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Abstract

The goal of this work is to develop a transparent, passivating and conductive
contact for the light facing side of crystalline silicon solar cells. State of the art
passivating contacts show a very high passivation quality of the silicon surface as
well as a high electrical conductivity. However, due to their restricted transparency
and comparably high parasitic absorption for the incoming sunlight these contacts
are not ideal for the use on the sun facing side of the solar cells. With the aim of
increasing the efficiency of crystalline silicon solar cells, the need for a transparent
passivating contact arises.

One material, which is suitable as a transparent passivating contact due to its
high transparency and electrical conductivity, is n-type doped microcrystalline sili-
con carbide (μc-SiC:H(n)). It was shown in literature, that depositing μc-SiC:H(n)
using hot-wire chemical vapor deposition (HWCVD) directly on the crystalline si-
licon surface leads to a deterioration of the passivation. Additionally it was shown,
that using a thin silicon oxide (SiO2) in between the crystalline silicon and the
μc-SiC:H(n) can prevent this deterioration of the passivation while showing a high
transparency and high electrical conductivity. However, transferring these proper-
ties of the contact layer stack into a first working solar cell proved to be difficult.
Despite the high passivation quality and the high conductivity of the material, nei-
ther the desired voltage nor a high fill factor could be achieved on solar cell level.
The focus of this thesis is therefore on the systematic implementation of this layer
stack in a silicon heterojunction solar cell.

In the first part of this work, different wet-chemical oxidation processes for
the formation of SiO2 are evaluated in order to enable a high passivation quality.
It is shown that different oxidation processes have an impact on the properties of
the SiO2 (thickness, stoichiometry, density). These properties then influence the
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Abstract

passivation of the silicon surface after deposition of the μc-SiC:H(n). Furthermore,
the results show that in addition to the oxidation process of the oxide, the wire
temperature during the deposition of the μc-SiC:H(n) has a decisive influence on
the passivation quality.

The second part of this work includes an analysis of the electrical and op-
tical properties of μc-SiC:H(n) as a function of the wire temperature used during
the HWCVD process. Additionally, the influence of the wire temperature on the
passivation quality and on the contact resistivity of the SiO2/μc-SiC:H(n) stack is
investigated. It is shown that an increase in wire temperature increases the trans-
parency and conductivity of the μc-SiC:H(n) and decreases the passivation quality
of the contact. However, in order to achieve high power conversion efficiencies in
the solar cell, the contact layers need to have high conductivity, which is reflected
in low contact resistivity, and high passivation quality. To overcome this challenge,
a double layer μc-SiC:H(n) was used. The layer in direct contact with the SiO2 was
deposited at low wire temperature to ensure high passivation quality. The second
layer was deposited at high wire temperature to provide low contact resistivity and
high transparency.

In the third part of this work, the insights from the first two parts are used for
the preparation of solar cells. It is shown that using a μc-SiC:H(n) double layer stack
instead of a single layer, mainly reduces the contact resistance and thus increases the
fill factor of the solar cell (see Figure 0.1, green to yellow triangle). Furthermore, it
is discussed that the deposition of the transparent conductive oxide (TCO), which is
necessary for the lateral conductivity of the free charge carriers to the contact fingers
of the solar cells, subsequently damages the passivation of the solar cell. Following
an investigation of the mechanisms of sputter degradation, an optimization of the
deposition conditions and the thermal post-treatment can significantly reduce the
damage. This leads to an increase in the open circuit voltage of the solar cell (see
figure 0.1, yellow to blue triangle). The additional use of a magnesium fluoride
layer to reduce the reflection of the contact results in an increase of the short circuit
current of the solar cell (see Figure 0.1, blue to red triangle). Due to this optimization
of the contact, the highest efficiency (η) of this work is achieved with 24%. This
means an increase in efficiency of 6.4%abs within this work.
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Figure 0.1.: Evolution of the solar cell parameters Jsc, Voc and FF using a single
layer μc-SiC:H(n) (green, power conversion efficiency η = 22.3%), a double layer of
μc-SiC:H(n) (yellow, η = 22.9%), an optimized TCO deposition (blue, η = 23.8%)
and an anti-reflection coating (red, η = 24%).
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Zusammenfassung

Das Ziel dieser Arbeit ist es, einen transparenten, passivierenden und leitfä-
higen Kontakt für die dem Licht zugewandte Seite von kristallinen Siliziumsolar-
zellen zu entwickeln. Aktuelle passivierende Kontaktschichten zeigen eine sehr gu-
te Passivierung der Siliziumoberfläche und eine hohe Leitfähigkeit. Aufgrund ihrer
eingeschränkten Transparenz und relativ hohen parasitären Absorption des einfal-
lenden Sonnenlichts sind diese Schichten jedoch nur bedingt für den Einsatz auf
der Vorderseite von Solarzellen geeignet. Mit dem Ziel die Effizienz von kristallinen
Siliziumsolarzellen zu steigern, entsteht die Notwendigkeit für einen transparenten
passivierenden Kontakt.

Ein Material, das sich aufgrund seiner hohen Transparenz und Leitfähigkeit
als ein transparenter passivierender Kontakt eignet, ist n-dotiertes mikrokristalli-
nes Siliziumkarbid (μc-SiC:H(n)). Wissenschaftliche Publikationen zeigen, dass eine
direkte Beschichtung von kristallinem Silizium mit μc-SiC:H(n) mittels hot wire
chemical vapor deposition (HWCVD) die Oberfläche des Siliziums schädigt und da-
her eine gute Passivierung verhindert. Des Weiteren konnte dargestellt werden, dass
durch den Einsatz einer dünnen Siliziumoxidschicht (SiO2) zwischen kristallinem
Silizium und μc-SiC:H(n) eine gute Passivierung sowie eine hohe Leitfähigkeit und
eine hohe Transparenz des Kontakts erzielt werden kann. Die Übertragung dieser Ei-
genschaften des Kontaktschichtstapels in eine erste funktionsfähige Solarzelle erwies
sich jedoch als schwierig. Trotz hoher Passivierqualität und hoher Leitfähigkeit des
Materials konnten mit der Solarzelle weder die gewünschte Spannung noch ein hoher
Füllfaktor erzielt werden. Der Fokus dieser Arbeit liegt daher auf der systematischen
Implementierung dieses Schichtstapels in eine Siliziumheterostruktursolarzelle.

Im ersten Teil dieser Arbeit werden verschiedene nass-chemische Ätzverfah-
ren zur Bildung des SiO2 evaluiert, um eine hohe Passivierqualität zu ermöglichen.
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Zusammenfassung

Es wird gezeigt, dass verschiedene Ätzverfahren aufgrund variierender Eigenschaf-
ten des SiO2 (Dicke, Stöchiometrie, Dichte) die Passivierung der Siliziumoberfläche
durch den Kontakt beeinflussen. Des Weiteren zeigen die Ergebnisse, dass zusätzlich
zum Herstellungsverfahren des Oxids auch die Drahttemperatur während der Ab-
scheidung des μc-SiC:H(n) einen entscheidenden Einfluss auf die Passivierqualität
nimmt.

Der zweite Teil dieser Arbeit beinhaltet eine Analyse der elektrischen und opti-
schen Eigenschaften des μc-SiC:H(n) in Abhängigkeit der verwendeten Drahttempe-
ratur während des HWCVD Prozesses. Zusätzlich wird der Einfluss der Drahttempe-
ratur auf die Passivierqualität und auf den Kontaktwiderstand des SiO2/μc-SiC:H(n)
Stapels untersucht. Hier zeigt sich, dass durch eine Erhöhung der Drahttemperatur
die Transparenz und die Leitfähigkeit des μc-SiC:H(n) steigen und die Passivierqua-
lität des Kontakts sinkt. Um eine hohe Effizienz der Solarzelle zu ermöglichen, benö-
tigt es jedoch eine hohe Leitfähigkeit, die sich in einem geringen Kontaktwiderstand
zeigt, sowie eine hohe Passivierqualität. Um diese Herausforderung zu überwinden,
wurde eine Doppelschicht μc-SiC:H(n) verwendet. Die Schicht in direktem Kon-
takt mit dem SiO2 wird bei geringer Drahttemperatur abgeschieden, um eine hohe
Passivierung zu gewährleisten. Die zweite Schicht wird bei hoher Drahttemperatur
abgeschieden, um einen geringen Kontaktwiderstand und eine hohe Transparenz zu
ermöglichen.

Im dritten Teil dieser Arbeit werden die Erkenntnisse aus den ersten beiden
Teilen für die Präparation von Solarzellen eingesetzt. Es wird gezeigt, dass durch den
Einsatz der μc-SiC:H(n) Doppelschicht im Vergleich zur Einzelschicht hauptsächlich
der Kontaktwiderstand des Schichtstapels verringert und somit der Füllfaktor der
Solarzelle erhöht werden kann (siehe Abbildung 0.2, grünes und gelbes Dreieck).
Außerdem wird diskutiert, dass die Deposition des transparenten, leitfähigen Oxids
(TCO), das für die Querleitfähigkeit der freien Ladungsträger zu den Kontaktfingern
notwendig ist, die Passivierung der Solarzelle nachträglich schädigt. Im Anschluss
an eine Analyse des Schädigungsmechanismus kann eine Optimierung der Deposi-
tionsbedingungen sowie der thermischen Nachbehandlung den Schaden signifikant
reduzieren. Dies führt zu einer Erhöhung der Leerlaufspannung der Solarzelle (siehe
Abbildung 0.2, blaues Dreieck). Durch den zusätzlichen Einsatz einer Magnesium-
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fluorid Schicht zur Reduktion der Reflexion des Kontakts wird eine Steigerung des
Kurzschlussstroms der Solarzelle erreicht (siehe Abbildung 0.2, rotes Dreieck). Durch
diese Optimierungen des Kontakts wird die höchste Effizienz (η) in dieser Arbeit mit
24% erzielt. Dies bedeutet eine Effizienzsteigerung um 6.4%abs im Vergleich zu vor-
herigen Resultaten.
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Abbildung 0.2.: Entwicklung der Solarzellenparameter Jsc, Voc und FF bei Ein-
satz einer Einzelschicht μc-SiC:H(n) (η = 22.3%), einer Doppelschicht μc-SiC:H(n)
(η = 22.9%), einer optimierten TCO Deposition (η = 23.8%) und einer Anti-
Reflexionsbeschichtung (η = 24%).
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1. Introduction

The world’s population is expected to grow and so is the world’s energy con-
sumption [1,2]. Since the world’s production of electricity today is still mainly based
on fossil fuels (largest share in 2018 was coal with 38%) the carbon dioxide emis-
sions are increasing with increasing electricity production [2]. However, to achieve
the goals of the Paris climate agreement from 2016 [3] all industrial sectors need
to be decarbonized to limit the climate change. One way to transform the energy
sector is to increase the share of renewable energy. The share of renewable power
generation increased from 2017 to 2018 from 8.4% to 9.3% [2]. In 2018 the global
consumption of electrical energy increased by 3.7% [2]. This increase was mainly
compensated by 33% of renewable energy sources, 31% by coal, and 25% by natural
gas [2]. Due to a rise in the consumption of fossil fuels this led to an estimated
increase of carbon emissions by 2.7%, which is the highest growth rate in the past
seven years [2]. However, to achieve the goals of the Paris agreement the energy-
related carbon emissions need to be reduced yearly by 3.5% until 2050 [4]. Despite
the strong growth of renewable energies in recent years the energy mix between
36% non-fossil fuels and 38% coal has not changed much within the past 20 years.
To achieve a reduction in carbon emissions within the energy sector the share of
renewable energies has to be increased significantly stronger than the growth of the
energy consumption. In 2018 the global share of renewable energy production in the
electricity sector was 9.3% and increased by 10.5% compared to 2017 [2].

One driving force of the increase in renewable energy production was the pho-
tovoltaic electricity production, which showed a growth rate of 28.9% in 2018 [2].
One reason for this increase in photovoltaic electricity production is its competi-
tive price compared to the average cost of electricity in several countries [5]. This
development shows that photovoltaic energy production is transforming from a sub-
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1. Introduction

sidized technology to a competitive pricing model, which is able to compete against
conventional energy production [6]. To reach this so called «grid parity» in even
more countries the cost for a kWh of photovoltaic energy has to be further reduced.
Since the price of the solar module is only a small fraction of the overall costs for
a photovoltaic installation, reducing the module costs does not influence the price
significantly. One better way is to increase the energy output per solar module by in-
creasing the efficiency of the solar cells. Therefore, the main focus in the crystalline
silicon community is to increase the efficiency of the solar cells and solar modules.
With a share of 95% in production capacity in 2017 crystalline silicon solar cells are
dominating the photovoltaic market today [6].

The efficiency of crystalline silicon solar cells can be improved by reducing
losses of the solar cell. Swanson and Sinton [7] as well as Glunz and Feldmann [8]
describe the process of improving the solar cell efficiency as fixing holes in a leaky
bucket, which should hold as much water as possible. In recent years several holes in
this leaking bucket were already fixed e.g. by reducing the recombination of photo-
generated charge carriers. Recombination describes the process of excited charge
carriers which fall back into their ground state. When charge carriers recombine
they cannot be used in the external circuit, thus, the efficiency of the solar cell
decreases. The recombination of charge carriers mainly happens at the crystalline
silicon (c-Si) interface. The reduction of recombination was predominantly achieved
in recent years by adding layers on top of the crystalline silicon to reduce the number
of open silicon bonds at the surface. These contact layers need to be conductive to
enable a transport of the generated charge carriers to the external circuit of the solar
cell. Otherwise resistive losses lead to a decreased efficiency. However, by fixing the
leaking hole of surface recombination and resistive losses another hole in the bucket
was increased. By adding these passivating layers on top of the crystalline silicon,
less radiation of the sun reaches the crystalline silicon absorber, which increases the
optical losses of the solar cell. Thus, the leaking bucket of the solar cell efficiency has
three main holes, which need to be sealed as well as possible. The first hole represents
the recombination losses, the second hole represents the resistive losses, and the third
hole represents the optical losses of the solar cells. These three elements are the key
to achieve a high efficiency of silicon solar cells and can be represented by the «magic
triangle» depicted in Figure 1.1. By reducing the recombination of solar cells the
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VOC FF

JSC

transparent

passivating conductive

Figure 1.1.: Optimizing a transparent passivating contact involves three parameters,
which need to be tuned to maximize the power conversion efficiency of solar cells.
These three parameters are the short circuit current density (Jsc), open circuit voltage
(Voc), and fill factor (FF ). The contact structure must passivate the silicon surface
very well, has a high electrical conductivity and a high optical transparency. This
figure was originally published in [9] and was adapted (CC BY 4.0).

maximum voltage (Voc) of the solar cell is increased. By using high conductive layers
the fill factor of the solar cells is increased (FF ). By mitigating optical losses of the
solar cell the maximum current (Jsc) is increased. Since conductive and passivating
contacts are already available the main focus needs to be to reduce the optical losses.

The optical losses can be mitigated by using high transparent layers as passi-
vating contact layers for the light facing side of solar cells. One material combina-
tion, which has a high optical transparency as well as a sufficient conductivity and
a high passivation ability, is the combination of silicon dioxide (SiO2) and n-type
hydrogenated microcrystalline silicon carbide (μc-SiC:H(n)). In the following this
contact scheme will be called «transparent passivating contact (TPC)». SiO2 in
combination with silicon is an intensively studied and well known material within
the semiconductor and transistor community. It has a high passivation ability on
the silicon surface and is very transparent for the incident light. However, SiO2 is
an insulator and cannot transport the electrical current. Therefore, it can only be
used as a very thin layer so that the charge carriers have a high probability of quan-
tum mechanically tunneling through the oxide. The μc-SiC:H(n) has a high optical
transparency and a high conductivity but the passivation ability when applied di-
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1. Introduction

rectly on the crystalline silicon surface is very low. Thus, the stack of thin SiO2 and
μc-SiC:H(n) is a very promising candidate to fill all three holes in the leaky bucket
whilst achieving a high efficiency of the solar cells. Intensive studies regarding the
optical properties, electrical properties, and contact properties of μc-SiC:H(n) have
been performed by Pomaska in his PhD thesis [10]. However, a systematic investi-
gation of the integration of SiO2/μc-SiC:H(n) as a transparent passivating contact
for crystalline silicon solar cells is still lacking. This work aims to close this gap.

This thesis is divided into seven Chapters. While Chapter 1 is the introduction,
in Chapter 2 the necessary fundamental information for this thesis are summarized.
It is divided into four Sections. In Section 2.1 the physical basics of the solar cell
operation are discussed. In Section 2.2 the qualitative and quantitative concepts of
the selectivity of contacts are reviewed. In Section 2.3 state of the art passivating
contact concepts are discussed with a focus on the concepts involving tunnel oxide
layers. In Section 2.4 fundamental properties and preparation methods of SiO2 are
reviewed.

In Chapter 3 experimental details regarding the preparation and characteri-
zation of the layers and devices are given. In Section 3.1 the preparation of the
SiO2 and μc-SiC:H(n) as well as all additional processes to form the transparent
passivating contact (TPC) are explained. In Section 3.2 the measurement methods
to investigate the structural properties of μc-SiC:H(n) are listed. In Section 3.3
measurement methods to characterize the optical properties of μc-SiC:H(n) as well
as the thickness of the thin SiO2 layer are explained. In Section 3.4 the methods
to characterize the contact properties of the SiO2/μc-SiC:H(n) stack as well as to
characterize the finished solar cell devices are described.

Chapter 4 discusses the results of experiments using different wet-chemical
oxidation solutions to prepare thin SiO2 tunnel layers, which have a high passivation
quality and a high tunnel probability. In Section 4.1 the influence of the oxidation
time and the SiO2 thickness on the passivation quality and tunnel probability is
investigated. A pre-selection of suitable oxidation solution is done. In Section
4.2 the pre-selected oxides are tested by changing the filament temperature during
hot wire chemical vapor deposition (HWCVD) of μc-SiC:H(n), which significantly
influences the passivation and conductivity properties of the TPC depending on the
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oxide preparation method. Finally, one oxidation procedure was selected, which was
used to prepare the SiO2 for the following experiments. In Section 4.3 the results of
the Chapter are summarized.

In Chapter 5 material properties of μc-SiC:H(n) and contact properties of the
SiO2/μc-SiC:H(n) stack were investigated. In Section 5.1 the influence of the fila-
ment temperature during HWCVD on the electrical conductivity, the doping density,
and the crystallite size of the μc-SiC:H(n) is studied. In Section 5.2 the influence of
the filament temperature on the optical bandgap, the sub-bandgap absorption and
the parasitic absorption of μc-SiC:H(n) is discussed. In Section 5.3 the passivation
properties and electrical contact properties of the TPC are optimized. Possible passi-
vation mechanisms of the TPC are discussed and a double layer stack of μc-SiC:H(n)
is introduced to achieve a high passivation quality and a high electrical conductivity.
The results of the Chapter are summarized in Section 5.4.

In Chapter 6 the TPC is used to fabricate the front side of silicon heterojunc-
tion solar cells. In Section 6.1 selected wet-chemical oxidation solutions are tested
on device level to find the best performing oxide in solar cells. In Section 6.2 a single
layer of μc-SiC:H(n) is used in the TPC to produce solar cells. A fill factor loss anal-
ysis is performed to find the limiting parameters . In Section 6.3 a double layer stack
of μc-SiC:H(n) is used in the TPC to achieve a high passivation and a high electrical
conductivity of the contact. The deposition parameters of both μc-SiC:H(n) layer
are optimized using a design of experiment approach. In Section 6.4 the transparent
conducting oxide (TCO) layer is optimized for the use with the TPC. The degra-
dation mechanisms happening due to sputtering of the TCO are investigated and
selected suitable materials for TCOs are screened. The deposition parameters are
then optimized for the best performing TCO. Finally, the optical reflection of the
front side is reduced by applying an anti reflection coating of magnesium fluoride in
Section 6.5.

In Chapter 7 the main conclusions of this work are summarized and an outlook
for the further optimization of the TPC is given.
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2. Fundamentals

2.1. Basic semiconductor principles

From an electrical point of view materials can be divided into three groups:
metals, semiconductors, and insulators [11]. The difference between these groups
is the position of their so called energy bands. The energy bands consist of energy
states. An energy state describes a energetic position which can be occupied by a
charge carrier. Metals have one energy band which is partly filled with electrons
and has partly unoccupied energy states (see Figure 2.1 i). Due to the unoccupied
states electrons can move across the metal with a minimum surplus of energy, thus
metals are good electrical conductors.

Semiconductors and insulators have two energy bands which are called the
«valence band» and the «conduction band» (see Figure 2.1 ii and iii). While (at
T = 0 K) in the valence band all energy states are filled with electrons the energy
states in the conduction band are completely empty. The energetic distance between
both bands is the so called bandgap energy (Eg). Within the bandgap there are
ideally no energy states. Due to the completely filled valence band the electrons
cannot move, thus, these materials cannot conduct an electrical current in this
state. When the temperature of the semiconductor is above 0 K charge carriers can
be exited thermally into the conduction band. Within the conduction band plenty
of free energy states are available, thus, the electron can move and the material
becomes conductive. Whenever an electron is excited from the valence into the
conduction band a hole (positively charged) is created in the valence band which is
the unoccupied state of the electron. The density of free charge carriers is denoted
the intrinsic charge carrier concentration (ni) and depends on the bandgap and the
temperature of the semiconductor material. For silicon the intrinsic charge carrier
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Figure 2.1.: Energy band diagram of a conductor (i) with occupied and empty (un-
occupied) energy states in the band, semiconductor (ii) and insulator (iii) with filled
valence band and empty conduction band. The bandgap energy (Eg) is the distance
between the highest occupied and the lowest unoccupied state.

concentration at T = 300 K is ni = 9.65×10−9 cm−3 [12]. The electrical conductivity
(σ) for each type of charge carrier depends on the charge carrier density (n) and the
charge carrier mobility (µ)

σ = qnµ (2.1)

with the elementary charge (q). The difference between semiconductors and in-
sulators is the width of the energy bandgap. While semiconductors have typically
bandgaps between 0.18 eV (InSb) and 5.5 eV (diamond) [13] isolator have a bandgap
of about 10 eV [11].

The occupation of the energy states in the valence band and conduction band
by electrons is described by the Fermi distribution f(E) as a function of the energy
of the electrons

f(E) = 1
exp

(
E−EF
kBT

)
+ 1

(2.2)

with Fermi level (EF), the Boltzmann constant (kB), and the temperature (T ). The
Fermi level which is also also called the «Fermi energy» is the characteristic energy
where half of the energy states are occupied and the other half is empty. Since for
intrinsic semiconductors at T = 0 K the valence band is fully occupied and the
conduction band is empty, EF is by definition in the middle of the bandgap.

To obtain the electron concentration in the conduction band (ne) the density
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2.1. Basic semiconductor principles

of energy states and the Fermi distribution are integrated over the electron energy
starting at the conduction band minimum (Ec). The electron density in the non-
illuminated semiconductor only depends on the temperature, the effective density
of states in the conduction band (Nc) and the distance of the Fermi-level to the
valence band edge and can then be calculated using the Boltzmann approximation

ne = Nc exp
(
−Ec − EF

kBT

)
. (2.3)

The density of the holes (nh) in the valence band can be calculated accordingly

nh = Nv exp
(
−EF − Ev

kBT

)
(2.4)

with the valence band maximum (Ev) and the effective density of states in the
valence band (Nv). The multiplication of ne and nh gives

nenh = n2
i = NcNv exp

(
− Eg

kBT

)
. (2.5)

Since every excited electron creates a hole in the valence band, ne = nh in an intrinsic
semiconductor, and nenh only depends on material properties (Nc, Nv and Eg) and
on the temperature.

The electronic properties of a semiconductor can be manipulated by doping
the material. To increase the electron density in the conduction band, donor atoms
can be added which have energy states close to the conduction band edge (Ec). The
electrons in the donor states can be easily activated thermally into the conduction
band. The electrical conductivity for electrons is increased and the semiconductor
has an n-type character. To increase the hole density in the valence band, acceptor
atoms can be added which have energy states close to the valence band edge (Ev).
Thereby, the electrical conductivity for holes is increased and the semiconductor
has an p-type character. The donor doping concentration (ND) and acceptor doping
concentration (NA) are usually in the range of 1015 cm−3 – 1019 cm−3 [14]. Thus, in
an n-type semiconductor the electron concentration, under the assumption of low
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Figure 2.2.: (a) Generation processes of charge carriers in semiconductors. (i) Absorp-
tion of a photon with a photon energy equal to the bandgap energy. (ii) Transmission
of a photon since the exited electron does not reach the conduction band due to a
photon energy lower than the bandgap. (iii) Absorption of a photon with a photon
energy larger than the bandgap. The electron is excited deep into the conduction
band and thermalizes back to the band edge. (b) Quasi-Fermi level splitting in an
n-type semiconductor due generation of electron-hole pairs. EFe and EFh denote the
quasi-Fermi levels of electrons and holes.

injection, is dominated by the doping concentration with ne ≈ ND, which leads to

nh = n2
i

ND
and EF = Ec − kBT ln

(
Nc

ND

)
(2.6)

and for a p-type semiconductor with nh ≈ NA it leads to

ne = n2
i

NA
and EF = Ev + kBT ln

(
Nv

NA

)
. (2.7)

It can be seen that in a n-type semiconductor EF is close to the conduction band
and in a p-type semiconductor EF is close to the valence band which is caused by
the asymmetric charge distribution.

Solar cell operation A solar cell works by absorbing photons and creating electron-
hole pairs. Whenever an electron is exited into the conduction band a positively
charged hole is created in the valence band. The mechanism is visualized in Figure
2.2 a (i). This process is called the generation of electron-hole pairs. When the
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photon energy is smaller than the bandgap, the semiconductor is transparent (see
Figure 2.2 a (ii)). Photons with higher energies than the bandgap excite electrons
higher than the conduction band edge. These electrons then thermalize to the
conduction band edge. The energy difference between photon energy (EPh) and the
energy of the Ec is thereby transferred to the crystal lattice and creates phonon
vibrations (see Figure 2.2 (iii)). These relaxation process happens on the time scale
of 10−12 s.

By creating electron-hole pairs, the electron density in the conduction band
increases simultaneously to the hole concentration in the valence band. The total
charge carrier density is now the sum of the equilibrium electron concentration (n0

e)
in the dark and excess electron concentration (∆ne) generated by the photons which
is not equal to ni anymore

ne = n0
e + ∆ne and nh = n0

h + ∆nh. (2.8)

This leads to a problem in the mathematical description, since due to the increased
electron concentration (ne) in the conduction band the Fermi-level needs to be closer
to the conduction band. Simultaneously, due to the higher hole concentration (nh)
in the valence band the Fermi-level also needs to be closer to the valence band. The
problem is solved by splitting the Fermi-level into separate Fermi-levels for electrons
and holes. These Fermi-levels are called quasi-Fermi level (QFL) and are denoted
as energy of the quasi Fermi level of electrons (EFe) and energy of the quasi Fermi
level of holes (EFh). The splitting of the QFLs in an n-type semiconductor can be
seen in Figure 2.2 (b). The upper and lower dashed-dotted line represents the QFL
of electrons and holes, respectively. To calculate the distance between the QFLs,
the energies of the charge carriers are important.

The energy of the charge carriers can be divided into different forms. Due
to their charge, the charge carriers have an electrical potential which is -qϕ for
electrons and qϕ for holes. Due to their concentration the charge carriers also have
a chemical potential which is written as ξe for electrons and ξh for holes. The
combination of electrical and chemical potential is the electrochemical potential for
electrons (ηe) and holes (ηh). The different potentials for electrons and holes are
visualized in Figure 2.3. It can be seen that the difference of the quasi-Fermi levels

21



2. Fundamentals

Ev

0

Ec

ηe

-qφ

ξ0
eξe

EFe

EFh

-qφ

kBT ln(ne/Nc) kBT ln(nh/Nv)

ηh ξ0
h

qφ

ξh

 E
ne

rg
y 

E

Figure 2.3.: Energies of electrons and holes in a semiconductor. With the electrical
potential (−qϕ), the chemical potential of electrons and holes (ξe and ξh) and the
electrochemical potential for electrons and holes (ηe and ηh). The position of the 0
energy is chosen arbitrarily. The diagram is adapted from [14].

is the difference between the electrochemical potentials of electrons and holes. The
splitting of the QFL can be calculated by

ηe + ηh = EFe − EFh = kBT ln
(
ne nh
n2
i

)
. (2.9)

After generation of electron-hole pairs both charge carriers are at the same
location and thus, in the same electrical potential. Therefore the electrical potential
of the charge carriers cancels out and the electrochemical potential is equal to the
chemical potential. This chemical potential now has to be converted in electrical
energy which can be used in an external circuit. The conversion into electrical energy
needs to take place before the electron-hole pairs recombine with each other. The
lifetime of an electron-hole pair in silicon is typically in the 10−3 s range. The lifetime
of the charge carriers is determined by the recombination processes happening in the
semiconductor. Details about recombination processes may be found later in this
Chapter. During this typical lifetime of the charge carriers at the conduction band
edge, the electron-hole pairs need to be separated and then separately extracted at
the distinct contacts. To extract electrons and holes separately, the symmetry of the
semiconductor needs to be broken. The most basic idea is to imagine a membrane

22



2.2. Selectivity

at each side of the semiconductor which only enables either electrons or holes to
pass. Thus, these membranes are «selective» for one type of charge carrier. Details
about selective contacts can be found in the following Section.

2.2. Selectivity

For the solar cell to deliver electrical energy, the generated electron-hole pairs
need to be separately extracted at the distinct contacts. Therefore, each contact
should only be conductive for one type of charge carrier. The most basic idea is
to imagine a membrane at each side of the semiconductor which only allows either
electrons or holes to pass (see Figure 2.4 a). Thus, these membranes are «selective»
for one type of charge carrier. The idea of the contact as a membrane can be found
in Würfel [14]. These membranes for solar cell contacts have three basic design
criteria.

1. The membrane needs to maximize the flow of majority charge carriers out of
the semiconductor. Thus, the series resistance needs to be as low as possible.

2. The membrane should minimize recombination at the interface.

3. The membranes at each side of the cells should be asymmetric so that both
carrier types are extracted separately.

The flow of the charge carriers out of the solar cell (criterion 1) is the external
current (Jex). To drive the charge carriers to the distinct contact they can be either
driven by an electric field (see Figure 2.5 a) or by a concentration gradient which is
the chemical potential (see Figure 2.5 b). The current driven by the electric field is
a drift current (Jdrift) and can be expressed for electrons as

Jdrift = σe∇(−ϕ) (2.10)

with the electrical conductivity of electrons (σe), and the gradient of the electrostatic
potential ∇(-ϕ). The current driven by the concentration gradient is as diffusion
current (Jdiff) and can be expressed for electrons as

Jdiff = qDe∇(ne) (2.11)
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Figure 2.4.: (a) Visualization of a selective contact realized by an electron membrane
(blue) and a hole membrane (red) including the metal contacts at each side. The
membranes should be semipermeable for one type of charge carriers. (b) Recombi-
nation processes of excited charge carriers: (i) radiative recombination, (ii) Auger
recombination, (iii) SRH recombination, and (iv) surface recombination .

with the electron diffusion coefficient (De). However, this equation does not show
the driving force of the diffusion current. The driving force of the electron diffusion
current is the gradient of the chemical potential of electrons∇(ξe). With the relation
∇(ne)
ne

= ∇(ξe)
kBT

Equation 2.11 results in

Jdiff = qDene

kBT
∇(ξe). (2.12)

Using the Einstein relation De
µe

= kBT
q and Equation 2.1 this simplifies Equation 2.12

to
Jdiff = σe

q ∇(ξe). (2.13)

The external electron current is a the sum of Jdrift and Jdiff and can be written as

Jex = σe

q ∇(−qϕ+ ξe). (2.14)

Since −qϕ+ξe is equal to the the electrochemical potential electrochemical potential
of electrons (ηe) and the quasi-Fermi level of electrons EFe (see Figure 2.3), Equation
2.14 can be simplified to

Jex = σe

q ∇ηe = σe

q ∇EFe. (2.15)
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Figure 2.5.: (a) Energy of the electrons due to an electric field without a gradient of the
chemical energy. (b) Energy of the electrons without an electric field with a gradient
of the chemical energy. Sketch is adapted from [14].

Equation 2.15 is also valid for holes when using the electrical conductivity of holes
(σh) and EFh. To maximize the external current (design criterion 1) the σ of the
selective contact can be increased.

The electrical conductivity can be increased by choosing a contact material
with a high mobility for one type of charge carrier. Additionally, the electrical
conductivity depends on the carrier density which can be increased by doping of the
contact as described before. However, if the contact is doped too high this can lead
to the so called «Auger» recombination. Increased recombination contradicts the
design criterion 2 that a selective contact should reduce recombination.

In a semiconductor different types of recombination occur with different proba-
bilities depending e.g. on the used semiconductor material. One recombination path
in semiconductors is radiative recombination. An electron and a hole recombine
by emitting a photon (see Figure 2.4 b (i)). This process is the inverse process
of photo-generation and can therefore not be omitted. The recombination rate of
the radiative recombination (Rrad) is proportional to the electron (ne) an hole (nh)
concentration Rrad ∝ nenh. Due to the indirect bandgap of silicon radiative recom-
bination has a low probability in this material.

The Auger recombination is a non-radiative recombination mechanism [15].
The energy of the recombining electron-hole pair is not emitted as a photon but

25



2. Fundamentals

transferred to another charge carrier which is exited within the conduction or valence
band and thermalizes back to the band edge (see Figure 2.4 b (ii)). Thus, this process
requires a third charge carrier. In an n-type semiconductor the Auger recombination
rate is RAug,n ∝ n2

e nh. Auger recombination therefore, is increased with increased
doping of the semiconductor or at high light injection intensities.

A third recombination mechanism is the recombination via defects states so
called «traps» within the bandgap. This recombination mechanism has been de-
scribed by Shockley, Read and Hall and is also referred to as SRH recombina-
tion [16, 17]. The recombination happens when an electron falls into a trap state
in the bandgap which is occupied by a hole or vice versa (see Figure 2.4 b (iii)).
The excess energy is transferred with a high probability to the phonon system of the
crystal. However, SRH statistics does not distinguish between the ways the energy is
dissipated. Further details can be found in [18]. The electron recombination rate of
the SRH depends on the the velocity of the electrons (ve), the capture cross section
for electrons of a trap state (σtrap,e) as well as on the density of trap states filled
with a hole (ntrap,h) and the electron concentration with RSRH,n = ve σtrap,e ntrap,h ne.
Traps which are located in the middle of the bandgap are more recombination active
than traps close to the band edges. The reason for that is, that the probability of
trapping a charge carrier is a function of the distance between trap and band. Traps
in the middle of the bandgap have a similar probability of trapping a hole or an
electron. For traps e.g. close to the conduction band it is way more likely that a
trapped electron is re-emitted thermally into the conduction band than the trapping
of a hole from the valence band. To reduce the SRH recombination is is necessary to
reduce the trap state in the bandgap e.g. by using silicon with very few impurities
and crystal defects.

A special case of the SRH recombination is surface recombination. Since
the atoms at the crystal surface do not have a binding partner, the number of surface
states can be very high e.g. for silicon <111> 8 × 1014 cm−2. These surface states
create a continuous distribution of traps at the interface (see Figure 2.4 b (iv)). The
surface recombination rate (Rsurf) is similar the Shockley-Read-Hall recombination
rate (RSRH). However, since this recombination happens at the surface, ntrap,h has
the unit of occupied states per area and not per volume like for the SRH recombi-
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nation. Therefore, ve σtrap,e ntrap,h has the unit of a velocity and is also known as the
surface recombination velocity of electrons (Se). Thus, Rsurf = Se ne.

The second design criterion for designing a selective membrane is to minimize
recombination. To investigate the influence of the recombination on the solar cell
energy output a formulation of the singe diode equation is used [19]

qVoc = kBT ln
(
Jsc
J0

+ 1
)

(2.16)

with the voltage at open circuit (Voc), and the current of the solar cell at short circuit
(Jsc). The saturation current density (J0) is a representation of the recombination
current in a solar cell. Since the surface recombination is the most dominant recom-
bination mechanism in modern crystalline silicon solar cells, all other recombination
shall be neglected in this example. Thus, the recombination in a p-type semiconduc-
tor (ne � nh) can be expressed by assuming low injection as the saturation current
density

J0 = qSen
0
e. (2.17)

Since the electrons are the minority carriers in a p-type semiconductor, n0
e can be

expressed as
n0
e = n2

i

NA
for n0

e � n0
h. (2.18)

The intrinsic carrier concentration can be written as described in Equation 2.5.
When combining Equation 2.18 and 2.5 and inserting it into Equation 2.17 this
results in

J0 = qSe
NcNv exp (−Eg/kBT )

NA
. (2.19)

For a p-type wafer dominated by surface recombination the recombination current
depends on the surface recombination velocity (Se), the bandgap of the absorber
material (Eg), the doping concentration (NA), and the temperature of the device
(T ). When inserting Equation 2.19 into Equation 2.16 this results in

qVoc = Eg − kBT ln
(qSeNcNv

JscNA
+ 1

)
. (2.20)

The energy which can be extracted from the solar cell is represented by qVoc. In a
thermodynamic notation qVoc is the free energy. The free energy is the part of the
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Figure 2.6.: Band diagram with optimized n-type (blue) and p-type (red) selective
contacts. The contacts are optimized by an increased bandgap of the contact, an
increased doping in the n+ and p+ region and decreased surface states.

enthalpy which can be drawn from the solar cell. The enthalpy is represented by Eg

and is reduced by the entropy in the logarithmic term. Equation 2.20 shows how a
selective membrane on a semiconductor which is dominated by surface recombination
can be improved. The free energy can be increased by increasing the enthalpy
and reducing the entropy of the system. To increase the enthalpy, the bandgap of
the absorber material needs to be increased. To reduce the entropy of the system
the surface recombination velocity of the electrons Se should be decreased and the
acceptor doping NA should be increased. Additionally, the bandgap of the contact
materials can be increased. In combination with a high electron affinity for n-type
contacts and a low electron affinity for p-type contacts a high bandgap results in a
barrier for minority carriers, which increases the selectivity. An optimized selective
contact uses all these three methods to improve the free energy of the solar cell.
Such a contact design is sketched in Figure 2.6. The p-type contact material (red)
has a higher bandgap as the c-Si, it is highly doped so that the EFh is close the the
valence band edge and the surface is passivated to reduce the number of trap states
which reduces the surface recombination velocity. The same mechanisms works for
the n-type doped contact (blue) just by increasing ND which shifts EFe towards Ec.

The classical way to achieve selectivity in crystalline solar cells was to use
buried junctions. Therefore, e.g. a moderately p-type doped silicon wafer was highly
n-type doped at the front side to form the pn junction. Additionally, the wafer
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was highly p-type doped on the rear side to from a back surface field [20]. The
doping of the front and rear side needs to be designed in a way that the series
resistance of the device is as low as possible (high doping) and Auger recombination
is avoided (moderate doping). By using homojunctions the bandgap of the contact
cannot be increased which limits the selective contact. An additional problem of
the homojunction design is the direct contact between the silicon and the metal
electrode. This interface has a very high surface recombination velocity, since the
metal introduces a continuum of trap states throughout the bandgap [14]. Thus,
only one of the three design criteria can be fulfilled. To overcome the limitations of
surface recombination, solar cells have been designed which use so called «passivating
contacts». Selected designs of passivating contacts are discussed in Section 2.3.

The concept of selectivity was generally used as a qualitative description with
no clear quantitative definition [21, 22]. However, in recent years various groups
proposed quantitative definitions of the selectivity. Such quantitative definitions
are helpful to compare different kinds of selective contacts with each other. Würfel
et al. describe the selectivity as a difference in conductivity between electrons and
holes [23]. Mora-Seró and Bisquert describe the reduction of selectivity by a leakage
current at the contacts [24]. Tress et al. describes selectivity in organic solar cells
by the surface recombination velocities [25]. Thus, no generally accepted concept
of the quantitative definition of selectivity exists so far. However, the situation of
ideal selectivity is widely accepted to be the state where the partial current of one
charge carrier type becomes zero.

Roe et al. described the selectivity by the concentration difference of electrons
and holes at the specific selective contact which are driving the respective minority
(J0,m) and majority saturation carrier currents densities (J0,M) [26]. The selectivity
(S) is then defined as S = J0,M/J0,m at the specific contact. Another definition is
proposed by Brendel and Peibst which uses the minority carrier resistivity (ρm) and
the majority carrier resistivity (ρM) to define the selectivity S = ρm/ρM [27]. The
definition of Roe et al. and the definition of Brendel and Preibst are compared and
generalized to an extended model by Rau and Kirchartz [28]. In the following the
definition of selectivity by Brendel and Peibst is explained, since it is used in this
work to compare the developed TPC to other selective contacts.
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To calculate the selectivity, Brendel and Peibst propose to divide the minority
carrier resistivity ρm by the majority carrier resistivity ρM

S = ρm
ρM
. (2.21)

Thus, a contact is very selective when the minority charge carrier resistivity is high
which reduces the recombination at the interface and the majority carrier resistivity
is low which enables majority charge carriers to pass the membrane. The minority
carrier resistivity can be calculated by the minority carrier current density (Jm)

Jm = Jc

(
exp

(
V

Vth

)
− 1

)
(2.22)

with the recombination parameter Jc, the voltage V and the thermal voltage
Vth = kBT/q. Since the minority carrier resistivity is voltage dependent ρm = V/Jm

Brendel and Peibst used the inverse slope at V = 0 V

ρm =
(
dJm

dV

∣∣∣∣
V=0

)−1

= Vth

Jc
. (2.23)

Therefore, the minority carrier resistivity only depends on the thermal voltage which
is constant for constant temperature and on the recombination parameter. To calcu-
late the majority carrier resistivity a linear current-voltage characteristic is assumed
which then leads to

ρM =
(
dJM

dV

∣∣∣∣
V=0

)−1

= ρc (2.24)

which is the contact resistivity. The majority carrier resistivity therefore is identical
with the contact resistivity. To avoid large numbers Brendel and Peibst propose to
use the logarithm of the selectivity S10 which can be calculated by

S10 = log
(
Vth

Jcρc

)
. (2.25)

This logarithmic selectivity value can be used to compare different types of contacts.
While the recombination parameter can be extracted from photo-conductance mea-
surements as the J0 value the contact resistivity can be measured by the transfer
length method (TLM) as described in Chapter 3.
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Figure 2.7.: Visualization of iso-selectivities calculated from Equation 2.25 (dashed
lines) and iso-efficiency lines calculated from Equation 2.26 with maximum power
conversion efficiency ηmax = Pmax/Psun (solid lines) as a function of the parameters
contact resistivity (ρc) and saturation current density (J0). For the calculation of the
efficiencies Jsc = 43.6 mA/cm2 and Vth = 25.7 mV at a temperature of 25 ◦C were
assumed.

Nevertheless, a high selectivity of the contact does not necessarily lead to a
high efficiency of the final solar cell. Therefore, the dependency of the power and
thereby the efficiency of the solar cell on the saturation current density and the
contact resistivity will be discussed in the following. As described by Rau and
Kirchartz [28] the generated power Pmax of the solar cell in the approach of Brendel
and Peibst can be approximated by

Pmax = JscVocFF0

(
1− Jscρc

Voc

)
= JscVth ln

(
Jsc
J0

)
FF0 − J2

sc FF0 ρc (2.26)

with the fill factor without the influence of the series resistance (FF0). The FF0 is
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defined by Green et al. [29] as

FF0 = voc − ln(voc + 0.72)
voc + 1 (2.27)

with
voc = Voc

Vth
= ln

(
Jsc
J0

+ 1
)

(2.28)

using Equation 2.16. For a comparison between selectivity and efficiency iso-selec-
tivity (dashed lines) and iso-efficiency curves (solid lines) are plotted in Figure 2.7.
For the calculation of the efficiency Lambertian light trapping was assumed lead-
ing to a Jsc = 43.6 mA/cm2 as well as a thermal voltage of Vth = 25.7 mV at a
temperature of 25 ◦C. The maximum efficiency was then calculated by dividing the
maximum power of the solar cell by the power of the sun ηmax = Pmax/Psun.

In the Brendel and Peibst model the area of the selective contact can be
divided into two parts. One part of the contact area is highly conductive but not
passivating the other part of the contact is not conductive but highly passivating.
Thus, changing the fraction of these two contact areas changes the contribution of
resistive and recombination losses but does not change the selectivity. However, as
it can be seen from the iso-efficiency lines in Figure 2.7, changing the fraction of
the two contact areas may change the achievable efficiency. It can also be seen that
resistive losses are strongly increasing for contact resistivities above a critical value.
This critical value is characterized by the tangent points of the iso-selectivity lines
with the iso-efficiency lines. When the contact resistivity is higher than this critical
value the efficiency may be increased by increasing the conductive area fraction of
the contact. If the contact resistivity lower than the critical value the losses due to
imperfect passivation are dominating. Thus, increasing the passivated area fraction
of the contact may increase the efficiency. It can be summarized that a quantitative
selectivity is a powerful tool to compare different selective contact with each other.
Nevertheless, a high selectivity of the contact does not necessarily lead to a high
efficiency of the solar cell.
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2.3. Passivating contacts

The passivating contacts were developed to suppress surface recombination
of solar cells. Surface recombination is the dominant recombination mechanism
in industrial standard silicon solar cells [30–33]. Since crystalline silicon has an
indirect bandgap, radiative recombination is unlikely, because it is a three particle
recombination. SRH recombination in the bulk can be omitted by using high quality
silicon material with a low density of defects e.g. impurities and crystallographic
defects. Auger recombination depends in non-concentrator solar cells mainly on the
doping which can be designed in a way to reduce this recombination. Thus, the
surface recombination is the most likely recombination mechanism in most modern
solar cells. This recombination at the surface usually happens due to a high density
of traps at the interface of the c-Si. These traps originate from unpaired electrons
at the silicon surface. Improving the passivation quality of the silicon surface can
be achieved in two ways: (i) by a reduction of the trap states or (ii) by a spatial
separation of electrons and holes so that they cannot recombine with each other at
the surfaces. This can be achieved by using selective contacts as discussed before.
It should be noted that all passivating contacts are selective contacts but not all
selective contacts are passivating contact.

To reduce the trap density at the interface the unpaired electrons of the silicon
have to be paired by adding a layer on top of the c-Si. It was found that Si-based
layers e.g. (SiO2 [34,35], SiNx [36], and hydrogenated amorphous silicon (a-Si:H) [37])
are well suited to passivate the c-Si surface. Remaining open silicon bonds can be
additionally passivated by hydrogen atoms. Reducing the density of trap states at
the interface is also called «chemical passivation»

A second method to reduce the surface recombination is to decrease the con-
centration of one recombination partner (either electrons or holes) at the surface.
When only one type of charge carrier is present at the site of the trap recombination
is suppressed due to the lack of a recombination partner. This can be achieved by
implementing an electric field which repels one kind of charge carrier and attracts the
other one. This type of passivation is also called «field-effect passivation». Further
details about surface passivation can be found elsewhere [38,39].
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The industrial standard solar cell at the moment is build on the passivated
emitter and rear cell (PERC) concept [40–42]. Even though most of the diffused
emitter and the rear interface are passivated by dielectric films the metal electrodes
are still in direct contact to the silicon to ensure a low contact resistivity. As
discussed in the last section a metal/semiconductor interface has a high surface
recombination which can reduce the efficiency of these solar cells due to a high
surface recombination velocity which limits the Voc.

The first solar cell concept which avoided a direct contact between metal elec-
trode and c-Si was the silicon heterojunction (SHJ) solar cell [43]. In this concept
the crystalline silicon is passivated with a thin intrinsic hydrogenated amorphous
silicon (a-Si:H(i)) layer on both sides. This layer is providing a high chemical pas-
sivation due to the saturation of the open silicon bonds by the a-Si:H and the
hydrogen which additionally passivates remaining open bonds. The a-Si:H(i) is fol-
lowed by either a n-type doped hydrogenated amorphous silicon (a-Si:H(n)) or a
p-type doped doped hydrogenated amorphous silicon (a-Si:H(p)) on each side of the
wafer. In contrast to the PERC cell the pn-junction is not formed due to indiffu-
sion of doping atoms into the wafer (homojunction) but by a doped external layer
(heterojunction). Since the lateral conductivity of the a-Si:H layers is not sufficient
an additional TCO is needed. Since the charge carriers now have to pass the a-Si:H
layer stack when leaving the c-Si, the series resistance of the device can be critical
which can influence the fill factor (FF ) of the device. Thus, optimizing the effi-
ciency is often a tread-off between FF and Voc [44]. The current efficiency record
for SHJ solar cells was reported online in 11/2019 by Hanergy as η = 25.11% with a
Voc = 747 mV, Jsc = 39.6 mA/cm2 and a FF = 85% [45,46]. These results show very
high Voc and FF values. A detailed description of the obtained results in literature
was not available at this time. A comparable efficiency was achieved by Kaneka
Co. with η = 25.1% a significantly lower Voc = 738 mV, but a significantly higher
Jsc = 40.8 mA/cm2 and a comparable FF = 83.5% [47].

Another material which is known to passivate the silicon surface very well is
SiO2. Due to its high bandgap SiO2 is an isolator, thus to work as a contact mate-
rials the layer thickness needs to be extremely thin to enable quantum-mechanical
tunneling of the charge carriers. An in-depth analysis of direct tunneling versus
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defect assisted tunneling at the c-Si/SiO2 interface can be found in Li et al. [48].
Further details about silicon tunnel oxides can be found in the following Section
2.4. Excellent passivation was found by combining such a tunnel oxide which is pro-
viding the chemical passivation with a thin doped polycrystalline silicon (poly-Si)
layer which provides the field effect passivation [49]. This contact has the advan-
tage compared to a-Si:H passivated contacts that they are compatible with high
temperature processing steps e.g. contact firing and can be implemented easier in
existing solar cell production lines [50]. Nevertheless, in the classical approach only
one passivating contact of SiO2/poly-Si is implemented on the rear side while for the
illuminated contact a diffused homojunction is used [51]. This leaves the front side
with a direct metal contact to the c-Si which results in additional surface recom-
bination resulting in a limited Voc. The current record efficiency was achieved by
Fraunhofer ISE and is up to now only reported in [52] without a detailed description
of the device. The reported results are η = 26%, Voc = 732 mV, Jsc = 42.1 mA/cm2

and a FF = 82.3%. This cell compared to the SHJ record cells shows a significantly
lower Voc which is likely due to the passivated contact which is only on the rear
side of the device. Nevertheless, the Jsc of the cell using the SiO2/poly-Si contact
is significantly higher than for the SHJ solar cell. The reason for this increase is
the higher transparency of the front side of the SiO2/poly-Si cells as compared to
the a-Si:H on SHJ solar cell. The a-Si:H absorbs considerable parts of the incident
sunlight which reduces the short circuit current density.

To further improve the efficiency of solar cells it is necessary to passivate also
the front side of c-Si to achieve high Voc. Contact materials need to be used which
are highly transparent to enable a high Jsc. Additionally, the contact materials need
to be conductive to transport the charge carriers to the electrode without imposing
a high resistance to enable a high FF . Several materials have been investigated as
passivating contacts for the front side of c-Si solar cells. Due to the high passivation
quality of the SiO2/poly-Si contact achieved on the back side of solar cells it was
also used as a front contact of c-Si solar cells. Despite the high passivation quality
the low bandgap of poly-Si Eg = 1.1 eV [53] also shows a significant light absorp-
tion and need to be prepared very thin [54, 55]. Due to the thin layer thickness of
poly-Si an additional TCO layer is necessary to support the lateral current trans-
port. It was found that direct sputtering of TCOs results in a severe degradation
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of the passivation quality [56, 57]. Several methods have been shown to reduce the
induced sputter damage. A degradation can be prevented by using an intermediate
layer which is deposited by atomic layer deposition (ALD) [56] and by soft sput-
tering [58] or by annealing procedures [57, 58]. Double side passivated solar cells
with SiO2/poly-Si conacts have been shown by several groups [55,59,60]. The best
solar cell efficiency so far has been reported by Larionova et al. with η = 22.3%,
Voc = 721 mV, Jsc = 38.6 mA/cm2, and a FF = 80% [59].

2.4. Silicon Tunnel Oxides

The tremendous success of silicon in the 20th century of the last decade, which
is also often called the silicon age, was not based on the superior material properties
of the silicon itself. The decisive advantage compared to e.g. germanium was and still
is the silicon oxide layer. The SiO2 layer is chemically stable and allows the silicon
wafer to be transported or shipped without degradation of the material properties.
After arrival the oxide can be stripped off and a clean silicon surface is obtained.
Furthermore, the c-Si/SiO2 interface has a low density of interface states (Dit) and
can therefore be used as e.g. a gate oxide or a buffer layer in chips or solar cells [61].

A thin native oxide layer already builds when pure silicon is left in air. The
technological advantage of SiO2 is that it can be produced artificially by thermal or
wet-chemical oxidation or by deposition of SiO2. Deposited SiO2 is growing on top of
the wafer and an additional source of silicon is needed. Oxidized SiO2, however, uses
the silicon atom of the wafer and includes oxide species by a chemical reaction. The
oxide is therefore penetrating the first few nanometers of the wafer. By oxidation
of silicon, very thin oxides of only a few atomic layer can be produced. Since the
the oxide species have to penetrate into the silicon, the growing SiO2 is posing a
diffusion barrier which is practically limiting the oxide growth. Significantly thicker
oxides cannot be obtained by longer oxidation times, since the thickness is growing
logarithmically with oxidation time [62,63]. The thickness of thermal oxidation can
be calculated using the model developed by Massoud et al. [64].

For the fabrication of solar cells, SiO2 is used in various ways. Before fabrica-
tion of any kind of crystalline silicon solar cells, the wafer is cleaned e.g. by a cleaning
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process developed at the Radio Corporation of America (RCA) [65] or ozone treat-
ments [66, 67] which involves SiO2. The standard process for diffused phosphorous
emitters which is widely used for industrial solar cells is to grow a phosphorous-
silicate glass on top of the wafer. From there the phosphorous indiffuses into the
wafer and creates a shallow n-type doping in the silicon [68–70]. However, these
oxides are removed typically in hydrofluoric acid (HF) after the process.

By using a rather thick SiO2 passivation layer (6–10 nm) Blakers and Green
were able to fabricate the first solar cell with an efficiency >20% in 1986 [71]. The
use of SiO2 lost some focus in the photovoltaic community due to the development
of silicon nitride (SiNx) deposited by plasma enhanced chemical vapor deposition
(PECVD). Silicon nitride shows a excellent surface passivation quality for n-type
silicon due to a high density of positive fixed charges and a high hydrogen content
which passivates remaining silicon dangling bonds [36, 72, 73]. Furthermore, it is a
very well suited anti-reflection coating enhancing the light incoupling into the solar
cell. For p-type silicon surfaces aluminum oxide (Al2O3) deposited by ALD was
found to have excellent surface passivation due to the high negative fixed charge
density [74–76].

In recent years SiO2 has regained interest in the solar cell community, due
to the development of SiO2/poly-Si contacts [8, 49, 77]. Since this SiO2 layer is
implemented in the solar cell stack the passivation and electronic properties are
of increasing importance. The major requirements for the oxide in SiO2/poly-Si
contacts are a high chemical passivation of the silicon surface, a high conductivity
through the SiO2, and a high thermal stability. Therefore, the solar cell community
is immensely profiting from the intensive studies of the metal-oxide semiconduc-
tor (MOS) community to improve the gate oxide for transistor applications. Buck
and McKim found that the chemical preparation method of SiO2 has a strong influ-
ence on passivation of the surface [78]. Angermann et al. then found that different
wet-chemical and thermal oxidation methods result in different defect density at
the c-Si interface (Dit) which might be the reason for a difference in passivation
quality [79]. It was also found, that the c-Si/SiO2 interface is not abrupt and per-
fectly stoichiometric [80]. Within the first few atomic layers all oxidation states of
silicon (Si) can be found from stoichiometric (Si4+) to sub-stoichiometric (Si3+ –
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Si1+) silicon oxide. Moldovan et al. found that the stoichiometry is dependent on
the preparation method of the oxide and also linked to the passivation quality [81].
Oxides with higher stoichometry show higher passivation qualities on samples pas-
sivated by SiO2/poly-Si.

In this work the SiO2 layer is used as a buffer layer between the c-Si and the
μc-SiC:H(n). Therefore, the SiO2 needs to passivate the c-Si surface to reduce sur-
face recombination. Additionally, the oxide needs to conduct the charge carriers
either by direct conduction (between c-Si and μc-SiC:H(n)) or quantum-mechanical
tunneling and needs to be physically and chemically stable against the HWCVD
of μc-SiC:H(n). In contrast to the SiO2/poly-Si fabrication the SiO2 in this work
does not need to be stable against high temperatures, since only low temperature
processes are involved. To produce a high quality requirements several wet-chemical
oxidation solutions have been tested. The oxidation reaction of some of these solu-
tions was investigated by Patzig-Klein [82] and shall be summarized in the following.
This paragraph should only give a brief overview about possible oxidation reactions
with different oxidation solutions. Details can be found Chapter 8 of the PhD thesis
of Patzig-Klein [82].

A common solution to prepare SiO2 on c-Si is concentrated HNO3. Patzig-
Klein investigated the oxidation reaction of a hydrogen terminated silicon wafer by
oxidizing in 10% HNO3 at 20 ◦C. It was shown that the oxide ions are inserted into
the Si–Si back bonds and not directly into the Si–H bonds. In a first step the HNO3

is reduced to NO2 or N2O4 by generating a hole in the valence band (h+
v ). This

-
+

h+
V

e-
C

 + H3O
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Figure 2.8.: Oxidation reaction of hydrogen terminated c-Si by 10% HNO3 at 20 ◦C.
Figure adapted from [82].
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+ H+

Si O H S

Figure 2.9.: Oxidation reaction of hydrogen terminated c-Si by concentrated H2SO4 at
70 ◦C. Figure adapted from [82].

process has already been proposed by Abel and Schmid in 1928 [83]

H2Si · · · SiH2 + HNO3 + H3O+ → H2Si · · · SiH2 + h+
v + NO2 + 2H2O. (2.29)

The free hole in the valence band then enables the insertion of an oxide ion into the
Si–Si back bond and creates an electron in the conduction band (e−c )

H2Si · · · SiH2 + h+
v + 3H2O→ H2Si(O) · · · SiH2 + e−c + 2H3O+. (2.30)

This process is visualized in Figure 2.8.

Patzig-Klein also investigated the SiO2 formation by concentrated sulfuric acid
(H2SO4). It was found, that for a reaction using H2SO4 additionally to the insertion
of oxygen into the Si–Si back bonds a direct oxidation of the Si–H bond is possible.
The reaction can be described as

H2Si · · · SiH2 + H2SO−4 + H3O+ → H2Si · · · (O)HSi–OH + SO2 + H2 + H2O. (2.31)

It was found, that the oxidation reaction of concentrated H2SO4 at 20 ◦C is rather
slow and can be accelerated by heating it to 70 ◦C. The visualization of the ox-
idation process is illustrated in Figure 2.9. An additional oxidation solution is
hydrogenperoxide (H2O2). One oxygen atom is inserted into the Si–Si back bond
while water is produced.
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H–Si–Si–H + H2O2 → H–Si–O–Si–H + H2O (2.32)

H–Si–O–Si–H + 4H2O2 → H–Si(O)2–O–Si(O)2–H + 4H2O (2.33)

H2Si · · · SiH2 + H2O2 → H2Si(O) · · · SiH2 + H2O (2.34)

H2Si(O) · · · SiH2 + 3H2O2 → H2Si(O)2 · · · Si(O)2H2 + 3H2O (2.35)

Due to the insertion of the oxygen the surface is getting less hydrophobic which then
enables the water to adsorb and insert an oxygen into the Si–H bond.

H2Si(O)2 · · · Si(O)2H2 + 2H2O→ HO–SiH(O)2 · · · (O)2HSi–OH + 2H2 (2.36)

This process is visualized in Figure 2.10.

+H2O2
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+H2O
 

  - H2

Si O H

Figure 2.10.: Oxidation reaction of hydrogen terminated c-Si by 10% H2O2 at 20 ◦C.
Figure adapted from [82].

In this work we use a mixture of concentrated sulfuric acid and hydrogen
peroxide to oxidize the silicon surface which is known as «piranha solution», Caro’s
acid or Peroxymonosulfuric acid: H2SO4 + H2O2 → H2SO5 + H2O. Thus, the
oxidation reaction might be different to that of H2SO4 and H2O2. Nevertheless, it
is useful to understand the general differences in oxidation reactions.
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3.1. Preparation of the Transparent Passivating Contacts

Substrates and wafers In this work three different substrates are used. Samples
designed for electrical conductivity, photothermal deflection spectroscopy (PDS) or
transmission and reflection measurements are prepared on corning EAGLE XG glass.
For film thickness, Fourier transform infrared spectroscopy (FTIR) and spectral
ellipsometry (SE) measurements 15×15 mm2 float zone (fz), double side polished
(dsp) wafers pieces are used. For symmetric lifetime samples and solar cells 170 μm
thick monocrystalline double side textured (dst) six inch Czochralski (Cz) wafers
with a base resistivity of 1 – 5 Ω cm are used. The wafers are quartered and labeled
using a laser system resulting in 78×78 mm2 wafers with one pseudo-square corner.

Silicon Tunnel Oxide In a first step the silicon wafers are cleaned using the standard
procedure developed by the RCA [65]. The procedure consists of a 10 min dip in
Standard Clean 1 (SC-1) at 60 ◦C, a first Quick Dump Rinse (QDR), a dip in
Standard Clean 2 (SC-2) at 60 ◦C, a second QDR followed by a 5 min dip in 1%
HF at room temperature (RT), and a last QDR. The receipts can be found in the
following list. In a second step the tunnel oxide is prepared wet-chemically:

• native oxide in deionised water (DI-H2O) at RT,

• 69.5% HNO3 at RT,

• SC-1 DI-H2O:H2O2(30%):NH4OH(30%) 20:4:1 at 60 ◦C,

• SC-2 DI-H2O:H2O2(30%):HCl(37%) 20:1:1 at 60 ◦C,

• piranha H2O2(30%):H2SO4(96%) 2:1 at 60 ◦C,

• diluted HCl:H2O in 1% or 8% at 80 ◦C.
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After the oxidation both sides of the wafer have a symmetric SiO2. Further details
regarding the tunnel oxide formation can be found in Chapter 4.

Microcrystalline Silicon Carbide In a third step the μc-SiC:H(n) is prepared in an
hot wire chemical vapor deposition (HWCVD) system also often referred to as a
catalytic chemical vapor deposition (Cat-CVD). The system consists of a loadlock
chamber and a deposition chamber. The transfer into the deposition chamber is
done at a pressure below 2×10−6 mbar.

The samples are deposited in a top-down configuration. A heater is mounted
above the substrate which has a temperature of 250 ◦C if not stated otherwise. Three
rhenium wires with a diameter of 0.5 mm and a length of 15 cm are curled in seven
curls to a length of approximately 10 cm. The wires are mounted on top of a frame
consisting of gas inlet pipes to supply the precursors directly to the hot wire surface.
The frame is mounted below the substrate where the distance between frame and
substrate can be adjusted. The default distance is 97 mm. For the deposition of
unintentionally doped μc-SiC:H(n) 5% monomethylsilane H3Si-CH3 (MMS) in H2

and additionally H2 are used as precursor gases. For intentionally doped μc-SiC:H(n)
additional N2 is used as a doping precursor. Each gas flow rate is controlled by mass
flow controler (MFC) to manipulate the gas concentrations and the overall flow rate.
The deposition pressure is kept at 0.75 mbar if not stated otherwise. The sample
and the gases are pre-heated for 10 min before the start of the deposition.

The wires are heated by a current between 30 - 50 A resulting in filament
temperature (Tf) of 1600 ◦C - 2100 ◦C. Tf is measured by a Raytek Marathon py-
rometer. The precursors decompose catalytically at the surface of the hot wires and
from radicals. After desorbing from the wires the radicals form the μc-SiC:H(n) on
the substrate. The layer thickness is usually in the range of 20 – 50 nm.

Preparation of the rear side pn-junction As a fourth step the SiO2 on the rear side
is removed by a 5 min dip in 1% HF. The deposited μc-SiC:H(n) is stable against
HF and protects the underlying SiO2 on the front side. As a standard rear side
for the SHJ solar cell a stack of a-Si:H(i) and a-Si:H(p) is deposited by PECVD.
The PECVD machine is a commercial AK1000 system developed by Meyer Burger
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Technology AG and is capable of depositing on 36 quartered six inch wafers or 9
six inch wafers per run. Therefore, it is possible to fabricate a complete batch of
solar cells within one run which leads to less statistical scatter during solar cells
development.

Transparent Conducting Oxide The TCO is deposited on top of the μc-SiC:H(n).
In the standard configuration for solar cells indium tin oxide (ITO) is sputtered
trough a mask to define four 2×2 cm2 solar cells on each wafer. The standard ITO
is deposited with a thickness of 70 nm to enhance the anti-reflexion effect of the
TCO.

Metallization For the metallization of samples either a silver evaporation system
or a screen printer is used. The silver evaporation system was in-house build while
the screen printer is a MT-650TVC by Micro-tec Co. The evaporated silver results
in 2 μm high silver fingers and busbars on the front side and a full area silver rear
side with a thickness of 700 nm. The screen printed fingers have a height of 30 μm
and a width of 55 μm. For a 2×2 cm2 solar cells a busbar-less ten finger design with
a squared silver frame around the active area is used. After the screen printing the
cells are annealed for 40 min at 190 ◦C.

Anti-reflection coating The anti-reflection coating (ARC) is only used for TCO
free solar cells and to reduce the reflection of the best solar cell with TCO. There-
fore, magnesium fluoride (MgF2) is thermally evaporated by an electron beam with
a targeted layer thickness of 125 nm. The deposition is performed in a Leybold
evaporation system.
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3.2. Characterization of structural properties of

μc-SiC:H(n)

Conductive atomic force microscopy To investigate the homogeneity of SiO2 lay-
ers with respect to possible pinholes in the layer conductive atomic force microscopy
(c-AFM) measurements are performed. After preparation the samples are immedi-
ately transferred into the vacuum to prevent further oxidation in air. Following, the
measurements are performed inside the vacuum. The c-AFM system was build by
omicron MATRIX and operated at the Peter Grünberg institute. For the measure-
ments the c-AFM tip has a bias of several volts and the substrate is grounded. By
scanning the surface the topography as well as the current signal at each point is
obtained.

Profilometer The film thickness of the deposited μc-SiC:H(n) is measured using a
Vecco DEKTAK 6M Stylus Profiler. Therefore, the layers are deposited in parallel
on glass and on double side polished silicon pieces. Ink dots are placed in the middle
of the samples using a permanent label writer. The ink is removed with isopropanol
after the deposition leaving a hole in the layer where the height difference between
substrate and layer is measured.

Fourier-transformed infrared spectroscopy (FTIR) The FTIR measurement is use-
ful to determine the chemical composition of the μc-SiC:H(n) layers. Therefore,
the sample is illuminated by infrared light. This light is exciting electric dipoles
in the sample which absorbs the particular wavelength of the infrared light. The
transmitted light through the sample is then detected by a spectrometer and then
fourier-transformed. After correcting for the substrate signal which is measured sep-
arately on a bare silicon wafer only the absorption of the μc-SiC:H(n) remains. The
result can then be plotted as FTIR-intensity as a function of the wavenumber (ν),
which is the inverse of the wavelength (λ). From the FTIR-intensity the optical
absorption coefficient (α) can be calculated by correcting the FTIR-intensity for the
film thickness using the method of Langford et al. [84]. For FTIR measurements the
Nicolet 5700 FTIR is used.
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Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) ToF-SIMS is a valu-
able technique to measure atom concentration in films. ToF-SIMS measurements
are destructive, since a primary ion beam of Cs+ is used to sputter secondary ions
from the target material. The secondary ions are then accelerated in an electric field.
Due to the sputtering it is possible to perform depth measurement or 3D mappings
of atom concentrations in thin films. Quantification of the atom concentration is
possible if a standard sample of the investigated material with a known atom con-
centration can be measured. For the measurement of nitrogen in μc-SiC:H(n) an
unintentionally doped thick μc-SiC:H(n) layer with a known dose of ion implanted
nitrogen is used for quantification. The time-of-flight secondary ion mass spec-
troscopy (ToF-SIMS) is used to measure nitrogen and hydrogen concentrations in
μc-SiC:H(n) films. The measurements are performed at the central institute for
engineering and analysis 3 of the research center Jülich with an ToF-SIMS IV by
IONTOF.

X-ray defraction (XRD) The X-ray diffraction measurements are used to determine
the crystallite sizes of the μc-SiC:H(n). Since the usually used μc-SiC:H(n) lay-
ers have been too thin and the X-ray diffraction (XRD) signal too weak, thicker
μc-SiC:H(n) layers are prepared. The measurements are performed on a STOE
Θ/Θ-Diffractometer in Bragg-Brentano mode at Röntgenlabor Dr. Ermrich. The
average grain size is calculated from the SiC(006) peak.

3.3. Characterization of optical properties of μc-SiC:H(n)

Transmission and reflection measurements (T & R) To be able to obtain the re-
fractive index and absorption coefficient the measurement data of T & R, PDS, and
ellipsometry are combined. The transmission and reflection (T & R) measurements
on μc-SiC:H(n) are performed on a Perkin Elmer Lambda 950 UV-VIS spectrometer.

Photothermal deflection spectroscopy (PDS) PDS measurements on an in-house
built system are performed to investigate the absorption coefficient of μc-SiC:H(n).
This method is particularly useful for thin samples, since it is very sensitive. The
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sample is mounted in a cuvette which is filled with carbon tetrachloride (CCl4).
Then the sample is illuminated by monochromatic light. Depending on the ab-
sorption the sample temperature changes. The generated heat in the sample is
transferred to the CCl4 which thereby changes its refractive index. This change in
refractive index is measured by a laser which is orientated in parallel to the sample
and slightly above the sample surface. The deflection of the laser beam due to the
change in refractive index is measured by a four-quadrant diode. Details about the
measurement technique are described in [85].

Ellipsometry Ellipsometry measurements are performed to determine the thick-
ness of the SiO2 after wet-chemical preparation on double side polished wafers. The
measurements are performed in the clean room directly after preparation to prevent
any further oxide growth in air. For these measurements a SENTECH 800 SE is
used. For fitting the data an SiO2 a model has been build within the software Spec-
traRay/3. An in-house build ellipsometer is used to determine the optical properties
of μc-SiC:H(n) layers. To analyze the data a model was build using the Software
SCOUT developed by W. Theiss Hard- and Software.

Electrochemical capacitance-voltage profiling (eCV) This technique is used to mea-
sure the active doping concentration (Nact) in semiconductors. Measuring the active
doping concentration is interesting, since it can be related to the total doping atom
concentration measured e.g. by ToF-SIMS to reveal the doping efficiency. To mea-
sureNact a Schottky contact is necessary which is formed between the semiconductor
material and an electrolyte (0.5M KOH). This Schottky contact forms a depletion
region which acts a capacitor. By measuring the capacitance (C) as a function of
the voltage (V ) Nact can be calculated by

Nact = 1
qε0εrA2 ×

C3

dC/dV
(3.1)

with the vacuum permittivity (ε0) and the relative permittivity (εr) and the area of
the contact A. To achieve a depth resolution of Nact the layer is etched in between
the measurements. Further information about electrochemical capacitance-voltage
profiling (eCV) measurements can be found in [86]. For the characterization of
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μc-SiC:H(n) voltage etching is used.

3.4. Characterization of the TPC contact and solar cells

Photo-conductance (PC) To analyze the passivation quality of the contact layers
before finishing the TCO and metallization, photo-conductance (PC) measurements
are a valuable option [87, 88]. The measurements are performed using a Sinton
Consulting WCT-120 setup. Spacially uniform distributed excess charge carriers
are generated by a short light pulse in the wafer which increases the electrical con-
ductivity of the material. The excess carriers recombine with the recombination
rate (U) which can be expressed as U = ∆n/τeff with the effective minority carrier
lifetime (τeff). The recombination happens mostly due to impurities and crystal
defects in the bulk of the silicon and surface recombination originating from open
silicon bonds at the surface of the wafer. Due to the use of high quality crystalline
silicon the bulk recombination rate is usually small as compared to the surface re-
combination rate. The change in ∆ne with time can be expressed as the difference
between generation rate (G) and U [89]

d
dt∆ne = G− U = G− ∆ne

τeff
. (3.2)

The effective minority carrier lifetime can then be written as

τeff = ∆ne(t)
G(t)− d

dt∆ne
. (3.3)

The PC measurement can be performed in two different modes depending on τeff.
For short τeff < 300 μs the measurement is performed in the quasi-steady state
mode (QSS). In QSS the light pulse needs to be well longer than τeff and is usually
set to 1 ms. Thereby the measurement is performed in the steady state and d

dt∆ne is
assumed to be 0. For QSS measurements the generation rate needs to be measured
using a photodiode.

For longer lifetimes τeff > 300 μs the measurement is performed in the transient
mode using a very short light pulse (1/64 ms). Therefore, the generation rate during
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the measurment is assumed to be G = 0. The measurement gives the τeff as a
function of ∆ne. The documented τeff value is usually extracted at ∆n = 1015 cm−3.
Another representation of the passivation quality which will be frequently used is
the implied open circuit voltage (iVoc) [87, 90]. The iVoc is the upper limit for the
Voc of the final device. The iVoc can already be evaluated before the solar cell has
metal contacts. It can therefore be monitored after each process step of the solar
cell. The iVoc can be calculated form ∆n by

iVoc = kBT
q ln

(
(∆ne +NA)∆ne

n2
i

)
. (3.4)

A third representation of the passivation quality is the J0, which is also extracted
from the PC measurements. The J0 can be extracted from the slope of the inverse
lifetime [91]

J0 = 1
2 qWn2

i
d

d∆ne

( 1
τcorr

)
(3.5)

with
1
τcorr

= 1
τeff
− 1
τAuger

− 1
τrad

(3.6)

and with the thickness of the wafer (W ), the lifetime due to Auger recombination
(τAuger), and the lifetime due to radiative recombination (τrad). The fitting is per-
formed around ∆ne = 5× 1015 cm−3.

Photoluminescence (PL) PL is a versatile imaging technique to obtain spatially
resolved information about solar cells. Luminescence imaging was first used in 2005
by Fuyuki et al. to image silicon solar cells [92]. Charge carriers can be exited in
the solar cell either by a light pulse (photo-luminescence) or by injecting a current
(electro-luminescence). For photo-luminescence (PL) measurements in this work
the solar cells are operated at open circuit, thus all exited charge carriers need to
recombine. The luminescence thereby describes the radiative part of the recombi-
nation. As described in Section 2.2 non-radiative recombination is the dominating
recombination mechanism in silicon solar cells. Therefore, a high luminescence sig-
nal of the solar cell corresponds to high radiative and a suppressed non-radiative
recombination which is highly desired for silicon solar cells.
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Figure 3.1.: Schematic measurement procedure for dynamic PL measurements to deter-
mine the spatially resolved minority carrier lifetime. The generation profile is shown
as the green solid line and the excess carrier density as the red dotted line. Four images
are taken at a rising, a stable, a falling, and a dark excess carrier density to calculate
the lifetime corrected PL image. Each image is integrated over the integration time
tint.

In analogy to the PC measurements PL measurements can also be performed
in a quasi-steady state mode [93] and dynamic mode [94,95]. Using the dynamic PL
the effective minority carrier lifetime can be obtained without calibration of the light
intensity [94]. For the dynamic measurement four images need to be taken during one
illumination cycle (see Figure 3.1). The first image is taken when the light switches
on (Im1), the second when the light has stable illumination (Im2), the third when
the light is switched off (Im3) and the fourth image is taken in the dark (Im4). This
cycle is repeated typically 100 – 250 times and each individual image is summed up
to increase the signal-to-noise ratio. The final image (IPL) can then be calculated
by IPL = Im2−Im4

Im1−Im3 = Istatic
Idynamic

and is proportional to IPL ∝ ∆ne(∆ne +ND) [96]. From
Equation 3.2 assuming an time-independent τeff it follows [94]

∆ne = Gτeff

(
1− exp

(
− t

τeff

))
. (3.7)

Integrating Equation 3.7 over the integration time of the PL image (tint) for the
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static and the dynamic image results in

IPL = tint
tint + τeff exp(− tint

τeff
)− τeff

. (3.8)

From Equation 3.8 it can be seen that the final PL image only depends on τeff and
tint, thus, does not need any calibration. Further details about dynamic PL can
be found in literature [94, 95, 97, 98]. A more general description of electro- and
photo-luminescence was developed by U. Rau [99] which also holds for cases where
the solar cell is not operated in open circuit as performed in this work.

For the measurements in this work the images are taken by an Xenics Cheetah
640-CL InGaAs camera which is cooled to 0 ◦C. The samples is illuminated by an
LED array for 200 ms followed by a 1 s delay.

Transfer Length Method (TLM) The transfer length method which can be also found
as the «transmission line method» is used to determine the contact resistivity (ρc)
of a layer stack. The layer stack is contacted by 8 silver contact pads which have a
decreasing spacing between the contacts. The current has to flow through all contact
layers and then laterally through the crystalline silicon which has the lowest sheet
resistance of the layers. Between each adjacent contacts the resistance is measured
and plotted as a function of the contact distance. This resistance R then comprises
of the contact resistance Rc and the lateral resistance of the silicon RSi = ρSi dcont

where ρSi is the specific resistivity of the doped silicon and dcont is the distance
between the contacts.

R = 2Rc + ρSi dcont (3.9)

The measured data can then be linearly extrapolated to dcont = 0, which gives
R = 2Rc. The contact resistance then comprises of the specific resistivities of each
layer times the layer thickness as well as the resistances at the interfaces between
the layers. So Rc = 2 × (RSiO2 + RSiC + RSiC/TCO + RTCO + RTCO/Ag + RAg) as it can
be seen in Figure 3.2. To mitigate a parasitic resistance between the probes and
the contacts a four-point-probe measurement is performed. Details regarding TLM
measurements can be found in [100,101].

50



3.4. Characterization of the TPC contact and solar cells
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Figure 3.2.: Measurement of the contact resistivity by TLM. Exemplary using struc-
tured TCO to define the contact distance dcont. It should be noted that the RSiO2 is not
an ohmic resistance but originates from the charge carrier tunnel probability through
the SiO2. Dashed line represents the current path trough the layer stack. White boxes
represent the individual resistances of the layers and interfaces.

Solar simulator The current density-voltage (JV ) curve is measured in the com-
mercial AAA class sun simulator LOANA provided by pv-tools. As a LED light
source a wavelabs Sinus 120 is used. The measurements are performed under stan-
dard test conditions: power of the incoming sunlight Psun = 1000 W/m2, a spectrum
of AM1.5 and 25 ◦C cell temperature. A solar cell can be described using an equiv-
alent circuit as presented in Figure 3.3 (a) which can be expressed using a diode
equation

J(V ) = J0 exp
(
q(V −RsJ)

kBT
− 1

)
+ V −RsJ

Rsh
− Jph (3.10)

with Rs which is the sum of the contact resistance and the bulk resistance of the
material, shunt resistance (Rsh) and Jph which is generated by the absorbed sunlight.
Under illumination the measured curve is prepresented by the light-JV curve in
Figure 3.3 (b). This curve has some characteristic values which are used to describe
the solar cell performance. The short circuit current density (Jsc) is the maximum
current density which can be drawn from a solar cell at 0 V. The open circuit voltage
(Voc) is voltage when no current is flowing. The power conversion efficiency (η) of a
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Figure 3.3.: (a) One diode equivalent circuit of a solar cell with a generator, a diode,
and two resistors. The generator generates the photo-current density (Jph) while the
diode is characterized by the saturation current density (J0). One the shunt resistance
(Rsh) is in parallel to the diode and the generator while the series resistance (Rs) is in
series. (b) Jsc–Voc curve (red), Jsc–Voc shifted by Jsc (orange) and light-JV curve at
one sun illumination (blue). The pFF is the FF of the shifted Jsc–Voc curve (orange).
The Rs is obtained by applying it to the shifted Jsc–Voc until it matches the light-JV
curve.

solar cell is defined as
η = Pmax

Psun
. (3.11)

It is calculated from the maximum power generated by the solar cell (Pmax) at the
point where the product of J and V is at its maximum and power of the incoming
sunlight (Psun). From the quotient of maximum power of the solar cell (Pmax) and
JscVoc the fill factor (FF ) is calculated FF = Pmax/(JscVoc). The efficiency can then
be described as

η = JscVocFF

Psun
. (3.12)

Further information may be found in [102]. Another important measure for solar
cells is the pFF . The pFF is similar to the FF but without the influence of the
series resistance of the solar cell. To obtain the pFF Jsc–Voc measurements are
used [103]. The Jsc and Voc values are measured at varied light intensities. Jsc–Voc
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curves do not show an effect of the series resistance, since Rs is neither effecting the
Voc nor the Jsc when the Rs < 10 Ω cm2. The Jsc–Voc curve is similar to the JV curve
without illumination of the solar cell (dark-JV curve). The difference between dark-
JV and Jsc–Voc curve is that the latter is not influenced by the Rs. When shifting
the Jsc–Voc curve by Jsc at one sun illumination a shifted Jsc–Voc (pseudo light-JV )
curve is obtained (see Figure 3.3 red to orange). The pFF is then the FF of this
shifted Jsc–Voc curve. By applying Rs to this shifted Jsc–Voc the light-JV curve (see
Figure 3.3 blue) can be matched.

Quantum-efficiency and reflection measurements For external quantum efficiency
(EQE) and reflectance (R) measurements the LOANA system by pv-tools is used.
EQE measurements provide valuable insight into the absorption and charge car-
rier extraction of solar cells as a function of the wavelength of the incident light.
For the measurement calibrated monochromatic light is step-wise illuminated onto
the solar cell. The thereby generated current is measured. Due to the very low
currents the measurement is performed using lock-in amplifiers. The number of
photons per wavelength interval is known due to the calibration. The EQE is a
measure of the collected charge carriers divided by the number incident photons.
The internal quantum efficiency (IQE) is the number of collected charge carriers
divided by the number of absorbed photons. Therefore, the number of reflected
photons is subtracted from the number of incident photons IQE = EQE/(1− R).
The reflection measurements are done on the same spot as the EQE measurements
using an Ulbricht sphere. The default sport size for both measurements is 12 × 12
mm2.

For the development of a front side transparent passivating contact the in-
formation in the blue wavelength range a especially interesting. If the front side
layer show a high parasitic absorption of the incident light the quantum efficiency is
typically reduced in the short wavelength range. For the optimization of the front
side anti-reflection coating reflection measurements in the short wavelength range
reveal the effectiveness of the coating.

The JV parameters and the quantum efficiency of the best solar cell in this
work was independently certified by CalTeC at the ISFH.
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Oxides

In this Chapter the focus will be set on the investigation of selected wet-
chemically grown SiO2. Parts of this Chapter are already published elsewhere [104].
The SiO2 is needed in the TPC as an intermediate buffer layer to protect the c-Si
surface against damage during the HWCVD μc-SiC:H(n) deposition. SiO2 is a
well known and intensively studied material, which is widely used in the semicon-
ductor industry. Silicon oxide can be fabricated in two ways: by deposition on a
substrate (e.g. by PECVD [105, 106] or HWCVD [107]) or by oxidation of crys-
talline silicon (wet-chemical or thermal oxidation). In this work a focus was set to
wet-chemical oxidation of c-Si because of the necessity for very thin tunnel SiO2.
Wet-chemical oxidation is a self-limiting process, which usually results in oxide thick-
nesses dSiO2 < 2 nm. This is necessary for effective quantum-mechanical tunneling of
charge carriers through the oxide [108]. Additional advantages of the wet-chemical
oxidation are the high possible throughput and the low processing temperature com-
pared to thermal oxidation [109]. The possibility to use wet-chemically grown SiO2

as buffer layer in TPCs was already shown by Ding et al. [110] and Pomaska in his
PhD thesis [10] using SiO2 grown in concentrated HNO3. Nevertheless, no intensive
study about different wet-chemical oxidation methods to form the SiO2 for TPCs
has been shown.
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For the TPC to function as a well passivating contact the recombination at the
surface needs to be suppressed. To minimize the recombination rate at the c-Si/SiO2

interface four aspects are of major importance.

(i) The surface of the c-Si has to be as clean as possible [65,111]. Contamination
by particles, metal, and organic residues can reduce the passivation quality.

(ii) The dangling bond density at the surface of the c-Si should be as low as
possible [112–114]. The density of dangling bonds can be quantified by Dit.

(iii) The fixed charge density (Qfix) has to have the correct polarity to enhance the
field effect passivation of the contact [75,113,114]. Fixed charges in the oxide
can occur due to interface-trapped charges or stoichiometric inhomogeneities
in the SiO2.

(iv) The stoichiometry density of SiO2 should be as high as possible to achieve a
high passivation quality [81,115].

To clean the wafers from contamination (i) prior to formation of the wet-chemical
tunnel oxide a special cleaning procedure was used. The procedure was developed
by the Radio Cooperation of America RCA in 1965 and published in 1970 [65,111].
The cleaning involves oxidation in a mixture of ammonia (NH3) and H2O2, also
frequently referred to as Standard Clean 1 (SC-1), which removes particles and
organic residues. Following, the wafer is oxidized in a mixture of hydrochloric acid
(HCl) and H2O2, which is also frequently referred to as Standard Clean 2 (SC-2)
and removes metallic residues. The residual oxide from the RCA process is then
stripped off in 1% hydrofluoric acid (HF) prior to formation of the oxide. This
cleaning process was applied to all wafers prior to SiO2 formation.

The influence of selected oxidation methods and solutions on the surface prop-
erties of silicon was intensively studied by Yamashita et al., Angermann et al., and
Moldovan et al. [79, 81, 112, 115–119]. Yamashita et al. found that some oxida-
tion solutions can result in an increased or decreased surface roughness compared
to the initial roughness of the wafer (ii) [116]. Increasing the surface roughness
of the c-Si also increases the Dit. It was also found that the wet-chemical oxida-
tion solution has an influence on the polarity and the density of the fixed charges
(iii) [118]. While oxidation in nitric acid (HNO3), diluted hydrochloric acid (HCl),
Standard Clean 2 (SC-2), and a mixture from sulfuric acid with hydrogenperoxide
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H2SO4:H2O2 (piranha) result in a positive fixed charge density on n-type doped sil-
icon, oxidation in Standard Clean 1 (SC-1) results in negative fixed charges [118].
The polarity of the fixed charges is of importance, since it either enhances or sup-
presses the electrical potential at the interface. In an n-type selective contact the
majority carriers, which have to be extracted, are electrons. A negative fixed charge
density at the n-type selective contact interface repels electrons and attracts holes,
which increases the recombination. Therefore, n-type contacts using SiO2 prepared
in SC-1 solution should have a lower passivation quality than oxides with a negative
Qfix if all other influencing parameters are equal.

A factor which was found to influence the passivation quality of SiO2/poly-Si
passivated samples is the stoichiometry of the tunnel oxide (iv). Moldovan et al.
found that a higher stoichiometry (less sub-stoichiometric oxide) of the oxide leads
to a higher passivation quality [81, 115]. It was found that oxides with lower stoi-
chiometry (more sub-stoichiometric oxide) show disruptions in the SiO2 layer while
oxides with higher stoichiometry do not show disruptions [81]. However, these dis-
ruptions where found after high temperature annealing (900 ◦C), which is neces-
sary to fabricate poly-Si contacts. High temperature annealing is not necessary for
SiO2/μc-SiC:H(n) contacts. Nevertheless, the stoichiometry might also influence
the quality of the TPC, since the SiO2 needs to be stable against the HWCVD
deposition.

In the case of the TPC, the silicon oxide has to fulfill the requirements for high
passivation listed above (i – iv), to preserve a high passivation quality. Nevertheless,
the contact also has to be conductive for the majority carriers, which have to flow
through the layers into the metal electrodes. The resistance for the majority carriers
of the contact can be measured as the contact resistivity (ρc). The contact resistance
is composed of the resistances of each layer and the resistances at the interfaces as
sketched in Figure 3.2. Since the SiO2 is electrically isolating no charge carriers could
get trough the SiO2 in a classical description. However, if the potential barrier is thin
enough the charge carrier transport can be described by quantum mechanics, which
allows tunneling through the SiO2. To calculate the tunnel probability for charge
carriers through the SiO2 the Schrödinger equation needs to be solved. Solving
the Schrödinger equation for a rectangular potential barrier, which is the easiest
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description the quantum mechanical tunnel probability T (E), can be described as
[120]

T (E) ∝ exp(−dSiO2 k) (4.1)

where

k =
√

2mt

~2 Φ (4.2)

with the tunneling mass (mt), the height of the potential barrier of SiO2 (Φ), and
reduced Planck constant (~). It should be noted that the trapezoidal shape of
the SiO2 barrier was disregarded in this example. Equation 4.1 shows that T (E)
exponentially depends on thickness of silicon oxide layer (dSiO2). A small decrease
of the oxide thickness exponentially improves the tunnel probability. To enable
a sufficient T (E), the oxide thickness should be below 2 nm [108]. However, it
has also been shown e.g. by Peibst et al. that very low contact resistivities can be
achieved using SiO2 with a thickness larger than 2 nm [121] and a poly-Si layer.
Peibst et al. used a high temperature annealing ∼1000 ◦C to crystallize the poly-Si
layer. This annealing most likely disrupts the SiO2 locally and results in a direct
contact between poly-Si and c-Si, which is often described as «pinholes». These
pinholes provide a direct current path for the charge carriers through the oxide
layer. Evidence for these pinholes in contacts annealed at high temperatures have
been found by several research groups [122–124]. Nevertheless, it remains unclear if
these pinholes also occur in contacts like the TPC, which are not annealed at high
temperatures after deposition of the doped layer.

The purpose of this Chapter is to find the best oxidation solution and the
best oxidation parameters to fabricate the SiO2 for the TPC. Therefore, in the
first Section the oxidation time and the oxide thickness is investigated regarding the
passivation quality as well as the contact resistivity. In the second Section of this
Chapter the influence of different filament temperatures during HWCVD on selected
SiO2 is investigated.
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4.1. Influence of oxidation parameters

Growth Rates To find the ideal oxidation solution, which results in high passivation
quality and low contact resistivity, five different chemical solutions are tested as
described in detail in Section 3.1:

1. concentrated nitric acid (HNO3),

2. a mixture from sulfuric acid with hydrogenperoxide H2SO4:H2O2 (piranha),

3. Standard Clean 1 (ammonium hydroxide (NH4OH):H2O2),

4. Standard Clean 2 (HCl:H2O2),

5. diluted HCl in water (HCl:H2O).

Some wafers are only rinsed in DI-H2O after the removing of the RCA oxide in 1%
HF, dried in atmosphere with nitrogen, and then transported to the measurement
and deposition systems. During this time a native oxide already grows, which is
marked as «native» oxide. In Figure 4.1 the thickness of the SiO2 (dSiO2) is plot-
ted as a function of the oxidation time (tox) for the selected wet-chemical oxidation
methods. The thickness of the SiO2 is derived from spectral ellipsometry (SE) mea-
surements. The oxide thickness measured for the unintentionally oxidized sample
(«native») is 0.5 nm. The oxide thickness of the native oxide depends on many fac-
tors e.g. the oxygen concentration in the DI-H2O and the moisture of the ambient
air [112, 125]. After 2 sec in HNO3 the thickness of silicon oxide layer is already
increased to 1 nm (see Figure 4.1). The thickest oxide is produced after 10 min in
HNO3 solution with dSiO2 = 1.4 nm.

The oxidation in piranha solution does not show a significant dependency on
the oxidation time. For tox = 15 sec to 12.5 min the oxide thickness is in the range
of 0.9 nm. To investigate the impact of a negative Qfix on the passivation quality
oxidation in SC-1 solution is also studied. The dSiO2 for 15 min SC-1 oxidation is
1 nm. For SC-2 dSiO2 can be increased from 0.6 nm to 0.9 nm by increasing tox

from 15 min to 30 min. For HCl:H2O the oxidation is the slowest of all oxidation
solutions. Thicknesses above 0.5 nm can only be achieved for tox > 30 min. The
thickest oxide prepared with HCl:H2O is found to be 0.7 nm for tox = 120 min.
The oxide thickness can not be increased further for tox = 300 min. The reason
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Figure 4.1.: Oxide thickness (dSiO2) for oxides grown in 69% HNO3 at room temper-
ature, in 1% HCl at 80 ◦C, SC-1, SC-2 & piranha at 60 ◦C. The native oxide was
added as a reference. The thickness of the SiO2 was measured using spectral ellipsom-
etry (SE) on polished wafers. The data for HNO3 oxidation was originally published
in [10]. Dashed lines are guides to the eye.

that the oxide thickness cannot be increased after a certain thickness is due to the
self-limiting nature of the oxidation. In contrast to deposited SiO2 the oxide is not
growing on top of the wafer but rather into the wafer. During the wet-chemical
oxidation an oxygen atom is inserted either into a Si–Si back bond or into a Si–H
bond at the surface depending on the oxidation solution and the resulting chemical
reaction. Intensive studies of possible oxidation reactions for e.g. HNO3, H2O2,
and H2SO4 are performed by Patzig-Klein [82]. Since the diffusion of the oxide
species into the wafer and through the already grown SiO2 is limited, the thickness
of the wet-chemically grown SiO2 is also limited. The thickness of the SiO2 therefore
depends on the oxidation reaction and on the temperature of the oxidation solution.
Details can be fond in the Fundamentals Section 2.4
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Passivation To investigate the passivation quality of the individual oxides, photo-
conductance measurements are performed directly after oxidation. Due to very low
minority carrier lifetimes (<50 μs) of all oxidized samples no conclusive results can
be obtained without any additional passivating layer. Therefore, a ∼40 nm thick
μc-SiC:H(n) layer is deposited at Tf ∼ 1800 ◦C on both sides of the wafer. The
results of the passivation quality in terms of iVoc can be seen in Figure 4.2. It
should be noted that the samples used for HNO3 experiments have been prepared
on textured silicon wafers while all other experiments were conducted on polished
silicon wafers. Since the surface area fraction of textured surfaces is higher than for
polished silicon chemical passivation is expected to be less effective. This effect can
be seen for the native oxide after HF dip and DI-H2O rinse. While for the polished
wafers the iVoc 676 mV and 683 mV, the iVoc of the textured sample is 537 mV.
Nevertheless, the difference between polished and textured wafers is only evident
for the samples with native oxide. After 15 sec of HNO3 treatment the iVoc is on
the same level as for the polished samples. For tox between 15 sec and several hours
in HNO3 no correlation between oxidation time and passivation quality can be seen.
The mean iVoc of the selected oxidation solutions can be found in Table 4.1. It can
be seen that for a μc-SiC:H(n) layer deposited at Tf = 1800 ◦C, the piranha oxide
shows the highest mean iVoc of 702 mV. While oxidation in HNO3 results in iVoc

of 694 mV and HCl:H2O of 692 mV, lower passivation qualities are found for SC-2
oxide with iVoc = 689 mV and SC-1 of 671 mV.

Table 4.1.: Mean implied open circuit voltage (iVoc) results for selected oxidation so-
lutions to form the SiO2 after deposition of the μc-SiC:H(n).

Oxidation mean iVoc
solution [mV]
piranha 702± 10
HNO3 694± 9
HCl:H2O 692± 9
SC-2 689± 18
SC-1 671

These results lead to the conclusion that the highest and lowest passivation
quality can be achieved for oxidation in piranha and SC-1 solution, respectively.
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Figure 4.2.: Implied open circuit voltage (iVoc) as a measure of the passivation quality
for oxides grown in 69% HNO3 at room temperature, for 1% HCl at 80 ◦C, SC-1,
SC-2 & piranha at 60 ◦C. The native oxide was added as a reference. The thickness
of the SiO2 was measured using spectral ellipsometry (SE) on polished wafers. The
iVoc was measured on samples with additional μc-SiC:H(n) layer. The data for HNO3

oxidation was originally published in [10].

Additionally, it is found that for textured wafers an intentionally grown SiO2 is
necessary to achieve a high passivation quality while the native oxide cannot provide
a high iVoc. Nevertheless, no decrease in passivation quality is observed for longer
oxidation times. This indicates that longer oxidation does not increase the density
of interface states (ii) significantly. Longer oxidation times might instead lead to a
more stoichiometric silicon oxide (iv).

To investigate the influence of the different oxide thicknesses on the passivation
quality and the contact resistivity the iVoc and ρc are plotted as a function of dSiO2

in Figure 4.3 and Figure 4.4. All samples have been prepared on dsp c-Si(n) <111>
wafers, since the faces of the random pyramids of textures wafers are also <111>
planes. Two different MMS flow rates (4 sccm, 6 sccm) are used during HWCVD
deposition, since for the higher flow rate a high series resistance of the solar cells was
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Figure 4.3.: Implied open circuit voltage (iVoc) for oxides grown using HNO3 solution
at room temperature (orange squares), for 8% HCl at 80 ◦C, SC-1 at 60 ◦C, SC-2 at
60 ◦C, piranha at 60 ◦C, and native oxide. The dashed lines are guides to the eye.
For open symbols the μc-SiC:H(n) is deposited using an MMS flow of 4 sccm resulting
in higher conductivity of the layer. For closed symbols the μc-SiC:H(n) is deposited
using an MMS flow of 6 sccm resulting in lower conductivity of the layer. Adapted
with permission from [104]. Copyright 2018 American Chemical Society.

found in literature, which might be due to a low conductivity (σ) of the μc-SiC:H(n)
[10]. A lower MMS flow rate results in a higher σ of the μc-SiC:H(n) [10].

It can be seen in Figure 4.3 that the iVoc is influenced by the oxidation solution
and the thickness of the oxide up to dSiO2 < 0.9 nm. In this range the lower MMS
flow rate (open symbols) also result in lower iVoc compared to the higher MMS flow
rate (full symbols). For thicker oxides the different HWCVD deposition conditions
seem to have less influence on the passivation quality. Oxidation in piranha solution
results in the highest passivation quality of all oxides with a maximum iVoc of 714 mV
for dSiO2 of 1 nm. Higher oxide thicknesses can only be obtained by HNO3 solution,
which nevertheless does not exceed the passivation quality of the samples prepared
with the piranha oxide. For samples prepared with HNO3 the maximum iVoc is
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708 mV while the maximum iVoc for SC-2 oxidized samples is 705 mV.

The oxide prepared with SC-1, which has a negative Qfix, shows significantly
lower passivation quality than the samples with an equal dSiO2 prepared by piranha
solution. The reason for that might be the reduced field effect passivation due to the
negative Qfix, which repels the majority carriers and attracts the minority carriers
instead. Additionally, lower MMS flow rates lead to a further reduction of the iVoc.
Therefore, low MMS flow rates seem to be more critical for the SC-1 oxide compared
to the piranha oxide even though the oxide thicknesses are equal.

Yamashita et al. investigated the influence of different oxidation solutions on
the oxide parameters: root mean squared roughness (Rms), defect density at the c-Si
interface (Dit), and atomic density of the SiO2 (ρSiO2) for SiO2 grown on c-Si <111>
[116]. The results are shown in Table 4.2. They found that oxidation in boiling
HNO3 solution (115 ◦C) results in an increased root mean squared roughness (Rms)
while oxidation in piranha or SC-2 solution results in a decreased Rms compared
to the roughness before oxidation (see Table 4.2). They also found that the defect
density at the c-Si interface (Dit) strongly depends on the Rms and thereby on
the oxidation method. The results show that the lowest Dit of 0.48×1012 cm−2

was found for the oxide prepared by SC-2 solution. The Dit of SiO2 prepared by
piranha solution was found to be 1.3×1012 cm−2 and for SiO2 prepared by HNO3

the Dit was 1.8×1012 cm−2. When only taking into account the Rms this would lead
to the conclusion that the oxide prepared using SC-2 should result in the highest
passivation quality. However, this result is not observed.

Additionally, Yamashita et al. found that the oxide density of the SC-2 with
ρSiO2 = 2.01×1022 cm−3 oxide is lower than for the oxides prepared with HNO3 or
piranha with ρSiO2 = 2.21×1022 cm−3. Similar results were found by Sugita et al.
on c-Si <100> where the ρSiO2 of piranha oxide was even denser than ρSiO2 of HNO3

oxide [126]. These results suggest that the passivation quality of the SC-2 oxide
might be lower due to a lower oxide density. One reason for that might be the
conditions during HWCVD deposition of μc-SiC:H(n). Due to a high dilution of
MMS with molecular hydrogen (H2) a large amount of atomic hydrogen radicals are
created at the hot-wire filaments. These radicals are known to etch e.g. crystalline
silicon and deteriorate the passivation [127–129]. Therefore, it is possible that oxides

64



4.1. Influence of oxidation parameters

with a lower density might be damaged or removed easier than oxides with a higher
density. This finding would explain the lower passivation quality of the SC-2 oxide
despite the lower Dit. Additionally, this assumption is supported by the finding that
thinner oxide layers generally show lower passivation qualities than oxide layers with
a thickness dSiO2 > 0.9 nm. Thinner oxides are more likely do be removed by atomic
hydrogen than thicker oxide, which then leads to a deterioration of the c-Si surface.
SiO2 prepared in HNO3 solution shows an equal oxide density but a higher Dit than
SiO2 prepared by piranha in the data by Yamashita et al. which might explain the
inferior passivation.

Additionally, it should be noted that the oxidation temperatures in the publi-
cation of Yamashita et al. were 90 ◦C higher for HNO3 SiO2 and only 30 ◦C higher
for piranha oxide. The ρSiO2 of HNO3 might be lower when prepared at room tem-
perature, since in literature it is shown that thermal treatments of the HNO3 oxide
lead to a densification of the SiO2 [130,131]. The higher Dit and the possibly lower
ρSiO2 for HNO3 oxide compared to piranha oxide might be the reason for the lower
passivation quality for HNO3 prepared SiO2.

It was additionally found that the fixed charge density of samples prepared in
HNO3 and piranha solution are comparable [132, 133]. These measurements have
been performed using corona charging of c-Si/SiO2 samples, which was capped by
an Al2O3 layer. Therefore, an influence of the fixed charges on the passivation of
these two oxides is unlikely.

Table 4.2.: Root mean squared roughness (Rms) of the wafer after removing the specific
oxide. The initial Rms before oxidation was 0.19 nm. The defect density at the c-
Si interface (Dit) and atomic density of the SiO2 (ρSiO2) for SiO2 prepared by SC-2,
piranha, and HNO3 is given. The data is reported by Yamashita et al. [116].

SC-2 piranha HNO3

Rms [nm] 0.152 0.18 0.195
Dit [×1012 cm−2] 0.48 1.3 1.8
ρSiO2 [×1022 cm−3] 2.01 2.21 2.21
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Figure 4.4.: Contact resistivity (ρc) for oxides grown using HNO3 solution at room
temperature (orange squares), for 8% HCl at 80 ◦C, SC-1 at 60 ◦C, SC-2 at 60 ◦C,
piranha at 60 ◦C, and native oxide. The dashed lines are guides to the eye. For
open symbols the μc-SiC:H(n) is deposited using an MMS flow of 4 sccm resulting
in higher conductivity of the layer. For closed symbols the μc-SiC:H(n) is deposited
using an MMS flow of 6 sccm resulting in lower conductivity of the layer. Adapted
with permission from [104]. Copyright 2018 American Chemical Society.

Contact Resistivity Besides a high passivation quality it is important that the TPC
also enables the electrons to flow into the metallic contacts. Therefore, the conduc-
tivity of the μc-SiC:H(n) has to be sufficient and the SiO2 has to be thin enough to
enable efficient quantum mechanical tunneling of the charge carriers. To investigate
the influence of the conductivity of the μc-SiC:H(n) and the influence of the tunnel
oxide thickness the contact resistivity (ρc) was calculated from measurements using
the transfer length method (TLM). The results are plotted in Figure 4.4. It can
be seen that the ρc is increasing between dSiO2 = 0.5 nm – 1 nm from 35 mΩ cm2

to 100 mΩ cm2 and increasing more strongly between dSiO2 = 1 nm – 1.5 nm up to
1000 mΩ cm2. The increased electrical conductivity of the μc-SiC:H(n) due to the
decreased flow rate of monomethylsilane gas (FMMS) has no significant influence on
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the HNO3 oxide at dSiO2 = 1.5 nm and only a slight influence on the oxides around
dSiO2 = 0.6 nm. The dominating transport mechanism for TPC with dSiO2 between
1 nm – 1.5 nm is likely to be quantum mechanical tunneling through the oxide
since the slope of ρc is increasing exponentially with dSiO2. For thinner oxides the
exact transport mechanism is not fully understood. One possibility is that small
disruptions within the thin oxide layer might directly conduct the electrons. The
dominating transport mechanism might be revealed using temperature dependent
ρc measurements in future experiments as proposed by Folchert et al. [134].

It can be concluded that the best passivation quality with iVoc of 717 mV can
be achieved for a 1 nm thick SiO2 prepared in piranha solution with subsequently
deposited μc-SiC:H(n). This sample has a contact resistivity of 220 mΩ cm2. Using
the SC-2 oxide, which had an oxide thickness of 0.6 nm, results in the lowest contact
resistivity of 33 mΩ cm2 and an iVoc of 689 mV.

Conductivity through disruptions in the oxide A possibility to describe the current
transport through the oxide could be e.g. «pinhole conduction». Pinholes in the
SiO2 were already visualized for SiO2/poly-Si contacts. [122–124]. Additionally,
several publications show simulations and theoretical models to describe the current
transport through the SiO2 for poly-Si contacts [121,134–137]. To form the poly-Si
layer the contact needs to be annealed at high temperatures of 600 ◦C – 1050 ◦C
[49, 55, 77]. The mechanism to form pinholes is described as a «balling-up» of the
SiO2 in order to reduce stress in the layer during the annealing process [124, 138].
The term «pinhole» is thereby used to describe the direct conduction through the
SiO2, which do not necessarily have to be geometric holes in the oxide. They can
also be local inhomogeneities in thickness or stoichiometry, which may enable direct
conduction. Up to now pinholes have only been shown for contacts using poly-Si and
therefore high temperature annealing but not for unannealed contacts like the TPC.
To investigate if pinholes already occur during formation of the SiO2, thus might
also appear for unannealed contacts, conductive atomic force microscopy (c-AFM)
measurements are performed. With c-AFM it is possible to map the oxidized surface
and measure local inhomogeneities in the conductivity. After oxidation the samples
are directly transferred into the vacuum chamber of the c-AFM to prevent any
additional oxidation in air.
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Figure 4.5.: Conductive atomic force microscopy c-AFM measurements in vacuum of
oxides prepared by piranha (a-b) and HNO3 (c-d). Figures (a) and (c) are taken after
desorption of water from the surface at 200 ◦C, Figure (b) and (d) are taken after
annealing at 1000 ◦C. Figures (a) and (b) are measured using a tip potential of -2 V
while Figure (c) is measured at -3 V and (d) at -4 V.

The results of the c-AFM measurements on piranha and HNO3 oxides are
shown in Figure 4.5. The samples are first measured after a low temperature an-
nealing in vacuum using a heater set to 200 ◦C to evaporate any residual humidity,
which would disturb the measurements. To investigate the SiO2 initial state the
c-AFM measurements are preformed. Afterwards, the oxides are annealed at a
heater set temperature of 1000 ◦C to simulate a standard annealing of poly-Si where
pinholes were already found. The measurements on the piranha oxide are performed
using -2 V c-AFM tip potential while for the HNO3 -3 V and -4 V are necessary
to measure any conductivity. The reason for that might be that the HNO3 oxide
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is thicker than the piranha oxide. It can be seen that for the piranha oxide in the
initial state (Figure 4.5 a) the conductivity is inhomogeneous but no pinhole like
structures can be seen. Annealing at 1000 ◦C results in an overall decreased conduc-
tivity of the oxide with more pronounced conductive patches (Figure 4.5 b). For the
HNO3 oxide the conductivity in the initial state (Figure 4.5 c) is overall lower but
more homogeneous compared to the piranha oxide. Only few conductive patches are
measured. After annealing at 1000 ◦C the overall conductivity is decreased but more
conductive patches can be found, which might be attributed to pinhole conduction.

To investigate the nature of these pinholes X-ray photoelectron spectroscopy
(XPS) studies are performed to find stoichiometric inhomogeneities. Neverthe-
less due to very low signals for the sub-oxide peaks no conclusive results could
be obtained. To further investigate the stoichiometry of the prepared oxides with
photoemission spectroscopy (PES) and photoemission electron microscopy (PEEM)
a high intensity synchrotron light source is necessary. During this thesis the appli-
cation for beam time was granted but measurements could not be performed yet.
Nevertheless, the c-AFM results lead to the conclusion that pinholes might only
form after high temperature annealing and while in the initial state the conductiv-
ity through the oxide seems more homogeneous. This would lead to the conclusion
that the transport process of the charge carriers is predominantly tunneling through
the potential barrier of the SiO2. However, pinhole formation in the oxide might also
depend on the layer above the SiO2 (e.g. poly-Si or μc-SiC:H(n)). This influence is
not investigated in this work.

Selectivity To be able to put the obtained results from Figure 4.3 and Figure 4.4
into perspective to other tunnel oxide passivated contacts using poly-Si(n)/SiO2 the
passivation quality is plotted in terms of J0 as a function of ρc in Figure 4.6. Since
J0 is a representation of the recombination current density, the value should be as
low as possible. Iso-selectivity lines (gray dashed lines in Figure 4.6) are calculated
using the method of Brendel and Peibst as described in Section 2.2 to compare the
results of different contact materials. Contacts should be optimized by increasing
the selectivity.
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Figure 4.6.: The saturation current density (J0) as a function of the contact resistiv-
ity (ρc) for oxides grown using HNO3 solution at room temperature, for 8% HCl at
80 ◦C, SC-1 at 60 ◦C, SC-2 at 60 ◦C, piranha at 60 ◦C, and native oxide. For open
symbols the μc-SiC:H(n) is deposited using an MMS flow of 4 sccm resulting in higher
conductivity of the layer. For closed symbols the μc-SiC:H(n) is deposited using an
MMS flow of 6 sccm resulting in lower conductivity of the layer. The gray dashed lines
are iso-selectivity lines calculated from Equation 2.25. The reported reference data
(open black symbols) can be found in [53,81,121,139–143]. The graph was originally
published in [121]. Adapted with permission from [104]. Copyright 2018 American
Chemical Society.

It can be seen that the contact resistivity obtained for the TPC (colored sym-
bols) is generally higher than for the poly-Si contacts (open symbols). Nevertheless,
the saturation current density is lower compared to most poly-Si contacts. The
lowest ρc = 32 mΩ cm2 is achieved for the SC-2 oxide while the lowest saturation
current density is achieved for the piranha oxide with J0 = 2.2 fA/cm2. The results
follow the trend of the results from Feldmann, Yan and Gan [139–141]. The satu-
ration current density is decreasing with increasing contact resistivity. The reason
for that might be the trade-off between passivation and conductivity of the contact
materials as described by Brendel and Peibst [27]. The reason for the higher contact
resistivity of the TPC contacts might be the absence of pinholes.

In comparison with contacts consisting of SiO2/poly-Si contact, the TPC con-
tact shows a higher contact resistivity and a higher passivation quality. Since the
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poly-Si layer has to be annealed at high temperature (850 – 1000 ◦C) pinholes have
been found in the SiO2. Therefore, it is possible that the contact resistivity is de-
creased due to a direct current path through the oxide where a lot of charge carriers
avoid the tunneling process. These pinholes have not been demonstrated for unan-
nealed contacts like the TPC yet. Nevertheless, these pinholes can also decrease
the passivation quality of the contact since doping atoms, which are present in the
a-Si:H precursor layers, can diffuse through the pinholes during the high tempera-
ture annealing. This local indiffusion can lead to locally enhanced recombination.
That could be one explanation why the passivation quality of the TPC is higher.

The effect of the indiffusion of doping atoms during annealing can be prevented
by ex-situ doping e.g. by ion implantation after annealing. Ion implanting is done
for the contacts prepared by Peibst et al. and results in similar contact resistivities
as for the in-situ doped poly-Si contacts but significantly decreases the saturation
current density [121].

One reason why the contacts prepared by Peibst et al. show lower J0 values
compared to the TPC samples might be the HWCVD deposition, which could affect
the passivation. The HWCVD deposition parameters are not optimized, which can
influence the chemical passivation in addition to the oxide properties. The influence
of the HWCVD deposition conditions on the passivation will be discussed in the
following Section.

4.2. Influence of the filament temperature during HW-CVD

for selected SiO2

Passivation To further investigate the passivation quality of the SiO2, selected
oxides are tested using different filament temperatures during HWCVD deposi-
tion. The symmetric samples are prepared on double side textured Cz wafers. Po-
maska showed that a changed filament temperature during HWCVD deposition of
μc-SiC:H(n) influences the passivation quality of SiO2 passivated samples prepared
by HNO3 [10]. This information is lacking for SiO2 prepared by different oxidation
solutions. Due to the obtained results in Section 4.1 the investigation is focused
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Table 4.3.: Best passivation results for the selected SiO2 at the oxide specific fila-
ment temperature (Tf) with the implied open circuit voltage (iVoc), effective minority
carrier lifetime (τeff), and saturation current density (J0) results obtained using photo-
conductance (PC) measurements.

spec. Tf iVoc τeff J0

[◦C] [mV] [ms] [fA/cm2]
HNO3 1740 715 2.2 12.8
piranha 1800 728 4.1 7.1
SC-2 1720 721 2.8 8.7

on the three best performing SiO2 prepared by HNO3, piranha, and SC-2 solution.
The influence of the filament temperature (Tf) during HWCVD deposition on the
iVoc can be seen in Figure 4.7. The corresponding oxide thickness is marked in the
brackets. It can be seen that the iVoc is strongly dependent on the Tf. For all oxides
the iVoc is increasing with increasing Tf until a maximum in iVoc is reached. The
maximum achievable iVoc depends on the oxidation method. The highest passivation
qualities and the oxide specific filament temperatures can be found in Table 4.3. The
highest passivation is achieved for oxidation in piranha solution with iVoc = 728 mV
at Tf = 1800 ◦C. The highest passivation for the SC-2 oxide is iVoc = 721 mV at
Tf = 1720 ◦C and for HNO3 oxide iVoc = 715 mV at Tf = 1740 ◦C. For HNO3 an
iVoc = 704 mV is additionally found for even higher Tf = 1895 ◦C. It can be seen
that the decrease of the iVoc towards higher Tf depends on the oxidation method.
The samples prepared by SC-2 oxide show the lowest resilience against high Tf and
decrease to 600 mV at Tf = 1865 ◦C.

The filament temperature during HWCVD deposition can effect the passiva-
tion quality by various reasons, which are discussed in more detail in Section 5.3.
One mechanism, which might be important regarding the use of different SiO2 oxi-
dation solutions, can be the concentration of hydrogen radicals during HWCVD of
the μc-SiC:H(n). As found by Umemoto et al. the radical density of hydrogen is
increased exponentially by an increase of the filament temperature [145]. Therefore,
a lot more radicals can damage the passivation of the c-Si/SiO2 interface. Addition-
ally, the deposition rate is found to be decreasing for increasing Tf, resulting in a
longer time until the SiO2 is covered by μc-SiC:H(n). Thus, the hydrogen radicals
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Figure 4.7.: Implied open circuit voltage (iVoc) as a function of the filament tempera-
ture (Tf) of the hot wires for SiO2 prepared by selected oxidation solutions. HNO3 at
room temperature, SC-2 at 60 ◦C, and piranha at 60 ◦C. The oxide thicknesses are
shown in brackets. Dashed lines are guides to the eye. Reprinted, with permission,
from [144]. Copyright 2018 IEEE.

have a longer time to impair the SiO2 surface before it is protected by the growing
μc-SiC:H(n). The oxide thickness of the SC-2 oxide might be too thin to protect
the interface against deterioration. Nevertheless, a thickness of dSiO2 ≤ 1 nm seems
to be sufficient to protect the c-Si surface. A thicker SiO2 as for the HNO3 oxide is
not further improving the passivation quality. Therefore, the oxide thickness is not
the only parameter influencing the passivation quality. Additionally, an influential
parameter could be the atomic density of the SiO2 (ρSiO2). An oxide with a higher
density might be more stable against the hydrogen radicals as it is also stable against
higher annealing temperatures. This would also explain why the SC-2 oxide is less
stable against high Tf (see Table 4.2).
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Contact Resistivity An increased Tf is not only decreasing the iVoc. Previous work
showed that the Tf also influences the electrical conductivity (σ) of the μc-SiC:H(n).
Therefore, it was assumed that the Tf also influences the contact resistivity of the
TPC [10]. TLM silver structures are evaporated and measured on the symmetric
dst samples. In Figure 4.8 the contact resistivity (ρc) is plotted as a function of the
filament temperature (Tf) calculated from TLMmeasurements. It can be seen that Tf
as well as the oxidation method have an influence on the contact resistivity. For the
thinnest SiO2 (SC-2: dSiO2 = 0.5 nm) the highest ρc is 375 mΩ cm2 at Tf = 1785 ◦C.
For Tf < 1750 ◦C ρc can not be evaluated due to non-linearities in the measured
TLM data, which is likely due to the low conductivity of the μc-SiC:H(n) in this
temperature regime. The lowest ρc is 62 mΩ cm2 at Tf = 1865 ◦C. For the thicker
piranha oxidized samples (dSiO2 = 1 nm) the lowest Tf which can be evaluated is
1840 ◦C with ρc = 62 mΩ cm2. Also the lowest ρc is calculated for samples oxidized
using piranha solution at the highest Tf = 1970 ◦C for these samples resulting in
18 mΩ cm2. For the samples oxidized in HNO3 (dSiO2 = 1.3 nm) only the samples
deposited at the highest Tf = 2005 ◦C show a linear behavior in TLM measurements
and result in ρc = 74 mΩ cm2.

In conclusion, both, the Tf during HWCVD deposition as well as the oxide
thickness, have a significant influence on the contact resistivity. A trend can be
seen that for thicker oxides higher conductive μc-SiC:H(n) is necessary to achieve
reliable TLM results. For samples with the same oxide thickness the contact re-
sistivity decreases exponentially with Tf probably due to a higher conductivity of
the μc-SiC:H(n), which will be investigated in Section 5.1. Tf and thereby electrical
conductivity of the μc-SiC:H(n) remains the main influence on ρc.
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Figure 4.8.: Contact resistivity (ρc) as a function of the filament temperature (Tf)
of the hot wires for SiO2 prepared by selected oxidation solutions. HNO3 at room
temperature, SC-2 at 60 ◦C, and piranha at 60 ◦C. The oxide thicknesses are shown
in brackets. Dashed line is a guide to the eye. Reprinted, with permission, from [144].
Copyright 2018 IEEE.

4.3. Summary

The focus of this Chapter was to find an optimized wet-chemically grown
SiO2, which provides a high passivation quality for the TPC and enables a low
contact resistivity. Therefore, selected wet-chemical oxidation solutions as well as
oxidation times were tested. It was found that a thin SiO2 layer on c-Si alone is
not sufficiently passivating to measure the passivation quality by photo-conductance
(PC). Therefore, an additional μc-SiC:H(n) layer is needed. The data shows that
longer oxidation time does not influence the passivation quality. Longer times in the
oxidation solution seems to neither result in an increased roughness or Dit, which
would decrease the iVoc, nor in a higher quality SiO2, which would improve the
passivation quality.

In the second experiment the influence of the oxide thickness on the passivation
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quality as well as on the contact resistivity was investigated. It was shown that the
highest passivation quality is achieved for an oxide thickness of 1 nm and oxidation
in piranha solution with iVoc = 714 mV on dsp wafer. For thinner SiO2 (SC-2) the
passivation quality was lower leading to the conclusion that the oxide layer is not
thick enough to protect the c-Si/SiO2 interface against the harmful deposition con-
ditions of the HWCVD. For higher oxide thicknesses (HNO3) also lower passivation
qualities were observed. The reason for that might be that the HNO3 solution is
increasing the surface roughness of the interface while oxidation in piranha solution
is decreasing the surface roughness [116]. An increased surface roughness can then
lead to an increased Dit and a higher recombination rate. Additionally, it was found
that the SiO2 prepared by SC-1 solution, even though it has an dSiO2 = 1 nm, shows
a significantly lower passivation quality compared to the piranha oxide. The reason
for that might be the wrong polarity of the fixed charges, which is decreasing the
field effect passivation.

It was also found that oxide thicknesses of dSiO2 ≥ 1 nm significantly increase
the contact resistivity. The dominating transport mechanism seems to be quantum-
mechanical tunneling. For thinner oxides the transport mechanism is not completely
understood yet. One possible reason that the contact resistivity is not decreasing
with the same slope as for the thicker oxides might be that the conductivity of the
μc-SiC:H(n) is the limiting parameter rather than the tunneling process. The idea
is supported by the indication of the correlation between low contact resistivities
and high electrical conductivities of the μc-SiC:H(n).

The influence of the Tf on the passivation quality and the contact resistivity for
selected oxidation solutions was discussed in the second Section of this Chapter. It
was found that differently prepared oxides show a different resilience against higher
Tf. The highest passivation quality was found for the combination of a piranha
oxide and a μc-SiC:H(n) deposited at Tf = 1800 ◦C with an iVoc = 728 mV on dst
wafers. The other oxides show lower passivation qualities as well as faster decreases
of passivation quality for increased Tf. The reason for this decrease in passivation
quality might be the thickness of the oxide for oxides prepared by SC-2 as well as
the lower ρSiO2 and higher Dit for HNO3 oxides. The lowest contact resistivity was
found the be ρc = 18 mΩ cm2.
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μc-SiC:H(n)

In the following Chapter the material properties of μc-SiC:H(n) and the contact
properties of the c-Si/SiO2/μc-SiC:H(n) stack are investigated regarding the use as
a transparent front side contact for c-Si solar cells. Contacts for the front side of
c-Si solar cells have to fulfill three fundamental requirements:

(i) The contact needs to be conductive, since the photo-generated charge carriers
have to flow through the contact into the metal electrodes.

(ii) The passivation quality of the interface between c-Si and contact needs to be
excellent to reduce charge carrier recombination.

A high electrical conductivity of the μc-SiC:H(n) leads to a low contact resistivity
(ρc) and a low series resistance (Rs) and thereby enables a high fill factor (FF ) of
the final solar cell. A high transparency of the contact enables a high short circuit
current density (Jsc) while a high passivation quality enables a high open circuit
voltage (Voc). Details regarding the mechanisms of passivation can be found in the
Fundamentals Chapter. This Chapter discusses the investigation of the electrical
and the optical properties of the μc-SiC:H(n) as well as the contact properties of
the TPC. At the end of this Chapter the obtained results are used to optimize the
TPC by implementing a functional layer stack of μc-SiC:H(n).

5.1. Electrical properties

This Section focuses on the electrical properties of the μc-SiC:H(n) and its de-
pendency on the filament temperature (Tf) during hot wire chemical vapor deposi-
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tion (HWCVD). The aim of these experiments is to increase the electrical conductiv-
ity of the μc-SiC:H(n), since it has to conduct the charge carriers to the electrodes of
the solar cell. It was shown in literature that the electrical conductivity (σ) of unin-
tentionally doped μc-SiC:H(n) films [10,146,147] and intentionally doped films [129]
is increased by increasing Tf. Intentionally n-type doping in SiC films can either be
realized using molecular nitrogen (N2), ammonia (NH3), molecular oxygen (O2) or
by phosphine (PH3) precursors as it was described in literature [10,148–151]. In this
work nitrogen was used as a doping precursor gas. In Figure 5.1 (a) the electrical
conductivity (σ) of the μc-SiC:H(n) films of this work is plotted as a function of Tf.
It can be seen that the conductivity increases from 10−12 S/cm to 0.9 S/cm by in-
creasing the Tf from 1630 ◦C to 2070 ◦C. The electrical conductivity increases mainly
between Tf = 1750 ◦C and 1900 ◦C by 10 orders of magnitude. This strong increase
in conductivity can either originate from an increased charge carrier density (n) in
the material, an increased µ, or both, since σ = qnµ. Nevertheless, due to the low
conductivity for most of the films Hall measurements to extract n and µ did not
give any conclusive results. According to Pomaska [10] the electrical conductivity
of μc-SiC:H(n) can be increased by three parameters:

(i) by an increased oxygen concentration,

(ii) by an increased crystallite size (LSiC),

(iii) by an increased nitrogen concentration (cN).

The oxygen in the μc-SiC:H(n) is not intentionally added as a precursor during
deposition. It can originate from the atmosphere in the deposition chamber and is
likely to be adsorbed on the wafer surface, which is transferred into the chamber.
The oxygen concentration in the μc-SiC:H(n) films are investigated by ToF-SIMS
measurements and is found to be constant for all samples (see Figure 5.1 d). Hence,
an increase in conductivity due to an increased oxygen content can be excluded.

To investigate the microstructure of the μc-SiC:H(n) XRD measurements have
been performed. However, due to the low layer thickness (∼30 nm) of the
μc-SiC:H(n) the XRD signals have been too weak to obtain the reliable crystallite
size LSiC. In literature a correlation between intensity of the Si–C stretch mode in
FTIR spectroscopy (ISi-C) and crystallite size measured by XRD was found [10].
FTIR signals can be evaluated for thick and thin μc-SiC:H(n) layers. To con-
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Figure 5.1.: (a) The electrical conductivity (σ) measured on μc-SiC:H(n) on glass. (b)
Intensity of the FTIR Si-C stretch mode at ν = 780 cm−1 as a measure of the relative
crystallite site of μc-SiC:H(n). For FTIR measurements layers aere deposited on dsp
c-Si. (c) The nitrogen concentration (cN) and (d) normalized intensity of the oxygen
signal (IO) measured by ToF-SIMS in μc-SiC:H(n) on glass. Dashed lines are guides
to the eye. Copyright 2019 IEEE. Adapted, with permission from [152].

firm the correlation between ISi-C and average μc-SiC:H(n) grain size measured by
XRD (LSiC) both measurements have been applied to thicker (∼100 nm) μc-SiC:H(n)
layers. The results are plotted in Figure 5.2. It can be seen that the linear relation
could be reproduced, which gives rise to the assumption that the microstructure of
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Figure 5.2.: Absorption intensity of the Si–C stretch mode at ν = 780 cm−1 (ISi-C)
as a function of the XRD crystallite size (LSiC). Measurements have been performed
on ∼100 nm thick μc-SiC:H(n) on dsp wafers. Dashed line is a guide to the eye.
Copyright 2019 IEEE. Reprinted, with permission from [152].

the μc-SiC:H(n) can be studied using FTIR spectroscopy. Nevertheless, for thinner
layers the crystallite size is expected to be smaller compared to the thicker layers,
since the material is still growing in the nucleation phase within the first nanometers.

The microstructure of the μc-SiC:H(n) was investigated by the absorption
intensity of the stretch mode of the Si–C at a ν = 780 cm−1 using FTIR spectroscopy.
The results are plotted in Figure 5.1 (b). The ISi-C is increasing with increasing Tf
up to Tf = 1860 ◦C from 2×104 cm−1 to 1×105 cm−1. For Tf > 1860 ◦C ISi-C is
slightly decreasing to 8×104 cm−1. Under the assumption of a linear relationship
between ISi-C and LSiC these results shows that the crystallite size is increasing in the
same filament temperature range (1620 ◦C – 1860 ◦C) as the electrical conductivity
is increasing. For higher filament temperatures Tf > 1860 ◦C both, ISi-C and σ

reveal a plateau or a slight decrease. This indicates that the conductivity of the
μc-SiC:H(n) is strongly correlated to the microstructure of the film. These results
are in good agreement with the results obtained by Pomaska where also an increase
in σ by several orders of magnitude could be observed for a higher microstructural
order of μc-SiC:H(n) [10]. An increase in crystallite size was found to increase n
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strongly and µ slightly for unintentionally doped μc-SiC:H(n) films [10]. The reason
for that might be a lower density of depleted grain boundaries, which results in a
decreased activation energy for the doping atoms. This decreased activation energy
then results in an increase in free charge carriers. Nevertheless, it is unclear if the
mechanism for intentionally doped μc-SiC:H(n) might be more complex.

A third possibility to increase the electrical conductivity of μc-SiC:H(n) is the
doping by nitrogen. To investigate the nitrogen content of the μc-SiC:H(n) the
concentration was measured by ToF-SIMS on the same samples as used for the
σ measurements. The nitrogen concentration (cN) as a function of the filament
temperature is plotted in Figure 5.1 (c). The cN is increasing by 1.5 orders of
magnitude from cN = 7× 1019 cm−3 to 1× 1021 cm−3 for Tf = 1630 ◦C to 2070 ◦C.
This increase in nitrogen in the film can only account for a maximum increase of
1.5 orders of magnitude in σ. Thus, the increased nitrogen concentration alone
cannot explain the increased electrical conductivity of μc-SiC:H(n). In literature it
was found that an increased nitrogen concentration in the samples increases σ of
the μc-SiC:H(n) due to an increase in both n and µ [10]. For very high nitrogen
concentrations Pomaska proposed that the μc-SiC:H(n) might degenerates and the
Fermi-level shifts into the conduction band [10]. This assumption is stressed by
the calculations of Hong-Sheng et al. for nitrogen doping of crystalline 3C-SiC [153].
They also found that the Fermi-level is shifted into the conduction band for nitrogen
doped SiC. However, it is unclear how much of the incorporated nitrogen is doping
active.

The active donor doping concentration (Nact
D ) can be measured using elec-

trochemical capacitance-voltage profiling (eCV). Since a junction is necessary for
eCV measurements, the results cannot be obtained on μc-SiC:H(n) layers on glass,
which were used for conductivity measurements. To be able to measure Nact

D the
μc-SiC:H(n) layers are deposited on dst Cz-Si(n) wafers using the same deposition
parameters as for layer used in Figure 5.1. To be able to compare the active dop-
ing concentration with the total concentration of nitrogen, cN is measured again by
ToF-SIMS measurements of the μc-SiC:H(n) deposited on wafer. The results for
both series can be found in Figure 5.3.

The nitrogen concentration of the μc-SiC:H(n) on dst wafer and the active
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Figure 5.3.: The nitrogen concentration (cN) extracted from the ToF-SIMS measure-
ment data shown in Figure 5.1 (green diamonds). The active donor doping concentra-
tion (Nact

D ) measured using eCV is plotted as a function of Tf (yellow circles). From
the nitrogen concentration and the active doping concentration the doping efficiency
can be calculated. Dashed lines are guides to the eye.

donor doping concentration are plotted as a function of the filament temperature. It
can be seen that the total cN is exponentially increasing by two orders of magnitude
from 1019 cm−3 to 1021 cm−3 in the Tf interval from 1650 ◦C to 2050 ◦C. This
increase is stronger as found for the cN of μc-SiC:H(n) on glass. It is possible that
the substrate material influence the incorporation of nitrogen into the μc-SiC:H(n).
One reason for that might be that the microstructure of the μc-SiC:H(n) is different,
since the growth conditions depend on the substrate material. Additionally, it can
be seen that the active doping concentration for Tf > 1840 ◦C is almost equal
to the total nitrogen concentration. This leads to the conclusion that the doping
efficiency of the nitrogen is one for Tf > 1840 ◦C. For Tf = 1840 ◦C the active doping
concentration is about one order of magnitude lower than the total nitrogen content.
This result is an indication that the doping efficiency of nitrogen is decreased for
lower filament temperatures. The reason for that might be the lower crystallite
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size as found in Figure 5.1 (b). For a lower crystallite size it is possible that less
nitrogen is incorporated into the crystals and more nitrogen accumulates at the grain
boundaries where it is not doping active. For Tf < 1840 ◦C the electrical conductivity
of the μc-SiC:H(n) is most likely too low to measure Nact

D by eCV reliably.

It can be concluded that the filament temperature during HWCVD deposition
of μc-SiC:H(n) has a strong influence on the electrical conductivity of the material.
Since the oxygen content is constant for all samples, the main contribution to the
n-type doping is most likely a result of nitrogen doping. Nevertheless, it is found
that the increase in nitrogen in the film cannot account for the complete increase in
conductivity. Therefore, another mechanism resulting in higher conductivity has to
be present. One additional mechanism might be the increased crystallite size of the
SiC. The crystallite size is found to increase with increased filament temperature,
which might also lead to a higher doping efficiency and an increased free carrier den-
sity in the material. Nevertheless, the complete mechanism leading to an increase
of 12 orders of magnitude in μc-SiC:H(n) conductivity over the complete Tf range is
still not fully revealed. For the temperature range where eCV measurements were
possible (1840 ◦C – 2040 ◦C) σ was increased by ∼3 orders of magnitude. This
increase in conductivity might be explained by an increase of the nitrogen concen-
tration (one order of magnitude) and the increase in crystallite size (one order of
magnitude), which increases the free carrier concentration by 2 orders of magni-
tude. Due to the increase of crystallite size also the mobility of the material might
be increased (one order of magnitude) as described by Pomaska [10]. To confirm
these hypothesis further electrical characterization is needed e.g. by thermopower
measurements.

5.2. Optical properties

For a high Jsc of the solar cell, the light facing contact has to be very trans-
parent for the incident sunlight. Since the SiO2 is very thin and has a bandgap
of 9.4 eV [154], the tunnel oxide is not limiting the transparency of the stack.
Therefore, the transparency of the μc-SiC:H(n) is studied. From literature it is
known that μc-SiC:H(n) can be applied as a window layer for thin film silicon solar
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cell [146, 147, 155–157]. Pomaska et al. investigated the optical properties of unin-
tentionally and intentionally n-type doped thicker μc-SiC:H(n), which was several
hundred nanometers thick [10,158].

In this study several ten nanometer thick layer are characterized. To inves-
tigate the transparency of the μc-SiC:H(n) the optical absorption coefficient (α) is
determined by PDS and T & R measurements for layers deposited at different Tf.
Details regarding the measurement methods can be found in Section 3.3. The re-
sults of these measurements are shown in Figure 5.4 as a function of the photon
energy (EPh). It can be seen that for lower filament temperatures and low photon
energies EPh < 2 eV the absorption coefficient is between 102 cm−1 and 103 cm−1.
For EPh between 2 – 3 eV α is increasing to >104 cm−1 depending on the filament
temperature. It can be seen that the optical bandgap (E04), which is equal to EPh

when α = 104 cm−1 (gray dashed line), is increasing with increased filament tem-
perature. Nevertheless, it can also be seen that in the low EPh range between 0.5 eV
and 2 eV the absorption coefficient is strongly increased for the highest Tf of 1860 ◦C
and 1900 ◦C.

This absorption is called «sub-bandgap» absorption, since it occurs for light
with an energy smaller then the optical bandgap. The sub-bandgap absorption can
be evaluated by the sub-bandgap absorption coefficient (α1eV), which is extracted
at α(1 eV). The influence of Tf on E04 and α1eV can be seen in Figure 5.5 (a) and
(b), respectively. The optical bandgap is increased from 2.3 eV to 2.9 eV in the
filament temperature range of 1660 ◦C to 1900 ◦C. This result indicates that the
μc-SiC:H(n) is getting more transparent with increased Tf. Nevertheless, the sub-
bandgap absorption coefficient increases exponentially by 1.5 orders of magnitude
from α1eV = 2×101 to 4×103 cm−1 in the same filament temperature range indicating
that the material absorbs more light for photon energies below the optical bandgap.
To be able to judge the influences of the E04 and the α1eV on the final Jsc of the
device the absorption loss in Jsc is calculated by multiplying the absorptance with
the solar spectrum under 1.5 time the air mass of the atmosphere (AM1.5G(λ))
and integrating it over the wavelength up to the bandgap of c-Si at 1060 nm. The
parasitic absorption current density loss (Jabs

SiC ) is calculated for the first light path
through the solar cell neglecting multiple reflections by
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Figure 5.4.: The optical absorption coefficient (α) (left y-axis) and solar spectrum
for AM 1.5G (right y-axis) as a function of the photon energy (EPh). The optical
absorption coefficient is calculated from PDS and transmission and reflection (T & R)
measurements for μc-SiC:H(n) deposited on glass. The μc-SiC:H(n) is deposited using
selected Tf. The dashed line marks the absorption coefficient of α = 104 cm−1 where
the optical bandgap (E04) is extracted. The gray area shows the solar spectrum in
terms of W/(m2 eV) to illustrate how much energy is contained in the sunlight at
distinct photon energies. The integrated energy results in 1003 W/m2. Copyright
2018 IEEE. Adapted, with permission from [104].

Jabs
SiC =

∫ 1060 nm

300 nm

(
1− e−α(λ)dSiC

)
AM1.5G(λ)dλ (5.1)

with the wavelength dependent absorption coefficient α(λ), the μc-SiC:H(n) layer
thickness (dSiC).

The results for μc-SiC:H(n) thicknesses of 20 nm, 40 nm, and 60 nm are plotted
in Figure 5.5 (c). It can be seen that the Jabs

SiC is decreasing with increasing Tf until
reaching a minimum at 1800◦C and then slightly increasing again. The reason for
the decrease of parasitic absorption in the lower filament temperature range is the
increase of the E04. The slight increase of Jabs

SiC for Tf > 1800 ◦C can be explained by
the increased sub-bandgap absorption. Since the optical bandgap is only increasing
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Figure 5.5.: (a) The optical bandgap (E04) as a function of Tf. E04 is extracted at the
dashed line in Figure 5.4. (b) The sub-bandgap absorption at the photon energy of
1.0 eV (α1eV), and (c) the parasitic absorption current density loss (Jabs

SiC ) as a function
of Tf. Jabs

SiC is calculated according to Equation 5.1 for three selected μc-SiC:H(n)
thicknesses (60 nm, 40 nm, and 20 nm). Dashed lines are guides to the eye. Copyright
2018 IEEE. Adapted, with permission from [104].

slightly in this Tf region, the optical loss due to sub-bandgap absorption cannot be
compensated. Nevertheless, it can be concluded that the sub-bandgap absorption
has a smaller impact on the parasitic absorption than the optical bandgap. The
lowest parasitic absorption for film thickness of μc-SiC:H(n) (dSiC) = 20 nm is found
to be Jabs

SiC = 0.31 mA/cm2 for Tf = 1800 ◦C.

To be able to explain the origin of the increased E04 and increased α1eV with
increased Tf these parameters are plotted as a function of the electrical conductiv-
ity and the Si–C stretch mode from FTIR in Figure 5.6, which is a measure for
the crystallite size of the μc-SiC:H(n). It can be seen that the optical bandgap
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Figure 5.6.: Correlations of optical bandgap (E04) with the electrical conductivity (σ)
in (a) and with the intensity of the Si–C stretch mode in FTIR spectroscopy (ISi-C)
in (b) as well as the correlation of the sub-bandgap absorption at the photon energy
of 1.0 eV (α1eV) with σ in (c) and with ISi-C in (d). Dashed lines are guides to the eye.

shows a strong correlation with the intensity of the Si–C stretch mode. This leads
to the conclusion that the optical bandgap is increased by an increased crystal-
lite size of the μc-SiC:H(n). Fitting the data linearly results in the Equation
E04 = 0.084 ISi-C + 2.126. The sub-bandgap absorption shows a correlation to the
electrical conductivity but not to the Si–C stretch mode. This leads to the conclu-
sion that the sub-bandgap absorption mainly results from the free carrier absorption
of the μc-SiC:H(n). This result is consistent with the finding of an increased active
doping concentration for increased Tf, which results in an increase of the free charge
carrier density.

It can be concluded that the transparency of the μc-SiC:H(n) mainly depends
on the optical bandgap and the sub-bandgap absorption coefficient. The optical
bandgap increases with increased Tf, which might be due to an increased crystallite
size of the μc-SiC:H(n). Nevertheless, also the sub-bandgap absorption is increasing,
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which most likely is due to the increased free carrier by an increased active doping
concentration for increased Tf. To keep the parasitic absorption in the μc-SiC:H(n)
as low as possible the lowest possible layer thickness which is still passivating the
contact should be used. The lowest parasitic absorption is found for Tf = 1800 ◦C.

5.3. Passivation and electrical contact properties of TPC

5.3.1. Single layer μc-SiC:H(n)

After discussing the electrical conductivity and the optical transparency of
the μc-SiC:H(n), the passivation of the c-Si surface is the third key requirement
for an advanced contact. However, the passivation is not only influenced by the
μc-SiC:H(n) but is a property of the whole stack, which consists of the SiO2 and the
μc-SiC:H(n). As already discussed in the Fundamentals Chapter the dominating
recombination mechanism in silicon solar cells, which uses high quality wafers, is
usually the recombination at the surfaces of the c-Si. To reduce the recombination
at the surface additional layers on top of the c-Si are necessary. These layers reduce
the number of open silicon bonds (dangling bonds) at the interface, which acts as
trap states for electrons and holes. In this work the silicon surface is passivated
with a thin silicon oxide and a μc-SiC:H(n) layer. Details regarding the passivation
mechanism can be found in the Fundamentals Section 2.3.

In this Section the influence of the filament temperature during HWCVD on
the passivation quality is investigated. As already found in Chapter 4 high filament
temperatures strongly decrease the passivation quality of the TPC. compared to the
experiments in Figure 4.7 the cleaning and oxidation procedure is kept the same and
all wafers are oxidized in piranha solution for 10 min. A new generation of dst Cz
wafers is used, which provides higher quality c-Si due to a narrower specified doping
density and less impurities. This allows for higher passivation qualities compared to
the wafer used before in the experiments in Figure 4.7.

To investigate the mechanisms of c-Si surface passivation, μc-SiC:H(n) has
been deposited on textured and polished c-Si. Symmetrically passivated samples
have been prepared on dst wafer to measure the passivation quality by photo-
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Figure 5.7.: (a) The implied open circuit voltage (iVoc) as a function of Tf. The
iVoc shows the same trend as in Figure 4.7. Nevertheless due to higher quality
wafers the lifetime and iVoc of the samples is improved. The SiO2 is produced in
piranha solution. (b) The intensity of the Si–H mode in FTIR spectroscopy (ISi-H)
of μc-SiC:H(n) on polished wafers (light blue circles) and ISi-H of μc-SiC:H(n) on
textured wafers (red diamonds). (c) The contact resistivity (ρc) of the layer stack
c-Si/SiO2/μc-SiC:H(n)/ITO/Ag measured using the transfer length method (TLM).
Dashed lines are guides to the eye.
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conductance measurements. For FTIR measurements of the hydrogen content,
μc-SiC:H(n) is deposited only on one side of the dsp wafers. The passivation quality
is measured in terms of iVoc and J0. The results of the iVoc as a function of the Tf
for symmetrically passivated samples are shown in Figure 5.7 (a). It can be seen
that the same trend is evident as observed before in Figure 4.7 for samples oxi-
dized in selected oxidation solutions. The passivation quality is reduced for higher
filament temperatures. The highest passivation is found for the sample fabricated
at Tf = 1775 ◦C, where iVoc = 737 mV and J0 = 5 fA/cm2 have been measured.
For Tf > 1950 ◦C the iVoc decreases below 700 mV. This decrease in passivation
quality can either be happening due to a lower chemical passivation, a less selective
contact, or both. Nevertheless, it was found before in Section 5.1 that the electrical
conductivity and thereby the n-type character of the μc-SiC:H(n) is increasing with
increased Tf. This increase in σ gives rise to a higher selectivity due to a higher
field effect rather than a lower, which therefore, cannot explain a decrease in the
passivation quality. Thus, a lower chemical passivation is more likely the reason for
the reduced passivation quality for increased Tf.

A decrease in chemical passivation can have several reasons. One reason might
be that the substrate temperature increases due to a stronger radiation of the hot
wires. A higher substrate temperatures could lead to a diffusion or a desorption of
the hydrogen at the SiO2/c-Si interface [159–161]. This hydrogen loss then increases
the number of silicon dangling bonds since Si–H bonds are broken. Diffusion of
hydrogen from the interface requires a sub-stoichiometric SiO2, since the hydrogen
needs an additional open silicon bond in the SiO2 where it can diffuse to. Because
the SiO2 is grown wet-chemically, a perfect stoichiometry is unlikely as found by
Moldovan et al. [67, 81]. In contrast to diffusion, hydrogen atoms could also desorb
from the interface in pairs and form molecular hydrogen. This hydrogen can then
effuse through the SiO2 and possibly leave the sample. The probability of the
effusion of hydrogen strongly depends on the structure and thickness of the layers
following the SiO2 and might therefore change during deposition. Nevertheless,
from amorphous silicon it is know that the diffusion of hydrogen happens at a
diffusion energy of 1.53 eV while the desorption energy is 1.95 eV [162–164], which
shows that diffusion is energetically more favorable. Both processes might happen
simultaneously.
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A decreased passivation due to an increased substrate temperature is likely not
the only mechanism, since a lower passivation was also found for experiments where
the substrate temperature was constant (e.g. changed FMMS). Since Pomaska et al.
found that a decreased FMMS leads to an increased crystallite size, the microstructure
of the μc-SiC:H(n) could also have influenced the passivation quality [158]. An
additional mechanism, which might lead to a decrease in chemical passivation, is
that the c-Si/SiO2 interface is damaged due to the hydrogen radicals, which are
present during HWCVD process. Etching of hydrogen was already reported for c-Si
surfaces [165–167] as well as for a-Si:H layers [127,168,169]. The molecular hydrogen
is used as a precursor to dilute the MMS precursor. H2 decomposes at the hot wire
filaments into atomic hydrogen i.e. hydrogen radicals. Umemoto et al. found that
the hydrogen radical density is increased by several orders of magnitude in the given
Tf range [145]. In the beginning of HWCVD deposition the atomic hydrogen can
directly impair the thin SiO2. The hydrogen radicals can either break a Si–O or
a Si–H bond at the interface to the c-Si, which both would result in an additional
recombination site at the interface due to an open silicon bond. Since the bond
dissociation energy of Si–O (799.6 kJ/mol or 8.3 eV [170]) is about 2.7 times the
bond dissociation energy of Si–H (293.3 kJ/mol or 3.1 eV [170]), it is more likely
that hydrogen radicals break a Si–H bond. A third effect influencing the passivation
quality might be the hydrogen reservoir of μc-SiC:H(n). This hydrogen might diffuse
to the c-Si/SiO2 interface an re-passivate the dangling bonds.

To investigate the influence of the filament temperature on the Si–H bonds
FTIR measurements have been performed on textured and polished samples. From
the FTIR intensity spectrum the absorption coefficient is calculated and evaluated
for the peak intensity at ν = 2100 cm−1, which can be attributed to a stretching
mode of the Si–H. The results are plotted in Figure 5.7 (b) for «polished» samples
with single side μc-SiC:H(n), which originate from the same series as for Figure
5.1 and for «textured», symmetric μc-SiC:H(n) samples, which is the same series
as in Figure 5.7 (a). It can be seen that the intensity of the Si–H mode ISi-H is
decreasing with increasing Tf for polished and textured samples. This leads to the
conclusion that the amount of Si–H bonds is reduced. The most likely reason for this
reduction of Si–H bonds is that the crystallite size of the μc-SiC:H(n) is increasing
and therefore, the density of grain boundaries is decreased for increased Tf. Since
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Figure 5.8.: The intensity of the hydrogen signal in ToF-SIMS measurements (IH)
normalized by the signal of the 30Si as a function of the sputter depth normalized to
the film thickness on glass. The thickness is normalized to the sharp increase in oxygen
signal as a measure for the glass substrate. The results show that with increasing Tf
the hydrogen signal decreases as it is also found for FTIR measurements (see Figure
5.7 b). The layer thickness is in the range of 30 nm – 100 nm. The dashed arrow is a
guide to the eye.

the hydrogen is likely to be bonded to the silicon at the grain boundaries of the
μc-SiC:H(n), less hydrogen is incorporated in the film when the density of grain
boundaries decreases due to an increase in grain size.

To investigate the hydrogen content in the μc-SiC:H(n) layer also ToF-SIMS
measurements have been performed. The results of these measurements can be found
in Figure 5.8 as a function of the normalized sputter depth. The intensity of the
hydrogen signal is normalized by the signal for 30Si. It can be seen that the highest
hydrogen signal is measured for the sample deposited at the lowest Tf = 1630 ◦C
and the lowest hydrogen signal for the highest Tf = 2070 ◦C. These results are in
good agreement with the results found in Figure 5.7 (b). These findings are stress-
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ing the assumption that less hydrogen is incorporated when the material is getting
more crystalline with increasing Tf. This leads to the conclusion that more hydro-
gen is incorporated in the μc-SiC:H(n) when the microstructure is more amorphous.
Additionally, it can be seen that the hydrogen signal increased towards the glass
substrate for the four samples with the highest Tf. The reason for that is probably
also the microstructure of the μc-SiC:H(n). It is known from literature that the
growth of μc-SiC:H(n) on a foreign substrate id more amorphous in the first few
nanometers (nucleation phase) before larger crystals are growing [171, 172]. There-
fore, the first nanometers of more amorphous SiC can contain a higher concentration
of hydrogen. Another possibility for the hydrogen peak towards the glass interface
would be a ToF-SIMS measurement artifact called the «knock-on» effect during the
depth profiling of the measurement. To measure a depth profile in ToF-SIMS a
crater is sputtered by a primary ion beam. While sputtering it can happen that
the primary ion beam drives-in elements deeper into the remaining material rather
then releasing the ions. The knock-on effect results then in an artificially increased
concentration close to the interface of the layer. This knock-on effect would be
evident for all measured samples. Nevertheless, the peak is not observed for the
samples deposited at lower Tf leading to the conclusion that the hydrogen peak is
no measurement artifact. This lack of increased IH signal towards the substrate for
the samples deposited at Tf = 1630 ◦C and 1720 ◦C might be an indication that the
microstructure of the SiC is completely amorphous throughout the layer. Therefore,
no difference in the IH signal can be seen. Only for Tf > 1720 ◦C a distinct difference
in microstructure between nucleation and bulk phase occurs.

These results lead to the conclusion that hydrogen content in the μc-SiC:H(n)
strongly depends on the Tf during HWCVD deposition. Therefore, the results of
the hydrogen content measured by FTIR (Figure 5.7 (b)) cannot be directly related
to the breaking of Si–H bonds at the SiO2/c-Si interface but rather to the hydrogen
content in the μc-SiC:H(n) layer. Nevertheless, a high hydrogen concentration espe-
cially close to the SiO2/c-Si might lead to an improved passivation at the interface. If
the increased hydrogen radical density due to an increased Tf leads to a deterioration
of the interface cannot be finally concluded. Evidence of a damaged SiO2 interface
could not be found in transmission electron microscopy (TEM) micrographs. Never-
theless, it cannot be excluded that the decreased passivation quality for increased Tf
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is a combination of impaired SiO2/c-Si interface and less hydrogen at the interface
to re-passivate the open dangling bonds. The entire mechanism, which gives rise to
such high passivation qualities, is still not fully understood. Nevertheless, it should
be noted that no post deposition treatments e.g. annealing or hydrogenation, which
are necessary for e.g. SiO2/poly-Si contacts, have be applied to the TPC contacts.

After studying the electrical conductivity of the μc-SiC:H(n) in Section 5.1 the
contact resistivity (ρc) of the entire front layer stack (c-Si/SiO2/μc-SiC:H(n)/ITO/
Ag) is of major importance, since it contributes to the series resistance of the fi-
nal device. The contact resistivity is comprised of the vertical resistivities of SiO2,
μc-SiC:H(n), and ITO as well as the resistivities at the interface between the lay-
ers (see Figure 3.2). The conductivity of the μc-SiC:H(n) is orders of magnitude
lower than the conductivity of the wafer, which suppresses lateral current flow in
the μc-SiC:H(n). This contact resistivity can be measured by the transfer length
method (TLM). Since it was found earlier that the electrical conductivity can be
tuned within 12 order of magnitude by changing Tf, it is assumed that the con-
ductivity of the μc-SiC:H(n) also influences the contact resistivity. To investigate
the influence of the electrical conductivity of μc-SiC:H(n) on the contact resistivity
for a complete solar cell stack, structured ITO and silver (Ag) pads are deposited
on the μc-SiC:H(n) samples. The results of the contact resistivity as a function
of the filament temperature for the μc-SiC:H(n) deposition can be seen in Figure
5.7 (c). The contact resistivity could only be evaluated for samples deposited at
Tf > 1820 ◦C, since for lower filament temperatures the results showed a non-ohmic
behavior. With increasing the filament temperature during μc-SiC:H(n) deposition
from Tf > 1848 ◦C to 1915 ◦C the contact resistivity is dropping exponentially from
360 mΩ cm2 to 24 mΩ cm2. The reason for that is most likely the electrical conduc-
tivity of the μc-SiC:H(n), which is improving from σ = 10−3 S/cm to 10−1 S/cm. For
Tf = 1810 ◦C the conductivity of the μc-SiC:H(n) is 10−6 S/cm, which is most likely
the reason why the contact resistivity, could not be evaluated. This result leads to
the conclusion that the electrical conductivity of μc-SiC:H(n) is a main contribu-
tion to the contact resistivity. The influence of the contact resistivity on the series
resistance and the fill factor of the final solar cell will be discussed in Section 6.2.
It can be concluded that for very high iVoc no sufficiently low ρc is achieved. For
lower contact resistivities at higher Tf the passivation quality of the TPC starts to
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deteriorate. Therefore, an optimal trade-off between high passivation quality and
low contact resistivity has to be found for a solar cell with single layer μc-SiC:H(n)
as incestigated in Section 6.2.

5.3.2. Double layer μc-SiC:H(n)

In this Chapter it was shown that the filament temperature of the hot-wire fil-
aments during HWCVD deposition has a strong influence on the electrical, optical,
and passivation properties of the μc-SiC:H(n). While the electrical conductivity and
the optical transparency of μc-SiC:H(n) are increased, the passivation quality of the
TPC is decreased for an increasing filament temperature. Therefore, the optimiza-
tion of the contact for solar cells is a trade-off between high passivation quality and
high conductivity. To overcome this trade-off a double layer stack consisting of a
«passivation SiC layer» on top of the SiO2 followed by a «conductive SiC layer» is
developed. The idea of this double layer stack is to first deposit a thin passivation
layer at a lower filament temperature T pass

f . This layer provides a more amorphous
material, which has a high hydrogen content and is deposited with less hydrogen
radicals in the gas phase, which might deteriorate the SiO2/c-Si interface less. Since
the μc-SiC:H(n) grown under these conditions has a low electrical conductivity, the
layer should be as thin as possible while maintaining a high passivation quality. The
conductive layer is afterwards deposited on top of the passivation layer at elevated
filament temperature T cond

f . The conductive layer is necessary, since it was found
before that the thin passivation layer alone does not provide a sufficient surface
passivation. The conductive layer then provides additional passivation and a higher
electrical conductivity, which might improve the contact resistivity to the TCO.

To investigate the influence of the double layer stack, the passivation layer
is deposited at filament temperature which gave the highest iVoc for single layers
Tf = 1775 ◦C with a thickness of dpassSiC = 9 nm. After depositing the passivation layer,
the filament current is ramped up, which increased the Tf for the desired filament
temperature to deposit the conductive layer. Increasing the filament temperature
can be done without interrupting the depositing process, thus, it does not add an
additional process step to the fabrication. The thickness of the passivation layer is
varied between dcondSiC = 25 nm – 30 nm. The layer thicknesses are calculated from
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Figure 5.9.: (a) Implied open circuit voltage (iVoc) and (b) contact resistivity (ρc) as
a function of Tf for symmetric TPC samples using a single layer (triangles) and a
double layer stack (stars). For double layer stacks the filament temperature of the
«passivation» layer is fixed to T pass

f = 1775 ◦C and the filament temperature of the
conductive layer (T cond

f ) is changed according to the horizontal axis. Dashed lines are
guides to the eye. This figure was originally published in [9] and colors were adapted
(CC BY 4.0).

deposition rates measured on polished c-Si samples. The influence of T cond
f on the

passivation and the contact resistivity is depicted in Figure 5.9. It should be noted
that the filament temperature of the conductive layer is varied and displayed on the
horizontal axis.

It can be seen that the double layer stack (red stars) effectively prevents the
sample from deterioration during the deposition process, which leads to a constant
and high mean iVoc of 738 mV even for T cond

f > 2000 ◦C. The passivation of the
single layer passivation (gray triangles) drops below 680 mV for Tf > 2000 ◦C. This
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reduction of iVoc for increased Tf is not observed for the samples passivated using
the double layer stack. This result leads to the conclusion that the passivation layer
mainly determines the passivation quality of the entire stack. The best passiva-
tion quality is achieved for the conductive layer deposited at the highest filament
temperature Tf = 2060 ◦C. The respective iVoc is 740 mV while the J0 is 2 fA/cm2.

In Figure 5.9 (b) the contact resistivity (ρc) is plotted as a function of the
filament temperature of the conductive layer of the double layer stack. To mea-
sure the contact resistivity of the complete stack by TLM, structured ITO and Ag
are deposited on the μc-SiC:H(n). It can be seen that a low contact resistivity of
ρc = 38 mΩ cm2 can be achieved while maintaining a high passivation quality. The
contact resistivity of the double layer stack is slightly higher than the lowest contact
resistivity, which was measured for single layer stacks (24 mΩ cm2). The reason for
that might be the influence of the 9 nm thin passivation layer, which increases the
contact resistivity due to its low electrical conductivity of σ ≈ 10−8 S/cm.

The improved passivation quality of the double layer stack can have again
various reasons. As explained before, one reason for the degradation of the passi-
vation quality might be the loss of hydrogen at the interface due to an increased
substrate temperature by stronger radiation of the hot-wire filaments. By adding a
passivation layer, which contains more hydrogen than the layer deposited at higher
Tf, the diffusion and desorption processes might be compensated when the substrate
temperature increases during the conductive layer deposition. Since desorption and
diffusion of hydrogen is a balance reaction with re-passivation of silicon dangling
bonds, decreasing the hydrogen effusion and increasing the hydrogen reservoir at
the interface would shift the balance reaction towards the re-passivation, which
gives rise to higher passivation qualities.

Another reason for the improved chemical passivation might be that the thin
passivation layer on top of the SiO2 protects the c-Si/SiO2 interface against the high
hydrogen radical density during high T cond

f depositions for the conductive layer.
Therefore, less silicon bonds are broken at the interface, which results in a lower
concentration of silicon dangling bonds and thereby to less recombination sites.
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Additionally, the increased conductivity of the second μc-SiC:H(n) layer results
in a stronger field effect passivation. Therefore, the opposing field for the minority
carriers is increased, which makes recombination less probable. The complete pas-
sivation mechanism for both single layers and double layer stack is still not fully
understood. Nevertheless, it is likely that both the chemical passivation of the open
silicon bonds as well as the field effect mechanism are influencing the overall passi-
vation quality of silicon surface. At this stage device simulation with e.g. Sentaurus
TCAD which are beyond the scope of this work could provide deeper insight into
the relevant processes.

From the results of the passivation quality and the contact resistivity the
selectivity of a contact can be calculated by the method proposed by Brendel and
Peibst [27]. The selectivity is a measure of the ability of a contact to conduct
majority carriers and block minority carriers. Therefore, an n-type contact works like
a membrane, which allows electrons to pass and blocks holes. Using the concept of
selectivity, different types of contacts can be compared with each other and possible
limiting effects regarding the efficiency of a cell can be revealed. Further details
regarding the calculation of the logarithm of selectivity (S10) can be found in the
Fundamentals Section 2.2.

For the single layer stack contacts at Tf = 1848 ◦C and 1915 ◦C a selectivity
of S10 of 13.2 and 14.2 are calculated by Equation 2.25, respectively. For the double
layer stack assuming the lowest J0 and ρc a selectivity of S10 = 14.5 is achieved. To
be able to compare the results to other contact concepts reference values are given
in Table 5.1.

It can be seen that the lowest selectivity is found for the phosphorus diffused
contact, which shows a high contact resistivity of ρc = 260 mΩ cm2 and a high J0
of 109 fA/cm2 [27]. The low passivation quality is likely a consequence of the direct
contact between the metal fingers and the c-Si, which is increasing the surface re-
combination as discussed in the Fundamentals Section 2.2. The developed TPC con-
tacts show a slightly higher selectivity compared to the a-Si:H(i)/a-Si:H(n) contact
reported in [37], which is due to a lower contact resistivity. The two highest selec-
tivities are achieved with high temperature annealed SiO2/poly-Si contacts, which
show higher J0 but a significantly lower contact resistivities [141, 173]. The highest
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Table 5.1.: Selected n-type contacts with the respective saturation current density (J0),
contact resistivity (ρc), and the logarithm of selectivity (S10). A detailed overview of
selectivities for specific contacts can be found in Schmidt et al. [38]. Values for ηmax

are calculated by Equation 2.26 with ηmax = Pmax/Psun.

contact J0 ρc S10 ηmax Ref.
[fA/cm2] [mΩ cm2] [%]

single layer SiC 6.7 24 14.2 28.24
double layer SiC 2 38 14.5 29.53

P-diffused n+ 109 260 12 24.95 [27]
a-Si:H(i)/a-Si:H(n) 2 100 14.1 29.42 [37]
SiO2/poly-Si(n) 10 0.1 16.4 27.85 [173]
[chemical oxide]
SiO2/poly-Si(n) 49 0.003 17.2 26.14 [141]
[thermal oxide]

selectivity with S10 = 17.2 is found for a contact produced by Gan and Swanson [141]
and showed a J0 of 49 fA/cm2 and a ρc = 0.003 mΩ cm2. It shows a comparably
low passivation quality but an almost 2 order of magnitude lower contact resistivity
as found for the next best samples, which showed an selectivity of 16.2. This low
ρc result was achieved in 1990 and such a low contact resistivity has, to the best of
my knowledge, never been achieved again in recent years within the PV community.
How to measure a correct ρc especially for high conductive layer, as most poly-Si
layers are, is an ongoing discussion in the photovoltaic community [53,100,173–175].

These results are also visualized in Figure 5.10 where the gray dashed lines
represent the iso-selectivity lines, which are calculated using Equation 2.25. It can
be seen that the double layer stack TPC significantly improves the J0 compared to
the single layer TPC. Nevertheless, it can be seen that this improves the selectivity
only slightly. In comparison to the best SiO2/poly-Si contacts the contact resistivity
of the TPC is higher, which results in a lower selectivity. However, as discussed in
the Fundamental Section 2.2 a higher selectivity does not necessarily results in a
lower maximum efficiency. Achieving very low contact resistivities in combination
with increased losses due to lower passivation as described by the model of Brendel
and Peibst [27] might reduce the maximum efficiency. The maximum efficiency is
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calculated from Equation 2.26 with ηmax =Pmax/Psun

The results of the calculation of ηmax for single layer and double layer TPC
(S10 = 14.2 and 14.5) give ηmax = 28.20% and 29.53%, respectively. For the
SiO2/poly-Si with the higher selectivity (S10 = 17.2) the ηmax is 26.14% while for
the SiO2/poly-Si with the lower selectivity (S10 = 16.4) the ηmax is 27.85%. These
results show that a lower selectivity of a contact does not necessarily result in a lower
maximum efficiency. The reason for that is the that the maximum efficiency depends
on the balance between resistive losses and passivation losses. By optimizing this
balance along an iso-selectivity line the maximum efficiency can be increased. This
effect can be seen when comparing the SiO2/poly-Si with the TPC contacts. Even
though the SiO2/poly-Si shows higher selectivities the achievable efficiency is higher
for the TPC contacts due to the balance of resistive and passivation losses for these
particular contacts.
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To illustrate the difference between S10 and ηmax in the model of Brendel
and Peibst the efficiency of the SiO2/poly-Si with thermally grown oxide shall be
optimized while keeping the selectivity the same (S10 = 17.2). This sample has a very
low contact resistivity, which is several orders of magnitude lower than the critical
contact resistivity. When the area fraction of the conductive part is reduced while
the area fraction of the passivation part is increased the maximum efficiency could
be increased. By increasing the contact resistivity by one order of magnitude while
keeping the selectivity the same (decreasing J0) ηmax could be increased to 28.5%,
which is an increase of 2.4%abs. For contacts with ρc lower than the critical contact
resistivity achieving a high passivation quality is very important to achieve higher
ηmax. This is the reason why the maximum efficiency is higher for TPC contacts
as for SiO2/poly-Si contacts with high S10. These results show that the selectivity
is a very valuable measure to optimize contacts regarding their passivation and
resistive losses if they occur in separate areas on the wafer. However, this method
of optimization cannot be applied to full area passivated contacts since resistive and
passivation losses do not occur in spatially different locations.

To investigate the influence of the double layer stack on the solar cell per-
formance series of changing T cond

f is repeated using solar cells with an a-Si:H(i)/
a-Si:H(p) rear side. Afterwards, the optimization of both layers regarding the passi-
vation and contact properties has been performed. The results can be found in the
following Chapter in Section 6.3.

5.4. Summary

In this Chapter the opto-electrical properties of μc-SiC:H(n) and the selectiv-
ity of the TPC contact were investigated. It was found that the lateral electrical
conductivity of the μc-SiC:H(n) can be manipulated over 12 orders of magnitude
by changing the hot-wire filament temperature. It could be shown that the con-
tent of nitrogen, which is a known donor in SiC, is only increased by 1.5 order of
magnitude and therefore, cannot be the only reason for the strong increase in con-
ductivity. It was found that by increasing the filament temperature the crystallite
size of the μc-SiC:H(n) was increased, which increased the density of free charge
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carriers strongly.

It was also revealed that the optical bandgap as well as the sub-bandgap ab-
sorption of the μc-SiC:H(n) were increased with increased filament temperature. To
investigate the influences of both parameters on the short circuit density the par-
asitic absorption loss was calculated in units of the current density. The lowest
parasitic absorption of the 20 nm thick μc-SiC:H(n) was found for Tf = 1800 ◦C
with 0.31 mA/cm2.

Increasing the filament temperature resulted in decreased passivation quality.
FTIR measurements of the Si–H bond revealed that the hydrogen content in the
TPC is decreasing with increasing filament temperature. This finding was confirmed
by the results of ToF-SIMS measurements. The decrease of passivation quality
might originate from less hydrogen at the SiO2/c-Si interface, which leads to a
lower saturation of silicon dangling bonds. Additionally, increasing the filament
temperature leads to more hydrogen radicals in the HWCVD chamber, which might
lead to etching of the c-Si interface and thereby to an increase of dangling bonds.
On the one hand, the highest passivation quality for a single layer μc-SiC:H(n) TPC
using Tf = 1775 ◦C was measured to be iVoc = 737 mV or J0 = 5 fA/cm2. However,
due to a the low conductivity of the μc-SiC:H(n), which is a consequence of the low
Tf, the contact resistivity could not be evaluated for this sample. On the other hand,
the sample prepared at Tf = 1915 ◦C gave rise to the lowest contact resistivity of
ρc = 24 mΩ cm2 had an iVoc of 715 mV.

The decrease of passivation quality for high filament temperatures could be
prevented by using a double layer stack consisting of a passivating and a conductive
μc-SiC:H(n), which are deposited at low and high filament temperatures, respec-
tively. Therefore, a low contact resistivity of 38 mΩ cm2 could be achieved while
improving the passivation quality to iVoc = 740 mV or J0 = 2 fA/cm2. These layers
have not been optimized with respect to passivation or contact resistivity yet. To be
able to compare the TPC contact with other n-type contact systems the selectivity
S10 was calculated using the method of Brendel and Peibst [27]. The results reveal
that the TPC shows a higher selectivity than a phosphorous diffused contact and
an equal S10 compared the a-Si:H(i)/a-Si:H(n) contacts. However, contacts using
SiO2/poly-Si show higher selectivities, which can be explained by a lower contact
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resistivity. With respect to the maximum achievable efficiency the samples with
TPC contacts showed an advantage compared to samples with SiO2/poly-Si con-
tacts. The reason is that the TPC samples show higher passivation quality while
the contact resistivity is still below the critical limit. To investigate the influence of
the double layer TPC on solar cells the contact was further optimized on cell level
as presented in the following Chapter in Section 6.3.
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6. Solar Cell Development with TPC

Front Side

After developing an optimized buffer SiO2 in Chapter 4 and investigating the
electrical, optical, and passivation qualities of the μc-SiC:H(n) in Chapter 5, these
findings are used to establish an efficient transparent passivating contact (TPC) for
solar cells. For the solar cells in this Chapter random pyramid textured 170 μm thick
Cz c-Si(n) <100> wafers are used. After fabrication of the TPC, the pn-junction are
placed on the rear side of the solar cell using a stack of a-Si:H(i)/a-Si:H(p) deposited
by PECVD. Then, the TCO layers are deposited on both sides of the solar cell by
sputtering through a shadow mask to create four 2×2 cm2 solar cells on each 78×78
mm2 wafer. The metal contacts are realized either by evaporation of silver or screen
printing of a low temperature silver paste followed by an oven annealing. For all
experiments in this Chapter the rear contact is fully covered with 2×2 cm2 silver.

In the first part of this Chapter selected wet-chemical oxidation methods
(piranha, HNO3, and SC-2) are used to investigate the influence of the different
preparation methods for SiO2 on solar cell level. In the second part the influence
of the temperature of the hot-wire filaments is investigated with respect to the so-
lar cell parameters. In the third part of this Chapter a functional layer stack of
μc-SiC:H(n) is developed. In the fourth part several TCO deposition techniques
and deposition conditions are investigated to reduce the passivation degradation
after TCO deposition.
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SiO2 tunnel oxide

a-Si:H(i)
a-Si:H(p)
ITO

ITO
µc-SiC:H(n) 

c-Si(n)

TPC

SHJ

Figure 6.1.: Solar cell concept with TPC on the light facing front side and
a-Si:H(i)/a-Si:H(p) on the rear side followed by ITO and Ag electrodes.

6.1. Solar Cells using selected SiO2

In Chapter 4 it was found that different wet chemical oxidation methods re-
sult in different passivation qualities and contact resistivities. These values are
strongly depending on the filament temperature during the HWCVD deposition of
the μc-SiC:H(n). To be able to judge the influence of the contact resistivity on
the series resistance as well as of the passivation quality on the Voc solar cells were
fabricated on 170 μm thick Cz dst c-Si(n) <100> wafers with a base resistivity of
1 – 5 Ω cm2. The filament temperature was adjusted specifically for each oxidation
method to achieve the best passivation quality. The Tf was chosen according to
the results of the filament temperature series in Section 4.2 depicted in Figure 4.7
(a). For solar cells prepared with HNO3 oxide the highest filament temperature of
Tf = 1900 ◦C was used whilst for cells prepared in piranha solution Tf = 1820 ◦C
was used. These Tf should enable high iVoc and low ρc (see Figure 4.7). For cells
prepared by SC-2 solution Tf = 1770 ◦C was used even though the maximum iVoc is
not expected at this Tf (see Figure 4.7 and Table 4.3). It is chosen to enable a lower
series resistance. The silver contacts were thermally evaporated through a shadow
mask. Deposition details of this experiment can be found in the Appendix A.1.

The JV results of the solar cells prepared with selected SiO2 can be seen
in Figure 6.2. For solar cells using piranha or HNO3 oxidation two wafers are
processed (marked in the Figure as I and II). The power conversion efficiency (η)
shows that TPC solar cells using a HNO3 or piranha oxide have equal efficiencies
of η = ∼16% while solar cells with SC-2 oxide show a lower efficiency of η = 5%.
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Figure 6.2.: Solar cell series with tunnel oxide prepared with selected wet-chemical oxi-
dation solutions (piranha, HNO3, SC-2). The filament temperature of the μc-SiC:H(n)
deposition was adjusted according to experiments on symmetric samples. Tf was
1820 ◦C, 1900 ◦C, and 1770 ◦C for piranha, HNO3, and SC-2, respectively. (a) power
conversion efficiency (η), (b) fill factor (FF ), (c) open circuit voltage (Voc), & implied
open circuit voltage (iVoc), and (d) series resistance (Rs) as a function of the selected
oxidation solution. The colored box in the box plots depicts the values in the 25% –
75% range. The horizontal line within the box shows the median value and the circle
shows the mean value.

This difference is also reflected in the fill factor, which is significantly lower for the
solar cells prepared by SC-2 oxide FF ≈ 21% due to an s-shape of the JV curve
compared to the solar cells prepared using HNO3 or piranha with FF = 72%. The
reason for the difference in FF can be found in the Rs, which is approximately one
order of magnitude higher for the solar cells prepared using SC-2 oxide and leads
to an s-shape of the JV -curve. The reason for the high series resistance is likely
the low electrical conductivity (σ ≈ 10−8 S/cm) of the μc-SiC:H(n) deposited at
Tf = 1770 ◦C (see Figure 5.1 a). Higher filament temperatures for cells prepared
with SC-2 oxide would lead to iVoc < 700 mV (see Figure 4.7 a). Thus oxidation
in SC-2 solution does not lead to high efficiency. The solar cells prepared with
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6. Solar Cell Development with TPC Front Side

HNO3 or piranha oxide show a Rs < 3 Ω cm2, which is most likely a consequence
of the low contact resistivities ρc < 100 mΩ cm2 of the TPC (see Figure 4.7 b).
Nevertheless, for the solar cells with SiO2 prepared by piranha or HNO3 the series
resistances and the fill factors are comparable even though the μc-SiC:H(n) was
deposited at different filament temperatures. Furthermore, the thickness of the
HNO3 oxide layer is larger than for the piranha oxide, which could additionally lead
to an increased series resistance, since the tunnel probability is lower. Both effects
might also equalize each other, since for the thicker oxide (HNO3) also the higher
conductive μc-SiC:H(n) was used while the piranha oxide layer is thinner but the
μc-SiC:H(n) had a lower conductivity.

In Figure 6.2 (c) the iVoc (squares) and the Voc (boxes) are plotted. It can be
seen that the iVoc is strongly fluctuating within two samples, which are nominally
prepared using the same deposition conditions. The reason for that might be a
low reproducibility of the μc-SiC:H(n) layer quality. Since the hot-wire deposition
system is a single sample system, no batch depositions can be performed. Therefore,
fluctuations can occur between depositions especially when the filament temperature
is changing even though the deposition parameters are nominally the same.

The iVoc is measured after the fabrication of the passivation layers on front
and back side (TPC and back side a-Si:H before TCO). The sample is called in
the following the «solar cell precursor». The Voc is measured after the deposition of
TCO and metallization. The lowest passivation of the solar cell precursor is found
for the solar cells prepared using SC-2 oxidation. The iVoc is 668 mV while for the
symmetric samples the iVoc is 712 mV at Tf = 1765 ◦C (see Figure 4.7 a). The reason
for this discrepancy between symmetric and solar cell precursor in iVoc might be due
to the narrow process window of the Tf. As it can be seen in Figure 4.7 (a) the iVoc
is dropping strongly for Tf > 1765 ◦C. However, lower Tf cannot be used due to the
high Rs and low FF of these cells. It can be concluded that neither a sufficient
passivation nor a suitable series resistance could be achieved for cells prepared by
SC-2 SiO2. Therefore, SC-2 oxidation is not a viable option for TPC solar cells in
this configuration.
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Additionally, it was found that a strong drop in passivation quality occurs
from precursors to finished solar cells. This can also be seen in the difference be-
tween iVoc (before ITO) and Voc (after ITO and Ag deposition). The reason for this
drop is a damage of the passivation during the sputtering of the ITO. With sym-
metric passivation samples (TCO/μc-SiC:H(n)/SiO2/c-Si/SiO2/μc-SiC:H(n)/TCO)
it is confirmed that the deterioration of the passivation is happening on the TPC
front side rather than on the a-Si:H(i)/a-Si:H(p) rear side. A reduced passivation
quality after sputtering is known for contact systems using a-Si:H or SiO2/poly-Si
layers [57, 58,176,177]. A more detailed investigation of the sputter damage on the
TPC and an optimization of the sputtering conditions can be found in Section 6.4.

To increase the efficiency of the solar cells, the filament temperature of the
μc-SiC:H(n) deposition has to be optimized to find the best trade-off between high
iVoc and high FF for a specific oxide. As found in Chapter 4, oxidation in piranha
solution results in the highest passivation quality for symmetric samples. This can
also be seen for the solar cell precursors and result highest Voc of the finished solar
cell in this experiment. Therefore, oxidation in piranha solution for 10 min was
chosen as the standard oxidation method for the following experiments to optimize
the solar cell performance.

6.2. Single layer TPC solar cells

To further optimize the trade-off between the passivation quality and the fill
factor, solar cells are prepared using selected filament temperatures during HWCVD
deposition. The filament temperature was varied between Tf = 1810 ◦C – 1915 ◦C.
Since in Chapter 4 and in Section 6.1 it was found that SiO2 prepared in piranha
solution shows the best passivation quality as well as the highest solar cell efficiency,
all solar cells have been prepared by 10 min oxidation in piranha solution. To
be able to compare the results for TPC solar cells, reference solar cells with an
a-Si:H(i)/a-Si:H(n) front contact have been produced in the same batch. For these
experiments higher quality dst Cz wafers with a base resistivity of 1 Ω cm2 are
used. Additionally, the a-Si:H(i)/a-Si:H(p) deposition conditions on the rear side are
improved, which enable higher passivation qualities on the rear side. Furthermore,
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Figure 6.3.: Solar cell series with μc-SiC:H(n) deposited at selected filament tempera-
ture Tf. Reference cells (Ref.) were produced, which have the same rear contact but
an a-Si:H(i)/a-Si:H(n) front contact compared to the TPC cells. (a) Power conversion
efficiency (η), (b) short circuit current density (Jsc), (c) open circuit voltage (Voc) &
implied open circuit voltage (iVoc) (squares), and (d) fill factor (FF ) & pseudo fill
factor (pFF ) (squares) as a function of Tf. The colored box in the box plots depicts
the values in the 25% – 75% range. The horizontal line within the box shows the
median value and the circle shows the mean value.

the contacts are realized by screen printing of a low temperature paste. Details
regarding the deposition conditions can be found in the Appendix A.2.

Photovoltaic Parameters The results of the efficiency, the Jsc, iVoc, and Voc as
well as pFF and FF as a function of selected filament temperatures are plotted
in Figure 6.3. It can be seen that the solar cells with the best efficiency are pro-
duced at Tf = 1845 ◦C. The best solar cells in this experiment have an η = 21.6%,
Jsc = 39.5 mA/cm2, Voc = 709 mV, and a FF = 77.1%. For lower Tf = 1810 ◦C a
higher Voc is achieved. The decreased Tf, however, resulted in a decreased FF < 56%.
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6.2. Single layer TPC solar cells

Table 6.1.: Difference in the passivation quality before sputtering of ITO (iVoc) and
after sputtering (Voc). The passivation is deteriorated after sputtering. The drop is
correlated to Tf.

Tf iVoc Voc iVoc−Voc
[◦C] [mV] [mV] [mV]
1810 734 712 22
1845 733 711 22
1880 729 701 28
1915 720 689 31
Ref. 738 721 17

The low FF is a direct consequence of the high series resistance of Rs = 6.5 Ω cm2.
For the best solar cell the series resistance is one order of magnitude lower. The
reason for this high series resistance is most likely the electrical conductivity of the
μc-SiC:H(n) as shown in Figure 5.1 (a).

Regarding the iVoc it can be seen that the passivation quality is dropping
when Tf is increased. This decrease was already found for symmetrically passivated
samples (see Figure 5.7 a). As a direct consequence the Voc is dropping. However,
it can be seen that the difference between iVoc and Voc becomes larger for higher Tf
(see Table 6.1). For Tf = 1810 ◦C and 1845 ◦C the difference is 22 mV. For Tf = 1915
the difference is 31 mV while for the SHJ reference the difference is 17 mV. This
leads to the conclusion that the damage due to the sputtering of ITO is more severe
for μc-SiC:H(n) layers deposited at higher Tf. Additionally, for the cells with TPC
the sputter damage is more severe than for the reference cell, since for the reference
the drop from iVoc to Voc is lower. This suggests that the ITO deposition is causing
less damage on the a-Si:H layer passivated contact than on the TPC passivated
contact. One reason for that might be that the applied standard sputter deposition
is optimized for the use with a-Si:H layers. Optimization of TCO layers for TPC
solar cells and curing procedures are investigated in Section 6.4.

Besides the solar cells deposited at the lowest Tf all solar cells show an equal fill
factor. This result is unexpected, since for higher filament temperatures the contact
resistivity of the TPC is decreased (see Figure 5.7 c). The reason for the constant
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6. Solar Cell Development with TPC Front Side

fill factor and also a constant series resistance might be that the rear side contact is
the limiting contact for the series resistance rather than the front side contact. This
finding is stressed by the results of the reference solar cell, which uses the same rear
side as the TPC solar cells and also shows a similar fill factor.

Fill Factor Analysis To further investigate the origin of fill factor losses, a fill factor
loss analysis [178] based on a two-diode model [103] is performed. Since the FF
is very sensitive to resistive and recombination losses, the losses are parameterized
by the series resistance (Rs), shunt resistance (Rsh), and the recombination current
densities of both diodes (J01 and J02). Losses in J01 are usually attributed to re-
combination of charge carriers in regions with n 6= p, e.g. in the bulk, while losses
in J02 are usually attributed to recombination regions with n = p, e.g. the space
charge region or edge recombination [16,17,179]. Edge recombination of these solar
cells can be excluded, since the solar cells are placed in the middle of the wafer suffi-
ciently far away from the edges to suppress recombination. However, recombination
in the dark areas of the solar cell, which are not illuminated due to the mask during
measurements, contribute to J02 as well. This specific loss is not investigated in this
case since the shaded areas are equal for all cells.

Using the fill factor loss analysis the upper fill factor limit is calculated when
only the recombination current density of the first diode J01 is contributing to the
FF loss (FFJ01). These losses can only be mitigated by improving the bulk silicon
material of the wafer. The upper limits for the FF for the best TPC solar cell and
the best reference solar cell are calculated to be 84.7% and 84.9%, respectively. Since
both samples are prepared using the same wafer batch, the FFJ01 is expected to be
equal. The results of the analysis are shown in Table 6.2 and reveal that the major
loss in fill factor is occurring in the space charge region due to J02. The value for
both solar cells is similar. This was expected because both solar cells are utilizing
the same rear side junction. Nevertheless, the TPC solar cell is loosing additional
0.8%abs in FF due to a higher series resistance compared to the reference solar cell.
This loss can be attributed to the higher contact resistivity of the TPC compared
to the a-Si:H(i)/a-Si:H(n) front contact.
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When comparing the best TPC solar cells (Tf = 1845 ◦C) with the best SHJ
reference solar cells both show a comparable efficiency. Nevertheless, the Voc of the
the TPC cell is 9 mV lower then the Voc of the reference cell. This disadvantage of
the TPC cell is compensated by the Jsc, which is 0.8 mA/cm2 higher for the TPC
cells than for the reference cells. This superior Jsc is a consequence of the wider
optical bandgap of TPC compared to the a-Si:H(i)/a-Si:H(n) front side.

Quantum Efficiency The advantage due to the optical properties of the TPC com-
pared to the complete a-Si:H SHJ solar cell can be seen in Figure 6.4. The IQE,
EQE and R are plotted as a function of the wavelength (λ) for three selected Tf

and the SHJ reference. The measurements are performed with a 12×12 mm2 light
spot on the aperture area of the solar cells. Therefore, reflection is not only due to
the active surface of the solar cell but also due to metal fingers.

It can be seen that the EQE is significantly higher in the wavelength range
between 300 nm and 600 nm for the TPC solar cells than for the reference solar cells
(see Figure 6.4 b). Partially the lower reflection losses for the TPC cells are a reason
for the higher EQE, which can be seen in the reflectance data in Figure 6.4 (c). The
reason for the lower reflectance of the TPC is a better refractive index matching for
the layer stack as shown in Pomaska et al. [180]. Nevertheless, reflection can only
account for a part of the optical losses. This can be seen in the IQE results, which
are the EQE results corrected for the different reflectances (see Figure 6.4 a). The
majority of the optical loss for the a-Si:H front side is due to parasitic absorption
resulting from a higher absorption coefficient compared to the μc-SiC:H(n) [10]. It
can also be seen that the IQE and EQE results for Tf = 1810 ◦C and 1845 ◦C

Table 6.2.: Results of the fill factor loss analysis for the best TPC and SHJ reference
solar cell.

TPC SHJ ref.
FFJ01 [%] 84.7 84.9
ΔFFJ02 [%] 4.6 4.55
ΔFFRs [%] 2.9 2.1
ΔFFRsh [%] 0.2 0.2
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are very similar while for the sample deposited at Tf = 1915 ◦C both EQE and
IQE are reduced for the entire wavelength range between 400 nm and 1100 nm
by 2.5%abs. This reduction might be due to the reduced passivation quality for
the sample deposited at elevated temperatures, since it is decreased over the entire
wavelength range.

Additionally, it can be seen that the reflectance of the TPC cells is correlated
with the filament temperature. This might have two reasons. For higher Tf the layer
thickness of the μc-SiC:H(n) is slightly smaller thus the reflection maximum shows
a blue shift [180]. Furthermore, the refractive index of μc-SiC:H(n) decreases with
increased filament temperature, thus also changes the reflectance of the stack.

It can be summarized that by increasing the filament temperature from
Tf = 1800 ◦C as it was used in the first experiment, to 1845 ◦C the efficiency of
the solar cells can be increased. The main improvements are achieved for the Voc
and the FF . Due to higher quality wafers and an improved a-Si:H(i)/a-Si:H(p) rear
contact higher efficiencies were enabled. It should be noted that throughout the
experiments of this work the reference cells and therefore also the back contact of
the TPC cells is constantly improved as well.

In comparison to the SHJ reference cells the best TPC cells show an equal
efficiency. It was found that due to the lower parasitic absorption of the μc-SiC:H(n)
the Jsc is 0.8 mA/cm2 higher than for the reference cells. The FF of the TPC
cells was lower due to a higher series resistance, which can be attributed to the
TPC front contact. Also the Voc of the TPC cell is lower due to a lower initial
passivation quality and stronger deterioration during ITO sputtering. To overcome
these drawbacks, the FF and the initial passivation (iVoc) need to be increased in
a first step. In a second step the sputter degradation needs to be minimized or
cured, which then should increase the Voc. Both optimizations will be discussed in
the following sections.
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Figure 6.4.: Electro-optical results for solar cells with μc-SiC:H(n) deposited at selected
filament temperatures. (a) The internal quantum efficiency (IQE), (b) external quan-
tum efficiency (EQE) and (c) reflectance (R) as a function of the wavelength (λ) for
solar cells with TPC fabricated at three selected Tf and for the a-Si:H-SHJ reference
cell. The gray area marks the wavelength range where the IQE and EQE results
of the TPC are superior to the ones of the reference cell. Due to the higher optical
bandgap of μc-SiC:H(n) compared to a-Si:H the IQE and EQE are higher in the short
wavelength range.
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6.3. Double layer TPC solar cells

In Section 5.3 it was found that a double layer stack, consisting of a passivating
μc-SiC:H(n) layer deposited at lower Tf and a conductive μc-SiC:H(n) deposited
at elevated Tf, can maintain the passivation quality (mean iVoc = 738 mV) for
increased Tf of the TPC. Additionally, it was found that a low contact resistivity
of ρc = 38 mΩ cm2 can be achieved even though the thin passivation layer has a
low electrical conductivity. These results were obtained on symmetrically passivated
samples. Therefore, the double layer stack will be investigated and improved in solar
cells in the following Section. A sketch of the solar cell device can be found in Figure
6.5.

6.3.1. Conductive μc-SiC:H(n) layer variation

In the first study according to the experiment with symmetrically passivated
samples the filament temperature of the conductive layer (T cond

f ) is varied. The
goal is to investigate the influence of the increased T cond

f on the Voc, and FF . For
this experiment wafers of the same batch as for the solar cells in Section 6.2 are
oxidized in piranha solution. Afterwards, the μc-SiC:H(n) double layer is deposited
with a 9 nm thick passivation layer at filament temperature of the passivation layer
(T pass

f ) = 1775 ◦C and a 25 – 30 nm thick conductive layer at T cond
f = 1895 ◦C –

2045 ◦C. The deposition parameters for the rear side a-Si:H(i)/a-Si:H(p) and TCO
layers were the same as for the single layer cells and can be found in the Appendix
A.2. The results for η, Jsc, iVoc & Voc, as well as pFF & FF of this conductive layer
series can be found in Figure 6.6.

It can be seen that iVoc is fluctuating between 733 mV – 738 mV, which is
slightly lower than for symmetrically passivated samples. Is was frequently observed
that the solar cell precursors (asymmetric, after μc-SiC:H(n) and a-Si:H, but before
ITO deposition) showed a slightly lower passivation quality than the symmetric
samples. After finishing the solar cell by ITO deposition and metallization the
resulting Voc is measured to be 706 mV – 715 mV with a mean Voc of 712 mV. This
obtained Voc values are equal to the Voc results of the best single layer solar cell (see
Figure 6.3 c).
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Figure 6.5.: Solar cell concept with a double layer stack μc-SiC:H(n) on the light facing
front side and a-Si:H(i)/a-Si:H(p) on the rear side. The double layer consists of a thin
passivation layer on top of the SiO2 and a conductive layer on top of the passivation
layer. This sketch was originally published in [9] (CC BY 4.0).

As expected from the results in Section 5.3 and Figure 5.9, the iVoc is not
influenced by Tf of the conductive layer, since the first μc-SiC:H(n) layer provides
the surface passivation. Additionally, the FF is not increasing with increasing Tf,
which is due to a series resistance in the range of Rs = 1.1 – 1.6 Ω cm2 without
a clear trend regarding T cond

f . A constant series resistance can also be expected
since the contact resistivity also did not show a dependency on T cond

f . Although the
mean contact resistivity of the double layer TPC stack was comparably low with
ρc = 69 mΩ cm2 (see Figure 5.9 b), the series resistance of the solar cells is high
with Rs > 1 Ω cm2. Thus, the FF is limited to a maximum of 75.2%. Therefore,
the deposition conditions of the double layer stack need to be improved.

To optimize the series resistance and the efficiency of the device three de-
position parameters for both μc-SiC:H(n) layers are found to be important. The
filament temperature for both layers should be optimized to achieve a high passiva-
tion quality and high conductivity of the layers. The thicknesses of the layers need
to be optimized to reduce the contact resistivity while maintaining a high passiva-
tion quality. The third parameter, which might also influence the conductivity of
the μc-SiC:H(n) layers, is the doping gas flow rate FN2. It should be noted that
other deposition parameters e.g. substrate temperature, MMS flow rate, might also
influence the performance of the double layer stack but are not tested in this work.
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Figure 6.6.: Solar cell series using a double layer stack of μc-SiC:H(n) with a variation
of the conductive layer filament temperature. (a) The power conversion efficiency (η),
(b) short circuit current density (Jsc), (c) open circuit voltage (Voc) & implied open
circuit voltage (iVoc), and (d) fill factor (FF ) & pseudo fill factor (pFF ) as a function
of T cond

f . The colored box in the box plots depicts the values in the 25% – 75% range.
The horizontal line within the box shows the median value and the circle shows the
mean value.

6.3.2. Double layer stack optimization

To be able to investigate the influences of the selected deposition parameters
of both the passivation and the conductive layer on the properties of solar cells, a
design of experiment (DoE) is used. To reduce the number of parameters the flow
rate of nitrogen gas (FN2) is not changed within the deposition of passivation and
conductive layer. The FN2 is only changed between samples. Therefore, five factors,
each on a high and a low level, have been investigated:

• thickness of the μc-SiC:H(n) passivation layer (dpassSiC ),

• filament temperature of the passivation layer (T pass
f ),
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6.3. Double layer TPC solar cells

• thickness of the μc-SiC:H(n) conductive layer (dcondSiC ),

• filament temperature of the conductive layer (T cond
f ),

• flow rate of nitrogen gas (FN2).

Checking all parameter combinations would result in 25 = 32 experiments, which is
also known as a «full factorial design». The advantage of this plan is that all depen-
dencies of all tested parameters are revealed. The disadvantage is the high number
of experiments which are needed. The number of experiments can be reduced by
using a «fractional factorial design» to 25−1 = 16 experiments. The disadvantage of
the fractional factorial plan is that not all parameter combination are tested, thus,
no complete variation of one parameter can be evaluated. Therefore, the «effects» of
each deposition parameter on each solar cell parameter can be investigated. Three
center points have been added to the DoE where all levels are 0.5 of the high level
values to judge if an effect has a significant influence on the result. The full ex-
perimental matrix can be found in the Appendix A.3. The effect (E) of the i-th
parameter can be calculated by subtracting the mean result when the parameter is
«low» (ȳlow) from the mean solar cell result when the parameter is «high» (ȳhigh)

Ei = ȳhigh − ȳlow. (6.1)

Since in the last experiment it was shown that the FF is the critical parame-
ter for the efficiency of TPC solar cells the focus was set to reach high FF and low
Rs while maintaining a high iVoc. The resulting effects on the device parameters
of the solar cell are plotted in Figure 6.7. The effects on the fill factor show that
FF can be mainly increased by reducing the layer thickness and increasing the fil-
ament temperature of the passivation layer (see Figure 6.7 (a)). A lower thickness
of the conductive layer and an increased doping gas flow also improve the fill factor
slightly. The improvement in fill factor can be mainly attributed to a decrease in se-
ries resistance, which can be seen in Figure 6.7 (b). It should be noted that positive
effects increase the series resistance. However, the series resistance of a solar cell
should rather be decreased. Therefore, positive effects on Rs should rather be set
to the low level and vice versa. In conclusion, a low thickness and a high filament
temperature of the passivation layer are decreasing the series resistance. This leads
to the conclusion that the series resistance mainly depends on the parameters of

119



6. Solar Cell Development with TPC Front Side

the passivation layer. Since an increased filament temperature T pass
f from 1775 ◦C

to 1875 ◦C increases the electrical conductivity of the μc-SiC:H(n) from approxi-
mately 10−8 S/cm to 10−2 S/cm (see Figure 5.1), the contact resistivity of the TPC
can be reduced. Additionally, reducing the thickness of the passivation layer also
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Figure 6.7.: Effects of the five deposition parameters calculated by Equation 6.1 on the
(a) fill factor (FF ), (b) series resistance (Rs), (c) implied open circuit voltage (iVoc),
and (d) power conversion efficiency (η) of the solar cells. The color of the bar represents
the parameter. The effects are plotted from the largest absolute effect to the lowest
absolute effect from top to bottom. The dashed lines mark the significance value,
which is calculated from the results obtained at the center point of the DoE. The
absolute effects need to exceed this value in order to be significant. A negative effect
means that in other to increase the result the parameters should be set to the low
value. For a positive effect the parameter should be set to the high value to increase
the result. This figure was originally published in [9] and was adapted (CC BY 4.0).
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6.3. Double layer TPC solar cells

contributes to a decreased contact resistivity of the front side, which then results
in a decreased series resistance. These findings are also stressed by the results of
the T cond

f series shown in Figure 6.6 where it is found that the filament temperature
of the conductive layer has no significant influence on the series resistance and fill
factor due to the dominating effect of the passivation layer.

Regarding the iVoc, increasing the filament temperature of the passivation layer
by 100 ◦C can also result in a degradation of the passivation as shown before. To
investigate the effects on the passivation without the influence of the ITO sputtering
the iVoc rather than the Voc is evaluated in Figure 6.7 (c). Due to scattering of the
iVoc results of the center points the significance value is large compared to the
effects. Only the influence of T pass

f is found to surpass the significance threshold.
As expected, using the lower rather than the higher filament temperature results
in an improved iVoc. As discussed in Section 5.3 the μc-SiC:H(n) layers deposited
at elevated Tf contain less hydrogen and more atomic hydrogen is produced during
HWCVD, which can impair the SiO2/c-Si interface. Additionally, the substrate
temperature also increases for increasing Tf due to a higher thermal radiation, which
might lead to a diffusion or desorption of hydrogen at the interface. Also, a decrease
of the layer thickness of the passivation layer might lead to a deterioration since the
barrier against the radicals is thinner.

The effects on the solar cell efficiency are plotted in Figure 6.7 (d). It can be
seen that only the thickness and the filament temperature of the passivation layer
show a significant influence on the solar cell efficiency. To improve the efficiency
the dSiC should be decreased while the T pass

f should be increased. This is the same
trend as observed for the FF and Rs results, which leads to the conclusion that
efficiency in this experiment is mostly influence by the fill factor rather than by
the passivation quality. Since the thickness of the passivation layer has such a large
impact on the device performance, the influence on the series resistance and fill factor
was additionally investigated as shown in Figure 6.8. It can be seen that the mean
series resistance can be decreased from Rs = 2.6 Ω cm2 to 0.6 Ω cm2 by reducing dpassSiC

from 13 nm to 3 nm. In the same interval the fill factor increased from FF = 63%
to 76.5%. It can therefore be concluded that a low thickness of the passivation layer
is necessary to provide high fill factors. Nevertheless, the passivation layer cannot
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Figure 6.8.: Solar cell series using a double layer stack of μc-SiC:H(n) with variation
of the passivation layer thickness. (a) The series resistance (Rs) and (b) the fill
factor (FF ) as a function of the dpassSiC . The colored box in the box plots depicts the
values in the 25% – 75% range. The horizontal line within the box shows the median
value and the circle shows the mean value. This figure was originally published in [9]
and was adapted (CC BY 4.0).

be completely removed, since this drastically decreases the passivation quality as
it was found for single layer TPC in Figure 5.7 (a). Additionally, it is also found
for dpassSiC = 3 nm that a high iVoc of 734 mV can only be achieved for the lower
T cond
f = 1950 ◦C while for T cond

f = 2060 ◦C the iVoc drops to 714 mV (not shown).
This leads to the conclusion that the passivation layer is too thin to ensure high
passivation quality of the device.

The results of the DoE for the Jsc (not shown) suggest that dpassSiC should be
increased and T pass

f should be decreased in order to increase the short circuit current
density. However, increasing the Jsc is not the focus in this chapter, thus the results
are not discussed in detail here. Finally the best solar cell of the DoE experiments
is achieved with dpassSiC = 3 nm and T pass

f = 1775 ◦C («low») and shows an η = 22%,
iVoc = 727 mV, Voc = 711 mV, FF = 77.8%, and a Jsc = 39.75 mA/cm2. Interest-
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6.4. TCO development for TPC

ingly, this sample shows the lowest drop from iVoc to Voc of all samples with 16 mV,
which leads to the conclusion that the TCO deposition has the lowest impact on
the passivation quality. The mean drop from iVoc to Voc within this experiment is
32 mV.

It can be concluded that in this work tuning the passivation layer properties
has the stronger influence on the solar cell performance compared to the conductive
layer properties or the doping gas flow. To increase the fill factor of the solar cell
it is necessary to reduce the thickness of the passivation layer. Still, the solar cells
suffer from a deterioration of the passivation quality after sputtering of the ITO.
Therefore, alternative deposition methods and TCO materials are investigated in
the following Section.

6.4. TCO development for TPC

Within this work very high passivation qualities of iVoc = 740 mV and
J0 = 2 fA/cm2 were achieved with the TPC. This high passivation quality should
enable very high Voc of the final solar cell. However, the highest Voc so far was
found to be 714 mV (see Figure 6.6). In the optimization experiment for the dou-
ble layer stack, the mean drop from iVoc to Voc was 32 mV. For the SHJ reference
cells using an a-Si:H(i)/a-Si:H(n) front contact the mean drop from iVoc to Voc was
12 mV. The origin of this deterioration was identified to be the sputter deposition
of the ITO. This drop was therefore not only found from iVoc to Voc but also from
iVoc before to iVoc after ITO sputtering. This drop can be visualized by lifetime
corrected photo-luminescence (PL) imaging as it is shown in Figure 6.9. The color
code displays the effective minority carrier lifetime in microseconds. The ITO is
sputtered through a shadow mask, which results in four 2× 2 cm2 areas and several
test structures around these solar cells. The areas of the wafer, which are covered
by the mask, are not exposed to the deposition and are only heated by the substrate
heater during the physical vapor deposition (PVD). It can be seen that the lifetime
is strongly decreased in the areas where the ITO is deposited and the lifetime is not
effected in the masked areas. This leads to the conclusion that the heating of the
substrate is not causing the degradation of the passivation quality. This finding is
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6. Solar Cell Development with TPC Front Side

Figure 6.9.: Lifetime corrected photo-luminescence (PL) image of a solar cell precursor
before (a) and after (b) ITO deposition through a mask. The images are corrected with
effective minority carrier lifetime (τeff) lifetime measured by photo-conductance (PC).
The color code shows τeff in microseconds. The lifetime is degraded in the unmasked
areas, which were exposed during deposition.

stressed by annealing experiments of symmetrically passivated μc-SiC:H(n) samples
(not shown). It was found that the iVoc is drops by 1% for temperatures >320 ◦C
thus sputtering at 200 ◦C should not affect the passivation. Therefore, the degrada-
tion is most likely caused by the sputter deposition. Degradation due to sputtering
is also found for contacts prepared by SiO2/poly-Si [57,58] or a-Si:H [181,182]. The
possible origins of the TPC degradation are discussed in the following Section.

6.4.1. Mechanisms of sputter degradation

Degradation due to sputtering can mainly be caused in two different ways. A
first degradation mechanism can occur due to a strong particle bombardment during
sputtering, which may have enough energy to damage the c-Si/SiO2 interface [183].
The bombardment can be due to high energy secondary ions sputtered from the
target or due to argon (Ar) ions, which are neutralized at the target and reflected
back onto the sample [184]. The energy of the particles hitting the substrate can be
controlled by the sputter pressure. By increasing the sputter pressure, the mean free
path of the sputtered ions is shorter, which results in more inelastic scattering. Due
to inelastic scattering the ions lose kinetic energy on their way to the substrate. The
mean free path can be decreased by increasing the sputter pressure. If the energy
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of the secondary ions is high enough to impair the c-Si interface, an important
measure is the flux density of the particles. This flux density can be controlled by
the sputter power. By decreasing the sputter power the primary ions hitting the
target have less energy. Additionally, the primary Ar ions have less energy when
they are neutralized and reflected from the target towards the sample. Therefore,
the flux density of the sputtered ions is reduced since less secondary ions are knocked
out of the target [185]. Changing the sputter pressure and power can influence the
ion bombardment damage, thus can directly affects the Voc of the solar cells.

A second mechanism which can degrade the passivation is ultraviolet radiation
(UV) from the plasma during sputtering [186]. Due to the high transparency of the
TPC this effect might be even more detrimental than for poly-Si or a-Si:H layers,
which have a higher optical absorption. It was found by Profijt et al. that an emission
of the oxygen plasma at 130.5 nm or 9.5 eV significantly decreases the passivation
quality of a Al2O3 passivated c-Si wafer [187]. This vacuum ultraviolet radiation
(VUV) has enough energy to break Si–H bonds (3.1 eV) and Si–O bonds (8.3 eV) at
the interface of c-Si/SiO2 or introduce defects e.g. in the μc-SiC:H(n) because it has
a lower bandgap than the photon energy [170, 188]. Since the TPC is selective for
electrons, only majority carriers should have the ability to transfer into the contact
and the minority carriers should be repelled. The small amount of minority carriers
which reach the contact layers will recombine. Therefore, increasing the defects in
the contact layers by VUV will not significantly increase the recombination rate.
Nevertheless, breaking bonds at the c-Si/SiO2 interface will lead to an increased
recombination rate, since it will increase the density of dangling bonds in the area
before the charge carriers are separated.

Since the plasma used for ITO deposition of the solar cells in this work also
contains oxygen precursors, the influence of the VUV photons on the TPC passiva-
tion is investigated. Therefore, symmetrically passivated samples are covered with
three filters, which have different transmittance in the UV wavelength range. The
transmission data of the filters are summarized in Table 6.3. The first filter (F1)
has 50% transmittance at 4.1 eV, while the second filter (F2) has 50% transmit-
tance at 7.5 eV. The third and fourth filter (F3, F4) have a typical transmittance of
>50% at 10.2 eV. These filters are used to check which part of the UV light is the
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Table 6.3.: The transmittance (Tλ) data for the used UV filters for Tλ = 50% and 0%
with the corresponding photon energies (EPh) and wavelength (λ) as found in the
material data sheets. For MgF2 the guaranteed transmittance at 121 nm is >40% and
the typical transmittance is ≥55%.

Filter
thickness Tλ = 50% Tλ = 0%

d EPh λ EPh λ

mm eV nm eV nm
F1. Corning EAGLE XG 0.4 4.1 300 4.8 260
F2. Heraeus Herasil 1 7.5 165 8.3 150
F3. MgF2 5a >10.2 <121 n.a. n.a.
F4. MgF2 1b >10.2 <121 n.a. n.a.

aguaranteed transmission >40% at 121 nm, typical transmission >50%
bguaranteed transmission >40% at 121 nm, typical transmission >55%

main cause of degradation. Additionally, they protect the surface against any ion
bombardment. The filters cover the samples only partly so that parts of the sample
are directly exposed to the plasma. For the first experiment a pure oxygen plasma
similar to the one used in Profijt et al. was ignited and the sample was exposed for
15 min [187]. The lifetime corrected PL images before (a) and after plasma exposure
(b) are plotted in Figure 6.10. Before the plasma exposure of the sample the effec-
tive minority carrier lifetime (τeff) was 3.6 ms, measured by PC. After the plasma
exposure τeff is almost unchanged for the parts covered by filter F1 and F2. In the
uncovered part the lifetime drops to τeff < 700 μs while in the covered area of filter
F3, τeff drops to ∼900 μs. This result confirms that UV radiation from an oxygen
plasma can degrade the passivation of a sample passivated by SiO2/μc-SiC:H(n).
It can also be seen that wavelength of λ < 150 nm causes this damage, since no
significant degradation is detected for the areas covered by filter F1 and F2. The
reason why the area covered by filter F3 shows a slightly higher τeff compared to the
uncovered area is likely due to the non-zero absorption of the filter in the wavelength
range <150 nm. Therefore, the uncovered area is exposed to a higher flux density
and degrades stronger. This effect was also found by Profijt et al. [187].

However, for sputtering of ITO an argon plasma with only a low concentration
of oxygen (1.5 – 5%) is used. It needs to be investigated if this small amount of
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Figure 6.10.: Lifetime corrected PL image of a symmetrically passivated sample before
(a) and after (b) oxygen plasma exposure. Parts of the sample were covered during
exposure by three selected UV filters. The images are corrected with τeff results
measured by PC. The color code shows the τeff in microseconds. This figure was
originally published in [9] and was adapted (CC BY 4.0).

oxygen also leads to a significant VUV emission, which degrades the passivation.
Therefore, this experiment is repeated during an ITO deposition. Since the deposi-
tion is performed in an upright position, the filters were taped onto the sample. In
comparison to the first experiment a smaller and thinner MgF2 filter (F4) is used,
since the filter is ITO coated and can be used only once.

The results of this experiment are displayed in Figure 6.11. The initial τeff of
the sample after passivation was 1.3 ms, measured by PC. After ITO deposition
the lifetime in the areas covered by the filters does not show any degradation of τeff.
In the uncovered areas, which were directly exposed to the deposition, τeff drops
below 600 μs. It can therefore be concluded that for high VUV intensities e.g. by a
pure oxygen plasma the passivation of the TPC is degraded. However, during the
deposition of ITO no degradation due to UV modes can be detected. A possible
reason is that the intensity of the VUV mode in the plasma used for sputtering is too
low e.g. due to the low oxygen concentration. Nevertheless, the MgF2 filter reduces
the intensity of the VUV light due to its non-zero absorption. The filter typically
transmits 55% at 121 nm. Therefore, it cannot be excluded that the VUV intensity
is artificially decreased by the filter and is too low to cause degradation while in the
uncovered areas the intensity is strong enough to cause this degradation.

Deterioration due to UV exposure and ion bombardment can be prevented
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Figure 6.11.: Lifetime corrected PL image of a solar cell precursor before (a) and after
(b) ITO deposition. Parts of the wafer were covered with filters to avoid ion bombard-
ment and to filter the UV light. The images are corrected with the effective minority
carrier lifetime (τeff) results measured by PC. The color code shows τeff in microsec-
onds. This figure was originally published in [9] and was adapted (CC BY 4.0).

when using thermal ALD for the processing of the TCO. ALD of e.g. aluminum-
doped zinc oxide (AZO) neither involves accelerated particles nor a plasma emitting
UV radiation, therefore, the SiO2/c-Si interface should not be damaged during de-
position [189]. To investigate the influence of the ALD deposition on the passivation
quality solar cells are fabricated. Therefore, the AZO is deposited through the same
kind of shadow mask as used in Figure 6.9 (b). Due to the use of gas precursors
for ALD the gas also diffuses underneath the mask. Therefore, the ALD deposition
does not reproduce the structure of the mask with high accuracy. The result of the
deposition are displayed in Figure 6.12 (a). To see the impact of the deposition
on the effective minority carrier lifetime, PL images are taken before and after the
deposition and are plotted in Figure 6.13. The initial effective minority carrier life-
time of the sample was τeff = 2.4 ms, measured by PC. In comparison to the strong
deterioration which was found for sputtered TCO (see Figure 6.9) the ALD depo-
sition does not show any significant degradation in the deposited areas. In Figure
6.13 (b) a slight impact of the sputtered ITO on the rear contact is visible, which is
evident due to the slightly lower τeff within the 2×2 cm2 squares. This degradation
can be assigned to the ITO on the a-Si:H(i)/a-Si:H(p) rear contact, since the ALD
AZO did not show these perfect squared shapes (see Figure 6.13 b). In contrast to
sputtering, ALD deposition does not decrease the passivation of the TPC.
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Figure 6.12.: (a) Wafer after ALD deposition of AZO. (b) Finished solar cell with
etched AZO in 1% HCl and and screen printed metallization.

Figure 6.13.: Lifetime corrected PL image of a solar cell before (a) and after (b) AZO
deposition by ALD (a). In (b) the rear contact ITO is also already sputterd. The
images are corrected with the effective minority carrier lifetime (τeff) measured by
PC. The color code displays τeff microseconds. In (b) four squares of slightly reduced
lifetime can be seen. These result from the ITO on the rear contact. Due to the use
of ALD on the front contact, the mask is not perfectly transferred onto the sample.
The effect can be seen in Figure 6.12 (a).
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6.4.2. TCO screening for TPC

To reduce the degradation of the passivation several TCO materials and de-
position methods are screened. The goal of this part is to find the best working
combination of TCO and TPC. A detailed analysis of all used materials and de-
position methods is beyond the scope of this work. The best combination has a
high lateral conductive and transparent TCO and negligible degradation of the pas-
sivation of the TPC. Additionally, TCO free cells are investigate to study if an
additional TCO layer is necessary for a good lateral current flow into the contact
fingers. The following TCO and deposition techniques are investigated:

• aluminum-doped zinc oxide (AZO) by atomic layer deposition (ALD),

• tungsten-doped indium oxide (IWO) by reactive plasma deposition (RPD),

• titanium-doped indium oxide (ITiO) by sputtering,

• indium tin oxide (ITO) by sputtering in different systems.

The results for the selected materials and deposition methods are shown in Figure
6.14. Details regarding the depositions can be found in the Appendix A.4. The
lowest efficiency of η = 20% is measured for the TCO free solar cells (not shown).
The TCO free solar cell suffers from three basic problems: a low Jsc, a low Voc,
and a low FF . The origin of this low Jsc of 37.8 mA/cm2 is the absence of an
ARC. For solar cells with TCO, the TCO also works as an ARC. However, for
the TCO free device no additional ARC is added, which results in a high reflection
and a low Jsc. Furthermore, the precursor cell initially shows a low iVoc of 719 mV,
which is approximately 20 mV lower than for the other precursors. This low iVoc

then results in a low mean Voc of 708 mV, which means a drop from iVoc to Voc of
11 mV. This drop is comparably low in contrast to the usual drop after sputtering
of 32 mV. However, the pFF of the TCO free cells is with >83% the highest pFF
throughout this thesis. The reason for that might be that in contrast to the devices
with TCO no sputter damage is increasing the recombination. The reason why the
iVoc is low and the pFF is high is not understood yet. Nevertheless, the mean FF
of 74.5% is low, which is a consequence of a high Rs > 2 Ω cm2. The reason for the
high series resistance is most likely the high contact resistivity between the Ag and
the μc-SiC:H(n). The lateral conductivity, which is otherwise accounted for by the
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Figure 6.14.: Device results for solar cells with selected TCOs and deposition methods.
With (a) power conversion efficiency, (b) Jsc, (c) iVoc (squares) & Voc, and (d) FF
& pFF . The AZO, IWO, and ITO were prepared by partner institutes. The colored
box in the box plots depicts the values in the 25% - 75% range. The horizontal line
within the box shows the median value and the circle shows the mean value.

ITO, is now supported by the high conductive wafer material, which has a resistivity
of 1 Ω cm. Therefore, the lateral conductivity should have no significant effect on
the series resistance. It can be concluded that the full potential of this TCO free
contact is not yet exploited. By using a precursor with a higher passivation quality
as well as a suitable ARC and metallization scheme higher efficiency can be expected.
Further investigation on TCO free SHJ solar cells can be found in a preprint version
elsewhere [190].

The second lowest efficiency is achieved for the TCO deposited by ALD with
η = 20.3%. In contrast to sputtering and RPD the pattern of the mask used to define
the four 2×2 cm2 areas for the solar cells is not transferred perfectly onto the sample,
as it can be seen in Figure 6.12 (a). An ALD process uses alternating precursor gases,
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which react with each other to form the desired layer. These precursor gases flow
through the small gap between mask and substrate and create an AZO layer also in
between and around these cells. To regain the desired contact area, the excess AZO
is etched back using 1% HCl before metallization.

The reason for the low efficiency of the device fabricated with ALD AZO is
the low mean Voc of 712 mV and the low mean pFF of 74.6%, which results in a
mean FF of 71.3%. The reason for the low pFF can either be a high recombination
or a low shunt resistance. However, the IV curve does not show a strong influence
of the Rsh and no passivation degradation is observed in PL (see Figure 6.13 b).
Since the AZO is deposited by ALD, no ion bombardment or UV exposure can
reduce the passivation quality of the device as it is the case for sputter depositions.
Furthermore, the initial passivation of the precursor was high as it can be seen from
the iVoc of 737 mV. The reason for the low Voc and pFF is not understood yet.

Another deposition method, which is known to reduce the ion bombardment
compared to sputtering, is RPD [177,191,192]. For RPD deposition particle energies
are usually lower than 40 eV [193] while for sputtering particle energies of 100 eV
have been measured, originating for back-scattered Ar ions [194]. The binding energy
between atoms is typically several eV, thus, particle energies higher than 5 eV can
break these bonds [195]. Smets et al. suggest different processes happening due to
ion bombardment in a silicon network at different ion energies [196]. At ∼7 eV
the ions can be incorporated in the silicon network as interstitials, for >18 eV the
surface atoms and >40 eV bulk atoms can be displaced [196]. For ion energies
>50 eV sputtering of the surface atom can happen [196]. However, Illiberi et al.
found that for a-Si:H passivated c-Si the passivation quality is independent of the
energy of impinging ions [183]. They found that the influencing factor during ion
bombardment is the ion flux density.

For the solar cells with IWO deposited by RPD no improvement in Voc is found
in comparison to the samples with sputtered TCO. The reason for the deterioration
of the passivation is not fully understood yet. A systematical study of the RPD
deposition parameters is necessary to reveal the origin of the deterioration. The
mean Voc is 714 mV, which is 21 mV lower than the iVoc. Due to a low pFF and
a mean Rs of 0.9 Ω cm2 the mean FF is 76%. Nevertheless, the mean Jsc with
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40.3 mA/cm2 is the highest in this series. This high Jsc implicates that the IWO is
the most transparent film in this series. Meng et al. found that the IWO in their
experiment shows the highest refractive index, the lowest extinction coefficient and
the lowest free electron concentration compared to ITO and ITiO films [193]. This
superior optical parameters can explain the high transparency of IWO. The solar
cells with IWO had a mean efficiency of η = 21.9% in this experiment.

Finally, sputtering is used for the deposition of ITiO and ITO films. For
the deposition of the ITO films two different deposition systems and deposition
conditions are used. Despite the differences in deposition an equal mean Voc of
720 mV and a iVoc to Voc drop of 19 mV is measured, while sputtering of ITiO
results in a Voc of 709 mV and a drop of 27 mV. Due to the highest mean FF of
78.6% and Jsc of 40.1 mA/cm2 of the cells fabricated with ITO II, these cells show
the highest mean efficiency of η = 22.7% in this experiment . It can be concluded
that neither TCO free nor nominally less harmful deposition methods e.g. ALD and
RPD result in a superior Voc. However, the mechanisms leading to a reduced Voc

might depend on the used deposition methods. The best efficiency was achieved by
ITO sputtering.

6.4.3. Influence of ITO deposition conditions on solar cell parameters

To further investigate the influences of the sputter parameters on the perfor-
mance of the solar cells the deposition power (Pdep) and deposition pressure (pdep)
are changed in the following experiment. As discussed before, a higher sputter pres-
sure results in a lower energy of the sputtered ions reaching the sample surface. A
lower sputter power results in a lower flux density of the secondary ions. Further-
more, decreasing the sputter pressure and power also decreases the intensity of the
high energy UV at 130 nm as found by Profijt et al. [187].

To be able to compare the results of the changed deposition power and pressure,
reference solar cell is investigated. As a reference cell the best cell from the DoE ex-
periment is chosen. The deposition of the reference ITO is performed at pdep = 6 μbar
and Pdep = 5 kW. In this experiment three sputter powers Pdep = 0.5 kW, 3.35 kW,
and 6.2 kW as well as three sputter pressures pdep = 10 μbar, 15 μbar, and 20 μbar
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are investigated. The influence of the sputter pressure and power on the solar cell
parameters can be seen in Figure 6.15. The results are obtained following the con-
ventional annealing after screen printing of 40 min at 190 ◦C in an oven. No further
curing steps are applied at this time. Details about the deposition parameters can
be found in the Appendix A.4.

The results show that two deposition conditions (10 μbar, 0.5 kW and 15 μbar,
3.35 kW) of the ITO reach significantly higher Voc values compared to the reference
cell (gray dashed line). The highest Voc in this experiment was measured for 5 μbar,
3.35 kW with 719 mV. However the mean results of the Voc are only improved slightly
compared to the reference cell. The lowest Voc values are found for the deposition
conditions of 20 μbar, 0.5 kW which are expected to have the lowest degradation
by ion bombardment and UV damage. However, the sheet resistance of the ITO
deposit at 20 μbar, 0.5 kW is very high (>4000 Ω/sq) resulting in a high Rs, which
then results in the low mean FF of 74.2%. This low FF is the reason for the lower
mean efficiency of η = 20.8%.

For all samples deposited at 6.2 kW the Voc is almost equal to the reference,
which is deposited at 5 kW. This leads to the conclusion that high deposition powers
do not lead to high Voc. The reason for that might be the high ion flux density,
which deteriorates the passivation or the high energy of the Ar ions reflected from
the target. Regarding the Jsc the mean values for all ITO layers are equal besides
the ITO deposited at 10 μbar, 6.2 kW. Here, the Jsc is significantly reduced. It was
found that the ITO deposited at 10 μbar, 6.2 kW has the lowest sheet resistance of
136 Ω/sq. This low sheet resistance might be a reason for an increase of free carriers
in the ITO, which then leads to an increased free carrier absorption and a decreased
Jsc. The solar cells with ITO deposited at 10 μbar, 0.5 kW and 15 μbar, 3.35 kW seem
to have a good balance between moderate ion flux densities, moderate ion energies,
and moderate sheet resistances. However, the complete mechanism resulting in less
sputter damage and improved Voc is not fully understood yet.

To reduce the degradation damage which could not be prevented by sputtering,
the samples are cured on a hot plate. For contacts prepared by SiO2/poly-Si and
a-Si:H contacts the sputter damage is found to be reversible by curing at 300 ◦C –
400 ◦C [57,58] and 190 ◦C – 300 ◦C [181,182], respectively. The rear contact of the
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solar cells consists of temperature sensitive a-Si:H(i)/a-Si:H(p) layers. For curing
temperatures higher than 250 ◦C hydrogen starts to effuse from the a-Si:H, which
reduces the passivation quality and thereby the Voc [197,198]. Therefore, the curing
of the cells is performed in two steps at 220 ◦C for 10 + 10 min. For this experiment
the best four solar cells from the reference batch (pdep = 6 μbar, Pdep = 5 kW) as
well as from the 10 μbar, 0.5 kW and 15 μbar, 3.35 kW have been investigated.

The results of the JV -measurements for selected curing times are displayed in
Figure 6.16. It can be seen that the Voc of the reference solar cells does not improve
upon curing. Especially, the Voc is not improving for the reference cells unlike for
the cells with optimized ITO sputter conditions. For the cells with ITO sputtered
at 10 μbar, 0.5 kW the mean Voc increases from 712 mV to 718 mV. The Voc for the
cells with ITO deposited at 15 μbar, 3.35 kW increases from 717 mV to 721 mV.
Simultaneously, also the Jsc increases by 0.5 mA/cm2 and the FF improves up to
0.5%abs due to the curing of the cells with improved sputtering conditions. These
improvements due to curing lead to an improved mean power conversion efficiency
from 21.7% to 22.5% for the cell with ITO deposited with 10 μbar, 0.5 kW and
from 22.4% to 22.9% for the cell with ITO deposited with 15 μbar, 3.35 kW. The
best solar cell in this experiment had an efficiency of η = 23% (Jsc = 40.5 mA/cm2,
Voc = 722 mV, FF = 78.6%, and Rs = 0.59 Ω cm2).

The regular JV measurement of the four cells on one wafer (see Figure 6.12 b)
was performed in a way that all four rear contacts of the solar cells were contacted
even though only one cell was under test. However, it can be shown that by con-
tacting only the tested cell, higher Voc and FF values are measured. For our best
solar cell a FF increase of ∼2.2%abs and a Voc increase of 4 mV is evident. The Jsc
is unaffected by the isolation of the back contacts.

The IV-measurements of the four best solar cells on one wafer are indepen-
dently certified by CalTeC at the Institute for Solar Energy Research in Hamelin
(ISFH) and can be seen in the Appendix Figure A.1. To isolate the rear contacts
on a conductive chuck an adhesion foil is used for certification. The best solar cell
is then certified with η = 23.79%, Jsc = 40.3 mA/cm2, Voc = 725 mV, FF = 81.3%.
Measuring with isolated rear contacts is a valid method, since industrial full-size
solar cells also contain only one rear side contact. Furthermore, when comparing
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solar cells processed in the same batches on industrial size wafers and 2×2 cm2 solar
cells on a 78×78 cm2 wafer, the small solar cells always shows a significantly lower
Voc and FF when measured without rear contact isolation. The reduced Voc and
FF when all rear contacts are contacted seem to be a measurement artifact.

Curing of the samples can improve the efficiency of solar cells in various ways.
One way is the reorganization of hydrogen [199]. Due to an increased substrate tem-
perature the hydrogen at the SiO2/c-Si interface can be redistributed. Additionally,
hydrogen from the μc-SiC:H(n) layer may diffuse to the interface. This hydrogen
can then re-passivate open dangling bonds, which e.g. result from damage due to
sputtering. This diffusion to the interface might be supported by the ITO, since
ITO is a diffusion barrier for hydrogen and thus prevents the out-diffusion of hy-
drogen [200]. The ability to prevent out-diffusion of hydrogen might dependent on
the structure of the ITO and its deposition parameters. This might explain why the
reference ITO does not show an improvement in Voc due to curing. Further studies,
beyond the scope of this work, are currently ongoing.

Curing of the solar cell might also reduce the contact resistivity. Curing can
lead to a higher conductivity of the metal electrodes and of the ITO layer. For the
best solar cell, the sheet resistance of the ITO decreased by ∼70 Ω/sq to 202 Ω/sq
due to curing. For the best solar cell the series resistance decreased by 0.1 Ω cm2.
However, the contact resistivity of Ag/ITO is usually in the μΩ cm2 range [201].
Therefore, it is more likely that the contact resistivity is reduced at the ITO/TPC
or the TPC/c-Si interfaces since they have a larger impact on the contact resistivity.

It can be summarized that sputtering of ITO can cause a deterioration of
the passivation. It was found that UV radiation from a pure oxygen plasma has
the ability to reduce the passivation of the TPC drastically. However, during the
real sputter experiment with only a small oxygen concentration in the plasma no
degradation due to UV radiation was found. Therefore, the most likely reason for
sputter degradation is the effect of ion bombardment. This idea was stressed by
the finding that depositing TCO with an ion bombardment free method like ALD
results in no degradation of the passivation as shown by PL measurement.

Fabricating solar cells with TCO deposited by ALD did not show an improve-
ment in Voc. It was also found that deposition by RPD, which should also reduce
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ion bombardment, Voc did not improve compared to the sputtered TCOs on solar
cells. Furthermore, it was found that by decreasing the power and increasing the
pressure during sputter deposition the Voc was increased compared to the reference
deposition conditions. The Voc was then further increased by curing on a hot plate
at 220 ◦C for 20 min, which cures the residual damage. This improvement due to
annealing was only found for the optimized ITO deposition conditions and not for
the reference deposition.
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Figure 6.15.: Sputter parameter experiment on solar cells to reduce sputter damage.
(a) power conversion efficiency η, (b) open circuit voltage Voc, (c) short circuit current
density Jsc, and (d) fill factor FF as a function of the deposition the sputter pressure
pdep and the sputter power Pdep after initial annealing at 190 ◦C. The gray dashed line
marks the results of the best cell from the double layer stack development experiment
using the reference ITO deposited with 6 μbar and 5 kW. The colored box in the
box plots depicts the values in the 25% – 75% range. The horizontal line within
the box shows the median value and the circle shows the mean value. Diamonds
represent outlier values. This figure was originally published in [9] and was adapted
(CC BY 4.0).
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Figure 6.16.: Curing series of solar cells on hot plate to reduce sputter damage. (a)
power conversion efficiency (η), (b) open circuit voltage (Voc), (c) short circuit current
density (Jsc), and (d) fill factor (FF ) as a function of the curing time after 40 min
initial annealing at 190 ◦C in oven (init), and curing for 10 min, and 20 min at 220 ◦C
on a hot plate. The colored box in the box plots depicts the values in the 25% –
75% range. The horizontal line within the box shows the median value and the circle
shows the mean value. This figure was originally published in [9] and was adapted
(CC BY 4.0).
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6.5. Optical improvement

Using μc-SiC:H(n) as a front contact has the natural advantage of the wide
optical bandgap of the material (2.3 – 2.9 eV) [144], which makes it more transparent
than state of the art passivating contacts e.g. a-Si:H (1.7 eV) [202] or poly-Si (1.1 eV)
[53]. An additional advantage of the μc-SiC:H(n) as a front contact for silicon solar
cells compared to a-Si:H and poly-Si contacts is the well matching refractive index
grating. While silicon has a refractive index in the wavelength range of 300 nm –
900 nm between 3.6 – 6.9 [203] the refractive index for μc-SiC:H(n) is 2.6 – 3 [180],
for a-Si:H it is 3.1 – 4.9 [204], and for poly-Si it is similar to c-Si [205]. Thus, using
μc-SiC:H(n) instead of a-Si:H or poly-Si layer on the sun facing side of the solar cell
the reflection of the front contact should be reduced. Pomaska et al. found that the
reflection of the c-Si/SiO2/μc-SiC:H(n) contact can be further reduced by adding
an MgF2 layer on top of the μc-SiC:H(n) [180]. MgF2 has an refractive index of
1.4 over the entire measured wavelength range and no additional absorption. This
result was obtained for interdigitated back contact (IBC) solar cells without a TCO
layer in between. For two side contacted solar cells as fabricated in this work a TCO
layer is necessary to achieve a high power conversion efficiency. To investigate if a
MgF2 ARC can decrease the reflection of the front side for TPC with ITO, optical
simulations using the software OPAL2 [206] are done.

The results of the optical simulation is shown in Figure 6.17 (a). It can be
seen that by adding a 125 nm thick MgF2 layer the reflection of the front contact
can be significantly reduced. Due to the result of the OPAL2 simulation an 125 nm
thick MgF2 layer is added by electron beam evaporation on top of the best solar
cell from the TCO study in Section 6.4. This cell was previously independently
certified to have a Jsc of 40.3 mA/cm2. By adding the ARC the Jsc was increased to
40.9 mA/cm2, which was also independently certified by ISFH CalTeC (see Figure
A.2 b). The results of the reflectance and EQE measurements can be found in
Figure 6.17 (a) and (b), respectively. It should be noted that the reflectance is
measured on the aperture area of the solar cell, thus, includes reflectance of the
active area and the metal fingers while the simulation is performed only on the
active area. Due to the reflectance of the metal fingers the measured data has an
offset to higher reflectances.
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It can be seen that the results of the simulation of the reflectance can be
confirmed by the measurements. The reflectance peak at 380 nm can be decreased
from 14% to 8% due to the ARC (see Figure 6.17 a). The reflectance is decreased in
the short wavelength range between 350 nm – 600 nm and in the long wavelength
range >850 nm. This decrease in reflectance increases the EQE in both short and
long wavelength range as it can be seen in Figure 6.17 (b). Due to the reduction
of reflectance the Jsc is increased by 0.6 mA/cm2. However, it is found that due
to the e-beam evaporation of the MgF2 the passivation quality, thus, the Voc is
decreased. This deterioration of the passivation can be cured on a 230 ◦C hot plate
for 20 min. This solar cell is again independently certified and results in η = 23.99%,
Jsc = 40.9 mA/cm2, Voc = 725.5 mV, FF = 80.9%. The graphs of the certifications
can be found in the Appendix Figure A.2.
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Figure 6.17.: Optical and electro-optical effects of an MgF2 ARC on TPC solar cells.
(a) Simulated (diamonds) and measured (triangles) reflectance for the front side con-
tact of c-Si/SiO2/μc-SiC:H(n)/ITO with and without MgF2 as a function of the wave-
length. (b) External quantum efficiency (EQE) with and without MgF2 ARC as a
function of the wavelength. MgF2 reduces the reflection in the long and in the short
wavelength range, which improves the EQE in these regions and results in a higher
Jsc. Data in this figure was originally published in [9] (CC BY 4.0) and adapted.
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7. Conclusion & Outlook

The goal of this thesis was to develop a transparent passivating contact (TPC)
for the front side of c-Si solar cells. This front contact must fulfill three basic require-
ments. It needs to be (i) transparent, (ii) passivating and (iii) conductive. Wide
bandgap marterials, which minimize parasitic absorption of the incident sunlight,
are necessary to achieve a high transparency of the contact. As studied before by
Pomaska in his PhD thesis, a suitable material with high bandgap is n-type hy-
drogenated microcrystalline silicon carbide (μc-SiC:H(n)) [10], which was chosen for
this work. However, as also found by Pomaska, the sole μc-SiC:H(n) layer is not
providing a sufficient surface passivation. Thus, a SiO2 layer is needed in between
the c-Si and the μc-SiC:H(n) as a buffer [10].

In the Chapter «Wet-chemically grown SiO2 Tunnel Oxides» the SiO2

layer was optimized to achieve a high passivation quality and a low contact re-
sistivity. Therefore, SiO2 layers are grown using selected wet-chemical oxidation
techniques. It was found that a minimum oxide thickness of 1 nm is required to
achieve high passivation qualities. However, for oxide thicknesses larger than 1 nm
the contact resistivity is increasing exponentially. Oxidation in SC-2 solution was
found to create an oxide with a thickness of 0.5 nm, which is not stable enough
to achieve a high passivation quality and a low contact resistivity. Oxidation in
HNO3 resulted in an oxide thickness of 1.3 nm, which allowed to achieve a sufficient
passivation quality with a comparably high contact resistivity. The best trade-off
between passivation and contact resistivity was found for the 1 nm thick SiO2 pro-
duced with piranha oxide. Furthermore, it was found that the filament temperature
of the hot wire during HWCVD deposition of the μc-SiC:H(n) also has a strong
impact on the passivation quality. The highest passivation quality was achieved at
a filament temperature of 1800 ◦C, resulting in the highest iVoc of 728 mV for SiO2
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prepared in piranha solution. The contact resistivity is decreasing with increasing
filament temperature for a given oxide thickness. The lowest contact resistivity was
measured with ρc = 18 mΩ cm2 at Tf = 1970 ◦C.

In the Chapter «Material and contact properties of μc-SiC:H(n)» the
material properties of μc-SiC:H(n) and the contact properties of the SiO2/
μc-SiC:H(n) stack were investigated. The electrical conductivity of the μc-SiC:H(n)
was increased by 12 orders of magnitude by increasing the filament temperature
during HWCVD from 1630 ◦C to 2100 ◦C. This increase can partly be explained
by the increase in nitrogen doping concentration, which was found to have a dop-
ing efficiency of one for filament temperatures higher than 1850 ◦C. Additionally, it
was found that the crystallite size of the μc-SiC:H(n) is increasing with increased
filament temperature, which can lead to an increased free carrier concentration.

Increasing the filament temperature from 1660 ◦C to 1900 ◦C also increased
the optical bandgap of the μc-SiC:H(n). Additionally, it was found that due to
the increase of free carriers with increased filament temperature, the sub-bandgap
absorption also increases. A balance between high optical bandgap and low sub-
bandgap absorption was found for μc-SiC:H(n) deposited at 1800 ◦C. Here, the
parasitic absorption of a 20 nm thick μc-SiC:H(n) film was calculated to result in a
loss in short circuit current density of 0.31 mA/cm2.

As already found in the SiO2 development, the passivation quality of the TPC
strongly depends on the filament temperature during HWCVD. For filament tem-
peratures higher than 1850 ◦C the passivation quality starts to degenerate. It was
found that by increasing the filament temperature the hydrogen concentration in
the material is decreased. This decrease in hydrogen concentration might be corre-
lated to the larger crystallite size for increased filament temperature since hydrogen
predominantly located at the grain boundaries. A lower hydrogen concentration in
the layer can lead to less diffusion of hydrogen to the c-Si/SiO2 interface, where it
passivates dangling bonds. However, high filament temperatures are necessary to
achieve low contact resistivities of the TPC to enable a sufficient flow of the gen-
erated current in the solar cell. Both, a high passivation quality and a low contact
resistivity were achieved by using a double layer stack of μc-SiC:H(n). The first
layer, which is in contact with the SiO2, provides a hydrogen reservoir to passivate
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Figure 7.1.: Development of the solar cell parameters Jsc, Voc, and FF during for single
layer (η = 22.3%), double layer stack (η = 22.9%), ITO optimization (η = 23.8%), and
MgF2 ARC (η = 24%). This figure was originally published in [9] and was adapted
(CC BY 4.0).

dangling bonds and is deposited at lower filament temperatures. The second layer is
deposited at elevated temperatures resulting in a high electrical conductivity of the
μc-SiC:H(n), which enables low contact resistivities. With the double layer stack it
was possible to achieve an exceptionally high passivation quality with iVoc of 740 mV
and J0 = 2 fA/cm2 as well as a contact resistivity of 38 mΩ cm2.

The aim of the Chapter «Solar cell development with TPC front side»
was to optimize the TPC in order to achieve high power conversion efficiencies of
the solar cells. In a first step selected oxidation solutions for forming the SiO2 were
investigated on device level. It was shown that oxidation in SC-2 can neither provide
a sufficiently high Voc nor a sufficiently low Rs. Thus, it is not suitable for achieving
high solar cell efficiencies. For SiO2 prepared by HNO3 and piranha solution the
achievable series resistances were comparable. However, the efficiency is higher for
solar cells prepared using piranha solution due to a higher Voc. The subsequent
experiments were all performed using SiO2 prepared in piranha solution.

In a second step the filament temperature during HWCVD of the μc-SiC:H(n)
was varied. It was found that the Voc is decreased with decreasing Tf in the same
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way as the iVoc is decreasing. Furthermore, it was found that the fill factor is not
improving with increased Tf even though the electrical conductivity of the material
is strongly increasing. Using the double layer stack of μc-SiC:H(n), a high FF was
achieved while a high Voc could be maintained. It was found that the Rs and the FF
are mainly dominated by the thickness of the first layer. Reducing the thickness of
the first μc-SiC:H(n) layer significantly increased the FF . A quantitative version of
the «magic triangle» is used to visualize the optimization process throughout this
Chapter. The improvement from single layer (green) to double layer μc-SiC:H(n)
(yellow) in the FF can be seen in Figure 7.1. However, using a double layer stack
of μc-SiC:H(n) did not improve the Voc of the solar cells even though the iVoc was
maintained.

The reason for the drop from iVoc to Voc was found to be the degradation due
to sputtering of the TCO. Further experiments revealed that UV damage origi-
nating from the sputtering plasma is likely not the reason for the degradation of
TPC passivation. Thus, the ion bombardment of the sample during sputtering has
a significant influence on the degradation. The sputter damage was reduced by in-
creasing the sputter pressure and decreasing the sputter power, which results in a
lower particle energy and a lower particle flux to the substrate, respectively. The
gap between iVoc and Voc was decreased by optimizing the deposition parameters.
Furthermore, it was possible to anneal remaining sputter damage, which was not
the case for ITO deposited at lower power and higher pressure. Due to these im-
provements the Voc was increased by 10 mV as compared to the best solar cell from
the double layer stack experiments (see Figure 7.1, blue).

Finally, MgF2 was deposited on the front side on top of the μc-SiC:H(n)
to reduce the reflection of the TPC. This additional ARC improved the Jsc by
0.6 mA/cm2 as compared to the best solar cell with optimized ITO. As a result
the best solar cell in this work was independently certified by CalTeC ISFH with
η = 23.99%, Jsc = 40.9 mA/cm2, Voc = 725.5 mV, FF = 80.9% (see Figure 7.1,
red). These results stress the high potential for the SiO2/μc-SiC:H(n) contact as a
front contact platform for silicon solar cells. The process flow is very lean and solely
based on low temperature fabrication due only three basic processing steps: 1. SiO2

oxidation, 2. μc-SiC:H(n) deposition, and 3. TCO sputtering.
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Outlook On the basis of this work several experiments might be of interest to
further optimize the contact properties as well as increasing the maturity for possible
industrial applications. Using wet-chemical oxidation with ozone might improve the
SiO2 properties and reduce the environmental impact of chemical waste. Moldovan
et al. could show a high stoichiometry and an improved iVoc for SiO2/poly-Si contacts
[81] using ozone oxidation. A reduction to two processing steps might be achievable
by oxidizing the Si surface with HWCVD [107], which would make it possible to
combine oxidation and μc-SiC:H(n) formation.

Investigations of the role of hydrogen are necessary to further understand the
passivation mechanism of the SiO2/μc-SiC:H(n) stack. By using deuterium instead
of hydrogen as a dilution precursor during HWCVD, ToF-SIMS measurements could
reveal if the deuterium is diffusing to the c-Si/SiO2 interface. It should be inves-
tigated if the hydrogen concentration at the c-Si/SiO2 interface depends on the
filament temperature of the HWCVD, thus, confirming that a lower hydrogen reser-
voir in the μc-SiC:H(n) contributes to a lower passivation of silicon dangling bonds.
Furthermore, effusion measurements of hydrogen or deuterium could reveal at which
temperature hydrogen/ deuterium effusion is happening and if it can be capped e.g.
by μc-SiC:H(n), TCO layers or MgF2. The sample temperature can be kept constant
by decreasing the substrate heater temperature at increased Tf, to reveal if hydrogen
effusion is happening due to an increased substrate temperature by stronger wire
radiation.

Further fine tuning of deposition conditions (e.g. MMS flow rate, deposition
pressure, wire-substrate distance) for the μc-SiC:H(n) double layer stack will improve
the FF of the device as long as it is not limited by the rear side contact. The Voc
of the device might be further increased by using deposition methods for the TCO,
which are less harmful to the passivation of the TPC, for example ALD or RPD
with improved deposition conditions. The Jsc of the device can be increased by
substituting the ITO using a more transparent TCO, which have a high electron
mobility. Possible options can be IWO [193, 207–209] as shown in Figure 6.14 (b)
or hydrogen-doped indium oxide (IOH) due to its high electron mobility [210, 211].
IOH might be advantageous because it can be either sputtered or deposited by
ALD [212]. Further improvements can be expected when using a TCO-free front
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7. Conclusion & Outlook

contact with a customized metallization scheme and a suitable ARC. The results
in this work showed a very high pFF (see Figure 6.14 d) for TCO-free cells, which
were mainly limited by the low iVoc of the precursor samples.

Due to its superior optical properties, its high passivation quality, its low
contact resistivity and its lean process flow, the SiO2/μc-SiC:H(n) contact can be
utilized as a platform for different solar cell concepts. Possible contact concepts
beyond the presented SHJ rear contact might be a p-type poly-Si as a rear emitter
[59, 60, 213] or using the TPC as a front emitter on p-type crystalline silicon. A
very innovative concept for bifacial solar cells would be the used of an n-type silicon
carbide on the front side and a p-type silicon carbide on the rear side of the solar
cell. Silicon carbide can be p-type doped using e.g. aluminum as an acceptor and
also shows high transparency as well as high electrical conductivity [128, 149, 214,
215]. In combination with a TCO free front side this device would not only be
highly transparent on front and rear contact but could also be mostly deposited by
HWCVD. This device is sketched in Figure 7.2.

The next steps to achieve a more industrial relevant process will be the demon-
stration of a TPC solar cell on full size 6 inch wafer. Furthermore, the deposition
time of the μc-SiC:H(n) by HWCVD needs to be decreased while maintaining a high
quality of the material to enable an industry relevant process. Selected wire materi-
als for the hot wires could be investigated to see their lifetime and the dependency
of the μc-SiC:H(n) quality on the material. Cleaning an preconditioning routines of
the deposition chamber need to be established for a close to industrial production.

SiO2 tunnel oxide

µc-SiC:H(p)
ITO

ARC
µc-SiC:H(n) conductive
µc-SiC:H(n) passivation

c-Si(n)

SiO2 tunnel oxide

c-Si

Figure 7.2.: Bifacial solar cell concept using an n-type TPC as a front contact and a
p-type TPC as a rear contact to maximize the solar cell current.
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A. Experimental Details

In this Chapter a detailed overview of the deposition parameters for the solar
cell experiments is given. In the beginning all wafers are cleaned and oxidized as
described in Section 3.1. The μc-SiC:H(n) layers are deposited by HWCVD. As a
rear contact of the solar cells a stack of a-Si:H(i)/a-Si:H(p) is deposited by PECVD.
Following the deposition of the rear side ITO is sputtered on the front (n) and on
the rear (p) if not stated otherwise. Finally the metal contacts are either evaporated
or screen printed on the solar cells.

A.1. Solar Cells using selected SiO2

The used dst wafers have a base resistivity of 1 – 5 Ω cm2. The front side
fingers are evaporated with 2 μm while the rear side contact is evaporated on full
area with a thickness of 700 nm.
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A. Experimental Details

Table A.1.: Deposition details for solar cell series with varied SiO2 oxidation method.
Parameters are given for HWCVD of μc-SiC:H(n), PECVD of a-Si:H(i)/a-Si:H(p),
and PVD of ITO. Differences of ITO deposition on front (n) and rear (p) side are
separated by a slash.

HWCVD PECVD (i/p) PVD (n/p)
System p-HW System Maria System Lissy
TH

◦C 250 TH
◦C 200 TH

◦C 250
pdep mbar 0.75 da-Si nm 6/9 pdep μbar 3
df-s mm 57 Pdep W 50/90 Pdep kW 5
H2 flow sccm 94 H2 flow sccm 650/500 Ar flow sccm 90/197
MMS flow sccm 6 SiH4 flow sccm 145/50 O2 flow sccm 5/3
N2 flow sccm 30 TMB flow sccm 0/100

A.2. Single layer TPC solar cells

The used dst wafers have a base resistivity of 1 Ω cm2. The tunnel SiO2 is
produced in 60 ◦C piranha solution for 10 min. The metal contacts are realized by
screen printing of fingers and a busbar on the font side and by full area metallization
of the rear side. Afterwards, the solar cells are annealed at 190 ◦C for 70 min in
ambient air.

Table A.2.: Deposition details for the solar cell series using a single layer μc-SiC:H(n).
Parameters are given for HWCVD of μc-SiC:H(n), PECVD of a-Si:H(i)/a-Si:H(p),
and PVD of ITO. Differences of ITO deposition on front (n) and rear (p) side are
separated by a slash.

HWCVD PECVD (i/p) PVD (n/p)
System p-HW System Maria System Lissy
TH

◦C 250 TH
◦C 200 TH

◦C 250
pdep mbar 0.75 da-Si nm 6/7.5 pdep μbar 6/3
df-s mm 57 Pdep W 50/90 PGen kW 5
H2 flow sccm 94 H2 flow sccm 650/500 Ar flow sccm 197/90
MMS flow sccm 6 SiH4 flow sccm 145/50 O2 flow sccm 3/5
N2 flow sccm 30 TMB flow sccm 0/100
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A.3. Double layer stack μc-SiC:H(n)

A.3. Double layer stack μc-SiC:H(n)

Conductive layer variation For the following experiments a double layer stack of
μc-SiC:H(n) is used. It consists of a thin μc-SiC:H(n) layer in contact with the SiO2

which is called the passivation layer followed by a thicker layer which is called the
conductive layer (see Figure 6.5). In this experiment filament temperature and the
thickness of the passivation layer are fixed at T pass

f = 1750 ◦C and dpassSiC = 9 nm.
The filament temperature of the conductive layer is varied between T cond

f = 1895 ◦C
– 2010 ◦C. The other HWCVD deposition parameters, PECVD of the a-Si:H(i/p),
and PVD of the ITO are the same as for the single layer stack solar cells and can
be found in Table A.2. The used dst wafers have a base resistivity of 1 Ω cm2. The
tunnel SiO2 is produced in 60 ◦C piranha solution for 10 min.

Double layer stack optimization To optimize the double layer μc-SiC:H(n) stack
a high number of experiments is necessary to evaluate all deposition parameters
of both layer. To reduce the number of experiments five deposition parameters are
selected and investigated using DoE with a fractional factorial plan. The five selected
deposition parameters are tested on a high and a low level as shown in Table A.3.
The deposition parameters regarding the other HWCVD deposition parameters (N2

flow excluded), PECVD of the a-Si:H(i/p), and PVD of the ITO are the same as for
the single layer stack solar cells and can be found in Table A.2. Using a DoE with
a fractional factorial plan leads to a reduced number of experiments since not all
parameter combinations are tested 25−1 = 16. The first four parameters are tested
with all parameter combinations as a full factorial experimental plan. However,
the levels of the fifth parameter (either high or low i.e. 1 or -1) are calculated by
multiplying the levels of the first four parameters. Since the fifth parameter is now
confounded with the first four parameters only the effects of the parameters can be
calculated as shown in Equation 6.1. To calculate the significance of the effect three
center points with levels 0.5 of the high level are added to the experiment resulting in
a total of 19 experiments. The experimental matrix is shown in Table A.4. Further
details about the DoE and available experimental plans can be found in [216–220].
For the design and the evaluation of the results the Software Chemoface is used [221].
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A. Experimental Details

Table A.3.: Deposition parameters and their set values for the «high» and «low» levels
during HWCVD deposition of the passivation and conductive layer.

parameter unit high (1) low (-1)
T pass
f

◦C 1775 1875
dpassSiC nm 3 12
T cond
f

◦C 1950 2060
dcondSiC nm 11 27
FN2 sccm 30 100

Table A.4.: Fractional factorial design for DoE experiments to evaluate effects of the
thickness of the μc-SiC:H(n) passivation layer (dpassSiC ), filament temperature of the pas-
sivation layer (T pass

f ), thickness of the μc-SiC:H(n) conductive layer (dcondSiC ), filament
temperature of the conductive layer (T cond

f ), and flow rate of nitrogen gas (FN2).

Experiment dpassSiC T pass
f dcondSiC T cond

f FN2

nm ◦C nm ◦C sccm
1 3 1775 11 1950 100
2 3 1775 11 2060 30
3 3 1775 27 1950 30
4 3 1775 27 2060 100
5 3 1875 11 1950 30
6 3 1875 11 2060 100
7 3 1875 27 1950 100
8 3 1875 27 2060 30
9 13 1775 11 1950 30
10 13 1775 11 2060 100
11 13 1775 27 1950 100
12 13 1775 27 2060 30
13 13 1875 11 1950 100
14 13 1875 11 2060 30
15 13 1875 27 1950 30
16 13 1875 27 2060 100
17 8 1825 16 2010 65
18 8 1825 16 2010 65
19 8 1825 16 2010 65
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A.4. TCO development for TPC

TCO screening For the TCO screening experiments several TCOs (AZO, IWO,
and ITO I) have been prepared by cooperation partner thus the deposition infor-
mation are undisclosed. The ITO deposition conditions for the rear side are not
changed and can be found in Table A.2. The TCO free solar cells has a very high
reflection due to the missing anti-reflection effect of the TCO, thus, a 120 nm thick
MgF2 ARC was thermally evaporated. The used dst wafers have a base resistivity
of 1 Ω cm2. The tunnel SiO2 is produced in 60 ◦C piranha solution for 10 min.

Table A.5.: Deposition details for HWCVD of μc-SiC:H(n), PECVD of
a-Si:H(i)/a-Si:H(p), and PVD of ITO. Differences of ITO deposition on front
(n) and rear (p) side are separated by a slash.

HWCVD PECVD (i/p)
System p-HW System Maria
TH

◦C 250 TH
◦C 200

pdep mbar 0.75 da-Si nm 7/7.4
df-s mm 57 Pdep W 50/90
H2 flow sccm 94 H2 flow sccm 650/500
MMS flow sccm 6 SiH4 flow sccm 145/50
N2 flow sccm 30 TMB flow sccm 0/100
T pass
f

◦C 1775
T cond
f

◦C 1950

Table A.6.: Deposition details for the ITiO and ITO TCOs which have been prepared
by in-house sputtering.

ITiO ITO II
System CT-2 System Lissy
TH

◦C 100 TH
◦C 250

pdep μbar 3 pdep μbar 15
PGen W 100 PGen kW 3.35
Ar flow sccm 15 Ar flow sccm 197
1%Ar/O2 flow sccm 15 O2 flow sccm 3
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A. Experimental Details

Optimization of ITO sputter parameters To improve the sputter deposition pro-
cess a design of experiment using a full factorial plan is used. In this DoE the sputter
pressure and the sputter power was systematically varied. The used dst wafers have
a base resistivity of 1 Ω cm2. The tunnel SiO2 is produced in 60 ◦C piranha solution
for 10 min.

Table A.7.: Deposition details for HWCVD of μc-SiC:H(n), PECVD of
a-Si:H(i)/a-Si:H(p), and PVD of ITO. Differences of ITO deposition on front
(n) and rear (p) side are separated by a slash.

HWCVD PECVD (i/p) PVD (n/p)
System p-HW System Maria System Lissy
TH

◦C 250 TH
◦C 200 TH

◦C 250
pdep mbar 0.75 da-Si nm 7/7.4 pdep μbar 6/3
df-s mm 57 Pdep W 50/90 PGen kW 5
H2 flow sccm 94 H2 flow sccm 650/500 Ar flow sccm 197/90
MMS flow sccm 6 SiH4 flow sccm 145/50 O2 flow sccm 3/5
N2 flow sccm 30 TMB flow sccm 0/100
T pass
f

◦C 1775
T cond
f

◦C 1950
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A.5. Results of the certification

A.5. Results of the certification

Before MgF2 anti-reflection coating

Figure A.1.: Independently certified JV measurements by CalTeC of ISFH of the four
best solar cells on one wafer from the ITO optimization experiment as described in
Section 6.4. The certification was done on the solar cells without MgF2 ARC. The
measurments were performed in a way that only the rear contact of the solar cell
under test was contacted. This was achieved by using an isolation foil on the rear side
during measurements. This figure was originally published in [9] and was adapted
(CC BY 4.0).
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After MgF2 anti-reflection coating

Figure A.2.: Independently certified JV measurements by CalTeC of ISFH of the two
best solar cells from b and c in Figure A.1). The certification was done after a
deposition of 125 nm MgF2 as anARC as described in Section 6.5. Subsequently the
solar cells have been cured on a hot plate for 20 min at 230◦C. The measurments were
performed in a way that only the rear contact of the solar cell under test was contacted.
This was achieved by using an isolation foil on the rear side during measurements.
This figure was originally published in [9] and was adapted (CC BY 4.0).
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B. Abbreviations and Symbols

Variables and physical constants

α optical absorption coefficient
α1eV sub-bandgap absorption at the photon energy of 1.0 eV
ε0 vacuum permittivity
εr relative permittivity
η power conversion efficiency
ηe electrochemical potential of electrons
ηh electrochemical potential of holes
ηmax maximum power conversion efficiency
λ wavelength
µ charge carrier mobility
ν wavenumber
ξe chemical potential of electrons
ξh chemical potential of holes
ρc contact resistivity
ρM resistivity of the majority carriers
ρm resistivity of the minority carriers
ρSiO2 atomic density of the SiO2

σ electrical conductivity
σe electrical conductivity of electrons
σh electrical conductivity of holes
σtrap,e capture cross section for electrons of a trap state
τAuger Auger lifetime
τeff effective minority carrier lifetime
τrad radiative carrier lifetime
Φ height of the potential barrier of SiO2

C capacitance
cN nitrogen concentration
dSiC film thickness of μc-SiC:H(n)
dcondSiC thickness of the μc-SiC:H(n) conductive layer

157



B. Abbreviations and Symbols

dpassSiC thickness of the μc-SiC:H(n) passivation layer
dSiO2 thickness of silicon oxide layer
da-Si thickness of amorphous silicon layer
df-s distance between filament and substrate
De electron diffusion coefficient
Dit defect density at the c-Si interface
E effect of a parameter in a DoE
E04 optical bandgap
Ec conduction band edge
EF Fermi level
EFe energy of the quasi Fermi level of electrons
EFh energy of the quasi Fermi level of holes
Eg bandgap energy
EPh photon energy
EQE external quantum efficiency
Ev valence band edge
FF fill factor
FF0 fill factor without the influence of the series resistance
FFJ01 upper fill factor limit which includes only J01 recombination
ΔFFJ02 fill factor loss due to J02 recombination
ΔFFRs fill factor loss due to Rs recombination
ΔFFRsh fill factor loss due to Rsh recombination
FMMS flow rate of monomethylsilane gas
FN2 flow rate of nitrogen gas
G generation rate
~ reduced Planck constant
iVoc implied open circuit voltage
IH intensity of the hydrogen signal in ToF-SIMS measurements
IO intensity of the oxygen signal in ToF-SIMS measurements
IPL intensity of the PL signal
IQE internal quantum efficiency
ISi-C intensity of the Si–C stretch mode in FTIR spectroscopy
ISi-H intensity of the Si–H mode in FTIR spectroscopy
J0 saturation current density
J01 saturation current density of the first diode
J02 saturation current density of the second diode
J0,M majority saturation current density
J0,m minority saturation current density
Jc recombination parameter
Jdiff diffusion current
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Jdrift drift current
Jex external current
Jm minority carrier current density
Jph photo-current density
JabsSiC parasitic absorption current density loss
Jsc short circuit current density
kB Boltzmann constant
LSiC average μc-SiC:H(n) grain size measured by XRD
mt tunneling mass
n charge carrier density
n0
e equilibrium electron concentration
ne electron concentration
nh hole concentration
ni intrinsic charge carrier concentration
ntrap,h density of trap states filled with a hole
∆ne excess electron concentration
NA acceptor doping concentration
Nact active doping concentration
Nc effective density of states in the conduction band
ND donor doping concentration
Nact
D active donor doping concentration

Nv effective density of states in the valence band
pdep deposition pressure
pFF pseudo fill factor
Pdep deposition power
PGen generator power of PECVD
Pmax maximum power of the solar cell
Psun power of the incoming sunlight
q elementary charge
Qfix fixed charge density
R reflectance
RAug Auger recombination rate
Rms root mean squared roughness
Rrad radiative recombination rate
Rs series resistance
Rsh shunt resistance
RSRH Shockley-Read-Hall recombination rate
Rsurf surface recombination rate
S selectivity
S10 logarithm of selectivity
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B. Abbreviations and Symbols

Se surface recombination velocity of electrons
tint integration time of the PL image
tox oxidation time
T temperature
Tλ transmittance
T (E) quantum mechanical tunnel probability
Tf filament temperature
T cond
f filament temperature of the conductive layer
Tpass
f filament temperature of the passivation layer
TH substrate heater temperature
U recombination rate
ve velocity of the electrons
V voltage
Voc open circuit voltage
Vth thermal voltage
W thickness of the wafer

Material and elements

Ag silver
Al aluminium
Al2O3 aluminum oxide
Ar argon
AZO aluminum-doped zinc oxide
DI-H2O deionised water
H hydrogen
H2 molecular hydrogen
HCl hydrochloric acid
HF hydrofluoric acid
HNO3 nitric acid
H2O water
H2O2 hydrogenperoxide
H2SO4 sulfuric acid
IOH hydrogen-doped indium oxide
ITO indium tin oxide
ITiO titanium-doped indium oxide
IWO tungsten-doped indium oxide
(i) intrinsic
KOH potassium hydroxide
MgF2 magnesium fluoride
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MMS monomethylsilane H3Si-CH3

(n) n-type doped
N2 molecular nitrogen
NH3 ammonia
NH4OH ammonium hydroxide
O oxygen
O2 molecular oxygen
piranha mixture from sulfuric acid with hydrogenperoxide H2SO4:H2O2

P phosphorous
PH3 phosphine
(p) p-type doped
Si silicon
30Si isotope of silicon with 30 nucleons
a-Si:H hydrogenated amorphous silicon
a-Si:H(i) intrinsic hydrogenated amorphous silicon
a-Si:H(n) n-type doped hydrogenated amorphous silicon
a-Si:H(p) p-type doped doped hydrogenated amorphous silicon
c-Si crystalline silicon
poly-Si polycrystalline silicon
μc-SiC:H(n) n-type hydrogenated microcrystalline silicon carbide
SiH4 silane
SiNx sub-stoichiometric silicon nitride
SiO2 silicon dioxide
TMB trimethylboran (C3H9B)

Abbreviations

ALD atomic layer deposition
AM air-mass
ARC anti-reflection coating
c-AFM conductive atomic force microscopy
Cat-CVD catalytic chemical vapor deposition
CC BY 4.0 Creative Commons Attribution 4.0 International License

http://creativecommons.org/licenses/by/4.0
Cz Czochralski
DoE design of experiment
dsp double side polished
dst double side textured
e−c electron in the conduction band
eCV electrochemical capacitance-voltage profiling
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B. Abbreviations and Symbols

FTIR Fourier transform infrared spectroscopy
fz float zone
h+
v hole in the valence band

HWCVD hot wire chemical vapor deposition
IBC interdigitated back contact
ISFH Institute for Solar Energy Research in Hamelin
JV current density-voltage
MFC mass flow controler
MOS metal-oxide semiconductor
PC photo-conductance
PDS photothermal deflection spectroscopy
QSS quasi-steady state mode
PECVD plasma enhanced chemical vapor deposition
PEEM photoemission electron microscopy
PERC passivated emitter and rear cell
PES photoemission spectroscopy
PL photo-luminescence
PVD physical vapor deposition
QDR Quick Dump Rinse
QFL quasi-Fermi level
RCA cleaning process developed at the Radio Corporation of America
RPD reactive plasma deposition
RT room temperature
SC-1 Standard Clean 1
SC-2 Standard Clean 2
SE spectral ellipsometry
SHJ silicon heterojunction
ToF-SIMS time-of-flight secondary ion mass spectroscopy
SRH Shockley-Read-Hall
TCO transparent conducting oxide
TEM transmission electron microscopy
TLM transfer length method
TPC transparent passivating contact
T & R transmission and reflection
UV ultraviolet radiation
VUV vacuum ultraviolet radiation
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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