas of the 36 solar cells. The front contact is connected
to the silver stripes through scratches in the deposited silicon layers.
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the ZnO:Al layer where it is not covered by Ag. Apart from the preheating process due
to the outgasing of PET sustrates and the adjustment in heater distance discussed in
Section 3.1.3, procedures are similar for glass and PET substrates.

In Fig. 3.7, the various types of solar cells investigated in this work are presented,
that is (a) amorphous silicon (a-Si:H) single junction solar cell, (b) microcrystalline
(µc-Si:H) single junction solar cell as well as (c) amorphous/microcrystalline silicon (a-
Si:H/µc-Si:H) tandem solar cell. All devices were deposited in p-i-n or p-i-n-p-i-n depo-

Figure 3.7.: Schematic drawing of the layer stacks used for (a) a-Si:H single junction, (b)
µc-Si:H single junction and (c) a-Si:H/µc-Si:H tandem solar cells.

sition sequence. In case of microcrystalline intrinsic absorber layers, a highly microcrys-
talline p-type layer was used to improve nucleation for the development of microcrystals
in the intrinsic absorber layer. The application of an amorphous n-type layer on top of
the microcrystalline intrinsic absorber layer minimizes the effect of current collection from
outside the defined solar cell area, which may falsify the measured current density during
J-V measurements (see Section 3.4). The tunnel recombination junction between the
amorphous top and microcrystalline bottom cell in case of the tandem device was realized
by a contact of µc-Si:H n-type to µc-Si:H p-type layer, which has been shown to ensure a
low electrical resistance [186].

3.2.5. Annealing

In the case of standard deposition temperatures of 180-200 ◦C, a short annealing step of
30 minutes at 160 ◦C in ambient air is typically applied. Though exact reasons are not
precisely known, this procedure slightly improves the solar cell efficiency and helps to
avoid uncontrollable degradation by the Staebler-Wronski-Effect during solar cell manu-
facturing. During this work, a substantial increase in the photovoltaic performance of the
solar cells deposited at low temperature upon post-deposition annealing was observed. In
Chapter 5, results will be shown and intensively discussed. Unless stated differently, the
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annealing is carried out in ambient air at an annealing temperature Tann of 120 ◦C, similar
to the substrate temperature during deposition.

3.3. Characterization of Individual Layers

Before implemented in solar cells, the material properties of individual layers were inves-
tigated and optimized. The utilized characterization methods for both TCO and silicon
layers are presented in this section. In some cases, adjustments in the measurement pro-
cedure or sample preparation are necessary for the application on PET substrates. Unless
stated differently, the method can be applied just the same as on glass substrates.

3.3.1. Layer Thickness

Knowledge of the thickness of the deposited layers is important to evaluate the deposition
rate as well as for the comparability of various films. Many experiments and evaluations
require the knowledge of the actual layer thickness. The film thickness was measured by a
DEKTAK 6M profilometer from Veeco company. In the case of silicon layers, a sharp step
was produced by either a small dot of silver paste on the substrate before deposition that
could be scratched away afterwards, or by laser ablation. In the case of ZnO:Al layers,
a sharp step was produced by locally removing the ZnO:Al layer with 2 % diluted HCl
solution. By drawing a circle with hydrophobic ink, the drop of solution could be isolated
within this circle and the ink is subsequently removed by isopropanol. For each sample,
this was carried out at several locations on the substrate to gain additional statistics and
information about the homogeneity of the film over the substrate area. The thickness
was determined by averaging these values and the inaccuracy of the film thickness was
typically about 10 % over a substrate area of 10×10 cm2.

The profilometer measurement as described above does not work in the case of
flexible substrates due to possible bending of the substrate and sinking of the probe tip
into the PET substrate. Another possibility is scanning of the step by atomic force
microscopy (AFM). However, the reliability of this method could not be verified so far.

In this work, the layer thickness d on flexible substrates was only determined in the
case of smooth films, where d may be evaluated from interference fringes in transmission
and reflection curves [187]:

d =
λ1λ2

2n (λ2 − λ1)
(3.1)

where λ1,2 are the wavelengths of two neighboring extremes (maxima or minima) and n
the refractive index of the film which is assumed to be constant in the wavelength range
λ1<λ<λ2.
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3.3.2. Characterization of TCO Layers

After deposition on glass and/or PET substrates, the TCO layers were characterized
regarding their electrical and optical properties. Images were taken by atomic force mi-
croscopy and scanning electron microscopy to get information about the surface texture,
which is an important aspect when light management schemes are investigated.

Electrical Characterization

A relatively simple and fast approach to evaluate the sheet resistance of a conducting
layer is by four point probe measurements. Another technique, which additionally gives
information about the density and mobility of charge carriers in the films but needs sample
preparation, is the Hall effect measurement. In the case of PET substrates, it is important
for both measurements that a glass substrate is used as a hard basis under the PET film
to ensure proper contact between layer and probe.

Four Point Probe The probe consist of four equidistant lined-up contact pins which are
in contact with the TCO layer. A current I is applied to the outer pins, while the resulting
voltage V is measured between the two inner pins. Assuming that contact resistances can
be neglected, the corresponding sheet resistance R� can be calculated by

R� =
π

ln(2)
× V

I
(3.2)

where π/ln(2) is a calibration factor determined by the sample geometry, assuming an infi-
nite layer whose thickness is small compared to the probed distance. A detailed description
of this method can be found in [188].

Hall Effect Measurement Hall effect measurements allow for the evaluation of the
density N and mobility µ of charge carriers in the TCO layer. In this technique, four
contact pins are placed to the edges of a 11×11 mm2 sized sample. A current I is applied
to two opposing contacts and due to a magnetic field B, applied normal to the substrate
surface, the Lorentz force will affect the moving charge carriers in the TCO film having
a known thickness d. A counteracting electrical field induces a voltage VH between the
contacts perpendicular to the current-applying pins which is proportional to the charge
carrier density N :

VH =
IB

qdN
(3.3)

By additionally measuring the sheet resistance R�, the resistivity ρ and thus carrier
mobility µ can be extracted from the measurement through the following equations:

ρ = R� × d (3.4)

µ =
1

Nqρ
(3.5)
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where q is the elementary charge.

In this work, a commercially available Hall Effect Measurement System RH2030
from the company PhysTech GmbH applying the van-der-Pauw method [189] was used.
This method has the advantage of not being affected by the sample geometry. However,
in order to minimize the measurement error, the contact pins should preferably be placed
in the edges of the sample. Before each measurement, the ohmic contact between contact
pins and sample was verified. The measurements were performed at room temperature in
ambient air.

Optical Characterization

Transmittance, Reflectance and Haze For the optical characterization of the TCO
layers, the dual beam spectrophotometer LAMBDA 950 from PerkinElmer was used. It
covers a wavelength range from 250 nm (UV) to 2500 nm (NIR). Light is emitted from a
deuterium lamp (UV) and a tungsten halogen lamp (visible VIS and NIR) and a certain
wavelength is selected by a double monochromator. Using mirrors, one beam is lead past
the sample and serves as reference while the other is focused on the substrate side of the
sample. This helps compensating for fluctuations in the light beam intensity.

For measuring the total transmittance T , the sample is positioned directly in front
of an integrating sphere that ensures that independent of the angle all transmitted light is
collected by one of the detectors. The detectors are located at the bottom of the intergrat-
ing sphere and depending on the wavelength range, either a photomultiplier (UV/VIS)
or a cooled PbS photodetector is used. For the measurement of total reflectance R, the
sample is positioned in the back of the integrating sphere, where an opening opposite the
entry opening can be unclenched. An absorber is placed behind the sample ensuring that
only light reflected at the substrate side of the sample enters the integrating sphere and
thus the detector. Both T and R are normalized to the total irradiation.

In order to characterize the light scattering properties of textured surfaces, the
diffuse transmittance Tdiff can be measured. In that case, the sample is positioned in
front of the integrating sphere, similar to the case of T measurement, but this time the
outlet opening opposite the sample is kept open. Thus only diffusely transmitted light
(scattering angle >5◦ to the substrate normal) is detected. The haze in transmission HT

serves as a measure for the light scattering behavior of the layer and is defined by the
ratio of diffusely transmitted of totally transmitted light:

HT =
Tdiff

T
(3.6)

A detailed description of the spectrophotometer and measurement technique can be found
in [190].

In this work, only the wavelength range between 300 nm and 1100 nm, relevant for
solar cells, was investigated. Regarding the measurement on PET substrates, additional
attention needs to be paid to the adjustment of the sample. Bending or tilting can be
avoided by fixing the substrate with adhesive tape to the sample holder.

52



3. Preparation and Characterization

Angle Resolved Scattering (ARS) Haze measurement was introduced above to charac-
terize the light scattering properties of a TCO layer. However, it only gives the percentage
of scattered light. In order to gain more detailed information about the angles light is
scattered into, angle resolved scattering (ARS) measurements are performed. The in-
house developed setup consist of a laser beam with a wavelength of 550 nm that is split
into two beams after passing through a polarization filter, chopper and lense. One beam
serves as a reference to compensate for fluctuations in the laser beam intensity and the
other is focused on the substrate side of the sample. In case of textured TCO surfaces,
the laser beam is scattered at the TCO side of the sample. A schematic drawing of the
detection setup is shown in Fig. 3.8. While the light is scattered in all directions (dashed

Figure 3.8.: Schematic drawing of detection principle in the angle resolved scattering (ARS)
measurement setup.

arrows), the movable detector only detects the light in one plane over a scattering angle θ
from -90◦ to +90◦ to the substrate normal (solid arrows). Assuming isotropic scattering
(which is valid for the random textures investigated in this work), the angular intensity
distribution AID is calculated by integration of the scattered light intensity over the θ-
dependent scattering cone multiplied by an area correction factor. The error bar of the
AID values is around 6 % [183]. The detector consists of a silicon photodiode, measures
with a resolution of 1◦ and any measured detector signal is normalized to the base signal
without sample, recorded at the beginning of the measurement. A detailed description of
the setup and measurement technique can be found in [183].

An important source of error in this measurement is the adjustment of the sample
to the laser beam. In order to ensure that the light is scattered in the plane of the laser
beam, in which also the detector operates, the sample needs to be positioned accurately
perpendicular to the laser beam. A tilting of the sample would lead to an underestimation
of the AID. Bending in the case of PET substrates results in a similar effect. Therefore the
PET substrate is fixed between to aperture plates each with an opening of 15×15 mm2.
However, a slight tilting or bending of the substrate in this aperture can not be completely
ruled out.
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Surface Morphology

The surface of textured TCO layers can be evaluated by various techniques. While Scan-
ning Electron Microscopy (SEM) produces an image of the sample by detecting emitted
electrons from the surface material, Atomic Force Microscopy (AFM) analyzes the sur-
face by interaction of a small tip with the sample surface. The latter method provides
quantitative information on morphological properties of the surface such as distribution
of heights or angles, in contrast to SEM. It is however more time consuming and the scan
size is limited to a few tens of micrometers.

Scanning Electron Microscopy (SEM) During SEM measurements, a (primary) elec-
tron beam is focused on the sample. The electrons interact with the atoms in the sample
and among other reactions, back scattering of secondary electrons (SE) occurs which can
be detected by an appropriate detector. SE have a small kinetic energy and therefore only
those that have their origin atom near the surface can leave the sample and are detected.
The amount of detected SE determines the brightness value and thus by scanning the
sample a visual 2D image of the sample surface is obtained. It should be noted here that
the number of SE also depends on the investigated material which may affect the SEM
image if material contrasts are existent in the sample. In order to avoid influences from
the environment, the measurements are performed under vacuum.

In this work, the field emission SEM Gemini from the LEO company was used.
The images were taken by applying an acceleration voltage between 5 and 20 kV and
the sample was tilted by 60◦ to the electron beam to enhance the number of SE leaving
the surface. The maximum resolution is dependent on the investigated material and is
between 1 and 10 nm.

Atomic Force Microscopy (AFM) During AFM measurements, the sample surface is
scanned in x- and y-direction while detecting the surface height with a measurement tip.
The small silicon tip has a radius of 10 nm and is attached to a cantilever. In this work the
measurement was performed in the non-contact mode, in which the tip is brought close to
the sample surface without actually touching it. The tip oscillates close to its resonance
frequency and when the tip approaches the sample surface van-der-Waals forces reduce
the oscillation amplitude. While scanning, a piezo element adjusts the tip-to-sample
distance such that the oscillation amplitude stays constant. The position of the cantilever
in z-axis (height) is detected by the reflection of a laser beam from the cantilever to a
position-sensitive photodiode. Thus a three dimensional surface image of the sample is
obtained.

The used system was the Nanostation 300 from Surface Imaging Systems GmbH
(SIS) and the measurement was performed in ambient air. The probed area was
10×10µm2 including 512×512 data points. Typical imaging errors result e.g. from
deep craters with small lateral size, in which the tip can not penetrate due to its finite
diameter. In that case, the diameter of the tip will be mapped. Another issue is also the
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presence of very steep edges. The piezo elements exhibit a certain inertia limiting the
speed of height adjustment, which may result in an incorrect illustration of the surface. In
the case of PET substrates, electrostatic charges significantly influence the measurement
and the resulting image of the surface topography. Therefore an Ionizing Air Blower
AEROSTAT R© PC from Simco-Ion was directed at the sample during the measurement.
Even with applied deionization, measurement artifacts occur regularly for ZnO:Al layers
on PET substrate. Accordingly, results from AFM measurements on PET substrates
should be treated with care.

The resulting AFM images have been evaluated using the software Gwyddion [191].
After a plane correction, which compensates for tilting of the substrate or drifts in the
piezo elements, the normalized surface area Anorm was evaluated. This was done by
evaluation of the total surface area and normalization to the reference area of a smooth
substrate, which is assumed to be 100µm2. An overview of AFM applications to analyze
the surface topography of solar cells is given by [20].

3.3.3. Characterization of Silicon Layers

For the characterization of silicon layers, individual films were deposited on Corning glass
substrates and silicon wafers. The layer thickness was between 180 nm and 500 nm and
was kept similar within a given series of samples.

Structural Properties

Infrared Scpectroscopy Infrared (IR) spectroscopy is a tool to detect IR active bond-
ing configurations and molecules in a material. Under irradiation with infrared light,
absorption at characteristic wavelengths can be detected resulting from these oscillations.
The absorption intensity is proportional to the occurrence of the chemical bond and can
therefore be quantitatively evaluated. Further details about the method can be found in
[192].

In this work, this technique was used to detect hydrogen as well as carbon bonded in
the amorphous silicon network. The absorption spectrum is evaluated from transmittance
T measurements as a function of wave number ν by knowledge of the layer thickness d:

αIR(ν) = −1

d
ln (T (ν)) (3.7)

This method was extensively applied to p-type a-Si:H and a-SiC:H layers in this work,
and in Fig. 3.9 a typical absorption spectrum of a p-type a-SiC:H sample is shown. The
corresponding bonds and vibrational modes are listed in Table 3.2.

The strongest absorption peaks result from vibrations of Si-H bonds: the Si-H and Si-
H2 wagging and/or rocking mode at 620-640 cm−1, the Si-H stretching mode in compact
material (2000 cm−1) and the stretching mode of dihydride-bonds Si-H2 [194] or Si-H
located at internal surfaces or voids [196] at 2080-2100 cm−1. Additionally, the Si-H

55



3.3. Characterization of Individual Layers

Figure 3.9.: Typical infrared absorption spectrum αIR (ν) of a p-type a-SiC:H sample. The
various types of oscillating bonds and their frequencies are indicated and also listed in Table 3.2.

Table 3.2.: Peak positions of the absorption bands for bonds present in a typical p-type a-
SiC:H layer along with the type of vibration according to [193–197], with CHn corresponding to
a carbon atom attached to 1, 2 or 3 hydrogen atoms.

wave number ν [cm−1] bond vibration mode

620-640 Si-H, Si-H2 wagging, rocking
780, 800 Si-CH3 wagging, rocking
845, 890 (Si-H2)n bending

1000 CHn wagging, rocking
2000 Si-H stretching

2080-2100 Si-H2, Si-Hvoid, C-Si-H stretching
2880, 2960 CHn stretching

stretching mode at 2000 cm−1 may be shifted to the 2080-2100 cm−1 range in the presence
of carbon attached to the Si-H bond [195]. Further absorption peaks result from vibrations
of dihydride bonds (Si-H2)n (845 and 890 cm−1) [194], Si-CH3 (780 and 800 cm−1), as well
as CHn at 1000 cm−1 and 2880/2960 cm−1. An overview of other oscillation modes present
in amorphous silicon and -alloys can be found in [192].

The integrated absorption peak intensity Iν of a certain bond vibration located at
ν serves as a measure for the number of bonds present in the sample and is calculated by
integration over the absorption peak after subtraction of a straight baseline:

Iν =

∫
α(ν)

ν
dν =

1

ν0

∫
α(ν)dν (3.8)

For simplicity, it is assumed that the small variation in wave number can be neglected,
and the integrated area is divided by the wave number of the peak maximum ν0. In the
case of the two overlapping Si-H stretching modes located at 2000 and 2080-2100 cm−1,
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two Gaussian peaks are fitted to the data to determine the integrated area for each of the
two peaks.

A quantitative analysis of hydrogen and carbon content can be conducted by appli-
cation of an appropriate proportionality factor, which is called absorption strength. In
this work, this was done for the hydrogen content cH, evaluated from the absorption peak
at 2000-2100 cm−1. According to Brodsky et al. [193], the number of bonded hydrogen
atoms NH in the sample can be calculated by multiplying the integrated absorption peak
intensity I2000 with the absorption strength k2000 of the oscillation mode:

NH = k2000 · I2000 (3.9)

In literature, typical values of k2000 are shown to be between 0.9 − 3.3×1020 cm−2 [198–
200], and were in this work determined for each sample by an iterative method suggested
by Beyer and Ghazala [201].

Maley and Szafranek [202] reported that a film thickness lower than 1µm leads to
an overestimation of the hydrogen content as the difference in refractive indexes at the
a-Si:H/c-Si interface leads to multiple reflections. Thus a correction for thin films has to
be taken into account [202]. The hydrogen content is then determined using Eq. 3.10.

cH =
NH

NH +NSi

(3.10)

in which NSi is taken to be a fixed value of 5.0×1022 cm−3 [198]. Please note that the
evaluation from IR measurements is only an estimate for the hydrogen content in the film
as only bonded hydrogen is considered.

Information about the microstructure can also be obtained from IR measurement
in the case that no peaks related to carbon are detected in IR spectra of the sample
(intrinsic and n-type a-Si:H films). Under these conditions, the presence of the 2090 cm−1

mode indicates a void-rich material [195, 196]. The more porous a sample, the higher the
intensity of the 2090 cm−1 mode. A microstructure factor Rm is therefore introduced as a
quantitative measure for material quality:

Rm =
I2090

I2000 + I2090

(3.11)

where I2000/2090 is the integrated absorption peak intensity at 2000 cm−1 and 2090 cm−1,
respectively. As material with good quality is usually compact, it is desired to yield a low
Rm value [203].

As normal infrared spectroscopy is a time consuming method because the intensity
of infrared sources is very low, usually Fourier Transform Infrared Spectroscopy (FTIR)
is applied. This method does not detect the transmission spectrally but from an interfer-
ogram that is taken within a few minutes. A more detailed description of the method can
be found in [192].

The measurements were performed on silicon layers deposited on double-side pol-
ished CZ wafer pieces with a size of 15×15 mm2. One piece of the original wafer was
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withhold and served as a reference sample. The measurements were performed with a
Nicolet 5700 Fourier Transform Infrared spectrometer in the wave number range from
400 to 4000 cm−1. Each spectrum was normalized to the reference measurement of the
uncoated wafer to eliminate influences from the substrate, detector or infrared source. In
order to avoid absorption by other compounds, for example by gaseous water in the air,
the sample chamber was continuously purged with nitrogen. The Fourier transformation
was done by OMNIC software on the measuring computer.

Raman Spectroscopy Raman spectroscopy offers the possibility to get information
about the microstructure of a material. This method utilizes Raman scattering, that
is the inelastic scattering of electromagnetic waves with molecules or atoms. Monochro-
matic light from a laser is focused on a sample and a certain fraction of this light interacts
inelastically with the material by emission or annihilation of phonons. Accordingly, the
spectrum of scattered photons contains information about the phonon spectrum in the
solid and may be used for the investigation of the structural features of a given material.
Raman spectroscopy is commonly applied to determine the crystalline volume fraction in
mixed phase µc-Si:H [204].

In a Raman spectrum, the intensity of scattered light is plotted as a function of the
Raman shift resulting from the interaction with phonons. In Fig. 3.10, typical Raman
spectra for amorphous and microcrystalline silicon layers are shown. The prominent peak

Figure 3.10.: Typical Raman spectra of an a-Si:H (blue line) and µc-Si:H layer with a crystalline
volume fraction of 83 % (red line).

located at 520 cm−1 can be attributed to the crystalline phase of the material, whereas the
peak correlated with the amorphous phase is located around 480 cm−1 and broadened due
to the lack of long range order. By subtraction of a scaled reference a-Si:H spectrum, the
crystalline peak intensity can be evaluated and a semi-quantitative value for the crystalline
volume fraction Icrs can be calculated by

Icrs =
Ic

Ic + Ia

(3.12)
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where Ic and Ia correspond to the integrated intensities attributed to the crystalline and
amorphous silicon phase, respectively.

Additionally, information about the structural disorder in amorphous silicon layers
can be obtained using Raman spectroscopy. For this purpose the transverse optical (TO)
phonon mode located at 480 cm−1 is evaluated in more detail. In literature, the position
xTO and width ωTO of the TO peak are regarded as a measure for the short range order in
a-Si:H material [205, 206]. The evaluation of xTO from the Raman spectrum is illustrated
in Fig. 3.11. First, the Raman spectrum is normalized to the maximum at 480 cm−1

Figure 3.11.: Typical Raman spectrum of an intrinsic a-Si:H layer. A straight line that sym-
metrically divides the upper part of the peak determines the TO phonon position xTO.

and the minimum at 560 cm−1 (corresponding to 1 and 0, respectively). Towards small
wavenumbers, the TO phonon peak is superimposed by the neighboring peak. Therefore,
a straight line is drawn parallel to the y-axis and positioned in such way that the upper
part of the TO peak is symmetrically divided. The position of the line determines xTO.
Further information about the evaluation of short and medium range order from Raman
scattering measurements can be found in [207].

In this work, the measurements were performed with an inVia Raman microscope
from Renishaw, that uses a green laser with a wavelength of 532 nm. The spectrometer
was calibrated with a crystalline silicon wafer before each measurement.

Electrical Properties

Electrical Conductivity For the measurement of dark and photo conductivities, coplanar
silver contacts were evaporated onto the silicon films on glass and/or PET substrates as
illustrated in Fig. 3.12. Applying a voltage V induces a lateral current I between the
contacts and thereby the conductivity σ can be determined from the geometric dimensions
by the following equation.

σ = J × 1

E
=

I

bd
× h

V
(3.13)
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Figure 3.12.: Configuration of the samples prepared for conductivity measurements. The size
of the samples was about 10×15 mm2. Conductivity values can be evaluated from the measured
current I and the applied voltage V using the geometric dimensions: film thickness of the silicon
layer d, distance between the contacts h and the length of the contacts b.

where J is the current density, E the electrical field between the contacts, h and b are the
distance and length of the contacts and d the thickness of the deposited film.

In order to avoid a possible influence of adsorbed atmospheric species on the conduc-
tivity of the silicon films [208], the samples were annealed in vacuum at their deposition
temperature (but maximum 160 ◦C) for 30 minutes and subsequently measured at room
temperature in the vacuum. The samples had a size of 10×15 mm2 and the contacts had
a geometry resulting in h=1 mm and b=10 mm. The voltage was 100 V, applied by a
6517A Electrometer from Keithley, which simultaneously measured the current. The con-
ductivity measurements took place in darkness (dark conductivity σd) as well as under
illumination provided by a halogen lamp (σill), from which the photo conductivity σph is
evaluated by

σph = σill − σd (3.14)

The halogen lamp had a light intensity calibrated with a c-Si diode to be effectively equal
to Air-Mass (AM)1.5 illumination with respect to the photogenerated current. The photo
response serves as a measure for the material quality of intrinsic absorber layers and is
determined by the ratio of photo to dark conductivity σph/σd. It should be noted that
the conductivity is measured parallel to the surface, whereas the current transport in a
solar cell occurs in the growth direction of the deposition.

Steady-State Photocarrier Grating Technique (SSPG) In amorphous silicon, elec-
trons are majority carriers and the photo conductivity is mainly dominated by electron
transport thus reflecting the mobility-lifetime product of electrons. In order to get access
to the properties of holes as minority carriers, steady-state photocarrier grating technique
(SSPG) was carried out. This method was first developed by Ritter, Zeldov and Weiser
in 1986 [209] and serves as a complementary technique to the measurement of photo con-
ductivity. The sample structure is similar to that used for conductivity measurements, i.e.
with evaporated coplanar silver contacts on top of the sample. During the measurement,
a He-Ne laser beam is split into two coherent light beams that both impinge the sample
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in the probe area between the silver contacts. A certain angle is adjusted between the
two laser beams resulting in an interference pattern that leads to a spatial sinusoidally
modulated photogeneration rate of excess charge carriers in the silicon layer. This in turn
leads to a so-called photo carrier grating with a modulation in the excess charge carrier
densities. From measurement of the photocurrent at different grating periods and assum-
ing ambipolar transport and charge neutrality, the ambipolar diffusion length Lamb can
be evaluated [209]. The ambipolar diffusion length is dominated by minority carriers and
correlates to the mobility-lifetime (µτ)h-product according to equation 3.15 [210]:

Lamb =

√
2
q

kT0

(µτ)h (3.15)

where q is the elementary charge, k the Boltzmann constant and T0 the absolute tem-
perature. The measurements were performed by M. Güneş at the Mugla Sitki Kocman
University in Turkey and a detailed description of the measurement setup can be found
in [211]. An extensive review on the basic theory, experimental setups and applications
is given by Brüggemann [210].

Optical Absorption

In this work, two methods were used to determine absorption coefficients α of silicon
films. For the evaluation of the band gap, Photothermal Deflection Spectroscopy (PDS)
was performed. The other technique is the Constant Photocurrent Method (CPM), which
is especially useful for detecting the sub-gap absorption which serves as a measure for the
defect density in the films.

Photothermal Deflection Spectroscopy (PDS) The absorption spectra, from which
the band gap was evaluated in this study, were measured by PDS. The experimental
setup is illustrated in Fig. 3.13. This method utilizes the fact that the absorption of
light leads to heating in a semiconductor, when no charge carriers are extracted. The
temperature difference is very small, as the illumination is usually provided by a halogen
lamp through a monochromator, resulting in a low intensity. In order to detect the weak
heat dissipation, the sample is inserted into liquid carbon tetrachloride CCl4, which has a
strongly temperature dependent refractive index n [212]. As a result, a graded refractive
index is present near the surface of the sample, depending on the amount of absorbed
monochromatic light. A laser beam is placed parallel to the sample and is deflected due
to the difference in n. The deflection serves as a measure for the amount of the absorbed
light which can then be translated into the absorption coefficient. Simultaneously, the light
that is not absorbed is detected behind the sample in transmission, so that interference
fringes in the spectra can be eliminated.

The optical E04 gap is used as band gap, which is defined as the energy corresponding
to an absorption coefficient α of 104 cm−1.
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Figure 3.13.: Experimental setup of the photothermal Deflection Spectroscopy (PDS) mea-
surement used in this work for the evaluation of band gaps. The illustration is taken from
[212].

Constant Photocurrent Method (CPM) For the evaluation of the density of states
in the band gap of the silicon layer, CPM measurements were performed. This method
is able to detect very low absorption coefficients down to 10−2 cm−1 [213]. The absorp-
tion coefficient is evaluated from the photocurrent that occurs due to illumination with
monochromatic light of known intensity. As this is a conductivity measurement and elec-
trons are majority carriers in a-Si:H, mainly the excitation of electrons into the conduction
band is considered. Correct evaluation of the absorption coefficient in CPM is expected
for the case of homogeneous absorption over the whole thickness of the film, i.e. for low
absorption coefficients and thin films (αd� 1). For the samples investigated during this
study, this condition was fulfilled as the thickness was approximately 500 nm and absorp-
tion coefficients for photon energies <1.7 eV were very low. The measured photocurrent
Iph is proportional to the number of incident photons Nph, the lifetime τ of the electrons
and the absorption coefficient α:

Iph ∝ Nph (Eph)× τ (Eph)× α (Eph) (3.16)

During the spectral measurement, the intensity of the light, i.e. the number of incident
photons, is regulated in such way that the photocurrent is kept constant. This means
that the generation rate of charge carriers is fixed, aiming to keep the occupation of the
states and thus the lifetime τ of the charge carriers constant. The absorption coefficient
is then evaluated from the adjusted photon flux, that is needed to keep the photocurrent
constant at a given wavelength:

α (Eph) ≈ const× 1

Nph (Eph)
(3.17)
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As CPM gives only relative values of α, the absorption curves have to be calibrated. In this
work this is done by adjustment to the absolute absorption spectra obtained from PDS
measurements. The CPM measurements were performed using the same experimental
setup as for the conductivity measurements.

In a-Si:H, the defect density Nd is approximately proportional to the absorption
coefficient in the sub-gap region and can be estimated by Equation 3.18 [214]

α(Eph) = C ×Nd (3.18)

where C is a constant. For simplicity, the absorption coefficient at a single energy value
is taken. The most common procedure is to read out the defect absorption α1.2eV, which
is the absorption coefficient corresponding to a photon energy of 1.2 eV [214].

3.4. Characterization of Solar Cells

The performance of solar cells under illumination is described by the so-called photovoltaic
parameters, that are evaluated from current density-voltage (J-V ) curves of the solar
cell. More detailed and especially spectral information can be obtained from spectrally
resolved quantum efficiencies of the solar cells which are measured by the differential
spectral response technique. The method will only be briefly presented here, detailed
information about the experimental setup can be found in [215]. Additional measurements
of the collection voltage and chemical composition are conducted to deeper investigate the
influence of post-deposition annealing on the photovoltaic device. Unless stated differently,
the results presented later were measured on solar cells with an active area of 1 cm2.

3.4.1. Current-Voltage Characteristic

Current-voltage measurements in this work were performed using a class A Wacom-WXS-
140S sun simulator that provides a calibrated AM1.5 spectrum with a power density
of 1000 W/m2. The temperature was held constant by a heater and cooling circuit at
25 ◦C. The intensity and homogeneity of the illumination was calibrated prior to each
measurement. The sample is fixed on a vacuum chuck in the completely illuminated
measuring station and each cell is contacted individually. The J-V curves are measured
by a computer program, that controls a Keithley 196 System Digital Multimeter that can
apply voltage and measure current at the same time. The software controls the contacting
and automatically measures all cells on one substrate. For solar cells on PET substrates,
fixing on the vacuum chuck and automated contacting was not possible. Therefore these
solar cells were measured while fixed in the holder for flexible substrates (as described
in Section 3.1.3) and connected manually by individual contact pins. In addition, no
temperature control could be applied for the measurement in the flexible substrate holder.
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The photovoltaic parameters JSC, VOC, FF and η, as well as the series resistance
Rs are evaluated from J-V measurements under illumination according to Section 2.3.1,
while the shunt resistance Rsh is evaluated from J-V curves measured in the dark.

3.4.2. Quantum Efficiency

The external quantum efficiency EQE describes the number of electron-hole pairs that
are extracted from the solar cell for each incident photon and is defined as

EQE (λ) =
Jph (λ)

q × Φ (λ)
(3.19)

where Jph is the photo-generated current density, Φ (λ) the photon flux per time and
unit area of the incident light for a certain wavelength and q the elementary charge.
The measurement is performed by illuminating a solar cell with monochromatic light
and measuring the photo-generated current for a given wavelength. The measurements
are performed in short-circuit conditions. In order to improve the signal-to-noise ratio,
the probe light was chopped and changes in photocurrent were detected using a lock-in
amplifier.

Two different quantum efficiencies are considered in this work. The external quan-
tum efficiency EQE considers all incident photons, while in the internal quantum efficiency
IQE only photons that are absorbed in the device are taken into account. This is done by
excluding the part that is reflected back from the solar cell, as measured by the LAMBDA
950 spectrometer presented in Section 3.3.2:

IQE =
EQE

1−R
(3.20)

The external quantum efficiency was measured in an in-house differential spectral response
(DSR) setup, consisting of a xenon lamp and a monochromator [216]. The investigated
wavelength range was 320-800 nm and 320-1150 nm in the case of a-Si:H and µc-Si:H
or tandem solar cells, respectively. In order to measure the sub cells of tandem solar
cells separately, the sub cell that is not being probed is saturated using red or blue bias
illumination provided by light emitting diodes. The solar cells on PET substrates were
measured either in the flexible substrate holder or fixed between two aperture plates
similar to the case of ARS measurements in Section 3.3.2.

By integration of the EQE curve over the investigated wavelength range between
λ1 and λ2, the current density JQE of the device can be calculated:

JQE = q

∫ λ2

λ1

EQE (λ) ΦAM1.5 (λ) dλ (3.21)

where q is the elementary charge and ΦAM1.5 (λ) the photon flux density of the AM1.5 solar
spectrum. This value is considered for the determination of the sub cell currents in tandem
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solar cells, as well as in the case of highly conductive n-type layers in microcrystalline solar
cells to avoid parasitic current collection from outside the cell area [217].

In this work, EQE curves were measured under various incident angles γ of the light
to investigate the effects of bending on the flexible solar cell performance. The tilting of
the substrate was executed by a step motor controlled by a computer program and the
incident angles were varied from normal incidence (0◦) to 60◦ in steps of 2◦.

3.4.3. Variable Intensity Measurement (VIM)

Variable intensity measurement is an effective tool to distinguish between the three main
effects influencing the fill factor of a thin-film silicon solar cell: series resistance Rs, shunt
resistance Rsh as well as the collection of charge carriers [28]. As already indicated by
the name, VIM describes the measurement of J-V curves under various illumination
intensities. Here, only a short overview will be given, further details about the method,
evaluation and results can be found in [218–220].

Under the assumption that bulk recombination in the intrinsic silicon layer is de-
termined by neutral dangling bonds and the diffusion of charge carriers in the intrinsic
layer is negligible, the voltage-dependent current density of thin-film silicon solar cells can
be described as a superposition of the photo-generated current density Jph, diode current
density from the drift-diffusion model Jdiode, current density through physical shunts Jsh

and the recombination current density Jrec [221]:

J(V ) = −Jph + Jdiode + Jsh + Jrec (3.22)

= −Jph + J0

[
exp

(
qV

nidealkT0

− 1

)]
+

V

Rsh

+ Jph
d2Ψ

(µτ)eff (Vbi − V )
(3.23)

with J0 the reverse saturation current density, V the voltage, q the elementary charge, k
the Boltzmann constant, T0 the absolute temperature, nideal the ideality factor, Rsh the
shunt resistance, d the thickness of the intrinsic absorber layer and Vbi the built-in voltage
of the solar cell. The parameter Ψ is a correction factor that considers the deformation of
the electrical field due to charged defects or ionized contaminations in the absorber layer.
According to Shah et al., probable values are Ψ=1 in the case of a thin absorber layer
around 250 nm and Ψ≈2 for d=400 nm [218]. The effective mobility-lifetime product
(µτ)eff combines the µτ -products of electrons and holes and is defined as [221]:

(µτ)eff = 2
µ0

nτ
0
n × µ0

pτ
0
p

µ0
nτ

0
n + µ0

pτ
0
p

(3.24)

where τ 0
n/p and µ0

n/p are the capture times by neutral dangling bonds and the band mobility
of electrons/holes, respectively.

The short-circuit resistance RSC is introduced as the inverse slope of the J-V curve
at V =0:

RSC =

(
dJ

dV

)−1

V=0

(3.25)
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along with Equation 3.23 this results in

RSC =

(
J0

q

nidealkT0

+
1

Rsh

+
Jph

Vcoll

)−1

≈
(

1

Rsh

+
JSC

Vcoll

)−1

(3.26)

with

Vcoll =
(µτ)eff V

2
bi

Ψd2
= Ld ×

Ebi

Ψ
(3.27)

being the so-called collection voltage, with the collection (or drift) length Ld and the built-
in field Ebi =Vbi/d. Thereby it is assumed that the diode current is negligible compared
the the contribution from shunt and recombination current and thus Jph≈JSC.

As stated before, the J-V curve is measured under various illumination intensities
which is realized by using grey filters that allow a reduction in intensity without modifying
the illumination spectrum. The values of Vcoll and Rsh can be evaluated by plotting RSC as
a function of JSC, as illustrated in Fig. 3.14. At very low JSC values, the photo-generated

Figure 3.14.: Short-circuit resistance RSC as a function of the inverse short-circuit current
density J−1

SC measured under various illumination intensities for a low temperature a-Si:H solar
cell. The diagonal line corresponds to a linear fit of the first part of the curve in the non-
logarithmic plot and correlates to Vcoll through Eq. 3.26. The RSC measured at very low JSC

values corresponds to the shunt resistance in the device.

current is negligible and according to Equation 3.26, RSC then corresponds to the shunt
resistance Rsh of the device. In general, the curve should asymptotically approach Rsh.
It should be noted that Rsh is given in Ωcm2 consistent with the short-circuit current
density instead of current. In the region of medium light intensity and thus medium
JSC, the influence of the shunt resistance can be neglected and RSC is limited by the
recombination term. Thus Vcoll can be calculated from the slope of the RSC

(
J−1

SC

)
curve.

In principle, the curve should also asymptotically approach the series resistance at very
high illumination intensities above 1 sun. However, these measurement conditions are not
convenient as amorphous silicon degrades rather quick under high light intensities.

66



3. Preparation and Characterization

3.4.4. Secondary Ion Mass Spectrometry (SIMS)

By SIMS measurements the spatially resolved chemical composition of a material can be
analyzed. Primary ions are directed on the sample surface and secondary ions are emitted
upon impact and accompanied ionization. The secondary ions originating from the sample
are subsequently analyzed by a mass spectrometer and can provide information on the
chemical composition of the sample. This method is destructive and a depth profile can
be obtained as a function of erosion time due to the sputtering by primary ions. Further
information about the method can be found e.g. in [222].

In this work, SIMS was used to investigate the influence of post-deposition annealing
on the depth-dependent chemical composition of a-Si:H solar cells. For this purpose, a-
Si:H solar cells were deposited on double-side polished CZ wafers and analyzed with the
SIMS system ATOMIKA 4000 that uses a quadrupole mass filter.
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on Glass Substrate

Previous developments carried out at the Clustertool deposition system demonstrated
that an optimal a-Si:H and µc-Si:H solar cell performance in terms of efficiency is ob-
tained at a deposition temperature of 180 ◦C and under the deposition parameters of the
individual layers specified in Table E.1 in Appendix E [223]. It has been shown that a
reduction in deposition temperature below 180 ◦C leads to a deterioration in electrical
properties, especially dark conductivities of doped layers, resulting in losses in fill factor
and overall efficiency [224, 225]. At the same time, also the defect density in intrinsic a-
Si:H continuously increases with decreasing substrate temperature below 180 ◦C [50, 226].
However, the use of low temperatures below 150 ◦C is mandatory for the deposition of
solar cells and layers if low cost transparent polymer films such as PET are intended to be
used as substrate material [163]. Accordingly, the influence of the deposition temperature
on the material properties of thin-film silicon layers, as well as on the solar cell perfor-
mance is investigated in this chapter. The deposition parameters in Table E.1 are taken
as a reference throughout this chapter and were the starting point for the investigation of
temperature effects. The deposition parameters are then adjusted to maintain sufficiently
conductive doped layers as well as intrinsic a-Si:H layers with low defect density even at
low temperature. The results presented below have partly been published in [224].

4.1. Amorphous Silicon

Electrical and optical characterization of individual layers was carried out by measure-
ments of dark and photo conductivity, absorption coefficient by means of PDS, FTIR
spectra as well as Raman scattering. The layers are optimized by variation of deposition
parameters and are subsequently applied in single junction solar cells, aiming to high
efficiencies for solar cells deposited at 120 ◦C.

4.1.1. Boron-Doped a-Si(C):H Window Layers

Temperature Series In the following, the effect of the deposition temperature on the
electrical and optical properties as well as on the chemical bonding structure of p-type
a-SiC:H layers is investigated. Information about the chemical bonding configuration can
be obtained from FTIR absorption measurements. A typical FTIR spectrum for a p-type
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a-SiC:H layer and frequencies of typical bond vibrations can be found in Section 3.3.3.
The absorption peak of the Si-H stretching mode at 2000-2100 cm−1 for various substrate
temperatures between 120 ◦C and 180 ◦C of the p-type layer is shown in Fig. 4.1. It can

Figure 4.1.: Infrared absorption peak of the Si-H stretching vibration in p-type layers deposited
at various substrate temperatures Ts between 120-180 ◦C.

be seen that the absorption intensity of the Si-H stretching mode in the FTIR absorp-
tion spectrum decreases with increasing substrate temperature, which implies that the
hydrogen content in the films is reduced [193]. A likely explanation, often discussed in the
literature, is related to an increased amount of energy available for desorption of hydrogen
during the deposition process, due to the higher substrate temperature. As a consequence,
less hydrogen is incorporated in a-Si:H films [54].

Integrated absorption peak intensities Iν for the absorption bands located at
2000 cm−1, 2090 cm−1, 845/900 cm−1 as well as 780/800 cm−1 are shown as a function of
substrate temperature in Fig. 4.2. The integrated peak intensities serve as a measure for
the number of bonds in the films and can be translated into contents of e.g. bonded hy-
drogen or carbon by using approriate absorptions strengths [201]. It should be noted here
that the carbon-related absorption bands at 1000 cm−1 and 2880/2960 cm−1 show similar
trends as the Si-CH3 wagging mode at 780/800 cm−1 and are thus not presented. It is
visible from the Si-H stretching modes in (a) and (b), that both I2000 and I2090 decrease
slightly from 15.2 to 11.4 cm−1 and 110 to 87 cm−1, respectively, when the temperature is
raised from 120 ◦C to 180 ◦C. As derived qualitatively from Fig. 4.1 above, this indicates
a reduction in hydrogen content cH. Absolute values for cH can be calculated from the
integrated peak intensities, as described in Section 3.3.3. Correspondingly, cH decreases
from 12.7±1.5 % to 10.4±1.5 % when the temperature is raised from 120 ◦C to 180 ◦C.
The fact that the absorption peak intensity I780+800 of the Si-CH3 wagging mode in (d) is
constant over the investigated temperature range suggests that no change in the number
of Si-CH3 bonds occurs, thus the effect of temperature on the carbon content can be
neglected. From (c), a reduction in silicon dihydride bonds with increasing temperature
can be deduced, which also accounts for the reduction in I2090. This implies a decreased
number of voids or hydrogen clusters present in the film and thus less defective material
when the substrate temperature is increased [39].
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4. Low Temperature Thin-Film Silicon on Glass Substrate

Figure 4.2.: Integrated FTIR absorption peak intensities of Si-H stretching modes I2000 (a)
and I2090 (b), (Si-H2)n bending mode I845+900 (c) and Si-CH3 wagging mode I780+800 (d) for
varied substrate temperature Ts of the p-type layer. Lines are guides to the eye.

For the application as doped window layer in a solar cell, the band gap as well
as the conductivity of the p-type layer should be as high as possible to reduce parasitic
absorption losses and ensure efficient charge carrier collection [28]. In Fig. 4.3(a), the
dark conductivity σd is plotted as a function of optical gap E04 for the layers deposited
under various substrate temperatures. Furthermore, the sub-gap absorption α1.2eV of
the films, which serves as a measure for the defect density in the layers, is presented
in Fig. 4.3(b). The absorption spectra from which α1.2eV was derived can be found in
Fig. A.1 in the Appendix. The error bar in E04 gap for the p-type layers was determined
from several measurements on samples of various deposition runs. It can be seen from
Fig. 4.3(a) that the E04 gap tends to decrease from 2.1 eV to 2.0 eV with an increase in
temperature, accompanied by an increase in dark conductivity by two orders of magnitude
from around 2×10−8 S/cm at 120 ◦C to 1×10−6 S/cm at 180 ◦C. At the same time, the
sub-gap absorption in (b) increases by a factor of two from around 200 cm−1 to 400 cm−1.

The decrease in band gap with increasing temperature can presumably be related to
the reduced hydrogen content, which is in accordance with literature, where an empirical
correlation between hydrogen content and optical band gap is found [55–59]. Although
the correlation is not clearly understood, a possible explanation is related to the reduction
of weak Si-Si bonds by hydrogen. These weak Si-Si bonds create states near the valence
band edge, while stronger Si-H bonds induce states deeper in the valence band. As a
result, the valence band edge shifts down and as the conduction band remains unaffected
the band gap increases [27, 53, 58, 61]. The increase in α1.2eV may at least partly be
induced by the shift of absorption curve towards lower photon energies with increasing
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Figure 4.3.: (a) Dark conductivity σd versus E04 gap for p-type a-SiC:H layers deposited at
various substrate temperatures Ts, (b) sub-gap absorption α1.2eV as a function of substrate
temperature Ts. The arrow in (a) shows the direction of increasing Ts. The dashed line in (b) is
a guide to the eye.

substrate temperature (see also Fig. A.1). Besides, it is well known that in doped a-Si:H
layers additional dangling bonds are created by dopant atoms [27]. As a result, a high
defect density may be related to an enhanced doping level, which would lead to an increase
in dark conductivity [33]. On the other hand, a high defect density resulting from poor
material quality will induce a Fermi level shift towards midgap, thereby increasing the
activation energy which lowers the conductivity of the films. As the increase in defect
density with increasing temperature is accompanied by a rise in σd, it seems likely that
a higher number of dopant atoms is activated in the high temperature film. Another
possible reason for the increase in σd with Ts might be related to the reduction in band
gap [227].

TMB Series In order to improve the material quality of the p-type layer at low temper-
ature (here: 120 ◦C), two series of samples were investigated: <p> a-Si:H layers prepared
with trimethylborane B(CH3)3 (TMB) as dopant gas, and <p> a-SiC:H layers prepared
with TMB as well as methane (CH4) gases. The TMB concentration cTMB was varied
and corresponding changes in the chemical bonding structure were again derived from
integrated absorption peak intensities Iν of FTIR spectra. The substrate temperature
was kept constant at 120 ◦C and cCH4 of 36 % was used for the <p> a-SiC:H layers. The
results are shown in Fig. 4.4. It can be seen from (a) and (b), that I2090 increases at the
expense of I2000 with increasing cTMB for both <p> a-Si:H (blue triangles) and <p> a-
SiC:H layer (black squares). No clear trend with increasing cTMB is observable for I845+900

in (c). Simultaneously, a distinct increase in I780+800 is visible, suggesting that a larger
amount of carbon is incorporated into the films by adding more TMB to the gas mix-
ture. Consequently, the shift of the Si-H stretching band from 2000 cm−1 to 2090 cm−1

with increasing cTMB is most likely related to the increased presence of carbon. A higher
integrated absorption intensity of the Si-CH3 wagging mode at 780/800 cm−1 for <p> a-
SiC:H layers compared to <p> a-Si:H layers is evident from (d) and can be related to an
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Figure 4.4.: Integrated FTIR absorption peak intensities of Si-H stretching modes I2000 (a)
and I2090 (b), (Si-H2)n bending mode I845+900 (c) and Si-CH3 wagging mode I780+800 (d) for
varied TMB concentration cTMB during deposition for <p> a-Si:H (blue triangles) as well as
<p> a-SiC:H (black squares) layers deposited at 120 ◦C. Lines are guides to the eye.
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increased amount of carbon in the <p> a-SiC:H films due to additional methane in the
gas mixture during deposition.

Figure 4.5.: (a) Optical E04 gap and (b) dark conductivity σd for <p> a-SiC:H (black squares)
and <p> a-Si:H (blue triangles) layers deposited at 120 ◦C as function of TMB concentration
cTMB during deposition. Lines are guides to the eye.

Values for E04 and σd of the layers are shown in Fig. 4.5(a) and (b), respectively,
as a function of TMB concentration. In the case of optical E04 gap, no distinct trend
with cTMB can be obeserved and E04 is 2.1± 0.1 eV for both types of layers between
1.5 %<cTMB<4.2 %, when the error bar of the measurement is considered. This is slightly
surprising, as one may expect an increase in band gap with additional carbon, either due
to increased cTMB or cCH4 in the gas mixture [228]. At higher cTMB of 7.1 %, some effect
can be observed for the <p> a-Si:H layer, which reduces E04 down to a value of 1.95 eV.
The dark conductivity on the other hand is around one order of magnitude lower for
<p> a-SiC:H layers in the investigated cTMB range and peaks at about 2.5 % for varied
TMB concentration, at (9.0±2.5)×10−7 S/cm for <p> a-Si:H and (7.2±2.5)×10−8 S/cm
for <p> a-SiC:H layers.

The defect density is again estimated by the sub-gap absorption α1.2eV which is
shown in Fig. 4.6 as a function of cTMB. The absorption spectra from which α1.2eV was
derived can be found in Fig. A.2 in the Appendix. While α1.2eV is constant at 229±48 cm−1

for <p> a-SiC:H layers over the investigated cTMB range between 1.4 % and 4.2 %, α1.2eV

for <p> a-Si:H layers increases continuously with increasing cTMB from 75 cm−1 at 1.4 %
to 508 cm−1 at 7.1 %.

Most of the above presented results on layer properties do not reveal very distinct
tendencies, resulting from several effects that compete with each other: With regards to
the band gap, it was shown that the presence of boron in the films can lead to a reduction
in band gap. A possible explanation is often related to higher degree of disorder and a
broadening of the band tails by incorporation of dopant atoms into the film [229, 230].
Furthermore, as shown above, an increase in cTMB leads to an increase in carbon content
in the films, which usually leads to an increase in the band gap due to alloying effect
[228]. These two counteracting effects, taking place when cTMB is increased, might then

74



4. Low Temperature Thin-Film Silicon on Glass Substrate

Figure 4.6.: Sub-gap absorption α1.2eV as a function of TMB concentration cTMB for <p>
a-SiC:H (black) and <p> a-Si:H (blue) layers deposited at 120 ◦C. Lines are guides to the eye.

result in the more or less constant E04 up to cTMB of 4.2 %, before at higher cTMB the
optical band gap finally decreases, possibly due to a high amount of boron in the films.
Concerning the defect density, an increase in doping level also increases the number of
defects in the films, as discussed above. It was also shown that besides a widening of the
band gap, an increase in carbon content in a-Si:H films induces additional defects [231].
In case of <p> a-Si:H, both effects may account for the linear increase in α1.2eV with
increasing cTMB. In case of <p> a-SiC:H, the defect density is already high at low cTMB,
probably due to the higher carbon content resulting from added methane gas. Dopant
activation is more difficult for materials with a high defect density [33], and might thus
be an explanation why no significant increase in α1.2eV is visible with further increase in
cTMB for the case of <p> a-SiC:H layers.

The dark conductivity, related to the position in Fermi level, is affected by the doping
level, band gap as well as defect density, and is a result from the effects discussed above.
Since the first discovery of doping in a-Si:H, shown by Spear and LeComber in 1975, it is
known that an increased doping level (in this case by adding TMB) leads to an increase
in conductivity by several orders of magnitude [33]. However, effective doping is only
possible in materials with relatively low defect density [33]. The peak-shaped dependence
of σd on cTMB for both types of p-type layers (Fig. 4.5(b)) might therefore be related to
a first increase due to an increase in doping level, but the increased amount of carbon in
the film from increased cTMB induces defects that may result in a reduction of σd. This
might also account for the significantly higher σd in the case of <p> a-Si:H, when due to
the added methane for <p> a-SiC:H dopant activation is impeded by a large number of
defects. Please note that the band gap is similar for both types of layers and can thus not
be the reason for the difference in σd.

Carbon Incorporation by CH4 and TMB In the following, the incorporation of carbon
atoms into the film is investigated in more detail. In order to separate the effects resulting
from TMB and CH4 gases, intrinsic a-Si:H layers are taken and TMB only is added in
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one case, while CH4 only is added in the other, resulting in a p-type a-Si:H and intrinsic
a-SiC:H layer, respectively. FTIR absorption peak intensities for these two series are
shown in Fig. 4.7. It is evident from the increased intensity of the Si-CH3 vibration in

Figure 4.7.: Integrated FTIR absorption peak intensities of Si-H stretching modes I2000 (a) and
I2090 (b), (Si-H2)n bending mode I845+900 (c) and Si-CH3 wagging mode I780+800 (d). Shown
are data for intrinsic a-SiC:H layers as a function of cCH4 (orange circles, lower x-axis) as well as
for p-type a-Si:H layers as a function of cTMB (blue triangles, upper x-axis), both deposited at
120 ◦C. The upper x-axis is scaled by a factor of 7.4 compared to the lower x-axis. The shaded
area indicates cTMB =cCH4 = 0, which represents data for an intrinsic a-Si:H layer. Lines are
guides to the eye.

(d) that carbon atoms are incorporated by both TMB and CH4 gas during deposition.
Interestingly, TMB and CH4 concentrations can be scaled as such that the magnitude of
carbon incorporation is quite similar, meaning that similar integrated peak intensities of
the Si-CH3 wagging mode of 66.2±5.0 cm−1 can be obtained by adding either 7.1 % TMB
or 52.6 % CH4. This indicates a higher carbon incorporation efficiency by TMB compared
to CH4, more precisely higher by a factor of 7.4. Due to the presence of three carbon
atoms in the TMB molecule (B(CH3)3), a factor of 3 would be expected. The fact that
the actual factor is even larger than 3 implicates that C atoms originating from TMB are
more favorably incorporated than C atoms originating from CH4, which is in accordance
with previous work [230].

In both types of layers the increase in I2090 at the expense of I2000 is similar (see
Fig. 4.7(b) and (a), respectively). For <i> a-SiC:H (orange circles), this shift from I2000

to I2090 with increasing cTMB is probably caused by both the increased presence of carbon
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as well as an increased amount of silicon dihydride bonds, as evident from Fig. 4.7(c).
The increase in (Si-H2)n bending mode intensity matches those of earlier studies, where
it was suggested that carbon promotes the creation of Si-H2 bonds [197]. For <p> a-Si:H
(blue triangles), the shift of the Si-H stretching mode with increasing cTMB (Fig. 4.7(a))
is clearly due to the increased presence of carbon as no significant increase in I845+900

(Fig. 4.7(c)) could be detected. On the contrary, the I845+900 value slightly decreases with
cTMB, suggesting that the presence of boron in the film reduces the number of dihydride
bonds that might be created by carbon.

Summary A higher deposition temperature for p-type a-Si:H layers leads to a reduced
hydrogen content in the films, mainly due to reduction of silicon dihydride bonds, imply-
ing that less voids are present in the film at high temperatures. Along with the reduction
of hydrogen content, the optical gap decreases with increasing temperature. The dark
conductivity of the p-type layer is significantly increased by two orders of magnitude by
raising the substrate temperature from 120 ◦C to 180 ◦C, which might partly be due to
the reduced band gap. On the other hand, this might also be attributed to an increased
activation of dopants, suggested by the increase in sub-gap absorption with raising tem-
perature.

In case of low temperature (120 ◦C) p-type layers, it was shown that carbon is in-
corporated into the films from CH4 as well as TMB gas. Due to the carbon alloying
effect resulting from TMB, as well as the low deposition temperature, <p> a-Si:H layers,
for which no methane was added during deposition, exhibit already a sufficiently large
band gap for use as window layer in a solar cell. Further carbon incorporation by adding
methane to the deposition gas mixture only reduces the dark conductivity without in-
creasing E04, likely due to an increased defect density induced by high amounts of carbon
in the film. Optimal material properties were found at medium TMB concentrations of
2.5 %, indicating a trade-off between doping by boron atoms and increasing density of
recombination centers due to boron and/or carbon incorporation. The band gap varies
only slightly with TMB concentration over the investigated range. Only at high values
above 7 % a reduction is found, possibly due to the increased presence of boron.

Comparing the effects of CH4 and TMB on contents of hydrogen and carbon in the
films, quite similar values were found when cTMB is multiplied by a factor of around 7.4.
This implies that during PECVD deposition the incorporation of carbon originating from
TMB is preferred over that stemming from CH4.

Overall, the deterioration in electrical properties of the p-type layer, resulting from
the inevitable reduction in substrate temperature, could be compensated by leaving out
methane and optimizing the TMB concentration during the deposition. Even more, the
optimized films deposited at 120 ◦C exhibit a slightly increased optical gap of 2.1 eV
compared to 2.0 eV for the reference p-type layer deposited at high temperature.
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4.1.2. Intrinsic a-Si:H Absorber Layers

Effect of Substrate Temperature The influence of the substrate temperature on the
material properties of intrinsic amorphous silicon layers have been the subject of a preced-
ing diploma thesis [51]. In that work, a large variation in substrate temperature between
70 and 250 ◦C was investigated and a detailed discussion about the resulting electrical
and optical properties can be found there.

In the present work, the difference between intrinsic a-Si:H layers deposited at 120 ◦C
and 180 ◦C is briefly addressed, before the effect of the deposition gas mixture on low
temperature intrinsic absorber layers is studied.

The FTIR absorption spectrum between 1900 and 2200 cm−1, where the vibration of
the Si-H stretching mode appears, is shown in Fig. 4.8. Similar to the case of p-type a-Si:H

Figure 4.8.: Infrared absorption peak of the Si-H stretching mode for intrinsic a-Si:H deposited
at substrate temperatures Ts of 120 ◦C (purple) and 180 ◦C (orange).

layers, the absorption peak is reduced with increasing substrate temperature, indicating
a decrease in hydrogen content cH. Indeed, calculated cH values, which are presented
in Tab. 4.1, are 7.8 % and 9.5 % for the layers deposited at high and low temperature,
respectively. Furthermore, the microstructure factor Rm, that can be taken as a measure
for the material quality, decreases from 0.15 at 120 ◦C to 0.06 at 180 ◦C, as mainly Si-H2

bonds are reduced, evident from the decrease in FTIR absorption at 2090 cm−1. This
implies a reduction of voids in the material when the deposition temperature is raised
[232].

Regarding electrical properties shown in Tab. 4.1, the dark conductivity decreases
slightly and the photo conductivity increases from (2.2±1.0)×10−6 S/cm to (9.0±3.0)×
10−6 S/cm by raising the temperature from 120 ◦C to 180 ◦C. This leads to an increase in
photo response by one order of magnitude from around 105 to 106. Similar to the case of
p-type a-Si:H layers, the optical gap E04 slightly decreases with increasing temperature
from 1.92 eV to 1.89 eV. The error bar for the E04 gap was determined from measurements
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Table 4.1.: Electrical and optical properties of intrinsic a-Si:H layers deposited at substrate
temperatures Ts of 120 ◦C and 180 ◦C: dark conductivity σd, photo conductivity σph, E04 gap,
defect absorption α1.2eV as well as hydrogen content cH.

Ts [◦C] σd [S/cm] σph [S/cm] E04 [eV] α1.2eV [cm−1] cH [%]

180 7.5±4.5×10−12 (9.0±3.0)×10−6 1.89±0.02 1.2±0.7 7.8±2.0
120 (1.9±1.4)×10−11 (2.2±1.0)×10−6 1.92±0.02 9.6±1.3 9.5±2.0

on samples from various deposition runs but similar parameters and was smaller (0.02 eV)
compared to that from p-type layers (0.05 eV). Simultaneously, the defect density, which
is estimated by the sub-gap absorption α1.2eV, decreases from 9.6 to 1.2 cm−1 when the
substrate temperature is raised from 120 ◦C to 180 ◦C (see Table 4.1).

Effect of Silane Concentration It is well known and has been shown in [51] that the
material quality of intrinsic a-Si:H layers deposited at low temperatures can be improved
by reduction in silane concentration SC during deposition. A series was therefore con-
ducted for the intrinsic absorber layer at a substrate temperature of 120 ◦C where the
silane concentration was varied between 4.2 % and 25 %. An SC of 16.7 % corresponds
to the high temperature reference layer in [223]. From Fig. 4.9(a), a significant increase
in photo response by nearly two orders of magnitude is evident by reduction in silane
concentration from 25 % to 8.3 %. At the same time, the optical E04 gap (Fig. 4.9(b))
slightly increases from 1.90 to 1.96 eV. No systematic change in FTIR absorption peak
around 2000 cm−1 could be detected for the various silane concentrations (not shown).
The scatter in photo response for the sample at 4.2 % SC is very large, as the material
is on the edge to the evolution of microcrystals and some of the samples show already
a tiny crystalline volume fraction in Raman spectroscopy, while others are completely
amorphous. No PDS measurement was possible for these samples as the layer peels off
the substrate as soon as it gets in contact with CCl4.

The sub-gap absorption α1.2eV of the layers is evaluated from Constant Photocurrent
Measurements (CPM) and is shown in Fig. 4.10. It is evident that α1.2eV decreases from
14.0±2.5 cm−1 at an SC of 25 % to 4.2±2.5 cm−1 at 8.3 %. When SC is further decreased,
a slight increase occurs to 7.3±2.5 cm−1 at SC=4.2 %.

Discussion The effects of temperature and silane concentration during deposition on
the electrical and optical properties of intrinsic a-Si:H layers can be discussed as follows:
with lower deposition temperature, that is needed for deposition on PET substrates, more
hydrogen is incorporated into the films. Similar to the case of p-type layers, the increased
hydrogen content observed here at lower substrate temperature is probably a result of
reduced desorption of hydrogen during the deposition process. The additional hydrogen
incorporated for the low temperature sample contributes mainly to the Si-H stretching
mode at 2090 cm−1, indicating a void-rich silicon network and thus poor material quality.
This is in agreement with the estimation for the defect density measured in these films, as
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Figure 4.9.: (a) Photo response and (b) E04 gap of intrinsic a-Si:H layers deposited at 120 ◦C
as a function of silane concentration SC during the deposition.

Figure 4.10.: Sub-gap absorption α1.2eV of intrinsic a-Si:H layers deposited at 120 ◦C as a
function of silane concentration SC during the deposition.
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in a void-rich structure high defect densities are likely [28]. This in turn is reflected in the
electrical properties of the films as the photo response is reduced for the low temperature
film.

In this work, as well as in [51], no correlation between silane concentration during
deposition and hydrogen content in the film was found for intrinsic a-Si:H layers. Still,
the optical E04 gap increases slightly with decreasing SC (see Fig. 4.9(b)). A matter
discussed in the literature is that the band gap in a-Si:H might not only be affected by
the hydrogen content in the film, but additionally depends on the nanostructure, i.e.
degree of structural disorder [233–237]. In a more ordered structure, the band tails would
steepen thus virtually increasing the band gap. Structural order can be estimated by
Raman scattering spectroscopy by evaluation of the TO peak position xTO [205]. In
Fig. 4.11, it can be seen that xTO increases from 476 cm−1 to 479 cm−1 by reduction in
SC from 25 % to 8.3 %, besides a large scatter for the sample at SC of 4.2 % due to
the partly microcrystalline volume fraction as discussed above. According to [205, 238] a

Figure 4.11.: Peak position of the transverse optical (TO) phonon mode xTO evaluated from
Raman scattering spectroscopy as a function of silane concentration SC for intrinsic a-Si:H
layers deposited at 120 ◦C.

higher TO peak position can be related to higher degree of structural order, which would
then increase the band gap.

An explanation, often discussed in the literature, is related to the etching effect of
hydrogen: weak distorted Si-Si bonds are broken during PECVD at the surface by the
increasing number of hydrogen atoms in the gas mixture at low silane concentrations and
mainly strong Si-Si bonds remain. As a result, the network is more ordered and stable
and tends to exhibit lower defect densities [39]. Another reason for better material quality
can be related to the decreasing deposition rate when a low silane concentration is used
and thus less silicon is available for deposition. In this case, SiH3 radicals have more time
for surface diffusion to find an energetically favorable place for film formation, and thus
more ordered films are produced. This is in accordance with the defect absorption α1.2eV

as function of SC observed in Fig. 4.10. A lower defect density in turn increases the photo
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conductivity, thereby explaining the trend of increasing photo response with decreasing
SC.

4.1.3. Phosphorous-Doped a-Si:H Layers

For the n-type layer, similar to the case of p-type layers, conductivity is important to built
up the electric field in the solar cell and thereby assure charge carrier collection. In contrast
to the p-type window layer, the n-type layer is located at the back side of the solar cell, thus
a large optical band gap is still but not so severely important as high energy photons are
mainly absorbed in the front part of the solar cell. Measurements of FTIR were performed
and the absorption peak of the Si-H stretching mode is shown in Fig. 4.12 for n-type
a-Si:H layers deposited at 120 ◦C under various silane concentrations. The phosphine

Figure 4.12.: Infrared absorption peak of the Si-H stretching mode for n-type a-Si:H deposited
at 120 ◦C under various silane concentrations SC. Data for the high temperature reference
n-type layer is shown for comparison (red dashed line).

concentration cPH3 was held constant at 2.0 %. An n-type layer deposited at 180 ◦C is
also shown for comparison (red dashed line). By reduction of the substrate temperature
(compare red dashed and green solid line), the peak intensity increases, especially for the
dihydride absorption band at 2090 cm−1. This effect can be compensated by reduction of
the silane concentration during deposition, where the stretching mode at 2000 cm−1 grows
at the expense of the stretching mode at 2090 cm−1, meaning that dihydride bonds Si-H2

are replaced by more favorable monohydride bonds Si-H.

The resulting hydrogen content is calculated from the Si-H stretching mode as de-
scribed in Section 3.3.3 and is shown in Fig. 4.13(a). Similar to the case of intrinsic
a-Si:H layers shown above and due to reasons already discussed, a reduction in substrate
temperature leads to an increase in cH, as visible for the layers deposited at SC of 40.8 %.
In contrast to the intrinsic layers shown above however, a trend of decreasing hydrogen
content with decreasing silane concentration can be found, from 15.9 % at SC=40.8 % to
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Figure 4.13.: (a) Hydrogen content cH, (b) E04 gap and (c) dark conductivity σd of n-type a-
Si:H layers deposited at 120 ◦C as a function of silane concentration SC during deposition. The
layer exhibiting a crystalline volume fraction of 18 % is shown by an open square. The values
for the reference n-type layer deposited at 180 ◦C are shown for comparison (red triangle).

12.0 % at SC=4.7 %. It should be noted here that the sample deposited under SC=4.7 %
(open square) already exhibits a crystalline volume fraction of 18 %, detected by Raman
scattering measurements.

In Fig. 4.13(b) and (c), the optical E04 gap and dark conductivity σd of n-type lay-
ers deposited at 120 ◦C under various silane concentrations are shown, respectively. The
values for the reference n-type layer, deposited at 180 ◦C with SC=40.8 % is also shown
for comparison (red triangle). Due to the dependence of the band gap on the hydrogen
content, already discussed for p-type layers, E04 decreases slightly with decreasing SC
from 1.88 eV at 40.8 % down to 1.83 eV at 13.6 %. Below 13.6 %, the optical gap increases
sharply to a value of 1.92 eV. Regarding electrical properties of the n-type layer, a re-
duction in substrate temperature leads to a decrease in dark conductivity by more than
two orders of magnitude from 5.9×10−3 to 5.4×10−5 S/cm, as visible in Fig. 4.13(c) at
SC=40.8 %. However, the dark conductivity for films deposited at low temperature can
continuously be increased by reducing SC, up to a value of 2.8×10−3 S/cm for completely
amorphous layers and 0.15 S/cm in case of n-type layer exhibiting crystalline volume frac-
tion.

Discussion Similar to the case of intrinsic as well as p-type a-Si:H layers, a reduction in
substrate temperature leads to an increase in hydrogen content and thus, due to reasons
discussed above, an increase in band gap. The low temperature material has a more
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void-rich structure, as visible from the Si-H stretching mode at 2090 cm−1, which may
induce a larger amount of defects acting as recombination centers and thus lower dark
conductivities [27]. Another possible reason for the reduced dark conductivity might also
be related to the increased band gap at low temperature, which may induce a shift of the
Fermi level towards midgap.

The material quality at low temperature can significantly be improved by reducing
the silane concentration during deposition. As visible from the Si-H stretching mode,
hydrogen is mainly bonded as silicon monohydride bonds at lower SC, which tend to
reduce the defect density [39]. As already discussed for the intrinsic absorber layer, a
possible explanation is related to the etching effect of hydrogen that leads to a more
ordered and stable structure and tends to produce material that exhibits lower defect
densities [39]. The other possible reason for a reduced disorder in the films might also be
related the lower deposition rate at low SC, as discussed above.

This higher structural order in the network at low SC gives rise to an increase in
dark conductivity, which is even more enhanced when microcrystals, representing highly
ordered material, evolve. Also in this case, another possible reason for the increasing dark
conductivity with reduction of SC may be related to a change in Fermi level position
relative to the conduction band due to the decrease in band gap. Several effects discussed
above result in the increase in dark conductivity, demonstrating that an adjustment of
deposition parameters can result in σd of 2.8×10−3 S/cm and an optical band gap E04 of
1.83 eV for an n-type a-Si:H layer deposited at 120 ◦C, close to the values obtained at high
substrate temperature.

4.1.4. Solar Cells

Improvement in the electrical properties of individual layers of a solar cell does not au-
tomatically result in an improved photovoltaic performance. This is because interfaces
play an important role and on the other hand the conductivity of individual layers is mea-
sured in coplanar configuration, and thus perpendicular to the growth direction, while
conduction inside the solar cell takes place in growth direction. Additionally, the solar
cell performance can be limited by other factors like series or shunt resistances.

Therefore, a temperature series for the reference solar cell is conducted to see the
influence of lower substrate temperature and thus deteriorated layer properties discussed
above on the solar cell performance. Afterwards, the series of improved deposition parame-
ters for the individual layers presented in the sections above are subsequently implemented
in a solar cell in p-i-n configuration on glass substrate. Asahi-U type substrates are used
for all solar cells investigated in this chapter as it is commercially available and provides
excellent reproducibility.

It should be noted here, that during the experiments a strong post-deposition an-
nealing effect in a-Si:H solar cells deposited at 120 ◦C was observed that will intensively
be discussed in Chapter 5. The effect was as high as 34 % relative increase in efficiency for
an annealing time of 120 minutes with the strongest effect within the first 30 minutes. The
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annealing times for the solar cells differ for various series studied here (between 30 and
240 minutes) and are indicated for each series. Unless stated differently, the annealing was
carried out at 120 ◦C in air and the minimum annealing time for all cells was 30 minutes.

Effect of Substrate Temperature In order to investigate the influence of the substrate
temperature on the performance of a-Si:H solar cells, the substrate temperature for a-
Si:H layer deposition was varied from 120 to 180 ◦C, while other deposition parameters,
including the deposition time of layers, were kept constant. The post-deposition annealing
for this series was conducted at the respective deposition temperature of each solar cell
but maximal at 160 ◦C. The effect of decreasing substrate temperature on the photovoltaic

Figure 4.14.: Photovoltaic parameters of a-Si:H solar cells in p-i-n configuration as a function
of substrate temperature Ts during deposition. Lines are guides to the eye.

parameters of the reference a-Si:H solar cell after 30 minutes annealing time is shown in
Fig. 4.14. Corresponding J-V curves can be found in Fig. A.3 in the Appendix. The most
significant effect is the decrease in fill factor FF with reduced temperature from 73.6 % at
180 ◦C to 59.3 % at 120 ◦C, as evident from Fig. 4.14(c). The short-circuit current density
JSC shown in (d) stays relatively constant down to a temperature of 140 ◦C, but then
decreases by 0.5 mA/cm2. The open-circuit voltage VOC presented in (b) first increases
with increasing Ts from 875 mV to 905 mV at a temperature of 140 ◦C, but then decreases
down to a value of 890 mV at 120 ◦C. Overall, the effect of FF predominates, reducing the
device efficiency by 21 % relative from 9.4 % to 7.5 %. Corresponding external quantum
efficiency EQE curves are presented in Fig. 4.15. A clear trend of increasing EQE
with increasing temperature for wavelengths >530 nm can be seen. For light of shorter
wavelength on the other hand, no distinct trend of EQE on temperature is observed.
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Figure 4.15.: External quantum efficiency EQE curves for solar cells deposited at various
substrate temperatures Ts during deposition.

In such a series, where the deposition temperature of all layers is varied, many
changes happen at once and effects due to variation in layer thickness, electrical as well
as optical properties of the layers and also at interfaces can hardly be separated. Never-
theless, the results of solar cell performance as a function of substrate temperature shown
here can broadly be associated with changes in the individual silicon layer properties with
substrate temperature presented in Sections 4.1.1 to 4.1.3 as follows: The reduction in
fill factor has several possible reasons. On one hand, it was shown in Tab. 4.1, that the
defect density in the intrinsic a-Si:H layer increases by reduction of the substrate temper-
ature, which usually decreases the lifetime of generated charge carriers and may lead to a
deformation of the electrical field, thereby deteriorating the charge carrier collection and
consequently the fill factor of the solar cell [239]. When less carriers are collected this
can be visible in EQE curves (and also in JSC) [239]. On the other hand, charge carrier
collection depends on the built-in voltage of the device, which is mainly governed by the
activation energy in p- and n-type layers in the device [227]. As the dark conductivity of
both the p- and n-type layer decreases by around two orders of magnitude with decreasing
Ts from 180 ◦C to 120 ◦C (see Figs. 4.3(a) and 4.13(c), respectively), a reduction in FF
could be expected.

Regarding the effect of substrate temperature on JSC, a higher EQE in the long
wavelength range is expected for the solar cell deposited at higher temperature, due to
the lower band gap of the intrinsic layer (see Tab. 4.1) and thus higher absorption coeffi-
cient for light of low energy [51]. Indeed, an increase in EQE for λ>650 nm is observed,
although an additional effect might play a role in this range: as the deposition times were
kept constant for all layers and the deposition rate of the intrinsic layer decreases with
decreasing temperature (from 1.8 Å/s at 180 ◦C to 1.6 Å/s at 120 ◦C), the total thickness
of the absorber layer is reduced with decreasing temperature. As a result, the light path
through the absorber layer is reduced and less light of low energy can be absorbed. Re-
garding the short wavelength range below 500 nm, several effects resulting from variation
in layer thickness and band gap of the p-type layer overlap and no distinct trend can be
observed.
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In contrast to JSC, VOC increases with increasing band gap of the intrinsic absorber
layer [28] as well as band gap of the p-type layer [227] and thus an increasing VOC with
decreasing temperature is expected (see Fig. 4.3 and Tab. 4.1). However, below a tem-
perature of 140 ◦C, VOC suddenly drops and possible reasons are a large number of defects
in one of the doped layers and/or the intrinsic a-Si:H layer, as well as at the interfaces
between.

P-Type Layer - Material Optimization Three types of p-type layers from Section 4.1.1
are implemented in the reference a-Si:H solar cell deposited at low temperature: (A) the
reference p-type layer deposited at 120 ◦C (data from Fig. 4.14), (B) the optimized <p> a-
SiC:H layer (with cTMB =2.5 %, see Fig. 4.5) and (C) optimized <p> a-Si:H layer (with
cTMB =2.5 %, see Fig. 4.5). All solar cells of this series were annealed for 30 minutes. In
Table 4.2, σd and E04 of the various p-type layers are presented along with the photovoltaic
parameters when they are implemented in a solar cell. A dependency of the fill factor

Table 4.2.: Dark conductivity σd and E04 gap of p-type a-Si(C):H layers deposited at 120 ◦C
under various gas mixtures as well as photovoltaic parameters when implemented in an a-Si:H
solar cell.

p-type layer σd [S/cm] E04 [eV] η [%] FF [%] VOC [mV] JSC [mA/cm2]

A 1.9×10−8 2.10 7.4 59.3 889 14.1
B 7.2×10−8 2.04 7.5 60.3 891 14.1
C 9.0×10−7 2.11 8.0 64.3 896 13.8

and open-circuit voltage of the solar cells on the dark conductivity of the p-type layer is
visible and both FF and VOC increase with increasing σd from 59.3 to 64.3 % and 889
to 896 mV, respectively. The effect can be related to an increase in built-in voltage Vbi

when the activation energy in the p-type layer is reduced [28]. The short-circuit current
density is lower for the cell with p-type a-Si:H layer. As no variation in E04 gap could be
detected, an explanation may be related to differing p-type layer thicknesses. This is in
agreement with calculated thickness values, evaluated from the deposition rates of 400 nm
thick individual layers, which reveal that layer thickness in the solar cell is 11 nm and
14 nm for p-type layers (A) and (B), respectively, while the p-type layer (C) is calculated
to be around 28 nm. As the solar cell with p-type layer (C) shows the highest efficiency,
this layer is used for the following solar cells.

P-Type Layer - Thickness Series The thickness of the p-type layer has a significant
influence on the photovoltaic parameters of the solar cell. The layer needs to be thick
enough to ensure an appropriate built-in field and thus carrier collection, on the other
hand it should be as thin as possible to reduce parasitic absorption [28]. The thickness
of the p-type layer (C) was varied by adjusting the deposition time between 90 and
300 seconds and the corresponding photovoltaic parameters of the solar cells are shown
in Fig. 4.16. All cells were annealed for 30 minutes. The data is plotted as a function of
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Figure 4.16.: Photovoltaic parameters as a function of p-type layer deposition time tdepo for
a-Si:H solar cells deposited at 120 ◦C. Lines are guides to the eye.

a-Si:H p-type layer deposition time tdepo, as the p-type layer thickness cannot easily be
measured in a device. It can be seen that JSC of the solar cell shown in (d) decreases
linearly from 13.8 to 11.3 mA/cm2 with increasing deposition time from 90 to 300 s. From
EQE curves in Fig. 4.17 it is evident that the reduction is due to increased parasitic
absorption of light with λ<550 nm. Open-circuit voltage and fill factor values, presented

Figure 4.17.: External quantum efficiency EQE curves for a-Si:H solar cells deposited at 120 ◦C
with various deposition times tdepo for the p-type a-Si:H layer.

in (b) and (c), are relatively constant at 904±2 mV and 67.3±0.4 %, respectively, for
tdepo>110 s. Yet for shorter deposition times, both FF and VOC decrease rapidly as the
thickness is not sufficient to maintain an appropriate built-in field and losses in charge
carrier collection occur. As a result, an optimal deposition time of 110 s was found where
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the overall efficiency is 8.2 %. This deposition time for the p-type layer will be applied for
the following solar cells.

Intrinsic a-Si:H Layer - SC Series As evident from Section 4.1.2, the photo response
of the intrinsic a-Si:H layer deposited at low temperature could be varied over one order
of magnitude between 105 and 106 by varying the silane concentration during deposition.
The respective layers are implemented in a solar cell and results are shown in Fig. 4.18.
All cells in this study were annealed for 150 minutes. A slight increase in VOC shown in (b)

Figure 4.18.: Photovoltaic parameters as a function of silane concentration SC of the intrinsic
a-Si:H layer for a-Si:H solar cells deposited at 120 ◦C. The overall thickness of the silicon layers
is noted in (d). Lines are guides to the eye.

is visible when SC of the intrinsic layer is reduced from 16.7 % to 8.3 %, most likely due
to the increasing E04 gap with decreasing SC (see Fig. 4.9(b)). Only a slight variation
in FF presented in (c) is observed in the same SC range, nevertheless a small increase
from 66.2 % at SC=16.7 % to 68.7 % at SC=12.5 % could be achieved. For even lower
SC of 4.2 %, FF and VOC decrease dramatically. This is probably due to the evolution
of a small microcrystalline volume fraction as some of the corresponding individual layers
have exhibited Icrs of 2-4 %.

With regards to the photocurrent, JSC shown in (d) increases continuously with
increasing SC in the investigated range. From EQE curves of the respective solar cells
in Fig. 4.19, a shift of the EQE curve to longer wavelengths with increasing SC is visible
which is probably related to the reduction in band gap (see Fig. 4.9(b)) [240]. It also
reveals an enhanced absorption for λ>700 nm for the layer with SC=4.2 %, due to the
smaller band gap of microcrystalline silicon. With the evolution of microcrystals in the
film, the deposition rate decreases significantly, resulting in a thinner intrinsic layer at
4.2 % SC, which may account for the lower JSC. The highest solar cell performance is
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Figure 4.19.: External quantum efficiency EQE curves for a-Si:H solar cells deposited at 120 ◦C
where the intrinsic absorber layer is deposited under varying silane concentrations SC.

found with an intrinsic a-Si:H layer deposited at SC=12.5 %, achieving an efficiency of
8.8 %.

Intrinsic a-Si:H Layer - Thickness Series and Back Contact Similar to the case of
p-type layers, a trade-off exists between JSC and FF when the thickness of the intrinsic
absorber layer is varied. The built-in field Ebi in the device is determined by the built-in
voltage Vbi and thickness d of the intrinsic layer by Ebi =Vbi/d [28]. Consequently, the
built-in field is stronger for thinner absorber layers and charge carrier collection is im-
proved, which can result in higher FF values. On the contrary, with increased absorber
layer thickness, more photons can be absorbed resulting in an increased JSC. The depo-
sition time of the intrinsic a-Si:H layer with SC of 12.5 % was varied to find the optimal
absorber layer thickness. Furthermore, it is known that silver back contacts on rough
surfaces, that were used for the solar cells investigated so far, are the cause for increased
parasitic absorption at the n-type a-Si:H/Ag interface [107]. It is also known that a thin
interlayer of ZnO:Al can be inserted between the n-type a-Si:H and silver layer, thus re-
ducing plasmonic absorption and increasing JSC of the solar cell [107]. The thickness series
of the intrinsic absorber layer was therefore conducted with Ag as well as ZnO:Al/Ag back
contacts. Corresponding photovoltaic parameters are shown in Fig. 4.20. All solar cells
were annealed for 120 minutes.

For both types of back contacts, similar values for FF and VOC are observed, which
increase with decreasing layer thickness from around 67.0 to 72.6 % and very slightly
from 905 to 910 mV, respectively. As discussed above, this can be related to the improved
built-in field with reduced layer thickness. Regarding JSC, a reduced i-layer thickness from
450 nm to 150 nm reduces the absorption of light and thus decreases JSC by 3.0 mA/cm2

and 2.4 mA/cm2 for the solar cells with Ag and ZnO:Al/Ag back contact, respectively.

A difference between the two types of back contacts is visible and the insertion of
thin ZnO:Al layer increases JSC significantly by 1.3 mA/cm2 in the case of d=450 nm and
even 1.9 mA/cm2 in the case of d=150 nm. This is also visible in EQE curves exemplarily
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Figure 4.20.: Photovoltaic parameters of solar cells as a function of intrinsic absorber layer
thickness with Ag (black squares) and ZnO:Al/Ag (blue triangles) back contact. Lines are guides
to the eye.

shown in Fig. 4.21, where the ZnO:Al/Ag back contact significantly increases the EQE
curve in the long wavelength range above 480 nm for a solar cell with d=150 nm (compare
light blue and grey curve). Also the increase in absorber layer thickness is clearly visible
by the shift of the EQE curve towards long wavelengths, exemplarily shown for the solar
cell with ZnO:Al/Ag back contact in Fig. 4.21. The optimal thickness for the intrinsic
absorber layer in this study is found to be 350 nm which results in an efficiency of 9.1 %
when a ZnO:Al/Ag back contact is used.

N-Type Layer - SC Series Variation of SC during deposition of the n-type layer leads
to a variation in σd by more than three orders of magnitude between 5.4×10−5 S/cm and
1.5×10−1 S/cm (see Fig. 4.13(c)). This series of layers is subsequently implemented in the
a-Si:H solar cell with an absorber layer thickness of 450 nm and Ag back contact shown
above. The annealing time for the solar cells in this series was 150 minutes. Photovoltaic
parameters of the corresponding solar cells are presented in Fig. 4.22. With decreasing SC,
a slight increase in FF shown in (c) from 68.7 % at SC=40.8 % to 70.6 % at SC=13.7 %
is visible. VOC presented in (b) increases from 912 to 918 mV in the same range. These
changes are rather small, considering that σd varies over several orders of magnitude in
this range, suggesting the n-type layer is not limiting the solar cell performance. Also
the differences in JSC are small with a maximum deviation of 0.4 mA/cm2 within this
series. These variations might result from a superposition of increasing band gap with
decreasing SC and subtly different thicknesses of the n-type layers. The n-type layer
deposited at SC=4.7 % is slightly microcrystalline but seems to work equally well. The
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Figure 4.21.: External quantum efficiency EQE curves for a-Si:H solar cells deposited at 120 ◦C
with various absorber layer thicknesses and ZnO:Al/Ag back contact. The EQE curve for the
solar cell with 150 nm i-layer thickness and Ag back contact (grey) is shown for comparison.

Figure 4.22.: Photovoltaic parameters for a-Si:H solar cells deposited at 120 ◦C as a function
of silane concentration SC during the n-type layer deposition. Lines are guides to the eye.
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efficiency could slightly be increased from 8.8 % to 8.9 % by using an SC of 13.7 % during
n-type layer deposition when a simple silver back contact is used.

N-Type Layer - Thickness Series Similar to the case of p-type layers, a certain thickness
is essential to obtain an appropriate built-in field but simultaneously an increased thickness
leads to parasitic absorption of light. In order to find the optimal thickness, the deposition
time for the n-type layer is varied between 60 s and 140 s. All cells of this series were
annealed for 120 minutes. Photovoltaic parameters of the solar cells are shown in Fig. 4.23.
The data is plotted as a function of a-Si:H n-type layer deposition time tdepo, as the n-type

Figure 4.23.: Photovoltaic parameters of a-Si:H solar cells deposited at 120 ◦C as a function of
n-type layer deposition time tdepo. Lines are guides to the eye.

layer thickness cannot easily be measured in a device. It should be mentioned that this
series was conducted one year after the results presented above. Due to changing system
conditions, FF as well as VOC are reduced from 70.6 % to 64.7 % and 918 mV to 894 mV,
respectively, for similar deposition conditions used in the SC series for the n-type layer.
For VOC values presented in (b), no distinct trend is observed with varied deposition time
of the n-type layer. The short-circuit current densities shown in (d) are constant up to
a deposition time of 100 s, then decreases by 0.4 mA/cm2 for tdepo =140 s. This can be
related to higher parasitic absorption losses in the long wavelength range, as also visible
from EQE curves presented in Fig. 4.24. The fill factor first increases with increasing tdepo

from 60 s to 80 s, then decreases again. The first increase may be related to an increase in
built-in field with increasing layer thickness. The reduction in FF with further increasing
thickness might possibly be due to an increased series resistance when the n-type layer
becomes thicker. The optimal deposition time for the n-type layer was found to be 80 s,
at which an absolute increase in FF and η of 4.3 % and 0.8 %, respectively, was observed
compared to the 140 s deposition time that was used before.
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Figure 4.24.: External quantum efficiency EQE curves for a-Si:H solar cells deposited at 120 ◦C
with various deposition times tdepo of the n-type layer.

4.1.5. Conclusion

The effects of a reduced substrate temperature, that is necessary for the application on
PET substrates, on the electrical and optical properties of individual a-Si:H layers as
well as on the performance of solar cells in p-i-n deposition sequence was investigated
in this chapter. For all types of individual a-Si:H layers, a reduction in temperature
during deposition leads to an increase in hydrogen content in the films, which in turn
results in a slight increase in optical E04 gap. The electrical properties on the other
hand are deteriorated when the temperature is reduced from 180 ◦C to 120 ◦C: by around
two orders of magnitude in dark conductivity in case of p- and n-type layers and one
order of magnitude in photo response for the intrinsic absorber layer. As a result, the fill
factor of the solar cell deposited at low temperature decreases considerably from 73.6 %
at 180 ◦C to 59.3 % at 120 ◦C. Down to a temperature of 140 ◦C, a drop in efficiency can
be attenuated by an increase in VOC due to the larger band gap of the absorber layer at
lower temperature. But for Ts<140 ◦C, the influence of defects in low temperature a-Si:H
layers overbalance and the efficiency drops by 21 % relative from 9.4 % at 180 ◦C down to
7.5 % at 120 ◦C.

In order to improve the device performance at low temperature, gas flow mixtures
were adjusted for all individual layers. In case of p-type layers, the TMB and CH4

concentration was varied, revealing that the dark conductivity increases by more than
one order of magnitude when no methane is added to the deposition gas mixture. The
results obtained from FTIR measurements demonstrated that carbon is incorporated into
the films not only from methane but also from TMB gas, which leads to a large carbon
content in the case of <p> a-SiC:H layer. This in turn is known to induce defects in the
film and would therefore result in a reduction of dark conductivity. In addition to this,
due to the low temperature and incorporation of carbon from TMB gas, the band gap
of the <p> a-Si:H layer is large enough for the application as window layer in a solar
cell. Overall, the reduction in conductivity resulting from the low deposition temperature
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could be almost compensated to the level of the high temperature reference layer, while
the optical gap was even slightly increased from 2.0 eV to 2.1 eV.

Regarding the n-type a-Si:H layer, the void-rich structure resulting from the low
deposition temperature could be significantly improved by reduction in silane concentra-
tion during deposition. The corresponding increase in dark conductivity is as high as two
orders of magnitude by reducing SC from 40.8 % to 13.7 %, almost up to the level of the
high temperature reference. With further reduction in SC, the materials starts to grow
microcrystalline, which increases the dark conductivity up to a level of 0.15 S/cm. In
Fig. 4.25, the dark conductivity of the p- as well as n-type layers (circles and squares, re-
spectively) investigated in this work are plotted as a function of E04 gap. Layers deposited
at 180 ◦C are displayed in red color. The a-Si:H p-type layer requires a large band gap due

Figure 4.25.: Dark conductivity σd versus E04 gap for p-type (circles) as well as n-type (squares)
silicon layers investigated in this work. The data for high temperature layers are shown in red
color. Layers resulting in the best a-Si:H solar cell performance are displayed as stars.

to implementation as window layer in the solar cell. This however involves a relatively low
conductivity as visible from the figure. Although the deposition gas mixture was varied
in several ways, the dark conductivity varies only within two orders of magnitude with a
maximum conductivity of 9×10−7 S/cm for a p-type layer deposited at 120 ◦C (displayed
as star in Fig. 4.25). As a consequence, FF and VOC of the solar cell are improved from
59.3 % and 889 mV to 63.9 % and 896 mV, respectively, when the optimized p-type layer
is used as window layer instead of the reference p-type layer deposited at 120 ◦C. On the
other hand, parasitic absorption in the n-type layer is less critical for the solar cell perfor-
mance and lower band gaps can be tolerated. The result is a higher conductivity, which
is relatively easy to vary over more than three orders of magnitude, just by varying the
silane concentration during deposition. However, when implemented in a solar cell, this
significant improvement only marginally affects the photovoltaic parameters, resulting in
a small increase in efficiency from 8.8 % to 8.9 %. This indicates that in this case other
factors than n-type layer conductivity are limiting the solar cell performance.
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In case of the intrinsic absorber layer, a reduction in silane concentration results
in a higher structural order in the network, probably due to enhanced hydrogen etching
during deposition and/or lower deposition rate. As a result, the defect density in the
film (evaluated by α1.2eV) is reduced and the photo response could be improved to 106

at an SC of 8.3 % for the low temperature layer. Simultaneously, the band gap slightly
increases with lower SC. When the silane concentration is as low as 4.2 %, the evolution
of microcrystals in the film begins and a large scatter in the data could be observed. For
the amorphous films, the slight increase in band gap results in an increasing VOC and
decreasing JSC, when implemented in a solar cell. Due to the improved material quality
at lower SC, the fill factor is enhanced compared to the low temperature reference layer
at SC=16.7 %. The optimum silane concentration was found at 12.5 %, resulting in an
efficiency of 8.8 %.

Besides variation of the deposition gas mixtures of individual layers at low tempera-
ture, layer thicknesses of each individual layer as well as the back contact was optimized.
As a result, the efficiency could be increased from 7.5 % to 9.1 % for a solar cell deposited
entirely at 120 ◦C on Asahi-U substrates.

4.2. Microcrystalline Silicon and Tandem Solar Cells

The combination of absorber layers exhibiting different band gaps stacked on top of each
other in tandem solar cells provide a potential to outperform the theoretical efficiency de-
scribed by the Shockley-Queisser limit due to a more efficient photon utilization. Thereby
thermalization losses may be reduced when high energy photons are absorbed in a large
band gap material in the top cell, while low energy photons are mainly transmitted through
and are absorbed in the bottom cell, whose absorber layer exhibits a smaller band gap.
A widely investigated approach is the application of an amorphous silicon top cell with
large band gap of 1.7-1.9 eV and a microcrystalline silicon bottom cell with a small band
gap of 1.1 eV. In order to fabricate this type of tandem solar cell at low temperature,
the suitability of microcrystalline silicon layers deposited at 120 ◦C for application in a
single-junction solar cells is investigated first. Afterwards, the best amorphous solar cell
from Section 4.1.4 as well as the microcrystalline solar cell with the highest efficiency are
combined to an a-Si:H/µc-Si:H tandem device deposited at low substrate temperature.

It should be noted here that the following experiments were conducted at the end of
this work and that only a limited number of microcrystalline layers and solar cells as well
as tandem devices could be prepared within the remaining time frame. Accordingly, the
results in this section represent only a first attempt for the development of low temperature
a-Si:H/µc-Si:H tandem solar cells and further optimization need to be conducted in the
future.
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4.2.1. Microcrystalline Silicon

Individual layers are deposited on Corning glass substrates and the crystalline volume
fraction Icrs, which can serve as a measure for material composition, is estimated by
Raman scattering measurements (see Section 3.3.3). The crystalline volume fraction in
microcrystalline silicon layers can be adjusted by varying the silane concentration SC
during deposition, and optimal solar cell efficiencies are usually observed for absorber
layers with Icrs between 40 % to 70 % [241]. Therefore, a silane concentration series was
conducted for intrinsic absorber layers deposited at Ts =120 ◦C. The films (around 500 nm
thick) tend to peel off the substrate after deposition, which is why the conductivity has
not been measured. Raman scattering measurements were undertaken on the peeled-off
layers.

In Fig. 4.26, resulting Icrs values are plotted as a function of silane concentration.
Data for a silane concentration series for intrinsic layers deposited at 180 ◦C is taken from
[180] and presented in the inset of the figure. A transition from amorphous (Icrs =0 %)

Figure 4.26.: Raman crystallinity Icrs as function of silane concentration SC for intrinsic
absorber layers. The line is a guide to the eye. The inset shows data for intrinsic absorber layers
deposited at 180 ◦C (taken from [180]).

to highly crystalline volume fraction of 84.0 % is observed when the silane concentration
is reduced from 5.2 % to 1.9 %. The transition occurs within a significantly narrower
SC range between 3.8 % and 2.4 %, compared to the data for layers deposited at high
deposition temperature in the inset, which is in agreement with literature [242]. This
may result in a relatively difficult process control for obtaining optimal crystalline volume
fractions between 40 % to 70 %.

It was shown that the crystallinity of microcrystalline films depends sensitively on
the underlying substrate and layers [243–245], therefore the final optimization of silane
concentration for the absorber layer deposition was directly performed in a p-i-n solar cell.
The p-type layer should have sufficient crystalline fraction to serve as a nucleation layer
for the development of microcrystals in the intrinsic absorber layer [246]. The reference p-
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type layer deposited at low temperature exhibits satisfactory properties with Icrs =43.8 %
and dark conductivity of 0.1 S/cm (measured on a 100 nm thick film) and was therefore in
the first instance not further optimized. As n-type layer, the optimized a-Si:H layer with
SC of 13.7 % shown in Section 4.1.4 was used. Similar to the case of a-Si:H solar cells, a
significant annealing effect was found for µc-Si:H solar cells that will be discussed later in
Section 5.6. The measurements on the solar cells shown in this chapter were conducted
after post-deposition annealing for 30 minutes. A ZnO:Al/Ag back contact was used and
JSC was calculated from EQE curves to avoid the effect of additional charge carriers
collected from regions outside the solar cell area due to the highly conductive p-type
layer. The absorber layer thickness was around 1µm for all solar cells presented here.
Due to reduction effects in SnO2:F substrates under conditions with a high flux of atomic
hydrogen at low silane concentrations, resulting in reduced transmission of light, ZnO:Al
was used as TCO layer. Corning Eagle XG glass substrates were covered with a ZnO:Al
layer deposited at high temperature of 300 ◦C and texture-etched in HCl for 40 s [118].

In Fig. 4.27, the photovoltaic parameters of the µc-Si:H solar cells are shown as a
function of Icrs of the intrinsic absorber layer resulting from various silane concentrations
during deposition. The data for a reference cell deposited at 180 ◦C is shown for compar-
ison (red circle). The reference device has an absorber layer thickness of 1.8µm and uses
a ZnO:Al/Ag back contact as well. Typical trends (see [37]) for the dependence of photo-

Figure 4.27.: Photovoltaic parameters of µc-Si:H solar cells deposited at 120 ◦C as function of
Icrs of the intrinsic absorber layer. The total thickness of silicon layers is around 1µm. The data
for a reference cell deposited at 180 ◦C and with an absorber layer thickness of 1.8µm is shown
for comparison (red circle). Lines are guides to the eye.

voltaic parameters on silane concentration or corresponding crystalline volume fractions
are evident for the low temperature µc-Si:H solar cells from Fig. 4.27 (blue squares). The
open-circuit voltage shown in (b) decreases with increasing crystallinity of the absorber
layer. This can be attributed to a reduction in the ”effective” band gap, when a higher
crystalline volume fraction exhibiting a small band gap of 1.1 eV is present in the layer.
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Both FF and JQE presented in (c) and (d), respectively, first increase when a larger
crystalline volume fraction is present in the absorber layer, reach a maximum at around
Icrs of 50-60 % and decrease again with further increase in Icrs. From EQE curves in
Fig. 4.28 it is evident that charge carrier collection is hindered for λ>400 nm at large Icrs

of 78.6 %. Vetterl et al. hypothesized that the deteriorated charge carrier collection may

Figure 4.28.: External quantum efficiency EQE curves for µc-Si:H solar cells deposited at
120 ◦C having an absorber layers thickness of 1µm and exhibiting various crystalline volume
fractions Icrs. The EQE curve for the reference µc-Si:H solar cell deposited at 180 ◦C and with
an absorber layer thickness of 1.8µm is shown for comparison (red dashed line).

result from possible breakdowns in the electrical field, recombination losses or interface
effects between doped and intrinsic layers [37]. At high crystalline volume fractions the
passivation of grain boundaries and/or crystalline columns may be insufficient, resulting
in a large number of defects and thus poor charge carrier collection. Another possible
reason for the drop in FF at high Icrs might be related to ohmic shunts in the micro-
crystalline solar cell, when a pronounced columnar growth of crystallites leads to cracks
within the intrinsic layer [28]. This is in agreement with measured shunt resistance Rsh

values, evaluated from dark J-V curves, shown in Fig. 4.29. Here, a decreased Rsh with
increasing Icrs can be observed. In the case of low Icrs values, the drop in FF and JSC

might be related to losses in charge carrier collection losses due to a low electron mobility
in microcrystalline silicon material with a large amorphous volume fraction, as suggested
by Reynolds et al. [247]. Overall, the highest efficiency for a µc-Si:H solar cell deposited
at low temperature on glass substrate in this work was 6.9 % at a crystallinity of 52 %,
with VOC =491 mV, FF =60.9 % and JQE =22.9 mA/cm2.

Comparison to the high temperature solar cell reveals that, similar to a-Si:H solar
cells, a high deposition temperature is beneficial for all photovoltaic parameters of the µc-
Si:H solar cell (see Fig. 4.27). Especially the fill factor is significantly higher around 70 %.
Possible reasons might be related to an increased number of cracks in the intrinsic layer
at low substrate temperatures [248], limited activation of doped layers [249] or higher
defect densities at crystalline grain boundaries [250]. Similar reasons might also affect
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Figure 4.29.: Shunt resistance Rsc,dark evaluated from dark J-V measurements as a function
of Raman crystallinity Icrs. The line is a guide to the eye.

VOC. However, it should be noted that the Raman crystallinity was measured with a
laser wavelength of 488 nm in case of the high temperature solar cell which means that
the probed thickness is less than in the case of the low temperature device which was
measured with a laser wavelength of 532 nm. Since the intrinsic absorber layer usually gets
more crystalline in growth direction [251] and the measurement was performed through
the n-type layer of the device, the Icrs value for the high temperature solar cell might
be overestimated. The higher JQE may at least partly be related to the thicker absorber
layer (1.8µm for the high temperature and 1.0µm for the low temperature solar cell,
respectively), since the increase is mainly visible in the long wavelength range above
500 nm, as evident from Fig. 4.28.

4.2.2. Tandem Solar Cells

Efficiencies of 9.1 % and 6.9 % for a-Si:H and µc-Si:H single junction solar cells deposited
at 120 ◦C were achieved in this work and these solar cells were then stacked to tandem
solar cells. The a-Si:H top cell is deposited first, allowing the use of SnO2:F covered
substrates. In this case, Asahi-VU type glass substrates were used. Microcrystalline n-
and p-type layers are used for the tunnel recombination junction between the sub cells
to ensure a low series resistance. The reference µc-Si:H n-type layer deposited at 120 ◦C
exhibits satisfactory properties with Icrs =67.6 % and dark conductivity of 0.05 S/cm and
was therefore in the first instance not further optimized. The resulting layer stack is
as follows: <p> a-Si:H / <i> a-Si:H / <n> µc-Si:H / <p> µc-Si:H / <i> µc-Si:H /
<n> a-Si:H (see also Fig. 3.7(c) in Section 3.2.4). The post-deposition annealing was
conducted for 5 hours. Similar to the case of µc-Si:H single junction solar cells, the back
contact consists of a ZnO:Al/Ag layer stack. The thickness of the top and bottom cell
were 350 nm and 1000 nm, respectively.

Resulting photovoltaic parameters are presented in Table 4.3. In the case of a high
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Table 4.3.: Photovoltaic parameters of the a-Si:H/µc-Si:H tandem solar cell deposited at 120 ◦C.

η [%] FF [%] VOC [mV] JSC [mA/cm2]

9.8 70.2 1370 10.2

quality tunnel recombination junction, the VOC value of the tandem device should roughly
correspond to the sum of the VOC values of the corresponding a-Si:H and µc-Si:H single
junction solar cells. The VOC of the µc-Si:H single junction cell is measured under red
light (OG590 filter) in such a case to simulate the situation in the tandem cell, where
the light of short wavelength is filtered by the top cell. The VOC of the tandem solar
cell attains nearly the sum of VOC from single junction cells with 1370 mV, when the
corresponding cells exhibit 900 mV (a-Si:H) and 477 mV (µc-Si:H, under red light). This,
and also an appropriate fill factor of 70.2 %, indicate that the combination of sub cells was
successful and the tunnel recombination junction works appropriately [252], although no
distinct optimization of the doped microcrystalline silicon layers at low temperature was
conducted.

An important point in the development of tandem solar cells is the current matching,
as the top and bottom cell are connected in series and the sub cell providing the lowest
current will limit the cell performance. From EQE curves in Fig. 4.30 it is evident that the
bottom cell exhibits a lower current density and thus limits the overall JSC of the device.
The mismatched state of this tandem solar cell can also be the reason for the relatively

Figure 4.30.: External quantum efficiency EQE curve for the a-Si:H/µc-Si:H tandem solar
cell with Icrs of the bottom cell of 49 %, top and bottom cell thickness of 350 nm and 1000 nm,
respectively.

high fill factor, which exceeds the ones from the single junction solar cells (68.9 % and
60.9 % in the case of a-Si:H and µc-Si:H, respectively) [253, 254]. Nevertheless, in this
unmatched state the tandem solar cell deposited at low temperature already achieves an
efficiency of 9.8 %, thereby outperforming the single junction solar cells presented above.
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4.2.3. Conclusion and Outlook

In the sections above, the development of µc-Si:H and a-Si:H/µc-Si:H solar cells at low
temperature of 120 ◦C was presented. Regarding the microcrystalline silicon doped layers
and in contrast to the case of a-Si:H layers, satisfactory electrical properties were obtained
for reference layers deposited at 120 ◦C. For this reason, deposition parameters were not
adjusted so far. In terms of intrinsic µc-Si:H, it was possible to obtain layers deposited
at low temperatures with crystalline volume fractions of up to 82 %, yet the silane con-
centration range for optimal intrinsic absorber layers with Icrs between 40 % to 70 % is
considerably smaller than for µc-Si:H layers deposited at high temperature, which may
result in a more difficult process control.

When these absorber layers are implemented in a p-i-n solar cell, similar trends
as in series of varied silane concentration or respective crystallinity conducted at 180 ◦C
were observed. At low Icrs, the performance is limited by JSC due to high fraction of
amorphous material exhibiting a large band gap as well as a low electron mobility leading
to additional reductions in FF . At high Icrs on the other hand, a reduction in shunt
resistance was found, hindering the collection of charge carriers and thereby deteriorat-
ing FF and JSC. An efficiency of 6.9 % was achieved when the intrinsic layer shows a
crystalline volume fraction of 52 %. Compared to the reference cell, deposited at higher
substrate temperature but with increased absorber layer thickness of 1.8µm, reductions
in all photovoltaic parameters were found. The largest difference was observed in FF ,
with an absolute reduction of 9 % when the substrate temperature is lowered to 120 ◦C at
similar values of Icrs.

The µc-Si:H solar cell with the highest efficiency at low temperature was combined
with the low temperature a-Si:H solar cell exhibiting the highest efficiency of 9.1 % in
a tandem solar cell. As a result, an efficiency of 9.8 % was achieved. The sub cells
of the device are not matched in terms of current density, providing a great potential
for further optimization. Efficiencies exceeding 10 % should be feasible for a tandem
solar cell fabricated at 120 ◦C by adjusting the sub cell current densities, for instance by
reducing the top cell thickness or increasing the bottom cell thickness. Further potential
for improvement in FF and VOC is related to the material optimization of p- and n-
type microcrystalline silicon layers deposited at low temperature, possibly even by use of
microcrystalline silicon oxide layers that potentially improve JSC [69]. In order to find the
optimal trade-off between parasitic absorption and electrical properties, also the thickness
of the µc-Si:H doped layers, that constitute the tunnel recombination junction between
the two sub cells, should be adjusted. In addition, profiling of the silane concentration
during deposition as well as a-Si:H buffer layers between p-/i- or i-/n-interfaces have been
shown to improve the VOC in microcrystalline solar cells [63, 255].
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Silicon Solar Cells

5.1. Introduction

Amorphous silicon solar cells deposited at low temperature can be sensitive to post-
deposition annealing [75, 76]. In this work, a significant improvement in all photovoltaic
parameters of a-Si:H solar cells (presented in Chapter 4) upon post-deposition annealing
at 120 ◦C is observed. An example for typical changes in photovoltaic parameters with
annealing time is shown in Fig. 5.1, for the case of an a-Si:H solar cell deposited at
120 ◦C on glass substrate (black squares). For the purpose of comparison, the effect of
annealing on the standard (high temperature) solar cell deposited at 180 ◦C is shown (red
triangles). The corresponding J-V curves for the low temperature solar cell are presented

Figure 5.1.: Photovoltaic parameters for the reference a-Si:H solar cell deposited at 120 ◦C
(black squares) and 180 ◦C (red triangles) as a function of post-deposition annealing time tann

at 120 ◦C in air. Lines are guides to the eye.

in Fig. 5.2 for various annealing times. It can be seen that for the case of low deposition
temperature, a significant improvement upon post-deposition annealing is observed in all
photovoltaic parameters. The largest effect is visible in FF , increasing from 51.6 % to
62.1 % after 120 minutes annealing time, corresponding to a relative improvement of 20 %.
Simultaneously, VOC increases by 4 % from 874 mV to 906 mV and JSC by 7 % from 13.5 to
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5.1. Introduction

Figure 5.2.: Current density-voltage (J-V ) curves for various annealing times tann for an a-Si:H
solar cell deposited at 120 ◦C.

14.5 mA/cm2. This results in a relative efficiency η increase of 34 %, from 6.1 % in the as-
deposited state to 8.2 % after 120 minutes annealing. On the other hand, for the solar cell
deposited at 180 ◦C the efficiency increases by merely 3 % relative upon post-deposition
annealing at 120 ◦C.

An improvement in solar cell efficiency upon annealing described above can be a
result of improved properties in the individual layers and/or interfaces present in the
solar cell. Here, the solar cell is a multilayer device consisting of TCO layers, various
silicon thin films and metal (Ag) layer (see also Fig. 3.7 in Section 3.2.4). Therefore, a
possible contribution from each particular layer in the observed annealing effects should
be discussed:

(i) Ag contacts (Ag/silicon interface): effects resulting from the Ag/n-type a-Si:H back
contact can be excluded as similar improvements upon annealing were found for anneal-
ing procedures carried out before as well as after silver evaporation. Furthermore, the
annealing effect is similar for application of Ag as well as ZnO:Al/Ag as back contact.

(ii) TCO layer (TCO/p-contact): regarding the influence of the Asahi-U type substrate,
no variation in optical or electrical properties upon annealing could be detected. As
improvements upon annealing were found for various types of TCOs, like SnO2:F,
ZnO:Al, ITO and hydrogen-doped indium oxide (IO:H), also the TCO/p-contact is
unlikely the cause.

Therefore, the contribution from the silver contact and TCO layer to the observed changes
in the solar cell performance upon annealing can be excluded.

(iii) Another possibility to be discussed is related to the presence of ambient air during
annealing of the solar cells. Since ambient air is a mixture of nitrogen, oxygen, carbon
dioxide and other gases, a possible incorporation of these impurities into silicon layers
upon annealing has to be studied. Secondary Ion Mass Spectrometry (SIMS) analysis
was therefore performed on a-Si:H solar cells in the as-deposited state as well as after
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5. Annealing Effects in Thin-Film Silicon Solar Cells

annealing for 30 and 120 minutes. The corresponding depth profiles of hydrogen, phos-
phorus, oxygen, carbon and nitrogen (probed by secondary ions of 1H−, 31P−, 16O−,
12C− and 28Si14N−, respectively) are shown in Fig. 5.3. It can be seen that the depth

Figure 5.3.: Secondary Ion Mass Spectrometry (SIMS) profiles of an a-Si:H solar cell in the
as-deposited state (line), after annealing for 30 minutes (open circles) as well as 120 minutes
(crosses). Please note that the signal for 31P− and 28Si14N− ions are superimposed by signals
from 30Si1H− and 30Si12C− ions, respectively.

profiles of the investigated secondary ion signals are similar to the as-deposited state
for both annealing times, indicating no diffusion of air related impurities into the films
upon annealing, probably due to the encapsulation of the silicon layers by the glass
substrate and silver back contact. Additionally, it should be noted that no long-range
diffusion of e.g. phosphorus atoms is observed.

Overall, our results indicate that changes in the photovoltaic parameters of a-Si:H
solar cells upon annealing are related to changes in the amorphous silicon layers and/or
interfaces. In the following sections, the origin of the annealing effect observed in the solar
cells is investigated by examining individual a-Si:H layers and various cell configurations
subject to post-deposition annealing. In the discussion (Section 5.4), a link between the
properties of individual silicon layers and the solar cell performance upon annealing is
addressed.

Unless noted differently, the samples shown in this chapter were all prepared on
glass substrates. A remark about the annealing effect of solar cells on flexible substrates
will be given in Section 5.5. Parts of the results shown in this chapter have previously
been published in [256].
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5.2. Annealing of Individual Silicon Layers

In the literature, the annealing effects observed in a-Si:H solar cells are frequently related
to changes in the properties of individual silicon layers upon annealing (cf. Section 2.4).
This includes changes in the electrical and optical properties of the layers, monitored by
e.g. dark and photo conductivity and absorption coefficient spectra [86, 89]. Changes in
the bonding configuration, especially related to hydrogen movement upon annealing, are
analyzed by FTIR measurements [86, 89].

In this section, the electrical and optical properties as well as the bonding structure
of the low temperature intrinsic, p- and n-type a-Si:H layer are investigated as a function
of annealing time tann. In order to investigate the Si-H bonding configuration, the FTIR
spectrum in the range from 1900 to 2200 cm−1 is investigated, where the vibrational
frequency of the Si-H stretching mode is present. The layers investigated in this section
are the reference layers deposited under conditions specified in Table E.1 in Appendix E
but at a substrate temperature of 120 ◦C. In all experiments presented in this section the
annealing temperature was kept constant at 120 ◦C.

5.2.1. Annealing of P-Type a-Si:H Layers

Fourier transform infrared spectroscopy measurements were conducted on the p-type a-
Si:H layer after various times of post-deposition annealing to investigate the influence of
annealing on the structural bonding configuration of hydrogen in the film. The spectrum
between 1900 and 2200 cm−1, where the Si-H stretching vibration mode is present, is
shown in Fig. 5.4 for various annealing times. For further details on the interpretation

Figure 5.4.: Infrared absorption peak of the Si-H stretching mode of the p-type a-Si:H layer
deposited at 120 ◦C after various post-deposition annealing times between 0 (as-deposited) and
120 minutes.

of FTIR spectra, see Sections 3.3.3 and 4.1.1. It is evident that no change in the Si-H
stretching mode can be observed upon annealing up to 120 minutes, indicating that no
significant change in the Si-H bonding configuration occurs.
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5. Annealing Effects in Thin-Film Silicon Solar Cells

The effect of post-deposition annealing on the electrical properties was probed by
measurements of dark conductivity σd and results are shown as a function of annealing
time in Fig. 5.5. It is evident that the dark conductivity increases with increasing anneal-

Figure 5.5.: Dark conductivity σd of the p-type a-Si:H layer deposited at 120 ◦C as function of
post-deposition annealing time tann.

ing time from 1.9×10−8 S/cm in the as-deposited state (0 minutes) to 6.5×10−8 S/cm after
5 hours (300 minutes) annealing. After 120 minutes, which is the time where an increase
in solar cell efficiency of 34 % was found, the dark conductivity has increased by a factor
of 2.3. A possible explanation is related to the activation of dopants by breaking boron-
hydrogen complexes that keep the boron atoms in a non-active three-fold coordination
[101, 102].

5.2.2. Annealing of N-Type a-Si:H Layers

Similar to the case of p-type layers, FTIR measurements were conducted after various
annealing times and the corresponding FTIR absorption peaks of the Si-H stretching
mode are shown in Fig. 5.6. It can be seen that no considerable change in the FTIR
absorption peak between 1900 and 2200 cm−1 occurs, implying that the number of Si-H
bonds and thus hydrogen content is not affected by post-deposition annealing at 120 ◦C
in air. The similarity of the curves also indicates that no transfer from dihydride bonds
(Si-H2) to monohydride bonds (Si-H) or vice versa has occurred.

Regarding optical properties, PDS measurements were performed after various times
of annealing. From these measurements, the optical gap E04 and sub-gap absorption
α1.2eV, which serves as a measure for the defect density, were evaluated. The results
are shown in Fig. 5.7(a). A slight decrease in the E04 gap is visible with increasing
annealing time. At the same time, the sub-gap absorption increases from 725 cm−1 in the
as-deposited state to 890 cm−1 after 60 minutes annealing, implying that the defect density
increases upon annealing. In Fig. 5.7(b) the dark conductivity is plotted as a function of
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Figure 5.6.: Infrared absorption peak of Si-H stretching mode of the n-type a-Si:H layer de-
posited at 120 ◦C for various post-deposition annealing times between 0 and 90 minutes.

Figure 5.7.: (a) Sub-gap absorption α1.2eV (blue triangles, right axis) and E04 gap (black
squares, left axis) as well as (b) dark conductivity σd of the n-type a-Si:H layer deposited at
120 ◦C as a function of post-deposition annealing time tann. Lines are guides to the eye.
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annealing time and similar to the case of p-type layers, an increase with annealing time can
be observed. More precisely, σd increases from the as-deposited value of 4.8×10−5 S/cm
by a factor of 3.1 to 1.5×10−4 S/cm after 90 minutes annealing.

The concurrent increase in sub-gap absorption and dark conductivity may indicate
an activation of dopant atoms in the material, that is usually accompanied by an increase
in defect density [27]. Furthermore, the slight reduction in band gap may change the
Fermi level position and thus activation energy in the film, in agreement with increasing
dark conductivity upon annealing.

5.2.3. Annealing of Intrinsic a-Si:H Layers

The device performance of an a-Si:H solar cell largely depends on the material properties
of the intrinsic absorber layer. Incoming photons are absorbed in this layer and generated
charge carriers need to pass through to be collected at the contacts. Variations in the
intrinsic layer properties upon annealing may therefore significantly influence the device
performance and are thus investigated in this section.

Similar to the case of doped layers, the FTIR absorption peak of the Si-H stretching
vibration after various annealing times is shown in Fig. 5.8. Again, no change in the

Figure 5.8.: Infrared absorption peak of the Si-H stretching mode of the intrinsic a-Si:H layer
deposited at 120 ◦C for various annealing times between 0 and 90 minutes.

Si-H bonding configuration or number of Si-H bonds can be detected by FTIR, thereby
suggesting that the annealing has no detectable effect on the hydrogen content in the
film. As visible from Fig. 5.9, also no distinct trend can be observed in the E04 gap and
sub-gap absorption α1.2eV with annealing time, as evaluated from PDS measurements.
Regarding the electrical properties, photo σph and dark σd conductivity were measured
after several annealing steps. The results are shown as a function of annealing time in
Fig. 5.10(a). The photo conductivity increases within the first annealing step of 30 minutes
by a factor of 3.3 from 3.0×10−7 S/cm to 1.0×10−6 S/cm and stays relatively constant
with further annealing steps. The dark conductivity increases as well within the first
annealing step from 7.1×10−12 S/cm to 2.8×10−11 S/cm, but then slightly decreases again
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Figure 5.9.: Sub-gap absorption α1.2eV (blue triangles, right axis) and E04 gap (black squares,
left axis) of the intrinsic a-Si:H layer deposited at 120 ◦C as a function of annealing time tann.
Lines are guides to the eye.

Figure 5.10.: (a) Dark σd (black squares) and photo σph (blue triangles) conductivity as well
as (b) photo response of the intrinsic a-Si:H layer deposited at 120 ◦C as function of annealing
time tann.

to 1.0×10−11 S/cm. As a result, the photo response shown in Fig. 5.10(b) increases slightly
with annealing time.

In nominally undoped a-Si:H, electrons are majority carriers and measurements of
photo conductivity are thus dominated by electron transport [210, 257]. Possible changes
in the hole transport properties upon annealing would not be detectable from photocur-
rent measurements. In a solar cell however, the charge carriers with the lowest drift length
may limit the cell performance. Steady-state photocarrier grating (SSPG) measurements
were therefore performed to investigate the effect of post-deposition annealing on the hole
transport properties in the intrinsic a-Si:H layer. The measurements were conducted by
M. Güneş at the Mugla University, Turkey. From SSPG measurements, the ambipolar
diffusion length Lamb is evaluated, which is dominated by minority carrier transport prop-
erties and thus serves as a measure for the latter. Lamb is plotted as a function of annealing
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time tann in Fig. 5.11. Besides some scatter in the data, which results from various samples

Figure 5.11.: Ambipolar diffusion length Lamb evaluated from SSPG measurements of the
intrinsic a-Si:H layer deposited at 120 ◦C as function of annealing time tann. The dashed line is
a guide to the eye.

as well as evaluation techniques [211], a clear trend of increasing Lamb from 88±8 nm to
106±4 nm with increasing annealing time up to 120 minutes is evident from the graph.
This indicates an improvement in the transport properties of minority carriers in the film
upon annealing at 120 ◦C. Comparison to the intrinsic layer deposited at 180 ◦C, Lamb

is still significantly lower, as the high temperature layer exhibits a diffusion length of
198±15 nm, without a detectable change upon annealing (not shown).

Discussion

The increase in dark conductivity of the intrinsic layer indicates a reduced activation
energy and thus a shift of the Fermi level EF towards conduction band upon annealing.
Following Eq. 2.6, a maximum change in Fermi level position is estimated to be 0.034 eV.
It is well known that a shift in Fermi level also influences the µτ -product of the charge
carriers [210, 257, 258]. Upon a shift of the Fermi level towards the conduction band an
increased number of defect states is negatively charged. As a result, the defects become
less attractive for electron capture and the lifetime and thus (µτ)e-product of electrons
increases. This in turn directly increases the photo conductivity as evident in Fig. 5.10.
Beyer and Hoheisel [232] proposed that conductivities for all undoped or slightly doped a-
Si:H films ”deposited under optimized conditions” fall on one curve, which is indicated by
the blue dash-dotted line in Fig. 5.12. It was suggested [232] that shifts along this curve,
as it is the case for the layers in this work after prolonged annealing times up to 7 hours
(see Fig. 5.12), result mainly from a change in Fermi level position rather than material
quality, i.e. defect density. On the other hand, more negatively charged recombination
centers, appearing with the shift in Fermi level towards conduction band, imply a higher
probability for holes to recombine, thereby reducing their lifetime τh [232]. However, the
ambipolar diffusion length Lamb, which is proportional to the (µτ)h-product of minority
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Figure 5.12.: Photo conductivity σph as a function of dark conductivity σd for the intrinsic a-
Si:H absorber layer deposited at 120 ◦C for various post-deposition annealing times tann between
0 and 120 minutes. The blue dash-dotted line indicates the curve on which films grown under
optimized conditions fall, as suggested by Beyer and Hoheisel [232].

carriers, considerably increases upon annealing. This clearly indicates either a reduction
in the total defect density (therefore an increase in τh) and/or an increase in µh upon
annealing. The sub-gap absorption measured by CPM showed no change upon annealing,
thereby suggesting a constant defect density. However, the measured photocurrent is
dominated by the (µτ)e-product of majority carriers [259] and a variation in τh would not
be accessible in this measurement.

5.2.4. Summary

The results of post-deposition annealing of individual layers can be summarized as follows:

• In all three types of layers (p, n, i) no detectable change in hydrogen bonding
configuration of the films could be observed.

• The dark conductivity of both p- and n-type layers increases with increasing anneal-
ing time, up to a factor of 2.3 and 3.3 (after 120 min/90 min annealing), respectively.

• Regarding the intrinsic a-Si:H layer, no change in sub-gap absorption or E04 gap
upon annealing could be detected by CPM and PDS measurements.

• The Fermi level in the intrinsic a-Si:H layer is slightly shifted towards the conduction
band upon annealing (maximum shift of 0.034 eV), leading to an increase in both
dark conductivity and (µτ)e-product of electrons as majority carriers.

• The ambipolar diffusion length Lamb, related to the (µτ)h-product of holes as mi-
nority carriers increases upon annealing, as detected from the results of SSPG mea-
surements.
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5.3. Annealing of a-Si:H Solar Cells

After the investigation of individual layers, in this section the focus will be on the influence
of annealing on the a-Si:H solar cell performance. Selected layers in the solar cell were
replaced by layers exhibiting different material properties in order to investigate their
influence on the annealing behavior of the solar cell. Variable Intensity Measurements
(VIM) were performed to distinguish between the effects of charge carrier collection, series
and shunt resistance in the device upon annealing. In order to learn more about charge
carrier collection, external quantum efficiency measurements were conducted on solar cells
of various absorber layer thicknesses and illumination sides (p- and n-side illuminated).

5.3.1. Effect of Individual Layers on the Annealing Behavior of Solar
Cells

From the results in Section 5.2, improvements in the material properties of individual
silicon layers were observed upon post-deposition annealing. In order to estimate the
effect on the solar cell performance resulting from this improvement, silicon layers were
systematically replaced by layers exhibiting various electronic properties. An attempt is
made to determine to what extent each silicon layer contributes to the improvement in
solar cell performance. For this purpose, the silicon layers are systematically replaced by
high temperature layers (weakly sensitive to annealing at 120 ◦C) in order to eliminate
a contribution of the respective layers to the annealing behavior of the solar cell. For
simplicity, only the annealing behavior of the fill factor in the solar cell is presented in
this section, as it shows the largest improvement upon annealing for all of the investigated
a-Si:H solar cells.

Effect of Layer Temperature on the Annealing Behavior

Selected low temperature silicon layers were consecutively substituted by high temperature
deposited layers. The layers deposited at 180 ◦C are expected to be only weakly sensitive
to post-deposition annealing at 120 ◦C. This allows to assign the observed improvement in
cell performance upon annealing to a specific low temperature component of the solar cell.
In Fig. 5.13 fill factor values FFannealed normalized to the as-deposited state FFas-deposited

are shown as a function of annealing time for solar cells in which specific low temperature
layers are substituted by high temperature layers. The solar cell deposited entirely at
120 ◦C (black squares) and with only the p-type layer deposited at 180 ◦C (blue triangles)
exhibit only a slight difference in the annealing characteristics of the fill factor, which may
be considered to be within the error bar. Though their absolute values differ (62.1 % and
69.8 % after 120 min annealing, respectively), probably due to the higher dark conductivity
of the p-type layer deposited at 180 ◦C (cf. Fig. 4.3(a) in Section 4.1.1), the improvement
upon annealing is 21.6±1.3 % relative (corresponding to a ratio of 1.216 in the figure)
after 120 minutes annealing.
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Figure 5.13.: Fill factor in the annealed state FFannealed normalized to the as-deposited value
FFas-deposited as function of post-deposition annealing time tann for solar cells in which selected
layers were deposited at 180 ◦C. The substrate temperatures used for the deposition of each layer
are noted at the top for each of the presented solar cells along with absolute FF values after
120 minutes annealing time. Lines are guides to the eye.
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The fill factor of the solar cell in which the p-type as well as intrinsic absorber layer
were deposited at Ts =180 ◦C are presented as green diamonds. It can be seen that the
improvement upon annealing is considerably reduced when the intrinsic absorber layer is
deposited at high temperature of 180 ◦C and thus assumed to be only marginally sensitive
to annealing at 120 ◦C. The increase in FF is reduced to 7.4 % relative after 120 minutes
annealing time. When additionally the n-type layer is deposited at 180 ◦C, resulting in a
solar cell deposited entirely at high temperature (red circles), a mere relative improvement
of 1.2 % in the fill factor is visible after 120 minutes post-deposition annealing at 120 ◦C.

For the following discussion it will be assumed that layers deposited at high tem-
perature of 180 ◦C are not sensitive to post-deposition annealing at 120 ◦C. The p-type
layers deposited at 120 ◦C and 180 ◦C exhibit quite different material properties, with
higher dark conductivity (by two orders of magnitude) and lower E04 gap in the case of
high deposition temperature (see also Fig. 4.3(a) in Section 4.1.1). However, the imple-
mentation of these p-type layers (exhibiting different dark conductivities and deposition
temperatures) has only little effect on the annealing characteristic of the fill factor. This
suggests that changes in the p-type layer properties upon annealing, as shown in Sec-
tion 5.2.1, have no major contribution to the remarkable improvement in the a-Si:H solar
cell performance. Moreover, similar improvement upon annealing for solar cells with these
p-type layers also indicates a low level of relevance of the TCO/p-type layer interface for
the annealing process. It should be noted that the low temperature p-type layer may
also already be annealed during subsequent intrinsic and n-type layer deposition, thereby
partially explaining the insensitivity of the p-type to post-deposition annealing.

In order to investigate the relevance of the intrinsic absorber for the annealing effect
in solar cells, the low temperature intrinsic layer in the solar cell was substituted by
one deposited at 180 ◦C (blue triangles compared to green diamonds, respectively). The
annealing effect is significantly less pronounced when a high temperature intrinsic absorber
layer is implemented. From the 21.6 % increase in fill factor after 120 minutes annealing
when a low temperature i-layer is used, only an increase of 7.4 % remains when the i-
layer is not sensitive to annealing due to the high deposition temperature. This suggests
that the intrinsic absorber layer deposited at low temperature plays a main role (14.2 %
of a total of 21.6 %) in the improvement upon annealing. Still from these results it can
not be distinguished if the improvement upon annealing is a bulk effect in the intrinsic
absorber layer or an interface effect at the p(180◦C)/i(120◦C)-interface, which would also
be affected by changes in Ts of the intrinsic layer.

When additionally the n-type layer is deposited at 180 ◦C, meaning that all sili-
con layers are deposited at high temperature, the improvement in fill factor upon post-
deposition annealing becomes negligible with an increase of merely 1.2 % after 120 minutes
annealing. Accordingly, also the low temperature n-type layer, or i-/n-interface respec-
tively, contributes to the improvement upon annealing, albeit to a smaller extent.

In summary, the results suggest that the considerable improvement upon annealing
can mainly be attributed to the intrinsic absorber layer and/or the p-/i-interface, but also
to the n-type layer and/or n-/i-interface. In the following, the influence of the material
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properties of the intrinsic and n-type layer on the annealing behavior of the solar cell will
thus further be investigated.

Effect of Material Properties on the Annealing Behavior

In this section, the effect of the intrinsic and n-type layer material properties on the an-
nealing behavior of the solar cell is investigated. For this purpose, the annealing effects
in solar cells having different intrinsic and n-type layers are examined. First, the mag-
nitude of fill factor improvement after 150 minutes annealing time FF150min/FFas-deposited

is plotted as a function of photo response (measured on individual layers) of the respec-
tive intrinsic absorber layer used in the cell, which serves as a measure for the material
quality. The results are shown in Fig. 5.14. The different values in the photo response for

Figure 5.14.: Fill factor after 150 minutes annealing time FF150min normalized to the as-
deposited value FFas-deposited of a-Si:H solar cells deposited at various silane concentrations SC
of the intrinsic absorber layer as function its photo response (black squares). Solar cells/layers
on PET (blue triangle) and deposited at 180 ◦C (red circle) are shown for comparison.

the solar cell with 120 ◦C intrinsic layer (black squares) are obtained by varying the silane
concentration during deposition (for effects on solar cell performance see Section 4.1.4).
For comparison, the data points for intrinsic layers and corresponding solar cells deposited
at 180 ◦C (red circle) and on PET substrate (blue triangle) are shown as well. A gen-
eral trend of reduced improvement upon annealing with increasing photo response (thus
material quality) of the intrinsic absorber layer is visible. The intrinsic a-Si:H layer de-
posited on PET substrate exhibits a rather poor photo response of less than 104, and
simultaneously the solar cell using this layer shows a strong annealing effect with a rela-
tive improvement in fill factor of 35±10 %. On the contrary, the intrinsic absorber layer
deposited at 180 ◦C shows a high photo response of 106 and post-deposition annealing at
120 ◦C has only minor effect on the fill factor.

Similar to the case of the intrinsic absorber layers, the effects of n-type layers ex-
hibiting various material properties are investigated. The relative improvement in fill
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factor after 120 minutes FF120min/FFas-deposited of solar cells with n-type layers exhibiting
various dark conductivities σd,n-layer is presented in Fig. 5.15. The different values σd,n-layer

Figure 5.15.: Fill factor after 120 minutes annealing time FF120min normalized to the as-
deposited value FFas-deposited of a-Si:H solar cells as a function of dark conductivity σd,n-layer

of the n-type layer. The n-type layer with σd>0.1 S/cm is microcrystalline with an Icrs of 18 %
(open symbol).

are obtained by varying the silane concentration during deposition (see Section 4.1.3).
The intrinsic absorber layer in these solar cells was deposited at SC = 12.5 %. It is evi-
dent that the relative improvement in fill factor after 120 minutes annealing decreases with
increasing dark conductivity of the a-Si:H n-type layer, from 15.5 % at 5.6×10−5 S/cm to
9.9 % at 2.9×10−3 S/cm. The n-type layer with σd>0.1 S/cm is neglected for this investi-
gation as it exhibits a crystalline volume fraction of 18 % which in turn shows a different
annealing behavior. The effect of post-deposition annealing on microcrystalline silicon
will be shown and discussed later in Section 5.6. A possible explanation for the observed
correlation may be related to an enhanced built-in field in the device with increasing dark
conductivity of the n-type layer. The built-in field is constituted by the p- and n-type
layer, and the lower activation energy of the n-type layer (evident from an increased dark
conductivity) is expected to result in a higher built-in voltage and thus built-in field in
the solar cell. As a result, the magnitude of the annealing effect is reduced, when the
built-in field is already stronger in the as-deposited state. Further investigation of the
effect of the built-in field in the solar cell on the annealing behavior will be given in the
next section.

Effect of Built-In Field on the Annealing Behavior

In order to investigate the influence of the built-in field Ebi in the device on the annealing
characteristics of the a-Si:H solar cell, the built-in field was varied by variation in absorber
and n-type layer thickness. The built-in field within the intrinsic absorber layer is defined
by the built-in voltage divided by the absorber layer thickness Ebi =Vbi/d. As result, a
reduction in d increases Ebi. On the other hand, the built-in field also depends on the
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thickness of the doped layers and a certain thickness is required to support a stronger
electric field for a given built-in voltage [28]. In the case of thicker doped layers, more
space-charge is available to build up the electrical field within the intrinsic layer. The
relative improvement in the fill factor after 120 minutes FF120min/FFas-deposited of solar cells
with various thicknesses of the absorber and n-type layer are shown in Fig. 5.16(a) and
(b), respectively. In Fig. 5.16(a), the values are shown for two different photo responses

Figure 5.16.: (a) Fill factor of a-Si:H solar cells after 120 minutes annealing time FF120min

normalized to the as-deposited value FFas-deposited as a function of layer thickness of (a) the
intrinsic absorber layer and (b) n-type layer. Data for two different photo responses PS of the
intrinsic absorber layer are shown in (a). Lines are guides to the eye.

PSi-layer of the intrinsic absorber layer, which have been shown in Fig. 5.14. It is evident
that the magnitude of the annealing effect in the fill factor decreases with increasing
built-in field in the device, i.e. with thinner intrinsic and thicker n-type layer. The FF
improvement is reduced from 11 % down to 5 % and from 18 % to 10 % for the intrinsic
absorber layer with PS of 2.3×105 and 1.6×105, respectively, when the i-layer thickness is
reduced from 450 nm to 150 nm. On the other hand, the FF improvement is reduced from
17 % to 9 % when the n-type layer thickness is increased from nominal 7 nm to 15 nm.

Summary

The results obtained from the consecutive replacement of silicon layers by high tempera-
ture layers suggest that though the n-type layer or n-/i-interface also contributes to some
extent, the considerable improvement upon annealing can mainly be attributed to the
intrinsic absorber layer and/or the p-/i-interface. No difference in the annealing behavior
could be detected when the p-type layer was replaced by a high temperature layer, sug-
gesting that changes in p-type layer properties are unlikely to contribute to the observed
changes in solar cells upon annealing. Furthermore, it was found that the magnitude of the
annealing effect considerably depends on the material quality in terms of photo response
of the intrinsic absorber layer. A reduction in the magnitude of the annealing effect was
also found for an enhanced built-in field in the device, due to higher dark conductivity or
increased thickness of the n-type layer as well as reduced absorber layer thickness.
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5.3.2. Variable Intensity Measurements

As shown in Section 5.1, the largest improvement upon post-deposition annealing is
present in the fill factor of the solar cell, being enhanced by more than 20 % relative,
following 120 minutes of annealing. The fill factor in an a-Si:H solar cell is influenced by
several effects, such as the series and shunt resistance of the device as well as the collection
efficiency of generated charge carriers. The latter in turn depends on the quality of the
interfaces between the doped and intrinsic layers as well as on the material quality of the
intrinsic absorber layer itself [28]. The bulk material properties were shown to improve
upon annealing by an increase in photo response in Section 5.2.3 and the improvement in
fill factor upon annealing has actually been shown to decrease with an enhanced photo
response of the intrinsic absorber layer in the section above.

Variable Intensity Measurement (VIM) is an effective tool to distinguish between
the effects of series resistance Rs, shunt resistance Rsh and collection efficiency [218].
The collection efficiency is estimated by the collection voltage Vcoll, which is described by
Eq. 5.1 (see also Eq. 3.27):

Vcoll =
(µτ)eff V

2
bi

Ψd2
(5.1)

where (µτ)eff is the the effective mobility-lifetime product of charge carriers in the in-
trinsic absorber layer, Vbi the built-in voltage, Ψ a factor describing the electrical field
deformation and d the absorber layer thickness. Variable intensity measurements were
performed on a solar cell deposited at 120 ◦C (cell B in Table 4.2, see Section 4.1.4) after
several annealing steps ranging from 0 hours (as-deposited state) to 3 hours.

In Fig. 5.17, the fill factor FF as well as Rs, Vcoll and Rsh are presented as a
function of annealing time in (a), (b), (c) and (d), respectively. Further details about
the evaluation of the quantities from VIM can be found in Section 3.4.3. The series
resistance was evaluated from the inverse slope of the J-V curve at V =VOC measured
at 1 sun. The fill factor presented in (a) increases significantly within the first annealing
step of 0.5 hours, namely from 41.9 % in the as-deposited state to 48.2 %. With increasing
annealing time, FF continuously increases up to a value of 51.7 % after 3 hours. At the
same time, Rs shown in (b) decreases from 40.3 Ωcm2 to 33.8 Ωcm2. Regarding Vcoll shown
in (c), a significant increase from 6.5 V in the as-deposited state up to 14.8 V is observed
with increasing annealing time up to 3 hours, corresponding to an increase by a factor of
2.3. From (d) it is evident that Rsh is constant over the investigated range of annealing
times and thus not affected by post-deposition annealing, when the outlier after 1 hour
annealing time is neglected. Comparison to the values obtained for the solar cell deposited
at high temperature (red circles) shows that similar collection voltages of 14.7±1.0 V are
obtained after sufficient annealing of the low temperature solar cell (see (c)). The shunt
resistance shown in (d) is even larger in case of the low temperature solar cell and thus
the results suggest that the loss in fill factor by more than 30 % absolute (see (a)) mainly
results from a significantly increased series resistance in the case of the low temperature
solar cell.
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Figure 5.17.: (a) Fill factor FF , (b) series resistance Rs, (c) collection voltage Vcoll and (d)
shunt resistance Rsh of an a-Si:H solar cell deposited at 120 ◦C as function of annealing time
tann (black squares). The values of a solar cell deposited at 180 ◦C are shown for comparison
(red circles). Lines are guides to the eye.
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Discussion

The conclusions that can be drawn from the results obtained from VIM are discussed in the
following. Although the fill factor varies significantly upon annealing, the shunt resistance
is constant with only slight variations over the entire timescale of post-deposition annealing
studied here (up to 3 hours). Accordingly, it is most unlikely that a reduction of ohmic
shunts is the reason for the increased fill factor upon annealing. The increase in fill factor
upon annealing can be ascribed to an improvement in charge carrier collection, measured
by Vcoll, and a reduction in series resistance of the device. Regarding the series resistance,
a possible reduction may be related to the observed increase in dark conductivities of p-
and n-type a-Si:H layers (see Section 5.2). However, the results obtained in Section 5.3.1
showed that the conductivity of the p-type layer has only slight influence on the annealing
behavior. Also the Asahi-U substrate showed no evidence for a change in sheet resistance
even after prolonged annealing for 20 hours, and can thus be excluded to be the origin
for the annealing effect. Regarding the collection voltage, the pronounced increase clearly
indicates a considerably enhanced charge carrier collection from the device. According to
Equation 3.27, the increase in Vcoll upon annealing may on one hand be attributed to an
increase in the effective mobility-lifetime product (µτ)eff of charge carriers in the intrinsic
absorber layer. The charge carrier collection is most likely limited by a given carrier type
(electrons or holes), however it is not possible to make unambiguous conclusions from
these measurements in the case of p-side illuminated solar cells [260]. On the other hand,
Vcoll may be increased by an increased built-in voltage Vbi and/or reduced correction factor
Ψ, that represents the deformation of the electrical field within the intrinsic absorber layer
of the device due to charged defects or ionized contaminations within [261].

Summary

The influence of annealing on the fill factor of the a-Si:H solar cell, as deduced from VIM,
can be summarized as follows:

• A contribution from the shunt resistance to the improvement in fill factor values
upon annealing can be excluded.

• The fill factor increases upon annealing due to an increase in collection voltage Vcoll

and reduction in series resistance.

• The reduced series resistance may result from the increase in dark conductivity of
the n-type layer.

• Upon annealing, the charge carrier collection is significantly enhanced. This maybe
attributed to (i) an increased effective (µτ)eff-product of charge carriers in the in-
trinsic absorber layer and/or (ii) an enhanced built-in field in the device.

121



5.3. Annealing of a-Si:H Solar Cells

5.3.3. External Quantum Efficiencies

A convenient tool to further investigate charge carrier collection is the measurement of ex-
ternal quantum efficiency EQE curves. In order to investigate the effect of post-deposition
annealing on the charge carrier collection, EQE curves were measured for an a-Si:H solar
cell deposited at 120 ◦C (cell C in Table 4.2, see Section 4.1.4) after various annealing
times, ranging from 0 minutes (as-deposited state) to 120 minutes. The wavelength re-
solved measurement also allows to probe different spatial regions of the device, as will
be discussed later. External quantum efficiency curves after various annealing times are
presented in Fig. 5.18(a), where an increase in EQE curve with annealing time tann over
the entire investigated wavelength range can be observed. In order to have a closer
look at relative variations in the charge carrier collection efficiency over wavelength, the
EQE curves measured in each annealed state EQEannealed were normalized to the initial
EQEas-deposited curve and are shown in Fig. 5.18(b). In more detail, the improvement

Figure 5.18.: External quantum efficiency curves as (a) absolute EQE and (b) normal-
ized EQEannealed/EQEas-deposited curves for various annealing times tann (as-deposited, 30 min,
60 min, 120 min) for an a-Si:H solar cell deposited at 120 ◦C.

in EQE upon annealing is not equally distributed over the wavelength λ, but is more
pronounced at wavelengths below 500 nm and above 600 nm than in the middle of the
spectrum. The maximum improvement is 30 % and 25 % (corresponding to a ratio of 1.3
and 1.25 in the figure) in the region of longer and shorter wavelength after 120 minutes
annealing time, respectively. The noise in the EQE curve for λ>730 nm results from the
low absorption coefficient of a-Si:H in this region, thus leading to a poor spectral response
and a correspondingly low signal-to-noise ratio.

Additional information on the charge carrier collection can be gained by comparison
of p- and n-side illuminated solar cells. Such an approach has been previously used to
study the effects of electronic defects [239, 262] or oxygen content [240] in the absorber
layer on the performance of a-Si:H and µc-Si:H solar cells. In order to enable illumination
from the n-side, a solar cell with identical silicon layers but ITO/Ag grid was prepared
(see Fig. 5.19). Additionally, the glass side was covered with a silver layer to form a
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back reflector. The absolute EQE and normalized EQEannealed/EQEas-deposited curves for

Figure 5.19.: Schematic layer stack of an a-Si:H solar cell deposited at 120 ◦C for the case of
illumination through (a) the p-type layer (p-side illuminated) and (b) the n-type layer (n-side
illuminated).

various annealing times of the n-side illuminated solar cell are shown in Fig. 5.20(a) and
(b), respectively. Similar to the case of the p-side illuminated solar cell, an increase in

Figure 5.20.: External quantum efficiency curves as (a) absolute EQE and (b) normal-
ized EQEannealed/EQEas-deposited curves for various annealing times tann (as-deposited, 30 min,
60 min, 120 min) for the n-side illuminated a-Si:H solar cell deposited at 120 ◦C.

EQE curve over the entire investigated wavelength range upon post-deposition annealing
is visible for the n-side illuminated solar cell, shown in (a). It can already be seen that the
improvement is stronger for short wavelengths below 600 nm. The relative improvement is
more clearly presented in Fig. 5.20(b). Obviously, the relative improvement for the wave-
length range between 320-550 nm is significantly larger compared to the p-side illuminated
solar cell with a maximum factor of 2.3 after 120 minutes annealing. For the improvement
in EQE in the long wavelength range above 650 nm, a maximum improvement of 25 %
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(ratio of 1.25) after 120 minutes annealing, similar to that for the p-side illuminated solar
cell, can be observed.

The drift length and thus collection of charge carriers also sensitively depends on the
electrical field within the intrinsic absorber layer. This can be probed by applying a neg-
ative bias voltage during the spectral response measurement or by reducing the absorber
layer thickness in the device. In Fig. 5.21, the ratio of the EQE curve measured under
a bias voltage of -0.5 V to the EQE curve measured without additionally applied voltage
EQE-0.5V/EQE0V is shown for the p-side illuminated solar cell for various post-deposition
annealing times. For the EQE curve in the as-deposited state (light grey curve), an in-

Figure 5.21.: Ratio of EQE curves with and without bias voltage of -0.5 V EQE-0.5V/EQE0V

for various annealing times tann of the p-side illuminated solar cell.

crease over the entire wavelength range could be achieved by applying a negative bias
voltage of -0.5 V, indicating that not all charge carriers are collected under short-circuit
operating conditions. Interestingly, the shape of the EQE-0.5V/EQE0V curve resembles
the EQEannealed/EQEas-deposited curve in Fig. 5.18(b) with the lowest improvement in the
middle of spectrum around 550 nm. The improvement in EQE due to the applied bias
voltage is 14±2 % in the wavelength range 330 < λ < 500 nm. With increasing anneal-
ing time tann, the effect of the bias voltage gradually decreases until EQE-0.5V/EQE0V is
below 5 % for most of the wavelength after 120 minutes annealing.

Another way to increase the electrical field in the device is to reduce the thickness
of the intrinsic absorber layer. Therefore a solar cell, similar to the p-side illuminated
one in Fig. 5.18, but with an absorber layer thickness of only 150 nm, was fabricated
(the p- and n-side illuminated devices had a thickness of 450 nm). The resulting normal-
ized EQEannealed/EQEas-deposited curves for various times of post-deposition annealing are
shown in Fig. 5.22(a). In contrast to Fig. 5.18(b), the ratio EQEannealed/EQEas-deposited in
the short wavelength range below 500 nm is hardly affected by post-deposition annealing
and is below 5 %, meaning that the effect of annealing on the EQE curve is minor in
this range. In the long wavelength range, the ratio increases with tann for λ>600 nm up
to 15 % after 120 minutes annealing time, indicating an improvement in EQE. Similar
to the case of the 450 nm thick p-side illuminated solar cell, the effect of a negative bias
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Figure 5.22.: Normalized external quantum efficiency curves for various annealing times tann

(as-deposited, 30 min, 60 min, 120 min) for the p-side illuminated solar cell deposited at 120 ◦C
with an absorber layer thickness d of 150 nm: (a) EQE curve in each annealed state normalized
to the as-deposited state EQEannealed/EQEas-deposited and (b) ratio of EQE with and without
bias voltage of -0.5 V EQE-0.5V/EQE0V.

voltage on the EQE before and after annealing is investigated and EQE-0.5V/EQE0V

curves are presented in Fig. 5.22(b). The increase in EQE due to the applied negative
bias voltage in the as-deposited state is below 5 % for most of the wavelengths and only
a slight reduction can be seen upon annealing.

Discussion

From comparison of p- and n-side illuminated solar cells the effects of minority and major-
ity carriers on the charge carrier collection may be separated [260]. The carrier collection
efficiency is mainly governed by the drift length Ld,e and Ld,h of electrons and holes,
respectively, which can be described by

Ld,e/h = µe/h τe/h E (5.2)

where µe/h and τe/h are the mobility and lifetime of electrons and holes, respectively, and
E is the electric field within the intrinsic absorber layer. As electrons and holes need to
be collected in pairs to ensure charge neutrality, the charge carrier exhibiting the lowest
drift length, and thus higher probability to be captured in deep defects, limits the solar
cell performance. The normalized EQE curves in various annealed states presented in
Fig. 5.18(b) can be discussed as follows: for light of short wavelength (320-500 nm), a
great extent of photons is absorbed, and thus charge carriers are generated, in the front
part of the solar cell. As the solar cell is illuminated through the p-type layer, holes are
easily collected due to the short distance between the site of charge carrier generation and
p-type contact layer. The electrons on the other hand have to drift towards the n-type
back contact through the i-layer, thereby increasing the probability for recombination.
The collection efficiency is in this case limited by the collection of electrons. As a conse-
quence, an improvement in EQE for this wavelength range (λ<500 nm) upon annealing
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suggests that the drift length of electrons Ld,e is increased. Vice versa, light of longer
wavelength (600-800 nm), that is nearly homogeneously absorbed in the intrinsic layer,
will be limited by the hole drift length Ld,h, as the (µτ)h-product of minority carriers is
known to be smaller than that of electrons as majority carriers [210, 257]. As a result,
the improvement in EQE upon annealing for the wavelength range above 600 nm can
probably be ascribed to an increase in Ld,h. The minimum in the middle of the spectrum
can be related to relatively high EQE values of more than 0.7 in the as-deposited state for
510 nm<λ < 570 nm, providing not as much potential for improvement upon annealing
than in the remaining wavelength range. Recapitulating, the increase in EQE for short
as well as long wavelengths suggests that both the electron and hole drift length may be
increased upon annealing.

Comparison to the results of the n-side illuminated solar cell in Fig. 5.20(b) reveals a
considerably increased ratio of EQEannealed/EQEas-deposited in the short wavelength range.
This results from an ”inverse” carrier generation profile in the case of n-side illumination
[260]. In this case, illumination with light of short wavelength leads predominantly to
charge carrier generation near the n-type layer and Ld,h is limiting the charge carrier
collection. The significant improvement in this range confirms a rise in hole drift length
Ld,h upon annealing.

Investigating the results of the EQE measurements under negative bias voltage
shown in Fig. 5.21, the shape of the EQE-0.5V/EQE0V curve in the as-deposited state
attracts attention. The larger improvement for λ < 500 nm and λ > 600 nm with the
reduction in the middle of the spectrum resembles the EQEannealed/EQEas-deposited curves
in Fig. 5.18(b). This suggests that qualitatively similar effects can be induced by either
an increase in the electrical field in the absorber layer or by post-deposition annealing.
Indeed, about the same EQE increase can be achieved by applying a bias voltage of -0.5 V
or annealing for 30 minutes (compare Figs. 5.21 and 5.18(b)). As the electrical field E
directly influences the drift length (see Eq. 5.2), the results support the view that the
drift length is the parameter sensitive to annealing.

Another way to increase the electrical field in the device is to reduce the absorber
layer thickness. In case of the 150 nm p-side illuminated solar cell shown in Fig. 5.22(a),
no significant improvement in EQE in the short wavelength range can be observed with
tann. As discussed above, for light of short wavelength the electron drift length is limiting
the carrier collection and thus the EQE curve in the case of illumination through the
p-type layer. The facts that no visible improvement upon annealing takes place and
also an applied negative bias voltage does not lead to a significantly enhanced carrier
collection suggest that Ld,e already exceeds the i-layer thickness of 150 nm and most of
the electrons are already collected in the as-deposited state without negative bias voltage.
Regarding the collection of holes, the increasing ratio EQEannealed/EQEas-deposited in the
long wavelength range above 600 nm implies that Ld,h is still limiting the charge carrier
collection and is improved upon annealing.
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Summary

External quantum efficiency measurements were conducted in the as-deposited state and
after various annealing times up to 120 minutes on p-side illuminated solar cells with
absorber layer thickness of 150 nm and 450 nm, an n-side illuminated solar cell as well as
with applied bias voltage. The conclusions are listed in the following.

• Upon annealing, the drift length of electrons and especially holes increases thus
enhancing charge carrier collection.

• About the same EQE increase can be achieved by applying a negative bias voltage
of 0.5 V or 30 minutes annealing at 120 ◦C. This confirms the drift length to be the
quantity enhanced upon annealing.

• In the case of 150 nm thick solar cells, the drift length of electrons Ld,e exceeds the
absorber layer thickness, while an improvement in Ld,h is still visible upon annealing.

5.3.4. Summary

From the results shown above it can be concluded that the major contribution to the
annealing effect results from changes in the intrinsic absorber layer, though a small con-
tribution from the n-type layer should not be neglected. The magnitude of the annealing
effect was shown to be reduced by improved material properties of the intrinsic absorber
layer as well as by an enhanced built-in field in the device. It could be seen that the
fill factor improvement is related to a reduction in series resistance in the device, as well
as an increase in charge carrier collection, i.e. drift length of charge carriers, as probed
by the collection voltage. This is in agreement with the results of EQE measurements.
From these results, it could be concluded that both the drift length of electrons and
holes increases upon annealing. This implies that during annealing either the µτ -product
of charge carriers, the built-in voltage and/or the distribution of the electrical field in
the device is enhanced upon post-deposition annealing. A more detailed discussion and
possible mechanisms that lead to these enhancements are presented in the following.

5.4. Discussion

As derived from the results presented above, besides a slight reduction in the series re-
sistance the major contribution to the annealing effect is most probably related to an
increase in the drift length Ld of charge carriers. This in turn may be increased by (i)
an enhanced built-in field in the device and/or (ii) an enhanced µτ -product of charge
carriers in the intrinsic absorber layer. The discussion is structured as follows: First,
possible effects improving the built-in field in the device are discussed. Afterwards, pos-
sible mechanisms increasing the mobility µ as well as lifetime τ of electrons and holes are
considered. Finally, possible structural processes that may occur in the intrinsic a-Si:H
layer upon post-deposition annealing are discussed.
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5.4.1. Built-In Field

The drift length of charge carriers sensitively depends on the strength and distribution of
the electrical field E within the intrinsic absorber layer. An enhanced built-in field in the
intrinsic absorber layer may be caused by:

i) a reduction in absorber layer thickness d
In the case of solar cell annealing, changes in the layer thickness are unlikely and
can therefore be excluded in the discussion of changes in the built-in field.

ii) an improved built-in voltage Vbi
This may be caused by a reduction in activation energy of the doped layers [227].
This is in agreement with the observed increase in dark conductivity of the n-type
layer upon annealing (see Fig. 5.7(b)). Furthermore, this would account for the
increased VOC upon annealing (cf. Fig. 5.1), as an improvement in charge carrier
collection is correlated mainly to an increase in FF as well as JSC [28].

iii) a reduction of field deformation Ψ
The electrical field is strongly influenced by deformation within the intrinsic absorber
layer due to charged defects or impurities [28]. A change in Fermi level position, as
indicated in Section 5.2.3, or number of defects might therefore have an influence
on the drift length via the electrical field, in addition to the direct influence via
µτ -product. Furthermore, it was shown that a low mobility of minority carriers
may also induce additional space charge, leading to deformations in the electrical
field [263]. This suggests that a possible improvement in µτ -products of electrons
and holes upon annealing (that will be discussed below) have an additional value to
the drift length by concomitantly reducing the electrical field deformation.

5.4.2. Mobility-Lifetime Product

It was shown in Section 5.2.3 that the µτ -products of both electrons and holes increase
upon annealing, as probed by measurements of photo conductivity and ambipolar diffusion
length. This implicates directly a likely origin for the increase in drift length of charge
carriers and thus improvement in solar cell performance upon annealing. In the following,
possible changes in the intrinsic absorber layer, that might influence the lifetime and
mobility of charge carriers, are separately discussed. However, different types of µτ -
products as well as their relevance for the solar cell performance need to be discussed in
advance: The band mobility of charge carriers is related to the transport of free carriers in
the extended states, i.e. conduction band in the case of electrons and valence band in the
case of holes. It can not unambiguously be accessed experimentally as all measurement
techniques, such as the time-of-flight method, measure the average motion of carriers over
a longer time, thus trapping events are included [27]. Accordingly, the so-called efffective
mobility or drift mobility is evaluated, which corresponds to the band mobility reduced
by the time a carrier stays in localized traps. The measurements performed in this work
on individual layers (photo conductivity and SSPG measurements) provide measures of
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σph and Lamb that are related to some kind of ”effective” µτ -product of electrons and
holes, respectively. On the other hand, the equations from which Vcoll is deduced, involve
a µτ -product that includes band mobilities of electrons and holes [221]. Disunity remains
whether band or drift mobility is the important parameter for the charge carrier transport
in an a-Si:H solar cell under steady-state operation [27, 260]. In this work, relative changes
occurring upon annealing are under investigation and therefore the following discussion
will address effects that in general may influence the mobility and lifetime of electrons
and holes.

Regarding the relevance of electron and/or hole transport for the device performance,
the situation is also not conclusive. Since electrons are majority carriers in undoped a-
Si:H and (µτ)e is usually considerably higher as (µτ)h, photocurrent measurements on an
individual layer will be dominated by electron transport. Hole transport properties are
accessible by e.g. measurements of ambipolar diffusion length by means of SSPG. In a
solar cell on the other hand, the charge carrier collection and thus device performance
will be limited by a given carrier type (electrons or holes) and only an enhanced µτ of
the limiting carrier type will improve the solar cell performance. Hack and Shur have
shown that for uniformly absorbed light in an a-Si:H solar cell hole transport will mainly
determine the device performance as its (µτ)h-product is significantly smaller [260]. In
the case of AM1.5 illumination however, most of the light is absorbed in the front part
of the device. For n-side illuminated solar cells, where the majority of photogenerated
charge carriers is near the n-type layer, holes will be the limiting charge carrier since they
have to travel through the entire absorber layer to be collected at the p-type contact (see
also Section 5.3.3). But the situation is more complex for the case of p-side illuminated
solar cells. Here, the device performance is limited by a trade-off between slow holes that
have to travel a shorter distance toward the p-type layer, and faster electrons traveling
a longer distance toward the n-type layer. As a result, it can not be firmly concluded
which carrier transport is limiting the carrier collection and thus Vcoll, FF and JSC of
the p-side illuminated solar cells investigated in this work. Especially as it was shown by
the results of EQE measurements that both the electron and hole transport is improved
upon annealing, both carrier types are conceivable to be responsible for an increased device
performance upon annealing. More general remarks will therefore be given on what may
influence the µτ -product of charge carriers.

Lifetime In literature, most of the changes in the µτ -product of charge carriers are
related to changes in the recombination lifetime τ [219, 258, 264–266]. This was shown
to be closely linked to the number of recombination centers available, i.e. number of
dangling bonds in the midgap [267]. On the other hand, also the charge state of the
dangling bond defect is of relevance, as e.g. negatively charged dangling bonds do not
provide a recombination center for electrons. The charge state in turn is governed by
the position of the Fermi level EF in individual layers and thus also by the distribution
of the internal electrical field in a solar cell [28, 258]. In Section 5.2.3 it was shown
that EF shifts slightly toward the conduction band upon annealing thus increasing the
(µτ)e-product of electrons. The concurrent increase in (µτ)h may however indicate that
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the number of recombination centers for holes is reduced, due to a reduced total defect
density [210]. No indication of such effect could be observed from the results of sub-
gap absorption measurements by CPM on individual layers (cf. Fig. 5.9), which however
measures the photocurrent and thus mainly electron transport [259]. An indication results
from the fact that similar improvements in EQE for p- as well as n-side illuminated solar
cells are obtained if defects are reduced by annealing following degradation by electron
bombardment [239]. This suggests that a reduced number of defects can lead to carrier
collection profiles such as observed in this work.

Mobility In order to investigate the effect of hole and electron mobility on EQE curves,
computer simulations were carried out by Shuo Wang [268] using wxAMPS software [269,
270]. These simulations, though using a simplified model (no glass/TCO substrate, no
light trapping), show that the ratios of EQE curves presented in Section 5.3.3 may also be
qualitatively reproduced by increasing the band mobility of electrons and holes (µe and µh,
respectively). The simulations were carried out for absorber layer thicknesses of 150 nm
and 450 nm as well as p- and n-side illuminated solar cells, similar to the experimental
results presented in Section 5.3.3. The results are shown in Fig. 5.23.

Comparison with measured results as a function on annealing time in Section 5.3.3
shows that the general trends are similar, i.e. a pronounced minimum in EQE improve-
ment between 500 nm and 600 nm (compare Fig. 5.23(a) with Fig. 5.18(b)), an increased
improvement in the short wavelength range for the n-side illuminated solar cell (compare
Fig. 5.23(b) with Fig. 5.20(b)) and a vanishing improvement in the short wavelength range
for the thin p-side illuminated solar cell (compare Fig. 5.23(c) with Fig. 5.22(a)). A minor
difference to the experimental results for λ<350 nm results from the missing glass/TCO
substrate in the simulation, which leads to parasitic absorption and thus diminished EQE
improvement in the case of experimental results. Mobility values for electrons and holes
were also varied separately and the correlation to the discussed wavelength ranges are
confirmed (not shown). These simulations show that the improvement in EQE upon an-
nealing may well be reproduced by increasing the band mobilities of both electrons and
holes. However, more detailed simulations, using a more sophisticated model, are needed
to investigate possible influences from other parameters, such as variation in band tail or
dangling bond states.

5.4.3. Structural Processes

In this section, possible structural processes that might lead to a change in defect density
or mobility of charge carriers upon annealing are discussed. Furthermore, the driving force
of these processes is considered in terms of equilibrium models and the thermal activation
of the device improvement is discussed.

Structural Processes The defect states located in the middle of the mobility gap, whose
number greatly influences the lifetime τ of charge carriers in a-Si:H, can be ascribed to
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Figure 5.23.: External quantum efficiency EQE curves normalized the EQE curve for
µe =1 cm2/Vs and µh =0.1 cm2/Vs for various values of µe and µh in (a) a p-side illuminated
solar cell with an absorber layer thickness of 450 nm, (b) an n-side illuminated solar cell with an
absorber layer thickness of 450 nm and (c) a p-side illuminated solar cell with an absorber layer
thickness of 150 nm. The ratio µe/µh =10 is kept constant.
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unsaturated silicon bonds, so-called dangling bonds. On the other hand, due to dispersive
trapping in the band tails, the effective mobility of a charge carrier depends on the fraction
of time that the carrier is trapped in the localized band tail states. The mobility will
therefore be determined by the number of trap states and thus the density of states in
the band tails [27].

One possible explanation for the reduced number of deep defects upon annealing is
related to the saturation of a dangling bond by a hydrogen atom, that was previously
not bonded [78]. Another reason, which may also give an explanation for an enhanced
mobility, is related to the weak-bond model [27]. This model describes that weak Si-
Si bonds, that built up states in the valence and conduction band tail, can be broken
under the formation of two dangling bonds, and that this reaction is in equilibrium.
The defect creation can be mediated by hydrogen diffusion, which binds to one of the
Si atoms. Street and Winer have illustrated this reaction, as shown in Fig. 5.24 [271].
In that case, hydrogen is released from an Si-H bond and breaks a weak Si-Si bond by

Figure 5.24.: Illustration of the hydrogen-mediated weak bond model [271].

attaching to one of the silicon atoms. The equilibration of this process suggests that
by reducing the number of weak bonds, and thus steepen the band tail slope, also the
number of dangling bonds is reduced. The number of weak bonds is usually reduced
by using optimal deposition conditions but may also be reduced due to restructuring
upon post-deposition annealing [27]. It was actually proposed [27] that in the case of low
deposition temperatures (< 200 ◦C), the diffusion coefficient of growth precursors on the
substrate surface is too low to allow structural equlibration during the deposition and
broad band tails resulting from a large number of weak bonds leads to the often observed
higher defect density. Upon post-deposition annealing, some relaxation of the band tail
disorder takes place steepening the band tails and thus reducing the defect density [27].
A possible explanation for the changes in the structure upon annealing might therefore
be related to the equilibrium state. At low substrate temperatures during deposition, the
amorphous silicon material is incapable of reaching its equilibrium state regarding e.g. the
distribution of weak bonds. During post-deposition annealing, the structure may relax
and draw a bit nearer towards the equilibrium state, thereby steepen the band tails and
accordingly reducing the defect density. This in turn would increase the lifetime as well
as the mobility of charge carriers. It may also account for the shift in Fermi level of the
conduction band observed in the individual intrinsic a-Si:H layer upon annealing, as a
changing density of band tail states and a reduced number of defects will most probably
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affect the Fermi level position. Furthermore, due to the reduced number of defects and
enhanced mobility of charge carriers, a possible deformation of the electrical field within
the intrinsic absorber layer would be reduced.

Equilibrium temperatures for p-type, n-type and intrinsic a-Si:H layers are 80, 130
and 200 ◦C, respectively [84, 104, 105]. This would account for the low level of relevance
of the p-type layer for the observed annealing effect of solar cells (see Section 5.3.1), since
for a substrate temperature of 120 ◦C, the p-type layer would already be in equilibrium
after deposition.

A fact that might query the discussion is that no significant change in the band tail
width and sub-gap absorption is experimentally observed upon annealing, as shown in
Fig. 5.25. Here, the question to what extent the applied experimental methods are ca-

Figure 5.25.: Absorption coefficient α as a function of photon energy Eph measured by Con-
stant Photocurrent Method (CPM) on intrinsic a-Si:H layers deposited at Ts =120 ◦C in the
as-deposited state (black solid line) as well as after 60 minutes annealing at 120 ◦C (red dashed
line).

pable to resolve small changes in the material properties still remains open. Comparison
with data of various thin-film silicon materials summarized by Schiff [272] suggests that
a change in hole mobility within 30 % (as in the case of simulations shown in Fig. 5.23)
can be a result of a minor change in the valence band tail width of maximum 1-2 meV.
Furthermore, it should be considered that absorption coefficient data measured on indi-
vidual layers can not be directly compared to data obtained from solar cells. Amongst
other reasons [83], this is due to a difference in spatial electric field distribution in a film
compared to a absorber layer of a solar cell, leading to e.g. a variation in charge states of
defects.

Thermal Activation In order to analyze if the processes that occur upon post-deposition
annealing are thermally activated, low temperature a-Si:H solar cells were deposited on
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Asahi-U substrates in several deposition runs and annealed at various temperatures Tann

between room temperature and 200 ◦C. The fill factor of every annealed state FFannealed is
normalized to the as-deposited value FFas-deposited and the results are shown in Fig. 5.26.
An improvement in fill factor is visible for all annealing temperatures in the investigated

Figure 5.26.: Fill factor in the annealed state FFannealed normalized to the as-deposited value
FFas-deposited as function of annealing time tann for various annealing temperatures Tann.

range, even for a solar cell kept at room temperature in the dark, albeit only slight. The
fill factor can significantly be improved (37 % relative) by a rapid annealing step (few
minutes only) by using an annealing temperature of 200 ◦C. In general, the improvement
tends to saturate after a certain temperature-dependent time. After prolonged annealing,
the fill factor starts to decrease again. The collection voltage and shunt resistance remain
constant though (not shown), indicating that an increased series resistance in the device is
the reason for the deterioration upon prolonged annealing. For an annealing temperature
of 200 ◦C (red pentagons), the highest achieved value might already be in the declining
part of the curve and shorter annealing times less than 30 minutes are needed to find
the maximum FFannealed/FFas-deposited value. In the cases of 50 ◦C and 100 ◦C (dark blue
triangles and light blue diamonds, respectively), saturation seems to be just reached in
the investigated time frame. For the solar cell stored at room temperature, the saturation
could not be reached within the remaining time frame of this work. According to the
equilibrium models introduced by Smith et al. [106] and Street et al. [104, 105], the equi-
libration process follows a stretched-exponential behavior, typical for glass-like materials.
Stretched exponential functions might be fitted to the curves in Fig. 5.26, however more
data points are needed for short time scales to result in an accurate fit.

Activation energies may still be estimated by defining a characteristic relaxation time
τR as the time needed for a certain quantity to reach 63 % (1-e−1) of its saturation level
[86]. The resulting Arrhenius plot for the normalized fill factor values annealed at various
Tann is shown in Fig. 5.27. The data for 200 ◦C was not evaluated as the saturation level
is not known. From this plot an activation energy of 0.57±0.17 eV is estimated. However,
this value should be interpreted with caution. First, an empirical characteristic as the
fill factor includes several effects, such as charge carrier collection as well as changes in
series resistance as shown in Section 5.3.2. Second, even if only charge carrier collection
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Figure 5.27.: Relaxation time τR, defined as the time needed for the fill factor to reach 63 %
of its saturation level, as a function of inverse annealing temperature 1/Tann. The red line
corresponds to a linear fit of the data, suggesting an activation energy EA of 0.57±0.17 eV.

is considered, it was shown that several effects can overlap, such as the increasing µτ -
product in the intrinsic a-Si:H layer and increase in dark conductivity of the n-type layer.
This means that the activation energy, evaluated from the fill factor improvement, can
most probably not be related to a single process occuring in the intrinsic absorber layer
upon annealing.

In conclusion, the evaluation of the collection voltage and external quantum efficien-
cies provide evidence that an enhanced charge carrier collection plays an essential role in
the improvement of a-Si:H solar cells upon post-deposition annealing. The results demon-
strate that the collection of both types of carriers (electrons and holes) is improved. Here,
an increase in the µτ -product of charge carriers in the intrinsic absorber layer and/or
the built-in field in the device could be responsible for the observed improvement in the
charge carrier collection upon annealing. One could speculate that these effects may be
a result of structural changes in the material upon annealing, namely the equilibration
of the frozen-in density of states resulting from the low substrate temperatures during
deposition.

5.5. Annealing of Flexible Solar Cells

An improvement upon annealing was also found in a-Si:H solar cells on flexible PET sub-
strates and the corresponding photovoltaic parameters are shown in Fig. 5.28. A detailed
investigation of solar cells on PET substrates will be given in Chapter 6. Qualitatively,
all photovoltaic parameters of the solar cell on PET substrate change in a similar way
but significantly stronger compared to the solar cell on glass substrate. Overall, a relative
improvement in efficiency by 71 % after 150 minutes annealing can be observed. It was
shown previously that poorer material properties result in a stronger annealing effect in
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Figure 5.28.: Photovoltaic parameters normalized to the as-deposited value as a function of
post-deposition annealing time tann for solar cells deposited at a substrate temperature Ts of
120 ◦C (black squares) on glass as well as on PET substrate (blue circles). The numbers on the
right hand side of (a) indicate the absolute efficiency values after 120 minutes and 150 minutes
annealing of the solar cell on glass and PET substrate, respectively. Lines are guides to the eye.

the case of a-Si:H solar cells on glass substrate (see Section 5.3.1). Accordingly, the pro-
nounced annealing effect observed here is most likely related to the difference in properties
of silicon layers prepared on PET and glass substrate. This point will be addressed in
Section 6.1, indicating a general trend of reduction in the material quality for the case of
PET substrates.

5.6. Annealing of µc-Si:H Solar Cells

The low temperature microcrystalline solar cells, developed in Section 4.2, were annealed
after deposition according to the same procedure as the amorphous silicon solar cells.
The resulting photovoltaic parameters are shown in Fig. 5.29. The data for a typical
low temperature amorphous silicon solar cell is shown for comparison. It can be seen
that also for the case of microcrystalline silicon solar cells, a significant improvement in
the device performance upon post-deposition annealing at 120 ◦C is found. However, the
improvements in each of the photovoltaic parameters are quite different from that observed
in the case of a-Si:H solar cells. In contrast to the a-Si:H solar cell, the improvement in
fill factor is only minor with up to 6 % relative after 8.5 hours annealing. On the other
hand, both JSC and VOC increase stronger in the case of the µc-Si:H solar cell, by 22 %
and 8.5 % after 8.5 hours of annealing, respectively. In particular, both values do not tend
to saturate even after this long time of annealing. No change in Icrs, as estimated from
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Figure 5.29.: Photovoltaic parameters normalized to the as-deposited value as a function of
annealing time tann for a-Si:H (black squares) and µc-Si:H (red triangles) solar cells deposited
at 120 ◦C.

the results of Raman scattering measurements on individual layers as well as solar cells,
could be detected upon annealing (not shown). Similar to the case of a-Si:H solar cells in
Section 5.3.3, EQE curves were measured before and after post-deposition annealing for
both p- and n-side illuminated solar cells. Information on the preparation of the n-side
illuminated solar cells can be found in Section 5.3.3. The results are shown in Fig. 5.30
(a) and (b) for the p-side and n-side illuminated solar cell, respectively. In the case of
illumination through the p-type layer in (a), the improvement in EQE upon annealing is
only visible in the wavelength range above 500 nm, while in the case of n-side illumination
in (b) the improvement is observed over the entire wavelength range.

Remarkably, similar changes in EQE curves for p- and n-side illuminated microcrys-
talline silicon solar cells upon annealing of irradiation induced deep defects were previously
observed [262]. Computer simulations performed in [262] suggested that such an asymme-
try in performance could result from a Fermi level motion in the microcrystalline silicon
absorber layer towards the conduction band (by as much as 0.2 eV) with reduction in the
defect density upon annealing. One could speculate that changes in the performance of
p- and n-side illuminated microcrystalline silicon solar cells observed here can be due to a
similar mechanism, e.g. reduction in the density of defects upon annealing, accompanied
by shift in the Fermi level towards conduction band. However, further investigations are
needed to develop a more detailed model of the effects of post-deposition annealing on
the performance of µc-Si:H solar cells.
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Figure 5.30.: External quantum efficiency EQE curves in the as-deposited state (blue) and
after 90 minutes annealing time tann (red) for (a) a p-side and (b) an n-side illuminated µc-Si:H
solar cell.

5.7. Conclusion and Outlook

In this chapter the effects of post-deposition annealing on low temperature thin-film silicon
solar cells were investigated. A strong improvement in the performance of both a-Si:H
and µc-Si:H solar cells was found. A detailed study of amorphous silicon layers and solar
cells revealed that the main influence of the post-deposition annealing is on the intrinsic
a-Si:H absorber layer. It was shown that the strongest effect is visible in the fill factor of
the solar cell, which could be attributed to a reduced series resistance as well as improved
charge carrier collection.

The charge carrier collection upon annealing was further investigated and it was
shown that both the collection of electrons and holes is considerably improved. Possible
reasons were related to (i) improved µτ -products of charge carriers in the intrinsic ab-
sorber layer and (ii) an enhanced built-in field in the device, either due to an increase
in built-in voltage or a reduced deformation of the electrical field upon annealing. The
experimentally observed increase in photo conductivity and ambipolar diffusion length
measured on individual intrinsic a-Si:H layers provide evidence that the µτ -product of
both electrons and holes is improved upon annealing. Possible reasons were related to
a reduced number of defects resulting in an enhanced lifetime for both types of carriers.
Furthermore, computer simulations utilizing a simplified solar cell model revealed that
the increase in EQE curves upon annealing (for solar cells with different absorber layer
thicknesses as well as both p- and n-side illuminated solar cells) can well be reproduced
assuming an increase in both electron and hole mobility. Regarding the built-in field in
solar cells, an observed increase in dark conductivity of the n-type layer upon annealing
may improve the built-in voltage and thus the drift length of both electrons and holes.
This in turn would also account for the observed increase in VOC of the a-Si:H solar cell
upon annealing. On the other hand, possible deformations of the electrical field within
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the intrinsic absorber layer would be reduced by an improvement in the µτ -product of
charge carriers upon annealing, thus additionally improving the charge carrier collection.

The annealing effect was shown to be thermally activated and corresponding pos-
sible structural processes may be related to a frozen-in density of states due to the low
deposition temperatures. It was hypothesized that upon annealing the film structure
equilibrates by reducing the number of weak bonds. This would simultaneously lead to
an increase in charge carrier mobility due to steeper band tails and a reduced number of
defect states.

In order to make quantitative statements about the changes in the properties of
layers and solar cells upon annealing, more sophisticated computer simulations need to
be conducted that take into account light trapping and glass/TCO front interfaces. In
that case, changes in e.g. charge carrier mobilities, density of band tail states, defect
densities, etc. may be directly correlated to changes in photovoltaic parameters of the
solar cells upon annealing. From the results of varying annealing temperatures it can be
seen that for temperatures above the deposition temperature larger improvements in the
device performance can be achieved in shorter time. It would be interesting to extend
these studies towards very high temperatures and significantly shorter times, for example
achieved by laser annealing.

An even stronger improvement in photovoltaic parameters is found for a-Si:H solar
cells deposited on PET substrates. A possible explanation might be related to poorer
material quality for silicon films grown on PET substrate, as will also be discussed in the
following chapter. Regarding the influence of annealing on low temperature microcrys-
talline silicon solar cells, a distinct difference in the annealing behavior of photovoltaic
parameters compared to a-Si:H solar cells was observed. Comparison to literature suggests
that an improvement in cell performance upon annealing might be due to a reduction in
the defect density in the intrinsic absorber layer, accompanied by shift in the Fermi level
towards conduction band. However, more detailed studies - e.g. evaluation of the defect
density in the absorber layer upon annealing - need to be undertaken to develop a more
comprehensive model on the effects of post-deposition annealing on a-Si:H solar cells on
PET substrates as well as on low temperature µc-Si:H solar cells on glass substrates.
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6.1. Silicon Films Grown on PET Substrate

In order to study the properties of silicon layers deposited on flexible substrates, individual
p-type, n-type and intrinsic a-Si:H as well as p-type µc-Si:H layers were deposited on
bare PET substrate. Comparison to similar layers deposited on glass substrates was
undertaken and the resulting electrical properties are presented in Table 6.1. In the case of
microcrystalline p-type layers, the crystalline volume fraction Icrs, evaluated from Raman
scattering measurements, is shown as well. In the case of the doped layers, a reduction

Table 6.1.: Dark conductivity σd of p-type, n-type and intrinsic a-Si:H layers deposited at
Ts =120 ◦C on glass and PET substrate. Additionally, in the case of intrinsic and microcrystalline
layers, photo conductivity σph and Raman crystallinity Icrs are presented, respectively.

layer substrate Icrs [%] σd [S/cm] σph [S/cm]

p-type a-Si:H glass - 9.0×10−7 -
p-type a-Si:H PET - 5.4×10−8 -

p-type µc-Si:H glass 45±3 0.1 -
p-type µc-Si:H PET 28±10 5×10−5 -

n-type a-Si:H glass - 8.7×10−4 -
n-type a-Si:H PET - 5.7×10−4

intrinsic a-Si:H glass - 1.8×10−11 2.8×10−6

intrinsic a-Si:H PET - 3.4×10−10 2.3×10−6

in dark conductivity of all layers on PET compared to glass substrate is visible. The
reduction is especially critical for the microcrystalline p-type layer, where a difference
by nearly four orders of magnitude can be observed. This is probably due to a lower
crystalline volume fraction of the film grown on PET substrate, which exhibits an Icrs

of 28± 10 % compared to 45± 3 % on glass substrate. In the case of intrinsic a-Si:H
layers, a considerably increased dark conductivity and a slightly lower photo conductivity
leads to a reduced photo response for the film grown on PET substrate. In Fig. 6.1,
the absorption coefficient α spectrum evaluated from the Constant Photocurrent Method
(CPM) is presented for the intrinsic a-Si:H layer on glass (black line) as well as PET
(blue dashed line) substrate. It is clearly visible that the sub-gap absorption at 1.2 eV
is increased from 9.3 cm−1 in the case of the layer deposited on glass to 20.0 cm−1 in the
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Figure 6.1.: Absorption coefficient α evaluated from CPM measurements as a function of
photon energy Eph for intrinsic a-Si:H layers deposited at Ts of 120 ◦C on glass (black line) and
PET (blue dashed line) substrate.

case of deposition on PET substrate, respectively. Additionally, also the absorption in
the region 1.3 eV<Eph<1.8 eV, which is related the transition between band tail states
and extended states (i.e. conduction band tail → valence band and/or valence band →
conduction band-tail), is significantly shifted to lower energies in case of the layer on PET
substrate. This is usually attributed to an increased disorder in the films [28].

For the deposition of silicon layers on PET substrates, several reasons might lead
to a possible variation in growth conditions. First, the actual temperature of the PET
substrate during deposition might be lower than that of the glass substrate, due to the
reduced contact area between heater and flexible substrate holder (see Section 3.1.3). This
can lead to lower dark conductivities of doped a-Si:H layers, as shown in Chapter 4. Ad-
ditionally, the microcrystalline growth is temperature dependent and a lower crystallinity
is expected with decreasing temperature [248], thereby explaining the difference in Icrs

values of the µc-Si:H p-type layer on glass and PET substrate. The lower crystalline
volume fraction in turn reduces the dark conductivity of the p-type µc-Si:H layer.

Furthermore, although the deposition times for the layers on glass and PET sub-
strate were similar, it was not possible to determine the actual layer thickness of the films
grown on the PET substrate by simple profilometer measurements. Only in the case of
the intrinsic a-Si:H layer on PET, the layer thickness was estimated from the interference
fringes in transmittance measurements (see Section 3.3.1). The results show that for a
deposition time of 53 minutes, the resulting layer thickness on glass and PET substrate is
around 500 nm and 340 nm, respectively. However, a difference in substrate temperature
of a few tens of degrees can not solely account for such a large difference in layer thickness,
meaning that other effects but temperature influence the deposition rate. The layer thick-
ness enters the calculation for the conductivity (see Section 3.3.3), and the assumption of
similar layer thicknesses in the case of doped layers may therefore underestimate actual
dark conductivity values. Furthermore, the crystalline volume fraction is thickness depen-
dent [245] and it might therefore be possible that the reduced Icrs evaluated from Raman
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measurements in case of the film on PET substrate is partly the result of a reduced layer
thickness. In addition to the effect of thickness and temperature, the structural evolution
of microcrystallites sensitively depends on the underlying substrate [243–245], and might
thus also contribute to the observed differences in Icrs for the p-type µc-Si:H layer on glass
and PET substrate.

Additional contribution to the observed differences could be related to possible des-
orption and/or diffusion of atmospheric species (for example oxygen and/or carbon) and
subsequent incorporation of these impurities in the silicon layers during growth. If that
would be the case, additional defects and an increased structural disorder for the intrinsic
a-Si:H layer on PET film, accompanied by an increase in dark conductivity, would be
expected [273, 274]. This is in agreement with the experimental results shown above.
In the following, to prevent possible desorption from and/or diffusion through the PET
substrate, the solar cells were prepared on PET substrates covered with a barrier layer of
zinc tin oxide (ZnSnOx) or silicon oxynitride (SiOxNy) [275]. Furthermore, a TCO layer
is deposited on top of the PET substrate in the case of solar cells, thereby leading to
different growth conditions of the subsequently deposited silicon layers, compared to the
results shown in this section.

6.2. Light Management on PET Substrate

6.2.1. Introduction

The term light management comprises the effects of light incoupling and light trapping.
The first describes to what extent the incoming light reaches the absorber layer and
is not reflected at or absorbed inside the front window layers or substrate. The latter
describes trapping of the light inside the solar cell layers by repeated scattering and re-
flection, thereby prolonging the light path inside the absorber layer. There are several
ways to optimize light management in a thin-film silicon solar cell, all of which utilize
texturing of surfaces or interfaces to scatter or diffract the light. Considering techniques
where texturing is implemented at the front side of a solar cell in superstrate configura-
tion, one can texture the substrate itself and/or the TCO layer on top. The front TCO
layer can be textured either using TCO materials that evolve an as-grown texture during
the deposition like atmospheric-pressure (AP) CVD SnO2:F [276] or zinc oxide materi-
als fabricated by low-pressure CVD (LPCVD-ZnO) [25]. Alternatively, texturing can be
undertaken by post-deposition treatments of the TCO like e.g. wet-chemical etching of
ZnO:Al [116]. However, LPCVD-ZnO is not well compatible to PET substrates due to
the substantial layer thickness of 2-3µm, which easily leads to stress-induced cracks in
the zinc oxide layer on the flexible film due to differing thermal expansion coefficients
[137]. Typical deposition temperatures for optimized device-grade material are around
300 ◦C for doped zinc oxide [118] and between 350-550 ◦C for APCVD SnO2:F [18], which
is too high for temperature-sensitive plastic substrates like PET with a limited process
temperature range below 150 ◦C. Yet, some authors have shown that these materials can
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also be prepared at lower temperatures [118, 277]. On the other hand, substrate tex-
turing techniques include etching of the substrate [112], hot-embossing of polymer films
[111, 278, 279] or nanoimprint lithography, where a resist layer on top of the substrate is
textured [134, 135]. All of these three techniques are suitable for application on plastic
substrates.

In this chapter two light management concepts, namely etching of ZnO:Al and
nanoimprint lithography, are investigated and compared regarding their suitability for
application in flexible solar cells on PET substrate. First, the ZnO:Al deposition process
will be developed on glass substrates for low temperature deposition to be suitable for
PET substrates. Then, results of each approach are described separately (Section 6.2.2
and 6.2.3, respectively) and comparison between deposition on glass and PET substrates
are made. In the last section, both concepts applied on PET substrates are compared and
discussed.

It can be shown that insertion of a thin barrier layer between the PET substrate and
the front contact influences the growth of the ZnO:Al layer and leads to an improvement
in solar cell performance in all photovoltaic parameters as well as EQE curve over the
entire wavelength range (see Appendix D). Therefore all investigated layers and solar cells
in the following sections are prepared on PET substrate covered with a thin layer of silicon
oxynitride (SiOxNy) or zinc tin oxide (ZnSnOx).

6.2.2. Texture-Etching of ZnO:Al Layers

Wet-chemical etching of ZnO:Al in HCl solution to obtain textured surfaces for application
in thin-film silicon solar cells was early developed by Löffl et al. in 1997 [121] and has
been intensively investigated since then [118, 119, 280, 281]. Rath et al. have applied this
approach on PET as well as PEN substrates, yet the solar cells using these substrates
were deposited in substrate configuration, where the transparency of the substrate does
not need to be considered. In that work, an additional step of embossing of the polymer
films was necessary to prevent stress and cracking of the ZnO:Al films.

In this section, the ZnO:Al deposition process will be developed on glass substrates
for low temperature deposition to be suitable for PET substrates. Then, ZnO:Al layers
deposited at a substrate temperature of 135 ◦C were deposited on glass and PET substrates
and investigated regarding their electrical and optical properties before and after wet-
chemical etching in HCl. Afterwards, the effect on the performance of a-Si:H solar cells
deposited on top of these substrates is examined. It is noteworthy that no change in e.g.
optical properties of the PET substrate could be detected after the wet-chemical etching
treatment in HCl solution. Parts of the results on etching of low temperature ZnO:Al
have previously been published in [282].
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ZnO:Al at Low Temperature

Electrical and optical properties of sputter-deposited ZnO:Al films, as well as the sur-
face texture upon etching, depend greatly on the deposition conditions such as sputter
pressure, substrate temperature and aluminum dopant concentration [118, 119]. A trade-
off is usually found especially between electrical and optical properties, and deposition
conditions for optimal material depend on the type of solar cell and the layer position
within (front or back contact). State-of-the-art ZnO:Al front contacts for thin-film silicon
solar cells are usually deposited at temperatures around 300 ◦C with an aluminum dopant
concentration of 1 % [118]. In general, a dopant concentration of 2 % provides better
electrical properties at low deposition temperatures resulting from a larger carrier con-
centration [118]. However, free carrier absorption strongly limits the transparency in the
wavelength range above 800 nm and would thus lead to losses in the short-circuit current
density of a-Si:H/µc-Si:H tandem solar cells. Therefore, a sputter target with aluminum
dopant concentration of 1 % is chosen in this work. The influence of the substrate tem-
perature on the electrical and optical properties of ZnO:Al layers on glass substrates is
investigated and PET compatible deposition temperatures below 150 ◦C are considered.
Afterwards, electrical and optical properties of thick (800 nm) ZnO:Al layers deposited on
glass and PET substrates are compared and discussed.

In Fig. 6.2(a)-(c), electrical properties of ZnO:Al films having a thickness of 300 nm
are shown as a function of substrate temperature Ts. When the substrate temperature

Figure 6.2.: Hall characteristics as a function of substrate temperature Ts for ZnO:Al prepared
on glass substrates: (a) carrier density N , (b) carrier mobility µ and (c) resistivity ρ. Lines are
guides to the eye.

is reduced from 320 ◦C to room temperature, a significant decrease can be seen in both
carrier density N (Fig. 6.2(a)) and carrier mobility µ (Fig. 6.2(b)): from 4.8×1020 to 3.0×
1020 cm−3 and 38 to 18 cm2/Vs, respectively. This in turn leads to an increasing resistivity
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Figure 6.3.: Absorptance curves A=1-T -R of ZnO:Al layers prepared on glass substrates at
various substrate temperatures Ts. Interference fringes result from different positions for trans-
mittance T and reflectance R measurements on the substrate and thus slightly different layer
thickness.

from 3.5×10−4 to 11.4×10−4 Ωcm (Fig. 6.2(c)). In Fig. 6.3, absorption curves A=1-T -R
are plotted for various substrate temperatures. The absorptance of the ZnO:Al layer
continuously decreases with increasing substrate temperature in the visible wavelength
range. The results confirm that high deposition temperatures are beneficial for both
conductivity and transparency of the ZnO:Al material in the investigated range. In order
to be suitable for application in solar cells on PET substrates, a substrate temperature
of 135 ◦C was chosen, which is close but still sufficiently below the maximum process
temperature of the PET substrate to allow tolerance for temperature fluctuations (e.g.
due to heating upon ion bombardment).

In the following, ZnO:Al layers deposited at 135 ◦C on glass and PET substrates are
compared to a highly optimized reference ZnO:Al on glass, fabricated at high temperature
of 300 ◦C. The layer thickness was 800 nm for all three films. Hall characteristics of the
as-deposited films for all three types of ZnO:Al are presented in Table 6.2. Please note

Table 6.2.: Resistivity ρ, carrier density n and mobility µ of as-deposited ZnO:Al layers with
a thickness of 800 nm on glass and PET substrate.

substrate Ts [◦C] ρ [10
−4

Ωcm] n [1020 cm−3] µ [cm2/Vs]

glass (reference) 300 3.0±0.2 5.0±0.5 45±2
glass 135 4.8±0.7 3.8±0.4 34±2
PET 135 6.4±0.7 3.4±0.4 28±2

the difference in the values for low temperature ZnO:Al on glass to that in Fig. 6.2(a)-
(c), which is due to the increased layer thickness (800 nm) that is needed to provide
enough material for texturing by chemical etching. It has been shown that especially the
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carrier mobility is thickness dependent due to an increased grain size in thicker films, thus
reducing grain boundary scattering of carriers [283].

For a substrate temperature of 135 ◦C, ZnO:Al deposited on glass substrate shows
a higher mobility (34 cm2/Vs) compared to that on PET substrate (28 cm2/Vs), while
variations in carrier density are within the error bar. A possible explanation might be
related to lower actual substrate temperatures when PET substrates are used, as in the
case of PECVD deposition discussed above (see Section 6.1). Yet, considering that the
substrate in the sputter chamber is not in contact with the heater, no significant difference
in temperature would be expected (see also Section 3.1.3). Furthermore, the mobility does
not change significantly down to a temperature of 110 ◦C as shown in Fig. 6.2(b). The
carrier mobility is mainly affected by grain boundary scattering, lattice defects and impu-
rity scattering introduced by Al dopants [188]. A more likely explanation might therefore
be related to growth conditions of the ZnO:Al on the PET substrate, where smaller grain
size and/or more defective material would lower the mobility. Similar explanations can
be related to the higher mobility and carrier density of the reference ZnO:Al, in this case
resulting from the higher deposition temperature, as shown above.

Texture-Etched ZnO:Al Layers

In the following, results for electrical, optical and structural properties of the low tempera-
ture (Ts =135 ◦C) ZnO:Al layer on both glass and PET substrate are presented before and
after wet-chemical etching in 0.5 % HCl solution for 10, 20 and 30 s. The PET substrate
for this study was covered with a thin (20 nm) barrier layer of ZnSnOx. The results are
compared to the standard reference of state-of-the-art ZnO:Al on glass with highly opti-
mized electrical and optical properties, which is deposited at 300 ◦C in another deposition
system and etched for 40 s (named reference in the following) [118]. The layer thickness
before etching was around 800 nm for all investigated films to provide enough material for
etching over the investigated timescale of etching steps. It is noteworthy that no cracks
were visible by eye or optical microscope before and after wet-chemical etching for all
ZnO:Al layers. The discussion of the results will be presented at the end of this section.

Electrical Properties The sheet resistance R� for low temperature ZnO:Al on both
glass and PET substrate, as well as for the high temperature reference, is shown in
Fig. 6.4 as a function of etching time tetch. The values at 0 s correspond to the layers
presented in Table 6.2. Before etching (0 s), the sheet resistance of all three ZnO:Al
layers is below 10 Ω. With increasing etching time, the sheet resistance increases with
different rates for the three materials: in case of the high temperature reference (black
circles), the sheet resistance stays very low, below 10 Ω even after 40 s etching. For the
low temperature ZnO:Al on glass substrate (red squares), the sheet resistance increases
faster with etching time, up to 27 Ω after 30 s etching. In the case of ZnO:Al on PET
substrate (blue triangles), the sheet resistance increases even faster, reaching 28 Ω after
20 s and approaching 50 Ω after 30 s etching time with a large error bar of±15 Ω.
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Figure 6.4.: Sheet resistance R� as function of etching time tetch for ZnO:Al layers deposited
at Ts =300 ◦C (black circles) and Ts =135 ◦C (red squares) on glass substrate as well as on PET
substrate (blue triangles).

Optical Properties Concerning the optical properties of the ZnO:Al layers before and
after etching, transmittance T and reflectance R curves are shown for the etching series of
low temperature ZnO:Al on glass and PET substrate in Fig. 6.5(a) and (b), respectively.
In (a), the data for the reference ZnO:Al after 40 s etching is also shown for comparison

Figure 6.5.: Transmittance T and reflectance R curves for ZnO:Al deposited at Ts =135 ◦C
on (a) glass and (b) PET substrate after various etching times tetch from 0 s to 30 s. Reference
ZnO:Al after 40 s etching time is shown for comparison in (a) (black dashed line).

(black dashed line). Evaluation of the position of the interference fringes in transmittance
and reflectance data of ZnO:Al before etching on both glass (green line in Fig. 6.5(a))
and PET substrate (purple line in Fig. 6.5(b)), according to Eq. 3.1, indicates that the
ZnO:Al layer thickness is similar (837±52 nm) on both types of substrates, assuming that
the refractive index of the ZnO:Al is 2.1 and does not change considerably in the range
between 430 nm and 685 nm. This also suggests a similar substrate temperature, as the
deposition rate is sensitive to the deposition temperature. In general, trends and values
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for T and R with etching time do not significantly differ for both types of substrates. The
reflectance of the ZnO:Al covered substrate is reduced for most of the wavelengths after
the first etching step of 10 s (light green line in (a), dark blue line in (b)). Evaluation of the
corresponding average reflectance in the wavelength range between 300 nm and 1200 nm
shows a slight reduction from 12.6 % to 10.2 %. This is due to the evolving texture upon
etching, and light scattering can already be seen by naked eye as the surface of the ZnO:Al
becomes milky. Consequently, interference fringes are diminished. However, at the same
time the transmittance decreases for λ < 900 nm as light scattering prolongs the light
path inside the ZnO:Al layer thus increasing the absorptance. With further etching, the
reflectance is constant whereas the transmittance continuously increases over the entire
wavelength range due to the reduction in layer thickness of the ZnO:Al. After 30 s etching
time, the transmittance and reflectance curves are roughly similar to that of the reference
ZnO:Al (black dashed line).

Texture upon Etching In order to investigate the evolving surface texture of the ZnO:Al
layers, SEM images were taken and selected images are shown in Fig. 6.6. In (a), a typical

Figure 6.6.: SEM images for ZnO:Al deposited at (a) Ts =300 ◦C on glass (reference), (b)
Ts =135 ◦C on glass and (c) Ts =135 ◦C on PET substrate, after 40 s, 20 s and 20 s etching time,
respectively.

crater-like structure after 40 s etching of the optimized high temperature reference is visible
[118]. The size of the craters is typically 1-2µm. The SEM image of the 20 s etched low
temperature ZnO:Al on glass substrate in (b) shows significantly smaller features with
steeper edges and lateral sizes of about 300 nm that are regularly distributed over the
substrate. The etched ZnO:Al on PET substrate (c) has similar feature sizes but shows a
smoother surface compared to the layer on glass substrate.

Light Scattering Properties Light scattering properties of ZnO:Al films for application
in thin-film silicon solar cells are evaluated by measurements of haze in transmission HT

and angle resolved scattering ARS. The haze value describes the amount of light that is
diffusely transmitted, while the angular intensity distribution AID, evaluated from ARS
measurements, resolves the angles the light is scattered into. Though direct relations
between HT, AID of ZnO:Al films and short-circuit current densities in solar cells can
not be derived, as a general rule HT should be as high as possible and the light should
preferably be scattered into large angles above the angle of total internal reflection θc
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to increase light trapping [284, 285]. Assuming refractive indexes of 2.1 and 3.5 for the
ZnO:Al and a-Si:H layer, the value for θc is around 37◦. Haze and AID curves for the
low temperature ZnO:Al layers after various etching times can be found in Fig. 6.7 and
6.8, respectively. The results on glass and PET substrates are shown in (a) and (b),
respectively. As expected, the non-etched samples (0 s, green line in (a) and purple line

Figure 6.7.: Haze in transmission HT curves for ZnO:Al deposited at Ts =135 ◦C on (a) glass
and (b) PET substrate after various etching times tetch from 0 s to 30 s. Reference ZnO:Al after
40 s etching time is shown for comparison in (a) (black dashed line).

Figure 6.8.: Angular intensity distribution AID for ZnO:Al deposited at Ts =135 ◦C on (a)
glass and (b) PET substrate after various etching times tetch from 0 s to 30 s. Reference ZnO:Al
after 40 s etching time is shown for comparison in (a) (black dashed line).

in (b)) show hardly any light scattering and the haze value is close to zero for most of the
wavelengths. After the first etching step of 10 s, HT significantly increases up to 11 % and
7 % at 700 nm for the samples on glass and PET substrate, respectively. The AID shows
a broad distribution of scattering angles θ, which peak at around 20◦ in both cases. With
further etching, HT continues increasing up to 19 % and 16 % at 700 nm after 30 s etching,
respectively, and the additionally scattered light is mainly coupled into angles below 37◦
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in both cases. In the case of ZnO:Al on PET substrate, also a considerable increase of
scattering into large angles with continued etching is visible. Comparison to the reference
(black dashed line in (a)) shows that the optimized high temperature ZnO:Al exhibits a
considerably larger haze, with values of 58 % at 700 nm. Though due to the large feature
size, the additionally scattered light is mainly scattered to small angles below 37◦, thus
below the angle of total internal reflection. Concerning scattering of light into large angles
above 37◦, the low temperature ZnO:Al shows similar performance as the reference.

Discussion The results presented above indicate that the growth conditions of the
ZnO:Al layer critically depend on the deposition temperature as well as substrate ma-
terial. It was shown in this section that the electrical properties, evaluated from Hall
effect measurements, as well as the evolution of the sheet resistance with etching time
differ for the three types of ZnO:Al layers investigated. In general, the sheet resistance is
expected to increase upon etching due to the continuous erosion of material resulting in
a reduced layer thickness. The stronger increase for the low temperature ZnO:Al on glass
substrate can thus partly be related to different etching rates, exhibiting a layer thickness
of 410 nm after 30 s etching, while the reference has a thickness of around 600 nm after
40 s etching time. However, the thickness values obtained from textured surfaces must
be treated with care, as the tip of the profilometer may not be able to penetrate small
features, thus overestimating the layer thickness [280]. Another contribution may be re-
lated to a thickness-dependent grain size and/or grain boundary quality as evident by
comparison of layers with thicknesses of 300 nm and 800 nm. This may result in changing
material quality when the outer (higher quality) material is removed. The different trends
in sheet resistance therefore indicate a difference in the evolution of material quality with
increasing thickness for the three types of ZnO:Al material.

Regarding transmittance and reflectance of the ZnO:Al layers on glass and PET
substrates, similar trends are observed with etching time. The change in transmittance
with etching time results from a combination of increased absorption in the ZnO:Al layer
due to light scattering and a reduction in layer thickness. A direct correlation of trans-
mittance measurements in air to parasitic absorption in a solar cell can not be established
from these results, as light trapping in the ZnO:Al layer will change when silicon layers
are deposited on top of the ZnO:Al layer [286]. A possibility to improve the compatibility
between transmittance measurements and parasitic absorption in a device would be the
use of an index-matching liquid during transmittance measurements [118].

It was shown in literature that the surface topography of ZnO:Al layers after post-
deposition wet-chemical treatment in HCl is highly affected by the material quality (es-
pecially compactness) and thus growth conditions of the ZnO:Al layer, such as deposi-
tion pressure, temperature and Al-dopant concentration [118, 119]. This is in agreement
with the observed deviation of the texture for the ZnO:Al deposited at 135 ◦C visible in
Fig. 6.6(b) compared to the optimized high temperature texture (Fig. 6.6(a)). The evolv-
ing texture shows significantly smaller feature sizes with steep edges regularly distributed
over the substrate area. According to Owen, the steepness of craters may be related to
the etch potential and size of grain boundaries [20]. Assuming that etching conditions
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(etchant concentration and temperature) are similar, a possible explanation for steeper
edges on the surface of the low temperature ZnO:Al film after etching might be related to
a larger lateral expansion of grain boundaries compared to the ZnO:Al deposited at high
temperature. Etching molecules may thus penetrate into a larger number and deeper into
grain boundaries resulting in steeper opening angles of the craters [20]. The influence of
the substrate material on the material structure is also visible from comparison of the low
temperature ZnO:Al grown on glass and PET substrate (Fig. 6.6(b) and (c), respectively).
The feature size is similar to that on glass substrate, however the edges are smoother.

Concerning light scattering properties, HT for low temperature ZnO:Al on glass
substrate and the reference are different, nevertheless, equal amount of light is scattered
to large angles θ>θc for all three types of substrates. Larger surface features lead to
scattering into preferably small angles [115], thus the reference shows superior scattering
in this range compared to the low temperature ZnO:Al on glass. Regarding light trapping
however, scattering into large angles is most effective, as the light is to a large amount
trapped inside the solar cell for angles above the angle of total internal reflection [285]. In
the case of ZnO:Al on PET, a more pronounced increase in HT as well as AID is visible
with increased etching time from 10 s to 30 s. Nevertheless, light scattering properties for
the low temperature ZnO:Al on glass after 30 s and on PET substrate after 20 s, which
were used for the solar cell deposition, can be considered as similar. It should be noted here
that the AID for etched ZnO:Al layers may be different when the layers are implemented
in a solar cell, i.e. the ZnO:Al is in contact with silicon layers instead of air [285].

In this study, different growth conditions and consequently material quality of the
ZnO:Al layers are the consequence of the difference in substrate temperature, as obviously
present by comparison of ZnO:Al layers deposited at 300 ◦C (reference) and 150 ◦C on glass
substrates. In the case of PET substrates, growth conditions may be affected by different
nucleation on the (ZnSnOx-covered) PET substrate compared to glass, presence of stress
due to a large mismatch in thermal expansion coefficients of PET and ZnO:Al, as well
as possible impurities originating from the PET substrate. Possible consequences due to
these effects are variations in grain size as well as more defective material and/or grain
boundaries.

In the following section, the influence of the different electrical and optical properties
discussed above on the performance of an a-Si:H solar cell will be investigated.

Solar Cells on Etched ZnO:Al Layers

Solar cells were deposited on top of the low temperature ZnO:Al layers on glass substrates
etched for various times between 10 s and 30 s. Comparisons were made between the solar
cell on 30 s etched low temperature ZnO:Al and on the reference ZnO:Al, as well as on
ZnO:Al on PET substrate after etching for 20 s. Though the ZnO:Al on PET substrate
etched for 30 s exhibits higher transparency than that etched for 20 s (see Fig. 6.5(b)), the
sheet resistance and homogeneity are rather poor after 30 s etching, making it unattrac-
tive for application in solar cells. Again, a thin (20 nm) layer of ZnSnOx was used as
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barrier layer on top of the PET substrate. An additional microcrystalline p-type layer
was inserted between the ZnO:Al and p-type a-Si:H layer which has proved to be ben-
eficial for the performance of solar cells on glass substrates due to improvement of the
ZnO:Al/p-interface [287, 288]. Furthermore, the double p-type layer provided a higher
optical transparency compared to the single p-type a-Si:H layer (not shown). The solar
cells were annealed until the improvement in photovoltaic parameters saturated, which
was in this case 3.5 hours for the solar cells on glass and 6 hours for the solar cell on PET
substrate. The solar cells are investigated by measurements of J-V and EQE curves and
the results are discussed at the end of this section.

In Fig. 6.9(a), external quantum efficiency EQE curves and cell absorptance 1-R
are shown for solar cells on low temperature ZnO:Al layers etched for various times tetch.
Corresponding JSC values are presented in Fig. 6.10(a). The solar cell with the smooth,

Figure 6.9.: External quantum efficiency EQE curves and cell absorptance 1-R for solar cells
using ZnO:Al as front contact: (a) on glass substrate with Ts(ZnO:Al)=135 ◦C after various
etching times tetch of the ZnO:Al from 0 s to 30 s, (b) comparison of the solar cells with various
ZnO:Al layers on glass and PET substrate: Ts(ZnO:Al)=135 ◦C on glass after 30 s etching (red
solid line), Ts(ZnO:Al)=300 ◦C on glass after 40 s etching (reference, black dashed line) and
Ts(ZnO:Al)=135 ◦C on PET after 20 s etching (blue solid line).

non-etched (0 s) ZnO:Al layer as front contact (green line) shows a poor EQE curve
with interference fringes, as light passes specularly without significant scattering of the
light (green line), resulting in a JSC of 11.3 mA/cm2. By introduction of a texture after
the first etching step of 10 s (light green line), the EQE curve is significantly improved
over the entire wavelength range compared to the smooth substrate, which results from an
enhanced cell absorptance. The short-circuit current density is thus significantly increased
up to a value of 13.2 mA/cm2. With continued etching, the EQE further increases,
especially for λ<580 nm, while no considerable change in cell reflectance can be observed.
The solar cell on 30 s etched ZnO:Al achieves therefore the highest short-circuit current
density of 13.9 mA/cm2. Comparison of this solar cell (red line) with the solar cell on
reference ZnO:Al (black dashed line) in Fig. 6.9(b) shows similar EQE curves, despite a
difference in cell absorptance for λ>600 nm. Similar EQE curves in the long wavelength
range above 550 nm can also be observed for the solar cell on PET substrate (blue line),
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yet a significant reduction in EQE is detected for λ < 550 nm. This results in a JSC of
13.3 mA/cm2 for the solar cell on PET substrate.

In Fig. 6.10, corresponding photovoltaic parameters of the solar cells are presented
as a function of etching time tetch. With increasing etching time of the low temperature

Figure 6.10.: Photovoltaic parameters of solar cells using various types of ZnO:Al as front
contact as a function of ZnO:Al etching time tetch: Ts(ZnO:Al)=135 ◦C on glass (red squares),
Ts(ZnO:Al)=300 ◦C on glass (reference, black circle) and Ts(ZnO:Al)=135 ◦C on PET (blue
triangles). Lines are guides to the eye.

ZnO:Al on glass substrate (red squares), the open-circuit voltage VOC decreases by 20 mV
when a texture is introduced after 10 s etching and stays relatively constant around 884±
7 mV with further etching time. In contrast, VOC for the solar cell on the reference ZnO:Al
is significantly higher, attaining a value of nearly 920 mV. The fill factor is only slightly
affected by an increasing etching time and is 68.8±0.5 %. Surprisingly, the solar cell on
reference ZnO:Al exhibits a low fill factor of 64.8 %, although it shows the lowest sheet
resistance (see Fig. 6.4). Overall, the solar cell on etched low temperature ZnO:Al achieves
an efficiency of 8.4 %, similar to that on the reference ZnO:Al (8.5 %). The solar cell on
PET substrate shows lower VOC by 42 mV as well as a reduction in fill factor by 9.1 %
absolute, leading to an efficiency of 6.9 %.

Discussion Implementing the low temperature ZnO:Al front contact in an amorphous
silicon solar cell, it was found that introduction of a texture by etching of ZnO:Al leads
to a significant increase in external quantum efficiency over the entire wavelength range.
This can be related to two effects: improved trapping of the light, as visible in the long
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wavelength range above 600 nm, which results in multiple passes through the absorber
layer in the case of weakly absorbed light. Light of short wavelength on the other hand
is mainly absorbed within the front part of the solar cell and the effect of light trapping
is negligible in the wavelength range below 500 nm. The increase in EQE due to an
increased cell absorptance for these wavelengths is therefore probably due to enhanced
light incoupling into the solar cell. This results from rough surfaces at the front side of
the solar cell that act as refractive index grading [107]. The resulting current increase
due to a short etching time of 10 s is as high as 1.7 mA/cm2. The continuously increasing
EQE curve in the short wavelength range with further etching is probably simply due to
thinning of the ZnO:Al layer and thereby reduced parasitic absorption as no change could
be detected in cell absorptance 1-R of the solar cell. Indications for this are also given by
the increasing transmittance in the short wavelength range with etching time of ZnO:Al
layers (see Fig. 6.5(a)), though the trend is not as clear due to overlapping light trapping
effects in single layers, as discussed above.

Although having different surface textures, all three types of ZnO:Al covered sub-
strates lead to similar effective light trapping when implemented in a-Si:H solar cells. This
is evident from EQE curves in the long wavelength range above 550 nm were no remark-
able difference between the three curves can be observed. This may possibly be related
to similar AIDs in the large angle range for all three types of substrates (Fig. 6.8). Light
incoupling and parasitic absorption in the low temperature ZnO:Al and reference are also
similar, which is mainly visible in the short wavelength range below 550 nm (Fig. 6.9(b)).
As a result, similar JSC of 13.9 mA/cm2 and 14.2 mA/cm2 are achieved (Fig. 6.10 (a)),
thus confirming that the light scattering properties of the etched low temperature ZnO:Al
are adequate for use in amorphous silicon solar cells.

The solar cell on etched ZnO:Al on PET substrate shows considerably lower EQE
values for 320 nm<λ<550 nm, for which there are two likely causes. First, the transmit-
tance for the 20 s etched ZnO:Al on PET is slightly lower compared to the 30 s etched
ZnO:Al on glass due to the shorter etching time, which would cause increased parasitic
absorption in the solar cell. However, when substrates with identical transmittance on
glass and PET substrate are compared as in [282], the EQE curve of the solar cell on
PET substrate is still lower. Differences in light incoupling are also improbable, as this
would be visible in the cell absorptance, where there is only marginal variation for the
solar cells on both types of substrates. Instead, another possible explanation is related to
the growth conditions of the µc-Si:H p-type layer, where the nucleation properties and/or
the actual temperature of the PET substrate may be different from glass substrates. As
already shown and discussed in Section 6.1, the crystallinity of the p-type µc-Si:H layer on
PET is considerably lower with Icrs of 28±10 % compared to 45±3 % on glass substrate (see
Table 6.1). This in turn leads to additional parasitic absorption in the discussed wave-
length range [289]. Additionally, the structural evolution of the microcrystalline silicon
layer with thickness could be different, which may contribute to the observed differences
in Icrs and would particularly be important in thinner (around 20 nm) layers used in solar
cells.
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Regarding photovoltaic parameters in Fig. 6.10, the low fill factor of 64.6 % for the
solar cell on reference ZnO:Al despite its low sheet resistance is surprising. Furthermore,
fill factor values of the etched low temperature ZnO:Al are nearly constant for a sheet
resistance range from 12 Ω to 27 Ω (after etching for 10 s to 30 s, respectively, Fig. 6.4).
This suggests that the ZnO:Al sheet resistance in this range is not limiting the fill factor
in this kind of low temperature amorphous silicon solar cell, but a low shunt resistance
or other series resistances in the device structure, such as non-optimal interfaces (e.g.
TCO/p-contact) [290] or the material quality of the low temperature a-Si:H absorber
layer. The difference in VOC between the solar cell on low temperature ZnO:Al and
reference ZnO:Al on glass substrate may partly be related to the varying surface areas
of the ZnO:Al covered substrate. Comparing VOC values to the normalized surface area
Anorm of the various ZnO:Al textures evaluated from AFM measurements (see Table 6.3),
it seems likely that a larger surface area of the TCO/p-type layer interface in case of
the etched low temperature ZnO:Al leads to enhanced surface recombination between
electrons and holes, which in turn causes losses in VOC [291]. However, the low VOC in

Table 6.3.: Normalized surface area Anorm, evaluated from AFM measurements, for ZnO:Al
layers deposited at various substrate temperatures Ts on glass and PET substrate.

substrate Ts [◦C] Anorm

reference 300 1.10
glass 135 1.36
PET 135 1.22

case of the solar cell on PET can not be related to the surface area though, as Anorm

is between that of the reference and low temperature ZnO:Al on glass substrate. The
result may therefore be related to an inferior material quality of silicon layers, especially
reduced dark conductivity of the p-type layer when grown on PET substrates (more than
one order magnitude lower than on glass substrate, see Table 6.1). According to Wang
et al., a reduction in the p-type layer conductivity can reduce the built-in potential in
solar cells which consequently leads to a reduction in VOC [227]. Furthermore, a possibly
poorer material quality of the microcrystalline p-type layer on PET substrate would also
give an explanation for the low fill factor of 61.2 % for the solar cell on PET substrate.

In Fig. 6.9, a varying cell absorptance for λ>600 nm for solar cells on the three types
of investigated substrates was found: average values for 1-R between 600 nm<λ<800 nm
are 74 % on refererence ZnO:Al, 78 % on PET and 83 % for low temperature ZnO:Al
on glass, respectively. This is likely to be related to plasmonic absorption losses at the
n-type a-Si:H/Ag interface. Palanchoke et al. have shown that absorption losses due to
surface plasmon resonance at the a-Si:H/metallic back contact interface are more severe for
textures exhibiting smaller features [292], such as present in the etched low temperature
ZnO:Al. This implicates that a high cell absorptance in this case is only due to an increased
parasitic absorption which does not lead to generation of charge carriers. The trend among
the three substrates is in agreement with the feature sizes of the corresponding substrates.
Plasmonic absorption losses can be reduced by insertion of a thin ZnO:Al layer between
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the n-type a-Si:H and Ag layer [293], as shown in Fig. 6.11. As a consequence, the EQE

Figure 6.11.: External quantum efficiency EQE curves and cell absorptance 1-R for solar cells
on glass substrates with various front and back contacts: Ts(front ZnO:Al)=135 ◦C after 20 s
etching time with Ag and ZnO/Ag back contact (red solid and red dashed line, respectively),
Ts(front ZnO:Al)=300 ◦C after 40 s etching time (reference) with Ag and ZnO/Ag back contact
(black solid and black dashed line, respectively).

increases for λ > 500 nm (dashed lines). At the same time, the cell absorptance 1-R
decreases, as due to reduced parasitic absorption, non-absorbed light is reflected back.
In the case of diminished plasmonic absorption, 1-R is identical for both types of surface
textures with small and large feature sizes, in agreement with the hypothesis of Palanchoke
et al. In general, it is important to bear in mind that thin amorphous silicon absorber
layers, due to its quasi-direct band gap and thus relatively steep absorption edge might
be less sensitive to varying texture types. The investigated textures will have different
effects when applied in a solar cell with a typical microcrystalline silicon absorber layer.

6.2.3. Nanoimprint Lithography

Several reports have shown that nanoimprint lithography, where a UV sensitive photo
resist layer is spin-coated and textured on top of a substrate, is an appropriate technique
to introduce rough surfaces at the front or back side of the solar cell for efficient light
management [134, 135, 139]. Previous studies have implemented nanoimprint lithography
in solar cells on polymer films [150, 155, 294, 295], though these devices were all deposited
in substrate configuration, so losses in substrate transparency were not taken into account.
In the present work, the effects of nanoimprint lithography on the transparency of the
PET substrates were investigated for a flexible solar cell in superstrate configuration,
where the light enters through the substrate. In that case, one needs to take care of the
possible impact on the transparency of the flexible substrate resulting from the imprint
process.
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It should be noted here that the deposition temperature for ZnO:Al layers used as
TCO for the results presented in this section was intended to be nominally 135 ◦C, yet was
estimated to be up to 180 ◦C, which was only noticed after the results for this study were
obtained. The impact on the long-term stability of the substrates when temperatures
higher than the nominal upper process temperature are used is not predictable. Fur-
thermore, stress present in the films, resulting from the difference in thermal expansions
coefficient, increases with a rise in deposition temperature, which will especially be critical
for the deposition of thicker films. Such high process temperatures should therefore be
avoided in future.

Results on properties of ZnO:Al layers deposited on non-imprinted and imprint-
textured glass and PET substrates are presented first, followed by characteristics of a-Si:H
solar cells deposited on top of these substrates. A comprehensive discussion will be given
at the end of this section. Parts of the results shown here have previously been published
in [296] and [297].

Properties of ZnO:Al Covered Substrates

In this section, the effect of texturing by nanoimprint lithography on the characteristics of
the TCO covered substrates is investigated. The process flow and types of substrates in-
vestigated are shown in Fig. 6.12. All PET and glass substrates were covered with a photo
resist layer which was imprint-textured in (a), while no treatment was conducted in (b),
resulting in a smooth layer. Subsequently, the films were covered with a 240 nm ZnO:Al
layer and characterized regarding their electrical, optical and structural properties. This
particular thickness was chosen as it has been shown that reflection losses are relatively
low at a ZnO:Al window layer thickness of 240 nm, while providing an acceptable sheet
resistance [298]. Additionally, a-Si:H solar cells were deposited directly without vacuum
break on top of the ZnO:Al layer.

First, the reproduction quality of the texture by nanoimprint lithography is esti-
mated via SEM images, shown in Fig. 6.13. In (a) and (b), smooth glass and PET sub-
strates covered with the non-imprinted resist and ZnO:Al is presented, which are named
nG and nP in the following, respectively. Both images show a nearly identical homo-
geneous surface where the grains resulting from the columnar growth of the ZnO:Al are
visible. The original morphology of the highly optimized reference ZnO:Al film deposited
at 300 ◦C is presented in (c). The crater-like surface presents a morphology optimized for
advanced light management in µc-Si:H solar cells [118] and was therefore used as master
texture for the imprint. The SEM images of imprint-textured glass and PET substrates
are shown in Figs. 6.13(d) and (e) and are named tG and tP hereafter, respectively. It ap-
pears that the crater-like structure is well replicated on both glass and PET substrate. A
slight variation from the master texture is obtained by the superimposed grain-structure
resulting from the deposition of ZnO:Al on top of the imprint-textured resist.

Optical properties of the substrates covered with ZnO:Al are evaluated by measure-
ments of transmittance T , reflectance R as well as haze in transmission HT to investigate
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Figure 6.12.: Fabrication process flow of the substrates and solar cells on (a) imprint-textured
and (b) non-imprinted glass or PET substrates.

Figure 6.13.: Scanning electron microscopy (SEM) images of various substrates covered with
ZnO:Al. (a) non-imprinted glass nG, (b) non-imprinted PET nP, (c) master texture of reference
ZnO:Al deposited at 300 ◦C and etched for 40 s, (d) imprint-textured glass tG and (e) imprint-
textured PET tP.
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the light scattering properties. The results are shown in Fig. 6.14(a), (b) and (c), respec-
tively. Comparison of ZnO:Al on PET substrate with and without imprinted texture (tP

Figure 6.14.: (a) total transmittance T , (b) reflectance R and (c) haze in transmission HT for
the different types of substrates, covered with ZnO:Al: non-imprinted glass nG (green-dashed
line), non-imprinted PET nP (blue-dashed line), imprint-textured glass tG (green solid line)
and imprint-textured PET tP (blue solid line).

and nP, respectively) shows that there is only a slight difference (within 4 % absolute)
in transmittance for most of the wavelength range. Only in the range between 400 and
500 nm, due to constructive interferences in the non-textured layer stack, the transmit-
tance is around 10 % higher. However, interferences depend on the particular layer stack
and will change when silicon layers are deposited on the top of the substrate. Thus it
cannot be directly related to the substrate transparency when implemented in a solar cell
[286]. The transmittance exceeds 74 % for λ > 430 nm in both cases. Furthermore, the
reflectance is reduced due to the nanoimprinted texture. Results for the comparison of
non-imprinted and imprint-textured glass substrates covered with ZnO:Al (nG and tG,
respectively) are qualitatively similar to that of PET/ZnO:Al substrates just described.
Principally, PET/ZnO:Al substrates exhibit a slightly higher reflectance compared to
glass/ZnO:Al substrates. Regarding light scattering properties, evaluated by HT, shown
in Fig. 6.14(c), for ZnO:Al on both PET and glass substrates the haze values could be
significantly increased by imprint-texturing of the substrate; from basically 0 % for the
non-imprinted substrates nG and nP to 25 % and 37 % at 700 nm in the case of samples
tG and tP, respectively.

Regarding the electrical properties of the ZnO:Al layer deposited on top of the four
different substrates, the sheet resistance R� was measured and is presented in Table 6.4.
No difference could be detected between ZnO:Al on non-imprinted and imprint-textured
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Table 6.4.: Sheet resistance R� of ZnO:Al covered non-imprinted and imprint-textured glass
and PET substrates, as well as photovoltaic parameters and active area of solar cells deposited
on top of theses substrates.

substrate R� [Ω] η [%] FF [%] VOC [mV] JQE [mA/cm2] area [cm2]

nG glass 32±2 5.7 57.7 905 11.0 0.4
nP PET 46±3 4.8 54.3 855 10.4 0.5
tG glass + imprint 32±2 7.0 60.6 905 12.7 0.4
tP PET + imprint 46±3 6.9 61.8 870 12.9 0.1
Asahi-U 9±2 8.1 68.6 905 13.1 0.5

substrates, for both glass and PET substrate, implying that the ZnO:Al growth is unim-
paired by the substrate texturing. This is in agreement with literature, where the crater-
like structure was shown to provide suitable growth conditions for ZnO:Al layers [299].
Yet the sheet resistance values of the ZnO:Al layer on PET substrate are higher com-
pared to that on glass substrate. In general, the sheet resistance is rather high compared
to state-of-the-art commercially available substrates, like e.g. Asahi U-type substrates,
which usually provide a sheet resistance of around 10 Ω.

Solar Cells on Imprint-Textured Substrates

In order to evaluate the effect of imprint-texturing on the device performance, a-Si:H
solar cells were deposited on top of the ZnO:Al covered glass and PET substrates discussed
above. In contrast to the solar cells presented in Section 6.2.2, no µc-Si:H p-type layer was
used between the ZnO:Al and p-type a-Si:H layer. Three different cell areas were used for
the various types of solar cells (0.1, 0.4 and 0.5 cm2). It was found that the difference in FF
for these cell areas is negligible for the same substrate in most cases. Yet in this section,
the short-circuit current densities JQE were calculated from EQE measurements. Each
solar cell was annealed until the improvement in photovoltaic parameters had saturated
(see Chapter 5 for further information).

In Fig. 6.15(a) and (b), external quantum efficiencies EQE and cell absorptance
1-R curves of these solar cells are shown, respectively. In both cases of glass and PET
substrates, the cell absorptance is significantly increased due to the nanoimprinted texture
for most of the wavelength range (solid lines compared to dashed lines). This in turn leads
to a significantly increased EQE over nearly the entire wavelength range and confirms
excellent light scattering properties of the imprint-textured substrates. The increase is
especially strong for wavelengths> 600 nm. Comparison of the solar cells on substrates
tG and tP, a slightly lower cell absorptance (and correspondingly higher reflectance) can
be observed for the solar cell on PET substrate. Still, similar EQE curves were achieved
for solar cells on both glass and PET substrate for most of the wavelength range.

Photovoltaic parameters of the solar cells on the four types of substrates are pre-
sented in Table 6.4. Corresponding J-V curves can be found in Fig. B.1 in the Appendix.
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Figure 6.15.: (a) External quantum efficiency EQE and (b) cell absorptance 1-R for the solar
cells on various substrates: non-imprinted glass nG (green-dashed line), non-imprinted PET nP
(blue-dashed line), imprint-textured glass tG (green solid line), and imprint-textured PET tP
(blue solid line).

The characteristics of a reference cell on Asahi-U substrate is shown for comparison. As
already visible from EQE curves, nanoimprint texturing significantly improves JQE by
1.7 and 2.5 mA/cm2 in case of glass and PET substrate, respectively. Thereby, a JQE of
12.9 mA/cm2 is achieved on substrate tP, only slightly lower compared to that on an opti-
mized commercial Asahi-U glass substrate (13.1 mA/cm2). In addition, the fill factor and
open-circuit voltage of the solar cell on PET substrate is improved by 7.5 % and 15 mV,
respectively, by imprint-texturing of the substrate. However, VOC is still considerably
lower for the solar cell on PET substrate (870 mV) compared to that on glass substrate
(905 mV). Overall, the a-Si:H solar cell on substrate tP achieves similar efficiency (6.9 %)
to that on tG (7.0 %). The reduction in efficiency of these cells compared to the solar cell
on Asahi-U substrate (8.0 %) is mainly caused by a reduction in fill factor by absolute
6.4±0.6 %.

Discussion

The outcome of these studies demonstrated that the nanoimprint process significantly
improves the light scattering properties of the PET substrate, while a high overall trans-
mittance is maintained and no deterioration in electrical conductance could be detected.
This is also the case for glass substrates. The higher sheet resistance of the ZnO:Al layer
grown on PET substrate (46 Ω), compared to that on glass substrate (32 Ω), can be re-
lated to different growth conditions and thus structural evolution of the ZnO:Al material
on PET substrate (see Section 6.2.2).

Reflectance measurements on ZnO:Al layers (Fig. 6.14(b)) as well as solar cells (Fig.
6.15(b)) reveal a slightly higher reflectance for the layers and solar cells on PET substrate.
This can partly be related to the difference in refractive index (1.6 for PET and 1.5 for glass
at a wavelength of 500 nm), which causes increased reflectance at the air/PET interface

162



6. Solar Cells on Flexible Substrates

according to Fresnel equations: 4 % for the glass and 5.3 % for the PET substrate in the
case of normal incidence of the light.

Another finding was that introduction of a texture by nanoimprint lithography leads
to a significant increase in external quantum efficiency over the entire wavelength range.
Similar to the case of the texture evolving upon etching (Section 6.2.2) this can be related
to improved trapping as well as incoupling of the light, as visible in the long and short
wavelength range, respectively.

Regarding the photovoltaic parameters of the solar cells on PET substrate (nP and
tP), both FF and VOC were significantly improved by imprint-texturing of the substrate,
by 7.5 % and 15 mV, respectively. A possible explanation for this might be that the texture
may act as stress reliever and reduces the compressive stress that results from varying
thermal expansion coefficients of PET and solar cell layers, as suggested by de Jong
[179]. Speculating, this might cause an improved microstructure of the ZnO:Al and/or
silicon layers containing less voids or cracks, thereby improving electrical properties of
the layers, which would increase both FF and VOC. This higher level of stress on PET
substrate might also account for the generally lower VOC of the solar cells on PET substrate
compared to those on glass substrate. Another possible explanation might be related to
lower dark conductivities of the doped layers, in particular the p-type layer, when grown
on PET instead of glass substrate (see Table 6.1) as pointed out in [227] and already
discussed in Section 6.2.2. The low fill factor of 61.2±0.6 % of the solar cells on glass and
PET substrate compared to 67.6 % on Asahi-U substrate is likely caused by two reasons.
On the one hand, the solar cell on Asahi-U substrate benefits from its significantly lower
sheet resistance (see Table 6.4), which usually promotes an increase in fill factor [28]. On
the other hand, it is well known that p-type a-Si(C):H layers in contact with ZnO:Al
might develop a contact barrier at the TCO/p-interface that reduces the fill factor of the
solar cell [288]. This can be improved by using a p-type µc-Si:H/a-Si:H double window
layer, which would then likely increase the fill factor for the solar cell on ZnO:Al covered
substrates [287, 288, 300]. In contrast to Section 6.2.2, this double window layer should
be optimized for application on PET substrates regarding e.g. crystalline volume fraction.

6.2.4. Comparison and Discussion of Light Management Approaches

The results presented above (Sections 6.2.2 and 6.2.3) were obtained over one year time,
thus an accurate comparison between various devices is interfered by drifts in the depo-
sition system and use of different deposition conditions. Therefore, in order to enable an
accurate comparison between the two light management approaches, selected solar cells
were re-deposited under similar conditions. Parts of the results shown in this section have
previously been published in [282].

A scheme of the layer stacks for both types of solar cells using different light man-
agement approaches on PET substrates is shown in Fig. 6.16. This time, a thin (70 nm)
film of SiOxNy was used as barrier layer on the PET substrate. For the nanoimprint
approach (a), the texture of high temperature reference ZnO:Al was used, while the low
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Figure 6.16.: Layer stacks of the solar cells on PET substrate where rough surfaces for light
management are produced by (a) imprint-texturing of the PET substrate and (b) etching of low
temperature ZnO:Al for 20 s. SiOxNy was used as barrier layer on the PET substrate in this
case.

temperature ZnO:Al (b) exhibits the texture with small feature size (SEM images (a) and
(b) in Fig. 6.6, respectively).

In Fig. 6.17, EQE curves of the solar cells on PET substrate using nanoimprint
lithography (blue solid line) and etching of ZnO:Al (green dash-dotted line) are shown
and compared to a flat reference without any texture (gray dashed line). Photovoltaic
parameters are shown in Table 6.5. Corresponding J-V curves can be found in Fig. B.2
in the Appendix. Equally efficient light incoupling and trapping, as visible from similar

Figure 6.17.: External quantum efficiencies EQE curves and cell absorptance 1-R for a-Si:H
solar cells on PET substrate, where nanoimprint (blue solid line) and etching of ZnO:Al (green
dash-dotted line) are used as light management approaches. A solar cell on smooth PET sub-
strate is shown for comparison (gray dashed line).

EQE curves, are obtained for both types of light management approaches, achieving
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Table 6.5.: Photovoltaic parameters of solar cells on PET substrate using various light scat-
tering techniques.

light scattering by η [%] FF [%] VOC [mV] JSC [mA/cm2]

- 5.1 54.2 865 10.8
nanoimprint 6.4 57.8 860 12.7
etching of ZnO:Al 6.2 60.0 835 12.4

a JSC of 12.7 mA/cm2 in case of nanoimprint lithography and 12.4 mA/cm2 in case of
etched ZnO:Al, respectively. This depicts a significant increase by 1.8±0.2 mA/cm2 in
JSC compared to the flat reference, as already discussed in Section 6.2.3. Besides, an
increased cell absorptance is observed for most of the wavelengths above 600 nm in the
case of low temperature etched ZnO:Al compared to the nanoimprinted sample. This
difference is qualitatively similar to that observed in Fig. 6.11 for the comparison between
solar cells on etched low temperature ZnO:Al and reference ZnO:Al. An explanation is
therefore probably be related to plasmonic absorption losses and their dependence on the
feature size of surface textures (see also end of Section 6.2.2).

The fill factor is again increased by introduction of a texture in both cases, which
might be related to the already discussed reason of reduced stress in case of a textured
substrate (see Section 6.2.3). The lower VOC in case of the solar cell on low tempera-
ture etched ZnO:Al emerges again, which further supports the interpretation of increased
surface recombination between holes and electrons due to a larger surface area (see Sec-
tion 6.2.2). Overall, similar efficiencies of 6.3±0.1 % are achieved for both types of light
management approaches, inferring that nanoimprint lithography as well as etching of
ZnO:Al are well suited to maintain advanced light management in a-Si:H solar cells on
transparent flexible PET substrates. As mentioned earlier, the situation may be different
for solar cells with a microcrystalline absorber layer or a-Si:H/µc-Si:H tandem solar cells,
where a higher sensitivity to light management textures might be present.

Pros and cons of the two investigated light management approaches are discussed
in the following. A great advantage of the nanoimprint lithography approach is the pos-
sibility to decouple the surface texture from the electrical and optical properties of the
TCO material, meaning that a virtually unlimited range of textures can be used like e.g.
periodic nanostructures [135, 301] or textures that can only be obtained under conditions
incompatible with PET substrates, e.g. at high temperatures [296]. Furthermore, TCO
materials can be optimized with respect to high electrical conductance and transparency,
without consideration of and limitation by scattering properties. Particularly, also non-
texturable TCOs like e.g. indium-doped tin oxide (ITO) can be used, which have shown
superior electrical and optical properties at low deposition temperatures compared to
ZnO:Al [302]. Also the critical TCO/p-contact tends to be improved when ITO is used
instead of ZnO:Al [303]. In order to underline this point, a brief comparison of ITO,
hydrogen-doped indium oxide (IO:H) and ZnO:Al layers prepared at low temperatures on
glass substrates is presented in Appendix C.
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Technologically, both nanoimprint lithography and chemical etching are non-vacuum
processes and compatible with roll-to-roll deposition [279, 304, 305]. However, in the case
of ZnO:Al etching, a vacuum break is needed after the sputter deposition of ZnO:Al,
while nanoimprint processing occurs as first step prior to vacuum depositions. This vac-
uum break leads to retardation of the roll-to-roll fabrication by additional venting and
pumping time. On the other hand, wet-chemical etching of ZnO:Al has the advantage
of simplicity (especially on a laboratory scale), requiring only a solution of hydrochloric
acid in addition to the TCO deposition system. Regarding process reproducibility, the
wet-chemical etching of ZnO:Al depends on precise sputtering conditions, solution concen-
tration, etching time, etc. and can thus be challenging to control [306]. On the contrary,
once a nanoimprint stamp is manufactured, it may be used several times, replicating the
same texture with high precision [134].

Another aspect that needs to be considered in the case of polymer substrates is the
mechanical stress that evolves because of the different thermal expansion coefficients of the
substrate and subsequently deposited layers [307]. Accordingly, thin layers are preferred
to reduce stress in the films. In the case of texturing by chemical etching of ZnO:Al,
initially relatively thick layers (around 800 nm) are needed to provide enough material
for the etching step. This in turn may induce crack initiation in the ZnO:Al layer and
thereby deteriorate electrical properties of the layers and device performance.

6.3. Performance under Bending

Flexible solar cells and modules can, in contrast to rigid devices, be operated in a bent
state. Bending and effects of variable angles of incidence are thus an important part
of device development and performance evaluation. The influence of incident angles on
the performance has been investigated for solar cells on rigid glass substrates, especially
with a focus on the effects of periodic light-trapping structures, or on the influence of
varied incident angles and spectra during the day [301, 308–311]. However, in the case
of flexible solar cells addressed here, varied angles of incidence might simultaneously be
present under operation due to the flexibility of the device. In this chapter, the influence
of various angles of incidence on the flexible solar cell performance is evaluated and a
model is presented to evaluate the effects of operation in a bent state and corresponding
changes in the device performance. Parts of the results presented in this chapter have
previously been published in [297].

6.3.1. Angular Dependence

The dependence of the incident angle of the light on the solar cell performance has been
investigated for various types of solar cells on rigid glass substrates, including organic
solar cells [312], crystalline silicon solar cells and modules [309] and thin-film silicon solar
cells [301, 308, 309]. The influence of an increased angle of incidence γ of the light was
found to be caused by three effects, depicted in Fig. 6.18:
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(i) an increase in illumination area F decreasing the density of incident photons following
the cosine law [313]

(ii) increased reflection losses at front surfaces and/or interfaces

(iii) prolongation of the light path inside the device.

Figure 6.18.: Schematic drawing to depict the effects of an increased light incident angle γ: (i)
increased illuminated area due to cosine law and thus reduced density of photons, (ii) increased
reflection losses at front surfaces/interfaces and (iii) prolongation of the light path inside the
device. Green and magenta color corresponds to normal (γ=0◦) and increased (γ>0◦, tilted
state) angle of incidence, respectively.

External quantum efficiency EQE measurements under various incident angles γ
from 0◦ (normal incidence) to 60◦ were carried out on the solar cells on imprint-textured
and non-imprinted PET substrates presented in Section 6.2.3, and the results are shown
in Fig. 6.19(a) and (b), respectively. Please note that for these measurements, the illu-

Figure 6.19.: External quantum efficiencies EQE curves of flexible solar cells for various inci-
dent angles γ of the light. (a) Imprint-textured PET and (b) non-imprinted PET substrate. An
angle of 0◦ corresponds to normal incidence.

mination spot is considerably smaller than the area of the solar cell, meaning that the
number of incident photons is identical for all incident angles (see Fig. 6.20(a)). As a
consequence, the cosine law (i) does not affect the results. For a better visualization,
EQE curves normalized to the EQE at γ=0◦, are plotted in Fig. 6.21(a) and (b) for the
solar cells on imprint-textured and non-imprinted PET substrate, respectively.
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Figure 6.20.: Schematic drawing to depict illumination conditions in the different measurement
setups. In the EQE setup (a), the illumination spot is considerably smaller than the solar cell
area, thereby the number of incident photons is constant for all incident angles. In the J-V setup
(b) on the other hand, the illumination spot is larger than the solar cell area and with increasing
incident angle the number of incident photons is reduced due to a reduction in effective solar
cell area.

Figure 6.21.: External quantum efficiencies for each incident angle EQE(γ) normalized to
the EQE(0◦) at normal incidence for the solar cell on (a) imprint-textured PET and (b) non-
imprinted PET substrate.
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For the solar cell on imprint-textured PET substrate in (a), a decrease in EQE
curve with increasing angle of incidence over the entire wavelength range can be observed.
The effects (ii) and (iii), described above, show different wavelength dependencies: (ii)
depends indirectly on the wavelength via the refractive index of the front window layers
(according to Fresnel equations), which usually varies only slightly in the investigated
wavelength range. On the other hand, (iii) can have opposite effects for different wave-
lengths: Prolonging the path of short wavelength light leads mainly to increased parasitic
absorption in the front TCO layer with increasing γ, thereby leading to a reduction in
EQE. For long wavelength light on the other hand, the light path is mainly prolonged
inside the intrinsic absorber layer, leading to an enhanced EQE. As the reduction in the
EQE curve with increasing γ is nearly constant for all wavelengths (see Fig. 6.21(a)),
it seems likely that the reduction can be ascribed to enhanced reflections at front inter-
faces with increasing γ. This is in agreement with the calculated reflection increase at
the air/PET interface with increasing incident angle, as calculated from Fresnel formula
and shown in Fig. 6.22. Here, the relative reflection increase at λ= 500 nm according to

Figure 6.22.: Relative increase in reflection at the air/PET interface at a wavelength λ of
500 nm with increasing angle of incidence γ according to Fresnel equations (green line), as well
as relative reduction in EQE(γ) at 500 nm compared to the EQE(0◦) at normal incidence (blue
squares).

Fresnel equations (green line) is similar to the relative reduction in the EQE curve at
λ= 500 nm (blue squares), thereby confirming that these reflections are the main reason
for the reduction in EQE curve.

For the solar cell on non-imprinted PET substrate, the EQE curve is also reduced
for most of the wavelengths (see Fig. 6.19(b)). However, effects resulting from constructive
and destructive interference of light that is reflected at the flat interfaces lead to additional
features: the interference fringes located at 680 nm and 600 nm for normal incidence of the
light (γ=0◦) are blue-shifted by 10 nm to 670 nm and 590 nm for γ=60◦, respectively, due
to prolongation of the light path in the absorber layer with increasing incident angle. As
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6.3. Performance under Bending

the absorption coefficient, evaluated from PDS measurements, of the amorphous silicon
absorber layer increases from 4100 cm−1 at 680 nm to 5500 cm−1 at 670 nm, the blue-shift
leads to an increase in EQE with increasing incident angle in the corresponding wave-
length range. The constant EQE for all investigated angles of incidence at a wavelength
of 450 nm (see Fig. 6.21(b)) cannot be related to interference effects inside the absorber
layer, as most of the light of this wavelength is absorbed within the first part of the solar
cell. In this case, an interplay between interference effects in the front TCO layer and/or
reflection changes at the air/PET interface might be a possible reason.

From EQE curves, integrated short-circuit current densities JSC can be evaluated,
as described in Section 3.4.2, using the AM1.5 spectrum in the wavelength range between
320 and 800 nm. Absolute and normalized JSC values as a function of incident angle γ
are shown in Fig. 6.23(a) and (b), respectively. It should be noted that the absolute

Figure 6.23.: Short-circuit current density JSC, calculated from EQE curves, as a function
of incident angle γ for the cells on various types of substrates: non-imprinted PET (blue open
squares) and imprint-textured PET substrate (blue full squares). (a) Absolute values and (b)
normalized to the value at normal incidence. Error bars are exemplarily shown for the imprint-
textured sample.

values of the solar cell on the non-imprinted PET substrate were slightly lower than
shown in Table 6.4. In order to enable a more accurate comparison of the angular effects
in both types of solar cells, in this case JSC values were normalized to the JSC value of
10.4 mA/cm2 at 0◦ incident angle. Up to an incident angle of 40◦, the relative reduction in
JSC is only minor within 2.4 % for the solar cells on both imprint-textured (filled squares)
and non-imprinted (open squares) PET substrates. Even at an incident angle of 60◦, the
relative reduction in JSC is less than 10 %. The reduction in JSC is less pronounced for
the solar cell on non-imprinted PET substrate, which can be related to the blue-shift of
the interference fringe at 680 nm with increasing incident angle and the resulting increase
in EQE. However, considering the error bar of the measurement, only minor difference
can be observed between textured and non-textured substrates.

In addition to EQE measurements, J-V curves of the solar cell on imprint-textured
PET substrate were measured under various angles of incidence under AM1.5 illumination.
It should be noted that the illumination spot in this setup is considerably larger than the
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6. Solar Cells on Flexible Substrates

cell area (see Fig. 6.20(b)). This implies that the number of incident photons on the
solar cell is reduced with increasing incident angle due to a reduction in the effective
solar cell area. The measured values were therefore normalized to the effective solar cell
area F cos(γ) using the cosine law, thus allowing to focus on the optical properties of the
device. The relative changes in JSC, FF , VOC and η as a function of incident angle γ are
shown in Fig. 6.24(a), (b), (c) and (d), respectively. For comparison, relative changes in

Figure 6.24.: Current-voltage (J–V ) parameters as a function of incident angle γ for the solar
cell on imprint-textured PET substrate. (a) Short-circuit current density JSC , (b) fill factor FF ,
(c) open-circuit voltage VOC and (d) efficiency η, normalized to the value at normal incidence.
In (a), JSC values calculated from EQE curves are shown for comparison (red triangles).

JSC values evaluated from EQE measurements, as shown in Fig. 6.23(b), are also shown
in Fig. 6.24(a) (red triangles).

The results from EQE and J-V measurements are in good agreement, considering
that the measurements were performed using different measurement setups. It can be seen
from Figs. 6.24(b) and (c), that FF increases slightly with increasing γ up to a value of
2.2 % at γ=60◦, while VOC simultaneously decreases by 1 %. Both effects can be related
to the reduced light intensity (number of incident photons), when the effective solar cell
area decreases with increasing incident angle. The open-circuit voltage depends directly
on the generated photocurrent which is reduced with decreasing light intensity [28]. The
fill factor on the other hand was shown to decrease with increasing light intensity, caused
by photogenerated space charge trapped to a greater extent in the band-tail states of the
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6.3. Performance under Bending

absorber layer at higher illumination levels [263]. However, one has to consider that the
fill factor depends also on the shunt and series resistance of the device, which influence
the fill factor mainly at low and high illumination levels, respectively. With decreasing
light intensity, the influence of the series resistance is weakened, meaning that an increase
in fill factor may also be related to a high series resistance in the device whose influence is
attenuated with decreasing light intensity. Still the effects of VOC (-1 %) and FF (+2 %)
with increasing γ are rather small compared to the changes in JSC (-7 %), so that the
efficiency follows mainly JSC, down to a relative reduction of 6 % at an incident angle of
60◦.

6.3.2. Bent Solar Cell Performance

As mentioned earlier, flexible solar cells can operate in a bent state, implying that various
incident angles are simultaneously present. In order to investigate the current loss that is
induced by the bending, a simple model is developed to calculate the short-circuit current
density as well as the overall performance of a solar cell in bent state, on the basis of the
results presented in Section 6.3.1.

For the calculations, semicircular bending is assumed and defined, in general case,
by the ratio between length of the solar cell L and bending radius r, as shown in Fig. 6.25.
The ratio L/r is varied between 0<L/r<π, where 0 and π correspond to the extreme

Figure 6.25.: Schematic figure of the bent states considered in the model. For a solar cell
length L to bending radius r ratio of L/r=π, the solar cell builds up a complete semicircle.

cases of infinite radius (non-bent state) in (a) and semicircle in (c), respectively. The
angle of incidence γ at each position x of the solar cell can then be deduced from the
semicircle function f(x) (Eq. 6.1):

γ(x) =
∣∣tan−1 (f ′ (x))

∣∣ =

∣∣∣∣tan−1

(
− x√

r2 + x2

)∣∣∣∣ (6.1)

where r is the bending radius of the semicircle. An exponential function is fitted
to the angle-dependent short-circuit current density shown in Fig. 6.23(a), assuming
JSC =0 mA/cm2 at γ=90◦, thus no photocurrent generation at parallel incidence of the
light. The resulting fit and function JSC(γ) are shown in Fig. 6.26.
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6. Solar Cells on Flexible Substrates

Figure 6.26.: Short-circuit current density JSC, calculated from EQE, as a function of incident
angle γ for the solar cell on imprint-textured PET substrate: Experimental data (black points)
and fitting curve JSC(γ) (red line).

Short-circuit current densities of the entire device in bent state can then be cal-
culated by integration of J (γ(x)) over x. Two different cases are investigated in the
following; (I) without and (II) with consideration of the reduction in effective solar cell
area. In the first case, the integral is divided by 2x0 (see Fig. 6.25(b)), which corresponds
to the effective solar area thus eliminating the effect of reduced number of photons im-
pinging the solar cell in the bent state. This helps understanding the effect of device
optics on the solar cell performance in a bent state. In case (II) on the other hand, the
integral is divided by the solar cell length L, thereby taking into account the fabricated
solar cell area and the potential number of photons that could be absorbed by the solar
cell.

In case (I), the overall short-circuit current density in the bent state JSC,bent of the
solar cell can be calculated as follows (Eq. 6.2):

JSC,bent =
1

2x0

∫ x0

−x0
JSC (γ (x)) dx (6.2)

The resulting Jsc,bent values are plotted as a function of L/r in Fig. 6.27(a) for the solar
cell on both imprint-textured (filled squares) and non-imprinted (open squares) PET
substrates. In addition, values normalized to the non-bent state (L/r=0) are shown in
(b). The value L/r=0 on the x-axis corresponds to the non-bent state and L/r increases
with decreasing bending radius r. It can be seen, that for both types of solar cells the
reduction due to the bent state is rather small: 0.4 and 0.7 mA/cm2 for the solar cell
on non-imprinted and imprint-textured PET substrate, respectively, when the solar cell
is bent in a semicircle. This corresponds to a relative reduction in JSC,bent of maximum
5.3 %. The solar cell on non-imprinted PET substrate shows a weaker dependence on the
L/r ratio, which results from the interference-shift effect, as discussed in Section 6.3.1.
For the calculation of the overall efficiency of the solar cell in bent state, angle-dependent
FF and VOC values from Fig. 6.24 are taken into account as well. Please consider that
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6.3. Performance under Bending

Figure 6.27.: Calculated short-circuit current densities JSC,bent and efficiency ηbent of flexible
solar cells in bent state for various ratios L/r of solar cell length L to bending radius r, when
the reduction in effective solar cell area is neglected. (a) Absolute values of JSC,bent, (b) JSC,bent

normalized to the non-bent state, (c) absolute values of ηbent and (d) ηbent normalized to the
non-bent state. Open symbols: solar cell on non-imprinted PET substrate; full symbols: solar
cell on imprint-textured PET substrate.
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6. Solar Cells on Flexible Substrates

these values are affected by reduction in effective solar cell area (as noted earlier), but are
negligible compared to changes in JSC. Absolute efficiency values ηbent as well as efficiency
values normalized to the non-bent state for the solar cells on both types of substrates are
shown in Fig. 6.27(c) and (d), respectively. As expected, the change in efficiency follows
mainly the variation in Jsc,bent and the relative reduction remains below 5 % when the
solar cell is bent in semicircle state. It is worth noting that imprint-texturing of the PET
substrate improves both JSC and η of the solar cell for all investigated incident angles and
bending states L/r, compared to the solar cell on non-imprinted substrate.

In case (II), the fabricated area of the solar cell is considered (cf. Fig. 6.25) and
the overall short-circuit current density in bent state can be calculated by the following
equation:

JSC,bent =
1

L

∫ x0

−x0
JSC (x) dx (6.3)

with L being the length of the solar cell. In this case, the reduction in effective solar cell
area and thus loss in the number of incident photons is considered in the calculation. The
effect can clearly be seen in Fig. 6.28(a) and (b), where the absolute values of Jsc,bent and
ηbent are shown, respectively. With reduction in effective solar cell area upon bending,

Figure 6.28.: (a) Calculated short-circuit current densities JSC,bent and (b) efficiencies ηbent of
flexible solar cells in bent state for various ratios L/r of solar cell length L to bending radius r,
taking into account the reduction in effective area due to the bending. Open symbols: solar cell
on non-imprinted PET substrate; full symbols: solar cell on imprint-textured PET substrate.

JSC,bent dramatically decreases with increasing bending ratio L/r by 5.1 and 4.1 mA/cm2

in the investigated range, and results in a corresponding drop in absolute efficiency from
6.9 to 4.2 % and 4.9 to 3.0 % for the solar cell on imprint-textured and non-imprinted PET
substrate, respectively.
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6.3. Performance under Bending

6.3.3. Discussion and Outlook

The results presented above show clearly that significant losses occur when the solar cell
operates in a bent state, mainly due to a reduced number of collected photons as the
effective area of the solar cell is reduced. This implies that for a given application in
flexible form, the power output per fabricated area must be recalculated. The model
proposed in this chapter allows to calculate the power loss for solar cells operating in
bent state for various non-planar shapes, like e.g. wavy rooftops, roof tiles, tents, etc.
compared to operation in non-bent state. The model also allows to easily calculate the
effects of various spectra (e.g. for different times of the day or year) on the bent solar
cell performance by substituting the AM1.5 spectrum used for the calculation of JSC (γ).
Though no severe effects resulting from different spectra are expected for the type of
solar cell presented here, as it was shown in Fig. 6.21(a) that the reduction in EQE is
wavelength-independent, it may be a major effect in other types of solar cells or in flat
devices, as shown in Fig. 6.21(b).

An important factor is also the orientation of a module that consists of multiple
solar cells connected in series. Much research has been conducted about the issue of
partial shading conditions of conventional PV modules due to dust coverage or shadows of
surrounding objects or clouds, which lead to significant losses in output power and possible
damages of the module (see [314] and references herein). Additional bypass diodes are
employed by module manufacturers and complex maximum power point (MPP) tracking
systems are necessary due to the development of several local MPPs. Likewise, one has
to consider that in the case of flexible PV modules, this effect will be intensified when the
solar cell is installed in a bent state and individual cells within the module provide a low
current due to an increased light incident angle accompanied with a reduction of incident
photons [315].
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7. Conclusion

Transparent polymer films are required for the fabrication of flexible solar cells in su-
perstrate configuration, as well as for flexible (semi-)transparent BIPV products. These
types of substrates however also limit the temperature range for fabrication processes.
This work therefore investigated the effects of low deposition temperatures on the mate-
rial properties of silicon and TCO layers, and on the performance of entire photovoltaic
devices. Post-deposition annealing effects have been found to have a significant impact
of the performance of low temperature a-Si:H and µc-Si:H solar cells on glass and PET
substrates. Extensive studies have been carried out to understand the underlying physi-
cal processes upon annealing in individual layers and entire devices. Light management
approaches with low process temperatures, compatible with PET substrates, have been
developed and the influence on the properties of TCO covered substrates as well as on
the solar cell performance was investigated. Finally, the dependence of the photovoltaic
parameters on the angle of incident light was studied for a-Si:H solar cells on PET
substrates. From these results, calculations were performed to investigate the solar cell
performance in various bent states.

First, the influence of low deposition temperatures on the material properties of p-
type, n-type and intrinsic a-Si:H layers on glass substrates was investigated in Chapter 4.
As expected from literature, lowering the substrate temperature leads to a significant drop
in electrical properties of all types of a-Si:H layers, and consequently in a deteriorated per-
formance of a-Si:H solar cells. It was shown that adjustment of gas flow mixtures during
deposition can compensate for the reduction in deposition temperature. Doped and in-
trinsic a-Si:H layers with appropriate material properties could be fabricated by leaving
out methane during the p-type layer deposition and reducing the silane concentration for
intrinsic and n-type layer deposition. When these low temperature layers were imple-
mented in an a-Si:H solar cell in p-i-n configuration on glass substrate, a best efficiency
of 9.1 % was achieved after device optimization in terms of variations in layer thickness
and back contact design.

Doped microcrystalline silicon layers on the other hand showed less sensitivity to
low deposition temperatures and exhibited satisfactory electrical properties at a substrate
temperature of 120 ◦C without additional tuning. In the case of intrinsic µc-Si:H layers,
optimal crystalline volume fractions of 40-70 % could be achieved at 120 ◦C by varying
the silane concentration, yet the parameter range was shown to be considerably smaller
compared to high substrate temperatures. This may suggest a requirement for more
sophisticated process control for the fabrication of a-Si:H/µc-Si:H solar cells and modules
at low temperature. Overall, an efficiency of 6.9 % for µc-Si:H single junction solar cells
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exhibiting a crystalline volume fraction of 52 % and an absorber layer thickness of 1µm
have been achieved at 120 ◦C on glass substrates. There is probably considerable potential
for efficiency enhancement by improvement of the doped µc-Si:H layers, for example by
implementation of microcrystalline silicon oxide layers that potentially improve JSC.

The best a-Si:H and µc-Si:H solar cells were combined in a prototype tandem de-
vice, leading to an efficiency of 9.8 %. Great potential for future improvement in device
performance is visible, once accurate matching of the sub cell current densities is realized.
Further steps may include the insertion of buffer layers or silane concentration profiling
of intrinsic layers, and implementation of silicon oxide intermediate reflecting layers.
This clearly indicates that high efficiencies of thin-film silicon solar cells are achievable
even at deposition temperatures as low as 120 ◦C, and thus suitable for transparent PET
substrates.

Low temperature a-Si:H solar cells on glass substrates exhibit a strong improve-
ment in all photovoltaic parameters, particularly in the fill factor, after post-deposition
annealing for more than two hours at temperatures similar to the deposition tempera-
ture. Extensive studies were carried out and presented in Chapter 5 to identify the layers
sensitive to annealing and to understand the underlying physical processes relating layer
properties and device performance. The main contribution to the annealing effect could
be ascribed to changes in the intrinsic a-Si:H absorber layer and/or the p-/i-interface upon
annealing. The charge carrier collection efficiency of the device was the parameter iden-
tified to be sensitive to post-deposition annealing, due to improvements in both electron
and hole drift length. Possible reasons were related to an increased µτ -product of both
electrons and holes in the intrinsic a-Si:H absorber layer, which could be confirmed by
the results of measurements of photo conductivity and steady-state photocarrier grating
technique on individual layers, respectively. Using a simplified model, simulations showed
that improvements in external quantum efficiencies of solar cells upon annealing could well
be reproduced by increasing the mobility of both electrons and holes. Furthermore, an
enhanced built-in field may also contribute to the improvement in charge carrier collection
and thus solar cell performance upon annealing. Supporting evidence was given by an
increasing dark conductivity of the n-type a-Si:H layer upon annealing, likely raising the
built-in voltage of the device. Moreover, an increased µτ -product in the intrinsic layer,
resulting in less trapped charges, may also reduce deformations of the built-in field. More
sophisticated simulations are needed in future to further analyze possible origins for the
improvement in device performance upon annealing.

It was shown that the annealing effect is thermally activated and possible structural
processes upon post-deposition annealing might be related to a non-equilibrium density
of states after deposition due to the low deposition temperature. A significant rise in solar
cell efficiency could also be achieved in a rapid annealing step (few minutes only) by using
temperatures above the deposition temperature and future investigations may aim at the
reduction of annealing times by using laser irradiation.

When fabricated on PET substrates, the annealing effect was shown to be even more
pronounced and a link between lower material quality of individual layers and stronger
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annealing effects in the solar cell were presented. Also µc-Si:H solar cells deposited at low
temperature exhibited a pronounced improvement upon annealing, in this case with the
strongest effect in the short-circuit current density. Measurements of external quantum
efficiencies of p- and n-side illuminated solar cells showed remarkable similarities to a
study in which solar solar cells were annealed after inducing deep defects by irradiation,
suggesting a relation between defect density in the films and post-deposition annealing.

In Chapter 6, light management approaches procured at temperatures below 150 ◦C,
and thus suitable for application on PET substrates, were investigated. Textured inter-
faces were inserted in the layer stack of a-Si:H single junction solar cells by wet-chemical
etching of ZnO:Al layers in HCl solution as well as nanoimprint lithography. In the case
of wet-chemically etched ZnO:Al films, layer properties on glass and PET substrates were
investigated as a function of etching time. Similar optical properties were found for etched
ZnO:Al layers on both types of substrates, while the sheet resistance in the case of the
PET substrate proved to deteriorate slightly faster upon prolonged etching. Evolving
textures and light scattering properties were probed by SEM imaging and measurements
of angle-resolved scattering as well as haze in transmission, respectively. Though textures
visible from SEM images appear differently, similar light scattering properties were found
for etched ZnO:Al layers on both types of substrates. The adaption of the nanoimprint
lithography approach showed that a master texture can well be reproduced on glass as well
as PET substrates, without impairing the substrate transparency or the material proper-
ties of ZnO:Al layers grown on top of the imprinted resist. Light scattering properties of
TCO covered substrates were evaluated by haze measurements and could be significantly
enhanced. Similar results could be achieved on PET and glass substrates.

A-Si:H solar cells deposited on top of these textured substrates show significantly
enhanced external quantum efficiencies compared to a flat reference for both types of
light management schemes. This could be attributed to (i) reduced reflections at front
interfaces due to the refractive index grading, and (ii) trapping of light in the absorber
layer. The short-circuit current density could significantly be improved in addition to
an enhancement in fill factor, compared to the flat reference. Overall, similar efficiencies
are obtained for both light management approaches for flexible a-Si:H solar cells entirely
fabricated at temperatures below 150 ◦C on transparent PET film. On the example of
the nanoimprint lithography approach, it was shown that similar efficiencies of 7.0 % and
6.9 % for low temperature a-Si:H solar cells can be achieved on glass and flexible PET
substrates, respectively. Further progress should focus on the deposition of tandem solar
cells on PET substrates. Development is needed especially with regards to microcrystalline
silicon layers grown on PET substrates, which revealed to exhibit lower crystalline volume
fractions compared to that on glass substrates.

Pros and cons of both approaches were discussed, with nanoimprint lithography
being favorable due to its high flexibility regarding the choice of texture and TCO material,
though etching of ZnO:Al requires only simple laboratory equipment.

In conclusion, the results presented here reveal that deposition of thin-film silicon
solar cells at low temperature of 120 ◦C may achieve nearly 10 % efficiency. Moreover,
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similar photovoltaic performance for solar cells on flexible PET substrates as on glass
substrates is achievable by adopting light management concepts for low temperature
processing.

In the last chapter, issues regarding the flexibility of solar cells were more closely
evaluated. Current density-voltage curves of a-Si:H solar cells on non-imprinted and
imprint-textured PET substrates were measured under various angles of light incidence.
The largest effect was found in a reduction of the short-circuit current density due to
increased reflections at the front interfaces. Losses were shown to be minor up to angles
of 40◦ and were still below 10 % relative at incident angles of 60◦. The fill factor and
open-circuit voltage have been shown to increase and decrease slightly with increasing
incident angle.

Calculations of device performance in bent state were performed based on these
results. On the example of semicircular bending, integration over present incident angles
resulted in overall photovoltaic parameters in the bent state. When only the losses due to
increased incident angles and thus higher reflections are taken into account, only minor
relative losses in efficiency of less than 5 %, in the case of semicircular bending, occur.
However, if one considers the reduction in effective solar cell area due to the bending and
thus a reduced number of collected photons, the loss in efficiency increases considerably
and is as high as 39 % (relative) in the case of the a-Si:H solar cell on the imprint-textured
PET substrate. Accordingly, the power output per fabricated area must be adjusted
regarding the shape of application. The proposed model allows to calculate power losses
for solar cells operating in bent state compared to non-bent state and may be extended
for various non-planar shapes like wavy rooftops, roof tiles, tents, etc., as well as different
spectra of light. It also reveals that for flexible photovoltaic modules conditions similar
to ”partial shading conditions” in conventional PV modules must be considered, meaning
that bent parts of the module may limit the power output of a flexible solar module.
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A. Appendix to Chapter 4

Figure A.1.: Absorption coefficient α as a function of photon energy Eph measured by Pho-
tothermal Deflection Spectroscopy (PDS) on p-type a-SiC:H layers deposited at various substrate
temperatures Ts.

Figure A.2.: Absorption coefficient α as a function of photon energy Eph measured by Pho-
tothermal Deflection Spectroscopy (PDS) on (a) <p> a-SiC:H and (b) <p> a-Si:H layers de-
posited deposited at 120 ◦C at various TMB concentrations cTMB.
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Figure A.3.: Current density-voltage (J-V ) curves for a-Si:H solar cells deposited at various
substrate temperatures Ts during deposition.
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B. Appendix to Chapter 6

Figure B.1.: Current density-voltage (J-V ) curves for a-Si:H solar cells on various substrates:
non-imprinted glass nG (green dashed line), non-imprinted PET nP (blue dashed line), imprint-
textured glass tG (green solid line), imprint-textured PET tP (blue solid line), and Asahi-U. The
current density J is normalized so that the short-circuit current corresponds to JQE obtained
from EQE measurements.
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Figure B.2.: Current density-voltage (J-V ) curves for a-Si:H solar cells on PET substrate,
where nanoimprint (blue solid line) and etching of ZnO:Al (green dash-dotted line) are used as
light management approaches. A solar cell on smooth PET substrate is shown for comparison
(gray dashed line).
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C. Solar Cells with ITO and IO:H
Layers

In Chapter 6 it was indicated that indium containing TCO layers such as indium-doped tin
oxide (ITO) and hydrogen-doped indium oxide (IO:H) might have superior electrical and
optical properties compared to ZnO:Al layers. Therefore, electrical and optical properties
of various TCO layers and prototype devices are presented in the following. The nominal
substrate temperatures for IO:H, ITO and ZnO:Al layers are around 20 ◦C, 125 ◦C and
135 ◦C, respectively. The absorptance A=1-T -R curves of the layers deposited on Corning
Eagle XG glass substrates with a thickness of 230-240 nm are shown in Fig. C.1. It can

Figure C.1.: Absorptance A curves for layers of ZnO:Al (black dashed line), ITO (green solid
line) and IO:H (blue dash-dotted line) deposited on Corning Eagle XG glass substrates. The
layer thickness is 230-240 nm.

be seen that the absorption edge varies for the three types of TCO layers, with ITO
providing the lowest absorptance in the range below 500 nm. In the wavelength range
500 nm<λ<1100 nm, no significant difference in the absorptance can be detected. The
electrical properties of the three types of layers are presented in Table C.1. In comparison
to ZnO:Al, the indium containing TCOs provide a significantly higher charge carrier
mobility as well as charge carrier density resulting in a lower resistivity and thus sheet
resistance. The electrical properties of ITO and IO:H are roughly similar.

The resistance of the ITO and IO:H layers against reduction resulting from plasma
containing a high hydrogen flux, as present for silicon layers deposited under low silane
concentrations, was simulated by exposing the layers to a pure hydrogen plasma for
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Table C.1.: Layer thickness d and Hall characteristics for the three TCO materials: sheet
resistance R�, resistivity ρ, carrier density n and carrier mobility µ.

TCO material d [nm] R� [Ω] ρ [10−4 Ωcm] n [1020 cm−3] µ [cm2/Vs]

ZnO:Al 230 29 6.6 3.5 27
ITO 240 11 2.7 4.7 49
IO:H 240 14 3.3 4.0 48

5 minutes. The resulting absorptance curves are presented in Fig. C.2 An increase in

Figure C.2.: Absorptance A curves for ITO (green) and IO:H (blue) layers deposited on Corning
Eagle XG glass substrates in the as-deposited state (solid lines) and after exposure to a hydrogen
plasma for 5 minutes (dashed lines). The arrows indicate the increase in absorptance due to the
hydrogen plasma treatment.

absorptance can be observed for both ITO and IO:H layers: up to 4 % in the wavelength
range 350 nm<λ<800 nm in the case of ITO and even up to 25 % in the wavelength range
350 nm<λ<1200 nm in the case of IO:H layers. A possible explanation might be related
to the reduction of metallic indium and/or tin in the TCO layer [316]. The ZnO:Al layer
on the other hand showed no change in optical properties after exposure to the hydrogen
plasma (not shown).

The three types of layers were implemented in a-Si:H single junction solar cells on
glass substrates. In order to prevent exposure to the plasma, some ITO and IO:H layers
were covered with a thin (15 nm) capping layer of ZnO:Al, that is known to be stable
to hydrogen plasma. Since no light management concept was applied in all cases, strong
differences in the reflectance of the solar cells are obtained due to the varying refractive
indexes of the TCO layers. Therefore, internal quantum efficiencies are evaluated and the
results after 150 minutes annealing are shown in Fig. C.3. In the case of no additional
capping layer (Fig. C.3(a)), the IQE curves for the solar cells on the ITO and IO:H covered
glass substrates are significantly reduced in the wavelength range 380 nm<λ<700 nm
compared to that using ZnO:Al as TCO, probably due to the increased absorptance in
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C. Solar Cells with ITO and IO:H Layers

Figure C.3.: Internal quantum efficiency IQE for non-textured solar cells using ZnO:Al (black
dashed line), ITO (green solid line) and IO:H (blue dash-dotted line) as TCO. (a) without
capping layer, (b) with 15 nm ZnO:Al capping layer on top of ITO and IO:H.

the layers resulting from the plasma exposure upon the deposition of silicon layers. When
a thin ZnO:Al capping layer is deposited on top of the ITO and IO:H layer before solar
cell deposition (Fig. C.3(b)), similar IQE curves are obtained for all three types of TCOs
for λ>400 nm. In the wavelength range below 400 nm, the IQE is enhanced for the case
of ITO and IO:H as TCO, compared to the solar cell on ZnO:Al. The corresponding
photovoltaic parameters are shown in Table C.2. Due to the difference in cell areas, the

Table C.2.: Photovoltaic parameters and cell areas of a-Si:H solar cells on glass substrates
using various TCO materials with and without a thin (15 nm) ZnO:Al capping layer.

TCO material capping layer cell area [cm2] η [%] FF [%] VOC [mV] JSC [mA/cm2]

ZnO:Al - 0.36 5.1 57.1 890 10.7
ITO no 1.0 5.6 62.4 910 9.8
ITO yes 1.0 6.3 61.4 920 10.4
IO:H no 1.0 5.5 61.0 910 9.9
IO:H yes 1.0 6.1 59.4 920 10.4

short-circuit current density is evaluated from EQE curves, as described in Section 3.4.2.
For the solar cells using ITO and IO:H as TCO, an increase JSC due to the ZnO:Al capping
layer can be detected. The solar cells on ITO and IO:H covered glass substrates exhibit
a higher FF and VOC compared to that on ZnO:Al, independent of the application of a
capping layer.
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D. Effects of Barrier Layers on PET
Substrates

The influence of thin barrier layers of ZnSnOx and SiOxNy deposited on top of PET
substrates on the properties of ZnO:Al layers after wet-chemical etching as well as on the
performance of solar cells is investigated in the following. In Fig. D.1, SEM images of
ZnO:Al layers deposited on PET substrates (a) with and (b) without ZnSnOx layer after
etching for 20 s in HCl solution are shown, respectively. In the case of PET substrates

Figure D.1.: Scanning electron microscopy (SEM) image of ZnO:Al layers deposited on PET
substrates (a) with and (b) without a thin (20 nm) barrier layer of ZnSnOx after 20 s etching in
HCl.

without barrier layer, the wet-chemical etching of ZnO:Al leads to partial over-etching
of the ZnO:Al layer down to the substrate. Similar initial ZnO:Al layer thicknesses were
estimated from interference fringes in transmittance and reflectance curves in the as-
deposited state (not shown).

Transmittance and reflectance curves of the etched ZnO:Al layer on top of the bare
PET substrate (without barrier) are shown in Fig. D.2. Similar to the case of ZnO:Al
layers on PET substrate with barrier layer (cf. Fig. 6.5), interference fringes are dimin-
ished due to the evolving texture after the first etching step. Interestingly however, the
reflectance of the etched ZnO:Al layer on bare PET substrate shown here continuously
increases with etching time, thereby reducing the transmittance of the ZnO:Al covered
substrate. An interesting feature is also the step-like absorption edge visible in the range
below 350 nm, which is magnified in Fig. D.3. The step-like transmittance curve in this
range probably results from a superposition of the transmittance of areas where only PET
(ZnO:Al etched down to the substrate) and where PET/ZnO:Al are present. Indeed, by
weighted superposition of the transmittance curves of bare PET substrate (grey line) and
thick ZnO:Al on top of PET (purple line) shown in Fig. D.3, the transmittance spectrum
after etching can well be reproduced (dashed lines). The result implicates a percentage of
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D. Effects of Barrier Layers on PET Substrates

Figure D.2.: Transmittance T and reflectance R curves for ZnO:Al layers deposited on PET
substrate without barrier layer after various etching times tetch from 0 s to 30 s in HCl solution.

Figure D.3.: Transmittance T curves for ZnO:Al layers deposited on PET substrate without
barrier layer after various etching times tetch from 0 s to 30 s in HCl solution. The transmittance
curve for bare PET substrate without ZnO:Al is shown for comparison (grey line). The dashed
lines indicate the fit for weighted superposition of bare PET substrate (grey line) and non-etched
PET/ZnO:Al substrate (purple line).
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holes (which corresponds to the share of bare PET substrate) of 5 %, 17 % and 31 % after
of 10 s, 20 s and 30 s etching time, respectively.

The sheet resistance was measured as a function of etching time and the result is
shown in Fig. D.4. The sheet resistance increases quickly with etching time, up to a value

Figure D.4.: Sheet resistance R� of ZnO:Al layers deposited on PET substrate without barrier
layer as a function of etching time tetch in HCl solution.

of 90±30 Ω after 30 s etching.

Subsequently, a-Si:H solar cells were deposited on top of the different substrates:
PET/ZnSnOx(20nm)/ZnO:Al(20s etched), PET/SiOxNy(70nm)/ZnO:Al(20s etched) and
PET/ZnO:Al(20s etched). The resulting external quantum efficiency EQE and cell ab-
sorptance 1-R curves are shown in Fig. D.5. Similar EQE curves for solar cells on PET

Figure D.5.: External quantum efficiency EQE (solid lines) and cell absorptance 1-R (dashed
lines) curves for a-Si:H solar cells on different types of substrates: PET/ZnSnOx(20nm)/ZnO:Al
(blue), PET/SiOxNy(70nm)/ZnO:Al (red) and PET/ZnO:Al (black). The ZnO:Al was etched
for 20 s in all cases.
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D. Effects of Barrier Layers on PET Substrates

substrates covered with SiOxNy and ZnSnOx are observed. The solar cell on PET sub-
strate without barrier layer exhibits a significantly reduced EQE over the entire wave-
length range. This can partly be related to a reduced cell absorptance, however the
difference is still significant in IQE curves (not shown).

Corresponding J-V curves are shown in Fig. D.6. A significantly lower JSC, VOC

Figure D.6.: Current density-voltage J-V curves for a-Si:H solar cells on different types
of substrates: PET/ZnSnOx(20nm)/ZnO:Al (blue), PET/SiOxNy(70nm)/ZnO:Al (red) and
PET/ZnO:Al (black). The ZnO:Al was etched for 20 s in all cases.

and FF for the solar cell on PET substrate without barrier is evident. Comparison of the
two types of barrier layers, a slightly lower JSC and VOC for the solar cell on PET/SiOxNy

substrate can be observed.
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E. Deposition Parameters for Individual
Layers and Solar Cells

Reference Layers

Table E.1.: Parameters for the deposition of reference silicon layers for solar cells developed
in [223] and applied in Chapter 4: power P , excitation frequency f , electrode distance del,
deposition pressure p, nominal substrate temperature Ts, process gas flows and deposition time
tdepo. Dopant gas flow corresponds to TMB and PH3 in the case of p-type and n-type layers,
respectively. The flows are given as absolute values including dilution gases (2.54 % TMB in
helium and 5 % PH3 in silane, respectively).

Layer
P f del p Ts

SiH4 H2 CH4 dopant tdepo
flow flow flow flow

[W] [MHz] [mm] [mbar] [◦C] [sccm] [sccm] [sccm] [sccm] h:mm:ss

a-Si:H solar cell
p-type a-Si:H 4 13.56 12 1.6 180 9 90 5 5 0:01:40

intrinsic a-Si:H 4 13.56 12 1.6 180 20 100 – – 0:45:00
n-type a-Si:H 4 13.56 12 1.6 180 50 100 – 20 0:01:40

µc-Si:H solar cell
p-type µc-Si:H 30 81.36 22 1.0 180 1.5 200 – 1.2 0:04:20

intrinsic µc-Si:H 20 81.36 11 1.0 180 11 200 – – 1:30:00
n-type a-Si:H 4 13.56 12 1.6 180 50 100 – 20 0:01:40
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E. Deposition Parameters for Individual Layers and Solar Cells

Series of Individual Layers

Table E.2.: Parameters for the deposition of individual silicon layers for the different types
of series presented in Chapter 4: power P , excitation frequency f , electrode distance del, de-
position pressure p, nominal substrate temperature Ts and process gas flows. Dopant gas flow
corresponds to TMB and PH3 in the case of p-type and n-type layers, respectively. The flows
are given as absolute values including dilution gases (2.54 % TMB in helium and 5 % PH3 in
silane, respectively).

series
P f del p Ts

SiH4 H2 CH4 dopant
flow flow flow flow

[W] [MHz] [mm] [mbar] [◦C] [sccm] [sccm] [sccm] [sccm]

p-type a-Si:H layers
T series 4 13.56 12 1.6 120-180 9 90 5 5

cTMB series 4 13.56 12 1.6 120 9 90 0, 5 5-25
on PET 4 13.56 14 1.6 120 9 90 0 9

intrinsic a-Si:H layers
T series 4 13.56 12 1.6 120, 180 20 100 – –
SC series 4 13.56 12 1.6 120 5-30 90-115 – –
cCH4 series1 4 13.56 12 1.6 120 9 90 0-10 –

on PET 4 13.56 14 1.6 120 15 105 – –

n-type a-Si:H layers
T series 4 13.56 12 1.6 120, 180 50 100 – 20
SC series 4 13.56 12 1.6 120 5-50 100-140 – 2-20
on PET 4 13.56 14 1.6 120 15 130 – 6

intrinsic µc-Si:H layers
SC series 20 81.36 11 1.0 120 4-11 200-207 – –

1for comparison purposes with p-type layers in Section 4.1.1
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Tandem Solar Cell

Table E.3.: Parameters for the deposition of silicon layers for the a-Si:H/µc-Si:H tandem solar
cell presented in Chapter 4 (sample number 15P-557): power P , excitation frequency f , electrode
distance del, deposition pressure p, nominal substrate temperature Ts, process gas flows and
deposition time tdepo. Dopant gas flow corresponds to TMB and PH3 in the case of p-type
and n-type layers, respectively. The flows are given as absolute values including dilution gases
(2.54 % TMB in helium and 5 % PH3 in silane, respectively).

Layer
P f del p Ts

SiH4 H2 dopant tdepo
flow flow flow

[W] [MHz] [mm] [mbar] [◦C] [sccm] [sccm] [sccm] h:mm:ss

p-type a-Si:H 4 13.56 12 1.6 120 9 90 9 0:01:50
intrinsic a-Si:H 4 13.56 12 1.6 120 15 105 – 0:40:00
n-type µc-Si:H 12 81.36 9.6 1.0 120 2.7 200 1.2 0:06:40
p-type µc-Si:H 30 81.36 22 1.0 120 1.5 200 1.2 0:04:20

intrinsic µc-Si:H 20 81.36 11 1.0 120 6.5 205 – 1:40:00
n-type a-Si:H 4 13.56 12 1.6 120 15 130 6 0:02:20

ZnO:Al Layers

Table E.4.: Parameters for the deposition of ZnO:Al layers presented in Chapter 6: power P ,
deposition pressure p, nominal substrate temperature Ts and Ar process gas flow.

series
P p Ts Ar flow

[W] [µbar] [◦C] [sccm]

T series 100 4.7 20-320 30
on imprinted substrates 100 4.7 180 30

etching series 100 4.7 135 30
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Wuttig, “The effect of front ZnO:Al surface texture and optical transparency on
efficient light trapping in silicon thin-film solar cells”, Journal of Applied Physics,
vol. 101, p. 074 903, 2007.
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contacts for microcrystalline silicon solar cells in n-i-p configuration”, 25th Euro-
pean Photovoltaic Solar Energy Conference, pp. 3060–3063, 2010.

[299] N. Sommer, “Conductivity and Structure of Sputtered ZnO:Al on Flat and Tex-
tured Substrates for Thin-Film Solar Cells”, PhD Thesis, RWTH Aachen Univer-
sity, 2016.
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b length of contacts in conductivity measurements mm
B magnetic field T
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EA activation energy eV
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EC conduction band edge energy eV
EF Fermi level eV
Eg band gap energy eV
Eph photon energy eV



Symbol Description Typical Unit

EV valence band edge energy eV
EQE external quantum efficiency -
f excitation frequency MHz
F illumination area cm2

FF fill factor %
γ incident angle ◦

G generation rate cm−3s−1

η efficiency %
h distance between contacts in conductivity measurements mm
HT haze in transmission -
θ scattering angle ◦

θc angle of total internal reflection ◦

I current A
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L solar cell length cm

Lamb ambipolar diffusion length nm
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µ charge carrier mobility cm2/Vs
µe/h mobility of electrons/holes cm2/Vs
me effective electron mass kg
ν wave number cm−1

ν0 peak maximum wave number cm−1

n refractive index -
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N charge carrier density cm−3
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NH number of hydrogen atoms cm−3
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ωTO peak width of the TO phonon mode cm−1

p pressure mbar
P power W
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ρ resistivity Ωcm
r bending radius mm
R reflectance -
Rm microstructure factor -
RSC short-circuit resistance Ωcm
Rs series resistance Ωcm
Rsh shunt resistance Ωcm
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σ conductivity S/cm
σ0 conductivity prefactor S/cm
σd dark conductivity S/cm
σph photo conductivity S/cm
σill conductivity measured under illumination S/cm
SC silane concentration %
τ charge carrier lifetime s
τe/h lifetime of electrons/holes s
τR relaxation time min
tann annealing time min
tdepo deposition time s
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T total transmittance -
T0 absolute temperature K
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Tdiff diffuse transmittance -
TE equilibrium temperature ◦C
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Φ photon flux cm−2s−1

V voltage V
Vbi built-in voltage V
Vcoll collection voltage V
VH Hall voltage V
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Symbol Description Typical Unit

Ψ correction factor for electrical field deformation -
xTO peak position of the TO phonon mode cm−1

Chemical Symbols

a-Si:H hydrogenated amorphous silicon
µc-Si:H hydrogenated microcrystalline silicon
Ag silver
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Al2O3 aluminum oxide
Ar argon
CCl4 carbon tetrachloride
CdTe cadmium telluride
CH4 methane
CIGS copper indium gallium selenide
Cu copper
F fluorine
H2 hydrogen
HCl hydrochloric acid
HF hydrofluoric acid
In2O3 indium oxide
IO:H hydrogen-doped indium oxide
ITO indium tin oxide In2O3:SnO2

KOH potassium hydroxide
PbS lead(II) sulfide
PC polycarbonate
PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PEN polyethylene naphthalate
PET polyethylene terephthalate
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PI polyimide
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Si silicon
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SiO2 silicon dioxide
SiOxNy silicon oxynitride
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TMB trimethylborane B(CH3)3

ZnSnOx zinc tin oxide (ZTO)
ZnO:Al aluminum-doped zinc oxide ZnO:Al2O3
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e Euler’s number 2.71828
h Planck constant 4.135667662(25)×10−15 eV s
k Boltzmann constant 8.6173324(78)×10−5 eV K−1

q elementary charge 1.6021766208(98)×10−19 C
π pi 3.14159
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Low Temperature Thin-Film Silicon Solar Cells  
on Flexible Plastic Substrates
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