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Abstract

Investigations on the relation between the growth rate, material quality, and device grade
condition for intrinsic microcrystalline silicon is presented in this thesis. Hydrogenated
microcrystalline silicon deposited by plasma enhanced chemical vapor deposition is a
widely used material for the absorber layer of the bottom solar cell in silicon thin-film
tandem solar cells. Microcrystalline silicon is a mixed phase material consisting of
crystal grains, amorphous phase, grain boundaries, and voids. To guarantee sufficient
light absorption absorber layer thicknesses of more than 1 yum to 3 um are required
for the absorber layer of the bottom solar cell. The increase of the deposition rate for
intrinsic microcrystalline silicon is one essential point for cost reduction in the mass
production of thin-film solar cells. The combination of excitation frequencies in the
very high frequency range altogether with the application of the high pressure depletion
regime enabled to reach deposition rates up to 2.8 nm/s for optimal phase mixture
material, which is until today considered to be of device grade quality. According to
conductivity, electron spin resonance, and Raman measurements the quality properties of
the material deposited at high deposition rates is similar to reference material deposited
at low deposition rates. Nevertheless this material showed to be susceptible to oxygen
uptake, which was shown to occur along the grain boundaries. Furthermore a decrease
in crystal grain size with a simultaneous increase in tensile stress was observed by
X-ray diffraction and Raman measurements, respectively. Thickness dependent Raman
measurements showed a decrease in incubation layer thickness with increasing deposi-
tion rate. The investigations performed by X-ray diffraction and thickness dependent
Raman measurements were supported by investigations performed with transmission
electron microscopy. With this work it was found that the present criteria to classify
microcrystalline silicon being of device grade quality should be extended for deposition
rates beyond 1nm/s. In addition to the measures describing the optimal phase mixture
quantities describing the materials microstructure, the tendency for oxygen uptake, and
the mechanical stress should be taken into account.

The device performance of microcrystalline thin-film single junction as well as of
amorphous / microcrystalline thin-film tandem solar was observed to decrease with
increasing deposition rate. The decrease in device performance was shown to be either
related to inferior material quality of the microcrystalline absorber layer with increasing
deposition rate and to an impairment of the pi-interface of the microcrystalline (sub)
solar cell. Simulations on the impact of ions in matter showed that a damage of the
pi-interface by ion bombardment is unlikely. As possible sources for the impairment of
the pi-interface a variation of the nucleation conditions and structural inhomogeneities

at the substrate/film interface are discussed. Despite the decrease in device performance
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of the amorphous / microcrystalline thin-film tandem solar cells calculations showed
that the output of deposition systems in produced Watt per hour can be increased by
more than a factor of two. An increase in system output leads to a decrease in costs per

produced unit and can lead to a decrease in initial investment costs.



Zusammenfassung

In dieser Arbeit wird der Zusammenhang zwischen der Depositionsrate, der Materialqua-
litdt und der Eignung fiir die Herstellung von Diinnschichtsolarzellen von intrinsischem
mikrokristallinem Silizium beschrieben. Das durch die chemische Gasphasenabschei-
dung hergestellte hydrogenisierte mikrokristalline Silizium ist ein weiterverbreitetes Ma-
terialsystem fiir die Absorberschicht der Bottom-Solarzelle einer Silizium-Diinnschicht
Tandem-Solarzelle. Mikrokristallines Silizium ist ein Phasengemisch bestehend aus
kristallinen Sdulen, amorpher Phase, Korngrenzen und Leerstellen. Zur Gewihrleistung
einer ausreichenden Absorption des Lichtes werden, aufgrund der indirekten Band-
liicke von mikrokristallinem Silizium, Schichtdicken jenseits von 1 um bis 3 um fiir
die Absorberschicht benétigt. Die Steigerung der Depositionsrate ist ein wesentlicher
Ansatzpunkt fiir die Reduktion der Herstellungskosten von Diinnschicht-Solarzellen. Die
Verwendung von Anregungsfrequenzen jenseits von 13.56 MHz sowie die Anwendung
eines Depositionsregimes mit hohen Prozessdriicken und einer hohen Gasausnutzung
ermdglichen Depositionsraten bis zu 2.8 nm /s fiir das Material des optimalen Phasen-
gemischs. Dieses wird allgemein akzeptiert als geeignet fiir den Einsatz in Diinnschicht-
Solarzellen angesehen. Die Ergebnisse von Leitfahigkeits, Elektronenspinresonanz und
Raman-Messungen weisen dhnliche Werte wie jene des Referenzmaterials, welches
bei niedrigen Depositionsraten hergestellt wurde, auf. Jedoch zeigt das Material eine
Tendenz zur Sauerstoffaufnahme entlang der Sdulengrenzen. Dariiber hinaus wird mit
steigender Depositionsrate eine Abnahme der Kristallitgrole sowie eine Zunahme an
mechanischem Stress festgestellt. Zudem zeigen tiefenaufgeloste Raman-Messungen
eine Verringerung der Inkubationsschichtdicke mit steigender Depositionsleistung. Diese
Arbeit zeigt, dass die aktuellen Kriterien zur Beurteilung, inwieweit mikrokristallines
Silizium geeignet fiir den Einsatz in Diinnschicht-Solarzellen ist, erweitert werden soll-
ten fiir Depositionsraten jenseits von 1nm/s. Zusitzlich zu den Kriterien des optimalen
Phasengemischs sollten Messgrofien berticksichtigt werden, welche die Mikrostruktur,
die Tendenz zur Sauerstoffaufnahme sowie den mechanischen Stress des Materialsys-
tems berschreiben.

Mit steigender Depositionsrate wird eine Abnahme der Leistung sowohl von mikrokristalli-
nen Diinnschicht-Solarzellen als auch von amorph / mikrokristallinen Tandem-Solarzellen
beobachtet. Die Einbufien der Leistung werden zuriickgefiihrt auf eine mit steigender
Depositionsrate verminderte Materialqualitét der mikrokristallinen Absorberschicht und
einer Beeintrichtigung der pi-Grenzflache der mikrokristallinen Diinnschicht-Solarzelle.
Berechnungen iiber die Einwirkungen eines Ionenbeschusses auf Materie lassen eine
Beeintrichtigung der pi-Grenzfliche aufgrund des Ionenebeschusses als unwahrschein-

lich erscheinen. Die Beeintrichtigungen der pi-Grenzfliache sind moglicherweise zuriick
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zu fiihren auf verdnderte Nukleationsbedingungen oder strukturelle Inhomogenitéten an
der Substrat zu Schicht Grenzfléche.

Trotz der Abnahme der Bauelementleistung mit steigender Depositionsrate zeigen
Berechnungen die Moglichkeit auf, die Produktionskapazitit in produzierten Watt pro
Stunde um mehr als einen Faktor von 2 zu steigern. Eine Steigerung der Produktionska-
pazitit fithrt zu verminderten Stiickkosten je produzierter Einheit und kann sich auch in

verminderten Investitionskosten widerspiegeln.
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1 - Introduction

The necessity to increase the energy production through renewable processes is evident
due to the finite supply of fossil fuels. Focusing on renewable energy production is
one way to establish a sustainable energy production. According to the United Nations
World Commission on Environment and Development report "Our Common Future"
published in 1987 sustainable processes ensure to meet the worlds needs today without
compromising the ability of future generations to meet their own needs [1]. The use of
the sun as an energy source is predesignated for a sustainable energy production since
its energy supply in one hour exceeds the yearly worlds energy needs by several orders
of magnitude [2].

The first silicon based solar cell of technological importance was presented in 1954 by
Chapin, Fuller, and Pearson [3]. Due to technological progress crystalline silicon single
junction solar cells nowadays reach conversion efficiencies of 25% [4]. Highly efficient
multi-junction solar cells reach conversion efficiencies of 44.4% under concentrated
light [4].

In 1976 Carlson and Wrosnki introduced the first thin-film solar cell based on hy-
drogenated amorphous silicon (a-Si:H) [5]. Later hydrogenated microcrystalline sil-
icon (uc-Si:H) was introduced as a new material for photovoltaic applications [6, 7].
Microcrystalline silicon is nowadays widely used as absorber layer of the bottom solar
cell in the a-Si:H / pc-Si:H thin-film solar cell concept. This solar cell concept was
pioneered by research groups in Neuchatel, at Kaneka Corporation, and in Jiilich [8, 9, 7].
The use of stacked solar cells with different optical bandgaps facilitates the efficient
utilization of the solar spectrum [10, 11]. The particular advantages of thin-film solar
cells compared to wafer based solar cells are: the possibility to produce solar modules

on a large scale, the possibility to deposit the silicon films at low substrate temperatures,
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the possibility to use cheap substrates like glass or plastic and aluminium foils, a drastic
reduction in raw material consumption, and the potential for low cost production. The
last point has been challenged in recent years due to massive price cuts of wafer based
solar cells. These price cuts were not necessarily related to a reduction in production
cost but to geopolitical decisions [12, 13]. However in a recent publication summarizing
the major achievements in the field of thin-film silicon solar cells Shah et al. expect
a commercial prosperity for the thin-film silicon solar technology in 2017 again [14].
Therefore research and development activities should continue on thin-film silicon solar
cells and bridge the time frame until 2017. For industrial application research and de-
velopment on improving the cost competitiveness is of particular interest. Nevertheless
these studies are also of interest for the academic world e. g. investigations to which
extend production costs can be reduced before being limited by physical properties of
the applied materials.

Increasing the efficiency or reducing the manufacturing cost of thin-film solar cells
are two approaches to increase the competitiveness of the thin-film silicon technology.
Studies on how to reach world record solar cell efficiencies can be found in Hinni et
al. [15] for pc-Si:H single junction solar cells and by Kim et al. and Guha et al. [16, 17]
for multi-junction solar cells.

The motivation of the present work is to investigate the relation between growth rate,
material quality, and device grade condition for intrinsic microcrystalline silicon. The
investigations cover a broad range from material investigations on single layers to the
application of pc-Si:H to thin-film single junction and tandem solar cells. Furthermore
a calculation on the increase in system yield when implementing high growth rates for

ue-Si:H is given. Specifically this work’s intend is to answer the following questions:

e How to realize high deposition rates for pc-Si:H?

o [s there a link between device grade condition and deposition rate for pc-Si:H?

e How does an increase in deposition rate for pic-Si:H affect the photovoltaic-
parameters of thin-film solar cells?

e Do the processes which yield high deposition rates for pc-Si:H affect interfaces
when applied to thin-film solar cells?

e Are there benefits for an industrial application of processes leading to high growth
rates of pc-Si:H?

Two approaches are effective to increase the deposition rate of tc-Si:H deposited by the
plasma enhanced chemical vapor deposition (PECV D) technique. First, the application
of high excitation frequencies in the VHF (v, > 30 MHz) range [18, 19, 20] and,
second, the use of the high pressure depletion regimes (HPD) [21, 22]. Curtins et al.

showed an increase in deposition rate with increasing excitation frequency [18]. The
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increase in excitation frequency is accompanied by a reduction of the energy of the
bombarding ion due to a reduced peak-to-peak voltage [23, 24] and reduced plasma
sheath width [25, 26]. The application of excitation frequencies in the VHF band was
proven to be beneficial for mechanical stress [27], crystal grain size [19], charge carrier
hall mobility [19], and to prevent powder production [28].

In the HPD regime deposition pressures in the range of 1/4Pa to 10 hPa are typically
applied. The increase in deposition pressure leads to an increased availability of silicon
atoms in the discharge zone. The operation at depletion conditions secures the possibility
for the formation of nano-crystals due to an increased hydrogen flux towards the surface
of the growing film [21, 29]. An increase in particle density in the discharge leads
to a reduction of the mean free path of each particle [30]. An increase in deposition
pressure also induces a reduction of the plasma sheath width [25]. Both effects lead to a
reduction in the energy of the bombarding ions. In the present work a combination of
both processes was used for the deposition of intrinsic pc-Si:H. A detailed description
on the influence of the deposition parameters on the discharge composition and the
evolution of the growth rate can be found in Chapter 2.3. Apart from the PECVD
technique the hot wire chemical vapor deposition (HWCV D) technique has been used
here to fabricate ttc-Si:H thin films.

The present work is organized as follows:

o In Chapter 2 the fundamentals of amorphous and microcrystalline silicon as well
as for thin-film single junction and multi-junction solar cells are presented. This
chapter also comprises a detailed descriptions of various methods to increase the
deposition rate for microcrystalline silicon.

o In Chapter 3 the experimental methods to produce and characterize silicon layers,
layer stacks and solar cells are presented.

o In Chapter 4 the results of a study targeting high deposition rates for microcrys-
talline silicon are presented. The deposited layers were investigated with respect
to their structural composition, electrical properties, and material quality.

o In Chapter 5 a study investigating the microstructure, the oxygen uptake after
storage and the evolution of the Raman intensity ratio along the growth axis of
microcrystalline silicon layers deposited at various growth rates is presented. Ad-
ditionally, results of investigation performed by X-ray diffraction and transmission
electron microscopy are presented.

o In Chapter 6 the effects of the integration of intrinsic pc-Si:H deposited at ele-
vated deposition rates for the absorber layer of thin-film solar cells on the device
performance are presented. Results obtained through monte carlo simulations on

ion impact are also presented.
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e In Chapter 7 the effects of an application of intrinsic microcrystalline silicon
deposited at high deposition rates as absorber layer for the bottom solar cell on
the device performance of a-Si:H/pc-Si:H tandem solar cells are presented.

e In Chapter 8 two methods to estimate cost benefits when implementing high
deposition rates for the deposition of intrinsic microcrystalline silicon on an
industrial scale are presented.

o In Chapter 9 the most important results are recapitulated and summarized.



2.1

In this chapter the material properties of amorphous and microcrystalline silicon are
introduced. Furthermore the application of these materials to thin-film single junction
and multi-junction solar cells is discussed. Finally a detailed description of methods on

how to increase growth rates for microcrystalline silicon is given.

Hydrogenated amorphous and microcrystalline silicon

Crystalline silicon is characterized by a well defined network of silicon atoms. The
silicon atoms are covalently bonded to their neighboring atoms with constant bond length
and constant bond angles. Due to the periodic structure the description of crystalline
silicon can be reduced to one unit cell.

For amorphous silicon the bond length and bond angles vary by 10% [31]. Therefore
the short range order of amorphous silicon is similar to crystalline silicon but a unit cell
can not be defined since translation symmetry is not given. The lack of long range order
combined with a similar short range of amorphous silicon with respect to crystalline sili-
con implicates significant consequences. First, due to the disorder the Bloch’s Theorem
is not a solution for the Schrodinger equation since it is restricted to a periodic potential
distribution [32]. Therefore the conservation of momentum is not a precondition for
optical transitions and amorphous silicon acts like a quasi direct semiconductor [33].
Second, the electronic structure of amorphous silicon is dominated by the short range
order and thus similar to the one of crystalline silicon [31]. Weaire derived from the
tight binding model sections where the density of states becomes zero, independent of
the periodicity of the network [34]. In other words Weaire showed the presence of an

energy gap in the density of states for amorphous materials.

2 - Fundamentals of thin-film silicon
and its application to solar cells

g S v
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For amorphous silicon the long range structural disorder leads to a broadened tail of
states extending towards the mid gap position [33]. The density of states of the conduc-
tion band and the valence band expands via tail states towards the mid-gap position of
the energy gap. The variation in bond length and bond angle is a cause for strained and
broken bonds. A consequence of these strained and the so called dangling bonds are
deep states within the energy gap. If not saturated with hydrogen, dangling bonds act
as recombination centers for free carriers. Alloying amorphous silicon with hydrogen
reduces the defect density by several orders of magnitude [33] and yields hydrogenated
amorphous silicon (a-Si:H) which can be used for opto-electric applications. The struc-
tural disorder also affects the mobility of the electrons and the holes. As a consequence
the extended and the localized states are separated by a mobility gap [33]. To simplify
the further description the distinction between energy gap and mobility gap is not main-
tained.

Figure 2.1 shows the absorption coefficient for a-Si:H as a function of energy. As a
reference the absorption coefficient of crystalline silicon is displayed in the same graph.
Due to the direct semiconductor behavior a-Si:H shows a superior absorption coefficient
for the energy range between 1.9 eV and 2.5 eV compared to crystalline silicon. For
photon energies below 1.5¢V the absorption coefficient is several orders of magnitude
lower than for energies above 1.9 V. The absorption of a-Si:H for the energy range
below 1.5¢€V is dominated by deep defects and localized states within the bang gap.
Hydrogenated microcrystalline silicon (uc-Si:H) was first fabricated by chemical hydro-
gen plasma transport by Vepiek and Marecek in 1968 [35]. Its application to thin-film
solar cells was pioneered by research groups in Neuchatel, at Kaneka Corporation, and in
Jilich [8, 9, 7]. Microcrystalline silicon is a phase mixture consisting of nano-crystalls,
amorphous tissue, voids, and grain boundaries.

During the processing of pc-Si:H the material growth starts with an incubation layer
mainly consisting of amorphous silicon or pc-Si:H with a low fraction of crystalline
phase. Crystal columns start to grow in a conical form on the incubation layer orthogonal
to the substrate surface [36]. While extending up to 5 ttm over the whole film thickness
the diameter of the crystal columns is typically in the range from a few to several hundred
of nanometers [37]. The diameter of the crystal columns is limited by the growth of
crystal columns in the surrounding area of each column. Adjacent crystal columns
accompany each other forming grain boundaries in between. Coalescence of neighbor-
ing crystal columns does not take place since the typical processing temperatures of
approximately 200°C are too low. Each crystal column consists of numerous coherent
domains with dimensions up to 30 nm. The orientation of these coherent domains is

randomly distributed.
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Figure 2.1: Absorption coefficient o for hydrogenated amorphous silicon (a-
Si:H), hydrogenated microcrystalline silicon (uc-Si:H), and crys-
talline silicon (c-Si).

The ratio between the crystalline and the amorphous phase of tic-Si:H layers is charac-
terized by the crystalline volume fraction Ic. The I¢ highly depends on the processing
conditions. Here the method of choice to deposit a-Si:H and pc-Si:H was the PECV D
method (introduction given in Chapter 3.2). The main process gases used for the de-
position of a-Si:H and pc-Si:H are silane and hydrogen. Details about the processing
of layers and silicon thin-film solar cells can be found in Chapter 3.4. Apart from the
processing parameters - excitation frequency, deposition pressure, deposition power,
and electrode distance - which will be discussed in Chapter 2.3, one key deposition
parameter is the silane concentration SC. The SC is defined by the ratio of the silane
Q|[SiH4] and the hydrogen Q[H,] mass flow into the deposition chamber:

Q[SiHj]

SC= QI[SiHs] + Q[H,]

2.1
A variation of SC enables to cover the whole material range from microcrystalline to
amorphous growth. For low values of silane concentration the material growths predom-

inantly crystalline. With increasing SC the amorphous fraction of the material increases
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Figure 2.2: Schematic representation of the structural composition of microcrys-
talline silicon layers taken from [7]. A shift from highly crystalline to
amorphous growth can be seen from left to right.

leading to a slight decrease of the I until the sharp transition from microcrystalline to
amorphous growth is reached where I abruptly decreases. Early studies showed the
phase mixture to be best for solar device performance occurs at the onset of the transition
between microcrystalline and amorphous growth [7, 38]. During the further description
this material will be referred to as optimal phase mixture (OPM) material. Previous
studies show a reduced spin density for OPM-material compared to highly crystalline
layers [39]. These results support the widely accepted assumption of a passivating effect
of the crystal columns by the amorphous tissue [40]. For highly crystalline layers the
passivation effect is lacking due to the low content of the amorphous phase.

Figure 2.2 shows a schematic illustration of the structural composition of pc-Si:H
layers. A shift from highly crystalline to amorphous growth can be seen from left to right.
This illustration is taken from Vetterl et al. [7]. It is based on material investigations by
X-ray diffraction, transmission electron microscopy measurements, Raman spectroscopy,
and infrared spectroscopy.

Following the description of the absorption coefficient for a-Si:H Figure 2.1 also shows
the absorption coefficient for pc-Si:H considered to consist of OPM-material as a func-
tion of energy. As a reference the absorption coefficient for crystalline silicon is shown
in the same Figure. For the energy range between 1.3 eV and 1.7 ¢V the absorption
coefficient of pc-Si:H follows the absorption coefficient of crystalline silicon. In this
energy range the absorption coefficient is approximately one order of magnitude higher
then the one of a-Si:H. The increase of the absorption coefficient for photon energies
beyond 1.7 ¢V for pc-Si:H compared to crystalline silicon is attributed to the presence
of amorphous phase in the tic-Si:H phase mixture [41, 42]. The rather low absorption

coefficient for the energy range below 1.2 ¢V is attributed to defect states within the
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band gap.

The growth mechanics of pc-Si:H are still under debate. Three growth models are

established in literature. They were summarized by Matsuda [22]. A common basis

for all of the three growth models is a attributed key role to atomic hydrogen for the
growth of pc-Si:H. The coverage of the growing surface with atomic hydrogen was
shown to be mandatory for the formation of crystal nuclei [22]. Furthermore the surface
reactivity increases with decreasing surface coverage due to the pronounced number of

unsaturated bonds [43].

Figure 2.3 shows schematically the concepts for the three growth models starting with

the preferential etching model (a), followed by the surface diffusion model (b), and

finally the chemical annealing model (c). The drawings are taken from reference [22].

a) The preferential etching model describes the growth of pc-Si:H as a balance between
deposition of silicon species and etching of unfavorable bonding configurations
by atomic hydrogen [44, 45]. The word etching in this context is used as an
umbrella term for all reactions taking place at the surface of the growing film. The
model explains the formation of energetically stable bonding configurations by the
preferential removal of weak silicon-silicon bonds. These weakly bonded silicon
atoms are replaced by precursors forming strong silicon-silicon bonds [22].

b) The surface diffusion model describes the growth of pc-Si:H by an enhanced mobility
of film precursors on the surface of the growing layer [43]. The film precursors are
assumed to find and build energetically favorable bonding configurations. Thus
a self organized and well ordered structure evolves. The origin of the enhanced
mobility of film precursors is attributed to local heating caused by hydrogen-
exchanging reactions [22].

¢) The chemical annealing model was proposed to explain the formation of a continuous
nc-Si:H films from the layer-by-layer deposition technique. During the layer-
by-layer deposition technique the deposition of thin a-Si:H layers are alternated
with hydrogen plasma treatments. The formation of a crystalline film is claimed
to be caused by the penetration of hydrogen into the subsurface region. The
hydrogen is assumed to cause a crystallisation of the amorphous phase by structural
relaxation [46, 47].
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One inevitable property of thin-film silicon is the Staebler-Wronski-Effect (SWE). The
SWE describes an increase in gap states which causes a shift of the Fermi level towards
the valence band. As a consequence a light induced decrease of the dark conductivity
is observed [48]. According to the model proposed by Stutzmann et al. the increase
in gap states is due to an increasing number of broken silicon-hydrogen bonds upon
illumination [49]. The SWE leads to a reduction of the drift length of charge carriers so
that current transport is increasingly affected with rising layer thickness. The SWE is
a metastable effect, through heating of the material to temperatures around 160°C the
influence of the SWE can almost be revoked. A decrease of the performance of solar
cells consisting of a-Si:H is observed with increasing exposure time to light. Since the
OPM-material consists of a substantial amount of amorphous phase, solar cells consist-
ing of pc-Si:H are also affected by the SWE [50]. The SWE and the measurement setup
to investigate the long-term performance of thin-film solar cells as a function of their

exposure time to light is further discussed in Chapter 3.6.3.

Operating principle of silicon thin-film single junction and
multi-junction solar cells

The operating principle of wafer-based solar cells can be found in numerous text-
books [51, 52]. In this section the specifics of thin-film silicon solar cells are presented.
To extract an electrical current out of a solar cell the charge carriers should exhibit a
driving force which pulls them away from their point of generation. This driving force
can be established by an electric field or a gradient of the charge carrier density or a
combination of both. One of the distinct differences between wafer-based and silicon
thin-film solar cells is the origin of this driving force. In wafer-based solar cells the trans-
port is dominated by the diffusion process of the charge carriers. For silicon thin-film
solar cells the contribution of the diffusion process to the transport of charge carriers can
be neglected due to the low mobility and the low lifetime of charge carriers in a-Si:H and
uc-Si:H [53]. To enable charge transport in those materials it is necessary to establish
an electric field which separates the charge carriers. Therefore silicon thin-film solar
cells consist of two inversely doped layers which frame an intrinsic layer.

Figure 2.4 shows the schematic layer structure of a thin-film solar cell (a) and a sim-
plified band diagram of the layer stack consisting of the two inversely doped layers
and the intrinsic layer under short-circuit current conditions (b). Due to the opposed
polarity of the doped layers an electric field expands over the intrinsic layer. Thus, the

charge carriers which are generated in the intrinsic layer by the absorption of photons
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Figure 2.3: Schematic representation of growth models for microcrystalline sili-

con: (a) selective etching model, (b) surface diffusion model, and (c)
chemical annealing model. The drawings are taken from [22].
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Figure 2.4: Schematic layer structure of a thin-film solar cell (a) and simplified
band diagram of the layer stack consisting of the two inversely doped
layers and the intrinsic layer under short-circuit current conditions
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are separated and can contribute to a photogenerated current. Typical thicknesses for
absorber layers consisting of a-Si:H range between 200 nm and 450 nm. To ensure
sufficient light absorption, layers consisting of tic-Si:H usually have thicknesses of more
than 1 um. The thicknesses for the doped layers is in the order of 20 nm to 40 nm. Doped
layers are defect rich layers with low contribution to charge carrier generation [53]. To
extract the charge carriers out of the solar cell the doped layers are contacted with highly
conductive contacting layers. For the front contact transparent conductive oxides (TCO)
are commonly applied. A layer of silver (Ag) or a layer stack consisting of Ag and T7CO
is usually used as a back contact. Details about the preparation of solar cells can be
found in Chapter 3.4.

Photons impinging onto the surface of the solar cell are absorbed by the solar cell if
their incident energy is exceeding the bandgap energy (E > E¢). Photons with energies
below the bandgap energy are not absorbed (E < E¢) and transmit through the device.
For an ideal solar cell without parasitic absorption the probability for a photon to be

absorbed by the solar cell can be described by the following equation:

1 ,E>Eg
h
p<E:hV:C>_ 2.2)
0 ,E<Eg
Absorbed photons generate electron/hole pairs which are separated by the electric field.

Following the direction of the electric field holes are directed towards the p-type layer

while electrons are directed towards the n-type layer. Electrons and holes contribute to
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Figure 2.5: Schematics representation of the structure of silicon thin-film single
junction (a) and multi-junction (b) solar cells.

a photogenerated current if they do not recombine prior to their extraction out of the
solar cell. Constant charge separation builds up an electric field with opposed polarity
compared to the electrical field build up by the doped layers. The potential difference
generated by this electric field is called the photovoltage. By connecting the contacting
layers of the device the photocurrent can be extracted out of the solar cell.

Figure 2.5 schematically illustrates the structure of silicon thin-film single junction (a)
and multi-junction (b) solar cells. Due to the low mobility of holes in a-Si:H thin-film
solar cells consisting of a-Si:H are illuminated through the p-type layer. According
to the Lambert-Beer law the largest fraction of the charge carriers is generated close
to the pi-interface. Compared to the electrons the less mobile holes have to travel the
shorter distance. For pic-Si:H the mobility-lifetime product was shown to be significantly
larger than for a-Si:H. Therefore for pc-Si:H single junction solar cells no preferential
illumination direction exists they can either be illuminated through the p-type layer or
the n-type layer [54]. When combining a-Si:H and pc-Si:H solar cells to tandem solar
cells illumination through the p-type layer becomes mandatory due to the requirements
for the a-Si:H top solar cell.

The use of stacked solar cells with different optical bandgaps facilitates the efficient
utilization of the solar spectrum [10, 11]. On the one hand, compared to pc-Si:H single
junction solar cells thermalisation losses are reduced due to the a-Si:H top solar cell
which acts like a longpass filter. Furthermore, a higher open-circuit voltage is realized
due to the fact that the charge carriers are extracted at higher energies. On the other
hand, compared to a-Si:H single junction solar cells photons are absorbed in the pc-Si:H

bottom solar cell and contribute to charge carrier generation which would otherwise
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been transmitted through the solar cell (see equation 2.2). By the stacking of single
junction solar cells to a multi-junction device a series connection of several devices is
realized. Therefore two basic rules apply:

1. The total voltage of the device is equal to the sum of the voltages generated by

each device:
Vs =V1i+V2+ ...+ Vy 2.3)

2. The total current generated by the device is limited by the device which generates

the lowest current:
Lot =min(l}, I, ..., I,) 2.4)

At the interface between two stacked solar cells a np-diode is formed originated from
the n-type layer of the top solar cell and the p-type layer of the bottom solar cell (see
Figure 2.5). Upon illumination this diode is operated in reverse direction. Electrons
generated in the top solar cell and holes generated in the bottom solar cell are driven
towards the np diode. By the use of strong doping this diode can act as a tunnel junction.
Consequently electrons and holes recombine through this junction and maintain the

current transport throughout the whole stacked device.

High growth rates for microcrystalline silicon

The layers and layer stacks investigated in this thesis were fabricated in a vacuum
deposition system. The PECV D reactors are of parallel plate design (details can be
found in Chapter 3.1). The PECV D method as a processing technique is presented
in more detail in Chapter 3.2. In this chapter measures to increase the growth rate of
tc-Si:H are introduced. This includes a description of the effects of key deposition
parameters - excitation frequency V,y, deposition pressure p, deposition power P, and
electrode distance d - on discharge variables. For simplicity in this chapter the term
"plasma" and "glow discharge" are used as synonyms. A more precise definition of both
terms is given in Chapter 3.2.

In a simplistic approach a glow discharge can be divided into three regions. The plasma
bulk which is surrounded by two plasma sheaths. The growth precursors are generated
in the plasma bulk and reach the surface of the growing film via drift and diffusion
processes. A variation in deposition parameters which leads to a change in the properties
of the plasma bulk affect the generation rate of the growth precursors [55]. Changes

of the plasma sheath properties affect the energy of the bombarding ions and the flux
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towards the growing film [55]. However, most variations of deposition parameters
induce variations of the properties of the plasma bulk as well as the plasma sheaths.
The two methods to increase the growth rate of a silicon thin film processed by PECV D
are: first an increase of the generation rate of the growth precursors in the plasma bulk
or/and second the increase of the flux of the growth precursors towards the growing
film. For the processing of pc-Si:H a good surface coverage of the growth zone with
atomic hydrogen must be assured [43, 56]. Furthermore the energy of the bombarding
ions should be kept within reasonable limits since strong ion bombardment can induce
lattice distortions and can lead to a reduced grain size of the crystall grains [43]. In
case of a very high energy of the bombarding ions the growth of ttc-Si:H can even be
suppressed [29].

The most straightforward approach to increase the deposition rate of pc-Si:H is to
increase the dissociation of the process gases through an increase of the deposition
power. A secondary effect of an increase in deposition power is an increase of the energy
of the bombarding ions which can in extreme cases damage the surface of the growing
film. Measures to counteract the high energetic ion bombardment are an increase of the
excitation frequency or an increase in deposition pressure. Both lead to a reduction of the
plasma potential and hence to a reduction of the energy of the bombarding ions. Details
about the implications of a variation of the key deposition parameters on the process
conditions for thin silicon films are given in the following, starting with a description of

the excitation frequency.

The role of the excitation frequency

In the early days of microelectronic industry the most widespread excitation frequency of
plasmas was 13.56 MHz. In the MH?z frequency range, the excitation frequency exceeds
the ion plasma frequency. Under these conditions the ions do not follow the polarity of
the electric field and can be considered as stationary. The use of this specific frequency
was justified by legal and not physical reasons since this frequency was licensed by the
United States Federal Communications Commission for industrial applications. The
application of excitation frequencies beyond 13.56 MHz became popular for plasma
etching applications in the mid 1980°s [57, 58]. The first to apply elevated excitation fre-
quencies to the processing of thin silicon films were Curtins et al. in 1987 [18, 59]. They
showed an increase in the deposition rate with increasing excitation frequency until an
optimal frequency is reached. Beyond this point of optimal frequency the deposition rate
decreases again with increasing frequency. Although the exact shape of the characteristic
deposition rate over excitation frequency is highly depending on the deposition system
the general trend of an increased deposition rate with higher excitation is independent

of the processing equipment [60]. The decrease in deposition rate beyond the point of
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optimal frequency is attributed to a less efficient power in-coupling due to frequency
dependent electrical losses (e.g. stray capacitances) [60]. The increase in growth rate
with increasing excitation frequency is not clarified conclusively in literature. Some
early theoretical studies attribute the increase in growth rate to changes of the electron
energy distribution function (EEDF) [61, 62]. With increasing excitation frequency
the shape of the EEDF approximates a Maxwellian distribution [62], which causes the
electron density to increase in the plasma bulk [62] and the average electron energy
to decrease [61]. Oda et al. showed slight changes in the EEDF of plasmas operated
at 13.56 MHz and 144 MHz derived from plasma diagnostic measurements with op-
tical emission spectroscopy and Langmuir probe [63]. Since, the growth precursors
are generated by electron impact ionization an increased density of electrons in the
plasma bulk leads to an enhanced dissociation of process gases. On the contrary Heintze
et al. claim that the enhancement in gas dissociation is not significant enough to be
accounted for an increase in growth rate for the frequency range between 13.56 MHz and
200 MHz. They showed an increase in ion flux towards the growing film accompanied
by a decrease in ion energies and account these effects to be responsible for the increase
in growth rate [64, 65]. Both models postulate a decreasing average energy per dis-
charge particle with increasing frequency. This leads to a decrease in plasma potential V,.
The peak-to-peak voltage was shown to decrease with increasing excitation frequency [23,
24]. Kohler et al. derived a linear expression between the maximum energy of the bom-

barding ions Ejgy;,

eVip

i (2.5)

Epax =

and the peak-to-peak voltage V), with e describing the elementary charge [66]. Thus,
the maximum energy of the bombarding ions decreases with decreasing peak-to-peak
voltage. Furthermore, the thickness of the plasma sheath decrease with increasing
excitation frequency. In a very simplistic approach a glow discharge can be described
by a bulk plasma and two sheaths regions. The complex impedance Z of this simplified

model can be described by,

1

Z=R+j——=R+j——
@ Croy 27t Vex Cror

(2.6)
a series connection of the resistive bulk part R and the sum of the two capacitive plasma
sheaths C;,;, with j describing the imaginary unit, and V,, describing the excitation
frequency. With increasing excitation frequency the contribution of the imaginary part
of equation 2.6 decreases. The decrease in sheath impedance results in an increase

in ion fluxes and ion density. As a consequence the plasma potential is diminished
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which induces a reduction in sheath thickness. This effect was proven experimentally
by Beneking et al. [25] and supported by Schwarzenbach et al. [26]. Both effects,
the reduced peak-to-peak voltage and the reduced plasma sheath thickness, result in a
decrease of the energy of the bombarding ions with increasing excitation frequency.

The application of elevated excitation frequencies for the processing of thin silicon
films showed promising results. Dutta et al. showed a decrease in intrinsic compres-
sive stress for a-Si:H films from approximately 2 x 108 N/m? to 1 x 10’ N/m? when
increasing the excitation frequency from 13.56 MHz to 70 MHz [27]. Finger et al.
showed for pc-Si:H a parallel increase in grain size, hall mobility, and deposition rate
with increasing excitation frequency [19]. Evidence for less powder production at el-
evated excitation frequencies were given by Dorier et al. [28]. The topic of powder
production in the environment of processes leading to high growth rates of pc-Si:H
will be discussed at the end of this chapter. For industrial application of excitation
frequencies in the VHF band special care should be taken when designing the electrode
configuration and the power in-coupling to the discharge chamber. With increasing
excitation frequency the wavelength of the plasma excitation can reach dimensions
close to the reactor geometry which can cause nonuniform voltage distributions over the
electrodes induced by standing wave effects [67]. To circumvent frequency related dis-
tortions of the electric field the application of multi-pole power feeding [68], the use of

lens shaped electrodes [67], or the use of linear plasma sources [69] have been suggested.

The role of the discharge pressure

A second approach to increase the density of growth precursors in the discharge is the
increase of the discharge pressure. An increase in the discharge pressure results in an
increased particle density and an enhanced gas residence time in the discharge. To ensure
first an adequate flux of atomic hydrogen towards the surface of the growing film and
second a sufficient surface coverage by atomic hydrogen the discharge has to be operated
at silane depletion conditions [29]. This processing regime was first introduced by Guo
et al. in 1998 and is known in literature as high pressure depletion (HPD) regime [21].
At elevated discharge pressures the crystallinity of thin silicon films is reduced due
to a decreased flux of atomic hydrogen towards the surface of the growing film. This

reduction in flux of atomic hydrogen is caused by the annihilation reaction,
H + SiHy — Hy + SiH3 2.7

which describes the formation of molecular hydrogen H, and SiH3; molecules by the

annihilation of one hydrogen atom of a silane molecule SiH, by one atom of hydrogen
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H [29]. In silane depletion conditions the annihilation reaction is suppressed and a
sufficient flux of atomic hydrogen towards the surface of the growing film is assured. [21,
29]. At constant gas flow rates the depletion of silane in the discharge can be reached by
increasing the discharge power [21].
With increasing pressure the density of particles in the discharge increases. As a
consequence the mean free path of each particle decreases which leads to a reduction
of the plasma potential [30]. Furthermore the plasma sheath thickness decreases with
increasing pressure [25]. Both effects result in a reduced energy of the bombarding
ions [21].
The combination of the high frequency approach together with the HPD regime with
respect to the application to the processing of silicon layers, layer stacks, and silicon
thin-film solar cells has been investigated by numerous research groups. For example:

e at the University of Utrecht [70, 71],

o at the University of Neuchatel [72, 73],

e at the National Institute of Advanced Industrial Science and Technology of Japan

[74,75],
e and at the research center in Jiilich [76, 77, 78, 79].

The role of the discharge power

Due to the presence of undecomposed silane particles, for low pressure discharges an
increase in deposition power leads to an enhanced gas dissociation of process gases and
consequently, since the density of growth precursors is increased, to an increase in the
growth rate [23, 79]. At silane depletion conditions an increase in the discharge power
does not lead to an increase in the deposition rate [78]. In fact a higher discharge power
leads to a pronounced dissociation of molecular hydrogen leading to an increased density
of atomic hydrogen in the discharge [21]. This changes the silane to hydrogen radical
density in the discharge which determines the micro structure of the growing film [80].
In any case an increase in the discharge power leads to an increase in the plasma potential
which in turn is responsible for an increase in the energy of the bombarding ions [23].
However, at elevated excitation frequencies and high discharge pressures an increase in

the deposition power is possible within certain limits.

The role of the electrode distance

Studies showed a decrease in deposition rate with decreasing electrode distance [78, 79].
This effect is attributed to a decrease in discharge volume with decreasing electrode
distance. According to Paschen’s law the electrode distance can serve as a balancing
parameter to maintain stable discharge conditions at elevated discharge pressures [81].

Although small deviations in electrode distance can lead to large variations in film
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thickness. The homogeneity in film thickness was shown to improve at reduces electrode
distances [82]. Another side effect of a reduced electrode distance is the less pronounced
powder production [73, 83]. This effect is attributed to silane precursor reactions which
are more likely to occur at large discharge volumes than at smaller ones. Avoiding
excessive powder production during the processing of thin silicon films is a critical issue
especially for industrial applications since it determines cleaning cycles and the yield of
the processing equipment. The application of high excitation frequencies showed benefi-
cial effects with respect to unwanted powder production. Studies showed a decrease in

powder production with increasing excitation frequency [28, 84].

After a theoretical description of the implications of a variation of the key deposi-
tion parameters on the processing conditions of thin silicon films the results of a process
and material development study are presented in Chapter 4. For this parameter study
the HPD regime was applied for the deposition of the thin silicon films altogether with
an excitation frequency in the VHF band. A variation of the silane concentration, the
electrode distance, the deposition pressure, and the deposition power was investigated
with respect to the growth rate, the structural composition, the electrical properties, and

the material quality of the deposited layers.






3.1

In this chapter the experimental techniques used to fabricate and characterize silicon

layers, layer stacks and solar cells are described. First, the deposition system used
to fabricate the samples is described. Second, the plasma enhanced chemical vapor
deposition (PECV D) and the hot wire chemical vapor deposition (HWCV D) techniques
are introduced. Then the characterization methods to investigate layer properties is
presented. Finally, a description of the characterization techniques used to investigate

the properties of thin-film silicon solar cells is given.

The deposition system

The silicon layers, layer stacks, and solar cells presented here were produced using
a multichamber deposition system in clustertool configuration. Figure 3.1 shows the
system with images of typical deposition processes next to the according chamber. A
detailed description of the commissioning and maintenance procedures of the deposition
system as well as a description of the development of its baseline processes can be found
in [85].

The system consists of five process chambers (PC1 - PCS), two load locks (MC1, MC2),
and one heating station (H.S) which are connected to the transfer chamber (7C). Sub-
strates with dimensions of 10x10cm? can be loaded to the system via the load locks
MC1 and MC2. The substrates are handled between the different chambers by a robot
arm which is located in the transfer chamber. The heating station HS is used to pre-heat
the substrates prior to the deposition.

Processing chambers PC1 to PC3 are equally designed PECV D-chambers. PC1 is used
for the deposition of p-type material, PC?2 for intrinsic, and PC3 for n-type material. In
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Figure 3.1: Technical drawing of the clustertool deposition system. The function
of each chamber is labeled close to the appropriate chamber. For the
processing chambers an image of the characteristic process for each
chamber is displayed.

processing chamber PC4 silicon layers can be fabricated by HWCV D. Processing cham-
ber PCS5 is used for the fabrication of front- and back contact electrodes for thin-film
solar cells by the sputtering technique.

Figure 3.2 schematically shows the configuration of the PECV D chambers (PC1 to
PC3) including the design of the pumping system.
Each processing chamber is equipped with a multistage pumping system consisting of a
turbo pump, a roots pump, and a rotary vane pump. With this configuration it is possible
to reach pressure values in the range of 1078 hPa ,preventing the different processing
steps from cross contamination. The bypass line circumventing the turbo pump shown
in Figure 3.2 is used during the layer deposition to protect the turbo pump from the
processing gases. With the use of the butterfly valve deposition pressures in the range of
0.1 hPa to 10 hPa can be adjusted.
The PECV D reactors are of parallel plate design with capacitively coupled generators.
The power supply to the fixed, circular electrode (diameter d,, = 164 mm) is realized by
a copper ribbon by the use of a feed through. These measures - copper ribbon, and fixed
electrode - where taken into account to prevent extensive, parasitic electrical losses.
Figure 3.3 shows the configuration of the PECV D chambers (PC1 to PC3) (a) compared
to the configuration of the HWCV D chamber (PC4) (b).
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Figure 3.2: Configuration of the PECV D chambers including the pumping sys-
tem.

The substrate is placed on the grounded electrode. A variation of the electrode distance
between 5mm and 25 mm is possible by varying the substrate electrode towards the
powered electrode. The substrate heater is in direct contact with the substrate. The
temperature values indicated in the present work refer to the heater values set by the
operator. Details about the heating setup and the heat distribution in the reactor can be
found in [86].

The gas supply for the reactor can be changed between crossflow (CF) and shower-
head (SH) mode. If not stated otherwise the material presented here was processed using
the SH-mode. More insights on the influence of the gas flow geometry and its effect on
the performance of pic-Si:H solar cells can be found in [87].

Each PECV D chamber is equipped with two generators operating at 13.56 MHz and
81.36 MHz, respectively. To ensure an optimal adjustment of the discharge impedance
each chamber is equipped with two matchboxes optimized for the according frequency
range.

The HWCV D deposition chamber is designed similarly to the PECV D chambers. The
geometrical dimensions are equal as well as the substrate-heater configuration. At the
place of the powered electrode the wire holder is mounted. Three coiled tantalum wires
with a diameter of 0.5 mm and a length of 150 mm are clamped between electrical joints.
The gas supply is realized by three stainless steel tubes which are fixed at a distance of

20 mm below each wire. The horizontal distance between the wires is 40 mm. Each tube
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has 13 holes at a constant distance to assure a homogeneous gas distribution along the
wires. The temperature of the filaments is monitored with an impac ISQ 5 pyrometer

measuring infrared radiation at 1.05 pum.

Plasma-enhanced chemical vapor deposition technique

This section gives a brief introduction on the PECV D method as one of the techniques
used to process silicon layers, layer stacks, and solar cells. Comprehensive introductions
to material processing by glow discharge processes can be found in literature [88, 89].
The term "plasma" refers to ionized gases, often called the fourth state of matter. A
plasma consists of positively and negatively charged particles and neutral molecules.
The degree of ionization can vary over several orders of magnitude from glow dis-
charges (10~%), over lightning strikes (102!), to the solar core (1033). The degree of
typical glow discharges for the processing of silicon films is approximately 10~# [88].
Thus a glow discharge can be described as a type of plasma with a low degree of ioniza-
tion which mostly consists of neutral species.

When applying the PECV D method the discharge is driven by a frequency modulated
electrical field where the gas dissociation takes place through electron impact ionization.
The deposition by PECV D allows the use of substrate temperatures down to room
temperature since the energy for the process gas dissociation and the crystall formation
is provided by the electric field and not thermally. Hydrogen-silane glow discharges
consist apart from the neutral species of silane radicals which act as growth precursors
for the silicon layer. These growth precursors reach the surface of the growing film
via drift- and diffusion processes. It is still under debate which silane radicals play the
dominant role for the growth of a-Si:H and pc-Si:H growth. Some studies claim the
SiH5 radical to be the only one to be responsible for the formation of thin silicon films
through the gas phase [90, 56]. Others question the evidence for the dominant role of
the SiH3 radical [91, 92] and object to restrict the discharge chemistry to a limited set of
reactions [93].

Once the growth precursors reach the surface of the growing film various interaction can
take place. Growth precursors can be reflected to the gas phase either directly or by the
abstraction of hydrogen which covers the growing film. The growth precursors can also
be adsorbed by the surface and start diffusing on the surface until an energetically favor-
able site is found where they form silicon-silicon bonds with surface silicon [56]. The
established growth models for the formation of pc-Si:H are presented in Chapter 2.1.
Due to their low mass compared to ions electrons follow the polarity of the electric field.

As a consequence the powered electrode gets charged negatively. Leaving behind the
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Figure 3.3: Configuration of the PECV D chambers (a) and configuration of the

HWCV D chamber.
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main discharge slightly positively charged. The grounded substrate electrode serves as a
reference potential. The negative potential at the powered electrode is called the self
bias voltage. The potential drop between the electrodes and the main discharge leads to

ion bombardment of the growing film.

Hot wire deposition technique

The HWCV D deposition technique is investigated for the application to the fabrication
of thin-film solar cells due to the absence of damage induced by ion bombardment (see
Chapters 2.3 and 3.2). Similar as the PECV D technique the HWCV D technique allows
the deposition of thin silicon films at low substrate temperatures since the energy for
the process gas dissociation is provided by heated metal wires. The HWCV D method
is also known in literature as cat — CVD method because the processing gases are
decomposed by a catalytic reaction at a heated metal wire. After a first exploration in
the 1970’s [94] the method was re-discovered by Matsumura et al. for the processing of
a-Si:H films [95]. Later the same group showed the feasibility to deposit polycrystalline
silicon also by HWCV D [96]. Rath et al. [97] and Klein et al. [98] investigated the
application of intrinsic protocrystalline and microcrystalline silicon absorber layers
deposited by HWCV D to thin-film solar cells. Mai et al. included intrinsic silicon buffer
layers processed by HWCV D into thin-film solar cells and showed beneficial effects
on the performance of tic-Si:H single junction solar cells [99]. Recently HWCV D
was investigated for the processing of n-type and p-type silicon carbon alloys for the
application as window layers in thin-film solar cells [100, 101].

The deposition of thin silicon films by HWCV D can be divided into three separate steps:

1. The dissociation of process gases at a heated metal wire. A variation of the wire
temperature enables to govern the ratio of generated silane radicals between SiH,
SiH,, and SiH3 [102].

2. Transport to the substrate and gas phase reactions. Depending on the mean free
path the silane radicals encounter gas phase reactions before overcoming the
wire to substrate distance. The mean free path can be reduced by increasing the
deposition pressure. Gas phase reactions lead to further formation of SiH, and
SiH3 radicals [103]. At low deposition pressure the absence of gas phase reactions
lead to the deposition of silicon films with poor material quality [94, 102].

3. Growth of the silicon film. The flux of the growth precursors towards the surface
of the growing film can be governed by adjusting the deposition pressure. Once
the growth precursor reach the substrate similar growth mechanisms take place as
for layers processed by PECV D [104, 102].
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Figure 3.4: Schematic of a silicon thin-film tandem solar cell in superstrate con-
figuration and p-i-n/p-i-n deposition sequence.

In the present work the HWCV D technique was used to deposit buffer layers for the
application to single junction pc-Si:H solar cells, as discussed in Chapter 6. A detailed
introduction to the HWCV D technique can be found in the work of Klein [105].

Material and solar cell preparation

Figure 3.4 shows a schematic illustration of the composition of an a-Si:H/uc-Si:H
tandem solar cell. Solar cells were fabricated in superstrate configuration with p-i-n
deposition sequence in case of single junction solar cells and p-i-n-p-i-n deposition
sequence in case of a-Si:H/pc-Si:H tandem solar cells. For single junction solar cells
an in-house developed aluminum doped zinkoxid (ZnO : Al) was used as front contact.
The surface of the magnetron sputtered ZnO : Al was randomly textured by a wet
chemical etching step (40 second in 0.5 % diluted hydrochloric acid) to increase the
light-trapping properties in the solar cells [106]. After the etching step the thickness of
the ZnO : Al was reduced to roughly 600 nm from originally 800 nm. For tandem solar
cells a commercially available Asahi VU-type glass coated with tin dioxide (Sn0,) was
used for the front contact electrode.

To avoid cross contamination p-, i-, and n-layers were deposited in different process
chambers (see Chapter 3.1). As doping gases trimethylboron (TMB - 2% TMB diluted
in Helium) and phosphine (PH3 - 5% PH; diluted in silane) were used for p-type and
n-type doping, respectively.

To remove moisture from the substrate surface a heating procedure of 1 hour was applied
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as pre-processing step. Table 3.1 summarizes the layer sequence for pc-Si:H single
junction and a-Si:H/pc-Si:H tandem solar cells. Furthermore the excitation frequency
for each layer is given.

The application of an amorphous n-layer in the bottom solar cell prevents from current
collection. Current collection from an enlarged area may falsify the sun simulator
measurements (see Chapter 3.6.1) were a defined area is assumed. An alternative
approach to avoid current collection is to apply a laser patterning step which yields well
defined solar cell areas. The solar cell preparation is terminated by the application of the
back contact. In case of pc-Si:H single junction solar cells this back electrode consists
of thermally evaporated silver (Ag). A layer stack consisting of ZnO : Al/Ag/ZnO : Al
served as back contact in case of tandem solar cells. Compared to a pure Ag back
contact such a back contact yields an increased reflectivity and thus enhances the light
absorption in the absorbing layers.

For thickness, Raman, and conductivity measurements the silicon layers were deposited
on 1 mm thick Corning Eagle 2000 glass. Double sided polished Czochralski (CZ) grown

wafers served as substrates for infrared measurements.

uc-Si:H  a-Si:H/pc-Si:H

[MH?] [MH?]

a-Si:H <p> 13.56
a-Si:H <i> 13.56
pc-Si:H <n> 81.36
uc-Si:H<p>  81.36 81.36
uc-Si:H<i>  81.36 81.36
a-Si:H <n> 13.56 13.56

Table 3.1: Layer sequence and excitation frequency for each layer for pc-Si:H
single junction and a-Si:H/uc-Si:H tandem solar cells.

Material characterization

Electrical conductivity

To measure the electrical conductivity o of the fabricated material the films were
deposited on glass substrates. Two thermally evaporated silver pads in co-planar config-
uration served as electrodes. The silver contacts with a width [ of 5mm at a distance s of

0.5 mm were used. With the known film thickness d;; the conductivity can be calculated
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by measuring the current / at a variable voltage V (+100V) by the following equation:

_Ls
(3.1

N

I
=0=—
CT Vi

To avoid influences of surface coverage by water vapor the measurement was performed
under vacuum (= 1073 mbar) after an annealing step. The conductivity was measured at
room temperature after annealing the samples for 30 min at 440 K. The photo conductiv-
ity 0, was measured by illuminating the sample with a halogen lamp. The intensity of
the light source was calibrated with a photo diode against AM 1.5 standard illumination.
The photosensitivity as a measure of material quality was calculated by the ratio of photo

conductivity o, to dark conductivity oy.

Thickness measurements

Thickness measurements of deposited layers were performed with a mechanical step
profiler Veeco Dektak 6M. The deposition rate Rp was estimated by dividing the layer
thickness by the according deposition time. The deposited films were removed from the
glass substrate either by laser ablation or by an adhesive tape. These methods yield well
defined steps.

Raman speciroscopy

The Raman effect was discovered in 1928 by the Indian physicist C. V. Raman [107,
108]. With Raman spectroscopy vibrational properties of liquids, gases, and solids can
be investigated. A detailed discussion of light scattering properties in solids can be
found in literature [109, 110]. The feasible application of Raman spectroscopy for the
investigation of uc-Si:H was shown by Richter [111].

Raman spectroscopy enables the possibility to calculate the Raman intensity ratio I?S,
which is a semi-quantitative measure for the crystalline volume fraction of pc-Si:H. The
material is probed with a focused laser beam. The incident photons with an energy 7 ®;
are scattered inelastically by emitting (47 @y, , Stokes process) or annihilating (—7 @y, ,
anti-Stokes process) phonons. The energy of the scattered phonons 7 @ is given by the

following equation, where /i describes the reduced Planck constant and @ the angular
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frequencies of photons and phonons:

hw;+h oy , Stokes process
ho, = 3.2)

ho;—h oy , anti-Stokes process

Depending on the material under investigation the frequency shift occurs at different
wavenumbers. Figure 3.5 shows a typical Raman spectrum for a pc-Si:H layer deposited
on glass. The peak at 520 cm ™! is attributed to the crystalline phase of the mixed phase
material. It corresponds to the transverse optical (7O) phonon mode in c-Si. For a-Si:H
the 70 phonon mode broadens due to the lack of long range order giving rise to a broad
contribution to the Raman spectrum at 480 cm™!. A third contribution to the Raman
spectrum at 500 ¢~ ! is attributed to stacking faults along the growth direction [112].

The Ifs is calculated by the method described in reference [113], this method is visual-
ized in Figure 3.5. A scaled amorphous reference spectrum (blue curve in Figure 3.5)
is subtracted from the measured microcrystalline spectrum (open circles in Figure 3.5).
The Ifs is calculated by the ratio of the integrated intensities attributed to c-Si /.. and

the sum of the integrated intensities attributed to c-Si /.. and the a-Si:H phase I,:

RS = e (3.3)
Iy +1Iec

The information depth of the Raman spectroscopy is given by the Lambert-Beer law
and depends on the absorption coefficient of the investigated material, which in turn
depends on the wavelength of the exciting laser. Therefore, it is possible to collect
information of the %S for different depth of the investigated material when using lasers
of different wavelengths. This is one method to get a rough idea about the evolution
of the IR along the growth direction. An alternative and more precise approach to
investigate the IR along the growth direction is to perform thickness depending Raman
measurements. Therefore, thickness and Raman measurements are performed along the
same scan-line over an etching crater. Two setups were available to perform Raman
spectroscopy measurements. The first one is a commercial available Raman Renishaw
inVia microscope using an argon laser with a wavelength of 532 nm. This setup was
used as the standard setup to investigate the IXS from the film and from the glass side of
the samples. For more elaborate investigations, like the described thickness depending
measurements, a second Raman setup was used which is described in detail in [114].
This setup is equipped with an argon and a krypton laser with excitation wavelengths of
488 nm and 647 nm, respectively. The argon laser was used for the thickness depending

Raman measurements.
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Figure 3.5: Typical Raman spectrum of a pc-Si:H layer deposited on glass. Fur-
thermore the evaluation technique to calculate the Raman intensity
ratio out of the Raman spectrum is visualized. From the measured
spectrum a calibrated and scaled amorphous reference is subtracted.

The Raman intensity ratio is calculated by equation 3.3.

Infrared spectroscopy

Infrared spectroscopy (IR) is a widely used method to investigate the hydrogen con-

tent (Cp), the oxygen content (Cp), and the bonding configuration of thin films for a

variety of material types. Key advantages of IR spectroscopy are its non-destructive

nature and fast probing times per sample (< 30s). The material under investigation was

deposited on double side polished CZ-wafer pieces of quadratic shape with an edge

length of 15mm. For each sample series the wafer pieces where taken from the same

cleaved wafer where one piece was retained as reference sample. The spectra where

collected with a Nicolet 5700 Fourier Transform-/R spectrometer in the range from

400 cm™" to 4000 cm™!. For each sample the spectra where averaged over 32 scans to

assure reliable statistics.
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Figure 3.6: Infrared absorption spectra for pc-Si:H layer deposited on double
sided polished Choralski grown wafer pieces. The mode descriptions
are labeled close to the appropriate absorption bands.

Figure 3.6 shows a IR typical spectrum for pic-Si:H. The sample shows a strong presence
of oxygen as can be seen by the evolution of an absorption band between 980 cm ™!
and 1200 cm~! which is characteristic for Si — O — Si stretching and bending modes.
In addition the sample shows a strong absorption band around 640 cm ™! which is at-
tributed to the Si — Hj » wagging, rocking and bending modes. The absorption band
around 890 cm™~! is attributed to the Si — H, scissors mode. The absorption bands
around 2000 cm~! and 2100 ¢cm ™! are attributed to the Si — H and Si — H, stretching
modes [115, 116]. Table 3.2 summarizes the occurring absorption bands with their
associated mode descriptions.

The hydrogen content of the deposited layers was evaluated with the method proposed
by Beyer and Abo Ghazala [117]. The hydrogen content is a crucial parameter when
investigating silicon thin-films composed of mixed phase material since the electronic,
optical, and microstructural properties change with varying hydrogen content [118]. In

this work the amount of bonded hydrogen atoms was calculated by the integrated in-
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peak position mode description
em™!

620 - 640 Si— H, Si — H, wagging, rocking, bending modes
890 - 900 Si — H, scissors mode
980 - 1200 Si— O — Si stretching and bending modes

2000 Si — H stretching modes in compact material
2100 Si— H, or Si — H stretching mode on internal surfaces or in voids
2140 Si — Hj stretching mode

Table 3.2: Summary of the peak position of absorption bands typical for pc-Si:H
and the corresponding mode description according to [115, 116].

frared absorption of the wagging mode multiplied with the Ay proportionality constant:

Ny :A640 / %‘/)dv (34)

v

Several values for Agyg are discussed in literature as well as an iterative method to
calculate Agqq as a function of the amount of bonded hydrogen [119, 120, 117]. Sinceitis
not the scope of this work to investigate different values for Ag49 a value of 2 x 10" em—2
was used for the calculation [117]. The hydrogen content Cy; of the silicon film was

calculated by

Ny

Ch=—1
"™ Nsi+ Ny

3.5

where Ng; = 5 x 10%2 em ™3 represents the silicon density of the material. For thin layers

with a layer thickness below 1 um the infrared absorption might be overestimated due to

multiple reflections at the air/film interface leading to erroneous values for the hydrogen

content. Therefore the hydrogen content Cj; has to be corrected by the following
equation [121], where d represents the film thickness:

Ch
1,72—-0,7d (um) T
Cy = (3.6)

,d,h<1um

C;I ,dthzlum

For thin silicon films the oxygen content can be detected by the /R spectroscopy when
its concentration exceeds 0.5 ar % [116]. The oxygen content was investigated with an

analogues procedure, as for the hydrogen content, taking the absorption bands between
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980cm ! and 1200 cm™!. The amount of bonded oxygen atoms can be calculated by

the integrated intensities of these absorption bands and the proportionality constant Ag:

[010%
No :AO /¥d\/ (37)
v
In this work a value of 7.8 x 10'8 cm~2 was used for A [116]. The oxygen content was
calculated by:
No
Co=——"— 3.8
0 Ns; + No (3.8)

Investigating the defect density in thin-film materials

To investigate the defect density of the fabricated material electron spin resonance (ESR)
measurements have been applied. ESR enables the possibility to investigate param-
agnetic defect states below the fermi level [122]. During the ESR-measurement the
samples are exposed to a magnetic field of varied intensity. For the resonance case the
first derivative of the absorption signal becomes zero. This zero-crossing point of the
ESR-signal is defined as the g-value, which changes depending on the type of defect and
the nature of its environment. By integrating the ESR-signal the defect density Ny of the
investigated material can be calculated. The ESR technique as a tool to investigate de-
fects in amorphous and microcrystalline silicon is described in reference [123]. Detailed
descriptions of defects in microcrystalline silicon studied by ESR and their implications
on carrier transport can be found in [124, 125, 126].

ESR measurements were performed with a Bruker ELEXSYS E500 continuous wave X-
band (9.2 GHz) spectrometer. A calibrated sputtered silicon sample with 2 x 10> spins
was used as a reference sample [127]. To improve the signal to noise ratio and to avoid
impairment due to the detection limit of the spectrometer the ESR measurements were
performed on powder samples. Therefore the depositions were performed on aluminum
foil which served as a temporary substrate. After the deposition the aluminum foil
was etched away by 12.5 % diluted hydrochloric acid. The powder was then rinsed,
dried, and sealed in quartz tubes under helium atmosphere. Details about the sample
preparation technique as well as an investigation whether the preparation technique

influences the investigated material properties can be found in reference [128].

X-ray diffraction

X-ray diffraction (XRD) measurements enable to investigate the structural properties of

thin silicon films. With the wavelength of X-ray radiation being in the pm to nm range
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feature sizes down to 3 nm can be detected. A comprehensive introduction to the basic
principles of XRD can be found in SpieB et al. [129].

Here pc-Si:H single layers deposited on glass have been measured by a Bruker D8
Advance diffractometer. A detailed description of the measurement setup as well as the
evaluation procedures can be found in reference [130].

The interaction between X-ray radiation and the electrons in a crystallographic structure
lead to diffraction patterns. These patterns are characteristic for the probed material and
thus allow conclusions about its structural properties. Two setup configurations were

used to investigate the samples by XRD:

e Bragg-Brentano (BB) geometry: When using BB geometry the radiation source
and the detector are moved symmetrically on a semi-sphere around the sample.
Therefore the incident beam is guided towards the sample with an angle of 6 with
respect to the sample surface. The diffracted radiation is measured with the same
angle 6. It is important to note that the scattering vector, which is spanned by the
wave vectors of the incident and the diffracted radiation, is perpendicular to the
substrate surface. Therefore only lattice planes parallel to the substrate can be
detected when the BB geometry is applied. Care has to be taken when evaluating
XRD spectra of thin-film silicon since measurements with BB configuration probe
the whole layer which may also include contributions from the substrate.

o Grazing incidence (GI) configuration: The grazing incidence configuration is
an asymmetrical geometry where the incident beam is guided with a fixed angle
(< 1°) y towards the substrate. The detector moves again around the sample on
a semi-sphere. When measuring with GI geometry the penetration depth of the
incident beam varies with the angle y. The GI measurement routine is surface
sensitive. Depending on the thickness and the absorption coefficient of the sample
it is possible to collect diffraction patterns without distortions from the substrate

by the appropriate choice of 7.

In the present work XRD measurements were applied to investigate the crystal size 0
of the coherent domains, the integrated intensities of the diffraction peaks attributed to
the (111), (220), and (311) lattice planes of cubic silicon, and the crystalline volume
fraction IXRP of the films.

For the evaluation of the crystalline volume fraction the diffraction peaks at 28.44°,
47.3°, and 56.12° corresponding to the reflections of the (111), (220), and (311) lattice
planes were fitted by Pseudo-Voigt profiles. The crystalline volume fraction was then
calculated by the ratio of the integrated intensities attributed to crystalline silicon and
the sum of the intensities attributed to amorphous and crystalline silicon. Through the

Scherer formula the grain size of the coherent domains was calculated from the width of
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the fitted peaks. The evaluation procedures are described in detail in reference [130].

Transmission electron spectroscopy

The application of transmission electron spectroscopy (T EM) allows to investigate the
structure of materials on an atomic scale. The fundamentals of TEM can be found in
numerous textbooks e.g. in Rosenauer [131]. The application of TEM to investigate the
microstructure of pc-Si:H was described in the work of Houben [132].

During the TEM investigation a highly energetic beam of electrons is guided towards
the sample. The interaction of the electron beam with the sample leads to scattered,
diffracted, and directly transmitted electrons. An aperture placed behind the sample
allows to select electrons which contribute to the imaging. The low mass of the electrons
prevents structural damage during the measurement. The application of energies of
several hundreds of keV causes the de Broglie wavelength of the electrons to be within
the pm range [131]. Thus a resolution in the sub nm range can be achieved.

For bright field (BF) images only the directly transmitted electrons are considered.
Therefore regions which do not scatter or diffract the electron beam appear bright.
Regions which deviate the electron beam appear dark. For dark field (DF) images only
scattered or diffracted electrons are considered.

In contrast to BF images in DF images regions which do not deviate the electron beam
appear dark. Regions which deviate the electron beam lead to bright regions in the TEM
image.

For pc-Si:H e. g. in BF images the crystal grains appear dark while the grain boundaries
appear bright. For DF images it is the other way around. It is important to note that
the visualisation of a crystal in a TEM image depends on its orientation with respect
to the incident beam. Therefore only crystals which fulfill the Bragg condition can be
visualized by TEM.

In the present work the TEM investigations have been performed at the Ernst Ruska-
Centre for Microscopy and Spectroscopy with Electrons of the Forschungszentrum
Jillich GmbH. Descriptions of the preparation procedures, measurement routines, as

well as the measurement equipment can be found in the recent work of Heidt [133].

Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) is a destructive method to analyze the chemical
composition of solids and liquids. The fundamentals of SIMS can be found in many
textbooks [134, 135].

In the present work pic-Si:H layers deposited on double side polished CZ-wafer were

analyzed by a quadrupole Atomika 4000 instrument. Primary Cs* ions with an energy
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of 6 keV were used to sputter the sample surface at near-normal incidence. The total
scan width was 250 yum with the ion beam exhibiting a full width at half maximum of
30 um and a beam current of 40 nA. The investigations were performed at a residual
gas pressure of less than 2 x 107! 4Pa. Measurements at ultra high vacuum conditions
prevent distortions from moisture or adsorption of ambient gases on the sample surface.
Furthermore collisions of secondary ions with ambient gases are avoided [134].

When the primary ions impact onto the sample surface ionized particles, so called
secondary ions, are emitted and subsequently analyzed by a mass spectrometer. SIMS
investigation enable to measure changes in the chemical composition as a function of
the erosion time. Thus, at known erosion rate it is possible to compile a depth profile
of specific species. SIMS depth profiling was applied to study the concentration of
monoatomic oxygen (O™ ), monoatomic carbon (C™) and diatomic carbon (C; ') in the
silicon layers.

Further information on the local distribution of the oxygen in the material can be
obtained by examining the monoatomic and diatomic carbon ion species in the SIMS
data. Assuming a similar distribution of oxygen and carbon in the material [136]. The
evaluation procedure was first presented at the workshop "Particle - surface interactions:
from surface analysis to materials processing" in June 2013 in Luxembourg [137] and is

derived in detail in appendix A.

Solar cell characterization

Solar cell current-voltage characteristic

The current-voltage characteristic of thin-film solar cells were measured under standard
conditions with a class A Wacom-WXS-140S-Super sun simulator. The temperature of
the solar cells was controlled to 25 °C. The measurements were performed under AM 1.5
light spectrum with a constant illumination intensity of 1000 W /m?. The intensity and
the homogeneity of the measurement setup was calibrated before each measurement.
Details about this setup can be found in [138].

On the standard 10x10cm? sized sample, 36 solar cells with varying surface areas
(maximum 1 ¢m?) and shape were realized. In this thesis the parameters of the best
solar cell out of 18 quadratic 1x1cm? sized solar cells is presented as the result for one
10x10cm? substrate.

Figure 3.7 shows a current-voltage characteristic of a typical pc-Si:H single junction
solar cell. The following photovoltaic-parameter can be extracted from such a current-
voltage curve:

Short-circuit current density J,:

The short-circuit current density is defined as the ratio of the current ;. generated
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under short-circuit conditions and the area of the solar cell.

3.9

Open circuit voltage V,.:
The open circuit voltage describes the voltage generated under open circuit condi-
tions (/ = 0).

Efficiency 1:
The conversion efficiency of a solar cell is defined as the ratio of the maximum

power generated by the device (product of Vyspp and Iyspp) and the incident power.

Puax — Vmpp Iupp
= =07 (3.10)
"R T R

Fill Factor FF:
The fill factor is defined as the ratio of the maximum power generated by the
device (product of Vyspp and Iyspp) and the product of Jy. and V,.. The fill factor

can be regarded as a measure for the material quality of the absorber layer.

~ Pupp_ VuppIupp

FF = =
IS(,‘ VUC ISL‘ VUL‘

(3.11)

When measuring p-i-n single junction solar cells optical filters can be used to derive
information about different depth of the solar cell. Depending on the nature of the filter
different regions in the solar cell are probed. When measuring with a blue-filter (BG7-
filter, bandpass centered around 480 nm) charge carriers are assumed to be generated
mostly at the pi-interface. When measuring with a red-filter (OG590-filter, low-pass
filter with a cut-off wavelength of 590 nm) the photovoltaic-parameter are attributed
to the bulk material of the solar cell since charge carriers are generated mainly in the
intrinsic absorber layer. The short circuit current densities collected with the blue- and

the red-filter are defined as Jy p1ue and Jyc, req, TESpectively.

Quantum efficiency measurements

The external quantum efficiency (EQE) of solar cells give detailed information about the
solar cells spectral response. The EQE is defined as the ratio of extracted electrons and
the number of impinging photons onto the surface of the solar cell. In other words the
EQE describes the probability that a photon hitting the surface of the solar cell generates

an electron hole pair which contributes to the photocurrent density J,;,. The EQE is
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Figure 3.7: Figure (a) shows the output power of a typical pc-Si:H thin-film
solar cell as a function of the voltage. Figure (b) shows the corre-
sponding current as a function of voltage. Characteristic photovoltaic-
parameters (Iyc, Voo, Inpp, Varpp,) are indicated in both diagrams.
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defined by equation 3.12, where ®(A) describes the wavelength depending photon flux.

Jph()“)/e

FCE="5)

(3.12)
Integrating the EQF over the wavelength and multiplying with the AM 1.5 photon flux

spectrum yields the current density Jog of the device in the wavelength range.

JoE :e/EQEtID(A)dl (3.13)

When measuring the EQF of thin-film tandem solar cells the EQE of each subsequent
solar cell has to be measured independently. To extract charge carriers out of the device
the solar cell which is not measured has to operate in forward conditions due to the
series connection of the two sub cells. Therefore this solar cell is saturated by a bias
illumination.

Two setups were used to measure the solar cells EQFE. With the first setup the samples
are illuminated by an AM 1.5 like light source. Spectral filters are used to adjust
the wavelength. The spectral resolution for this setup is around 20 nm. The second
setup which is described in detail in [139] uses the differential spectral response (DSR)
technique. The DSR technique is described in detail in [140]. The wavelength can be
adjusted by a grating between 300 nm and 1200 nm. The highest spectral resolution for

this setup is 1 nm.

Light degradation

Solar cells with absorbing layers made of intrinsic a-Si:H are affected by the Staebler-
Wronski effect (SWE). This effect describes the reduction of dark conductivity in a-Si:H
upon illumination [48, 49].

Selected solar cells have been measured after light degradation to investigate the influ-
ence of light induced meta-stability on the JV-parameter.

The solar cells were illuminated with an AM 1.5 illumination at 50°C in open circuit
conditions. The photovoltaic-parameters (see Chapter 3.6.1) of the solar cells were
measured after 8 hours, 32 hours, 145 hours, 316 hours, 626 hours and 1000 hours of
illumination. The external quantum efficiency (see Chapter 3.6.2) was measured before
and after the full cycle of 1000 % hours of light induced degradation. In accordance
with results obtained at the National Renewable Energy Laboratory (NREL) in Golden
Colorado the solar cells photovoltaic-parameter measured after 1000 /2 are regarded as
stabilized [141]. With the stabilized conversion efficiency 1, a degradation ratio can

be calculated according to equation 3.14, where 1;,; describes the initial value of the
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solar cells efficiency.

Ai _ Nini — Nt (3 14)

Nini Nini






.
e A- High deposition rate processes for
the fabrication of microcrystalline
silicon thin-films

In this chapter the results of a process and material development with the aim to increase
the deposition rate of pc-Si:H are presented and discussed in detail. The deposited layers
were investigated with respect to their structural composition, electrical properties, and
material quality. Furthermore attention was drawn to the degree of silane gas utilization

of the glow discharge processes.

4.1 Introduction

The high pressure depletion regime together with excitation frequencies in the VHF
range (see Chapter 2.3) was applied in order to improve the deposition rate of device
grade c-Si:H. With respect to previous studies performed at the research center in Jiilich
newly installed deposition facilities (see Chapter 3.1) allowed to vary the electrode dis-
tance, the deposition pressure, and the deposition power over an extended range [78, 79].
The goal of the presented process and material development is to increase the deposition
rate for the optimal phase mixture material.

As key deposition parameters the electrode distance d, the deposition pressure p, the
deposition power P, and the silane concentration were identified. The SC was calculated
according to equation 2.1. Three deposition series, labeled series A to C, were performed.
The investigated deposition parameters are summarized in Table 4.1.

In series A the electrode distance was varied between 5 mm, 7 mm, and 10 mm while the
deposition pressure was kept at 5 7Pa and the deposition power at 100 W. In series B
the deposition pressure was varied between 3 hPa, 5 hPa, and 8 Pa while the electrode
distance was kept at 10 mm and the deposition power at I00W. In series C the deposition
power was varied between SOW, 100W, 200W, 400 W, 600 W at an electrode distance
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of 10 mm and a deposition pressure of 5 hPa. For each investigated parameter set a
variation of the SC was carried out to cover the whole range from highly crystalline to
predominantly amorphous growth. The variation in SC was performed by a variation of
the silane flow while the hydrogen flow remained constant at 200 sccm. According to
the silane concentration the deposition time was adjusted to obtain silicon layers with a
thickness of ~ 300 nm.

For thickness, Raman, and conductivity measurements the silicon layers were deposited
on glass. For ESR measurements the silicon films were deposited on aluminum sub-
strates (see Chapter 3.5.5).

For the deposition processes leading to OPM-material of series A, B, and C the degree
of silane gas utilization Uy, was investigated. The Uy, describes the ratio between silicon
atoms entering the processing chamber and silicon atoms contributing to film growth. It
is calculated as follows:

__A¢RpNg;

sg = W 4.1

Wherein A, is the total deposited area, which corresponds approximately to the area of
the two electrode plates, Rp is the deposition rate, P[SiHy] is the silane particle flow into
the chamber and Ng; is the particle density of the growing film, which is assumed to be
the density of crystalline silicon [79]. In case of the theoretical maximum value of 100%
for the degree of silane gas utilization half of the silicon atoms entering the chamber
contribute to film growth considering same growth rates on both electrodes (powered
and grounded) and neglecting deposition on chamber walls. This implicates that no
silicon atoms are lost through pumping or powder formation.

Deposition processes in the HPD regime are prone for powder formation due to large
gas residence time in the discharge zone. Thus targeting processes with a high degree
of silane gas utilization can reduce the effort of chamber cleaning. Furthermore the
absence or reduction of powder during the processing of silicon films has beneficial
effects on the material quality. Strahm et al. showed the SC in the discharge zone
to be the key deposition parameter for the formation of pc-Si:H [80]. The SC in the
discharge zone depends on the SC entering the deposition chamber and the degree of
silane gas utilization. The supply of silane to the discharge zone limits the deposition
rate. Furthermore sufficient surface coverage of the growing film by atomic hydrogen
has to be ensured for the formation of pc-Si:H (see Chapter 2.1).
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series O[H>] P d D
[sccm] W] [mm] [hPa]
series A 200 100 5;7;10 5
series B 200 100 10 3;5;8
series C 200  50; 100; 200; 400; 600 10 5

Table 4.1: Summary of investigated deposition parameters. The deposition pa-
rameters are abbreviated as follows: hydrogen flow Q[H>], deposi-
tion power P, electrode distance d, deposition pressure p. Samples
deposited at 400 W of series C were investigated by electron spin
resonance measurements.

Material properties and deposition rate

Elecirode distance

Figure 4.1a shows the deposition rate for layers prepared at different electrode dis-
tances (series A Table 4.1) as a function of SC. The layers were prepared at electrode
distances of 5 mm, 7mm, and 10 mm, at a deposition pressure of 5 hPa, and a deposition
power of 100W. An increase of the deposition rate is observed with increasing SC.
For fixed values of SC there is a trend of an increasing deposition rate with increasing
electrode distance for SC values below 4%. The Raman intensity ratio for films prepared
at different electrode distances is shown in Figure 4.1b. Increasing the SC leads to a
reduction of the Raman intensity ratio from highly crystalline pc-Si:H to a-Si:H for
each investigated electrode distance. The transition from tc-Si:H to a-Si:H growth
shifts towards higher values of SC with increasing electrode distance. The small window
where the phase shift occurs is commonly called the transition region between crystalline
and amorphous growth. Thus, with increasing electrode distance the region of optimal
crystallinity [142] for solar cells (40% < I®S < 60%) shifts towards higher values of SC.
This shift of the transition leads to an increase of the deposition rate for OPM-material

from 0.2 nm/s for 5 mm electrode distance to 1.1 nm/s for 10 mm electrode distance.
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Figure 4.1: Deposition rate Rp (a) and Raman intensity ratio 155 (b) as a function
of the silane concentration SC calculated using equation 2.1, for the
series with varied electrode distance (series A Table 4.1). The samples
considered to consist of OPM-material are highlighted by an orange
circle.
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Deposition pressure

In Figure 4.2a the deposition rate as a function of SC for films prepared at different
deposition pressures (series B in Table 4.1) is presented. Silicon layers were deposited
with a deposition power of 100W, and an electrode distance of 10mm. The SC was varied
from 0.5% to 7% for deposition pressures of 3 hPa, 5 hPa, and 8 hPa. The deposition
rate increases with increasing SC as it was also seen in series A , the series with varied
electrode distance. No increase of the deposition rate with increasing deposition pressure
was observed at a distinct value of SC.

Figure 4.2b shows the Raman intensity ratio as function of SC for various pressures. The
increase of SC leads to the reduction of Raman intensity ratio from above 80% to 0%.
The sharp transition region between tc-Si:H and a-Si:H is found at nearly the same SC
(4%) for deposition pressures of 3 hPa and 5 hPa. A further increase of the deposition
pressure to 8 hPa leads to a shift of the transition region to SC of about 2%. This shift of
the transition region to lower SC leads to a decreased deposition rate of OPM material

at higher pressures.

Deposition power

Figure 4.3a shows the deposition rate for layers prepared at different deposition pow-
ers (series C Table 4.1) as a function of silane concentration. The material was prepared
at deposition powers between S0 W and 600 W at a deposition pressure of 5 2Pa and an
electrode distance of 10 mm. Within considerable scatter an increase of the deposition
rate with an increase of SC in the range of 0.5% to 11.5% is observed. There is no trend
for an increase of the deposition rate with increasing deposition power at a given value
of SC.

The Raman intensity ratio for films prepared at various deposition powers and various
silane concentrations is shown in Figure 4.3b. The increase of SC leads to the reduction
of Raman intensity ratio from highly crystalline ttc-Si:H to a-Si:H for each investigated
deposition power. The transition between pic-Si:H and a-Si:H shifts towards higher SC
and becomes broader with the increase of the deposition power. Thus, the region of the
optimal Raman intensity ratio for solar cells (between 40% and 60%) shifts to higher
SC with increasing deposition power. The shift of the transition region from highly
crystalline pc-Si:H to a-Si:H leads to a strong increase in growth rate for OPM material
from 0.7nm/s at S0W to 2.8 nm/s at 600 W.
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Figure 4.2: Deposition rate Rp (a) and Raman intensity ratio Ifs (b) as a function

of the silane concentration SC calculated using equation 2.1, for
the series with varied deposition pressure (series B Table 4.1). The
samples considered to consist of OPM-material are highlighted by an
orange circle.
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Electrical transport

Electrode distance
Figure 4.4 shows the photosensitivity (a), the photo conductivity (b), and the dark con-

ductivity (c) as a function of the silane concentration for the series with varied electrode
distance (series A in Table 4.1). When describing the general trends of the photosen-
sitivity, the dark, and the photo conductivity, Figure 4.4c shows a decrease in dark
conductivity with increasing SC. The photo conductivity first increases for SC values
below approximately 2.4% and than decreases. The decrease in photo conductivity is not
as pronounced as the decrease in dark conductivity with increasing SC. Consequently
the photosensitivity increases several orders of magnitude with increasing SC according

to the change in dark conductivity.

Deposition pressure

Figure 4.5 shows the photosensitivity (a), the photo conductivity (b), and the dark
conductivity (c) as a function of the silane concentration for the series with varied
deposition pressure (series B in Table 4.1). Within considerable scatter the photo and the
dark conductivity decrease with increasing SC independent of the deposition pressure.
The samples deposited at a deposition pressure of 5 hPa have already been described in
the preceding section as the samples deposited at an electrode distance of 10 mm. The
photo conductivity of the samples deposited at a deposition pressure of 3 hPa decrease
approximately two orders of magnitude with an increase in SC from 2.4% to 7%. The
dark conductivity for those samples decreases at the same time over seven orders of
magnitude. For the samples deposited at a deposition pressure of 8 hPa the results from
photo conductivity measurements range within one order of magnitude. For the dark
conductivity a decrease of five orders of magnitude is observed with an increase in
SC from 0.5% to 2.5%. Since the decrease in dark conductivity is observed to be less
pronounced than the decrease in photo conductivity the photosensitivity increases with

increasing SC for the samples of all three investigated deposition pressures.
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Figure 4.4: Photosensitivity (a), photo conductivity 6, (b), and dark conductiv-
ity o, as a function of the silane concentration SC calculated using
equation 2.1, for the series with varied electrode distance (series A).
The photosensitivity is calculated by the ratio of photo to dark con-
ductivity.
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Deposition power

Figure 4.6 shows the photosensitivity (a), the photo conductivity (b), and the dark con-
ductivity (c) as a function of the silane concentration for the series with varied deposition
power (series C in Table 4.1). Although a detailed description of the photo conductivity
for each deposition power is not possible due to the significant scatter of the experimental
data. There is an overall trend for photo conductivity which is observed to decrease
with increasing SC. A decrease in dark conductivity with increasing SC is observed for
each deposition power. Although the decrease in dark conductivity is observed for each
investigated deposition power the range in dark conductivity reduces with increasing
deposition power. Similar to series A and B an increase in photosensitivity is observed
for series C with increasing SC. This increase is mainly driven by an increase in dark
conductivity with increasing SC. For the photosensitivity it is possible to distinguish
three trends. First an increase in photosensitivity for the samples deposited at deposition
powers of S0W and 100 W is seen between 0.5% and 5.2%. Second an increase in
photosensitivity with increasing SC for the samples deposited at deposition powers
between 200 W and 400 W is observed between SC values of 2.0% and 10.7%. Finally
for the samples deposited at a deposition power of 600 W the increase in photosensitivity
with increasing SC is observed between 7.4% and 11.5% of SC.

In this section the results from conductivity measurements were shown over the whole
range of the SC. Thus, samples with a phase mixture ranging from highly crystalline
to predominantly amorphous are visualized in Figures 4.4, 4.5, 4.6. This graphical
representation makes it challenging to deduce information concerning the optimal phase
mixture of the silicon layers. Therefore, results from conductivity measurements are
linked to results from Raman measurements for the material considered to consist of

OPM-material in the following section.

Defect density and material quality

For the OPM material samples taken from series A, B, and C the photosensitivity was
measured. In Figure 4.7 the photosensitivity of these samples is plotted as function of the
Raman intensity ratio. This plot was proposed by Vetterl et al. [38] as tool to determine
the optimal material for solar cell applications. Three areas are defined. Material of
area I and area II is of minor interest for the fabrication of intrinsic pc-Si:H used as
absorber layer in thin-film solar cells due to low crystalline volume fraction or low
photosensitivity, respectively. Area III is defined as target area for the fabrication of
absorber layer material for high quality solar cells [38]. The deposition rates are shown
as labels for each data point. With the investigated deposition conditions it is possible to

deposit pc-Si:H layers attributed to area III over a wide variation of deposition rates.
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Figure 4.7: Photosensitivity ¢,,/0, of the optimal phase mixture materials of
the series with varied electrode distance, deposition pressure, and
deposition power (series A, B, and C) as a function of the Raman
intensity ratio IS, The deposition rate is shown for each point. The
categorization in area I to III is taken from reference [38]. This
categorization was proposed as tool for the development of pc-Si:H
thin-film solar cells. Implementing material of area I as the absorber
layer leads to a-Si:H solar cells. When implementing material of
area II the puc-Si:H solar cells exhibit a low value of open-circuit
voltage. The material of are III is identified as optimal material for
the processing of high quality pc-Si:H solar cells.

Furthermore, no clear trend between photosensitivity and deposition rate is observed.
Figure 4.8 shows results from ESR measurements performed on selected samples of
the series with varied deposition power (series C). Two sets of data are presented. First,
reference data for samples deposited at conventional low deposition rates taken from
reference [126] and, second, the data for the high deposition rate samples of series C in
Table 4.1 deposited at a deposition power of 400 W.
Figure 4.8a shows the g-value as a function of the Raman intensity ratio. For low values
of Raman intensity ratio the g-value is observed to be 2.0049 for samples of series C
which is close to the reference sample with a g-value of 2.0050. For the reference series
the g-value decreases with increasing Raman intensity ratio down to a value of 2.0046
for a Raman intensity ratio of 84%. For the samples of series C deposited at elevated
deposition rates the trend in g-value is not as pronounced as for the reference series.

However, overall the samples of series C show similar values compared to the reference
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4.5

4.5 Degree of silane gas depletion 57

samples.

Figure 4.8b shows the spin density Ng of the dangling bond resonance in pc-Si:H versus
the Raman intensity ratio Igs . In the whole Raman intensity ratio range from 0% to 80%
the spin density of the high deposition rate material has about the same level as in the
reference series. In the Raman intensity ratio range between 40% - 70% all layers which
were processed at high deposition rates have N of about 2 x 10'0cm =3 to 3 x 10'6¢m =3
which is similar to the reference material. From this measurement, the same quality of

material deposited at low and high deposition rate can be assumed.

Degree of silane gas depletion

Figure 4.9 shows the deposition rate for the OPM material as function of the SC for
series A, B, and C wherein the electrode distance (a), the deposition pressure (b), and the
deposition power (c) were varied. Guiding lines for the degree of silane gas utilization
are visualized by grey solid lines.

Figure 4.9a shows an increase in the deposition rate for OPM material with increasing
electrode distance. The transition zone for the OPM-material shifts towards higher
values of SC with increasing electrode distance. By increasing the electrode distance
from 5 mm to 7 mm the degree of silane utilization doubles from 40% to 80%.

Figure 4.9b shows a shift of the transition zone for the OPM-material towards lower
values of silane concentration with increasing deposition pressure. This shift of the
transition zone is accompanied by a decrease of the deposition rate with increasing
deposition pressure. The Uy, for the sample deposited at 3 hPa is close to 80%. For
the samples deposited at 5 hPa and 8 hPa the Uy, decreases to 60% with increasing
deposition pressure.

Figure 4.9c shows a clear trend of increasing deposition rate with increasing VHF
discharge power. OPM-material is realized at higher values of silane concentration with
increasing deposition power. The increase in deposition rate with deposition power
follows the 60%-line of degree of silane gas utilization. Thus, no change in Uy, occurs

by a variation in deposition power.
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Figure 4.9: Deposition rate Rp of the optimal phase mixture materials of the series
with varied electrode distance (a, series A), deposition pressure (b,
series B), and deposition power (c, series C) as a function of the
silane concentration SC. The SC is calculated using equation 2.1. The
degree of silane gas utilization is calculated according to equation 4.1
and is visualized in each figure in grey solid lines.

Discussion

Structural composition and deposition rates

The aim of the process and material development was to develop deposition processes
which yield OPM-material, suitable for the application to thin-film solar cells at elevated
deposition rates. As the parameter which yields the strongest variation in deposition
rate for the OPM-material the deposition power was identified (see Figure 4.3). With in-
creasing deposition pressure the transition from pic-Si:H to a-Si:H growth shifts towards
higher values of SC. Thus the process window for the OPM-material shifts towards
higher values of SC. Since the deposition rate is limited by the availability of silicon
atoms in the glow discharge a shift of the transition zone towards higher values of SC
enables to achieve higher values of deposition rate with increasing deposition power.
If sufficient portion of silane molecules are available in the process gas mixture, an
increase of the deposition power leads to an enhanced dissociation and therefore faster
film deposition [73].

However, the further increase of discharge power leads finally to silane depletion when

most of the silane molecules are decomposed. A further increase in deposition power
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does not lead to an increase of the deposition rate. It can be seen in Figure 4.3 that the
increase in the deposition power from 50 W to 600 W does not lead to an increase of
the deposition rate at a specific value of SC. This is an indication for silane depletion
already at a deposition power of 50 W. In other words nearly every silane molecule in
the glow discharge is decomposed at 50 W and further power increase does not lead to
additional Si radical production. However, an increase in deposition power leads to an
enhanced decomposition of the hydrogen source gas (see Chapter 2.3). The enhanced
decomposition of the hydrogen source gas leads to a reduction of the silane-to-hydrogen
ratio. This has already been proposed in earlier works [78, 29, 80]. Although the detailed
effect of atomic hydrogen during the growth of pc-Si:H is still under debate, all growth
models for pc-Si:H attribute atomic hydrogen a dominant role [45, 46, 143] (see Chap-
ter 2.1). This is supported by the observation that an increase of the hydrogen dilution
promotes the growth of microcrystalline silicon and that in particular the hydrogen-to-
silane radical density is a driving force for crystalline growth in the discussed deposition
processes [80]. A higher hydrogen-to-silane radical density at higher discharge power
leads to a shift of the growth transition towards higher values of SC. Consequently, also
the OPM material will grow at higher SC values under conditions of higher discharge
powers. The shift of OPM conditions to higher SC facilitates finally the increase in the
deposition rate up to 2.8 nim/s for OPM material achieved in this study. The shift of the
OPM conditions with increasing discharge power is in good agreement with findings of
earlier works [77, 78].

Furthermore the influence of the deposition pressure and the electrode distance as
key deposition parameters to achieve high deposition rates for OPM-material was in-
vestigated. Increasing the deposition pressure reduces the mean free path of charged
plasma species, which causes a reduction of the energy of the bombarding ions and is
expected to be favorable for low defect density material deposition. An increase of the
deposition pressure from 3 4Pa to 8 hPa is observed to cause a shift of the transition from
c-Si:H to a-Si:H growth towards lower values of SC. This is in good agreement with
previous studies [79] and can be attributed to the enhanced presence of silane molecules
in the discharge caused by the increased deposition pressure. It is expected that the ratio
between hydrogen and silane radical in the glow discharge is reduced and less crystalline
material is obtained, with an increase in the deposition pressure. Thus, the shift of the
OPM regime to lower SC takes place with an increase in deposition pressure.

Changing the electrode distance induces a change in the discharge volume. Furthermore
the ratio between discharge volume and background volume is varied by a change

in electrode distance. The background volume describes the whole chamber volume
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apart from the volume between the two planar electrodes. When applying the HPD
regime silane, radicals in the discharge zone are depleted after the ignition of the glow
discharge. As a consequence the chamber’s background volume is predominantly filled
with hydrogen [144]. This effect is further pronounced by the application of showerhead
gas supply since the process gases are directly fed into the discharge zone. As already
mentioned the SC as it is defined by the mass flows of the involved process gases (see
equation 2.1) does not necessarily follow a one to one relation with the SC present in the
glow discharge. However, the latter one is determining the phase mixture of the growing
film [80].

The shift of the transition zone from pic-Si:H growth to a-Si:H growth towards higher
values of SC with increasing electrode distance is in conflict to results reported ear-
lier [78, 79]. These studies also showed an increase in deposition rate with increasing
electrode distance. Both effects were attributed to an increased number of silane particles
in the discharge zone due to the increased discharge volume. Here an increase in deposi-
tion rate with increasing electrode distance is also seen. However, an increased number
of silane particles due to the increased discharge volume is in conflict to the shift of the
transition zone. An increased number of silane particles should lead to a shift of the
transition zone towards lower values of SC. The origin of this discrepancy is presently
not known. One hypothesis is that the reactions taking place in the glow discharge are to
complex to be described by a simple increase in discharge volume neglecting possible
secondary effects. E. g. different pumping rates for silane and hydrogen may alter the
discharge chemistry up on an increase in electrode distance.

The increase in deposition rate with increasing electrode distance support the obser-
vations obtained from the investigations on the degree of silane gas utilization. The
increase in deposition rate may be related to an increased degree of silane utilization
for the samples deposited at an electrode distance of 7 mm and 10 mm with respect to
5mm. For the samples deposited at an electrode distance of 7 mm and 10 mm the degree
of silane gas utilization is calculated to be approximately 80% while for the narrow gap
of Smm it was calculated to be around 40%.

Due to the shift of the transition zone with increasing electrode distance and the linear
increase in deposition rate with increasing SC the deposition rate for the OPM material
increases with increasing electrode distance. By a variation from 5 mm to 10 mm the

deposition rate is increased from 0.4 nm/s to 1.1 nm/s.

Electrical transport

In general the results from electrical transport measurements performed by conductivity

measurements show the typical picture for mixed phase materials consisting of variable
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amounts of a-Si:H and pc-Si:H. Dark conductivity values in the range of 107°S /cm to
107125 /cm as well as photo conductivity values in the range of 1074S/cm to 1075 S /cm
have been reported since pc-Si:H became interesting for photovoltaic applications [7].
Also the strong decrease in dark conductivity with increasing SC as well as the moder-
ate decrease in photo conductivity which leads to an increase in photosensitivity with
increasing SC was reported [7]. The typical measurement uncertainty attributed to
conductivity measurements can lead to significant scatter of the experimental data.
Due to the scatter it is not possible to relate a variation in electrode distance to a change
in dark or photo conductivity values for series A. However, photosensitivity values above
10? for SC values of 1.5% (5mm) and 2.4% (10 mm) indicate the presence of solar grade
tc-Si:H at the transition region between tic-Si:H and a-Si:H growth [38].

For series B the slope of the decrease in dark conductivity flattens with decreasing
deposition pressure. Hence, for the samples deposited at a deposition pressure of 8 hPa
typical conductivities of 10~!2S /cm attributed to a-Si:H are reached at low values of SC
compared to the samples deposited at 5 hPa and 3 hPa. These results support observation
obtained through Raman measurements. A shift of the transition zone from pc-Si:H to
a-Si:H growth towards higher values of SC was observed with decreasing deposition
pressure. Photosensitivity values above 10> for deposition pressures of 5 ~Pa and 8 hPa
for SC values of 3.4% and 1.5% indicate the presence of high quality tc-Si:H layers at
the transition zone between pic-Si:H and a-Si:H growth.

For series C the slope of the decrease in dark conductivity flattens with increasing depo-
sition power. This effect supports the observation gained through Raman measurements.
The Raman measurements show a shift of the transition zone from tc-Si:H to a-Si:H
growth towards higher values of SC with increasing deposition power. Due to the signifi-
cant scatter it is not reasonable to relate variations in the photo conductivity to a variation
in the deposition power. Photosensitivity values beyond 102 for the samples deposited at
deposition powers of 200 W, 400 W, and 600 W for SC values of 5.7%, 8.3%, and 9.9%
indicate the presence of high quality pc-Si:H layers close to the transition zone from
tc-Si:H to a-Si:H growth.

According to the results gained through conductivity measurements it is reasonable to
conclude that for each investigated deposition parameter it is possible to deposit solar

grade pc-Si:H.

Material quality

For series A, B, and C a photosensitivity in the range of 10% to 10* is observed (see
Figure 4.7). But no strict link between the photosensitivity and the deposition rate
is identified. When considering the photosensitivity as a measure for the material

quality the experimental data suggests that high quality material can be fabricated at
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high deposition rates. Thus, with the present criteria established in literature [38] it is
reasonable to conclude that device grade material can be deposited up to deposition rates
up to 2.8 nm /s as shown with Figure 4.7.

Another indication for good material quality £SR measurements show a spin density of
~ 3 x 10'% ¢m 3 for materials with a Raman intensity ratio ranging between 40% and
70% deposited at high deposition rate as has been shown exemplary for selected samples.
The spin density of the reference samples extend over the same range compared to the
samples deposited at elevated deposition rates. Thus, an increase in defect density with
increasing deposition rate is not observed for investigated deposition regime.

The g-value shows a typical characteristic for thin silicon films deposited at various
values of Raman intensity ratio. The decrease in g-value with increasing Raman intensity
ratio was reported earlier and its shift with Raman intensity ratio is not explained
conclusively in literature [145, 146]. For the samples with the lowest value of /XS the
value attributed in literature to pure a-Si:H films of 2.0055 is not reached. In previous
studies this effect was speculated to be related to a variation in the medium range order
between the material under investigation and pure a-Si:H films [146]. The overall good
agreement of the g-value for the reference samples and the samples deposited at elevated
deposition rates suggest that the nature of the defects as well as their energy does not
change by a variation of the deposition rate.

The results gained through ESR measurements support the feasibility to produce device

grade pc-Si:H deposited at high deposition rates.

Degree of silane gas depletion

Strahm et al. showed the feasibility to describe the formation of pic-Si:H by the silane
input concentration to the discharge zone and the degree of silane gas utilization. The
degree of silane gas utilization comprises the process parameters deposition power,
deposition pressure, silane concentration, excitation frequency, and electrode distance.
Thus, the degree of silane gas utilization contains quantities describing the dissociation of
the process gases (deposition power, excitation frequency) and those which describe the
gas residence time in the discharge zone (deposition pressure, total gas flow, electrode
distance) [80]. Bugnon et al. proposed to increase the silane input concentration
while simultaneously increasing the degree of silane gas utilization to keep the silane
concentration in the discharge zone constant in order to achieve high deposition rates
for pc-Si:H [147]. Furthermore, a decrease in defect density with increasing degree of
silane gas utilization was reported [147].

The strongest increase in deposition rate from 0.7 nm/s to 2.8 nm/s for OPM material
is seen for an increase in deposition power from S0W to 600 W (series C). During the

strong variation in deposition power the degree of silane gas utilization stays almost
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constant around 60%, which is an indication that the conditions for silane depletion
is reached. Already at a discharge power of 50 W most of the silane source gas is
decomposed.

Increasing the deposition pressure leads to an increase in gas residence time. At the
same time the energy of the impinging ions on the growing surface is reduced due to a
decreased mean free path of the discharge particles. The decrease in silane gas depletion
with increasing deposition pressure is related to pronounced gas phase reactions with
increasing gas residence time [80]. A decrease in deposition rate with increasing
deposition pressure is related to the shift of the transition zone towards lower values
of SC with increasing deposition pressure. For low values of SC the deposition rate is
limited by the low availability of silicon atoms.

The increase in degree of silane gas utilization with increasing electrode distance has
already been reported [79]. This observation can also be related to pronounced gas phase
reactions at high electrode distances. Increasing the electrode distance increases the
discharge volume and thus the probability of gas phase reactions. As discussed earlier
the shift of the transition zone from pc-Si:H to a-Si:H growth towards higher values of
silane concentration with increasing electrode distance is in contrast to results reported
earlier [78, 79].

Conclusion

Table 4.2 summarizes the experimental data obtained through thickness, Raman, con-
ductivity, and ESR measurements to characterize the material quality of uc-Si:H layers
considered to consist of OPM-material deposited at elevated growth rates for series A,
B, and C.

A broad range of deposition parameters was covered in the process and material devel-
opment aiming at an increase of the deposition rate for intrinsic microcrystalline silicon.
The possibility to cover such a broad range of deposition parameters has been enabled by
the installation of new deposition facilities (see Chapter 3.1). Increasing the discharge
power in the VHF band at high deposition pressures enabled to achieve deposition rates
up to 2.8 nm/s for optimal phase mixture material. According to Schropp et al. [148] and
Vetterl et al. [38] the photosensitivity can be used as a relevant measure for the quality
of the absorber layer. In the mentioned references it was claimed that photosensitivity
values above 100 or 400 together with values above 40% for the Raman intensity ratio
are favorable for high quality solar grade material. As can be seen from Table 4.2 for
the majority of the deposited samples photosensitivity values beyond 100 with spin
density values in the order of 10'6 cm ™! are achieved. It is shown that it is possible to

deposit pc-Si:H at elevated growth rates which meets the established criteria in literature
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Rp I8 o,/ Oph > 102 Usg Ny g-value area*
[nm/s] [%] (-] (%] [em™] (-]
series A
Smm| 0.4 54 v 40 1
Tmm | 09 69 X 80 I
10 mm 1.1 64 X 80 1T
series B
3hPa 1.2 70 X 80 1T
5hPa 1.1 64 X 80 I
8hPa | 04 81 v 60 I
series C
50w | 0.7 71 v 80 11
100W 1.1 64 X 80 I
200W 1.5 54 vV 80 11
400W | 24 58 V 80 2x10% 2005 I
600W | 2.8 43 vV 80 11

* according Figure 4.7

Table 4.2: Summarized measurement results for layers considered to consist of

OPM-material series A, B, and C obtained by thickness, Raman, con-
ductivity, and ESR measurements. These results are used to charac-
terize the material quality of the pc-Si:H layers deposited at elevated
deposition rates. The measurement results describe the deposition rate
Rp, the Raman intensity ratio I%S, the dark 6, and photo conductivity
Opn» the degree of silane gas depletion Uy, the spin density Ny, and
the g-value. The area references to the classification according to
Figure 4.7 which is based on criteria described in [38].
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for state of the art solar cells. Additionally, no link between the material quality of
the pc-Si:H layers deposited close to the transition zone between tc-Si:H and a-Si:H
growth and the deposition rate has been observed. These results suggest the feasibility
to fabricate high quality pc-Si:H absorber layers at high deposition rates with high
values of silane gas utilization. At high values of silane gas depletion most silane atoms
entering the deposition chamber contribute to film growth. Increasing the SC under those
conditions enables to increase the deposition rate due to the increasing supply of silicon
atoms. Overall the results obtained here are in good agreement with results already
present in the literature [149, 79]. Only the shift of the transition zone from pc-Si:H
to a-Si:H growth towards higher values of SC with increasing electrode distance is in
contrast to previous studies [78, 79].

The high quality makes the high rate material interesting for the application as absorber
layer in thin-film solar cells. Implementing these materials as an absorber layer in
thin-film solar cells is a way to further investigate their applicability to opto-electronic
devices. This approach is presented and discussed in detail in Chapter 6.

Further investigations on microstructure, oxygen uptake and porosity of fc-Si:H are

presented in Chapter 5 to get a deeper insight in the material properties.
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5 - Investigation of porosity,
atmospheric gas diffusion, and

In the present chapter results of a detailed investigation of pc-Si:H layers with promis-

ing material properties for solar cell application identified by the process and material
development (see Chapter 4) are presented and discussed. The pic-Si:H layers were in-
vestigated with respect to their microstructure, oxygen uptake after storage and evolution
of the Raman intensity ratio along the growth axis. Additional investigations by X-ray
diffraction measurements and Transmission Electron Microscopy imaging complete the

picture.

Intfroduction

For the study presented in Chapter 4 the strongest variation in deposition rate for the
OPM-material was observed for series C, the series of varied deposition power. It was
shown that the deposition power as one key deposition parameter is suitable to adjust
the deposition rate over a broad range. Furthermore, it was shown that the deposition
rate for OPM-material scales with the deposition power. In order to perform IR, TEM,
and SIMS measurements the layers had to be deposited on Si wafer substrates.

It is generally found that processes which yield high growth rates lead to deteriorated
electronic properties of pc-Si:H by introducing defects, porosity and high hydrogen
content [150, 74]. Besides being of inferior quality already in the as-deposited state,
material with pronounced porosity is subject to meta- and in-stability effects caused by
in-diffusion, adsorption and chemical bonding of atmospheric gases [40]. These effects
have been already studied in detail both on pic-Si:H material and on solar cells with
corresponding absorber layers [40, 151, 152, 153, 154, 150, 74]. In the study presented

microstructure in microcrystalline
silicon fabricated at high growth rates
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in this chapter the effect of enhanced deposition rates on the pc-Si:H material structure
and the post-deposition oxidation was investigated.

Samples were deposited on glass and Si wafer substrates. The growth rate of the pc-Si:H
was varied between 0.7 nm/s to 2.3 nm/s by varying the deposition power P from 100 W
to 600 W and the silane concentration SC from 2.4% to 7%. The definition of the SC
is given in Chapter 2.1 by equation 2.1. For all samples the hydrogen flow was kept
constant at 200 sccm. Other deposition parameter e. g. deposition pressure, electrode
distance, and substrate temperature remained unchanged. The pic-Si:H deposition time
was adjusted according to the growth rate to achieve a layer thickness of 700 nm. The
deposition conditions are summarized in Table 5.1.

The silicon post-oxidation after storage at ambient air was investigated by infrared
spectroscopy and by secondary ion mass spectrometry on selected samples. The material
structural composition was determined by Raman spectroscopy and by X-ray diffraction
measurements. Raman depth profiles allowed to investigate the evolution of the Raman
intensity ratio along the growth axis.

Two sets of samples with high Raman intensity ratio (set 1: I® = 75% - 84%) and
medium Raman intensity ratio (set 2: IRS = 43% — 74%) were prepared. Microcrys-
talline silicon material with a medium crystallinity is considered to be optimal for the
application as absorber layers in thin-film solar cells [7]. Hence, sample set 2 rep-
resents such optimal material. Furthermore, a sample deposited at a low deposition
rate (0.2 nm/s) under low power (20 W) and low pressure (1 #Pa) conditions served as
a reference. The deposition parameters and the range in deposition rate and Raman
intensity ratio covered by each sample set are summarized in Table 5.1.

The infrared spectra were taken for different time periods after the deposition. The first
measurement within 30 min after the deposition will be referred to as the as-deposited
state. Measurements after 10 days, 30 days, 90 days, and 180 days of storage in ambient
atmosphere allowed investigating the oxygen uptake as a function of time. After 180
days of storage the samples were etched for 15 s in hydrofluoric acid (HF). Afterwards
IR spectra were recorded again within 30 min after the etching procedure. The difference
between the oxygen content before and after the etching step is calculated and will be

referred to as ACy.
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P sc Rp RS
(W] [%] [nm/s] [%]
sample set 1 100 — 600 24-38 07-14 75-283
sample set 2 100 —600 39—-7.0 1.1—-23 43-74
reference sample 20 5.2 0.2 69

Table 5.1: Deposition parameters and measurement results for sample set 1 and
sample set 2. During the preparation of the layers the deposition
power P and the silane concentration SC was varied, while the depo-
sition pressure p and the electrode distance d remained unchanged
at 5 hPa and 10 mm, respectively. The range in deposition rate Rp is
indicated as well as the range of the Raman intensity ratio I%5.
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Figure 5.1: Infrared spectra for three selected samples in the as deposited state
and after 180 days of storage at ambient. The deposition power P, the
Raman intensity ratio I%5, the calculated hydrogen content Cy;, and
the calculated oxygen content C¢ are indicated close to the according
spectra. The sample deposited at a deposition power of 20 W serves
as a reference. Two samples deposited at a deposition power of 600 W
are shown in the figure each from a different set of samples. Two sets
of samples with high (set 1: I®S = 75% — 84%) and medium (set 2:
Ifs = 43% — 74%) Raman intensity ratio have been investigated.

Investigation of structure and porosity of uc-Si:H by IR

Figure 5.1 shows infrared spectra of three selected samples in the as-deposited state and
after 180 days of storage at ambient. The presence of oxygen can be seen by the evo-
lution of an absorption band between 980 cm ™! and 1200 cm ™! which is characteristic
for Si — O — Si stretching and bending modes. The oxygen content Cp was calculated
by adapting the method to calculate Cy [116], but using the absorption bands between
980cm ™" and 1200 cm ™! (see Chapter 3.5.4).

The sample deposited at a deposition power of 20W and a SC of 5.2% is taken as a
reference sample representing device quality material with a Raman intensity ratio of
69%. The two other samples were deposited at 600 W and a SC of 7.0% and 4.8% which
resulted in a Raman intensity ratio of 43% and 75%, respectively. The reference sample
shows no oxygen uptake within 180 days of storage at ambient. Both samples deposited

at 600 W show a strong increase of the oxygen absorption modes. An oxygen content of
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Figure 5.2: Calculated hydrogen content Cy for the two sets of samples with high
(set 1: IRS = 75% — 84%) and medium (set 2: IRS = 43% — 74%)
Raman intensity ratio are shown as a function of the Raman intensity

ratio I®5. For the Cy no change with exposure time to ambient was
observed.

3.3% and 4.2% was calculated after 180 days for the samples with IXS of 43% and 75%
respectively. For the reference sample the hydrogen content was calculated to 6.6%.
The hydrogen content was evaluated to 12.9% and 6.5% for the samples with I%S of
43% and 75% respectively.

Figure 5.2 shows the evaluated hydrogen content as a function of the Raman intensity
ratio. The Cy decreases from 12.9% for the samples of set 2 with an I®S of 43% down
to 5.1% for the sample with an IRS of 80%. For layers of sample set 1 where the Raman
intensity ratio varies between 75% and 83% the hydrogen content is observed to be
between 5.1% and 6.9%. For the reference sample deposited at a deposition power of

20W the hydrogen content was calculated to 6.6%. For the Cy no change with exposure
time to ambient was observed.
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Figure 5.3: Position of the SiHy stretching mode as a function of the deposition
power P for sample set 1 and sample set 2 (see Table 5.1). As a
reference the SiHy stretching mode for a sample deposited at low
deposition rates is also displayed in the diagram.

Figure 5.3 shows the position of the SiHy stretching mode for the as deposited state as a
function of the deposition power. For the samples with high Raman intensity ratio, set 1,
the peak position of the SiHy stretching mode stays around 2100 cm ™! independent of
the deposition power. For the samples of medium Raman intensity ratio, set 2, the peak
position decreases continuously with increasing deposition power. For a deposition
power of 100W the peak position is detected at 2086 cm ™!, while at a deposition power
of 600 W a shift of the peak position towards 2009 ¢! is observed. This is a hint for a
change in microstructure with increasing deposition power for the samples of set 2. For
the reference sample deposited at a deposition power of 20 W the position of the SiHy
stretching mode is observed to be at 2075 cm ™.

Figure 5.4 shows the calculated oxygen content as a function of exposure time to
ambient air after preparation of sample set 1 and sample set 2. Significant oxygen uptake
was only found for samples deposited at 200 W and beyond. The oxygen content is
increases with increasing exposure time for samples deposited at a deposition power
of 200 W or beyond for samples of both sample sets. For the layers of sample set 1
(in blue) with high Raman intensity ratio the oxygen content increases with decreasing
deposition power and increasing I%5. For the samples of set 2 (in red), with medium
Raman intensity ratio, the oxygen uptake increases with increasing deposition power

and decreasing IR5. Overall the post-deposition oxidation for sample set 1 is more
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Figure 5.4: Oxygen content of c-Si:H layers as a function of storage time at
ambient. The layers were deposited at various deposition powers.
Two sets of samples with high (set 1: %5 = 75% — 84%) and medium
(set 2: Ifs = 43% — 74%) Raman intensity ratio are shown in the
figure.

pronounced than for the samples of set 2.

Figure 5.5 shows the difference between the oxygen content ACp evaluated before and
after an etching step of 155 in HF solution as a function of IS, The HF etching was
performed to investigate if the oxygen content can be linked to the oxidation of cracks
or surfaces with contact to the ambient air. Totally inner surfaces can not be reached by
the HF acid. For layers of sample set 1 a considerable change of the oxygen content
can be measured due to the etching procedure. For layers of sample set 2 no significant
change of the oxygen content due to the etching step is observed.
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Figure 5.5: Difference in oxygen content before and after a etching step in hy-
drofluoric acid as a function of the Raman intensity ratio for sample
set 1 and sample set 2 (see Table 5.1).
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Figure 5.6: SIMS profile of two selected samples both deposited at a deposition
power of 600 W each from a different set of samples (set 1 and set 2,
see Table 5.1).

Investigating diffusion path of oxygen for uc-Si:H by SIMS

Figure 5.6 shows the oxygen concentration profiles investigated by SIMS as a function
of the sputtering time for two samples deposited at 600 W from both sample sets. The
samples were deposited on Si wafer. A high level of oxygen concentration extending
from the film surface (sputtering time ¢ = 0 min) far into the film (sputtering time
20min <t < 30min) is found for both samples before the oxygen concentration decreases
by two orders of magnitude towards the film/wafer interface. The film/wafer interface
is characterized by the high oxygen peak from the native oxide of the Si wafer in both
samples. The oxygen concentration at the surface is 2.0 x 10! em =3 and 1.2 x 10%! cm 3
for sample 1 and 2, respectively.

The slope of the oxygen concentration as a function of the sputtering time implies a
fast process of oxygen uptake [155, 156]. Thus, it is reasonable to conclude that the
oxygen uptake occurs along the grain boundaries or void surfaces as opposed to diffusion
through the bulk material.
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Investigating the evolution of the Raman intensity ratio along
the growth axis by Raman depth profiling

Figure 5.7 shows the Raman depth profiles for samples of set 1 (a) and set 2 (b). A
Raman depth profile of a sample deposited at a deposition power of 20W serves as a
reference in both diagrams. The reference sample shows a gradual increase in Raman
intensity ratio with increasing layer thickness. As a reference point a layer thickness
of O nm corresponds to the substrate surface. Beyond a thickness of 300 nm the Raman
intensity ratio saturates at approximately 70%.

For the samples of high Raman intensity ratio (Figure 5.7a), set 1, the increase in Raman
intensity ratio with increasing layer thickness shows a significant different shape than
for the reference sample. Compared to the reference sample the samples of set 1 show a
steeper increase in Raman intensity ratio for low values of layer thickness. Furthermore,
the Raman intensity ratio saturates for lower values of layer thickness. The lowest value
of IRS of 54% (at substrate/film interface) is observed for the sample deposited at a
deposition power of 200 W. The point of saturation is reached for the highly crystalline
samples at around 100 nm independent of the deposition power. The Raman intensity
ratio of samples of set 1 saturates between values of 84% for a deposition power of
200W and 75% for a deposition power of 600 W.

For the samples with medium Raman intensity ratio (Figure 5.7b), set 2, a similar trend
as for the samples of set 1 is observed. The slope of the Raman intensity ratio as a
function of the layer thickness is steeper for low values of layer thickness. Thus, the
Raman intensity ratio saturates already at lower values of layer thickness compared to
the reference samples. The lowest value of Ifs of 36% (at substrate/film interface) is
observed for the sample prepared at a deposition power of 600 W. The Raman intensity
ratio for the samples of set 2 saturates with increasing thickness at a layer thickness
between 100 nm and 130 nm. For a deposition power of 100 W a value of saturated
Raman intensity ratio of 84% is observed. With increasing deposition power this value
decreases down to 60% for a deposition power of 600 W. This shift of the Raman
intensity ratio towards lower values with increasing deposition power for OPM-material
has already been observed in the process and material development study presented in
Chapter 4. Interestingly, an increase in deposition power from 400 W to 600 W leads to
a rather strong decrease of the Raman intensity ratio of more than 10% in absolute scale.
Whereas an increase in deposition power from 100 W to 200 W or from 200 W to 400 W

leads to a decrease in Raman intensity ratio of 5% and 7%, respectively.
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Figure 5.7: Raman depth profile for samples of set 1 (a) and set 2 (b). A Raman
depth profile obtained for a reference sample deposited at a deposition
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600 800



Investigation of porosity, atmospheric gas diffusion, and microstructure

78 in microcrystalline silicon fabricated at high growth rates
Grazing Incidence

— 80 B ; T
X
£ S
> I
Z 60} % 8 _
© Raman 532 nm %5
g Bragg-Brentano 1
o

40} 2

0 200 400 600
deposition power P [W]

Figure 5.8: Crystallinity /. determined by XRD as a function of the deposition
power P for samples of set 2. The crystalline volume fraction has
been determined by grazing incidence as well as Bragg-Brentano
geometry (see Chapter 3.5.6). Additionally the 7% determined by
Raman spectroscopy with an excitation wavelength of 532 nm is
displayed in the graph. The values of the reference sample deposited
at a deposition power of 20 W are highlighted by a grey background.

5.5 Structural investigation by XRD and Raman spectroscopy

Figure 5.8 shows the crystallinity /. as a function of the deposition power for the sam-
ples of medium crystallinity, set 2. Values are derived by three different measurement
methods: Raman measurements with an excitation wavelength of 532 nm, and XRD
measurements using BB as well as GI geometry. The experimental data obtained for
the reference sample deposited at a deposition power of 20W is highlighted by a grey
background.

For the deposition powers of 100 W and beyond a decrease in crystallinity is observed
with increasing deposition power for the values by through XRD measurements in G/
geometry and for the values obtained through Raman measurements. For the values
obtained through XRD measurements in BB geometry only a slight decrease in crys-
tallinity with increasing deposition power is observed. This effect is not of significant
nature due to the high measurement uncertainty of the XRD measurement routine in BB
geometry due to contributions from the glass substrate. Independent of the deposition

power the values obtained by XRD measurements with GI geometry show the highest
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Figure 5.9: Crystal size 0 of the coherent domains as a function of the deposition
power P (a). Ratio of integrated intensities Iy /1 19, measured in G/

as well as in BB geometry, as a function of the deposition power P (b).

The crystal size was deduced from the diffraction peak associated to
the (220) lattice planes, measured in BB geometry. I»0/1110 describes
the ratio of the integrated intensities of the diffraction peaks attributed
to the (220) and (111) lattice planes. The reference sample data are
highlighted by a grey background. In (b) the integrated intensity
Do /1110 of a silicon powder pattern is shown as a guiding line.
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value of crystallinity.

Figure 5.9a shows the crystal size 6 of the coherent domains as a function of the de-
position power. The crystal size was determined from the diffraction peaks attributed
to the (311), (220), and the (111) lattice planes (see Chapter 3.5.6). The value for
the reference sample deposited at a deposition power of 20 W is highlighted by a grey
background.

The crystal size decreases with increasing deposition power independent of the diffrac-
tion peak used to determine the crystal size. The highest values for the crystal size are
observed for the values deduced from the diffraction peak associated to the (220) lattice
planes. For the reference sample a crystal size of 27 nm is observed. With increasing
deposition power the crystal size decreases down to a value of 12 nm for a deposition
power of 600 W. For the crystal size deduced from the diffraction peak associated to
the (311) lattice planes a decrease from 16 nm to 11 nm is observed. The lowest values
for crystal size are observed for the values deduced from the diffraction peak associated
to the (111) lattice planes. There a decrease in crystal grain size from 12nm to 9 nm is
observed with increasing deposition power.

Figure 5.9b shows the ratio of the integrated intensities for the diffraction peaks attributed
to the (220) and the (111) lattice planes measured in GI as well as in BB geometry as
a function of the deposition power. The values measured for the reference sample are
highlighted by a grey background. As a guideline the intensity ratio of the reflections
of a sample with random orientation (silicon powder pattern {111} : {220} = 1:0.55)
is displayed in the same figure [157]. In the early works on pc-Si:H performed at the
research center in Jiilich the crystal growth of pc-Si:H is described as a random pro-
cess [132, 158]. Meaning that crystals are formed in every possible orientation without
the presence of a preferential orientation. When comparing the integrated intensities
deduced from the XRD diffraction patterns a complete random growth process should
yield values close to the powder pattern. In literature a preferential growth along the
[110] axis is deduced when comparing the ratio of the integrated intensities attributed to
the (220) and (111) lattice planes to a silicon powder pattern. It is important to note that
when measuring in BB configuration only an orientation normal to the substrate surface
can be detected due to the measurement geometry (see Chapter 3.5.6). For measurements
performed in GI geometry the scattering vector changes constantly, in direction and in
absolute value, therefore it is not possible to test a preferential orientation in a specific
direction with the GI geometry. However, if the integrated intensities measured in G/
geometry show significant deviations from the powder patter it is an indication for a
preferential orientation.

The integrated intensity ratio Ir50/I111 for the measurements performed in BB geometry
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decrease with increasing deposition power (see Figure 5.9). A decrease from 1.57 for
a deposition power of 20W down to 0.53 for a deposition power of 600 W is observed.
At a deposition power of 600 W the integrated intensity ratio corresponds to the value
obtained for the powder pattern. The values of the integrated intensity ratio measured
in GI do not differ significantly from the values obtained for the powder pattern for
deposition powers of 200 W and beyond. The highest value of 0.7 for the measurement
performed in GI geometry is observed for a deposition power of 100 W. This means only
a slight preferential orientation is seen along the [110] axis for low values of deposition
power.

Figure 5.10a shows the position of the 70 phonon mode deduced from Raman spec-
tra (see Chapter 3.5.3) as a function of the deposition power. Figure 5.10b shows the
full width half maximum (FW HM) of the Gaussian distribution fitted to this peak as a
function of the deposition power. In both diagrams the according values obtained from a
reference sample deposited at a deposition power of 20 W are displayed.

A laser with an excitation wavelength of 488 nm was used. Evaluating the position of
the 7O phonon mode and the FHW M allows to investigate the presence of compressive
or tensile stress in the material (under certain boundary conditions) [159].

For the reference sample the position of the 7O phonon mode is at 519.8 cm™!. The
peak position decreases with increasing deposition power for tic-Si:H layers with a
high Raman intensity ratio, set 1. A decrease of approximately 1 cm ™! to a value of
518.2cm ™! for a deposition power of 600 W is observed. For pic-Si:H layers of medium
Raman intensity ratio, set 2, the 70 phonon mode of the sample deposited at a deposition
power of 100 W is at 518.8 cm™!. With increasing deposition power the position of
the 7O phonon mode shifts towards a value of 517.7 cm™! for a deposition power of
600 W. Considering certain boundary conditions a shift of the 7O phonon mode can be
attributed to a variation in mechanical stress of the pc-Si:H films.

The FWHM of the Gaussian distribution fitted to the c-Si peak, shown in Figure 5.10b,
for the reference sample is at 9.4 cm™!. For both sets of samples an increase in FWHM
with increasing deposition power is observed within significant scatter. This is a hint
for a decrease in crystal size with increasing deposition power. This result supports the
findings obtained through X RD measurements, where for samples of set 2 a decrease in

crystal size with increasing deposition power has also been observed (see Figure 5.9).
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Figure 5.10: Position of the 7O phonon mode of the Raman spectra (a) and full
width half maximum FWHM of the Gaussian distribution fitted to
this peak (b) as a function of the deposition power for samples of
set 1 and set 2. Corresponding values obtained from a pc-Si:H layer
prepared at a deposition power of 20W are displayed in both diagrams
as reference values.
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TEM investigations of u.c-Si:H layers at various deposition rates
and Raman intensity ratios

Figure 5.11 shows the bright field T EM images of selected pc-Si:H layers deposited on
glass. Figure 5.11a shows the image of the reference sample deposited at a deposition
power of 20 W with a deposition rate of 0.2nm/s. Figures 5.11b and ¢ show the bright
field images of samples related to sample set 2 fabricated at a deposition power of 100 W
and 400 W, respectively. Finally, Figure 5.11d shows the bright field image of the sample
of sample set 1 deposited at a deposition power of 400 W.

The quantitative evaluation of TEM images has to be done with great caution, since
the images show only those crystal columns which fulfill the Bragg condition. Further-
more, a wrong impression might arise induced by different thicknesses of the lamella
investigated for each sample. The same thickness of each lamella can not be guaranteed.
However, being fully aware of the boundary conditions of the T EM technique the bright
field images are described qualitatively here. The qualitative description of the TEM
images can complement the experimental data presented so far.

Going from Figures 5.11a to ¢ a gradual decrease of the incubation layer is observed.
For the reference sample (a) an incubation layer with a thickness of more than 120 nm
is observed. At a deposition power of 100W (b) the incubation layer is approximately
80 nm thick. For the layer deposited at a deposition power of 400 W (c) it is not possible
to identify the presence of an incubation layer.

For the reference sample a conical growth of the crystal columns can be observed. These
columns coalesce with neighboring columns after approximately 120 nm. Beyond this
point of coalescence the crystal columns continue to grow normal to the substrate surface.
The width of the crystal columns is in the range of 120 nm. Going from Figures 5.11a to
c it can be seen that the width of the crystal columns decrease with increasing deposition
power from approximately 90 nm for a deposition power of 20 W, over 60 nm for a
deposition power of 100 W, to finally 40 nm for a deposition power of 400 W. Looking
at Figures 5.11b to d it can be seen that due to the reduced incubation layer thickness the
conical growth at the substrate/film interface is suppressed, the coalescence of the crystal
columns occurs closer to the substrate compared to the reference sample. Leading to a
parallel growth of the crystal columns. Comparing Figure 5.11c to d both deposited at a
deposition power of 400 W a reduced width of the crystall columns and an increase in
crack density is observed for the sample visualized in Figure 5.11d. Cracks and voids in
tc-Si:H are observed as white lines between the crystal columns in 7TEM bright field
images.

As a summary of the TEM investigations it is reasonable to note a decrease in column

width with increasing deposition power. Furthermore, the thickness of the incubation
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Figure 5.11: Bright field TEM images of selected silicon layers on glass: for a
reference sample deposited at a deposition power of 20W (a), two
samples of sample set 2 deposited at deposition powers of 100 W
and 400 W (b, c), and one sample of sample set 1 deposited at a
deposition power of 400 W (d). Two sets of samples with high (set
1: I®S = 75% — 84%) and medium (set 2: IS = 43% — 74%) Raman
intensity ratio have been investigated.
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layer decreases with increasing deposition power. Finally, an increase in crack density is

observed for highly crystalline material compared to the OPM-material.

Discussion

In the process and material development, presented in Chapter 4, the possibility to apply
processes which yield high deposition rates for the fabrication of pc-Si:H absorber
layers was investigated. According to electron spin resonance, conductivity and Raman
measurements the feasibility to produce "device grade" material over a broad range of
deposition rates was shown. In this context, the definition of "device grade" material,
is based on empirical data which summarizes structural and electronic properties of
Lc-Si:H material which, when applied as absorber layer in solar cells, yields high solar
conversion efficiencies [38]. It is important to consider that the process conditions to
obtain high growth rates with high discharge power could adversely affect the solar cell
performance via e.g. generating defective interfaces. An additional study investigating
possible damage of interfaces induced by the deposition processes yielding high deposi-
tion rates is presented in Chapter 6.

The key process parameters to govern the growth rate of pc-Si:H over a large range in
the present study are the deposition power and the silane concentration. When varying
the deposition power it is necessary to adapt the SC to grow OPM pc-Si:H with medium
Raman intensity ratio (see Chapter 4). Apparently, this adjustment of power and SC
alters the material structure composition and hence e. g. the substrate/film interface,
the formation of the incubation layer and the ability of oxygen uptake. The reference
material deposited at deposition rates of 0.2 nm/s is resistant to post-deposition oxygen

uptake. This is one of the preconditions for stable, high performance pic-Si:H solar cells.

Effects of deposition power and deposition rate on hydrogen content, oxygen
uptake, and material porosity

The decrease in hydrogen content with increasing Raman intensity ratio for samples of
set 2 is attributed to the decrease in volume content of the hydrogen rich amorphous phase.
This effect is well documented in literature [160]. The low values obtained for samples
of set 1 around a hydrogen content of 6% are attributed to the high values (> 75%) of
Raman intensity ratio for these layers. A hydrogen content of 6.6% observed for the
reference sample at a Raman intensity ratio of 69% is a typical value for device grade
pe-Si:H deposited at low deposition rates.

A variation of the shape of the peaks attributed to the SiHy stretching modes is attributed
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to a variation of the hydrogen bonding [115, 161]. For samples of set 1 the SiHy
stretching modes were exclusively observed at a wavenumber of 2100 cm™!. The
appearance of stretching modes around 2100 ¢m ™! is an indication for hydrogen bonded
on internal surfaces [115]. Internal surfaces can originate e. g. from grain boundaries,
crystal grains, and void rich silicon films. The shift of the position of the SiHy stretching
mode with increasing deposition power observed for samples of set 2 indicate a more
compact film structure with increasing deposition power. Two effects may cause this
shift. On the one hand, a decrease in crystallinity giving rise to a pronounced amorphous
volume content with increasing deposition power altering the hydrogen bonding. On the
other hand, an enhanced ion bombardment with increasing deposition power can lead to
a compact layer [30].

Strong oxygen uptake by samples of set 1 is attributed to the overall higher Raman
intensity ratio, which is typically accompanied by an increased porosity of the layers.
Therefore, the material is susceptible to in-diffusion of atmospheric oxygen. This
assumption is supported by /R measurements where the SiHx stretching vibrations of
samples of set 1 are observed to be exclusively at a wavenumber of 2100 ¢! which
is an indication for a porous film structure. For samples of set 1 the amount of oxygen
incorporated after deposition scales with the Raman intensity ratio. This is in line with
the assumed increase in porosity at higher crystallinity. The reduction in oxygen content
for samples of set 1 upon the HF etching step is attributed to an enhanced porosity of
layers of samples set 1 compared to samples of set 2 which were deposited close to
the transition range between pc-Si:H and a-Si:H growth, which is in agreement with
earlier findings [162]. A change in oxygen content induced by the HF etching step
indicates that the oxygen uptake takes place through open surfaces reachable by the
ambient atmosphere. A diffusion of the oxygen through the bulk material seems unlikely.
Considering the structural composition of pc-Si:H it is reasonable to assume the oxygen
uptake to occur along the grain boundaries which is in line with the findings from SIMS
measurements which will be discussed later.

For sample set 2 the oxygen uptake also increases with increasing deposition power but
also increases with decreasing Raman intensity ratio. Again it is important to consider
the relationships between discharge power and silane concentration which have to be
adjusted simultaneously in order to obtain material of, in this case, medium Raman
intensity ratio for the sample set 2. With an increase in deposition power the transition
zone from pc-Si:H to a-Si:H growth is shifted. As a consequence the Raman intensity
ratio for the OPM-material decreases with increasing deposition power (see Chapter 4).
When a decrease of the nano-crystalls size is assumed with decreasing Raman intensity

ratio a phase mixture consisting of a considerable amount of a-Si:H with embedded
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nano-crystalls results. The increase in oxygen content with decreasing Raman intensity
ratio can then be attributed to an overall increase of inner surfaces due to an increase in
surface to volume ratio with decreasing Raman intensity ratio.

For samples of set 2 no change of the oxygen content could be detected upon an HF
etching step. This indicates a dense material composition with respect to HF' penetration
for the layers considered to be optimal for device application on the one hand. On the
other hand, some of the layers of sample set 2 also take up a considerable amount of
oxygen. A possible explanation for this counter intuitive effect will be presented in the

next section.

Effect of a variation in Raman intensity ratio on the oxygen diffusion path

Conclusions on the porosity can also be drawn from the SIMS profiles and investiga-
tions with TEM imaging as will be discussed later. The shape of the SIMS profile for
both samples indicates the oxygen uptake to occur via a rapid in-diffusion along an
open void or grain boundary structure [155]. While this supports the findings from the
infrared investigations on both sample sets, it is in conflict with the results after HF'
etching on sample set 2 where the invariance of oxygen content before and after etching
would suggest a compact structure. The reason for this discrepancy is not known at
present. Further information on the local distribution of the oxygen in the material can
be obtained by examining the monoatomic (O™) and diatomic (O, ) ion species in the
SIMS data of each sample [137]. From these studies it is concluded that the bonded
oxygen is not distributed homogeneously throughout the film orthogonally to the growth
direction. This fits into a picture where oxygen diffuses along a porous void or grain
boundary structure and is mainly located on these inner surfaces rather than inside the
bulk material. A possible explanation for the discrepancy with the HF etching step is
that for the sample of set 2 the Raman intensity ratio is lower than for the sample of
set 1. Thus, the nano-crystalls are embedded in a matrix with a pronounced presence of

a-Si:H tissue possibly accessible for oxygen but not for HF.

Effects of the deposition power and deposition rate on crystal volume content,
preferential orientation, and crystal grain size

The higher crystal volume content determined from the measurements performed with
GI geometry is attributed to a smaller probing depth compared to the measurements
performed with BB geometry and to the Raman measurement performed with an excita-
tion wavelength of 532 nm (Figure 5.8). When measuring with GI geometry the volume
close to the surface is probed predominantly, which shows pronounced crystallinity as

can be seen from the Raman depth profiles (Figure 5.7b). Measuring with BB geometry
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in turn probes the whole layer including possible contributions from the underlying glass
substrate. Hence, the crystalline volume content is a complicated average over the whole
layer thickness. The Raman depth profiles showed for samples of set 2 an increase in
Raman intensity ratio with increasing layer thickness (Figure 5.7b). Therefore the values
for the crystalline volume content is observed to be lower when determined with BB
geometry. As already denoted the XRD diffractograms recorded in BB geometry have
to be corrected for possible substrate contributions. This correction procedure may be
source for an additional error which reflects in an increased measurement uncertainty.
Independent from the applied measurement procedure the crystallinity of layers of set 2
decreases with increasing deposition power. This confirms the measurements presented
in Chapter 4 (see Figure 4.3b).

The existence of a crystallographic texture has been matter of great debate and is still
not resolved conclusively. Some studies claim a preferential growth along the [110]
direction to be mandatory for the fabrication of high quality solar cells especially to
achieve high values of short-circuit current density [163, 164]. Other studies claimed
to show a pronounced preferential orientation when approaching the phase transition
between pc-Si:H and a-Si:H growth by increasing the silane concentration [165]. In
contrast Sugano et al. showed a pronounced value of the integrated intensities attributed
to the (220) and (111) lattice planes for low values of silane concentration [166]. Re-
cently several studies performed at the research center in Jiilich have shown that no
preferential orientation is necessary for the fabrication of high quality thin-film solar
cells [167, 130, 168].

Considering the samples of set 2 no significant indication for a preferential orientation
is found for the measurements performed in G/ geometry. Compared to the mentioned
literature values only a slight preferential orientation is seen along the [110] growth
axis for low values of deposition power for the measurements performed in BB geom-
etry. The highest value of 1.6 is observed for a deposition power of 20 W where mild
deposition conditions lead to high quality device grade material. The values of the
integrated intensity yo/1119 approach the values of the powder pattern for deposition
powers beyond 200 W. The decrease of the integrated intensity I»p0/1; 19 with increasing
deposition power might be attributed to an impairment of the surface of the growing film
with increasing deposition rate. Possible sources for an impairment of the growth zone
are: damage due to ion bombardment, structural inhomogeneities, or altered nucleation
conditions. Houben already observed values exceeding the powder standard by a factor
of 2 [132]. The value of 1.6 here exceeds the value reported earlier. However, it is far
from the reported values in literature where a preferential orientation is claimed to be

mandatory for good solar cell device performance. Matsui et al. reported values around
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2.6 and Sugano et al. even values up to 3.8 [164, 166].

The crystal size of the coherent domains decreases with increasing deposition power.
This effect is attributed to a decrease in crystallinity with increasing deposition power. A
decrease in crystal size can also be related to an impairment of the growth zone. Possible
sources for this disturbance have already been mentioned here and will be discussed in
detail in Chapter 6.

The decrease in crystal grain size is in line with the increase in random orientation
with increasing deposition power deduced from the X RD measurements in BB geometry
(Figure 5.9). Smaller crystall grains can be expected to increase the crystallographic

disorder.

Structure profiles along the growth axis for various deposition powers

The structural properties along the growth axis have been investigated by means of
Raman depth measurements (Figure 5.7). For the reference sample an incubation layer
of approximately 300 nm is observed. The presence of an incubation layer has been
observed since pc-Si:H became a promising material for photovoltaic applications and
is well documented in literature [7]. However the thickness of 300 nm is surprisingly
high. It can be related to the growth of pc-Si:H on glass substrates. The formation
of uc-Si:H was shown to be sensitive to the substrate surface [169, 170] and is more
delicate on glass compared to e. g. c-Si wafer substrates [132].

For the samples deposited in the HPD regime the incubation layer is thinner. This is
related to an enhanced presence of atomic hydrogen. When working at HPD conditions
the silane source gas entering the deposition chamber is depleted. Hence, the excess of
hydrogen in the discharge zone promotes crystalline growth. For sample set 1 and 2
the incubation layer thickness is similar which is attributed to the overall very similar
processing conditions. For set 1 the SC was varied from 2.4% to 3.8% which is the
origin of the overall higher Raman intensity ratio values compared to the values obtained
for the samples of set 1. Compared to set 1 for set 2 the SC was varied over a larger range
of 3.1%. Thus, the Raman intensity ratio decreases over a larger range for set 2 with
increasing deposition power. Interestingly, it is not possible to deposit highly crystalline
layers at high values of SC despite the fact of working at HPD conditions with a degree
of silane gas utilization of approximately 80% (see Chapter 4 Figure 4.9).

Matsuda showed that by increasing the discharge power the amount of hydrogen ions
which are accelerated towards the substrate increases [43]. If a specific threshold value
is exceeded the formation of pc-Si:H nuclei is suppressed and can in extreme cases
induce an amorphization of the crystalline phase. Furthermore, lattice distortions and a
reduction in grain size induced by heavy ion bombardment were reported [43]. These

effects might be responsible for the strong decrease in Raman intensity ratio with an
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increase in deposition power from 400 W to 600 W for sample set 2.

The results obtained through the Raman depth profiling method supports the observations
obtained by the TEM investigations (Figure 5.11). There also a decrease in incubation
layer thickness was observed with increasing deposition power. In early studies the
presence of an a-Si:H incubation layer was shown to impair with the charge carrier
transport [36, 146]. Here thin incubation layers for the OPM-material deposited at
high deposition rates were observed. Therefore a disturbance of the charge carrier
transport due to an a-Si:H incubation layer is not expected. A detailed discussion of the
implications of the structural properties at the pi-interface on the device performance of

thin-film solar cells is presented in Chapter 6.

Evolution of mechanical stress for varied deposition power and deposition rate

Evaluating a series of Raman spectra with respect to a frequency shift of the 70O phonon
mode is challenging since several effects may interfere. Effects which can lead to a
frequency shift of the 70 phonon mode are: 1. Laser induced crystallization, 2. local
heating of the crystal lattice, 3. a variation in crystal grain size, and 4. the presence of
compressive or tensile stress [171]. Effects 1 and 2 can be excluded for the measurement
setup used here. The measurement routine was equally applied to all samples. None
showed an indication for Laser induced crystallization. The choice of short acquisition
times ensured the absence of local heating of the crystal lattice.

A shift of the TO phonon mode due to a decreasing crystal size is only observed for
a grain size below 15 nm. The frequency shift is gradual for a grain size of more than
12 nm and is significant for a grain size below 12nm[172, 173]. Therefore the shift of
the 7O phonon mode observed here can exclusively attributed to mechanical stress for
deposition powers below 400 W, since, for those samples a grain size of more than 15am
is observed (see Figure 5.9). The interpretation of the measured values for deposition
powers of 400 W and beyond have to be taken with care. A decrease in grain size of
3nm can lead to a shift of the 70O phonon mode of 1 cm™!. For the deposition power of
600 W a grain size of 12nm is observed. Therefore the shift of the 70 phonon mode
may be amplified by an additional shift due to a reduced grain size. For samples of set 1
the variation in grain size is not expected to be as pronounced as for the samples of set 2
due to the overall higher Raman intensity ratio. Therefore a shift of the 7O phonon
mode due to a significant variation in grain size is not expected for the samples of set 1.

The in-plane mechanical stress oy in M Pa can be deduced from Raman spectra through,

oy = —250Av 5.1
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where Av = v, — vq describes the frequency shift with respect to crystalline silicon [174].
The wavenumber of the 7O phonon mode of the c-Si reference is described by vy,
whereas the wavenumber of the 70 phonon mode for the investigated sample is given
by v;. Paillard et al. relate positive values to the presence of tensile stress and negative
values to the presence of compressive stress [174]. For the samples investigated here
a frequency shift of the 70 phonon mode towards lower values was observed with
increasing deposition power. Which indicates, according to equation 5.1, the presence
of tensile stress.

A possible reason for the tensile stress can be the evolution of gases captured in mi-
crovoids due to the high deposition rates [175]. The mechanical stress increases with
increasing deposition power which for sample set 2 scales with the deposition rate.
The presence of tensile stress in pc-Si:H can destabilize the lattice structure and lead
to weak or strained silicon bonds. Previous studies show a link between mechanical
stress and layer properties. Iida et al. showed a reduction in electron and hole mo-
bility with increasing mechanical stress [176]. They suggest a disturbance of carrier
transport due to acceptor like interface states on the surface of the growing film [176].
Further studies showed a link between mechanical stress, carrier mobility, and defect
density [177, 104]. The occupation of defect states weakens the electric field when a
p-i-n junction is formed [178]. This can reflect in a reduction of the open circuit voltage
when implementing material deposited at elevated deposition rates as an absorber layer
in thin-film solar cells. However, the experimental data presented here are to some
extend in conflict with the results presented in Chapter 4 where no increase in defect
density was determined by ESR (see Figure 4.8), assuming that the acceptor like states
are detectable by ESR.

A broadening of the FWHM of the Gaussian distribution fitted to the 70 phonon mode
is commonly attributed to a decrease in grain size [179, 180]. This observation endorses
the results obtained through X RD measurements, where also a decrease in crystal grain

size was observed with increasing deposition power (see Figure 5.9).

Structure investigations performed by TEM imaging

Despite the uncertainty in the quantitative evaluation the T EM images (see Figure 5.11)
help to complete the picture. The decrease in incubation layer thickness with increasing
deposition power support the measurement results obtained through Raman depth pro-
files. Furthermore, an increased porosity with increasing deposition power is observed
for the samples which consist of the optimal phase mixture material. The porosity,
deduced from crack density in the pc-Si:H layer, is further increased with increasing Ra-
man intensity ratio when comparing both samples (set 1 and 2) deposited at a deposition

power of 400 W. These findings are in line with the results obtained by /R spectroscopy
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where an increased tendency for oxygen uptake is observed with increasing deposition
power and with increasing Raman intensity ratio for constant deposition powers. The
pronounced evolution of cracks in the pic-Si:H material with increasing deposition rate
can induce a decrease in open circuit voltage when implementing materials deposited at
elevated growth rates as the absorber layer in thin-film solar cells [181, 182].

The XRD measurements show a decrease in crystal grain size with increasing deposition
power. The decrease in grain size may possibly attributed to a geometrical restriction
by the width of the crystal columns. These are observed to decrease with increasing

deposition power (Figures 5.11a to c).

Conclusion

The study presented in this chapter set out with the aim to comprehensively show the
implications of elevated deposition rates for tic-Si:H. For layers of high (1) and medium
(2) crystallinity the pc-Si:H films were investigated with respect to their microstructure,
oxygen uptake after storage including possible diffusion path, crystallinity measurements
along the growth axis, investigations on the mechanical stress, and on the size variations
of crystal columns and crystal grains. The material of medium Raman intensity ratio
was considered suitable for solar cell application based on an empirical figure-of-merit
evaluation in Chapter 4. The changes in the oxygen content, monitored by /R spec-
troscopy over a period of up to 180 days after deposition, depend on the deposition rate
and Raman intensity ratio of the pc-Si:H layers.

The results of SIMS measurements and reduction in the oxygen content after a HF
etching step suggest that the oxygen uptake is likely to occur via diffusion along open
void or grain boundary structure. Although a denser structure can be concluded for the
OPM-material with medium Raman intensity ratio, this material still suffered from a
considerable amount of oxygen uptake which is supposed to affect the performance
of opto-electronic devices. Further variations in film microstructure observed here are
an increased density of cracks as well as an increase in tensile stress with increasing
deposition rate. The latter one is known to induce acceptor like defect states and lead to
a reduction in charge carrier mobility [176]. Both effects can lead to a reduction in open
circuit voltage when implementing pic-Si:H layers fabricated at high growth rates as an
absorber layer in thin-film solar cells [178, 181, 182]. The influence of the increase in
deposition rate for the intrinsic absorber layer on the device physics of pc-Si:H thin-film
single junction solar cells is presented in the following chapter.

Further variations in microstructure are a decreased grain size and a decrease of the
integrated intensity ratio I»p0/1;10 deduced from X RD measurements in BB geometry

with increasing deposition rate. Although the necessity of a specific value for the inte-
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grated intensity ratio is not expected for the development of high quality thin-film solar
cells [168] the results presented here show that the microstructure of the pc-Si:H layers
is affected by a variation deposition rate.

The major finding of the study presented in this chapter is that the presently applied
criteria to rate material as device grade shown in Chapter 4 are not sufficient and need
extension of parameters describing the microstructure of the material.

Finally, it is of course not straightforward to relate the susceptibility of oxygen uptake or
variation in the material microstructure to a decrease in device performance since solar
cells are often characterized shortly after their deposition within a time frame where e. g.
oxygen uptake does not occur or is not detectable. One has to keep in mind that already
concentration of oxygen below the detection limit of infrared spectroscopy in the range
of < 10" em™3 can be detrimental for device performance.

Hence, studies are needed to distinguish conclusively if the changes in the microstructure
of the film or effects related to the processing of thin-film solar cells, like damage of
interface layers, with increasing deposition rate are responsible for the final device
performance. With the findings of the study presented in this chapter one can conclude
that even for the material classified as "device grade" based on the established definitions
in literature, changes in microstructure occur which most probably affects the device

performance and enhance the tendency of these layers to take up oxygen.
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6 - Application of high deposition rate
processes for the fabrication of
microcrystalline silicon solar cells

In this chapter the results of a study investigating the effects of integrating intrinsic
ue-Si:H deposited at high deposition rates as absorber layer in single junction solar cells
on the device performance are presented. The thin-film solar cells were investigated
with respect to their photovoltaic parameters. Finally, results obtained through monte

carlo simulations on the impact of ions are presented.

Intfroduction

In the present chapter the effects of an increase in deposition rate on the performance
of pc-Si:H thin-film single junction solar cells is presented. The aim of this study is
to investigate pc-Si:H in thin-film solar cells. The results obtained during the studies
presented in chapter 4 and chapter 5 served as a basis for the subsequent research.

For the device fabrication commercially available Corning Eagle 2000 glass served as
substrate. As front contact ZnO : Al was applied by magnetron sputtering. The silicon
layers were deposited by PECV D in p-i-n sequence with the clustertool deposition
system (see chapter 3.1). The fabrication of the thin-film solar cells was terminated
by the application of a layer of Ag. The process parameters for the ZnO : Al, for the
ne-Si:H p-type layer, and for the a-Si:H n-type layer remained unchanged throughout
all series. The deposition rate for the intrinsic absorber layer was modified by a variation
in deposition power, silane concentration, and deposition pressure. The deposition time
for the intrinsic absorber layer was adapted according to the deposition rate in order to
achieve the same thickness of the absorber layer for all devices of 1 pum.

Various sample series have been investigated. For the deposition of the intrinsic absorber

layer pressure regimes at 3 #Pa and at 5 hPa were used. The process parameters for
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name SC P d )4 buffer layer buffer processing symbol
thickness technique
% W) [mm] [hPa)  [nm]
sample A 5.2 20 11 1 0 - *
sample B 52 20 11 1 120 HWCVD *
seriesC  2.0-83 50-600 10 5 0 — A
seriesD  2.0-83 50-600 10 5 120 HWCVD A
series E 2.0-52 50-200 10 5 120 PECVD A
series F 2.9-3.8 50-200 10 3 0 - [ |
seriesG  2.9-3.8  50-200 10 3 120 HWCVD o
series H 52 50 10 5 0-750 PECVD A
series I 29 50 10 3 0-200 PECVD A

Table 6.1: Summary of investigated deposition parameters. The deposition pa-
rameters are abbreviated as follows: silane concentration SC, de-
position power P, electrode distance d, deposition pressure p. The
buffer layer thickness for each sample series is given as well as the
fabrication technique for the buffer layer.

the intrinsic absorber layer leading to OPM-material summarized in table 6.1 for each

sample series.

Furthermore the application of buffer layers between p-type and intrinsic layer either
fabricated by HWCV D or PECV D has been analyzed. The implementation of a buffer
layer enables to investigate to which extend the device performance is governed by the
quality of the intrinsic absorber layer or if an impairment of the pi-interface affects the
device performance. Possible sources for an impairment of the pi-interface induced
by elevated growth rates are structural inhomogeneities, altered nucleation conditions,
or damage induced by ion bombardment. The buffer layer will be referred to as i;-
layer. Consequently, the second intrinsic absorber layer will be referred to as i>-layer.
Figure 6.1 shows a schematic sketch of the investigated solar cell design, in (a) without

and in (b) with buffer layer.
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Figure 6.1: Sketch of the investigated solar cell design without (a) and with the
application of a buffer layer (b). In (b) the buffer layer is described as
i1-layer, the intrinsic absorber layer as i>-layer.
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Figure 6.2: Current-voltage characteristic for single junction solar cells. The
deposition rate of the intrinsic absorber layer was increased by a vari-
ation of the deposition power and the silane concentration (series C).
The increase of the deposition rate is indicated by an arrow. As a
reference the current-voltage characteristic of a high quality solar cell
deposited at low deposition rates (deposition power of 20 W) is shown
(sample A).

Increasing the deposition rate of the intrinsic absorber layer
of uc-Si:H thin-film single junction solar cells

Figure 6.2 shows the current-voltage characteristic for the single junction solar cells
where the deposition power for the intrinsic absorber layer was varied between 50 W
and 600 W (series C). The current-voltage characteristic of a high quality solar cell
with the intrinsic absorber layer fabricated at a deposition power of 20 W is shown as a
reference (sample A). The deposition rate for the absorber layer increases from 0.2 nm/s
for the reference sample to 2.7 nm/s for the sample where the deposition power was set
to 600 W. With increasing deposition rate the open-circuit voltage decreases gradually
from 564 mV to 443 mV. The short-circuit current density decreases at the same time
from 21 mA /cm? to 17.3mA /cm?.

Figure 6.3 shows the photovoltaic parameters of the same sample series (sample A and
series C) as shown in figure 6.2 as a function of the deposition power of the intrinsic
absorber layer. The conversion efficiency decreases from 8.6% for a deposition power
of 20W to 4.5% for a deposition power of 600 W. The strongest decrease is observed

for an increase in deposition power from 20 W to 200 W. With increasing deposition
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Figure 6.3: Photovoltaic parameters (efficiency 7, fill factor FF, open-circuit
voltage V,,., and short-circuit current density Jy.) as a function of the
deposition power used to deposit the intrinsic absorber layer.



Application of high deposition rate processes for the fabrication of
100 microcrystalline silicon solar cells

power from 20 W to 600 W the open-circuit voltage decreases from 564 mV to 443 mV .
The fill factor decreases from 72.5% to 59% while increasing the deposition power
from 20 W to 600 W. The short-circuit current density decreases from 21.0 mA /cm?
for a deposition power of 20W to 17.3mA /cm? for a deposition power of 600 W. The
strongest decrease is again observed for deposition powers up to 200 W. In summary, all
photovoltaic parameters decrease with increasing deposition power. Since the deposition
rate increases linearly with increasing deposition power for the OPM-material (see
chapter 4) one can also say that all photovoltaic parameters decrease with increasing
deposition rate.

Figure 6.4 shows the TEM images of two pc-Si:H solar cells. Figure 6.4a and ¢ show
the TEM images obtained for a solar cell with an intrinsic absorber layer deposited
at 20W. Figure 6.4 b and d show TEM images of a solar cell where the intrinsic
absorber layer was deposited at 200 W. Figure 6.4a and b show images obtained at lower
magnification, while figure 6.4c and d show images obtained at high magnification.

In figure 6.4a and b one can distinguish between the glass substrate, the textured
ZnO : Al, and the silicon layer stack. For both samples it appears that the uc-Si:H
layer features columnar grains. From figure 6.4a and b it is evident that the nucleation
of these columnar grains takes place on the textured ZnO : Al substrates. Figure 6.4c
and d show a zoom-in of the silicon layer stack. For the sample where the intrinsic
absorber layer was fabricated at a deposition power of 20 W (figure 6.4c) one can see a
crystal grain which nucleation center appears to be at the spike of the ZnO : Al substrate.
This grain shows conical structure close to the substrate/film interface and seems to
extend almost through the whole layer. For the sample where the intrinsic absorber layer
was fabricated at a deposition power of 200 W (figure 6.4d) smaller crystal grains are
observed, compared to the sample shown in figure 6.4c, possibly leading to an increase
in void density. However, from the images displayed here it would not be reasonable to
comment on the void density.

From figure 6.4a and b it is not possible to see a drastic difference of the nucleation at the
substrate film interface. In particular for both samples the presence of an incubation layer
is not seen. This is somehow in contrast to the observations drawn from the bight field

TEM images taken for the silicon layers (chapter 5, figure 5.11). There an incubation
layer with a thickness of approximately 120 nm was observed for the reference sample
deposited at a deposition power of 20 W. The thickness of this incubation layer was
observed to decrease with increasing deposition power. Consistent with the observations
obtained from the TEM images of the silicon layers is that for both samples deposited at
20W a conical growth of the crystal columns is observed. Furthermore for both studies

a decrease in column width with increasing deposition power is observed.
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Figure 6.4: TEM images of two pic-Si:H single junction solar cells deposited on
glass. The first one deposited at a deposition power of 20W (a, ¢). The
second one deposited at a deposition power of 200W (b, d). Images
showing the cross section of the lamella (a, b) and magnifications of
the silicon layer stack (c, d) are shown. All images were taken in
bright field modus.
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HWCVD buffer layer PECV D buffer layer
substrate temperature Ty, [°C] 150 200
silane concentration SC (%] 2 52
deposition power P W] - 20
electrode distance d [mm] 40 11
deposition pressure p [hPa) 0.1 1
wire temperature Tyyire [°C] 1500 —
wire current ;e [A] 30 -

Table 6.2: Summary of the processing parameters of the applied buffer layers.

Application of buffer layers to uc-Si:H single junction solar
cells

The application of buffer layers enables to investigate if the mediocre device performance
of the solar cells shown in the preceding section is related to inferior material quality
of the pc-Si:H absorber layer or due to a disturbance of the pi-interface. The buffer
layers were either deposited by HWCV D or PECV D. Processing details can be found
in table 6.2. To distinguish between the buffer layers deposited by HWCV D and
PECV D the buffer layers will be referred to as HW CV D-buffer or PECV D-buffer layer,
respectively. According to Schropp no ions are involved during the deposition of silicon
layers with the HWCV D technique [183]. Therefore a damage of underlying layers due
to ion bombardment is unlikely with HWCV D. In case of the PECV D-buffer layer the
deposition rate was low. A damage of the pi-interface due to ion bombardment is not
expected since high quality solar cells can be obtained with these deposition conditions
as can be seen for sample A. The buffer layers thickness was set to 120nm independent of
the deposition technique. The deposition time for the i>-layer was shortened accordingly

to ensure a final thickness of the intrinsic layer of 1 pm.

The effect of buffer layers on the performance of thin-film solar cells

Figure 6.5 shows the photovoltaic parameters for samples A and B and for series C to G
as a function of the deposition rate of the i>-layer.

Overall the conversion efficiency decreases with increasing deposition rate independent
of the applied deposition pressure and independent of the application of a buffer layer.
Furthermore, the open-circuit voltage as well as the short-circuit current density and the
fill factor decrease with increasing deposition rate. For the reference solar cell where
the intrinsic absorber layer was deposited at a deposition rate of 0.2 nm/s the imple-
mentation of a HWCV D-buffer layer leads to an increase in conversion efficiency of

0.9% on absolute scale (samples A and B). This increase is mainly driven by an increase
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Figure 6.5: Photovoltaic parameters (efficiency 7, fill factor FF, open-circuit
voltage V,, and short-circuit current density Jy.) as a function of the
deposition rate of the i-layer. Two pressure regimes at 3 hPa and
5 hPa have been investigated. In addition the application of buffer lay-
ers fabricated by HWCV D and PECV D was explored. Experimental
data of solar cells deposited at low deposition rates with and without
buffer layer are shown as a reference.

in short-circuit current density of 1.3mA /cm? from 19mA/cm? to 21.3 mA/cm?. The
fill factor and the open-circuit voltage are not affected by the implementation of the
HWCV D-buffer layer.

For the sample series where the intrinsic absorber layer was deposited at a deposition
pressure of 5 hPa without any buffer layer being applied (series C) the conversion effi-
ciency decreases from 7.4% to 4.5% for an increase in deposition rate from 0.8 nm/s to
2.7nm/s. For the same range in deposition rate the open-circuit voltage to decreases
from 544 mV to 443 mV , the fill factor from 69% to 59%, and the short-circuit current
density from 19.6 mA /cm?® to 17.3 mA /cm?.

Applying a HWCV D-buffer layer (series D) shows similar trends with increasing depo-
sition rate as the sample series without buffer layer (series C). The conversion efficiency
decreases from 7.4% to 4.6% with an increase in deposition rate from 0.6 nm/s to
2.3 nm/s of the uc-Si:H ip-layer. For the same interval of deposition rate the open-
circuit voltage decreases from 544 mV to 454 mV , the fill factor from 70% to 56%, and
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the short-circuit current density from 19.3mA/cm? to 18 mA /cm?.

For the sample series where the PECV D-buffer layer was implemented (series E), the
conversion efficiency decreases from 7.3% for a deposition rate of 0.7 nm/s to 5.1% for
a deposition rate of 1.9nm/s. At the same time the open-circuit voltage decreases from
543 mV to 463 mV , the fill factor from 69% to 61%, and the short-circuit current density
from 19.4mA /cm? to 17.8 mA /cm?.

Comparing the photovoltaic parameters for the sample series without buffer layer, with
a HWCV D-buffer layer, and with the PECV D-buffer layer (series C to E) similar values
for a specific value of deposition rate are observed.

For a second pressure regime at 3 hPa pic-Si:H thin-film solar cells with a varied de-
position rate for the intrinsic absorber layer with and without buffer layer have been
fabricated. For the series without buffer layer (series F) the conversion efficiency de-
creases from 6.7% for a deposition rate of 1.0 nm/s to 5.1% for a deposition rate of
1.3 nm/s. For the same range in deposition rate the open-circuit voltage decreases from
506 mV to 462 mV, the fill factor from 64% to 60.5%, and the short-circuit current
density from 20.7 mA /cm? to 18.3mA /cm?.

For the sample series wherein the HWCV D-buffer layer was applied (series G) the
conversion efficiency decreases from 6.9% to 5.4% for an increase in deposition rate
of the ip-layer from 0.9 nm/s to 1.2nm/s. At the same time the open-circuit voltage
decreases from 506 mV to 468 mV, the fill factor from 63.5% to 60.1%, and the short-
circuit current density from 21.3mA /cm? to 18.7mA /cm?.
When comparing the photovoltaic parameters of the solar cells fabricated with and
without buffer layer for the pressure regime of 3 7Pa the values are observed to be
similar.

Figure 6.6 shows the short-circuit current density measured under blue- (a) and red-light
(b) both as a function of the deposition rate of the intrinsic absorber layer.

For the reference solar cell an increase in short-circuit current density measured under
blue light Jy¢ e 0f 0.35mA/ cm? is observed by the introduction of the HW CV D-buffer
layer. For the sample series where the intrinsic absorber layer was fabricated at a deposi-
tion pressure of 5 hPa without any buffer layer (series C) the Jy 1, Shows significant
scatter. However, at a deposition rate of 2.7 nm /s the Jyc pyy is observed at 3.27mA/ cm?
which is even higher than the values observed for low deposition rates. By the appli-
cation of the HWCV D-bulffer layer for the same pressure regime (series D) the Jyc pie
is constant at approximately 3.1 mA /cm? independent of the deposition rate. For the
sample series of the same pressure regime with the PECV D-buffer layer (series E) the
Jsc blue 18 constant at 3.0 mA / cm? for a deposition rate below 1.4nm/s. At a deposition

rate of 1.9nm/s the J. 1, decreases to 2.7 mA /cm?.
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Short-circuit current density measured under blue light (bandpass
centered around 480 nm) (a) and red light (low-pass filter with a cut-
off wavelength of 590 nm) (b) as a function of the deposition rate
of the ip-layer. Two pressure regimes at 3 hPa and 5 hPa have been
investigated. In addition the application of buffer layers fabricated by
HWCVD or PECVD was explored. Experimental data of solar cells
deposited at low deposition rates with and without buffer layer are
shown as a reference.
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For the sample series where the intrinsic absorber layer was deposited at a deposition
pressure of 3 hPa the Jy p1ye is constant around 3.1mA/ cm? independent of the deposi-
tion rate and independent of the application of a buffer layer (series F and G).

For the reference solar cell an increase in short-circuit current density measured under
red light J¢ yoq of 1.1mA/ cm? is observed with the introduction of the HW CV D-buffer
layer. For the sample series where the intrinsic absorber layer was fabricated at a deposi-
tion pressure of 5 hPa without a buffer layer being applied (series C), the J. .4 decreases
from 9.7mA /cm? to 7.3 mA /cm? with an increase in deposition rate from 0.8 nm/s to
2.7nm/s. For the sample series deposited at the same pressure regime with the imple-
mentation of the HWCV D-buffer (series D) a reduction in Jyc ¢ from 9.2mA/ cm? to
7.8 mA /cm? with an increase in deposition rate from 0.6 nm/s to 2.3 nm/s occurs. For
the sample series with the PECV D-buffer layer a reduction in Jyc oq from 9.6 mA/ cm?
to 8.9mA /cm? is observed for an increase in deposition rate from 0.7 nm /s to 1.9 nm/s.
For the sample series where the pressure regime of 3 hPa was used for the deposition of
the intrinsic absorber layer a reduction in Jc g from 10.3mA/ cm? t0 8.3mA / cm? for an
increase in deposition rate from 1.0nm/s to 1.3 nm/s is observed for the sample series
without buffer layer (series F). For the same pressure regime with the HW CV D-buffer
layer (series G) a reduction in Jy. .4 from 10.5mA/ cm? to 8.6 mA / cm? with an increase
in deposition rate from 0.9 nm/s to 1.2 nm/s is observed.

Overall a decrease in Jy. ;¢ With increasing deposition rate is observed. Despite the
considerable scatter the general trends of a decrease in J. ;¢ with increasing deposition
rate is observed independent of the fact if a buffer layer is applied or not. The J 1y 1S
neither observed to be influenced by an increase in deposition rate nor by the application

of a buffer layer.

Varying the thickness of the buffer layer for thin-film solar cells

The buffer layer thickness for series H was varied between 0 nm and 750 nm. For series I
the buffer layer thickness was varied between 0nm and 200 nm. Further processing
details for both sample series can be found in table 6.1. The buffer layer for both series
was fabricated by PECV D. The experimental data presented in the previous section
showed similar photovoltaic parameters for the solar cells with a HWCV D-buffer layer
compared to those with the PECV D-buffer layer. The PECV D technique for the buffer
layer deposition was used due to a shorter total processing time.

The aim of this experiment was to investigate which thickness of buffer layer is
necessary to achieve a similar device performance as for the reference process. These
investigations allowed to study to which extend the application of an intrinsic absorber

layer fabricated at high growth rates can be detrimental for device performance.
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Figure 6.7: Photovoltaic parameters (efficiency 7, fill factor FF, open-circuit
voltage V,, and short-circuit current density Jy.) as a function of
the thickness of the buffer layer. For this study the buffer layer was
fabricated by PECV D. Two pressure regimes at 3 7Pa and 5 hPa have
been investigated.

The deposition time of the i>-layer was adjusted according to the thickness of the i{-layer
in order to achieve a similar thickness of the intrinsic absorber layer for all devices
of 1 um. The deposition parameters of the buffer layer applied here correspond to the
reference process for the processing of intrinsic absorber layers which yield high quality
solar cells at low deposition rates.

Figure 6.7 shows the photovoltaic parameters of two sample series (series H and I) as a
function of the buffer layer thickness. The thin-film solar cell presented in figure 6.7
with an i;-layer thickness of 1 um corresponds to a reference solar cell. For the sample
series where the deposition pressure was set to 5 hPa for the i>-layer deposition (series H)
the conversion efficiency increases from 6.7% for the sample without buffer layer to
7.6% for a buffer layer thickness of 750 nm. For the same range in buffer layer thickness
the open-circuit voltage increases from 506 mV to 552mV, the fill factor from 64% to
70.3%, the short-circuit current density decreases from 20.7 mA /cm? to 19.6 mA /cm?.
For the sample series where the i»-layer was deposited at a deposition pressure of 3 hPa

(series I) the variation conversion efficiency is less pronounced than for the samples
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of series H. For the sample with out buffer layer a conversion efficiency of 6.8% is
observed. For a buffer layer thickness of 200 nm a conversion efficiency of 6.4% is seen.
For the same variation in buffer layer thickness the open-circuit voltage increases from
509mV to 519mV, the fill factor decreases from 64.5% to 62.1%, and the short-circuit
current density decreases from 20.8 mA /cm? to 20.0mA /cm?.

Figure 6.8 shows the short-circuit current density measured under the blue- (a) and
red-light (b) both as a function of the buffer layer thickness for the samples of series H
and I. For the samples where the i-layer was deposited at a deposition pressure of 5 hPa
(series H) the Jyc piye is observed between 3.1mA/ cm? and 2.8 mA / cm?. The results
do not indicate a clear trend of the Jy. p1,e. The Jg pyye for the sample series where the
ir-layer was deposited at 3 hPa stays close to 2.9 mA /cm? independent of the buffer
layer thickness (series I).

The J;c req is observed to decrease for both sample series with increasing buffer layer
thickness. For the sample series where the intrinsic absorber layer was deposited at
a deposition pressure of 5hPa (series H) the Jy .4 decreases from 10.3 mA/ cm? to
9.4mA/cm? by an increase in buffer layer thickness from 0nm to 750 nm. Despite
significant scatter it appears that the Jy. 4 for the sample series where the intrinsic
absorber layer was deposited at a deposition pressure of 3 #Pa (series I) decreases from
10.7 mA/em? to 10.0 mA/cm? for an increase in buffer layer thickness from 0nm to
200 nm.

The results of this experiment indicate that a decrease in device performance can not
exclusively be attributed either to a decrease in absorber layer material quality nor to an
impairment of the pi-interface. In contrary the results suggest that a combination of both

accounts for the decrease in device performance.

About the challenge to keep the deposition rate high when implement-
ing buffer layers

When targeting high deposition rates the application of a buffer layer deposited at low
deposition rates can be counterproductive since the effective deposition rate of the whole
intrinsic absorber layer decreases with increasing buffer layer thickness. Figure 6.9
shows the effective deposition rate of a stack of two intrinsic absorber layers as a function
of the thickness of the buffer layer. The effective deposition rate is calculated by

dtolal dtolal 6.1)

Rpefr=7"="3"4
total Roal

Rpi>

where d;;; is the total layer thickness which was set to 1 um. The total deposition time

troral 18 the sum of the deposition time of the buffer layer and the second intrinsic layer.
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the buffer layer was fabricated by PECV D. Two pressure regimes at
3 hPa and 5 hPa have been investigated.
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Figure 6.9: Effective deposition rate as a function of the thickness of the first layer.
The effective deposition rate is calculated according to equation 6.1.
The total thickness of the layer stack was set to 1 pm, the deposition
rate of the ij-layer was set to 0.2nm/s. The deposition rate of the ip-
layer was varied between 1 nm/s, 2nm/s, and 3 nm/s. The maximum
i1-layer thickness for a minimal effective deposition rate of 1nm/s is
indicated.

The deposition time for the i;-layer is calculated by the variable thickness d;; and a set
deposition rate Rp ;1 of 0.2nm/s. The deposition time for the i>-layer is calculated by
the variable thickness dj» (1 um —d;1) and the variable deposition rate Rp j>.

The effective deposition rate is calculated for various deposition rates Rp ;» of 1 nm/s,
2nm/s, and 3 nm/s of the ir-layer. With increasing ij-layer thickness the effective
deposition rate decreases independent of the deposition rate of the i>-layer. Furthermore
the effective deposition rate converges towards a value of approximately 0.33 nm/s
independent of the deposition rate of the i>-layer.

Figure 6.9 allows to calculate the maximum thickness of the i;-layer for a specific value
of effective deposition rate. Here the procedure is exemplary shown for a effective
deposition rate of 1 nm/s. For a deposition rate of the ir-layer of 1 nm/s the application
of a buffer layer of any thickness leads to an effective deposition rate below 1 nm/s. For
a deposition rate of the i-layer of 2nm/s the maximal buffer layer thickness is 117 nm

if the effective deposition rate should be equal or beyond to 1.0 nm/s. Accordingly
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the maximal buffer layer thickness for a deposition rate of the i-layer of 3nm/s is
calculated to 155 nm. In order to take advantage of the high deposition rates for the

ip-layer the thickness of the i;-layer should be limited.

Simulation of the ion impact

The experimental data shown in the preceding sections suggest that along with a decrease
in material quality a deterioration of the pi-interface is the reason for the reduced device
performance when applying intrinsic absorber layers deposited at high deposition rates.
The impairment of the pi-interface induced by high deposition rates may originate
from ion bombardment, a variation of the nucleation conditions, or form structural
inhomogeneities at the substrate/film interface. To further elucidate the origin of the
impairment of the pi-interface simulations on the impact of ions on a silicon target have

been performed.

Approach

The calculations of the stopping and range of ions in matter were performed with the
SRIM software package. The software suite is openly available through the SRIM-
website [184]. The program was introduced in 1985 by Ziegler et al. [185]. Since it was
continuously improved with major updates approximately every six years [186, 187].
The SRIM database comprises 28000 stopping values and over 500 diagrams document
the accuracy between simulation and experimental data [184]. A detailed introduction
to the SRIM software suite and the theory of stopping and range of ions in matter can be
found in the book of Ziegler et al. [185].

The software suite uses quantum mechanical calculations to describe ion-atom collisions
including shell effects. The ions with their specific mass are assumed to move towards
the stationary target. The stopping power describes the reduction in energy per unit
distance. The ion trajectories in the target are calculated through the consideration of
multiple ion-atom collisions. Each trajectory starts with a specific energy, direction, and
position. The ion energy is reduced with each collision event. The collision partner
atom absorbs energy while the ion changes its direction. The ion trajectory between
two collision events is assumed to be a straight line. For each collision event nuclear
and electronic energy reductions are considered. The trajectory is calculated until the
ion energy vanishes through ion-atom collisions or when the ions transmits through
the target. The trajectories elongation for each ion is limited by the conservation of
momentum and energy of the whole system. The atoms in the target layer are assumed
to be randomly distributed such that the lattice structure does not affect the stopping and

the range of the ions in the target. The SRIM software package enables to calculate the
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Figure 6.10: Schematic of the structure of the monte carlo simulation on the stop-
ping and range of ions in matter. For each incident angle of 1°, 45°,
and 90° with respect to the substrate surface the energy of the bom-
barding ions was varied between 10eV and 200V . As species of the
bombarding ions silicon ions have been chosen. A silicon layer with
the dimension of 200 nm x 200 nm x 200 nm was assumed as target.
The simulation enables to calculate the penetration depth d, and the
radial distribution r; of the ions in the target.

final distribution of the ions in the target. Furthermore, excitation of atoms, sputtering
yield, lattice displacements, and phonon production can be calculated.

Figure 6.10 shows a schematic drawing of the setup used for the calculation of the
penetration depth and radial distribution of ions in a silicon substrate. The ion trajectories
schematically shown in figure 6.10 are typical for an incident angle of 90°. Here the
software version SRIM 2008.4 was used for the final ion distribution.

The calculations were performed for incident angles of 1°, 45°, and 90° with respect to
the substrate surface. The energy of the bombarding silicon ions was varied between
10eV and 200¢eV. As target a layer of silicon with dimensions of 200 nm x 200 nm x
200nm was assumed. For each set of input parameters the penetration depth d, and the

radial distribution r; was calculated for 30000 ion trajectories. Typical values for the
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energy of the bombarding ions range between 10eV and 100¢V for the deposition of thin
silicon films by PECV D [27]. Recently Bronneberg et al. suggested the ion energy for
HPD process regimes to be at most at 19 ¢V. This estimation is based on measurements
with a capacitive probe in the pressure range between 2 hPa and 20 hPa [188]. It is
important to note that the measurements were performed for a hydrogen glow discharge
at a gas pressure of 1 hPa and an excitation frequency of 13.56 MHz. The energy of
the bombarding ions is known to decrease with increasing gas pressure and increasing

excitation frequency.

Penetration depth and radial distribution of ions with varying incident
energy in silicon

Figure 6.11 shows the maximal penetration depth d), (a) and the maximal radial distribu-
tion r4 (b) of ions in a silicon target both as a function of the energy of the impinging
ions. The calculations have been performed for an incident angle of 1°, 45°, and 90°
with respect to the substrate surface.

The penetration depth increases with increasing energy of the bombarding ions for all
angles of incidence. For a specific energy value the penetration depth is observed to be
highest for an angle of incidence of 90° and lowest for an angle of incidence of 1°. The
maximal penetration depth is 1.1 nm for an ion energy of 100 eV for an incident angle of
90°. Considering the recently published maximal value of impinging ions of 19V the
penetration depth accounts less than 0.6 nm.

The radial distribution of the ions in the target increases with increasing energy of the
bombarding ions. The increase in radial distribution is independent of the angle of
incidence. The radial distribution is highest for an angle of incidence of 1° and lowest
for an angle of incidence of 90°. The highest value for the radial distribution is 1.2 nm
for an ion energy of 100 ¢V for an incident angle of 1°. Again, when considering a
maximal value for the ion energy 19 ¢V the radial distribution is observed to be less than
0.7 nm. The results obtained through the calculations of the ion impact in matter show

that a deterioration of the pi-interface due to ion bombardment is unlikely.

Discussion

The aim of the study presented in this chapter was to investigate the effects on photo-
voltaic parameters of pc-Si:H solar cells when incorporating intrinsic absorber layer
deposited at elevated growth rates. The study presented in this chapter based on the
results of the preceding studies presented in chapters 4 and 5. With the established

criteria in literature the material obtained at elevated growth rates was considered to be
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Figure 6.11: Maximal penetration depth d,, (a) and maximal radial distribution (b)
of ions as a function of the bombarding energy of these ions. The
calculations have been performed for an incident angle of the ions of
1°, 45°, 90° with respect to the substrate surface.



6.5 Discussion 115

of device grade quality [148, 38]. However the study presented in chapter 5 suggest a
considerable change in microstructure and porosity of the pc-Si:H films. The pc-Si:H
films show pronounced tensile stress with increasing deposition rate. The presence of
tensile stress can reflect in a reduction in open-circuit voltage when incorporating those
materials in thin-film solar cells due to a disturbance of the electric field.

All photovoltaic parameters decrease with increasing deposition power (series C, fig-
ure 6.3). The decrease in fill factor can be related to inferior material quality of the
intrinsic absorber layer with increasing deposition power. The short-circuit current
density can phenomenologically be described as the sum of the J,. .y and a multiple of
the Jyc piue- Therefore a decrease in short-circuit current density can also be attributed to
a decrease in Jy. p1, induced by a deterioration of the pi-interface.

Implementing buffer layers between p-type and intrinsic absorber layers protects the
pi-interface from possible damage induced by the application of high deposition rates.
Thus, it enables to investigate if the reduced device performance is due to a deterioration
of the pi-interface or due to inferior material quality of the intrinsic absorber layers.
Apart from the reference sample (sample B, figure 6.5) an effect of the buffer layer
either fabricated by HWCV D or PECV D is not observed. This is an indication that
the reduction in device performance is strongly related to a decrease in absorber layer
material quality with increasing deposition rate. This assumption is supported by the
results obtained through /V-measurements under blue and red light illumination. Con-
sidering the measurement uncertainty, the short-circuit density measured under blue
light is neither influenced by an increase in deposition rate nor by an implementation
of a buffer layer (see figure 6.6a). A decrease in short-circuit density measured under
red light is observed with increasing deposition rate which points to an inferior material
quality of the intrinsic absorber layer (see figure 6.6b).

On the other hand, an increase in open-circuit voltage and fill factor is observed with
increasing thickness of the PECV D-buffer layer (series H and I, figure 6.7). When
considering the open-circuit voltage and the fill factor as measures for the material
quality of the intrinsic absorber layer the experimental data shown in figure 6.7 allow to
draw two conclusions. First, independent of the PECV D-buffer layer thickness, neither
the open-circuit voltage nor the fill factor of the reference sample were reached by any
sample in series I (see figure 6.7). This supports the earlier conclusion that the device
performance is limited by the absorber layer material quality. Second, with an increase
in the buffer layer thickness up to 120 nm an increase in open-circuit voltage and fill
factor is observed. This shows that the device performance is also governed by the
conditions of the pi-interface.

Van den Donker and Mai observed the formation of an a-Si:H incubation layer up to a
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thickness of 100 nm when applying the HPD regime for the deposition of the intrinsic
absorber layer [144, 149]. The presence of the a-Si:H incubation layer was claimed to
be responsible for the poor device performance of the solar cells they presented. The
formation of the a-Si:H incubation layer was explained by a transient depletion of silane
source gas from the discharge zone shortly after the ignition of the glow discharge [144].
Here a pronounced fraction of a-Si:H at the pi-interface is not observed. In contrast
TEM investigations performed on solar cells (see figure 6.4) and silicon layers (chap-
ter 5, figure 5.11) point to a high Raman intensity ratio at the pi-interface when applying
processes yielding high deposition rates. For the silicon layers (chapter 5, figure 5.11)
the incubation layer thickness was observed to decrease with increasing deposition rate.
These findings were supported by Raman depth profiles where the Raman intensity ratio
was measured along the growth axis. From these measurements (chapter 5, figure 5.7b)
one can also see a decrease in incubation layer thickness and an increase in Raman
intensity ratio at the substrate/film interface. The fact that for the solar cells presented
here no incubation layer is seen in the TEM images (figure 6.4) while for the silicon
layers an a-Si:H incubation layer is observed (chapter 5, figure 5.11) is attributed to the
use of different substrates. In case of the solar cells the intrinsic pc-Si:H absorber layer
was deposited on a highly crystalline p-type layer which is expected to facilitate the
nucleation compared to a glass substrate used for the silicon layers [169, 170, 132].
Furthermore an a-Si:H incubation layer is expected to impair the carrier extraction [149].
This should reflect in a reduction of the short-circuit current density measured under
blue light, which is not observed here (see figure 6.8a). Conclusions on the detailed
variations in Raman intensity ratio along the growth axis can not be given for the solar
cells presented in this chapter since the Raman depth profile measurements were not
performed.

Apart from the ion bombardment, which will be discussed later, a variation of the
nucleation conditions at the pi-interface can be another origin for the impairment of this
interface. The formation of a silicon film from a glow discharge process takes place
through the adsorption of growth precursors on the surface of the growing film. One
condition for the formation of a rigid network is that the growth precursors are able to
move on the surface of the growing film until energetically favorable growth sites are
found [90]. If the surface diffusion length is drastically reduced the probability for the
formation of a defective material is increased. The application of high deposition rates
may alter the surface chemistry by an increased precursor flux towards the surface of the
growing film. Leading to a reduction in growth precursor diffusion length which may
impair the pi-interface through the formation of a low-density network.

In chapter 5 an increase in tensile stress in the pc-Si:H layers was observed with in-
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creasing deposition rate. The presence of tensile stress can lead to defect states in the
intrinsic absorber layer. These defect states can if occupied in a p-i-n structure affect the
electric field distribution which reflects in a reduced open-circuit voltage [178]. Indeed
a reduction in open-circuit voltage is observed with increasing deposition rate which fits
in the picture. Supporting the findings here Bugnon et al. showed a correlation between
conversion efficiency and mechanical stress [189].

For the reference solar cell a positive influence in terms of device performance is ob-
served by the incorporation of the HWCV D-buffer layer. The increase in conversion
efficiency is mainly driven by an increase in short-circuit current density. An increase in
open-circuit voltage like reported in earlier studies performed at the research center in
Jiilich is not observed [190, 191]. One reason for this discrepancy can be that the instal-
lation of the new deposition facilities with a pumping system which reaches pressures
in the ultra high vacuum range enables to deposit layers with a higher material purity.
A slight oxygen contamination could lead to a defect rich layer. When placed between
p-type and intrinsic absorber layer this could lead to an increase in open-circuit voltage
which was seen in the earlier studies.

The assumption of an inferior material quality for the intrinsic absorber layer deposited
at elevated deposition rates is supported by the TEM investigations. With increased
growth rate a decrease of the width of the crystal columns is observed, which can lead
to an increase in void density. An increased void density and discontinued crystal grains
can lead to an enhanced recombination due to an increase in defect density and thus a
decrease in short-circuit current density.

Turning the attention to the results obtained through the simulation of impinging ions.
The highest penetration depth for an incident angle of 90° is explained by the fact that the
bombarding ions do not possess any energy fraction parallel to the substrate surface. For
an incident angle of 1° the contribution parallel to the substrate surface is considerable.
Therefore the penetration depth shows the lowest value while the radial distribution
shows the highest values for an incident angle of 1°. Considering the estimation for the
upper limit for the ion energy for HPD process regimes of 19 eV [188] the maximal
penetration depth is around 0.6 nm while the maximal radial distribution is around
0.7 nm. That means that the maximal penetration depth corresponds to five monolayers
of silicon atoms. The radial distribution corresponds at most six times the width of one
silicon atom. Thus, a strong influence of the ion bombardment on the pi-interface seems
unlikely.

Furthermore, serious damage of the pi-interface induced by ion bombardment can be
excluded when comparing the upper limit for ion energies for the HPD process regime

to the threshold values given in literature for the sputtering of silicon, the bulk, and
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the surface displacement of silicon atoms. The threshold energy for the sputtering of
silicon atoms is given in literature by 50 eV [192]. The threshold energy for the bulk
displacement of silicon atoms is calculated to 36 ¢V while the threshold energy for the
surface displacement of silicon was calculated to 16 eV [193]. Thus, the sputtering of
silicon atoms and the bulk displacement due to ion bombardment can be excluded. The
surface displacement of silicon atoms is possible but not very likely since the energy
of 19¢V is regarded as a upper limit and the energy of the bombarding ions decreases
with increasing deposition pressure and increasing excitation frequency. Therefore a
serious damage of the pi-interface due to ion bombardment is unlikely. The mediocre
device performance can be related to inferior material quality of the intrinsic absorber
layer deposited at elevated deposition rates altogether with an impairment of the pi-
interface due to a variation of the nucleation conditions or to structural inhomogeneities
at the substrate/film interface. Amongst others van den Donker showed that tailored
processes concentrating on the engineering of the pi-interface can lead to an improved
device performance [144]. Future work could investigate dedicated processes for the
pi-interface for the deposition conditions described here to overcome the limitations
induced by an impairment of the pi-interface. The limitations of the device performance
due to an inferior material quality of the intrinsic absorber layer is in some points in
contrast to the findings presented in the preceding chapters. The experimental data
gained through conductivity (chapter 4, figure 4.7) and ESR (chapter 4, figure 4.8)
measurements suggest the feasibility to produce OPM-material at elevated deposition

rates.

Conclusion

The effects of an increased deposition rate for the intrinsic absorber layer of pc-Si:H
solar cells on the device performance was investigated. For an increased deposition rate
the device performance decreases which is determined by a decrease of all photovoltaic
parameters which is partly in contrast to the expectations raised from the investigations
on c-Si:H layers (see chapter 4). The incorporation of buffer layers either fabricated
by HWCVD or PECV D between the p-type and intrinsic layer allowed to investigate if
the reduced device performance at elevated deposition rates is related to a damage of
the pi-interface and/or to an inferior material quality of the intrinsic absorber layer. The
experimental results presented here showed the device performance to be limited by a
combination of both effects. Monte carlo simulations on the ion impact showed that
a serious damage of the pi-interface due to ion bombardment is unlikely. As possible

sources for an impairment of the pi-interface a variation of the nucleation conditions
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and structural inhomogeneities at the substrate/film interface have been discussed.






7.1

In this chapter the results of a study with the aim to implement intrinsic pc-Si:H layers
fabricated at elevated deposition rates as the absorber layer of the bottom solar cell
of a-Si:H/pc-Si:H tandem solar cells are presented. The thin-film tandem solar cells
are investigated with respect to their photovoltaic parameters, performance upon light
induced degradation, and short-circuit current density matching between top and bottom
solar cell before and after the light induced degradation. Finally EQF measurements
of the multijunction solar cells are presented comparing the as deposited state and the

device performance after 1000 % of light induced degradation.

Intfroduction

The processes developed during the material study presented in Chapter 4 as well as
the results obtained while investigating pc-Si:H single junction solar cells presented in
Chapter 6 served as starting point for the study presented in this chapter.

For the device fabrication commercially available glass covered with SnO,:F (Asahi
type VU) was used as substrate. The silicon layers were deposited by PECVD on
10 cm x 10 cm substrates using the clustertool deposition system (see Chapter 3.1).
For the a-Si:H top solar cell and the pc-Si:H bottom solar cell the p-i-n deposition
sequence was used such that the solar cells were fabricated in superstrate configuration.
The top solar cell is formed by a layer stack consisting of p-type a-SiC:H, intrinsic
a-Si:H, and n-type uc-Si:H layer. The bottom solar cell is formed by a layer stack of
p-type uc-Si:H, intrinsic pc-Si:H, and n-type a-Si:H. A layer sequence of sputtered
Zn0:AllAg/ZnO:Al served as the back contact and back reflector of the final device.

Apart from the deposition conditions of the pic-Si:H absorber layer of the bottom

7 - Microcrystalline silicon absorber
layers prepared at high deposition
rates for thin-film tandem solar cells
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p d P SC
[hPa] [mm]  [W] [%]
reference process 1 11 20 5.2
HPD process 1 3 10 50-100 3.4-3.9
HPD process 2 5 10 50-400 24-7.0

Table 7.1: Deposition parameters of the pc-Si:H absorber layer for the reference
process and the two deposition regimes conducted at elevated deposi-
tion pressures. The deposition parameters are abbreviated as follows:
deposition pressure p, electrode distance d, deposition power P, and
silane concentration SC.

solar cell all deposition parameters remained unchanged during the experiments. The
deposition rate of the absorber layer of the bottom solar cell was varied by adjusting
the deposition power, the silane concentration, and the deposition pressure. To ensure
a similar total thickness of the devices the deposition time of the bottom solar cells
absorber layer was adapted according to the deposition rate. The deposition power was
varied between 20 W and 400 W, the silane concentration was varied between 2.4% and
7%, and the deposition pressure was varied between 1 hPa and 5 hPa.

The absorber layers of the solar cells used as reference devices in this study were
processed at a deposition power of 20 W, an electrode distance of 11 mm, a deposition
pressure of 1 ~Pa, and an excitation frequency of 81.36 MHz. This parameter set yields
a deposition rate for the reference process of approximately 0.2 nm/s.

For the solar cells where the pc-Si:H i-layer was processed at 3 hPa the deposition
power was varied between S0 W and 100 W with varying SC between 3.4 % and 3.9 %.
For the solar cells where the pc-Si:H i-layer was processed at 5 hPa the deposition
power was varied between S0 W and 400 W while the SC was varied from 2.4 % to
7.0 %. The simultaneous variation of the deposition pressure, the deposition power, and
the silane concentration was necessary to achieve the optimal phase mixture for the
tc-Si:H i-layers at elevated deposition rates (see Chapter 4) and, thus, to guarantee the
optimal processing conditions for the fabrication of high quality thin-film solar cells.
The deposition parameters of the pc-Si:H absorber layer for the reference process as
well as for the two deposition regimes conducted at elevated deposition pressures are

summarized in Table 7.1.

Photovoltaic parameters

Figure 7.1 shows the photovoltaic parameters as a function of the deposition rate of the
absorber layer of the pc-Si:H bottom solar cell prepared at various deposition pressures

and deposition powers. The highest device performance with an conversion efficiency of
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Figure 7.1: Photovoltaic parameters (conversion efficiency 7, fill factor F'F, open-
circuit voltage V,,., and short-circuit current density Jy.) as a function
of the deposition rate Rp. The circles indicate samples 1, 2, and 3,
which were further investigated by light induced degradation mea-
surements.

12.1 % was achieved with the reference process at a deposition rate of 0.2 nm/s. With
increasing deposition rate the conversion efficiency of the solar cells decreases to 9.1 %
for a deposition rate of 1.1nm/s. Increasing the deposition rate above 1.2 nm/s results
in a significant decrease of the device performance. The open-circuit voltage for those
samples is below 1.3V while the short-circuit current density is below 4 mA /cm?.

The best solar cells where the pc-Si:H i-layers were processed at elevated deposition
pressures of 3 hPa and 5 hPa show conversion efficiencies of 10.9 % and 9.1% and
deposition rates of 0.8 nm/s and 1.1 nm/s, respectively. The photovoltaic parameters
and the depositions conditions of the best solar cells of each regime are summarized in
Table 7.2. In the following these solar cells will be referred to as sample 1, sample 2,
and sample 3, according to Table 7.2. Comparing sample 1 and sample 3 an increase
of the deposition rate from 0.2nm/s to 1.1 nm/s resulted in a decrease of 45mV in the
open-circuit voltage, and a decrease in the short-circuit current density of approximately
2mA /em?. Comparing sample 1 and sample 2 the open-circuit voltage decreases by

20mV while the short-circuit current density decreases by 1.3mA /cm?, with an increase
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)4 d P SC Rp n FF Jg Vioe
[hPa]l [mm] [W] [%] [nm/s] [%] [%] [mA/cm*] [V]
sample I 1 11 20 52 02 12.1 739 12.1 1.35
sample 2 3 10 50 38 0.8 10.9 755 10.8 1.33
sample 3 5 10 100 3.8 1.1 9.1 69.6 10.0 1.31

Table 7.2: Deposition and photovoltaic parameter for sample 1 (reference pro-
cess) and samples 2 and 3. Samples 2 and 3 are the samples which
show the highest conversion efficiency for the sample sets where the
absorber layer of the bottom solar cell was processed at 3 hPa and
5 hPa, respectively. The deposition parameters are abbreviated as fol-
lows: deposition pressure p, electrode distance d, deposition power
P, silane concentration SC, and deposition rate Rp. The photovoltaic
parameters describe the conversion efficiency 7, the fill factor FF,
the open-circuit voltage V,,., and the short-circuit current density J;..

of the deposition rate from 0.2 nm/s to 0.8 nm/s. The FF increases for 4% on absolute
scale when comparing sample 1 and sample 2. Considering sample 1 and sample 3 a
decrease in FF of approximately 2% on absolute scale is observed.

Samples 1 to 3 were further investigated by light-induced degradation (LID) and EQE

measurements.

Light soaking

Figure 7.2 shows the photovoltaic parameters of samples 1 to 3 as function of the
degradation time. The conversion efficiency of sample 1 decreases from 12.1 % to
10.4 % after 1000 i of LID. For sample 2 the conversion efficiency of the solar cell
decreases from 10.9 % to 9.9 % after the light soaking procedure. For sample 3 a
reduction in the solar cells conversion efficiency from 9.1 % to 8.0 % within the first
1000 & of LID is observed. No relation between the Jsc or Voc and the degradation time
is seen for any sample. For sample 3 there is a decrease in short-circuit current density
and open-circuit voltage at degradation times of 150 4 and 300 4. This is attributed to
contacting issues during the measurement of the /V-characteristic.

For the time frame of 0/ - 100 4 of LID, the fill factors of all samples decrease with
increasing degradation time. After 100/ of LID the fill factors for all three samples
increases slightly with increasing degradation time. However, the interpretation of the
fill factor of multijunction solar cells should be taken with care. For example a high
value of FF can be caused by a mismatch between the currents generated by the top and
the bottom solar cell. Thus, it is seen that the current matching between a-Si:H top solar

cell and pc-Si:H bottom solar cell changes with proceeding degradation time.
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Figure 7.2: Photovoltaic parameters (conversion efficiency 7, fill factor F'F, open-
circuit voltage V,,., and short-circuit current density J.) as a function
of time for light induced degradation (LID). The LID was performed
with an illumination of 1000 W / m?, and a controlled temperature of
50°C.

Figure 7.3 shows the current density Jog derived from EQE measurements for top
and bottom solar cell as a function of deposition rate Rp before (Figure 7.3a) and
after (Figure 7.3b) 1000 & of LID. Before LID the Jor generated by the top and the
bottom solar cell decreases with increasing deposition rate. Although the thicknesses of
each sub cell were kept similar across all samples, the considerable difference between
the Jor generated from the top solar cell and the bottom solar cell show non-ideal current
matching conditions.

After LID the Jor generated by the top solar cell increases slightly with increasing
deposition rate, whereas the Jor generated by the bottom solar cell decreases with
increasing deposition rate. The values for the Jo for the top solar cells are reduced
after LID compared to the initial values due to the Staebler-Wronski-Effect. Prior to
LID all samples are limited by the current of the bottom solar cell in the as-deposited
state. After the LID samples 2 and 3 are still limited by the current of the bottom solar
cell whereas sample 1 shows good current matching conditions between the a-Si:H top
and pc-Si:H bottom solar cell. The quality of the matching between the top and the

bottom solar cell current is visually expressed by the difference (AJgg) between the
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from EQFE measurements, as a function of deposition rate Rp of
the puc-Si:H i-layer before (a) and after (b) 1000/ of light induced
degradation.
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Jor values for top and bottom solar cell for each sample. After LID, the difference
AJgr decreases for sample 1 from 0.66mA/cm? to 0.17 mA /cm?, for sample 2 from
2.1mA/cm? to 1.4mA /cm?, and for sample 3 from 3.7 mA /cm?® to 3mA /cm?.

Figure 7.4a, 7.4b, and 7.4c shows the EQF for samples 1, 2, and 3, respectively. The
current density values Jog for the top and bottom solar cells before and after LID are
displayed in each figure. The initial current values are displayed in bold face, and the
EQF curves for the initial case are displayed as solid lines. The EQFE curves for the
stabilized solar cells are displayed by dashed lines.

The EQE curve of the top solar cell as well as the bottom solar cell of the reference
sample are both reduced by the LID (see Figure 7.4a). The EQF of the top solar cell is
reduced in the wavelength region between 380 nm and 580 nm, whereas the EQF of the
bottom solar cell is affected in the wavelength region between 650 nm and 870 nm. Both
samples deposited at elevated deposition rates show a reduced EQE for the bottom solar
cell compared to sample 1 before and after LID. The reduction is more pronounced
for the sample 3 compared to sample 2. Furthermore, the top and bottom solar cells of

sample 2 and 3 are less affected by the LID compared to the reference sample 1.

Discussion

In the following the effect of a varied deposition rate on the device performance of the
tandem solar cells presented in this chapter is discussed. Furthermore the LID of the
tandem solar cells as well as the current matching conditions between the top and the
bottom solar cell are discussed.

To achieve high deposition rates for the optimal phase mixture for microcrystalline sili-
con it is necessary to adjust the deposition parameters over a broad range (see Chapter 4).
Adapting the deposition parameters may strongly influence the reactions in the glow
discharge.

The fact that the quantum efficiency of the top solar cell is not strongly affected in the as
deposited state by the application of high deposition rates for the intrinsic absorber layer
of the bottom solar cell shows that the deposition conditions for the intrinsic absorber
layer of the bottom solar cell are not such aggressive that the interface between the top
and the bottom solar cell is damaged. As outlined in Chapter 6 a severe damage of the
pi-interface of the bottom solar cell due to ion bombardment is unlikely. A deterioration
of this interface due to structural inhomogeneities or altered nucleation conditions at
the substrate/film interface at elevated growth rates can not be excluded. Therefore, the
decrease of the open-circuit voltage and the short-circuit current density with increasing
deposition rate in the as deposited case can either be attributed to interface effect or to a

decrease in absorber layer material quality with increasing deposition rate.
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the as deposited state.
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The determination of the photovoltaic parameters as a function of the degradation time
show that samples 2 and 3 are less affected by the light induced degradation than sam-
ple 1. Relative to the initial value for sample 1 a decrease in conversion efficiency of
15% is observed. For sample 2 and 3 a decrease in conversion efficiency of 11% and
2% are observed, respectively. The EQFE measurements support these observations. The
top and the bottom solar cells of samples 2 and 3 are observed to be less affected by
the light induced degradation. For the bottom solar cells of samples 2 and 3 this effect
is attributed to a more homogeneous Raman intensity ratio throughout the whole layer
for the silicon films deposited at elevated deposition rates compared to the reference
layers. Investigations on the evaluation of the Raman intensity ratio along the growth
axis were presented in Chapter 5. Thus, the intrinsic absorber layers of the bottom solar
cell contain less amorphous tissue which is susceptible for light induced degradation.
Bonnet-Eymard et al. showed the degradation of the top solar cell to be influenced
by deposition rate of the bottom solar cell’s intrinsic absorber layer [194]. However,
the effect of a less pronounced degradation of the top solar cell with increasing depo-
sition rate of the pc-Si:H absorber layer is counter intuitive. This effect needs more
clarification in the future through a dedicated experiment. For such an experiment the
power matching method should be considered. This method enables to investigate the
degradation of each sub cell independent of the current matching conditions [195]. Here
a final conclusion based on the EQF measurement of three solar cells would not be
reasonable.

A slight increase of the conversion efficiency of sample 2 and 3 is observed for degra-
dation times beyond 100/ (see Figure 7.2). Additionally, an increase of the fill factor
is observed for all samples for degradation times exceeding 100 4. Both effects can
be attributed to a bottom limited device and improved current matching conditions
after the light induced degradation (see Figure 7.3). In case of a bottom limitation of a
thin-film tandem solar cell the superposition of the current-voltage characteristics for
both sub-cells leads to a final current-voltage characteristic with a steep slope at the
interception with the x-axis. This can lead to an erroneous determination of the fill
factor.

In summary, all photovoltaic parameters decrease with increasing deposition rate. How-
ever under an economical point of view it might be reasonable to scale the processes
which yield high deposition rates for intrinsic pc-Si:H from laboratory scale to industry
scale if the decrease in device performance is overbalanced by a decrease in process-
ing time. To which extend this applies to the deposition processes developed here is

discussed in Chapter 8.
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Conclusion

The effect of the deposition rate of pc-Si:H absorber layers was investigated in the range
of 0.2nm/s to 3.2nm/s on the performance of thin-film silicon tandem solar cells. All
photovoltaic parameters are observed to decrease with increasing deposition rate. For
a deposition rate of 0.8 nm /s, which corresponds four times the deposition rate of the
reference process, an initial conversion efficiency of 10.9% with a stabilized conversion
efficiency of 9.9% was observed. For selected samples the photovoltaic parameters
were measured as a function of the degradation time. The samples where the intrinsic
absorber layer of the bottom solar cells was deposited at elevated growth rates show to
be less affected by the light induced degradation than the reference sample. Calculations
on possible cost benefits when implementation process steps yielding high deposition

rates for intrinsic pc-Si:H are presented in the following chapter.
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application of elevated growth rates
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In this chapter the results of a calculation on the cost benefits when implementing

deposition processes which yield high growth rates for the ttc-Si:H intrinsic absorber

layer of the bottom solar cell into the process chain are presented.

8.1 Introduction

The device performance was shown to decrease for pc-Si:H single junction solar
cells (see Chapter 6) as well as for a-Si:/pc-Si:H tandem solar cells (see Chapter 7). But
despite this decrease in device performance a reduction of the production cost is possible
due to shortened processing times. A faster processing time increases the output of a
production line and thus can overcompensate the decrease in device performance. To
deduce possible benefits from the application of high deposition rates for the fabrication
of the pc-Si:H bottom solar cells absorber layer model calculations are presented in
this chapter. A detailed calculation of the processing time for the front end for an
a-Si:H/pc-Si:H tandem module is first motivated by an estimation of a possible increase

in production output based on the results presented in Chapter 7.

8.2 Approach

An estimation is presented to deduce a value for the cost benefits that can be used to
compare two processes used to fabricate sample 1 (low deposition rate, 0.2 nm/s) and
sample 2 (high deposition rate, 0.8 nm/s) presented in Chapter 7. No further losses
in the device performance during the up-scaling of the processes to large areas are

assumed. Possible interconnection losses which may be introduced during the module
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fabrication process are excluded. Considering the efficiency of sample 1 of 12.1 % and
an illumination intensity of 1000 W /m? together with the processing time of 180 min
the output for the i-chamber can be calculated to 40.33 W /(m? h), according to:

2 .
12.1% 2O 0w 2 L300 40 3W ) (i ) @.1)

For sample 2, with an efficiency of 10.9 % and a processing time of 70 min for the
absorber layer of the bottom solar cell the output value is calculated in an analogous way
to 93.4W /(m? h). Thus, by the introduction of processes leading to elevated deposition
rates it is possible to increase the output of the i-chamber by a factor of 2.3.

Considering possible gains of production output of more than a factor of 2 a detailed cal-
culation for the processing time of an a-Si:H/pc-Si:H tandem module follows. Figure 8.1
visualizes the process chain which was considered for the calculation. The process chain

is adapted to the production line proposed by TEL Solar [196].

glass + fc cleaning laser p1 cleaning laser p2 laser p3 back end

Figure 8.1: Process chain for the front end of an a-Si:H/uc-Si:H tandem solar
cell considered to perform the model calculations. The processing
steps were the parameters remained unchanged during the calculation
are visualized in blue. The processing step were the parameter were
varied during the calculated are highlighted in red.

Here the front end of the process chain of an a-Si:H/uc-Si:H solar module production
line is considered for the model calculation. The following assumptions are taken as
boundary conditions for the model calculation: first the choice of glass already coated
with a transparent conductive oxide as substrate for the subsequent solar module fab-
rication, and second the termination of the front end by the last laser scribing step
(p3 laser line). The front end for the processing of an a-Si:H/uc-Si:H tandem module
consists of: a cleaning step (1805s), the p1 laser scribing step (203 s), a second cleaning
step (180 ), the deposition of the silicon layers by PECV D (1732 s + variable time
for pc-Si:H i-layer), the p2 laser scribing step (203 s), the application of a transparent
conductive oxide as back contact (417 s), and the p3 laser scribing step (203 s). Details

about the p1, p2, and p3 laser scribing steps as well as the concept of integrated series
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Figure 8.2: Processing time for the front end of an a-Si:H/pc-Si:H tandem solar
cell based on the described model as a function of the deposition rate
for the pc-Si:H absorber layer. The calculations were performed for
various thicknesses of the pc-Si:H absorber layer.

connection of solar cells can be found in the work of Haas [197]. For the PECVD
processes the following processing times were taken: a-Si:H p-layer (30 nm, 300 s),
a-Si:H i-layer (250 nm, 655 s), a-Si:H n-layer (30 nm, 150s), uc-Si:H p-layer (30 nm,
330 s), uc-Si:H i-layer (variable), and the pc-Si:H n-layer (40 nm, 297 s). For the
calculation all parameter remained unchanged apart from the deposition rate and the
thickness for the tic-Si:H bottom solar cell absorber layer. A substrate size of 130 cm x
110 cm with 130 cell stripes was assumed.The exact model parameter can be found in
Appendix C.

Exact statements concerning the deposition rates, the absorber layer thicknesses, the
processing and station times are matter of great secrecy when approaching equipment
manufacturer and solar cell producer. Thus, the processing times assumed for the
model calculation are based on experience gained through consultancy work and from
interviewing equipment manufacturer and solar cell producer at various conferences
and project meetings. Figure 8.2 shows the processing time for the front end based
on the described model as a function of the deposition rate for the pc-Si:H absorber
layer. The calculations were performed for various thicknesses of the pc-Si:H absorber

layer. The processing time decreases with decreasing deposition rate. Independent from
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the thickness of the absorber layer it shows an exponential decrease stabilizing around
1 h of processing time. This exponential decrease is caused by the amount of constant
processing time of approximately 52 min.

For an absorber layer thickness of 2 ttm the total processing time is reduced from 4.2 4 to
1.65 h by increasing the deposition rate from 0.2nm/s to 1 nm/s. For a thickness of 1 m
the gain in total processing time is less than for 2 um. With an increase in deposition
rate from 0.2 nm/s to 1 nm/s the total processing time is reduced from 2.6/ to 1.3 & for
a absorber layer thickness of 1 um. This corresponds to a reduction in processing time
for the front end of an a-Si:H/uc-Si:H tandem module of a factor of 2.5 for 2 um and a
factor 2.0 for 1 pm absorber layer thickness of the pc-Si:H bottom solar cell.

Since the processing of the pic-Si:H absorber layer is the limiting step during the pro-
duction of a-Si:H/uc-Si:H tandem modules most production lines use several deposition
chambers for intrinsic pc-Si:H layers. Thus, a reduction of the processing time of
more than a factor of 2 can lead to a lower demand of deposition chambers for intrinsic

c-Si:H layers and investment costs can be reduced.

Conclusion

Despite the reduction in efficiency of 1.2% for the solar cells processed at a deposition
rate of 0.8 nm /s compared to the reference solar cell processed at a deposition rate of
0.2nm/s (see Chapter 7), the model calculations show that the output of the deposition
system in terms of Watts per hour and area can be increased by a factor of 2.3 due to
reduced processing times. Furthermore, detailed calculations for the processing time of
the front end for an a-Si:H/uc-Si:H tandem module show an decrease in processing time

by more than a factor of 2 which can result in reduced running and investment costs.



In the present work the relation between growth rate, material quality, and device grade

conditions was investigated for intrinsic pc-Si:H. Investigations were performed for
single layers on glass or on silicon wafers (Chapter 4 and 5). Based on these studies the
deposition parameters leading to the most promising material composition were applied
to uc-Si:H single junction solar cells (Chapter 6) as well as a-Si:H/pc-Si:H tandem
(Chapter 7) solar cells. An examination of cost benefits when implementing high growth
rates for the deposition of intrinsic fc-Si:H to tandem solar cells finalized the study
(Chapter 8).

The study presented showed that an adaption of the deposition parameters enable to
reach deposition rates up to 2.8 nm/s for OPM-material. According to the established
criteria in the field of thin-film silicon OPM-material with good electrical properties is
considered to be of device grade quality. This syllogism is supported here by results from
conductivity and ESR measurements. No link between defect density and deposition
rate was found.

To further research the detailed implications of high growth rates for pc-Si:H inves-
tigations on the microstructure, porosity, and susceptibility for oxygen uptake were
presented. The OPM-material deposited beyond a deposition rate of approximately
1 nm/s suffered from considerable oxygen uptake. This effect is observed to increase
with increasing deposition rate. The process of oxygen uptake was shown to occur
along the grain boundaries open to the ambient atmosphere. Observations deduced from
a shift of the TO phonon mode suggest an increase in tensile stress with increasing
deposition rate. The presence of tensile stress can lead to defect states and a variation
of carrier mobility. When implemented in thin-film solar cells these effects are known

to cause a reduction in open-circuit voltage due to an impairment of the electric field
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of the p-i-n junction. A decrease in open-circuit voltage with increasing deposition
rate is also seen here. The presence of additional defect states induced by tensile stress
is in contrast to the results obtained through ESR measurements. The investigations
performed with ESR did not show a significant increase in defect density with increasing
deposition rate. The origin of this discrepancy remains unknown and may be clarified in
future studies. To prevent the creation of defect states future work could focus an the
compensation of these states by e. g. micro doping. Additionally a decrease in crystal
grain size accompanied by an increase in grain boundary density was observed for the
OPM-material deposited at high deposition rates. Raman depth measurements as well
as the observations gained through TEM imaging showed that all layers deposited at
high deposition rates showed the development of a thinner incubation layer compared to
the reference layer.

The effects of high deposition rates for pc-Si:H on the photovoltaic parameter of single
junction solar cells presented show a decreasing device performance with increasing
deposition rate. This decrease in device performance is related to an inferior material
quality of the intrinsic absorber layer and to an impairment of the pi-interface by the
application of processes yielding high deposition rates. The short-circuit current den-
sity measured under blue light showed to be independent of the deposition rate of the
pe-Si:H absorber layer as well as of the application of a buffer layer. This suggest that
the reduced device performance is related to an inferior material quality of the pc-Si:H
absorber layer. However, also an increase in open-circuit voltage and fill factor with
increasing buffer layer thickness was found which underlines the importance of the
pi-interface for the device performance. As possible sources for an impairment of the
pi-interface variation of the nucleation conditions, ion bombardment, and structural
inhomogeneities at the substrate/film interface were presented. Calculation on the im-
pact of ions in matter showed the maximal penetration depth of the bombarding ions to
extend at most as far as five monolayers. These findings along with along with recently
published literature values on the maximal ion energies for the HPD regime suggest
that the damage of the pi-interface due to ion bombardment is unlikely. The impairment
of pi-interface is presumably related to structural inhomogeneities or varied nucleation
conditions. Future work could investigate dedicated processes with the aim to protect the
pi-interface from the detrimental influence originated from the application of deposition
processes yielding high deposition rates.

The results presented show that the implication that OPM-material is of device grade
quality does not apply for intrinsic pc-Si:H deposited at deposition rates beyond 1 nm/s.
In order to classify this material as being of device grade condition quantities describing

the microstructure, the oxygen uptake, and the mechanical stress should be added to the
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present criteria. The identification and formulation of specific threshold values can be
subject of future work.

The application of pic-Si:H deposited at high deposition rates to thin-film tandem solar
cells confirmed the effect of a decreasing device performance with increasing deposition
rate. However, the solar cell with the intrinsic pic-Si:H absorber layer fabricated at high
deposition rates show to be less affected by light induced degradation relative to their
initial values. The experimental data suggests that the degradation of the top solar cell is
affected by the deposition rate of the bottom solar cell’s absorber layer. This interesting
results needs more research by a dedicated experiment before the association between
degradation of the top solar cell and the deposition rate of the bottom solar cell is clearly
understood.

Finally, calculations on cost benefits show that from an economical point of view the
decrease in device performance can be overcompensated by a decrease in processing
time. Thus, the application of high deposition rates can lead to decreased cost per
produced unit, an increase in system throughput, and to reduced investment costs.

As outlined in the introduction of this work the investigation of deposition processes
which yield high deposition rates for pc-Si:H are of great interest for academia as
well as for the industry. On the one hand, the limitations for the tic-Si:H layers and
thin-film solar cells induced by the increase in deposition rate were shown. On the other
hand, a benefit for the industrial application of high deposition rates for pc-Si:H was

demonstrated.






Appendix

Appendix A: Detection of laterally inhomogenous element
distribution by secondary ion mass spectrometry (S/MS)

The possibility to detect laterally inhomogenous element distribution by secondary ion
mass spectrometry has already be described elsewhere [156, 137] and will therefore be
described briefly.

The relation between the monomer and dimer carbon concentration for a lateral homoge-
neous distribution is derived in the following. This relation was proven experimentally
by investigations on the emission of mono- and diatomic carbon during SIMS depth
profiling of a CZ-wafer with lateral homogeneously implanted carbon [137]. The carbon
atoms have been implanted at 150 keV in a silicon CZ-grown wafer leading to a lateral
carbon concentration of 10'® ¢m~2. The reaction between carbon and silicon can be

described by the reaction equation:

4C+4Si=C+28iC+Sip (A.1)

The law of mass action allows to derive the equilibrium constant K,

e
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With the assumption that the carbon concentration is significantly smaller than the silicon
concentration, the silicon monomer and dimer concentrations can be considered to be

constant:

[C] < [Si] = [Si] & const A [Sip] ~ const (A.3)
s _ C]lsicP
= s K= o (A4)

From the above assumption it is also valid to assume the silicon carbide concentration to

be proportional to the carbon concentration:

[C] < [Si] = [SiC] &< [C] (A5)
- @K [C]* = [Cy] [SiC)? (A.6)
[Sig] < T2 '
N———

=const

Thus for a lateral homogeneous distribution of carbon it is possible to show the carbon
dimer concentration to be proportional to the square of the carbon monomer concentra-

tion:

= [Co] = [CP (A7)
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Figure A.1: Schematic of a silicon layer with an inhomogenous distribution of
carbon. A, represents the lateral area of the silicon film slightly
contaminated with carbon. A, represents the lateral area of the
silicon film heavily contaminated with carbon.

Figure A.1 schematically shows a silicon layer with an inhomogenous distribution of
carbon. With A, describing the lateral area of the silicon film slightly contaminated with
carbon and A, describing the lateral area of the silicon film heavily contaminated with
carbon. Considering equation A.7 it is possible to calculate the mean concentrations of

the carbon monomers and dimers:

Acx+Accy
C o< —— A8
Clean = 2550 (a9
Ac x? +Acc y2
C o ———m——— A9
[ z]mean AC+ACC ( )

Assuming x and y being constant with the heavily contaminated area being smaller
than the total area it is possible to express the average carbon dimer concentration to be

proportional to the average carbon monomer concentration:

x =const Ay=-const for 0 < A.c <A+ Acc = Asor
= [C2] [Clinean (A.10)

o<
mean

Finally, when displaying the carbon dimer concentration versus the carbon monomer
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concentration on a double logarithmic scale both normalized to the silicon concentration
it is possible to deduce the relation between the carbon monomer and dimer concen-
trations from the slope of the characteristic. For a pc-Si:H layer the presence of an
inhomogenous distribution of carbon suggests the uptake of atmospheric gases to happen

along the grain boundaries (see Chapter 5).
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Appendix B: samples list

During the course of the studies presented here, a large number of silicon layers, layer
stacks, and solar cells have been prepared. In the following the detailed deposition
parameters and measurement results for the samples are given:

Sample list: silicon films deposited during the process and material development
study (see Chapter 4)

sample name | p d P SC Rp oy Opi Ca/0pm IRS  series
(hPa) [mm] [W] (%] [nm/s]  [S/cm] [S/cm] -] (%]
10P-285 3 10 100 34 1.2 46x1077 2.8x107° 61 69.9 B
11P-150 5 10 50 24 0.7 77%x107° 3.6x107° 468 70.6 C
11P-189 5 10 100 34 1.1 1.7x107% 9.4x107 56 636 ABC
11P-214 5 5 100 24 0.4 29%x107% 34x107° 1194 54.3 A
11P-222 5 7 100 24 0.9 1.9% 1077 84x10°° 43 68.6 A
11P-231 8 10 100 1.5 0.4 38%x107% 32x10°° 832 81.0 B
11P-264 5 10 200 5.7 1.5 47x1077 9.7x107° 206 54.2 C
11P-399 5 10 400 74 2.4 1.1x10710 29x10® 27810 57.8 C
11P-469 5 10 600 99 2.8 1.8x 1077 3.2x107° 175 43.0 C

Table A.1: Deposition parameters and measurement results for the samples con-
sidered to be of optimal phase mixture (see Chapter 4). The depo-
sition parameters are abbreviated as follows: deposition pressure p,
electrode distance d, deposition power P, silane concentration SC,
deposition rate Rp. The measurement results describe the dark con-
ductivity o, the photo conductivity 6, photosensitivity 6,/
and the Raman intensity ratio %5,
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Sample list: silicon films deposited at high growth rates to investigate the porosity,
atmospheric gas diffusion, and microstructure (see Chapter 5)

sample name | p d P SC Rp IRS  SiH, peak position Cégo ACp sample set
(hPa] mm] (W] (%) [nm/s] (%) fom™] (%] (%]

12P-189 5 10 600 4.8 1.4 75 2102 42 14 setl
12P-190 5 10 400 3.8 1.2 78 2100 57 09 setl
12P-191 5 10 100 3.8 1.1 78 2100 04 04 setl
12P-193 5 10 200 29 1.0 80 2100 69 14 setl
12P-208 5 10 100 3.8 1.1 74 2086 03 -0.1 set2
12P-216 5 10 200 57 20 62 2055 2 0.0 set2
12P-218 5 10 400 7.0 23 60 2048 36 -03 set2
12P-226 5 10 600 7.0 2.0 43 2009 33 -0.1 set2
12P-299 1 11 20 52 02 69 2075 0 0.0 reference

Table A.2: Deposition parameters and measurement results for the samples with
the detailed investigation of microstructure and porosity (see Chap-
ter 5). The deposition parameters are abbreviated as follows: depo-
sition pressure p, electrode distance d, deposition power P, silane
concentration SC, deposition rate Rp. The measurement results de-
scribe the Raman intensity ratio I%5, the SiH, peak position, the
oxygen content after 180 days of storage at ambient C(l)go, and the
difference in oxygen upon the HF dip ACp.
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Sample list: pc-Si:H single junction solar cells with the pic-Si:H absorber layer
deposited at varying deposition rates (see Chapter 6)
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sample name P d P SC Rp n FF Voe Jse
[hPa] [mm] [W] [%) [nm/s] [%] (%] [mV] [mA/cm?]

13P-209 1 11 20 52 0.2 7.6 719 554.0 19.0 sample A
13P-214 1 11 20 52 0.2 85 720 551.0 21.3 sample B
13P-288 5 10 200 5.2 1.8 5.6 63.8 503.0 17.4 series C

13P-289 5 10 50 20 0.8 74 692 544.0 19.6 series C

13P-290 5 10 100 34 1.3 6.3 649 5150 18.9 series C

13P-291 5 10 400 7.0 2.4 5.3 61.7 496.0 17.2 series C

13P-296 5 10 600 8.3 2.7 45 593 443.0 17.3 series C

13P-223 5 10 100 3.8 1.0 6.0 624 519.0 18.6 series D
13P-227 5 10 50 20 0.6 74 704 5442 19.3 series D
13P-238 5 10 100 34 1.1 6.3 654 513.0 18.8 series D
13P-239 5 10 200 5.2 1.4 56 614 502.0 18.1 series D
13P-242 5 10 400 7.0 2.0 5.5 652 5340 15.8 series D
13P-273 5 10 400 7.0 2.3 46 559 4540 18.0 series D
13P-275 5 10 600 8.3 2.3 56 61.2 489.0 18.7 series D
13P-297 5 10 200 5.2 1.9 5.1 614 463.0 17.8 series E

13P-298 5 10 50 20 0.7 7.3 69.2 543.0 19.4 series E

13P-299 5 10 100 34 1.4 6.6 64.2 508.0 20.3 series E

13P-293 3 10 100 34 1.2 59 624 4770 19.8 series F

13P-294 3 10 200 3.8 1.3 5.1 60.5 462.0 18.3 series F

13P-295 3 10 50 29 1.0 6.7 64.0 506.0 20.7 series F

13P-225 3 10 100 34 1.2 54 60.1 468.0 19.1 series G
13P-226 3 10 50 29 0.9 6.9 63.5 506.0 21.3 series G
13P-241 3 10 200 3.8 1.2 58 62.5 488.0 18.7 series G
13P-298 5 10 50 20 1.0 7.3 69.2 543.0 194 series H
13P-324 5 10 50 2.0 1.0 7.2 70.5 554.0 18.4 series H
13P-325 5 10 50 20 1.0 7.6 703 552.0 19.6 series H
13P-326 5 10 50 20 1.0 74 69.1 545.0 19.7 series H
13P-295 5 10 50 2.0 1.0 6.7 64.0 506.0 20.7 series H
13P-067 3 10 50 29 1.1 6.8 64.5 509.0 20.8 series I

13P-069 3 10 50 29 1.1 6.7 64.6 516.0 20.1 series I

13P-070 3 10 50 29 1.1 6.4 62.1 519.0 19.9 series I

13P-071 3 10 50 29 1.1 6.3 60.1 506.0 20.6 series I

Table A.3: Deposition and photovoltaic-parameters for the samples discussed
in Chapter 6. The deposition parameters are abbreviated as follows:
deposition pressure p, electrode distance d, deposition power P, silane
concentration SC, and deposition rate Rp. The deposition parameter
refer to the intrinsic absorber layer of the pc-Si:H bottom solar cell.
The photovoltaic parameters describe the efficiency 1, the fill factor
FF, the open-circuit voltage V., and the short-circuit current density
Jsc~
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Sample list: thin-film tandem solar cells with the pc-Si:H absorber layer deposited
at elevated deposition rates (see Chapter 7)

sample name P d P SC Rp n FF Jse Voe
[hPal [mm] [W] [%] [nm/s) [%] [%] [mAj/em®] [V]
12P-170 1 11 20 5.2 0.2 12 715 12.5 1.4
12P-225 1 11 20 52 0.2 12.1 739 12.1 1.4  sample 1
12P-158 1 11 20 52 0.2 119 71.7 12.4 1.4
12P-374 3 10 50 3.8 0.8 10.9 759 10.8 1.3 sample 2
12P-258 3 10 50 3.8 0.8 93 776 8.9 1.3
12P-275 3 10 50 3.8 0.8 10.5 70.7 114 1.3
12P-390 3 10 50 3.8 0.8 10.8 714 11.5 1.3
12P-391 3 10 100 3.4 1.2 59 625 7.6 1.2
12P-367 5 10 400 7.0 3.2 3.0 60.8 3.9 1.3
12P-368 5 10 100 3.8 1.1 9.1 69.6 10.0 1.3 sample 3
12P-369 5 10 200 5.7 1.5 2.7 66.5 3.2 1.3
12P-373 5 10 50 24 0.7 79 683 9.1 1.3

Table A.4: Deposition and photovoltaic-parameters for the samples discussed
in Chapter 7. The deposition parameters are abbreviated as follows:
deposition pressure p, electrode distance d, deposition power P, silane
concentration SC, deposition rate Rp, and processing time . The
deposition parameter refer to the intrinsic absorber layer of the uc-
Si:H bottom solar cell. The photovoltaic parameters describe the
efficiency 1, the fill factor F'F, the open-circuit voltage V., and the
short-circuit current density Jg..
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Appendix

Appendix C: Input parameter for the model calculation (see

Chapter 8)
Input parameter for cleaning procedure, laser processes, and the application of
the TCO back contact:
cleaning laser p1/p2/p3 TCO back contact
number of lines 130 | Rp [nm/s] 1.4
speed of laser [cm/s] 100 | thickness [nm] 80
transport [s] 60 | transport [s] 60 | transport [s] 60
process [s] 120 | process [s] 143 | pumping [s] 30
pre conditioning [s] 180
deposition [s] 57.1
post conditioning [s] 60
pumping [s] 30
sum [s] 180 | sum [s] 203 | sum [s] 417
Input parameter for the amorphous top solar cell:
a-Si:H <p> a-Si:H <i> a-Si:H <n>
Rp [nm/s] 0.6 | Rp [nm/s] 0.4 | Rp [nm/s]
thickness [nm] 30 | thickness [nm] 250 | thickness [nm] 30
transport [s] 60 | transport [s] 0 | transport [s] 0
pumping [s] 30 | pumping [s] 30 | pumping [s] 30
pre conditioning [s] 10 | pre conditioning [s] 0 | pre conditioning [s] 0
deposition [s] 50 | deposition [s] 625 | deposition [s] 60
post conditioning [s] 0 | post conditioning [s] 0 | post conditioning [s] 60
pumping [s] 0 | pumping [s] 0 | pumping [s] 0
chamber cleaning [s] 150 | chamber cleaning [s] 0 | chamber cleaning [s] 0
sum [s] 300 | sum [s] 655 | sum [s] 150

Input parameter for the microcrystalline bottom solar cell:
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pe-Si:H <p> pe-Si:H <i> pe-Si:H <n>
Rp [nm/s] 0.2 | Rp [nm/s] var | Rp [nm/s] 0.15
thickness [nm] 30 | thickness [nm] var | thickness [nm] 40
transport [s] 60 | transport [s] 0 | transport [s] 0
pumping [s] 30 | pumping [s] 30 | pumping [s] 30
pre conditioning [s] 20 | pre conditioning [s] 0 | pre conditioning [s] 0
deposition [s] 150 | deposition [s] var | deposition [s] 267
post conditioning [s] 70 | post conditioning [s] 0 | post conditioning [s] 0
pumping [s] 0 | pumping [s] 0 | pumping [s] 0
chamber cleaning [s] 0 | chamber cleaning [s] 0 | chamber cleaning [s] 0
sum |s] 330 | sum [s] var | sum [s] 297
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Appendix D: Symbols and abbreviations

symbol description unit
Ag silver -

A area m?
AM 1.5 standardized AM 1.5 spectrum -
a-Si:H hydrogenated amorphous silicon —

a absorption coefficient cm™!
A, electrode area —

BB Bragg-Brentano geometry —

BF bright field image -

cz Choralski —

Jse short circuit current density Am™2
Iypp short circuit current at the MPP Am™2
Jse piue short circuit current density measured with a BG7-filter Am™2
Jsc red short circuit current density measured with a OG590-filter Am™?
I short circuit current A

1 current A

CF crossflow mode gas distribution -

Jon photo current density Am™?
I current A

c-Si crystalline silicon —
JoE short circuit current density derived from EQE measurement A m ™2
Cior sum of the capacitance of both plasma sheath F

cat —CVD catalytic chemical vapor deposition —

Cy hydrogen content %

Cy hydrogen content, uncorrected %

Co oxygen content %

d thickness m

dp diameter of the electrode m
DSR differential spectral response -

d electrode distance m

o crystal size of the coherent domains nm
DF dark field image -

n efficiency %
EQFE external quantum efficiency —

Nini initial efficiency %
Nstb stabilized efficiency %
ESR electron spin resonance -

E energy ev
Eg bandgap energy ev
EEDF electron energy distribution function -
Enax maximum ion energy of bombarding ions ev
FTIR Fourier Transform Infrared Spectroscopy —
FWHM  full width half maximum em™!

GI grazing incidence geometry —
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Vex

;

(o

25
OPM
PECVD
P,

Pupp
PCi
PH;

P[SiHa]
Q[SiHa]
Q[H)]
RF

Rp
Sn0O;,
SiH,
SH

©

fixed angle used in GI geometry

hot wire chemical vapor deposition

heating station of the deposition system
hydrogen

high pressure depletion

Raman intensity ratio

integrated crystalline intensity

integrated amorphous intensity

Raman intensity

crystalline volume fraction measured through XRD
crystallinity

potassium hydroxide

length of silver pads

wavelength

Maximum Power Point

load lock 1 of the deposition system

load lock 2 of the deposition system
amount of bonded hydrogen atoms

amount of bonded oxygen atoms

defect density

frequency

excitation frequency

angular frequency

angular frequency of incident photons
angular frequency of scattered photons
angular frequency of emitted/annihilated phonons
optimal phase mixture

plasma enhanced chemical vapor deposition
incident power

maximum power generated by solar cells

fori=1..5, process chamber i of the deposition system

phosphine

photon flux

deposition power
deposition pressure

silane particle flow

silane mass flow
hydrogen mass flow
radio frequency
resistance

deposition rate

tin dioxide

silane

showerhead mode gas distribution
space between silver pads
conductivity

IR
LU Y

==
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o dark conductivity S/em
Opiy photoconductivity S/em
SWE Staebler-Wronski effect —

SIMS Secondary Ion Mass Spectrometry —
TC transfer chamber of the deposition system —
TMB trimethylboron —

T temperature °C, K
Ty wire temperature °C
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Appendix E: Constants

constant description value

Aga0 proportionality constant to calculate the hydrogen content 2 x 10! cm =2

Ao proportionality constant to calculate the oxygen content 7.8 %108 em=2

c speed of light 299792458 m s~

e elementary charge 1.602176565 x 10719 C
h reduced Planck constant 1.054571726 x 107347 s
h Planck constant 6.62606957 x 10734/ s

Ng; silicon atom density 5% 102 em™3
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