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Chapter 1

Introduction
1.1

General introduction

The world energy demand has been steadily increasing over the last decades
and is still growing rapidly. According to the INDC Scenario (based on the
“Intended Nationally Determined Contributions” submitted by each country
themselves), it already raised from around 11 million tons of oil equivalent
(with 1 ton oil equivalent being equal to the energy released when burning
1 ton of crude oil) in the year 2000 to around 13 million tons of oil equivalent
in 2013 and will continue to around 16 million tons of oil equivalent in 2030
[1]. This is caused by several aspects. Firstly, the world population is rapidly
increasing. In 2015 it was estimated to be 7.3 billion people, until 2050 it is
expected to rise up to 9.7 billion people and in the year 2100 it might even
reach 11.2 billion people [2]. Moreover, growing industrialization in countries
with a fast developing economy, such as India and China, has an impact. At
the moment, a large fraction of the required energy is obtained from combustion of fossil energy sources, such as coal and oil. This comes with problems
of availability of resources, as well as environmental pollution. For example,
the unabated combustion of oil and coal in power plants, vehicles, and industrial facilities is expected to be linked to about 3 million premature deaths
per year [3]. In order to sustain the earth environment, solutions for the increasing world energy demand have to be found. An increase of the efficiency
of energy conversion devices as well as an increased contribution of environmentally friendly energy sources and enhanced energy storage techniques are
needed.
In order to provide environmentally friendly energy numerous sources
can be used, such as wind power, geothermal energy, hydro power, and solar
power. The sun is the largest readily available energy source for earth. Its
energy can be harvested in several ways. A solar thermal collector can absorb
the sun light and use its energy to heat a transmission medium. A heated
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fluid can then be used to power a turbine that generates electric current. For
domestic use, the thermal energy can simply be used to heat water. With a
photovoltaic (PV) solar cell the radiative energy of the sun can be utilized to
generate electric current and thus electric energy. This energy can then either
directly be used to power an electric device, it can be fed into the grid and
thus being transported to different locations where it is consumed or it can be
stored in batteries for use at later times. The utilisation of the radiation of the
sun with solar cells comes with several advantages. No greenhouse gases or
other environmental pollutions take place during electricity generation from
photovoltaic devices. Unlike e.g. in the case of wind turbines, the electricity
generation takes place quietly without disturbing animals or humans in its
direct vicinity. Moreover, in remote off-grid regions solar cells often are one
of the easiest solutions in providing energy for local inhabitants.
Many different kinds of solar cells exist, exploiting different materials as
well as different concepts. Amongst them, silicon based solar cells stand out
due to the abundance and non-toxicity of silicon. Silicon heterojunction (SHJ)
solar cells in particular combine high energy conversion efficiencies with the
potential of low production costs [4] [5]. However, in order to further promote
the use of solar cells, the improvement of SHJ solar cells has to be continued.

1.2

Aim and outline of this thesis

The main focus of the research described in this thesis lies in increasing the
amount of light that can contribute to the electrical current generated by a
SHJ solar cell. To this end, more transparent materials are utilized at the
front side of the SHJ solar cell. Thus, the short circuit current density, J SC ,
is enhanced and with it the solar cells’ efficiency. To achieve this, we investigate the suitability of two alternative materials for implementation at the
SHJ solar cell front side. These are boron-doped nanocrystalline silicon oxide
(nc-SiOx :H(p)) to replace the common amorphous silicon emitter layer and
boron-doped zinc oxide (ZnO:B) to replace the commonly used tin-doped indium oxide (ITO) as transparent conductive oxide (TCO) layer. After an optimization of the materials, SHJ solar cells with nc-SiOx :H(p) emitter layer and
ZnO:B front TCO have been realized and tested.
This work has been supported by the Dutch technology foundation “Stichting voor de Technische Wetenschappen” (STW) as part of the “Perspectief program” “Fundamentals and Application of Silicon Heterojunction solar cells”
(FLASH). STW facilitates knowledge transfer between technical science and
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potential users such as e.g. industrial partners. To this end, contact between
scientists and users is fostered. The FLASH program aims to reduce the production costs of SHJ solar cell by focusing on the following aspects [6]:
• Reducing material consumption
• Omitting the use of scarce materials
• Exploiting low-cost production processes, e.g. by using low-temperature
methods to achieve a low thermal budget
• Improving the solar cells efficiency
In order to achieve this goal, primarily smart defect engineering and the
development of new SHJ solar cell structures are investigated in the FLASH
project. Participating research institutes of this five year program are Delft
University of Technology, Eindhoven University of Technology, Radboud University Nijmegen, and Utrecht University. The user committee consists of
ECN Solar Energy, Hanwha Q-Cells, Meyer Burger Netherlands B.V.,
OM&T B.V.|Moser Baer Technologies Europe, Oxford Instruments Plasma
Technology, Roth & Rau B.V., and Tempress Systems B.V.. The particular research described in this thesis contributes to the FLASH projects objective to
increase the solar cells efficiency. Moreover, by replacing ITO, which contains
the not abundant material indium, we contribute to the projects goal of omitting the use of scarce materials. The research described in this thesis has been
carried out at Eindhoven University of Technology and Utrecht University.
As part of Solliance, characterization facilities of the Energy research Centre
of the Netherlands (ECN) have additionally been used.
This thesis is structured in six chapters. In Chapter 2, a detailed introduction into the research field is given. The relevant theoretical background is
presented in order to give the reader a thorough understanding of the subject. In Chapter 3 the experimental methods and concepts used to fabricate
and analyse the samples utilized in the subsequent chapters are described.
Chapter 4 focusses on the optimization of the nc-SiOx :H(p) material for implementation as emitter layer in SHJ solar cells. An optimized material with
the desired refractive index, a favourable large optical band gap, and a suitable conductivity has been achieved. The decrease in optical absorption of the
developed layer stack of a-Si:H(i)/nc-SiOx :H(p) as compared to conventional
a-Si:H(i)/a-Si:H(p) front side layer stacks of SHJ solar cells has been observed.
Thereafter, an investigation of the effects of an implementation of the developed nc-SiOx :H(p) emitter layer on the passivation properties on the c-Si
wafer surface is given in Chapter 5. Outstanding thermal resistance, leading
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to an improvement of passivation properties of a-Si:H(i)/nc-SiOx :H(p) layer
stacks on c-Si wafer upon annealing to temperatures as high as 293°C, have
been observed. In Chapter 6 the evaluation of the suitability of ZnO:B as
front TCO layer is given. The material is prepared by atomic layer deposition (ALD) using the novel boron precursor triisopropyl borate (TIB). The
nc-SiOx :H(p) layer and the ZnO:B material have successfully been implemented in SHJ solar cells with remarkable J SC values. Moreover, indium free
SHJ solar cells have been realized by additional implementation of ZnO:Al as
back-side TCO.

5

Chapter 2

Literature review
In this chapter a comprehensive review including theoretical background of
the research carried out within the scope of this thesis is presented. Firstly,
a general introduction into the physics of solar cells is given. Thereafter, the
specific features of silicon heterojunction (SHJ) solar cells are described. The
reason for their outstanding open circuit voltage V OC and thus their record
efficiency η is elucidated. The importance of a transparent front side of the
cells, in order to enhance the short circuit current density J SC (and thus η) of
bifacially contacted SHJ solar cells, is elaborated.
The work described in this thesis aims for the reduction of parasitic absorption in SHJ solar cells, in order to increase their J SC , by implementing
a stack of hydrogenated nanocrystalline silicon oxide (nc-SiOx :H) and boron
doped zinc oxide (ZnO:B). Therefore, one of the focuses of this chapter lies in
the description of these two materials. The multi-phase material structure of
nc-SiOx :H and its growth evolution is discussed. The possibility to influence
the material properties during the deposition process is explained. The function of transparent conductive oxides in general and specific aspects regarding (doped) ZnO in particular are explained. A comparison with ITO is made
and work function differences as well as the properties of the TCO/emitter
interface are discussed. With this, the background of the research described
in this thesis is given.
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2.1

Basic working principles of solar cells

In order to understand the functioning of solar cells, first some basic terminology of solid state physics has to be introduced. The Fermi level (E F ) is a hypothetical energy level of an electron. It describes the energy level with a 50%
chance of being occupied by an electron at any time that the system is in thermodynamic equilibrium. A system is in thermodynamic equilibrium if no net
macroscopic flows of energy or matter within the system or between different
systems take place. The valence band and conduction band of a semiconductor and insulator are the energy bands closest below and above the Fermi
level. The valence band is the highest energy band which is filled with electrons at a temperature of 0 K. The conduction band presents the lowest energy
of vacant electronic states at 0 K. In metals the highest occupied energy band
is partly filled, thus the distinction between valence and conduction band becomes meaningless. The conduction band edge (E C ) is the bottom edge of
the conduction band, and the valence band edge (E V ) is the top edge of the
valence band. Semiconductors and insulators exhibit a band gap (E g ), which
is the energy difference between E C and E V . Figure 2.1 shows the differences
in band structure for metals, semiconductors and insulators.

F IGURE 2.1: Schematic drawing of the band structure in the vicinity of the Fermi
energy (E F ) for metals, semiconductors, and insulators. The conduction band is
indicated in green and the valence band in blue. Note, the differences in band
gap (E g ): metals lack a band gap, while semiconductors exhibit a small band gap
and insulators a large band gap.

The photovoltaic effect is the fundamental principle enabling a solar cell.

2.1. Basic working principles of solar cells
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Upon illumination of the surface of a semiconductor or insulator with photons of a high enough energy, electrons located in the material’s valence band
can absorb this energy, overcome the band gap and become thereby excited
into the conduction band. Electron vacancies (holes) are left in the valence
band. Without the presence of a built-in electric field, the excited electrons
will over time fall back into the valence band and recombine with the holes.
Depending on the type of material, different amounts of energy are needed to
excite the electrons. Insulators exhibit a large band gap. Therefore, sunlight
is typically not energetic enough to excite the valance band electrons into the
conduction band. This makes them not usable for solar cells. However, for
higher energy photons, e.g. from X-rays, an excitement of the electrons of insulators is possible. Semiconductors however, show excellent properties for
the use in solar cells. They exhibit a small band gap which makes it possible
for sunlight to excite electrons to overcome this band gap.
The band structure of a semiconductor can be altered by doping, which is
the intentional implementation of impurities. In a typical intrinsic semiconductors the concentration of electrons and holes is in the same order and the
Fermi energy lies in the middle of the band gap. In an n-type semiconductor
the electron concentration in the material is higher than the hole concentration. The conduction band edge is close to the Fermi energy. In a p-type
semiconductor the electron concentration is smaller than the hole concentration. The valence band edge is close to the Fermi energy. Figure 2.2 shows a
schematic drawing of the band diagrams of the different semiconductors.

F IGURE 2.2: Schematic drawing of the band structure of p-type, intrinsic, and
n-type semiconductors.

To generate a current flow from the photovoltaic effect, a built-in electric
field in the material (or alternatively, carrier selective contacts) are needed.
Such a built-in electric field can be achieved by bringing an n-type and p-type
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doped material in close contact with each other. Due to the gradient of electron density, electrons from the n-type material close to the junction migrate
towards the p-type material. There they recombine with holes from the p-type
material. The lack of electron on the n-type side of the junction and the excess
of them on the p-type side of the junctions leads to a built-in electric field. This
area of electron depletion on one side and hole depletion (due to the presence
of electrons) on the other side is called depletion region. The electrons and
holes diffusing into this depletion region upon excitation are affected by the
electromotive force this region generates and thereby drift in opposite directions. By electrically contacting both materials externally, an electric circuit is
established and a direct current can be generated.
To evaluate a solar cell’s performance several parameters are taken into
account. The open circuit voltage, VOC , is the voltage an illuminated solar
cell reaches under open circuit conditions. It is observed when no net current
flows through the solar cell and is the highest voltage a solar cell can obtain.
A high VOC is therefore a requirement for highly efficient solar cells. The short
circuit current density, JSC , is the current per unit area that flows through the
solar cell under short circuit conditions. It is the highest current density the
solar cell can reach and occurs if no voltage is present through the solar cell.
A high JSC is thus also a necessity for a highly efficient solar cell. The fill factor, F F , of a solar cell is calculated as the ratio between the actual maximum
power that can be drained from a solar cell and the product of VOC and JSC :
FF =

Vmpp ⋅ Jmpp
,
VOC ⋅ JSC

(2.1)

with Vmpp and Jmpp being the voltage and current density at the maximum
power point. The maximum power point (mpp) is defined as the point of voltage and current density at operating conditions that allows for the maximum
power density Pmpp of the solar cell (calculated as P = V ⋅ J) being generated.
The F F is, just as the VOC and JSC , a measure for a solar cells performance.
A high fill factor is correlated to a desired low resistance and leakage current,
which is a sum effect of electrical shunts and recombinations, of a solar cell.
Figure 2.3 shows an example of a J-V curve, indicating the just discussed parameters. The efficiency of a solar cell, η, is defined as percentage of incident
power on the solar cell (due to illumination) that is converted into electricity.
In case of measurements under standard conditions it is calculated as:
η=

Pmpp
,
PAM1.5

(2.2)

2.2. Silicon heterojunction solar cells
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with PAM1.5 being equivalent to the irradiance of the AM1.5 solar spectrum.

F IGURE 2.3: Example of an J-V curve of a solar cell indicating the important
parameters to evaluate the solar cell’s performance.

Several different types of solar cells exist, ranging from single junction to
multi junction concepts and exploiting the beneficial behaviour of many different materials from organic to inorganic components. However, the photovoltaics market is by far dominated by crystalline silicon solar cells. Besides
the abundance of silicon, also the low toxicity of their main components is important [7]. In the following we will focus on the outstanding and promising
silicon heterojunction solar cells.

2.2

Silicon heterojunction solar cells

Silicon heterojunction (SHJ) solar cells are a very promising candidate for
highly efficient solar cells with fairly low manufacturing costs. Their main
part consists of a crystalline silicon (c-Si) absorber coated with silicon thin
films (e.g. amorphous silicon, a-Si:H) on both sides. Thereby, they combine
the advantages of the high efficiency of c-Si solar cells with the potential of
low production costs of thin film solar cells. For conventional SHJ solare cells,
their high efficiencies are enabled by the excellent passivation of the c-Si wafer
surface and the spatial separation of the recombination-active metal contacts
from the emitter layer by a transparent conductive oxide (TCO) layer. Both
factors, additionally to the use of thin wafers, lead to the high VOC s that SHJ
solar cells are generally known for [8] [9] [10]. The recent efficiency record for
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SHJ solar cells of 26.33% (in rear contacted design) exceeds even those of standard crystalline silicon solar cells [11]. This outstanding efficiency is partly
attributed to the rear contacted design of the record SJH solar cells, by which
shading losses are omitted.
Due to their smart design, SHJ solar cells have several advantages over
traditional c-Si solar cells. Their thin film layers can be deposited at temperatures ≤ 200°C, achieving a good material quality by subsequent annealing
(also at temperatures ≤ 200°C). Compared to the process temperatures of diffused junction solar cells, which reach up to 900 - 1000°C [12], this leads to a
remarkable reduction of the thermal budget during production. Thereby, the
carbon dioxide (CO2 ) emissions are reduced and the production costs lowered. Additionally, thinner silicon wafer (< 100 µm) can be used [13], since at
lower temperatures less warping effects take place. With reduced wafer thickness usually also a reduction of JSC takes place. However, the increase in VOC
usually associated with the use of thinner wafers can compensate for this [9]
[10]. Additionally, the loss of current can be limited by improving the light
trapping within the solar cell. Another advantage of SHJ solar cells is their
lower temperature coefficient of performance compared to c-Si solar cells [9].
This means, the efficiency decrease under increased temperatures is smaller
for SHJ solar cells than for conventional c-Si solar cells. This is a result of their
high V OC [14].
Amorphous and crystalline silicon heterojunction solar cells involving a
thin intrinsic buffer layer have been invented in 1992 by SANYO Electric
Company, Ltd. [15] (now part of Panasonic Corporation) and are commercialized by them under the name HITTM (Heterojunction with Intrinsic Thin
layer). Figure 2.4 shows an example of a structure of a conventional SHJ solar
cell on n-type c-Si wafer. Its centre is the doped crystalline silicon wafer, functioning as absorber layer. The backside usually consists of an intrinsic amorphous (a-Si:H(i)) buffer layer for passivation purposes and a heavily doped
n-type amorphous silicon (a-Si:H(n)) layer that extracts the electrons and creates the back surface field (BSF) that repels minority charge carriers. A transparent conductive oxide (TCO) layer between the emitter layer and the metal
contacts acts as metal diffusion barrier and improves the performance of the
cell as a back reflector. The front-side typically consists of an a-Si:H(i) buffer
layer, a p-type doped amorphous silicon (a-Si:H(p)) emitter layer to extract
the holes, and a TCO layer to provide sufficient lateral conductivity, to act as
a diffusion barrier for the metal, and to ensure good contact to the adjacent
materials, and a metal grid. The passivation, emitter, and TCO layer will be
discussed in more detail later.
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F IGURE 2.4: Schematic drawing of a conventional SHJ solar cell.

Generally, SHJ solar cells can be manufactured on n-type as well as on
p-type c-Si wafer. In industry, c-Si wafer based conventional silicon homojunction solar cells are mostly produced on p-type wafer [16]. This is the result
of the following historical development. At the starting time of silicon solar
cell production the silicon wafer market was dominated by microchip manufacturers who used p-type c-Si wafers. Therefore, p-type wafers were much
more common and thus cheaper. Moreover, in the beginning of their industrial production solar cells where mostly fabricated for applications in satellites and such. Since p-type silicon does degrade less under the high energy
radiation of cosmic rays, than n-type silicon, the usage of p-type silicon based
solar cells was beneficial. However, physical aspects point to the preference
of n-type wafer based over p-type wafer based SHJ solar cells for terrestrial
applications. The higher minority carrier band offset at the interface in c-Si(n)
based solar cells [17] leads to a higher band bending in the wafer and thereby
a desired higher open circuit voltage [16].
A heterojunction is the interface between two semiconductors of different
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materials. In conventional p/n-(homo)junctions only the doping of the material differs. In heterojunctions, however, (also) the type of material itself is
different and with it usually also its band gap. In the case of heterojunction
solar cells this is illustrated in Figure 2.5, which depicts the band structure of
the above discussed SHJ solar cell. Upon illumination on the front side of the
SHJ solar cell with light of a suitable wavelength, electron hole pairs are created in the c-Si absorber layer. The generated electron-hole pairs diffuse to the
junction and are there separated by the built-in electric field. In the case of an
n-type wafer based SHJ solar cell, electrons are collected at the back of the cell
and holes at its front. As can be seen, the band gap of the crystalline silicon
wafer (≈ 1.1 eV) is considerably smaller than that of the amorphous silicon
thin layers (≈ 1.7 eV [18]). The resulting conduction band offset at the front
side hinders electrons, which are the minority charge carriers at the p-type
front side of the cell, to travel from the absorber towards the front electrode of
the cell. This reduced electron back diffusion contributes to the good performance of SHJ solar cells.

F IGURE 2.5: Band diagram of a SHJ solar cell with indicated direction of hole (h+ )
transport and electron (e− ) transport. E V denotes the valence band edge, E C the
conduction band edge, and E F the Fermi level. The corresponding cell structure
is indicated.

As can be seen in Figure 2.5, the holes have to overcome the potential barrier of the valence band offset at the c-Si/a-Si interface in order to reach the
front contacts. This can either be achieved by tunneling through the valence
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band spike, by hopping through the valence band tail states located in the
a-Si:H(i) layer or via thermionic emission over the valence band offset [19]
[20]. During a tunnelling process a particle crosses a potential barrier of finite height although the particle’s potential energy is lower than the barrier
height. This phenomena can not be described with the approaches of classical mechanics, but only with quantum mechanics. Tunnelling of electrons
from the atomic orbital of one atom to the atomic orbital of another atom is
enabled by a finite overlap of these orbitals. During the single step tunnelling
process electrons can overcome limited distances. The hopping mechanism
works accordingly but involves multiple steps over intermediate locations in
a lattice, such that electrons can relocate over greater distances [21]. During
thermionic emission electrons which possess energies just above the vacuum
level (due to thermal energy) can overcome a potential barrier. The contribution of the different transport mechanisms depends on the barrier height.
For a larger valence band offset and thus a higher transport barrier, the contribution of hopping and tunnelling increases, while thermionic emission diminishes. This leads to a decrease of efficiency. Thus, a good band-alignment
at the p-n junction is highly important for the performance of SHJ solar cells
[19].

2.3

Recombination losses in silicon heterojunction solar
cells

In order to obtain a highly efficient solar cell, a high amount of the incident
light has to be converted to electron hole pairs within the cell and these charge
carriers need to be collected by the electrodes of the solar cells. Recombination
of electrons and holes reduces the collection of current (thus the J SC ) as well
as the forward bias injection current (thus V OC ) and is therefore undesired.
Several different recombination mechanisms are known and will be discussed
in the following.

2.3.1

Bulk recombination

The term bulk recombination refers to recombination taking place in the bulk
of a material (as opposed to its surface). During a recombination process
an electron from the conduction band annihilates with a hole and thereby
releases part of its energy. Due to the law of conservation of energy, this
change in energy has to be transferred to a partner during the recombination.
Depending on the type of recombination process, this partner can be either
a photon, a phonon or another electron or hole. In crystalline silicon one
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distinguishes between three different types of recombination mechanisms:
Radiative recombination (involving a photon as partner), Auger recombination (requiring an additional electron or hole as partner), and Shockley-ReadHall (SRH) recombination (involving phonons as recombination partners).
All these recombination processes are described in great detail in [22]. Moreover, midgap recombination can also include the release of a photon. An example for this is the luminescence of a-Si:H at 0.9 eV due to recombination
through midgap states [23].

Radiative recombination
The direct recombination of an electron from the conduction band with a hole
from the valence band is called radiative recombination in case a photon is
emitted. The energy difference between the previous and present state of
the electron (≥ E g ) corresponds to the energy (and thus wavelength) of the
emitted photon. These photons can then either induce another recombination leading to a second photon of the same wavelength, generate a new pair
of charge carriers or lead to emission (as e.g. during the operation of a light
emitting diode) . Figure 2.6 a) illustrates a radiative recombination.

F IGURE 2.6: Illustration of radiative recombination (a) and Auger recombination
with either another electron as additional recombination partner (b) or another
hole as additional recombination partner (c).
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Auger recombination
During an Auger recombination an electron from the conduction band recombines directly with a hole from the valence band. Other than in the radiative
recombination, the released energy is not transferred to a photon but to another electron or hole. This second electron (or hole) is thereby exited to a
higher energy level within the same energy band. This is illustrated in Figure 2.6 b) and c). Mostly, this excited electron (or hole) then relaxes again
and transfers the excess energy to phonons. Depending on the nature of the
third partner, the process is either called “eeh” (electron, electron, hole) or
“ehh” (electron, hole, hole).
Shockley-Read-Hall recombination
When an electron from the conduction band and a hole from the valence band
recombine while involving a localized energy state in the band gap this is
called Shockley-Read-Hall (SRH) recombination. The localized energy states
enabling SRH recombinations are created due to impurities such as dopant
atoms or defects in the lattice. Such defects could be e.g. a missing host atom
or a misplaced or interstitial located host atom. An interstitial site is an open
space that can be occupied but lies between the regular positions within the
close packed array of atoms. These localized energy states act as so called
recombination centres or traps. Therefore, SRH recombination is also called
trap-assisted recombination. Additional to SRH recombination, also a SRH
generation is possible, resulting in the generation of an electron hole pair. The
different process steps are illustrated in Figure 2.7:
(a) Electron capture: The electron falls back from the conduction band to
a localized energy level within the band gap. The energy difference is
not released in form of a photon, but as lattice vibrations, which means
a phonon exchanges thermal energy with the surrounding material.
(b) Hole capture: From this localized energy state, the electron then further
decreases its energy by falling back into the valence band and recombining with a hole. The energy difference is again released via a phonon.
(c) Hole emission: A hole can be excited from a localized energy state into
the valence band by absorbing a phonon. This results in a hole in the
conduction band and an electron in the localized energy state. This process is the inverse of the hole capture process. An easier way to picture
it is an electron from the valence band getting excited into the localized
energy state, leaving a hole in the valence band.
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F IGURE 2.7: The different SRH processes: a) Electron capture and b) hole capture,
which combined lead to SRH recombination. c) Hole emission and d) electron
emission, which combined lead to SRH generation; based on [24] and [25].

(d) Electron emission: The electron at the localized energy state can then
be excited into the conduction band. The energy necessary for this can
again be absorbed from a phonon.

2.3.2

Surface recombination

At the surface of a c-Si wafer the crystal latices abruptly ends, leading to unsatisfied valences on the silicon atoms (undercoordinated atoms), so called
dangling bonds. Those dangling bonds result in additional energy levels
within the band gap that can then act as recombination centres for the generated charge carriers when they diffuse to the surface. Recombinations of
charge carriers in the material, either due to the previously discussed bulk
recombination or surface recombination, reduce the lifetime of the generated
charge carriers and are therefore unwanted. A large charge carrier lifetime
leads to a higher carrier density and thus a higher VOC and with this potentially to a higher efficiency of the solar cell.
Surface passivation
As mentioned before, the key feature of silicon heterojunction solar cells lies
in the high V OC enabled by good passivation of the c-Si surface, which facilitates the possibility of high efficiencies. Especially with the implementation
of thinner wafers the passivation of their surface becomes increasingly important [26] [27]. Two possible ways exist in order to reduce the unwanted surface
recombination and thereby enhance the minority carrier lifetime: Chemical
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passivation and field effect passivation. Figure 2.8 shows an illustration of
those two mechanisms in comparison to a non-passivated bare wafer. During
chemical passivation the number of interface defects and thus recombination
centres are reduced by satisfying the dangling bonds either with hydrogen
or by a thin dielectric or semiconductor film [26]. In field effect passivation
the minority charge carriers are electrostatically shielded from the recombination centres [28]. This is accomplished by a built-in electric field close to
the c-Si interface, which repels the minority charge carriers. Possible ways to
achieve this are a doping profile below the interface, the implementation of a
doped layer closely above the interface (e.g. doped a-Si:H) or the existence of
fixed charges at the interface. Since the recombination rate scales with the minority carrier concentration at the surface, the recombination rate is thereby
decreased [26].

F IGURE 2.8: Schematic representation of a) a bare unpassivated surface, b) field
effect passivation, and c) chemical passivation; reprinted with permission from
[29].

Several different materials can be used to coat the c-Si wafer in order to
passivate its surface, for example: intrinsic amorphous silicon (a-Si:H(i)) [30]
[31], silicon dioxide (SiO2 ) [32], intrinsic amorphous silicon oxide (a-SiOx :H(i))
[33], intrinsic amorphous silicon carbide (SiCx :H(i)) [34], amorphous
aluminium oxide (Al2 O3 ) [28] [35] [26], amorphous silicon nitride (a-SiNx :H)
[36], amorphous titanium oxide (TiOx ) [37], and boron doped nanocrystalline
silicon oxide (nc-SiOx :H(p)) [33].
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In Chapter 5 we investigate the passivation properties of a-Si:H(i)/
nc-SiOx :H(p) layer stacks. Reports suggest that when passivating the c-Si surface with an a-Si:H(i) layer, the material should be grown at a regime as close
as possible towards the amorphous/crystalline transition phase. Epitaxial
growth however should be avoided [38] [39]. During deposition of the amorphous silicon, often unfavourable silicon multihydrides are formed. Upon
post deposition annealing, hydrogen from these hydrides can become mobile
and migrate towards unsatisfied silicon bonds, passivate them and thus increase the lifetime of the charge carriers within the sample [40]. The material
of the layers deposited on top of the passivation layer influences the passivation behaviour of the whole stack. It has been found, that the lifetime of
a sample passivated with a layer stack of a-Si:H(p)/a-Si:H(i) decreases upon
annealing at lower temperatures as compared to the lifetime of a sample passivated with only the a-Si:H(i) passivation layer [5]. For the comparison of
either an a-Si:H(p) or a nc-SiOx :H(p) layer in combination with an a-Si:H(i)
buffer layer it has been found, that nc-SiOx :H(p) can lead to a better passivation [41]. This is attributed to the high amount of hydrogen in the gas composition during deposition of the nc-SiOx :H(p) layer [42]. Thereby, hydrogen is
given the chance to migrate towards the a-Si:H(i)/c-Si interface and enhance
the as-deposited passivation properties of the layer stack.

2.4

Parasitic absorption

To reach high efficiencies, a large amount of the photon energy incident on
the solar cell has to be converted into electrical energy. One of the limiting
factors to this is the parasitic absorption. This is the unwanted absorption of
light that does not contribute to the generation of charge carriers in the solar cell. Before reaching the active absorber layer of the cell, the light has to
pass several material layers. These layers can contribute to the parasitic absorption of the solar cell. In a SHJ solar cell the complete light absorbed in an
ITO layer and about 70% of light absorbed in the a-Si:H(i) buffer layer can not
be used to generate electric energy [43]. Regarding the light absorbed in the
a-Si:H(p) layer the amount contributing to the electricity generation is under
debate. While some authors claim the absorption to be completely parasitic
[43], other authors assume that a part of the light absorbed in the a-Si:H(p)
layer still contributes to the solar cell’s electricity generation [44].
The presence of free charge carriers in a material facilitate the possibility
of free carrier absorption. During this process free charge carriers are excited
by a photon into a higher state within the same energy band. Thus, from an
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optical point of view, the number of free charge carriers in a material should
be as small as possible. However, the charge carrier density n also influences
its conductivity σ according to
σ = n ⋅ e ⋅ µ,

(2.3)

with e denoting the elementary charge and µ the mobility of the charge carrier. Thus, a certain amount of charge carriers is needed in order to achieve a
sufficient conductivity. A balance between the materials transmittance and its
conductivity has to be found.

2.5

The emitter layer

The emitter layer forms together with the c-Si wafer the p-n junction of a SHJ
solar cell. It has to be reasonably conductive to effectively extract the charge
carriers from the c-Si wafer, while at the same time being as transparent as
possible to not introduce too much parasitic absorption. A trade off between
these two material properties has to be made. A more transparent emitter
layer enables more light to reach the active absorber layer of the cell and can
thus lead to an increase in JSC and therefore potentially higher efficiency of a
SHJ solar cell. The application of a higher band gap emitter material such
as molybdenum oxide (MoOx ) [45], microcrystalline silicon (µc-Si:H) [46],
or amorphous silicon carbide (a-SiC:H) [16] comes to mind. Unfortunately,
some of these materials come with challenges such as e.g. difficulties in band
alignment in the case of MoOx [45]. Another very promising candidate for
the replacement of the a-Si:H(p) is boron doped nanocrystalline silicon oxide
(nc-SiOx :H(p)), which is investigated by many research groups [47] [48] [49]
[50].
A suitable emitter layer for SHJ solar cells has to exhibit several properties. Its refractive index has to be favourable for light in-coupling towards the
c-Si silicon wafer. This means, for the layer stack of TCO/emitter layer/buffer
layer/c-Si wafer, the refractive index should preferably consecutively increase
from the refractive index of ambient air (n ≈ 1 [51]) towards those of crystalline silicon (n ≈ 3.4 [52]) [53]. The ideal refractive index of the emitter layer
would be n ≈ 2.7 - 2.8. Conventional a-Si:H(p) emitter layers exhibit an unfavourable refractive index of n ≈ 3.9, which is even higher than those of
the c-Si wafer. Thus, the widely tunable refractive index of nc-SiOx :H(p) is
favourable over a-Si:H(p) in terms of reflection minimization [53]. It has been
observed that the following bulk properties of thick layers ensure their good
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characteristics as emitter: an optical band gap of E04 > 2.2 eV and a conductivity of σ ≥ 2 × 10−6 S/cm [48].

2.5.1

Nanocrystalline silicon oxide

In Chapter 4 and 5 we focus on the development of suitable nanocrystalline
silicon oxide (nc-SiOx :H) emitter layer for SHJ solar cells. In Chapter 6 these
layers are successfully integrated in SHJ solar cells. Therefore, we will thoroughly discuss the nc-SiOx :H material, its properties, and its preparation in
the following.
Nanocrystalline silicon oxide is a wide band gap material consisting of
mixed phases. It is either described as silicon nanocrystallites in an amorphous silicon oxide matrix [41] [54], or as a mixture of an amorphous silicon
oxide phase (a-SiOx :H) and a nanocrystalline silicon phase (nc-Si:H) [55] [56]
[57]. Considering, that SiO:H consists of a Si:H matrix with island like areas of Si:O in them [58], and that nanocrystalline silicon consists of an amorphous and a nanocrystalline silicon phase [59], it becomes clear that both
descriptions of nanocrystalline silicon oxide explain the same material. Another term for the just described material is microcrystalline silicon oxide
(µc-SiOx :H). However, when looking at it more precisely, the crystallites in
nc-SiOx :H are “nano sized” and have a length in the nanoscale range. This is
approximately 1 - 100 nm, in at least one dimension [60].
Growth evolution
The first few nanometers of nc-SiOx :H are an amorphous silicon oxide incubation layer, thereon the mixed phase of amorphous silicon oxide and nanocrystalline silicon develops. The thickness of the incubation layer depends on the
deposition conditions as well as on the material it is grown on. Figure 2.9 shows a schematic drawing of the growth evolution of nc-Si:H, which
is similar to those of nc-SiOx :H, with the difference that the formation of an
almost completely crystalline material, as indicated on the left of the picture,
can most likely not be achieved for silicon oxide due to the island like areas of
Si:O which are non-crystalline.
In order to develop crystalline growth, a material that contains internal
stress is needed, which manifests in porosity. By releasing the strain energy
nucleation takes place in such a matrix [62]. As a result of this necessity,
the development of nc-SiOx :H is substrate dependent. On a crystalline surface such as a c-Si wafer the incubation phase might completely disappear.
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F IGURE 2.9: Schematic drawing of the structure of nc-Si:H depending on the
crystalline fraction. Note, that in this drawing the area in which the crystallinity
still increases with increasing layer thickness is labelled “incubation zone”, while
we refer to the first few nanometres of the layer in which crystalline growth has
not yet appeared as “incubation layer”; reprinted from [61], with the permission
of AIP Publishing.

Also, on an oxide surface such as borosilicate glass the incubation phase is
still relatively small, compared to a non-oxide amorphous substrate such as
a-Si:H [63] [64]. Treatment of the a-Si:H surface with e.g. a soft CO2 plasma
can help promote the nucleation of the following nanocrystalline layer [41]
[65]. With increasing thickness of the nc-SiOx :H(p) layer the amount of the
crystalline phase, as well as the size of the crystals, slowly increases. Roca
i Cabarrocas et al. found a steady state of about 63% crystalline fraction for
> 100 nm thick nc-Si:H layer grown on a glass substrate [64].
Doping
In a doped nc-SiOx it is the nanocrystalline silicon phase that determines
the doping effect, since the doping efficiency in a-SiOx is comparably low
[48] [55] [57]. In bulk silicon, boron doping leads to shallow energy levels
≈ 0.044 eV above the valence band [66]. In silicon nanocrystals, the doping
process becomes more complicated due to their large surface area [66]. In
general, nanocrystals have a tendency to stay intrinsic [67]. A low solubility
of boron in crystalline Si pushes out boron from the bulk during the crystalline growth . Different calculations showed either a preferred location of
boron on the surface of the nanocrystals [68] [69] or inside the nanocrystals
close to their surface [70] [71]. It has been found that boron location inside

22

Chapter 2. Literature review

silicon nanocrystals becomes more likely if the surface of the nanocrystals is
oxidized [72].
The question whether or not electrically active doping of silicon nanocrystals can be achieved seems to be under debate in literature. In a review paper
on doping of silicon nanocrystals Pi [66] states that neither surface nor internal doping of the nanocrystals can produce free charge carriers, since they do
not result in shallow energy levels. Therefore, the incorporation of doping in
or on the outside of silicon nanocrystals does not lead to a doping in terms
of electrical activity. However, in a review paper on nonthermal synthesis
of semiconductor nanocrystals Kortshagen [73] comes to the conclusion that
the electrical activity of doping in silicon nanocrystals has been confirmed
by several studies [74] [75] [76] [77] [78] [79]. Moreover, it is know that the
conductivity of a nc-SiOx :H layer is higher in the growth direction of the silicon nanocrystals (perpendicularto the substrate) than horizontally through
the layer [56] [80]. Which leads to the conclusion, that an electrical active
doping of the silicon nanocrystals can be safely assumed for nanocrystalline
silicon oxide. This is supported by the knowledge that due to a reduction
of charge carrier scattering, the conductivity in a nanocrystalline material is
generally several orders of magnitude higher than those of the amorphous
material [7].

Material preparation - plasma enhanced CVD
nc-SiOx :H can be prepared by various methods such as radio frequency
plasma-enhanced chemical vapour deposition (RF-PECVD) (also called radio
frequency-glow discharge) [59] [81] or very high frequency plasma-enhanced
chemical vapour deposition (VHF-PECVD) [82]. Moreover, multilayer structures of silicon nanocrystals and SiO2 can be realized by co-sputtering [83].
The nc-SiOx :H material of the samples prepared in Chapter 4 - 6 of this thesis
was grown by RF-PECVD. The PECVD method will be explained in Chapter 3 in detail. It can be summarized as a growth method for thin films by
chemical deposition from a decomposed gas or mixture of gases. The plasma
is essential for the decomposition of the gas. RF-PECVD prepared nc-SiOx :H
is usually grown from a gas mixture of silane (SiH4 ) as silicon and hydrogen
source, and carbon dioxide (CO2 ) as oxygen source. Incorporation of carbon
in the material due to dissociation of the CO2 molecule is expected to be very
low, an amount of about 2 at.% carbon has been reported by Gabriel et al.
[57]. This gas mixture is diluted in hydrogen (H2 ), which during the deposition process dissociates into atomic hydrogen and promotes the crystalline
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growth. We will discuss the effect of the hydrogen dilution in detail later.
As a boron dopant source, gases such as e.g. trimethylboron (B(CH3 )3 , TMB)
for p-type doping or phosphine (PH3 ) for n-type doping can be added [81].
Also diborane (B2 H6 ) [84], and boron trifluoride (BF3 ) can be used to achieve
boron doping in silicon based films [85]. However, diborane proves more unstable than TMB, which might complicate the operation and maintenance of
a PECVD reactor due to the possibility of blocking of flow-meters caused by
a decomposition of the gas [85], in addition to contaminating the hot sample
holder. For the use of boron trifluoride, it has been found that the gas phase
doping level has little influence on the microstructure of µc-Si:H(p). However, a higher plasma power is necessary to achieve good material properties,
as compared to the use of TMB [85]. Therefore, for the research described in
Chapter 4-6 TMB was chosen as dopant source.

Growth models
Three different growth models exist to explain the growth processes of nanocrystalline silicon, and thus also the growth of the nanocystalline silicon phase
in nc-SiOx :H. In all of them the presence of hydrogen plays an importand role
for the formation of crystallinity. In the following, the different models will
be summarized, based on [86] and [87].
Surface diffusion model A high flux of atomic hydrogen leads to a full coverage of the dangling bonds on the materials surface with hydrogen. Moreover, hydrogen surface recombination reactions lead to a local heating of the
surface. As a result of both effects, the surface diffusion of the SiH3 species
increases, which gives the possibility for the species to move towards an energetic favourable side leading to the formation of an ordered atomic structure.
Thereby, a nucleus can be created. The nucleation takes place locally inside
an otherwise disorder matrix. From that point on, a crystal can grow in an
epitaxial-like nature (again due to the enhanced surface diffusion of the SiH3 ).
Figure 2.10 depicts this process schematically.
Etching model The etching model has been developed in order to explain
the decreasing growth rate with increasing hydrogen dilution. It predicts,
that upon reaching the materials surface, the atomic hydrogen breaks siliconsilicon bonds. Since this preferably happens with weak bonds in the amorphous network, an increased etching of amorphous silicon, while not etching
the crystalline phase, takes place. This removal of weak amorphous bonds
gives rise to the possibility for new, strong crystalline silicon-silicon bonds.
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F IGURE 2.10: Schematic drawing of the surface diffusion model. The large
spheres represent Si, the small pink spheres represent H. The local heating due to
the H flux is indicated in red, the enhanced surface diffusion of the SiH3 species
in purple; adapted from [87] and [88].

Thus, the crystalline growth is promoted. Figure 2.11 shows a schematic representation of this mechanism.

F IGURE 2.11: Schematic representation of the etching model. The large spheres
represent Si, the small pink spheres represent H. The H-permeation, leading to
the etching effect, is indicated in yellow; adapted from [87] and [88].

Chemical annealing model The chemical annealing model is also known
under the name “growth zone model”, since the crystalline formation takes
place in the growth zone, which includes the film’s surface as well as the region up to a few nanometres below the surface [89]. The model was developed
to explain the crystal formation during hydrogen plasma treatment of amorphous silicon thin films. It became necessary, since no significant reduction of
film thickness is observed due to crystallization of a-Si:H by hydrogen plasma,
which makes the etching model insufficient to explain the crystal formation in
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this process. In the chemical annealing model hydrogen diffuses to a subsurface region and than moves from one Si-Si bond to the next due to diffusion.
Thereby, it breaks the bonds and mends them, resulting in a relaxed silicon
network with a structural order comparable to c-Si [90]. The model predicts,
that a material’s final composition depends on the chemical potential of hydrogen in the gas phase. The chemical potential is a measure of a chemical
substance’s ability to react with other chemical substances, to diffuse and/or
to undergo phase transitions. A low chemical potential of hydrogen in the gas
phase leads to a disordered amorphous silicon material whereas an increase
in chemical potential will result in a more ordered amorphous silicon material
due to the above mentioned mechanism. An even higher chemical potential
finally leads to a level of order above the amorphous regime and thus results
in nucleation of crystallites, due to the above mentioned relaxing effect of the
hydrogen on the network. Figure 2.12 shows a schematic drawing of the annealing model.

F IGURE 2.12: Schematic representation of the chemical annealing model. The
large spheres represent Si, the small pink spheres represent H. The growth zone
is indicated in red and reaches several nanometers below the materials surface;
adapted from [87] and [88].

It is noteworthy, that for the growth of nc-Si:H the hydrogen dilution
might not always be necessary, since nanocrystalline layers have been deposited from pure SiH4 at low flow rates of 0.4 sccm by a glow discharge
[91], which can be attributed to the formation of atomic hydrogen due to the
dissociation of SiH4 in the plasma. However, to our knowledge so far there
are no reports on the successful growth of nc-SiOx :H without hydrogen dilution. Neverthelss, studies suggest that helium (He) dilution (alternatively to
hydrogen dillution) could be used to promote crystalline growth as well [92].
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Material properties
The oxide matrix of the nc-SiOx :H material is responsible for the reduced refractive index and high optical transparency of the material [55]. At a given
conductivity, nc-SiOx :H exhibits a higher E04 , which reflects the material’s
transparency, than amorphous silicon oxide (a-SiOx :H) and amorphous silicon carbide (a-SiCx :H). The refractive index of nc-SiOx :H can be adjusted
over a wide range between 1.6 to 3.6 (at a wavelength of 632.8 nm) [55] [57].
This is attributed to the material’s mixed phases, since the refractive index of
nc-SiOx :H lies between those of stoichiometric SiO2 (n = 1.5) and crystalline
silicon (n = 3.9) [57]. The nanocrystalline silicon phase of the nc-SiOx :H provides the high conductivity of the material [55]. This conductivity is strongly
dependent on its crystalline fraction, since the charge carrier scattering is reduced in nanocrystalline material [7].
In general, the material properties of nc-SiOx :H depend not only on the
substrate on which it is grown, but also on the deposition conditions. The
material properties of RF-PECVD grown nc-SiOx :H are influenced by e.g. the
pressure (both background pressure and process pressure) and power density
in the reactor, the gas mixture and gas flows, the inter electrode distance, and
the deposition temperature. By a careful adjustment of these parameters the
material characteristics can be changed in the desired way. The following, not
comprehensive, list shall serve as a short overview:
• An increase of oxygen in the gas mixture leads to a higher amount of
oxygen incorporated into the nc-SiOx :H. The crystalline fraction of the
material is decreased probably either due to the removal of hydrogen
from the growth surface [93] or simply due to the increased incorporation of oxygen. As a result, the conductivity is lowered. Moreover, the
refractive index n of the material decreases, whereas its transparency
increases [55] [59] [81] [94] [82].
• An increase of hydrogen in the gas mixture leads to a decrease in growth
rate and an increase of crystalline fraction, thus a higher conductivity
and lower transparency. Its influence on the refractive index can not
conclusively be predicted, since an increase [55] as well as a decrease
[82] has been observed. A too high hydrogen dilution can prevent any
layer growth at all, as has been found for microcrystalline silicon [95]
and it can even lead to etching of previously deposited layers.
• An increase of the boron source gas in the gas mixture leads to a decrease
of the crystalline fraction [96] and the size of the crystals, as found for
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microcrystalline silicon [97]. This can be explained by an increased incorporation of boron in the material, which leads to a higher structural
disorder. Moreover, the scavenging effect of boron in the gas phase can
lead to hydrogen abstraction from the material’s surface [98]. The surface thereby becomes reactive and diminishes the diffusion length of
silicon species on it. Hence, the crystalline growth is decreased.
• With increased deposition temperature the crystal growth is enhanced,
since the surface diffusion length of the atoms is enlarged [94] [99].
However, for nc-Si:H it has been found, that from a temperature of
≈ 400°C on, the crystalline fraction again decreases and at ≈ 500°C the
material becomes completely amorphous [91]. This could be explained
by hydrogen effusion from the network at too high temperatures.
• By an increase in power the dissociation rate of SiH4 and CO2 rises
which typically leads to a higher oxygen incorporation in the material
[58] and an increased deposition rate [94].
Applications
nc-SiOx :H has found versatile applications in photovoltaic devices, such as
anti-reflective or intermediate reflection layer in amorphous/microcrystalline
tandem solar cells [55] [81], window layer in single junction microcrystalline
silicon solar cells [100], p-type and buffer layer for the bottom microcrystalline
cell of tandem solar cells [101], or as contact layer between the TCO and the
a-Si:H layer in thin film solar cells [102]. It should be pointed out, that its application in thin film solar cells led to an increased stability of the cells [81]
as well as an improved contact to the zinc oxide (ZnO) implemented as front
TCO [57] [102]. In SHJ solar cells it has been implemented as intrinsic passivation layer [33] as back surface field [103], and as emitter layer [103]. Due
to its combination of highly conductive silicon nanocrystals with the highly
transparent silicon oxide matrix surrounding it, it is very suitable for this implementation as emitter layer. However, the material properties need to be
carefully adjusted to assure good conductivity while still maintaining a highly
transparent layer. Chapter 4 is dedicated to this optimization.

2.6

The transparent conductive oxide layer

Transparent Conductive Oxides (TCO) have been intensively studied over the
last 40 years, due to their various applications. They have been utilized in energy efficient windows, window heaters, liquid-crystal displays, light emitting diodes, and of course solar cells [104] [105]. Their main feature lies in the
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combination of high electrical conductivity up to 104 S/cm with high transparency in the near infrared and visible wavelength range [105].
On the front side of SHJ solar cells a TCO layer serves several functions. It
acts as a conductor, since underlying emitter layers such as a-Si:H(p) are not
conductive enough in lateral direction to efficiently transport the extracted
charge carriers to the front contact grid. At the same time it should be as
transparent as possible, in order to not introduce too much parasitic absorption. Additionally, it serves as anti reflection coating to enable the maximum
amount of light to enter the solar cell. Moreover, the TCO has to provide a
good contact to the emitter layer underneath as well as to the metal contact
grid on top. Last but not the least, it acts as metal diffusion barrier. This leads
to different requirements on the material properties [4]. In order to make good
contacts between the TCO and the metal grid the formation of an insulating
oxide interlayer, such as e.g. silver oxide (Ag2 O) in case of silver contacts,
should be avoided [106]. The anti reflection properties of the TCO layer can
be achieved by adjusting the layer thickness. For this, the refractive index of
the TCO and the emitter layer and, in case of implementation in solar modules, the refractive index of the protective ehylene-vinyl acetate (EVA) coating
and the encapsulating glass, have to be taken into account.
A commonly used TCO for solar cells in research as well as in production
is tin-doped indium oxide (ITO). It exhibits a favourable combination of a
high transparency due to its large band gap of about 4 eV and a high conductivity caused by its highly n-type semiconductor nature. It can be deposited
by physical vapour deposition methods such as electron beam evaporation
and sputter deposition. However, ITO comes with the major drawback of not
being texturable [107]. Due to this, as well as the scarcity and relative high
costs of indium, it is desirable to find an indium free alternative [108] [109],
if possible even in combination with increased transmission and/or conductivity. Therefore, many research groups are looking for an alternative such as
antimony-doped tin oxide (ZnO:Sb, ATO) [110], aluminium doped zinc oxide
(ZnO:Al, AZO) [111], gallium doped zinc oxide (ZnO:Ga, GZO) [112] [113],
and boron doped zinc oxide (ZnO:B, BZO) [114].

2.6.1

Degenerated semiconductor

The typical semiconductor, such as ITO or ZnO significantly doped with a
group III element (B, Al, Ga, In), is a degenerated semiconductor and thus
behaves like a metal [115]. In the following we discuss non-degenerated and
degenerated n-type semiconductor. In a non-degenerated semiconductor the
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Fermi energy lies within the band gap (as previously shown in Figure 2.2).
If the electron carrier concentration is larger than the conduction band edge
density of states, electrons start populating states in the conduction band.
The individual donor levels that exist in a non-degenerated semiconductor
within the band gap merge together and form an impurity band that overlaps
with the conduction band edge. This results in a band gap narrowing. The
Fermi level is increased and pushed into the conduction band resulting in a
degenerated semiconductor. Figure 2.13 shows the difference between a nondegenerated and a degenerated n-type semiconductor.

F IGURE 2.13: Schematic drawing of of the band diagram of a non-degenerated
and a degenerated n-type semiconductor; based on [116].

As a result of the large charge carrier density, the lower energy states in
the conduction band of a degenerated semiconductor are already occupied.
Thus, a photon need to posses a higher energy than the electrical band gap
to excite electrons from the valence band to the conduction band, since the
electron can not occupy a low energy state in the conduction band. This effect
is called Burstein–Moss shift.

2.6.2

Scattering processes in transparent conductive
oxides

The conduction band of a TCO is partly filled with electrons. For standard
TCOs, which are n-type, the resistivity ρ of the material can be determined
from Equation 2.3 and the following two relationships
1
σ
e
µ=
⋅τ
m∗
ρ=

(2.4)
(2.5)
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to:

m∗
.
(2.6)
ne2 τ
Here, σ denotes the electrical conductivity, m∗ the effective mass of the electron, and τ the scattering time for Fermi surface electrons (i.e. the time interval between scattering processes) [104]. As can be seen in Equation 2.6,
the resistivity of the material is reciprocal dependent on the scattering time
(ρ ∝ τ −1 ), with a smaller scattering time leading to a higher resistivity. Thus,
scattering processes of charge carriers within a TCO decrease or limit its conductivity. This is caused by the negative influence of the scattering process
on the charge carriers mobility, as evident from Equation 2.5. The following
scattering processes can take place in TCOs:
ρ=

• Ionized impurity scattering: Ionized impurities such as donors or acceptors in the material, charged surface states or substitutional impurities can lead to carrier scattering. This is a universal process in all homogeneously doped semiconductors. It has been found to be the main
scattering process and limits the mobility in case the material exhibits a
carrier concentration above 1019 cm−3 [104] [105] [117]. A specific case of
ionized impurity scattering is the charged dislocation scattering. It can
take place when dislocations in an n-type material have an edge component1 introducing acceptor centres (dangling bonds). Following the line
of dislocation, the dangling bonds together become negatively charged
and introduce a space charge region around them. Electrons crossing
the dislocation can thereby scatter, which reduces the electron mobility
[105] [119].

• Neutral impurity scattering: Neutral impurity scattering takes place
on neutral shallow impurities such as unionised donors (e.g. due to
dopant clustering at extremely high dopant concentrations) or neutral
defects. Since above ≈ 10 K the impurity atoms are partly ionized in
most commonly used semiconductors, neutral impurity scattering will
never be the only scattering mechanism at room temperatures. Other
mechanisms such as lattice scattering or ionized impurity scattering will
also take place [120]. The group III elements (such as boron) in ZnO for
1

An edge dislocation can be imagined as the abrupt end of an additional atomic plane, that
is inserted in a certain area of a crystal. In the area where the additional plane is still present
but coming towards the end, the surrounding lattice is compressed. In the region close to the
area where the additional plane has ended, the surrounding lattice is under tension and the
distance of the atoms of the lattice are slightly larger than in the rest of the lattice [118].
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example show ionization energies ≈ 50 meV [105].
• Grain boundary limited transport: In polycrystalline material a large
amount of grain boundaries is present. These present a discontinuity in
the crystalline lattices, which introduces electronic defects in the band
gap of the semiconductor. These traps can then be filled with charge
carriers of the adjacent grains. A depletion zone is thereby formed on
both sides of the barrier, which leads to an energy barrier for passing
charge carriers. The effective mobility in the material can be assumed
to be mainly dominated by thermionic emission [105] and tunnelling
across the barrier.

2.6.3

Zinc oxide

Zinc oxide (ZnO) exhibits two main crystalline forms: cubic zincblende and
hexagonal wurtzite. Figure 2.14 shows a schematic drawing of the wurtzite
structure. In yellow the oxygen atoms are indicated, whereas the grey spheres
represent the zinc atoms. The outline of a unit cell is shown by the black solid
lines. The tetrahedrally coordination of each atom is indicated in one case
each for Zn and O atoms. The c-axis is shown on the left.

F IGURE 2.14: Schematic drawing of the wurtzite structure; modified from [121].

Under ambient condition the wurtzite structure proves most thermodynamically stable. The zinc blende structure can only be grown in a stable form
on cubic substrates. By using relatively high process pressures also the rocksalt structure might be obtained [122]. Undoped zinc oxide is an n-type semiconductor with a large direct band gap of around 3.3 eV at 300 K and is therefore highly transparent in the visible spectrum. In the past, intrinsic defects
(oxygen vacancies and interstitial zinc atoms) or unintentional incorporation
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of hydrogen or copper impurities during deposition of the material were often
named as a reason for this n-type behaviour [123]. As thoroughly discussed
by Janotti et al. [124], the material science community recently tends more
towards the idea that oxygen vacancies are deep donors that thus can not
contribute to the material’s conductivities [125] [126] [127]. Also the contribution of Zn interstitials has been found to be an unlikely cause of the n-type
behaviour of as grown ZnO [128] [129]. Thus, impurities such as hydrogen,
which is present in most of the growth or processing environment of ZnO,
is expected to act as the shallow donor [130] [131]. A strong bond between H
and O is formed in the material, leading to the shallow donor behaviour [130].
Due to its intrinsic n-type nature, it is relatively easy to achieve n-type
doped ZnO. This can be done for example by doping ZnO with an element of
group III (boron (B), aluminium (Al), gallium (Ga) or indium (In)) [105]. The
electrical properties of the ZnO can be varied from insulator over semiconductor even towards a metal, while at the same time maintaining a high optical
transparency [123]. Carrier concentrations over 1021 cm−3 can be achieved this
way [105]. For many applications p-type ZnO would also be desirable. However, this seems rather difficult to achieve. A complex growth process, such
as co-doping, is needed. So far, p-type doping has either failed or resulted in
an unstable material that loses its p-type character over time.
ZnO has found numerous applications, such as low-loss surface acoustic
wave (SAW) filters [132], gas sensors [133], varistors (voltage-dependent resistors) [134], and light-emitting diodes [135]. Moreover, zinc oxide is very
attractive for solar cell implementation. One of its advantages over the commonly used ITO is its lower price [105] and it has been implemented as transparent electrodes in amorphous silicon thin film solar cells [136] and window
layer and TCO in Cu(In,Ga)(S,Se)2 thin film solar cells [137] [138].

Carrier transport - comparison of ZnO and ITO
In Chapter 6 ZnO:B is implemented as front TCO in SHJ solar cells and compared to reference solar cells with ITO. Therefore, the differences in carrier
transport of these two materials have to be considered. Ellmer et al. [105]
investigated ZnO and ITO regarding their mobilities. It has been found, that
ZnO shows a tendency to lower mobilities than ITO. They explain this by the
following factors:
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First of all, a larger amount of defects is present in ZnO compared to ITO
if both materials are deposited under comparable conditions. In general, indium oxide also easily develops defects during the production process. However, for magnetron sputtering, by which the ITO used in Chapter 6 is deposited, the defect formation is expected to be rather low at moderate particle
energies [105]. ZnO usually contains a high amount of stacking faults which is
often combined with oxygen vacancies in their neighbourhood. These oxygen
vacancies have a charge of Z = 2. Since µ ∝ Z −2 , the mobility is more strongly
reduced in case of oxygen vacancies compared to singly ionized dopants of
the group III (B+ , Al+ , Ga+ ).
Second, ZnO is a polar semiconductor. Stress along the c-axis (see Figure 2.14) can lead to electrical charges, thus piezoelectric activity. This intrinsic stress can be induced by lattice mismatch between grains or growth
defects such as a non-perfect crystal structure within a grain. The thereby
induced charges at the grain barrier enhance scattering [105]. ITO is, unlike
ZnO, a cubic material without piezoelectric effect and therefore inhibits less
charged defects [105]. Moreover, ITO is outstanding in the way that even its
amorphous state shows high mobilities. This is most likely caused by the
large contribution of the ns orbitals to the conductivity band. Neighbouring
ns orbitals have a large overlap with neighbouring orbitals. Their large radii
causes a considerable band dispersion [139]. Figure 2.15 shows a schematic
representation of the different orbitals of a) covalent semiconductors such
as silicon and b) post-transition metal oxide semiconductors such as indium
oxide. The large overlap of the metal ns-orbital in the case of a crystalline as
well as an amorphous structure of a post-transition metal oxide can clearly
bee seen in Figure 2.15 b). Additionally, the surface of highly conductive ITO
is found to be metallic due to metallic surface states (not because of conduction band electrons) [140]. It is possible, that also at internal potential barriers
(i.e. grain barriers) metallic surface states lower the barrier height. Thereby,
the mobility would be enhanced.
ZnO/emitter interface
The behaviour of the TCO/emitter layer contact in SHJ solar cells has been
investigated by Ghahfarokhi [107]. In the following his findings are summarized. Commonly used TCO materials are n-type. Hence, an ohmic contact
with another n-type material can be achieved without much effort. In case
of n-type wafer based SHJ solar cells, as prepared in Chapter 6, this means a
good ohmic contact towards the a-Si:H(n) BSF layer on the back of the solar
cell can be accomplished. On the front side of the cell, however, the emitter
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F IGURE 2.15: Representative drawing of the orbitals of crystalline (top) and
amorphous (bottom) covalent semiconductors such as silicon (a) and posttransition metal oxides such as indiu moxide (b); reprinted by permission from
Macmillan Publishers Ltd: Nature [141], copyright (2004).

2.6. The transparent conductive oxide layer

35

layer consists of a p-type material. Hence, a tunnel contact has to be formed
which requires the hole from the emitter layer to recombine with electrons
from the TCO layer. An important aspect of this TCO/emitter contact is the
band alignment. The TCO material has a lower work function than common
a-Si:H(p) emitter layers and also nc-Si:H(p), which we implement to facilitate
a good contact between the emitter and TCO material in Chapter 6. Thus, a
Schottky barrier is generated at the interface. This means a depletion layer
almost free of charge carriers is formed at the junction. A potential barrier
is created that needs to be overcome by charge carriers. In case of a low
TCO work function and/or a low doped emitter layer, the barrier high will
increase. Obviously, a large Schottky barrier height has an unfavourable effect on the charge carrier transport and thus the F F and thereby the performance of a solar cell [142]. For a too high barrier, the J-V curve of the solar
cell can even exhibit an S-shape. Moreover, the V OC can be decreased and
even the complete p-layer depleted [143]. Judging by this, it seems that a low
work function TCO such as doped ZnO should be avoided for the implementation as TCO on the p-type side of SHJ solar cells. However, Ghahfarokhi
found that the previously mentioned effects can be overcome (also in case of
an nc-Si:H(p) emitter layer) if the emitter layer is highly conductive [107]. We
use the same approach for the SHJ solar cells with ZnO:B TCO layer investigated in Chapter 6, by implementing the highly conductive nc-Si:H(p) contact
layer between the TCO and emitter layer.

Material preparation - atomic layer deposition
ZnO can be grown by various methods such as hydride vapour phase epitaxy
(HVPE) [144], hybrid beam deposition (HBD) [145], molecular beam epitaxy
(MBE) [146], laser molecular beam epitaxy (laser MBE) [147], pulsed laser deposition (PLD) [148], metal-organic chemical vapour deposition (MOCVD)
[149] [150], photo assisted metal-organic chemical vapour deposition (photoMOCVD) [151], expanding thermal plasma chemical vapour deposition (ETPCVD) [152], plasma enhanced chemical vapour deposition (PECVD) [153],
atmospheric pressure chemical vapour deposition (APCVD) [154], low pressure chemical vapor deposition (LPCVD) [155], sol-gel deposition [156], spray
pyrolysis [157], sputtering [158], chemical bath deposition (CBD) [159], and
atomic layer deposition (ALD) [114].
The ZnO implemented in SHJ solar cells in Chapter 6 is grown by atomic
layer deposition. The ALD process will be described in detail in Chapter 3. It
can be shortly summarized as a preparation method for thin films based on

36

Chapter 2. Literature review

chemical vapour deposition during which an alternating use of gas precursor
species leads to a deposition of individual atomic layers on a samples surface.
This results in a high controllability regarding the material thickness and composition which is related to its doping. For the growth of ZnO via ALD usually
diethylzinc ((C2 H5 )2 Zn, DEZ) as a Zn precursor and deionized water vapour
(DI-H2 O) as an oxygen supplying reactant is used. In certain cases also pure
oxygen (O2 ) can be used as reactant [160]. To achieve the Zn growth, alternative precursors such as methylzinc isopropoxide ((CH3 )Zn(OCH(CH3 )2 ,
MZI)) [161] and dimethylzinc (Zn(CH3 )2 , DMZ) [162] can be used. In order
to dope zinc oxide with aluminium (ZnO:Al, AZO), traditionally trimethyl
aluminium ((Al(CH3 )3 )2 , TMA) is used as aluminium precursor. Recently,
also dimethylaluminium isopropoxide ((Al(CH3 )2 (Oi Pr))2 , DMAI)2 came to
attention for aluminium doping of ZnO [114] [163]. For boron doping, mostly
diborane (B2 H6 ) has been used. However, diborane comes with severe safety
and toxicity hazards such as being fatal if inhaled. Therefore, extended safety
measures have to be implemented in the equipment and laboratory using diborane, which might lead to a more costly laboratory facility. Thus, a replacement of diborane is desirable. Lately, triisopropyl borate (B(Oi Pr)3 ), TIB) has
come to attention for this purpose [114]. Table 2.1 lists the reactions of the
human body to different exposures of diborane and TIB in comparison. Not
much data is available regarding the toxicity of TIB. However, judging from
the accumulated information listed in Table 2.1, it is presumably a much safer
alternative to diborane. We explore the possibility of implementing ZnO:B
prepared with the TIB precursor in Chapter 6 and show to our knowledge the
first SHJ solar cell with this type of ZnO:B.
TIB has a larger ligand than the commonly used boron precursor diborane. Differences in the ligands of various precursors for the same element
might have an influence on the deposited material. A ligand is a functional
group3 that is bound over a coordinated bond to a central metal atom and
thereby forms a coordination complex. Both electrons of the shared electron
pair originate from the ligand. Molecules with large functional groups might
sometimes not take part in reactions that would occur for related molecules
with smaller groups. In case the size of the groups is the reason to prevent
those reactions, the so called “steric hindrance effect” takes place. It is caused
by the space that atoms within a molecule occupy. For precursor with larger

2

Note, that here and in the following “i Pr” stands for “isopropyl”.
A functional group is a group of atoms within a molecule, which leads to the characteristic
chemical reactions of those molecule
3
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TABLE 2.1: Comaprison of the consequences of different types of exposure of
the human body to diborane [164] and triisopropyl borat [165] [166], and their
flamability.
Type of exposure

Diborane

Triisopropyl borate

Inhalation

Fatal (causes death)

Might be harmful after
prolonged inhalation

Skin exposure

Causes severe skin
burns

Might cause temporary
skin irritation

Eye exposure

Causes serious eye
damage

Might cause temporary
eye irritation

Swallowing

Very toxic

Expected to be low
ingestion hazard

Flammability:

Extremely flammable4

Highly flammable5

ligands, for example TIB and DMAI as compared to TMA, steric hindrance
is assumed to occur. The rather “bulky” isopropyl ligands of TIB and DMAI
are suspected to “block” a part of the material’s surface and prevent other
precursor molecules to become attached to the surface within this space. Figure 2.16 illustrates the steric hindrance at the example of the diborane and
TIB precursor. A less dense distribution of the dopant atoms, i.e. a lower doping fraction, is the result of steric hindrance. It should be mentioned, that the
doping fraction does not have to be proportionally related to the doping efficiency of the film, since not every dopant atom necessary contributes charge
carriers to the material. Formation of metal oxides, clustering of dopants,
the occupation of interstitial sites by dopants or the formation of metastable
phases might be formed instead and make the dopant inactive [114] [163].

4
Liquids with a flashpoint < 0°C and a (initial) boiling point ≤ 35°C are considered "extremely flammable"[167]. The flashpoint is defined as the the lowest temperature at which a
vapour will ignite if exposed to an ignition source.
5
Liquids with a flashpoint < 21°C, which are not extremely flammable, are considered
"highly flammable"[167].
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F IGURE 2.16: Schematic representation of the effect of steric hindrance shown
for the example of diborane and TIB; based on [163].
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Chapter 3

Experimental techniques and
concepts
In this chapter, the experimental methods and concepts used for the research
carried out within the scope of this thesis are described. First, the layer structure of the deposited material samples and complete solar cells are illustrated.
Thereafter, the different fabrication methods such as plasma enhanced chemical vapour deposition (PECVD), hot wire chemical vapour deposition
(HWCVD), atomic layer deposition (ALD), and magnetron sputtering, as well
as necessary steps to prepare the samples, are explained. The characterization
techniques to evaluate the structure and the optical and electrical properties
of the materials are presented. At the end, the setups and methods used to determine the performance of complete solar cell devices, i.e. the solar simulator
and spectral response setup, are presented.
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Device design

Several different types of samples and devices are fabricated and analyzed
during the research described in this thesis. Their layout will be illustrated in
the following.

3.1.1

Samples for material characterization

In order to analyze the properties of the developed material, individual layers
or layer stacks are prepared. Figure 3.1 shows a schematic drawing of the samples used for the optical, electrical, and structural measurements. Depending
on their application, different samples are fabricated on various substrates.

F IGURE 3.1: Schematic drawing of the samples used to determine electrical, optical, and structural properties of the investigated materials. The different layer
thicknesses are given in the different characterization sections. The silver contacts are optional.

In Chapter 4 and Chapter 5 p-type nanocrystalline silicon oxide
(nc-SiOx :H(p)), and as reference p-type amorphous silicon (a-Si:H(p)), is investigated. The materials are either grown directly on the substrate or on
a pre-coating of intrinsic amorphous silicon (a-Si:H(i)). The samples for optical and electrical characterization are grown on Corning borosilicate Eagle
XG glass. The samples dedicated to cross-sectional transmission electron microscopy (TEM) are prepared on double sided polished (DSP) float zone (FZ)
n-type c-Si <111> oriented wafers and are finished with a protective zinc oxide
(ZnO) coating. For top view TEM measurements samples have been prepared
on silicon nitride (Si3 N4 ) TEM windows. For the measurements performed in
Chapter 4, silver contacts are only applied on the samples dedicated to electrical measurements. For practical reasons, all characterization samples used
in Chapter 5 possess silver contacts.

3.1. Device design

41

In Chapter 6 the optical and electrical properties of boron-doped zinc oxide (ZnO:B) are investigated. c-Si wafers covered with thermally grown silicon dioxide (SiO2 ) and 7059 Corning glass are used as substrates for the
ZnO:B deposition.
For all these samples, the silicon based layers are prepared by radio frequency plasma-enhanced chemical vapour deposition (RF-PECVD). The
ZnO:B material is grown by atomic layer deposition (ALD). The silver contacts are thermally evaporated.

3.1.2

Passivation samples

In Chapter 5 the passivation properties of layer stacks including the
nc-SiOx :H(p) material developed in Chapter 4 are evaluated. To this end,
different passivation samples on DSP FZ c-Si n-type <111> wafer are prepared. First, a hydrofluoric (HF) acid dip is performed to remove oxides of
the wafer surface. Thereafter, the back side is coated with a 5-nm a-Si:H(i)
buffer layer, followed by either a 20-nm n-type amorphous silicon (a-Si:H(n))
layer or a 20-nm nc-SiOx :H(p) layer. The wafer is flipped during a short
(several seconds) vacuum break and the front side was coated either with an
a-Si:H(i)/nc-SiOx :H(p) layer stack or directly with the nc-SiOx :H(p) layer. The
front i-layer has a thickness between 0 nm (no layer) to 5 nm. The nc-SiOx :H(p)
is 20 nm thick. Figure 3.2 shows a schematic drawing of these passivation
samples. All layers are prepared by RF-PECVD.

F IGURE 3.2: Schematic drawing of the passivation samples.

3.1.3

Solar cells

Complete silicon heterojunction (SHJ) solar cells are fabricated and their analysis is presented in Chapter 6. Figure 3.3 shows a schematic drawing of the
solar cells structure based on either a DSP FZ c-Si n-type <111> wafer or a
textured Czochralski (Cz) n-type <100> c-Si wafer, which has <111> facets
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due to the texture etch. Similar to the passivation samples, the oxides on
the wafer surface are first removed by a dip in HF acid. Afterwards, the
wafers are coated on the back side with a 5-nm a-Si:H(i) buffer layer, providing good passivation of the c-Si wafer surface. It is followed by a 20-nm
a-Si:H(n) layer creating a back surface field. This helps to repel minority
charge carriers from the back of the cells and thus limits the recombination
of charge carriers. After these silicon layers are deposited, the wafer is flipped
during a short (several seconds) air break and its front side is coated. A
5-nm a-Si:H(i) buffer layer is deposited, followed by an emitter layer stack
consisting of a thin (5 nm) p-type nanocrystalline silicon (nc-Si:H(p)) nucleation promoting layer, the 12-nm nc-SiOx :H(p) main part of the emitter layer,
and a thin (3 nm) nc-Si:H(p) contact providing layer. The function of the
emitter layer stack is the creation of the p-n junction of the solar cell and
thereby the introduction of the desired band bending inside the absorber layer
that leads to a selection of the created charge carriers at each side of the
wafer. The nucleation enhancing layer is needed in order to shorten any
incubation phase of the following nc-SiOx :H(p) layer. The nc-Si:H(p) contact providing layer enables a good electrical contact to the following transparent conductive oxide (TCO) layer. The front side of the cells is finished
by a 75-nm TCO layer, and a metal grid serving as front contact. The TCO
layer provides a good conductivity in lateral direction in order to effectively
transport the charge carriers to the metal grid. Moreover, together with the
nc-SiOx :H(p) layer it serves as anti-reflective coating to enable a large amount
of light to enter the solar cells. The back side of the solar cells is finished with a
75-nm TCO layer and a silver coating serving as back contact. The front TCO
either consists of tin-doped indium oxide (ITO) or ZnO:B. As front grid either
gold (Au) or silver (Ag) is used. The back side is finished either with ITO or
aluminium-doped zinc oxide (ZnO:Al) and the silver coating.
The a-Si:H(i) layers are deposited by hot wire chemical vapour deposition
(HWCVD), the doped silicon based layers are prepared by RF-PECVD. The
ITO layers are RF magnetron sputter deposited on the samples. On the back
ITO is sputter deposited over the whole wafer area, on the front a mask is used
during sputtering to define the cell area of 1 cm × 1 cm of multiple small cells.
All zinc oxide layers are prepared by ALD. During the ALD process, the material is grown by alternating exposure to the precursor gases. The layer growth
is not directional, as e.g. in the case of sputtering or evaporation. Thus, the
application of a mask to define the cell area is not practical. Several millimetre
wide areas underneath the edges of the mask would also be covered with the
ALD prepared material, which would not allow for a defined area of the solar
cells. Thus, in the case of ZnO:B front TCO we cover the complete front side of
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F IGURE 3.3: Schematic drawing of the SHJ solar cells.

the solar cells with the TCO and separate the individual cells later by cleaving
the wafer into smaller pieces. For the ITO-free solar cells the complete back
is coated with ALD ZnO:Al. The metal contacts are evaporated on the solar
cells, while a mask defines the area of the metal grid on the solar cell front
side.

3.2

Material preparation

Several different deposition techniques have been used for the fabrication of
the samples and solar cells investigated within this research project. All silicon based layers have been deposited by chemical vapour deposition, either
in the form of RF-PECVD or HWCVD. The ITO was deposited via RF magnetron sputtering and metal contacts were thermally evaporated. All these
layers were grown at the laboratory of Utrecht University. The ZnO layers
have been prepared by ALD at the NanoLab@TU/e facility. In the following
sections these methods will be described in detail.

3.2.1

HF dip

The FZ wafers used for cross-sectional TEM studies, passivation samples, and
solar cells are covered by a protective oxide due to the RCA cleaning procedure applied by the manufacturing company. Also the textured wafers used
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for solar cell deposition are oxidized due to air exposure. Such oxides should
be removed before the deposition of the buffer layers. Otherwise, the oxides,
due to their high band gap, could form a barrier for the carrier transport and
thus deteriorate the solar cell’s performance. A two minute dip in 1% diluted
hydrofluoric (HF) acid at room temperature is performed to remove these oxide layers. Afterwards, the wafers are blown dry with nitrogen gas (N2 ) and
then loaded in the deposition setup.

3.2.2

Plasma-enhanced chemical vapour deposition

During plasma-enhanced chemical vapour deposition (PECVD) a thin layer
is grown from a gas phase. An RF-electric discharge is created between two
electrodes, enabling the chemical reactions necessary for this deposition. In
laboratories and industry PECVD is a well established technique for thin film
manufacturing. Due to the assistance of the plasma in decomposing the gas
molecules, favourably low deposition temperatures suitable for SHJ solar cell
production are achieved.

During the work described in this thesis, amorphous and nanocrystalline
silicon based layers are deposited by 10 x 10 cm2 substrate area PECVD in a
parallel plate reactor from pure silane (SiH4 ) or a silane containing gas mixture. For boron doping trimethylboron (B(CH3 )3 , TMB) and for phosphorous
doping phosphine (PH3 ) is added. To achieve nanocrystalline silicon oxide,
carbon dioxide (CO2 ) and hydrogen (H2 ) is added. The reactor’s geometry
can be imagined in a simple way as a horizontal standing parallel plate capacitor. The grounded substrate holder functions as the top electrode, while
the bottom electrode is powered with a RF (13.56 MHz) alternating current to
create a glow discharge. The plasma is ignited by the oscillating electrical field
between the electrodes. Free electrons are accelerated by the electric field and
collide with gas molecules, which leads to a dissociation of the gas. Thereby,
atoms, positive and negative ions, radicals (reactive molecules or atoms), and
more free electrons are produced. Secondary reactions take place between
those species. At high enough energies, silane molecules will dissociate with
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the following reactions; modified from [168]:
SiH4 + e− → SiH+3 + H2 + 2e−
→

SiH+2
+

(3.1)

+ H2 + 2e

−

(3.2)

→ SiH + H2 + H + 2e

−

(3.3)

→ Si H + H2 + 2H + 2e

(3.4)

→

(3.5)

+

SiH●3

−

+H +e
●

SiH4 + H → SiH3 + H2

−

(3.6)

The reactive species are then transported by diffusion towards the substrate. There, they can become adsorbed on the surface and react with other
adsorbed species or surface atoms. The adsorbed species and/or reaction
products can diffuse on the surface to ultimately chemisorb. Thereby, nuclei
can grow from islands to a complete film [169].
Since the electrons are lighter than other species within the plasma they
can accelerate faster. This leads to a higher flux of electrons on a substrate’s
surface as compared to positive ions. Hence, any material in contact with the
plasma, such as the electrodes, will become negatively charged with respect to
the plasma potential [170]. Additionally, the powered electrode will become
negatively charged with respect to the grounded electrode and exhibits the so
called bias voltage (V bias ).
The plasma can be divided in two areas, the bulk plasma in the centre area
between the electrodes and the plasma sheath close to the electrodes. This
sheath is also called electrostatic sheath or Debye sheath, due to its typical
thickness of several Debye lengths. One Debye length is the distance during
which the electrical potential caused by the local excess charge decreases by a
factor of 1e , with e being the Euler’s number. Due to the presence of positive
ions and neutral atoms, in combination with a lack of electrons and negative
ions, a positive space charge region is formed in the sheath. The negative
ions are trapped in the bulk of the plasma and might lead to the formation of
dust caused by gas phase reactions. Generally, the gas particles remain in the
reaction region in the order of one second. To suppress the unwanted dust formation a longer residence time should be avoided. Otherwise, it may result in
voids and defects in the deposited material [168]. The residence time depends
on the chamber pressure, volume, and throughput of the gases. Since the
chamber volume usually stays constant, the residence time can be controlled
by changing the flow of the process gases relative to the chamber pressure.
However, when doing this one has to keep in mind that some pumps might
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pump certain gases more efficiently than other gases. In that case a changing
of the process gas flow rate might alter the gas mixture present in the chamber. To further avoid any effects of potential dust, the electrode on which the
substrate is mounted (grounded electrode) is usually the top electrode, allowing for the substrate to be mounted facing downwards.
The RF-PECVD depositions carried out within the research described in
this thesis have been performed in the PASTA (Process equipment for Amorphous Silicon Thin-film Applications) reactor [171]. This multi-chamber high
vacuum deposition system is equipped with different process chambers for
intrinsic, n-type, and p-type material in order to suppress any cross contamination and unintentional doping. The intrinsic buffer layer and the subsequent doped layers are deposited without an intermediate vacuum break.

3.2.3

Hot wire chemical vapour deposition

During hot wire chemical vapour deposition (HWCVD) a thin film is deposited from a gas or gas mixture. To achieve this, the gas molecules have
to decompose. Unlike in PECVD, this does not happen as a result of collisions
between electrons and gas molecules. Instead, a hot catalyst enables catalytic
or pyrolytic (thermochemical decomposition of organic molecules in the absence of oxygen) reactions [172]. Resistively heated filaments (“hot wires”)
serve as catalyst. A hot substrate is not inevitable for HWCVD deposition,
since the substrate temperature can be adjusted independently of the filament
temperature.
At filament temperatures above 1500°C, silane molecules are catalytically
decomposed in the vicinity of the hot catalyst, resulting in silicon and hydrogen atoms [173]:
SiH4 = Si + 4H.
(3.7)
In the following, the atomic hydrogen reacts with silane as
H + SiH4 = SiH3 + H2 ,

(3.8)

while H2 can form atomic hydrogen again:
H2 = H + H.

(3.9)

The thin silicon layer is then deposited from these silicon and hydrogen
containing species.
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HWCVD is also know as catalytic chemical vapour deposition (cat-CVD),
initiated chemical vapour deposition (iCVD), thermal chemical vapour deposition (thermal CVD), and hot filament chemical vapour deposition (HFCVD). Next to tungsten (W), tantalum (Ta) is a very common filament material for these depositions. During silicon deposition with tantalum filaments
different types of silicides (binary metallic compounds involving silicon) are
created. With time, this leads to a shell around the tantalum wire. By prolonged vacuum annealing of the filament, the silicide can again be removed,
resulting in a tantalum wire with almost identical diameter and resistance as
in its pre-deposited state, as has been shown for tantalum filaments used for
device quality deposition of a-Si:H(i) and µc-Si:H(i) [174].
In Chapter 6 HWCVD is used for the deposition of the a-Si:H(i) buffer
layers for SHJ solar cells. The reaction chamber is part of the PASTA system.
The buffer layer and following doped layers are deposited without breaking
the vacuum in between. The layers are deposited on 10 x 10 cm2 substrate
area from pure silane at a rate of 0.4 nm/s with the help of two tantalum
filaments of 3 mm diameter located 4 cm below the substrate.

3.2.4

Atomic layer deposition

Atomic layer deposition (ALD) is a process to deposit thin layers from a gasphase using sequential self-limiting surface reactions. During a typical ALD
process, the substrates surface is exposed to two or more different gases in
a cyclical repeated manner. The individual gases are introduced separately
into the reactor chamber without an overlap in exposure time. To prevent any
combination of gas particles of the previously dosed precursor and volatile
by-products of the reaction with the following precursor, the reactor chamber
is purged between exposures. A new monolayer of material is grown on the
substrate’s surface during each precursor exposure, in a self-limiting manner.
This is caused by the newly grown species on the substrates, which acts as
a passivator for further reactions with the same precursor gas. By the following exposure to the reactant the surface is then reactivated. Due to this
self-limiting nature of the surface reaction processes, the material is slowly
deposited with a thickness controllability in the order of one Ångström [175]
(1 Ångström = 10−10 m, the typical order of magnitude of the distance between atoms in a crystalline structure). Different types of ALD exist, such
as thermal ALD [176], plasma-assisted ALD [177], and radical enhanced ALD
[178] (e.g. with the help of a hot filament).
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Other names for the ALD process are atomic layer epitaxy (ALE, not to be
confused with “atomic layer etching” which is also abbreviated with “ALE”),
atomic layer chemical vapour deposition (ALCVD), binary reaction sequence
chemistry, molecular layering, and molecular layer epitaxy. The process comes
with several advantages: it shows the highest conformity on high aspect ratio structures of all thin layer deposition methods [175], the material thickness and composition is highly controllable, and in contrast to sputtering or
PECVD no ion bombardment or charging takes place on the surface in the
case of thermal ALD. For plasma-assisted ALD however, there is ion bombardment on the substrates surface.
The ZnO layers used within this research were prepared by thermal ALD
in an OpAL® system, an open loaded ALD tool from Oxford Instruments
plc. As precursor gases diethylzinc ((C2 H5 )2 Zn, DEZ) as zinc source and
triisopropyl borate (B(Oi Pr)3 , TIB) for boron doping or trimethylaluminium
(Al2 (CH3 )6 , TMA) for aluminium doping was used. Water vapour was introduced as a reactant into the system (to reactivate the deposited mono-layers
and oxidize them), purging was done with nitrogen gas. A schematic illustration of the self-limiting process of undoped ZnO ALD is shown in Figure 3.4. Figure 3.5 shows the overview of the deposition sequence of doped
ZnO material. In case of undoped material, the doping cycle (marked in red)
is not preformed.

F IGURE 3.4: Schematic illustration of the thermal ALD preparation of undoped
ZnO (modified from [179]).

3.2. Material preparation

49

F IGURE 3.5: Overview of the deposition steps of the ALD process of doped
ZnO, indicating the variable number of ZnO deposition cycles m after which
one dopant cycle is introduced, together forming a complete supercycle.

3.2.5

Radio frequency magnetron sputtering

Sputtering is a technique to deposit a material from a solid state target onto a
substrate. By ion bombardment neutral atoms and/or molecules of the solid
target are transferred to the gas phase and then deposited on the substrate.
Different kinds of sputtering techniques exist, such as direct current sputtering, high frequency sputtering, reactive sputtering, ion beam sputtering,
atomic beam sputtering, and magnetron sputtering. The ITO layers used in
Chapter 6 were deposited with magnetron sputter with an In2 O3 :Sn2 O3 (10%
Sn2 O3 ) target and argon (Ar) gas in a setup from Kurt J. Lesker Company® ,
named SALSA (Sputtering Apparatus for Light Scattering Applications) [180].
The operation of this particular sputtering apparatus is described below.
The geometry of the active area of a sputtering reactor can be in a simplified manner imagined as a horizontal standing parallel plate capacitor.
The target functions as the bottom electrode (cathode), while the substrate
is mounted on the grounded top electrode (anode). The sputtering gas (Ar, or
an Ar/H2 mixture) is introduced into the reactor and an RF glow discharge,
also called a plasma, is ignited. Due to similar effects as in PECVD, the positive argon ions located at the edge of the bulk plasma are drawn towards the
negative potential of the target. During collisions of the ions with the target
the momentum and energy of the ions is transferred to atoms and molecules
of the target in a cascade reaction. After several collisions with ions, neutral
atoms and/or molecules of the target can gain enough momentum to become
detached from the target and are thereby transferred into the gas phase. By
condensation on the substrate a thin layer of the target’s material is grown.
In magnetron sputtering, additionally to the electrical field, a magnetic
field which influences the electrons (lower mass) significantly, while hardly
affecting the ions (higher mass), is applied around the cathode. Due to the
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Lorenz force, the electrons are forced on a helical trajectory. Thus, their path
within the plasma is enlarged leading to a higher number of collisions and
with this a higher number of ions. This allows for the use of favourably
low pressures, and thereby prevents further collisions between the sputtered
atoms and the target [180].

3.2.6

Thermal evaporation

The metal contacts used for electrical measurements and solar cell contacting
are applied by thermal evaporation in a low pressure evaporator. For this
purpose, the contact material (Ag or Au) is placed in a tungsten boat, which
is then heated by passing a current through it. The metal is thereby melted
and finally evaporated, while the tungsten boat remains solid due to its high
melting point of above 3000°C. The substrate is mounted facing down several
tens of centimetre above the boat, in order to allow the metal vapour to deposit on the sample. The substrate temperature is kept below 100°C as a result
of low pressure and spatial distance to the heat source. To define the area of
the contacts a metal mask is applied on the substrate.

3.3

Material characterization

The developed materials and solar cells are investigated in detail by several
different characterization methods. The spectroscopic ellipsometry and the
four point probe measurements are performed at Eindhoven University of
Technology. The TEM samples are investigated at the facility at Philips Research and Philips Innovation Services. For all other characterization techniques, setups located in the Solliance Laboratory at the High Tech Campus
Eindhoven, either from Utrecht University or from the Energy research Centre
of the Netherlands (ECN) are used.

3.3.1

Reflection and transmission

Reflection and transmission measurements are performed with two different
devices. An “RT-mini” setup operated with the software program SCOUT
[181] is used to investigate the silicon based material, while the transmission
of the TCO layers is recorded with an UV-VIS-NIR spectrometer (Carry 5000,
Agilent).
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RT-mini setup
The RT-mini setup measures the specular reflection and transmission of the
investigated sample in a wavelength range between 380-1050 nm. A halogen lamp is utilized as light source, while a photo-detector array is used for
the measurements. The software program SCOUT with the implemented OJL
inter-band transition model [182], expressing the density of states distribution
of an amorphous semiconductor, is used to determine the real (n) and imaginary (k) part of the refractive index. By comparison to Optics2 simulations
[183], it has been shown that this procedure gives correct simulation data for
the mixed-phase nc-SiOx:H(p) material [184]. The absorption coefficient (α),
is determined from this as:
4⋅π⋅k
α=
,
(3.10)
λ
with λ denoting the wavelength of the incident light. Additionally, the samples thickness is extracted from the fit. Moreover, E 04 , the photon energy
associated with α = 10−4 cm−1 , which serves as a measure for the band gap, is
calculated from the retrieved values. The nc-SiOx :H(p) samples used for this
measurements were deposited on Corning borosilicate (Eagle XG) glass and
had a thickness of 185 (± 10) nm.
UV-Vis-NIR spectrometer
The UV-Vis-NIR spectrometer is used to measure the transmission data between 175-3300 nm, allowing for an observation of a larger wavelength region
than the RT-mini setup. Moreover, it possesses an integrating sphere enabling
highly precise measurements of the transmitted light, including the diffusely
scattered light. The samples used for this measurement were deposited on
Corning borosilicate (Eagle XG) glass and had a structure of 5 nm a-Si:H(i) +
10 nm a-Si:H(p), or 5 nm a-Si:H(i) + 20 nm nc-SiOx :H(p), respectively.

3.3.2

Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) uses polarized light to investigate the dielectric properties of thin films, such as the real and imaginary part of the refractive index and the complex permittivity as well as the layer thickness. To this
end, the reflected or transmitted light is detected and the changes in polarization are analyzed. Figure 3.6 shows a schematic drawing of the measurement
setup we use. The unpolarized light first passes through a polarization filter,
resulting in linearly polarized light. Thereafter, it passes a rotating compensator and is incident on the substrate as linearly polarized light. After reflection from the substrate the light is elliptically polarized. It then passes a fixed
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polarization state analyser (a polarizer) and finally enters the detector. The
changes in polarization are visible in the phase shift difference (∆) and the
amplitude ratio (Ψ) upon reflection between the parallel and perpendicular
polarized part of the light (p-polarized and s-polarized). In simple sample
structures, ∆ is directly correlated to the refractive index n, while Ψ is directly correlated to the light absorption described by the extinction coefficient
k [185].

F IGURE 3.6: Schematic overview of a spectrometric ellipsometry measurement.

We used a J.A. Woollam Co. M2000® UV ellipsometer mounted on a gonio stage allowing for measurements under different angles. The retrieved
data is analyzed with the CompleteEASE® software. For the analysis of the
nc-SiOx :H(p) material in Chapter 5 a Bruggeman effective medium approach
model [186] with Cody-Lorentz oscillator was used to determine the absorption coefficient (α). The band gap E 04 is then determined as α(E04 ) = 104 cm−1 .
The samples were deposited on Corning borosilicate (Eagle XG) glass and
consisted of a layer stack of 5 nm a-Si:H(i) + 20 nm nc-SiOx :H(p).
To analyze the ZnO material developed in Chapter 6 a Psemi-M0 model
[187], a parametric oscillator structure model for dielectric functions, is used.
It consists of either finite magnitude discontinuities of zero-width, finite order
polynomials or a combination of both [188] and is used to calculate the refractive index (n), the extinction coefficient (k), the absorption coefficient (α), and
the thickness of the ZnO layer. The band gap E g is then determined from α.
To this end,
y(hν) = (α ⋅ h ⋅ ν)n ,
(3.11)
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where ν represents the frequency of the light wave and h the Planck constant,
is plotted. Depending on the type of material different values for n have to be
chosen. For direct band gap materials, such as ZnO, n = 2 holds. E g = h ⋅ ν is
then retrieved as the intersection of the x-axis of the straight line fit through
the plotted data. The samples were deposited on silicon wafers covered with
a thermally grown SiO2 and consisted of 75 nm ZnO:B.

3.3.3

Activation energy

In a semiconductor the activation energy E A is the distance between the Fermi
level and the nearest band edge. Together with knowledge about the band gap
value, the activation energy allows for a judgement of the location of the Fermi
level with respect to the conduction and valence band. We extract the activation energy from the slope of the Arrhenius plot (the logarithm of the conductivity plotted against the inverse temperature) of temperature-dependent
dark conductivity measurements in vacuum. As substrate, Corning Eagle
XG glass, which does not contribute to the measured conductivity because
of its high resistivity, has been used. Two coplanar contacts, with a distance
of 0.5 mm between them and a contact length of 2 cm, have been applied on
the samples. The conductivity σ can be measured as
σ=

I w
⋅
,
V l⋅d

(3.12)

with I denoting the measured current, V the applied voltage, w the distance
between the contact, l the contact length, and d the film thickness. The conductivity depends on the material’s temperature T according to
σ(T ) = σ0 ⋅ exp (

−EA
),
kB ⋅ T

(3.13)

with σ0 being the conductivity prefactor and k B the Boltzmann constant. Equation 3.13 can be transformed into
ln[σ(T )] = −

EA 1
⋅ + ln(σ0 ).
k T

(3.14)

The activation energy is then extracted from plotting Equation 3.14. In our experiments we perform three heating/cooling cycles in a row with an annealing at 140°C for 1h during each cycle. A cooling rate of 0.5°C/min was chosen. Due to setup specifications, the samples are heated rather rapidly, thus
the controlled slow cooling cycle is more suitable for precise measurements.
We determine the activation energy from the third cooling cycle (thus after a

54

Chapter 3. Experimental techniques and concepts

total annealing time of 3h). The repeating of the heating/cooling cycle allows
for an additional control of the material behaviour upon annealing/cooling
in case of unexpected measurement results. In Chapter 4, the samples consist of 185 (± 10) nm nc-SiOx :H(p), whereas in Chapter 5 layer stacks of 5 nm
a-Si:H(i) and 20 nm nc-SiOx :H(p) are investigated.

3.3.4

Four point probe

The sheet resistance of a semiconductor can be measured with a four-point
probe setup. It consists of four metal probes arranged in a straight line. A
set current is applied to the two outer probes, while the voltage drop over the
two inner probes is measured. To ensure that measurements are performed
in the regime of linear current-voltage dependency of the material, a current
sweep is performed. The sheet resistance Rsh (unit: Ω/◻) can be determined
from the current I and the voltage V from the equation
Rsh =

π
V
⋅ .
ln(2) I

(3.15)

From this, the resistivity R (unit: Ω⋅cm) of a specific layer can be calculated as
R = Rsh ⋅ d,

(3.16)

with d being the layer’s thickness. The investigated samples consist of 75 nm
ZnO:B deposited on either 7059 Corning glass, or silicon wafer covered with
thermally grown SiO2 .

3.3.5

Transmission electron microscopy

Transmission electron microscopy (TEM) is used to investigate the morphological and crystallographic structure of the developed nc-SiOx :H(p) material.
During the measurements an electron beam penetrates through a thin sample.
Behind the sample a black and white image is created.
High resolution transmission electron microscopy (HRTEM) allows for an
atomic resolution of the sample, thus the crystalline structure can be investigated. A simplified quantum mechanical explanation of an HRTEM’s functionality is as follows, considering individual electrons incident on the sample. In the sample plane, the electron wave of the individual electron interferes with itself. This leads to a phase difference of the electron wave. The
amplitude of the electron wave in the image plane is then recorded and later
interpreted. When imaging crystalline objects with HRTEM, they are often
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aligned along their zone axis. That way the atoms form a column-like structure along the direction of movement of the incident electron. The electron is
attracted by the positive nuclei and thus changes its direction of movement.
This leads to a pendular trajectory of the electron. This trajectory corresponds
to a phase difference in the wave like nature of the electron. The electron exit
wave that leaves the sample is a superposition between the original electron
plane wave (before entering the sample) and several diffracted waves. The
atomic resolution patterns that are obtained reflect the symmetry of the crystal structure. Moreover, they contain the characteristic inter-atomic distances
oft he lattice under study. Fast Fourier Transformation (FFT) is used to display the symmetry and periodicities locally in a TEM image.
Instead of creating a magnified image of the sample on the CCD camera,
alternatively a diffraction pattern can be created by adjusting the projection
lenses (i.e. the post-specimen magnetic lenses) such that a magnified image of
the back-focal plane can be recorded. Due to the wave like nature of electrons,
the atoms of the sample, which have a large inter-atomic distance compared to
the electron’s wavelength, act as a diffraction grid. This results in diffraction
patterns in which the symmetry and spacings are characteristic for the crystal structure present, which are ring-shaped in the case of polycrystalline and
amorphous solid samples. More discrete rings with higher intensity point towards a more crystalline material. Therefore, a comparison of the crystalline
fraction of materials is possible with this technique.
For our research we use a JEM-ARM200F Cs-corrected Field Emission
Transmission Electron Microscope from JEOL operated at 200 kV. For top view
TEM a silicon nitride TEM window is used as substrate. The sample structures consist of 5 nm a-Si:H(i) + 20 nm nc-SiOx :H(p). For cross-sectional TEM,
a FZ c-Si <111> wafer is used and a protective ZnO coating is applied on top
of the previously described sample structure. A thin lamella is then made
from this cross-sectional sample with the help of a Focused Ion Beam (FIB).

3.3.6

Raman spectroscopy

During Raman spectroscopy the inelastic scattering between incident photons
and the material is utilized to investigate the bonding structure of a sample.
Monochromatic light is incident on the sample. Most of the light is elastically
scattered due to Rayleigh scattering. In a simplified view, some of the photons
absorbed by the material, however, get scattered inelastically corresponding
to the creation or annihilation of molecular vibrations, phonons, and other excitations of the material. When looking at it precisely, the light gets absorbed
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TABLE 3.1: Different modes associated with amorphous or crystalline silicon.
Mode

Raman shifted peak pos.

Amorphous silicon transverse-acoustic (TA)

≈ 150 cm-1

Amorphous silicon longitudinal-acoustic (LA)

≈ 330 cm-1

Amorphous silicon longitudinal-optic (LO)

≈ 440 cm-1

Amorphous silicon transverse-optic (TO)

≈ 480 cm-1

Crystalline silicon TO

≈ 520 cm-1

Small silicon crystals/grain boundaries TO

≈ 510 cm-1

to a virtual state, thus no actual state may exist for the photon absorption.
The scattered photon has thereby either gained energy and thus exhibits a
lower wavelength (anti-Stokes shift) or it has donated energy which leads to
a higher wavelength (Stokes shift). This process is called Raman scattering
and is related to the density of states of the different phonons in the material. The spectrum of the transmitted light thus contains information about
the sample’s vibrational modes and thereby its composition. Table 3.1 shows
the different modes of amorphous and crystalline silicon.
We used a Renishaw inVia confocal Raman Microscope, operated by an
argon (Ar) laser with the wavelength of 514 nm (green), to determine the crystalline fraction f c of the different nc-SiOx :H(p) samples. Figure 3.7 shows an
example of a baseline corrected fitted Raman spectrum of nc-SiOx :H(p). f c is
determined as the ratio between the intensities of crystalline TO peaks to the
total intensity of amorphous TO and crystalline TO peaks of the spectra as
fc =

I510 + I520
.
I480 + I510 + I520

(3.17)

Here, Ix denotes the Gaussian deconvoluted peak area associated to the Raman shifted peak position at x in cm−1 correlated to the transverse optic
modes. The samples used for Raman spectroscopy consist of 185 (± 10) nm
nc-SiOx :H(p) on Corning borosilicate (Eagle XG) glass.
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F IGURE 3.7: Example of a Raman spectrum of nc-SiOx :H(p) (blue line), the individually fitted Gaussian curves (dotted line), and the complete fit (red line).

3.4
3.4.1

Device characterization
Lifetime tester

One of the requirements for a highly efficient SHJ solar cell is a good passivation of its crystalline silicon surface, as discussed in Chapter 2. The passivation quality of a coated wafer can be judged by its minority carrier lifetime, which is the average time that it takes for a minority charge carrier to
recombine. In Chapter 5 we investigate the effect of a layer stack including
nc-SiOx :H(p) with the help of a Sinton WCT120 lifetime tester [189]. The setup
comprises of a Xenon flash lamp with an IR pass filter and a sensor. The sensor consists of a coil connected within a bridge circuit. Bridge circuits are
electrical circuits commonly used in measurement setups. They are made of
two circuit branches and a bypass (“bridge”) between them. The measurement sample (wafer) is placed on the sensor stage and thus its impedance is
inductively coupled to the circuit. During illumination of the wafer charge
carriers are created. This changes the wafer’s impedance, which is contactless detected by the sensor as a change in output voltage of the bridge. The
measurement is performed in a circular region with a diameter of 40 mm. The
wafer is placed centrically on the sensor stage, the effective lifetime is thereby
roughly averaged over the wafer’s centre region. Additionally, a photodiode is connected to the sample stage, allowing for light-intensity dependent
measurements. As a measure for the fraction of incident light absorbed in
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the sample an optical constant correlated to the type of measurement sample, has to be given as input parameter for the evaluation of the photodiode
measurements. In case of a bare c-Si wafer, or a c-Si wafer coated with thin
silicon layers (on one or both both sides) a value of 0.7 is typically used. For
very thin samples the optical constant is decreased, while surface texturing,
as well as anti-reflective coatings, increase the optical constant to 1. This value
of 1 has arbitrary been chosen to be correlated to a photo generated current
of 38 mA/cm2 at 1 sun. Very thick, textured samples with an optimized anti
reflective coating can even reach optical constants values above 1, which is associated to a generate photo current above 38 mA/cm2 [189]. The determined
data is analyzed with software provided by Sinton instruments. Depending
on the value of minority carrier lifetime different models and light pulses have
to be used. For lifetime values below 100 µs, the generalized mode in combination with a slowly decaying light pulse was used. For lifetime values above
100 µs a combination of a short light pulse and quasi transient mode was used
[190].

Quasi transient mode
For this analysis technique, a light pulse that is short (< 10 µs) compared to the
effective minority carrier lifetime (>100 µs) is directed at the wafer. The decay
in photoconductance caused by the recombination of the charge carriers is
evaluated. The effective lifetime τ can then be determined as
τ=

−∆n
.
d∆n/dt

(3.18)

Here, ∆n denotes the injection level and the denominator is the derivative of
said injection level.

Generalized mode
This analyzing technique unites the quasi transient mode with the quasi
steady state mode, a mode used for low minority lifetimes of τ < 100 µs [191].
The generalized mode can be used to measure effective lifetimes above and
below 100 µs. However, the pulse length of the light flash needs to be adjusted
to the effective lifetime by using a short pulse for τ > 100 µs and a long, slowly
decaying light pulse (decay ≈ 2.3 ms) for τ < 100 µs. The effective lifetime is
then calculated as
∆n
τ=
.
(3.19)
G − (d∆n/dt)
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The value of the generation rate G depends on the measurement
regime. In the transient regime G = 0 holds after the light pulse, which results in Equation 3.18. In the quasi steady state regime d∆n/dt = 0 holds,
resulting in
∆n
τ=
.
(3.20)
G
We chose for measurements in quasi transient mode for high lifetime values (τ > 100 µs), since it evaluates the measurement without the need of data
from the photodiode. This eliminates the possibility of measurement errors
due to a wrong input of the optical constant. For low lifetime values (τ <
100 µs), we chose for measurement in the generalized mode, since it results
in slightly better lifetime evaluation as the quasi steady state mode. This is
especially the case for low lifetimes approaching the limit of 100 µs towards
measurements in quasi steady state mode [5].
Implied open circuit voltage
The implied V OC is a measure for the estimated V OC that a complete SHJ
solar cell based on the evaluated lifetime sample will ideally yield. It assumes
all following (additional component) layers to be loss-free. From the excess
carrier density and the separation of the quasi-Fermi levels at a light intensity
of 1-sun the implied V OC can be determined as
VOC, implied =

kB ⋅ T
∆n(N + ∆n)
⋅ ln (
+ 1) .
q
n2i

(3.21)

Depending on the wafer type N denotes either the donor density for n-type
wafer or the acceptor density for p-type wafer, k B denotes the Boltzman’s constant, T the absolute temperature, q the elementary charge, ∆n the excess electron density, which is assumed to be equal to the excess hole density for this
calculation.

3.4.2

Solar simulator

The electrical behaviour of an illuminated solar cell can be imagined as a current source in parallel connection to a resistor (RP ) and a diode (D), and additionally connected in series to another resistor (RS ). This equivalent circuit
is shown in Figure 3.8. The series resistances is caused by the parasitic resistances of a solar cell including various contact resistances [192]. The parallel
resistance is caused by small leaks of current between the contacts. Ideally, RP
should be infinite and RS =0. RP and RS can be approximated from an experimental J-V curve as the inverse of the slope at the points of the open circuit
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voltage V oc (with J = 0) and the short circuit current density J sc (with V = 0).
The output current (J) of a solar cell can be expressed as
J = −Jli + J0 (e

q(V −J⋅RS )
n⋅kB ⋅T

− 1) +

V − J ⋅ RS
.
RP

(3.22)

Here, J li denotes the light-induced current density, J0 the saturation current
density, q the elementary charge, n the diode ideality factor, k B Boltzmann’s
constant, T the absolute temperature, and RS and RP the series and parallel
resistances.

F IGURE 3.8: Equivalent circuit of a solar cell. The current source is drawn as blue
circle.

In order to judge a solar cell’s performance its efficiency (η) and fill factor
(F F ) have to be determined. The fill factor is defined as
FF =

Jmpp ⋅ Vmpp
Pmpp
=
,
Jsc ⋅ Voc
Jsc ⋅ Voc

(3.23)

with P mpp denoting the power density, J mpp the current density, and V mpp
the voltage, all at the maximum power point mpp of the solar cell. The mpp is
the point of the J-V curve at which the solar cell’s output power reaches its
maximum. The solar cell’s efficiency can then be calculated as
η=

Pmpp
Jsc ⋅ Voc ⋅ F F
=
,
Psource
Psource

(3.24)
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with P source being the power density of the incident light. In the case of standard measurement conductions this would be P AM1.5 :
η=

Pmpp
Pmpp
=
.
Psource PAM1.5

(3.25)

Chapter 2 gives a more detailed explanation of those parameters and their implication on a solar cell’s performance.
For the measurements carried out in Chapter 6 a dual beam “Super Solar
simulator” from WACOM ELECTRIC Co., Ltd. assuring a class AAA standard, with an AM1.5 spectrum at an irradiance of 1-sun (1000 W/cm2 ) has
been used. A computer operated “Model 238 High Current Source Measure
Unit” from Keithley Instruments, Inc. was used as voltage source and current
meter.

3.4.3

Spectral response setup

The spectral response setup is used to determine the solar cell’s response to
the individual frequencies of incident light. The output current of a solar cell
is measured during illumination with monochromatic light. The spectral response (SR) is the ratio of the current generated by the solar cell to the power
incident on it. From this, the external quantum efficiency (EQE) can be calculated as the amount of electrons generated by the solar cell per incident
photon on the solar cell. The EQE can be determined for each wavelength λ
and is expressed as:
Jph (λ)
EQE(λ) =
.
(3.26)
e ⋅ Φph (λ)
Here, λ denotes the photon wavelength, e the elementary charge, and Φph the
photon flux. Assuming a conformal response of the solar cell, the short circuit
current density (J sc ) can be calculated from the measurements by convolution
in the following way:
Jsc = e ⋅ ∫ EQE(λ) ⋅ ΦAM1.5 (λ) dλ,

(3.27)

where ΦAM1.5 (λ) is the phonon flux of the AM1.5 spectrum. For the EQE measurements described in Chapter 6 an Optosolar (SR300) setup with a 250 W
xenon lamp and a Jobin Yvon iHR320 monochromator was used.
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nc-SiOx:H(p) emitter layer for
increased transmission
A promising way to further enhance the excellent characteristics of silicon heterojunction (SHJ) solar cells is to enable more light to enter the crystalline silicon (c-Si) absorber of the cell while maintaining a simple cell configuration.
Our approach is to replace the standard amorphous silicon (a-Si:H) emitter
layer with a more transparent nanocrystalline silicon oxide (nc-SiOx :H) layer.
In this chapter, we focus on optimizing the boron doped nc-SiOx :H material properties, grown by radio frequency (13.56 MHz) plasma-enhanced
chemical vapour deposition (RF-PECVD), on the amorphous silicon buffer
layer. The optical and electrical properties of the material have been studied
on samples of 185 (± 10) nm prepared on Corning borosilicate glass (Eagle XG).
An optimized p-type emitter layer with a lateral conductivity of
7.9×10−4 S/cm, combined with a band gap of E04 = 2.33 eV has been fabricated.
Next, 20-nm thick nanocrystalline layers were successfully grown on a
5-nm a-Si:H(i) layer. The crystallinity and thickness were confirmed by transmission electron microscopy (TEM). The effect of different ratios of trimethylboron to silane gas flow rates on the material properties was investigated.
Despite its larger thickness of 20 nm, as compared to conventional window
a-Si:H p-layers of ≈ 10 nm, the novel layer stack of a-Si:H(i)/nc-SiOx :H(p)
shows significantly enhanced transmission compared to the stack with a conventional a-Si:H(p) emitter. Altogether, the chosen material exhibits promising
characteristics for implementation in SHJ solar cells.
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Introduction

Silicon heterojunction (SHJ) solar cells in a back-contacted configuration hold
the record efficiency of 26.33% for crystalline silicon based solar cells [11].
The general main feature of SHJ solar cells lies in their remarkable high open
circuit voltage, VOC , enabled by the excellent surface passivation of the crystalline silicon wafer. To enable the outstanding efficiency of 26.33%, their
short circuit current density, J SC , is enhanced by a fully back contacted design. However, this design requires a much more complicated production
procedure compared to bifacially contacted SHJ solar cells.
Standard SHJ solar cells are bifacially contacted and a huge interest lies
in improving their performance. As mentioned in Chapter 2, several groups
are working towards the goal of an increased J SC by implementing a more
transparent window layer at the front side of the SHJ solar cell. Thus, increasing the J SC of SHJ solar cells while keeping the more simple front emitter
bifacially cell design. Possible candidates are e.g. amorphous silicon carbide
(a-SiC:H) [16], molybdenum oxide (MoOx , x < 3) [193], microcrystalline silicon (µc-Si:H) [46], or aluminum oxide (Al2 O3 ) in combination with ZnO as
a hole selective contact [194]. However, some of them are currently facing
drawbacks such as e.g. high annealing temperatures (400°C for Al2 O3 ) [195]
or difficulties in band alignment (MoOx ) [193] as well as a restrain to too low
post deposition temperatures (< 100°C for MoOx ) to avoid interface mixing.
To avoid these issues, we propose to replace the traditional amorphous silicon emitter layer by a more transparent nanocrystalline silicon oxide
(nc-SiOx :H) layer. Mazzarella et al., in a research project parralel to this one,
recently showed the possibility of this configuration [41]. This chapter focuses
on optimizing the p-type nc-SiOx :H material properties for this purpose.
The general properties and features of nc-SiOx :H have been thoroughly
discussed in Chapter 2. In the following, we will give a short summary regarding the physics necessary to understand the research described in this
chapter. nc-SiOx :H(p) is a mixed-phase material consisting of silicon nano
crystallites in an amorphous silicon oxide matrix [41] [54]. Hydrogenated silicon oxide, in general, consists of an Si:H matrix that includes areas of Si:O [58].
The growth evolution of nc-SiOx :H depends on the underlying seed material.
On top of an a-Si:H substrate the first few nanometers of the layer consist of
an amorphous incubation phase. Thereon, the crystalline growth develops.
The crystallinity gradually increases towards the top of the layer [64]. An oxide material (e.g. borosilicate glass) or a crystalline surface (e.g. c-Si wafer),
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as opposed to an amorphous silicon surface, facilitates a thinner incubation
layer and higher crystalline fraction of the nanocrystalline silicon. This is a
result of the necessary formation of a highly hydrogen rich and porous phase
in order to allow for nucleation centres for crystallites to form [63] [64]. The
conductivity and transmission of the layer are expected to vary considerably
with the thickness of the nc-SiOx :H(p) layer.

4.2

Experimental details

All silicon layers were deposited in the high vacuum deposition system
PASTA (Process equipment for Amorphous Silicon Thin-film Applications) by
plasma-enhanced chemical vapour deposition (PECVD) operating at
13.56 MHz [171]. The nc-SiOx :H(p) layers were deposited from a gas mixture
of silane (SiH4 ), hydrogen (H2 ), carbon dioxide (CO2 ), and trimethylboron
(TMB) diluted in H2 (2% TMB in H2 ). Ratios of TMB/SiH4 flow rates rTMB/SiH4 ,
with
TMB flow rate
rTMB/SiH4 =
,
(4.1)
SiH4 flow rate
between 0.005 - 0.012 were investigated by varying the flow of the TMB+H2
gas mixture alone, while keeping the other deposition parameters constant,
as indicated in Table 4.1.
To study the optical and electrical properties of the nc-SiOx :H(p) material, layers of 185 (± 10) nm thickness were deposited on Corning borosilicate
(Eagle XG) glass (see Figure 4.1 a)). The real and imaginary part of the refractive index, n and k, and the optical band gap were determined by an "RT-mini"
setup with the software program "SCOUT" [181] using the OJL model [182],
assuming the material to behave amorphous-like. It has been shown by Lambartz by comparison to Optics2 simulations [183], that this procedure gives
correct simulation data for the mixed-phase nc-SiOx :H(p) material [184]. The
photon energy corresponding to an absorption coefficient of 104 cm−1 , E04 ,
was chosen as a measure for the band gap.
The refractive index n2eV was determined for a photon energy of 2 eV.
The crystalline fraction fc was determined from Raman measurements (laser
wavelength: 514 nm). We calculate it as the ratio of the intensities corresponding to crystalline peaks by the total intensity of crystalline and amorphous
peaks [55]:
I510 + I≈520
fc =
,
(4.2)
I480 + I510 + I≈520
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F IGURE 4.1: Schematic overview of the samples used for the different characterization methods (all drawn not to scale): a) optical band gap, refractive index, and
crystalline fraction, b) dark conductivity and activation energy, c) cross-sectional
TEM, d) top view TEM, e) optical transmission for a layer stack including the
novel nc-SiOx :H(p) layer, and f) optical transmission for a layer stack including a
conventional a-Si:H(p) layer.
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TABLE 4.1: Deposition conditions of the silicon materials.
Layer type

nc-SiOx :H(p)

a-Si:H(i)

a-Si:H(p)

Temperature (°C)

150

130

150

Pressure (mbar)

2.57

1.08

2.57

Power density (mW/cm2 )

38

30

35

SiH4 flow (sccm)

1.2

60

10

H2 flow (sccm)

200

-

100

CO2 flow (sccm)

1

-

-

TMB+H2 flow (sccm)

0.3 - 0.7

-

0.28

with Ix being the Gaussian deconvoluted peak area associated to the Raman
shifted peak position x in cm−1 correlated to the transverse optic modes. I480
is related to amorphous silicon oxide, I510 is related to small crystals or grain
boundaries. I≈520 is located at x = 520 cm−1 or at slightly lower values (depending on the size) and is related to microcrystalline silicon. In our calculations I≈520 was located between 516.2 - 517.5 cm−1 for the different samples.
For the conductivity measurements two coplanar silver contacts of 20 mm
length and with 0.5 mm distance between them were thermally evaporated
on the samples through a mask (see Figure 4.1 b)). The temperature dependence of the dark conductivity σD was determined in vacuum. The activation
energy EA was extracted from the slope of the Arrhenius plot of σD in the
cooling cycle (cooling rate: 0.5°C/min) of the third heating/cooling cycle after a total of 3 hours of annealing at 140 °C.
To simulate the growth conditions of nc-SiOx :H(p) as applied in the actual
SHJ cells, 20 nm thin nc-SiOx :H(p) layers were grown on top of 5 nm a-Si:H(i)
sublayers on both, <111> oriented float zone c-Si wafers, and on Si3 N4 membranes (i.e. TEM windows) [196]. Figure 4.1 c) and d) show schematic drawings of the sample structures. The layers were investigated by transmission
electron microscopy (TEM; JEOL JEM-ARM200F probe corrected TEM, operated at 200 kV) in cross-section using a Focused Ion Beam made lamella of
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TABLE 4.2: Evaluation of the SCOUT fit quality
rTMB/SiH4

0.0050

0.0067

0.0083

0.0100

0.0116

Dev. value

0.0022

0.0003177

0.0001

0.0000976

0.0001918

Rating descr.

Acceptable

Good

Good

Excellent

Good

the stack on Si wafer and in top view on the TEM membranes. For crosssectional TEM a protective zinc oxide (ZnO) layer was deposited on top of
the layer stacks. ZnO was chosen as the protection layer, because this is also
the intended TCO in the experimental solar cells (see Chapter 6). The optical
transmission properties between stacks of 5 nm a-Si:H(i) + 10 nm a-Si:H(p) or
20 nm nc-SiOx :H(p) respectively on Corning Eagle XG glass were compared
by a UV-VIS-NIR spectrometer. Figure 4.1 e) and f) show the different sample
structures. The deposition conditions of all silicon thin film materials can be
found in Table 4.1.

4.3

Results and discussion

To optimize the emitter layer, the dependency of crystallinity, band gap, electrical conductivity, refractive index, and activation energy of the nc-SiOx :H(p)
material on rTMB/ SiH4 was studied on 185 (±10) nm thick layers. The outcome
is shown in Figure 4.2. The software program SCOUT, with which the refractive index n2eV and, by a fit through the reflectance-transmittance date, the
optical band gap E04 where determined, gives a rating level of the fit quality.
This is determined from the deviation value between data and fit [197]. The
deviation values and the rating description, as given by the program for our
measurements, are shown in Table 4.2. The coefficient of determination (R2 )
of the fit used to determine f c was above 0.99 in all cases.
Due to the higher layer thickness as compared to the practical emitter
thickness in the device, the determined properties may vary from the exact
properties of the layer within the device. The determined crystalline fraction,
as well as the conductivity and the E04 band gap, might be higher than the
properties of a thinner layer. The refractive index is also expected to be lower
for thin layers than for thick layers. However, the observed trends in properties should stay the same for thinner layers and the measured data are a good

4.3. Results and discussion

69

F IGURE 4.2: a) Activation energy, b) dark conductivity, c) band gap, d) refractive
index, and e) average Raman crystalline fraction over the whole nc-SiOx :H(p)
layer including its incubation phase, as a function of TMB/SiH4 flow ratio during
deposition.
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guide for choosing the best material for solar cell implementation.
In Figure 4.2 a clear consistency between the different material properties,
exhibiting an extrema at rTMB/SiH4 = 0.0067, can be seen. For higher values
of rTMB/SiH4 the activation energy E A , the optical band gap E04 , and the crystalline fraction f c decreases, while the dark conductivity σ D and the refractive
index n2eV increases. For the value of rTMB/SiH4 = 0.0050, E A , E04 , and f c
are also smaller and σ D and n2eV are higher than their values at rTMB/SiH4 =
0.0067. Generally, the observed extrema are not expected and might be a result of technical inaccuracies. The TMB mass flow controller reaches its lower
limit at the given flow rate setting of 0.4 sccm which leads to a high uncertainty, preventing a conclusive statement regarding the material properties for
rTMB/SiH4 = 0.0050. Nevertheless, we think it is worth mentioning papers in
which similar minima/maxima behaviours as in our research were observed:
• For VHF-PECVD grown nc-Si:H(p) a maximum of crystalline volume
fraction, which decreases for higher as well as lower flows of the boron
dopant gas diborane, has been observed by Concari et al. [198], although no explanation is given for this behaviour. It appears however,
that in their work only the diborane flow has been varied. The maxima
could be explained, in case the diborane was diluted in hydrogen. The
observed development of the crystalline fractions could then be a trade
off between an increase of diborane as well as an increase of hydrogen
in the process gas. However, this explanation is only a speculation from
our side.

• Wang et al. [199] investigated the influence of TBM concentration on the
dark conductivity and Tauc band gap for RF-PECVD grown nc-Si:H(p).
For a hydrogen to silane flow ration of 1:160 (we used 1:166), a similar
behaviour of the optical band gap than for our samples was observed:
at a TMB to SiH4 concentration of 0.75% (corresponding to rTMB/SiH4 =
0.0075) a maximum in optical band gap was found. This coincides with
the rTMB/SiH4 value being between 0.0050 and 0.0083 at which our peak
value in optical band gap is located. Unfortunately, no explanation is
given for the optical behaviour of their material. Moreover, their dark
conductivity behaves contrary to our observation. Whereas we find
a minimum, they observe a maximum. They attribute the initial rise
in dark conductivity to an increase of TMB concentration in the film,
whereas the latter decrease is explained by a reduction of film crystallinity and a lower boron doping efficiency due to incorporation into
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threefold coordinated sites.

The observed low crystalline fraction for samples with a flow ratio of
rTMB/SiH4 = 0.0050 could be attributed to the fact that this layer is the thinnest
layer (176 nm) within the spread of thickness present in the series. Due to the
previously explained uncertainties regarding a conclusive statement about
the material properties for rTMB/SiH4 = 0.0050, we will in the following only
discuss the materials prepared with rTMB/SiH4 ≥ 0.0067. With increasing boron
fraction of the process gass we assume an increased amount of boron to be
incorporated into the material, which seems to be the main influence on the
material properties. An increased boron incorporation leads to a decrease in
optical band gap [200] and an diminishing of the activation. The assumed
rise in active boron incorporation in the film can also lead to the observed
gain in conductivity [201]. Moreover, the material’s structual disorder would
increase, leading to a lower crystalline fraction. Additionally, the pure presence of an increased amount of boron in the gas phase might already cause
a layer’s crystallinity to decrease: In order to develop crystalline growth the
presence of hydrogen in the network is essential [92]. Due to the scavenging
effect of boron in the gas phase, hydrogen could be abstracted from the growing surface. Thereby, the surface would become reactive, which reduces the
diffusion length of silicon species on it and thus adversely affect the nucleation.
A suitable candidate for a SHJ solar cell emitter has to exhibit an optical gap of E04 > 2.2 eV [48]. Moreover, its refractive index should be optimized for maximum transmission. Considering an refractive index of ≈ 2 for
the TCO layer and ≈ 3.5 for the c-Si wafer, the refractive index of the emitter layer should be ideally n2eV ≈ 2.7-2.8. The activation energy serves as an
indicator for the band alignment. Figure 4.3 shows the differences in band
alignment for smaller and larger activation energy. As can be seen, a small
activation energy is an indicator for a larger band bending at the junction
with another semiconductor, in this case c-Si. Thus a desired high built-in
potential and large VOC of the solar cell will be achieved. It has been proposed that the conductivity perpendicular to the substrate plane has to be
≥ 2 × 10−6 S/cm [48]. As evident from the later discussed TEM image in Figure 4.4, the silicon nanocrystals grow primarily perpendicular to the substrate
plane, facilitating a higher conductivity in the vertical than in the lateral direction [56]. However, the conductivity is usually determined in the lateral
direction, as is also the case in this work, due to the following reason: The
cross-section of the current flow in vertical direction through the contacts and
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the film is several orders of magnitude higher than those in horizontal direction through the film. For a large cross-section, the contact resistance is not
negligible anymore, which makes measurements in vertical direction increasingly difficult [202]. Nevertheless, Cuony et al. succeeded in measuring the
current - voltage curves in vertical direction of nc-SiOx :H(p) sandwiched between two ZnO layers [80].

F IGURE 4.3: Band diagram of a junction between a p-type semiconductor and
an n-type semiconductor. The acceptor level Eac and the activation energy EA
of the p-type semiconductor, the conduction and valence band, EC and EV , the
Fermi level EF , and the band gap EG are indicated. The conditions for a small
activation energy (left) and a larger activation energy (right) of the p-type layer
are shown for a constant band gap of the material.

Based on the data shown in Figure 4.2, the most promising emitter layer
material was selected.
The conductivities of all samples are around
−3
−1
10 S/cm . The values for conductivity, refractive index, and activation
energy are in a suitable range for the use as emitter layer in SHJ. Thus, the
most transparent material with E04 = 2.33 eV at rTMB/SiH4 = 0.006, with σD =
7.9 × 10−4 S/cm, EA = 0.2 eV, and n2eV = 2.7 was chosen. Not only does it
show the highest band gap, it also exhibits a very favourable refractive index,
as discussed above.
Notable is the high conductivity as compared to Mazzarella et al., who
also designed a nc-SiOx :H(p) emitter layer. Their band gap (E04 = 2.23 eV)
and refractive index (at a wavelength of 632 nm (corresponding to 1.96 eV)) of
n632 nm = 2.87 are comparable to our findings, but their reported conductivity
of σD = 8.9 × 10−8 S/cm (on 100-200 nm thick films) is several orders of magnitude lower [41]. However, since they do not give detailed information of the
exact thickness of the measured sample, it is difficult to judge, whether or not
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the increased conductivity of our material might be caused by a larger thickness and thus larger crystallinity towards the top of the layer. Another possible explanation could be, that their material was grown in a different plasma
regime than ours. It has been found by Gabriel et al. [57] that two different
plasma regimes exist. The first regime is characterized by a low pressure and
high RF power. The second regime requires a high pressure and a low RF
power. With this knowledge, they have been able to fabricate nc-SiOx :H with
different combinations of crystalline fractions (which is related to the conductivity) and refractive indices. For example, a silicon oxide material with a
refractive index of n ≈ 2.4 can be achieved with crystalline fractions within
the wide range of approximately 0.2 - 55%. Judging from these results, it is a
realistic assumption that the materials of Mazzarella et al. and ours do exhibit
a different crystalline fraction and thus a different conductivity for the same
refractive index.
As mentioned before, the crystallinity of a nc-SiOx :H(p) layer depends,
among others, on the material it is grown on and increases with increasing
layer thickness. To study the effect of rTMB/SiH4 on the crystallinity of realistic
material, 20-nm thick nc-SiOx :H(p) layers were prepared on a-Si:H(i) and investigated by TEM (see Figure 4.1 c) and d)). Figure 4.4 shows cross-sectional
TEM images of the 5 nm a-Si:H(i) + 20 nm nc-SiOx :H(p) + ZnO layer stacks
grown on c-Si wafer with TMB to silane flow ratios of rTMB/SiH4 = 0.006 (a) and
rTMB/SiH4 = 0.012 (b). The boundaries with the crystalline wafer are indicated
by the solid lines. By bare eye it is difficult to clearly distinguish between
the end of the a-Si:H(i) layer and the beginning of the nc-SiOx :H(p) layer
from the image, due to the presence of an amorphous incubation phase of the
nc-SiOx :H(p) layer. The dashed line indicates the approximate position of the
boundary between the a-Si:H(i) and the nc-SiOx :H(p) layer. The a-Si:H(i) layer
thickness of 5.0 (± 0.3) nm was determined from small changes in the density
contrast of the TEM picture of the sample with rTMB/SiH4 = 0.006. This determined value is in agreement with the 5 nm of a-Si:H(i) that we aimed to deposit, as controlled by the deposition duration. However, the a-Si:H(i) layer
might have become porous during the subsequent nc-SiOx :H(p) deposition,
due to indiffusion of atomic hydrogen from the plasma. In case of pores with
≤ 2 nm diameter, the distinction between the porous part of the a-Si:H(i) and
the porous incubation layer of the nc-SiOx :H(p) might have not been made
correctly. Thus, the determined a-Si:H(i) layer thickness might not be accurate.
The crystal growth starts after the incubation layer and the crystalline
fraction increases with increasing layer thickness. The regions indicated by
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the white lines are single crystals, as evident from selected area Fast Fourier
Transform analysis (not shown here). These crystals are not crystallographically related to the substrate. Close inspection of the atomic resolution images
shows that the Si crystals contain stacking faults and twin boundaries. A clear
decrease of the degree of crystallinity for higher TMB ratio is visible.

F IGURE 4.4:
Cross-sectional TEM image of samples of c-Si wafer/
5nm a-Si:H(i)/20nm nc-SiOx :H(p)/ZnO layer stacks witha) rTMB/SiH4 = 0.006 and
b) rTMB/SiH4 = 0.012. Several crystals are indicated by white lines.

To further illustrate the differences in crystallinity, the electron diffraction patterns and the intensity profiles of the electron diffraction patterns
of the 5 nm a Si:H(i) + 20 nm nc-SiOx :H(p) layer stacks grown at the two different TMB/SiH4 ratios are depicted in Figure 4.5. The differences in intensity
of the characteristic white lines of the diffraction patterns are clearly visible.
These differences in the intensity profile further support the presence of a
larger crystalline fraction at the smaller value of rTMB/SiH4 . To display those
differences, a vertical offset was applied to the curve for rTMB/SiH4 = 0.012. The
decrease in crystallinity with increasing rTMB/SiH4 flow ratio can be explained
by an assumed increase of the boron fraction in the material, which generally
hinders the nucleation of nanocrystals due to a higher compositional disorder
[200]. As previously discussed, another explanation could simply lie in the
increased amount of boron in the gas phase and its scavenging effect on hydrogen. The lower amount of hydrogen on the surface leads to an increased
surface reactivity. The reduced diffusion length of silicon species on the surface then derates crystalline growth.
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F IGURE 4.5: a) Electron diffraction patterns of sample stacks with rTMB/SiH4 =
0.006 (left) and 0.012 (right) determined by top view HRTEM. The corresponding
crystal planes are indicated by the yellow numbers. b) Intensity profiles obtained
from the diffraction pattern by rotational averaging.

The growth of nc-SiOx :H is highly substrate and thickness dependent [63].
To this end, the transmission of the SHJ front side for realistic emitter layers
(i.e. with a thickness of 20 nm and grown on the actual amorphous silicon
buffer layer of 5 nm) was studied. Figure 4.6 shows the transmittance T as a
function of incident wavelength λ for the layer stack of a-Si:H(i)/nc-SiOx :H(p)
(rTMB/SiH4 = 0.006) on Corning Eagle XG glass, with respect to the conventional stack of a-Si:H i/p on Corning Eagle XG glass. The data is corrected for
the reflection losses due to the glass substrate. For wavelengths larger than
250 nm and up to 900 nm the novel layer stack shows a significant enhancement in transmission. The most significant increase can be seen at λ = 480 nm
with a transmission of 33% for the conventional stack of 5 nm a-Si:H(i)/10 nm
a-Si:H(p) and 47% for the stack including the novel layer consisting of 5 nm
a-Si:H(i)/20 nm nc-SiOx :H(p). This improvement is attributed to the lower refractive index of nc-SiOx :H(p) compared to a-Si:H(p). Figure 4.7 illustrates the
differences in real and imaginary part of the refractive indices for nc-SiOx :H(p)
(grown with rTMB/SiH4 = 0.006) and a conventional a-Si:H(p) layer.
It should be pointed out, that in order to compare the optical suitability
of the different emitter layer materials, the effects of the refractive indices as
well as the necessary emitter layer thicknesses have to be taken into consideration (as done for the transmittance evaluation we discussed above). Thus,
the sole examination of the refractive indices would not yet prove that the
nc-SiOx :H(p) emitter would be optically superior.
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F IGURE 4.6: Transmittance as a function of wavelength for a conventional
a-Si:H i/p stack (blue) and a novel a-Si:H(i)/nc-SiOx :H(p) stack (orange) (both
on Corning glass), as the passivation/emitter for SHJ solar cells.

F IGURE 4.7: Real (n, dashed line) and imaginary part (k, solid line) of the refractive index for nc-SiOx :H(p) (orange) and a-Si:H(p) (blue) as a function of wavelength.
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Conclusions

The material properties of p-type nanocrystalline silicon oxide were optimized
for the implementation as emitter layer in SHJ solar cells. The crystallinity
of the layers with device-compatible thickness on amorphous substrate was
proven and the material shows favourable optical properties. A broad enhancement in transmission mainly in the wavelength range between
300-900 nm is demonstrated for the investigated a-Si:H(i)/nc-SiOx :H(p) layer
stack with respect to that for a conventional counterpart of a-Si:H i/p stack.
The reason for the increased transparency despite the increased thickness
of the 20 nm nc-SiOx :H(p) layer compared to conventional 10 nm a-Si:H(p)
layer lies in the low real and imaginary part of the refractive index n and
k of the nc-SiOx :H(p) material. These experimental results suggest that the
nc-SiOx :H(p) layer is a promising candidate for SHJ solar cells. Upon implementation of this layer, an increased JSC caused by the enhanced transmission
is expected.
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Chapter 5

Heat-withstanding surface
passivation in combination with
nc-SiOx:H(p) emitter layer
One of the restrictions during silicon heterojunction (SHJ) solar cell production is the limitation to comparably low post processing temperatures due to
the deteriorating effect of high temperatures on the passivation properties of
intrinsic amorphous silicon (a-Si:H(i)) buffer layers combined with conventional boron doped amorphous silicon (a-Si:H(p)) emitter layers. We present
in this chapter a boron doped nanocrystalline silicon oxide (nc-SiOx :H(p)) material that is compatible with high-temperature processing steps.
Passivation samples consisting of 5 nm a-Si:H(i) buffer layer and 20 nm
nc-SiOx :H(p) emitter layers on the back and the front of c-Si wafers have been
investigated. An increase in minority carrier lifetime with post deposition annealing temperatures up to 293°C has been observed. This improvement of
passivation properties upon annealing at such high temperatures for a passivation stack including a p-type silicon based layer, is a remarkable discovery.
In a second step, the influence of the front buffer layer thickness in combination with the novel emitter has been investigated. To this end, the implied
VOC of annealed semi cells with different buffer layer thickness have been
studied.
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Introduction

As mentioned in Chapter 2 and 4, a possibility to achieve a high short circuit
current density (JSC ) but maintain the simple bifacially cell design of conventionally contacted SHJ solar cells lies in the implementation of a more
transparent front layer stack of SHJ solar cells. In the search for this, boron
doped nanocrystalline silicon oxide (nc-SiOx :H(p)) has generated attention as
the emitter layer [47] [48] [49] [50]. The implementation of these materials has
lead to an increase in JSC compared to the use of a conventional boron-doped
amorphous silicon (a-Si:H(p)) emitter layer [53]. In addition to a high JSC ,
another prerequisite to achieve outstanding high efficiencies is a high open
circuit voltage (VOC ), requiring excellent surface passivation of the c-Si wafer.
For conventional a-Si:H(p) emitter layer, the degradation of passivation properties upon even moderate annealing temperatures has been a limiting factor
during post production processing [30] [203].
In the following, we present nc-SiOx :H(p) combined with an intrinsic
amorphous silicon (a-Si:H(i)) buffer layer as thermally superior emitter layer
whose passivation properties improve upon annealing even up to temperatures of 293°C. The beneficial behaviour of the material is attributed to the
natural spatial separation of hydrogen and most of the active boron within the
nc-SiOx :H(p) material. Because the boron doping is not in direct vicinity to the
Si-H bonds within the material, the Fermi-level dependent Si-H bond rupture
takes place at much higher temperatures in nc-SiOx :H(p) than in a-Si:H(p).

5.2

Experimental details

For this study, different samples consisting of thin silicon based layers deposited on <111> oriented n-type Float Zone c-Si wafers (thickness ≈
275 µm, resistivity ≈ 2-5 Ω⋅cm) have been fabricated. To remove the native oxide layer, the wafers were dipped for 2 minutes in 1% hydrofluoric acid (HF)
solution (diluted in de-ionised water) and blown dry with nitrogen (N2 ) prior
to deposition. All layers were deposited in the PASTA (Process equipment
for Amorphous Silicon Thin-film Applications) parallel plate reactor using
radio frequency (13.56 MHz) plasma-enhanced chemical vapour deposition
(RF-PECVD) [171]. The deposition conditions are shown in Table 5.1. The
trimethylborone (TMB) and phosphine (PH3 ) was diluted in hydrogen (H2 )
(2% dopant gas in H2 ). The material properties of the nc-SiOx :H(p) layer,
as determined in Chapter 4, are shown in Table 5.2. An extensive study of
the nc-SiOx :H(p) material and its properties can be found in Chapter 4. The
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TABLE 5.1: Deposition conditions of the silicon materials. The nc-SiOx :H(p) was
developed in Chapter 4. It has been implemented in Chapter 6, as well as the
a-Si:H(n) material.
Layer type

nc-SiOx :H(p)

a-Si:H(i)

a-Si:H(n)

Temperature (°C)

150

130

195

Pressure (mbar)

2.57

1.08

0.30

Power density (mW/cm2 )

38

30

21

SiH4 flow (sccm)

1.2

60

40

H2 flow (sccm)

200

-

10

CO2 flow (sccm)

1

-

-

TMB+H2 flow (sccm)

0.4

-

-

PH3 +H2 flow (sccm)

-

-

0.20

desired layer thicknesses are achieved by determining the growth rate from
a thick layer and adjusting the deposition time of the material accordingly.
Small changes in growth rate with layer thickness or growth delay were not
taken into account.
To confirm the crystallinity of the nc-SiOx :H(p) layer with a thickness as
actually used in devices, and to illustrate the crystal growth and distribution in the material, a Focused Ion Beam made lamella of a stack of a c-Si
wafer, 5 nm a-Si:H(i), 20 nm nc-SiOx :H(p), and a protective 75 nm ZnO layer
has been investigated by transmission electron microscopy (TEM; JEOL JEMARM200F probe corrected TEM, operated at 200 kV). Figure 5.1 a) shows the
structure of these samples.
To evaluate the effect of annealing temperature on the minority carrier
lifetime, the c-Si wafer was coated on both sides with 5-nm thin a-Si:H(i) layers. On top of these, 20 nm nc-SiOx :H(p) layers were deposited on both sides
of the wafer. Figure 5.1 b) shows the structure of these passivation samples.
The samples were annealed in consecutive steps of 1 h each in N2 ambient.
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F IGURE 5.1: Structure of the different sample types (all drawn not to scale):
a) Samples used for cross-sectional TEM measurements, b) passivation samples
used to investigate the annealing temperature dependence of the minority carrier life-time, c) semi cells used to investigate the dependence of the minority
carrier lifetime on the passivation layer thickness, and d) samples used to study
the optical and electrical properties.
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TABLE 5.2: Material properties of the nc-SiOx (p):H material developed in Chapter 4. The data are determined from 185 (± 10) nm thick nc-SiOx :H(p) layers
deposited on Corning borosilicate (Eagle XG) glass.
Band gap E04

2.33 eV

Dark conductivity σ D

7.9×10−4 S/cm

Activation Energy EA

0.2 eV

Refractive index n2eV

2.7

After each annealing step, a Sinton WCT120 lifetime tester has been used to
investigate the minority carrier lifetime from the full 4 inch wafer. The values
were determined at an injection level of 1015 cm−3 in generalized mode with
slowly decaying light pulse for lifetimes below 100 µs and in transient mode
with short light pulse for lifetimes above 100 µs [190]. The lifetime tester uses
a Xenon flash lamp with an IR pass filter [189].
In a second step, the influence of the front i-layer thickness on the passivation quality in SHJ semi cells with nc-SiOx :H(p) emitter was investigated.
For this, samples of SHJ semi cells with 5 nm a-Si:H(i) and 20 nm a-Si:H(n)
layers on the back side and the front side consisting of an a-Si:H(i) layer with
variable thickness (0 nm - 5 nm) and 20 nm nc-SiOx :H(p) were fabricated (see
Figure 5.1 c)). The samples were annealed for 16 h at 200°C in vacuum after
the deposition. The implied VOC was determined from the excess carrier density and the separation of the quasi-Fermi levels at a light intensity of 1-sun.
Different from the minority carrier lifetime, the implied VOC is not influenced
by the minority-carrier-injection level [190].
To investigate the electrical and optical properties after prolonged annealing, layer stacks of 5 nm a-Si:H(i) and 20 nm nc-SiOx :H(p) have been grown on
Corning borosilicate (Eagle XG) glass (see Figure 5.1 d)). The optical band gap
E04 and the dark conductivity σD have been determined for one as-deposited
sample, as well as for one sample after 56 h of annealing in vacuum at 200°C.
For the conductivity measurements two coplanar silver contacts of 20 mm
length and with 0.5 mm distance were thermally evaporated on the layer
stacks through a mask. The measurement was done in vacuum and σD was
calculated assuming the conductivity is only caused by the p-layer (neglecting any contribution of the much less conductive a-Si:H(i) layer).
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The optical band gap E04 of the nc-SiOx :H(p) layers was determined for
the same 5 nm a-Si:H(i) and 20 nm nc-SiOx :H(p) samples by spectroscopic
ellipsometry (SE). The measurements were performed using a J.A. Woollam,
Inc. M2000® UV ellipsometer. The data was analyzed using a Bruggeman
effective medium approach model [186].

5.3
5.3.1

Results and discussion
Annealing of the layer stacks

The cross-sectional TEM image in Figure 5.2 shows the wafer coated by an
a-Si:H(i) buffer layer followed by the emitter layer of 20-nm nc-SiOx :H(p).
The thickness of the buffer layer (5.0 ± 0.3 nm) was determined based on
small density contrast changes in the TEM picture. As discussed in Chapter 4, this determined value might not be accurate. Nanocrystalline silicon
oxide is a mixture of an amorphous silicon oxide phase (a-SiOx :H) and a
nanocrystalline silicon phase (nc-Si:H) [55] [56] [57]. Proof of the crystallinity
of the thin nc-SiOx :H(p) layer is found. Doping takes mostly place in the nanocrystalline phase, since the doping efficiency in amorphous silicon oxide is
much smaller [48] [55] [57]. The desired early nucleation of the nanocrystals
is clearly visible. Moreover, the increasing crystalline fraction with increasing
p-layer thickness can be observed.
The dependence of the minority carrier lifetime τ of the passivation stack
(see Figure 5.1 b)) on the annealing temperature T can be seen in Figure 5.3.
The initial lifetime is rather low. The lifetime of the sample increases with
successive annealing treatment at increasing temperatures up to 293°C and
decreases at higher temperatures.
In the following, we will first analyze the reasons for the low initial lifetime. Then a short summary of the theory behind the annealing behaviour of
common aSi:H i/p-stacks is given. Thereafter, we will explain why a-Si:H(i)/
nc-SiOx :H(p) passivation stacks behave differently from amorphous i/pstacks.

Low initial lifetime
The low minority carrier lifetime of 54 µs for the lowest annealing temperature of 150°C can be attributed to a high amount of defects in the a-Si:H(i)
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F IGURE 5.2:
Cross-sectional TEM image of a sample consisting of
5 nm a-Si:H(i)/20 nm nc-SiOx :H(p)/ZnO on a c-Si wafer. The different layers, as well as several crystals and the a-SiOx matrix of the nc-SiOx :H(p) layer
are indicated.

F IGURE 5.3: Minority carrier lifetime τ of the passivation sample (see Figure 5.1 b)) at an injection level of 1015 cm−3 for different successive annealing
temperatures T . Each annealing step is for 1 hour.
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material. The buffer layer is grown at a relatively low temperature of 130°C.
According to the surface growth model, a non-equilibrium model that does
not take thermodynamics into account, a low temperature does not provide
enough energy for diffusion of the depositing species on the growing surface.
This results in a rather disordered and porous material, leaving a high amount
of dangling bonds at the c-Si surface. Another model that might explain the
observed behaviour is the growth zone model by Street, which takes the local
thermal equilibrium into account. The location of the growth zone is below
the substrate’s surface. The hydrogen atoms from the gas phase reaching the
layer’s surface diffuse into the growth zone and lead to a relaxation of the
network by H abstraction reactions. The energy released by these exothermic
reactions enables the movement of Si species. In case of a low deposition temperature, especially near or below the gas transition temperature, the frozen
or slow moving hydrogen leads to a disordered high defective material, thus
a higher amount of dangling bonds [7] [204]. These dangling bonds act as
recombination centres in the band gap resulting in a low lifetime. Upon annealing the hydrogen in the a-Si:H(i) becomes mobile and propagates towards
the c-Si surface, thus reduces the defect density. These effects are well known
and have been studied for a-Si:H(i)/c-Si/a-Si:H(i) passivation samples without doped layers [30] [205].
A beneficial effect of the high hydrogen concentration in the gas phase
during nc-SiOx :H(p) deposition as compared to conventional emitter layer
has been observed by Mazzarella et al. [41]. The high amount of hydrogen
during the nc-SiOx :H(p) deposition, can lead to hydrogen diffusion towards
the crystalline silicon wafer interface and thus to enhanced passivation properties [42] compared to the same sample structure with standard a-Si:H(p)
emitter layer. In our case however, this beneficial effect does not take place
during deposition directly, as evident by the poor as-deposited lifetime. According to the growth zone model by Street, the evolution of a material as
well as its final composition is influenced by the chemical potential of hydrogen in the gas phase [90]. Possibly, a too high amount of hydrogen during the
deposition of the nc-SiOx lead to a high hydrogen chemical potential in the
sample which is in equilibrium with the hydrogen chemical potential in the
gas phase.
Theory on annealing of a-Si:H i/p-stacks
The increase of minority carrier lifetime at comparably high annealing temperature up to T = 293°C is in sharp contrast to the behaviour known from
samples that include a-Si:H(p) layers. De Wolf et al. fabricated a-Si:H(i)/
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a-Si:H(p) stacks whose annealing properties degrade at temperatures above
220°C [203]. Schüttauf et al. found that the passivation of a-Si:H(i)/a-Si:H(p)
stacks deteriorates already upon annealing at temperatures as low as 150°C
[30]. This commonly observed deterioration of the passivation at low annealing temperatures of amorphous i/p-stacks is explained as follows. By thermal annealing at high enough temperatures Si-H bonds are ruptured and H2
is formed which consecutively effuses from the layer. The amount of energy
necessary to break these Si-H bonds is Fermi level dependent, thus rupture of
Si-H bonds takes place at lower temperatures in the a-Si:H(p) layer compared
to the a-Si:H(i) layer [206]. As a result of the H2 effusion, the p-layer becomes
hydrogen-deficient. This leads to an unfavourable hydrogen gradient between the amorphous silicon layers. The hydrogen within the a-Si:H(i) layer
becomes mobile during annealing and, as a result of the unfavourable hydrogen gradient, relocates from the intrinsic to the boron-doped layer. Thereby,
the c-Si/a-Si:H(i) interface becomes depleted from hydrogen, resulting in a
decrease of passivation quality [30].

Annealing behaviour of a-Si:H(i)/nc-SiOx :H(p) passivation stacks
For the a-Si:H(i)/nc-SiOx :H(p) layer stack the above discussed behaviour does
not take place. Instead of a decrease of τ upon annealing, as common for
a-Si:H i/p-layer passivation stacks, τ increases upon annealing for the
a-Si:H(i)/nc-SiOx :H(p) passivation stack. We attribute this to the following.
We assume a high fraction of the active boron (4-fold coordinated) to be located in the nanocrystalline silicon matrix, whereas the inactive boron (3 fold
coordinated) is mostly located in the amorphous silicon oxide (a-SiOx :H) domain of the layer [63]. The concentration of active boron in this amorphous
phase is expected to be much lower compared to typical a-Si:H(p). Thus, the
Fermi level of the amorphous silicon oxide domain within the nc-SiOx :H(p)
layer will be closer to mid gap. Because hydrogen solubility in crystalline
silicon is very low, most of the hydrogen is expected to be located in the
a-SiOx :H matrix, thus in the domains where the Fermi level is comparably
far from the band edge. Therefore, the Fermi level dependent Si-H bond rupture, and thus the H2 effusion, will take place at much higher temperatures in
nc-SiOx :H(p) compared to the a-Si:H(p) layer. In this way, the a-SiOx :H part
of the nc-SiOx :H(p) layer serves as a reservoir for atomic hydrogen that can
keep the c-Si/a-Si:H interface in an hydrogenated and well-passivated state.
Studies by Beyer indicate that for a-Si:O:H at low oxygen concentration
(< 20%) the hydrogen effusion is smaller and the effusion peak shifts to a
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higher temperature compared to pure a-Si:H [207]. Hence, we do not expect
any significant increase of hydrogen diffusion/effusion in the a-SiOx :H matrix (rather decrease) due to the oxygen content in the material.
Hydrogen effusion from a-Si:H(i) and a-SiO:H(i) passivation layers upon
annealing has also been investigated by Nakada et al. [208]. They attribute
hydrogen effusion in these layers to the combination of two phenomena. On
the one hand, molecular H2 can effuse from internal surfaces and out-diffuse
through interconnected voids. In case of a less void rich material, this H2
out-diffusion is hindered and the effusion peak shifts towards higher temperatures. In addition, atomic H can diffuse through the network and recombine
at the surface of the layer to form H2 and thereby also effuse from the layer.
This second mechanism benefits from a high amount of isolated voids in a
dense material. In case of a more compact material this atomic hydrogen diffusion is hindered and the effusion peak shifts towards higher temperatures.
Especially notable, for a-SiO:H this peak even shifts towards higher temperatures compared to a-Si:H. This is caused by a stronger Si-H bond due to the
higher electronegativity of O atoms backbonded to the Si-H [208]. We expect
similar behaviour in the a-SiOx :H phase of the nc-SiOx :H(p) layers.

5.3.2

Influence of the i-layer buffer thickness

For implementation of the developed passivation stack in SHJ solar cells the
ideal i-layer thickness has to be found. A certain buffer i-layer thickness is
essential to guarantee a sharp interface with the c-Si and a good passivation
quality. On the other hand, the buffer layer also needs to be reasonably thin
to limit the parasitic absorption of light [43]. To evaluate the influence of the
i-layer thickness in our particular layer stack, SHJ semi cells with variable
front buffer layer thicknesses from 0 nm (no layer) to 5 nm have been fabricated in steps of 1 nm (see Figure 5.1 c)) and annealed for 16 h at 200°C
in vacuum to improve passivation properties. Instead of 293°C, which has
been proven to be the most beneficial annealing temperature for passivation
properties of this layer stack, the temperature of 200°C was chosen in order to
comply with the industry practice of manufacturing SHJ solar cells at temperatures ≤ 200°C.
Figure 5.4 shows the dependence of the implied VOC at 1-sun light intensity on the i-layer thickness d. The sample where the nc-SiOx :H(p) was grown
directly on the wafer shows a poor implied VOC of only 579 mV. This is in
agreement with the work of Rattanapan et al., who showed that nc-SiOx :H(p)
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material grown with low ratios of CO2 /SiH4 exhibit poor passivation quality
on c-Si(p) wafer [33]. At a CO2 /SiH4 ratio value of 0.83, the conditions that
we used for our material, they obtain an approximate minority carrier lifetime
of 70 µs. The minority carrier lifetime for our sample with nc-SiO x :H(p) directly grown on the wafer is 36.9 µs, thus comparable. This low values can be
caused by e.g. surface damage by ion bombardment due to the high hydrogen
dilution during deposition, a possible growth of an epitaxial Si layer and/or
silicon nanocrystallites at the c-Si interface which comprise a low amount of
hydrogen. This results in a high amount of unpassivated dangling bonds at
the interface [209] [210]. Moreover, the incorporation of boron as doping impurities in the silicon oxide phase might lower the passivation quality [200].
This behaviour is known for the direct deposition of p-type a-Si on c-Si wafer.
The large amount of mid-gap states of the doped layer might increase the
tunnelling process and with it the backwards current, which then reduces the
V OC [211]. Therefore, the nc-SiOx :H(p) layer we developed should not be
grown directly on top of the c-Si wafer. A strong dependency on d is visible,
the expected gain in implied VOC with increasing i- layer thickness can be observed. Acceptable implied VOC values of 705-715 mV are achieved for layer
stacks with 4 nm and 5 nm a-Si:H(i), respectively.

F IGURE 5.4: Implied open circuit voltage VOC of the SHJ semi cells with different
front a-Si:H(i) buffer layer thicknesses d (see Figure 5.1). All samples have been
annealed for 16 h at 200°C.

In a previous work, Schüttauf et. al. [30] fabricated SHJ semi cells that
differ only in the emitter layer material from our sample with 5 nm a-Si:H(i)
front passivation layer. Whereas we implemented nc-SiOx :H(p), they used a
standard a-Si:H(p) emitter layer. We prepared our samples in the same cluster
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tool and applied the same deposition conditions for the a-Si:H(i) and a-Si:H(n)
layer as they did. This allows for a good comparison between their samples
and our sample. The evaluated samples have the structure 20 nm a-Si:H(n)/
5 nm a-Si:H(i)/c-Si(n)/5 nm a-Si:H(i)/20 nm emitter layer. The highest implied VOC they obtained was 697 mV in the as deposited state (with annealing the passivation properties decreased). Our sample with the same structure achieved an implied VOC of 715 mV after annealing (see Figure 5.4).
This underlines the superior passivation properties of emitter stacks including nc-SiOx :H(p).

5.3.3

Optical and electrical properties

In addition to the beneficial annealing behaviour up to high temperatures of
293°C, the wide band gap nc-SiOx :H(p) layer has an increased transparency
compared to conventional a-Si:H(p) emitter layer, as we showed in Chapter 4.
Thereby, it enables an increased amount of light to enter the active absorber
layer of the cell.
To assure good optical and electrical properties of the nc-SiOx :H(p) layer
upon implementation in SHJ solar cells, these properties have been investigated before and after annealing. As can be seen in Figure 5.2, the first few
nm of the nc-SiOx :H(p) material consists of an amorphous incubation phase.
With increasing layer thickness the crystallinity of the material increases. It is
known that the incubation layer is much thinner if the nanocrystalline layer
is deposited on an oxide, such as borosilicate glass [63]. Therefore, we mimic
the growth conditions and material properties of the nc-SiOx :H(p) material in
a solar cell, by depositing two identical samples of 20-nm thick nc-SiOx :H(p)
on Corning borosilicate (Eagle XG) glass precoated with a 5 nm a-Si:H(i) layer
(see Figure 5.1 d)). One sample was kept as deposited, whereas the other sample was annealed for 56 h in vacuum at 200°C. This long annealing time was
chosen in order to assure the full annealing effect on the material properties.
We observed a 20× increase in dark conductivity σD from
1.3×10−7 S/cm to σD = 2.6 × 10−6 S/cm after annealing. This gain in conductivity is attributed to the activation of boron upon annealing [63]. Due to the
5-nm amorphous seed material and a nc-SiOx :H(p) layer thickness of only
20 nm, the layer is expected to be less crystalline and thus less conductive
than the 185 nm thick nc-SiO x :H(p) layers grown directly on Corning Eagle
XG glass used to characterize the material properties as listed in Table 5.2.
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Not much research has been done on the influence of annealing on the
band gap of nc-SiOx :H(p). It is known for a-SiOx :H(p), that annealing leads
to a decrease of optical band gap [212]. The effect of annealing temperatures
≥ 800°C on undoped SiOx containing silicon nanocrystals has been observed
by Nikitin et. al. [213] [214]. They find an increase of optical band gap
with increasing annealing temperatures and attribute it to an amorphous-tocrystalline transitions of Si clusters within the material. Figure 5.5 shows the
determined absorption coefficients α as function of the photon energy E = hν
(with h denoting the Planck’s constant and ν the photon frequency) for the
annealed and as-deposited sample. The optical band gap E04 is determined
as 2.3 eV for the as-deposited sample and 2.4 eV for the annealed sample.
Thus, a small increase in band gap is visible. However, it is difficult to make
a solid statement about the development of the optical band gap. Because
nc-SiOx :H(p) is not a single phase material the modelling is not straightforward, as evident from the work of Ilday et al. [215]. Thus, our simple approach model results in a not negligible uncertainty of the determined band
gap values. Therefore, it is difficult to evaluate the optical properties. There
might be a small difference in band gap, but due to accuracy limitations we
can not say this with certainty.

F IGURE 5.5: Absorption coefficient α as function of the photon energy for the
annealed and as-deposited nc-SiOx :H(p) material.

5.4

Conclusion

In this chapter we have presented a nc-SiOx :H(p) material with superior thermal behaviour. a-Si:H(i)/nc-SiOx :H(p) passivation stacks exhibit an increase
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in minority carrier lifetime even after annealing at relatively high temperatures up to 293°C. For an i/p-layer sample the observed behaviour is exceptional. For samples with a-Si:H(i)/a-S:H(p) passivation stacks, it is known
that the minority carrier lifetime decreases upon annealing at comparably
moderate temperatures of 220°C [203] or even 150°C [30]. The fact that annealing temperatures well above the deposition temperature have a positive effect
for layer stacks including nc-SiOx :H(p) is remarkable. To our knowledge it has
not been reported earlier that annealing complete passivation stacks including p-type silicon based layers at such high temperatures can improve their
passivation properties. This outstanding behaviour is mostly attributed to the
hydrogen bonds being located predominantly in the amorphous SiOx phase
where the Fermi energy is deep in the gap. Thereby, the Fermi-level dependent Si-H bond rupture takes place at higher temperatures than for conventional a-Si:H(p).
This heat-withstanding emitter/passivation layer stack could be of high
interest for commercial solar cell producers, since it enables the use of higher
post processing temperatures in the production process. For instance, metallization paste with higher curing temperatures leading to better metal grid
conductivity and lower contact resistivity could be implemented. Moreover,
transparent conductive oxide (TCO) layer produced at higher temperatures
could be applied in the SHJ solar cell.
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Chapter 6

ZnO:B front TCO in
combination with nc-SiOx:H(p)
emitter layer for increased JSC in
SHJ solar cells
In this chapter, the replacement of the conventional sputtered tin-doped indium oxide (ITO) on the silicon heterojunction (SHJ) solar cell front side with
highly transparent boron doped zinc oxide (ZnO:B) in combination with the
p-type nanocrystalline silicon oxide (nc-SiOx :H(p)) emitter layer is investigated. Not only does the ZnO:B show a remarkably high transmission and
provides the desired indium-free alternative to ITO, it moreover is prepared
by the soft method of atomic layer deposition (ALD) employing the novel
triisopropyl borate precursor, B(Oi Pr)3 (TIB), which presents an easy controllable and safer alternative to commonly used boron precursors.
In a first step, the suitability of the ZnO:B for implementation as front
transparent conductive oxide (TCO) in SHJ solar cells is evaluated. To this
end, the sheet resistance, transmission, refractive index, extinction coefficient,
absorption coefficient, and optical band gap have been investigated for different doping levels of the material. Subsequently, the nc-SiOx :H(p) emitter layer
and ZnO:B front TCO were implemented in SHJ solar cells. For comparison,
SHJ solar cells with standard sputtered ITO have been made. The potential of
ZnO:B grown with TIB as indium-free TCO with increased transmission for
SHJ solar cells is evident from J-V -and EQE-characteristics. Furthermore, indium free SHJ solar cells with ALD deposited ZnO:B as front TCO and ZnO:Al
as back TCO have been successfully demonstrated.
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Introduction

For conventionally contacted silicon heterojunction (SHJ) solar cells, a high
performance of the front transparent conductive oxide (TCO) is required. It
needs to be reasonably low resistive (< 10−3 Ω⋅cm), while still maintaining
high transmission (> 85%) in order to allow a large amount of light to reach the
active absorber layer of the cell and thus generate a high short circuit current
density JSC . The most commonly used TCO for SHJ solar cells is tin-doped
indium oxide (ITO). However, an indium free alternative is desirable due to
the scarcity of this element [111].

Doped zinc oxide (ZnO) is a good alternative to ITO. Doping can be
achived e.g. by implementing aluminium (Al), gallium (Ga) or boron (B).
A soft method, such as atomic layer deposition (ALD), will be most suitable
to prepare this layer without damaging the interface with the emitter layer.
A commonly used precursor for boron doping in ALD processes is diborane,
which is extremely flammable, very toxic, fatal if inhaled, and causes severe
skin burns and serious eye damage [164]. Triisopropyl borate (TIB) in comparison is so far only known to be highly flammable, expected to be a low ingestion hazard, might be harmful after prolonged inhalation, and might cause
temporary eye and skin irritations (compare Table 2.1). Regarding toxicity
of TIB, till now only limited data are available [165] [166], but TIB is potentially a much safer alternative, as discussed in Chapter 2. Moreover, TIB has
a favourably low vapour pressure of 13 Torr at 25°C, compared to diborane
with 3.5×104 Torr at 25°C [114].

ALD prepared boron doped zinc oxide (ZnO:B) with the TIB precursor as
a boron-source has recently been developed by Garcia-Alonso et al. [114]. We
present, to our knowledge, the first implementations of this new type TCO
in SHJ solar cells. In this chapter, the performance of SHJ solar cells with
conventionally sputtered ITO and the novel ALD prepared ZnO:B layer is
compared, showing a clear increase of short circuit current density (JSC ) for
cells with ZnO:B. In addition, indium free SHJ solar cells are realized using
ZnO:B as front TCO and aluminium doped zinc oxide (ZnO:Al) as rear TCO.
For the back, ALD prepared ZnO:Al was chosen because the material is very
well developed and understood, as can be seen by its numerous applications
in our research group [114] [216] [217] [163] [152] [218] [219] [220].

6.2. Experiment

6.2

95

Experiment

All ZnO layers are deposited via ALD in an OpAL® reactor from Oxford Instruments. Diethylzinc ((C2 H5 )2 Zn, DEZ > 99.999%, Dockweiler Chemicals))
and triisopropyl borate (B(Oi Pr)3 , TIB > 98%, Air Liquide) or trimethylaluminium (Al2 (CH3 )6 , TMA > 99.99%, Dockweiler Chemicals) served as precursor gases. Water vapour is used as a reactant. Figure 6.1 shows a schematic
overview of the ZnO:B ALD deposition scheme. Doping is achieved by performing m cycles of ZnO ALD, followed by one cycle of the dopant material. Each ZnO cycle consisting of a sequence of DEZ dosing, purging, water
vapour dosing, and purging. To achieve the desired film thickness this so
called supercycle (m+1) is repeated as needed. The dopant cycle ratio R is
determined as:
1
R=
.
(6.1)
m+1

F IGURE 6.1: Overview of the deposition steps of the ALD process of ZnO:B, indicating the variable number of ZnO deposition cycles m after which one dopant
cycle is introduced, together forming a complete supercycle.

For material characterization, 75 nm thick ZnO:B layers (the thickness
commonly used in SHJ cells) have been grown on 7059 Corning glass as well
as on silicon wafers covered with a thermally grown SiO2 layer. Layers with
different dopant cycle ratios between R = 0.024 - 0.048 at temperatures between 150°C - 200°C have been prepared. The sheet resistance Rsh was determined by four point probe measurements for all samples, the optical transmission T opt was studied using a UV-VIS-NIR spectrometer (Carry 5000, Agilent technologies) for the samples grown at 200°C. The transmission data are
corrected for reflection by comparing to a bare Corning glass substrate.
The optical properties of the ALD ZnO:B for different doping fractions
were investigated using a J.A. Woollam Co. M2000® UV ellipsometer. The
data were analyzed using a Psemi-M0 model [187] to extract the refractive
index (n), extinction coefficient (k), and the absorption coefficient (α). The optical band gap Eg was determined by linear extrapolation of the so-called Tauc
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plots, which present (αhν)2 vs. hν for the direct band gap material [221] [222].
SHJ solar cells have been fabricated on textured <100> n-type Cz wafers
c-Si (thickness ≈ 150 µm) , and on double side polished (DSP) <111> n-type
FZ c-Si wafers (thickness ≈ 275 µm). Figure 6.2 shows an overview of the different samples. The arrangement of all thin-film silicon layers is the same for
each sample, whereas the TCO material (and for sample type IV also the front
contact material) varies. In cell type I the ALD prepared ZnO:B (R = 0.040)
is implemented as front TCO with ITO as back TCO. Cell type II serves as
reference with ITO as front and back TCO. Both cell types are made on DSP
as well as on textured wafers. All ZnO layers used in the SHJ solar cells have
been grown at 200°C.
Cell type III realizes an indium free SHJ solar cell by using ZnO:B (R =
0.040) as front TCO and ZnO:Al (R = 0.042) as back TCO on a DSP wafer. Cell
type IV (on textured wafer), with ZnO:B as front TCO, ITO as back TCO, and
gold (Au) as front grid contact is used for annealing studies.
All wafers are coated on both sides with a 5-nm intrinsic amorphous silicon layer (a-Si:H(i)). Thereon, the rear is coated with 20 nm a-Si:H(n). Afterwards the front is coated with the emitter layer stack, consisting of 5 nm
nc-Si:H(p) to facilitate a fast nucleation of the silicon oxide layer, a 12 nm
nc-SiOx :H(p) highly transparent emitter layer, and a 3 nm nc-Si:H(p) layer
to improve the contact to the top TCO [7] [47]. The backside of the cell is
then finished with 75 nm TCO (RF-magnetron sputtered ITO, or in the case
of cell type III ALD prepared ZnO:Al), and 200 nm silver (Ag). As front TCO
75 nm of either RF-magnetron sputtered ITO (sample type II) or ALD prepared ZnO:B (all other sample types) is used. During the ITO deposition, the
solar cell area of 1 cm × 1 cm is defined by a mask. Due to the nature of the
ALD process, the ZnO:B is deposited on the complete solar cell front side of
sample type I, III, and IV. Their individual cells are subsequently separated by
cleaving the wafer. On top of the TCO, evaporated silver (sample type I-III)
or gold (sample type IV) grids serve as front contacts.
All silicon base layer are prepared in the PASTA reactor [171]. The doped
layers are deposited via plasma-enhanced chemical vapour deposition
(PECVD). Other than in Chapter 4 - 5, the intrinsic amorphous silicon layer
are not deposited by PECVD, but by hot wire chemical vapour deposition
(HWCVD). This choice was made, after first test runs of SHJ solar cells of with
the PECVD deposited buffer layer exhibited an S-shaped illuminated current density-voltage (J-V ) characteristic. Therefore, we changed to HWCVD
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F IGURE 6.2: Schematic overview of the different investigated silicon heterojunction (SHJ) solar cells studied in this work (all drawn not to scale). In yellow on
the SHJ solar cell front side, the 5-nm nc-Si:H(p) nucleation promoting layer, the
12 nm highly transparent nc-SiOx :H(p) emitter layer, and the 3 nm nc-Si:H(p)
contact layer are indicated. Solar cell type I and II are realized on double sided
polished (DSP) as well as on textured wafer. Cell type III is made on DSP wafer
and cell type IV on textured wafer.
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deposited passivation layer, as developed in our laboratory and previously/
simultaneously to this work also successfully implemented in textured and
micropillar silicon heterojunction solar [223]. It is worth mentioning, that
the PECVD community is speculating, whether SANYO also uses HWCVD
grown buffer layer for their 25.6% HIT cell, which until recently held the
efficiency record [224]. This underlines the enormous potential of HWCVD
grown passivation layers.
To guarantee good interface passivation (as discussed in Chapter 6), as
well as a good contact between the TCO and the metallization, the finished
solar cells of sample type I-III are annealed for 3 hours at 180°C under nitrogen atmosphere. Sample type IV is dedicated to annealing studies. The
samples of this type are therefore after deposition of the front and back TCO
pre-annealed for 30 min at 170°C in vacuum prior to the Au deposition. After the Au evaporation, the cells are annealed in consecutive steps between
130 - 240°C. The illuminated J-V characteristics are determined after each
annealing step.
The J-V characteristics of all cell types are determined with a WACOM
dual beam “Super Solar simulator” under AM1.5 illumination, using a
shadow mask to accurately define the illuminated cell area of 1 cm2 . Due to
limited accuracy of the mask’s placement, the data are corrected by rescaling
to the JSC retrieved from EQE measurements.
The series resistance RS and the parallel resistances RP are determined
under illumination conditions. They are calculated as the inverse of the slope
near open circuit and short circuit conditions respectively. The External Quantum Efficiency (EQE) is determined without bias light with an Optosolar
(SR300) setup equipped with a 250 W xenon lamp and a Jobin Yvon iHR320
monochromator.

6.3

Results and discussion

We investigated the relevant material properties of ALD ZnO:B for 75-nm
thick layers, which is the optimum TCO thickness for an antireflection coating
for SHJ solar cells. The doping fraction DF is defined as:
DF =

at%B
,
at%B + at%Zn

(6.2)
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with at%B being the atomic percentage of boron and at%Zn being the atomic
percentage of zinc in the material. This has been investigated by Garcia
Alonso et al. [114] for ZnO:B prepared by ALD at 150°C. The DF has been
found to be a linear function of the dopant cycle ratio R, with a higher dopant
cycle ratio leading to a higher doping fraction and thus higher incorporation
of boron in the film.
Figure 6.3 shows the sheet resistance Rsh of these layers grown at deposition temperatures of 150°C, 175°C, and 200°C on Corning glass as well
as on thermally grown oxides on Si wafers. The sheet resistance exhibits a
favourable minimum at R = 0.040 (m = 24) for all temperatures. This behaviour has been studied by Garcia-Alonso et al. for ZnO:B deposition at
150°C by SE data and verified by Hall measurements [114]. For small R, the
amount of boron incorporated into the material increases with increasing R,
which leads to an increase in carrier concentration. However, at too high values of R the carrier concentration decreases again. This might be caused by
dopant clustering and occupation of interstitial sites, as well as the formation of oxides and metastable phases which makes the dopants inactive [114]
[225]. A possible reason for this could be, that the solubility limit of B in the
ZnO lattice is being reached [114]. For the electron mobility a similar trend can
be observed. For small R the mobility first increases with increasing R. After
reaching a maximum the mobility then decreases with further increase of R.
This mobility decrease can be explained by an increase in grain boundary scattering [105] [114]. Other reasons for increased scattering could be dislocations,
impurities, growth defects, and lattice mismatch [105]. The initial increase in
mobility seems counter-intuitive, but has been observed before [226]. Since
a low sheet resistance requires a high carrier density and/or a high mobility,
the minimum for R is formed. As can be seen, the sheet resistance decreases
with increasing deposition temperature. This is attributed to an increase in
mobility as well as an increase in carrier concentration of the material with
increasing deposition temperature [114].
Due to the favourable decrease of sheet resistance with increasing deposition temperature, a temperature of 200°C, which is commonly the highest
temperature suitable for SHJ solar cell production, has been chosen for the
deposition of all following ZnO:B layers. In order to evaluate the suitability of ZnO:B as a front TCO for SHJ solar cells, its optical properties have
been investigated for 75 nm thick ZnO:B films on glass. Figure 6.4 shows the
transmittance of the layers. “Fringes” are visible in the transmitted spectra especially around a wavelength range between 400 - 500 nm. We attribute this
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F IGURE 6.3: Sheet resistance Rsh of ZnO:B (75 nm) for different dopant cycle ratios R deposited on Corning glass (circles) and thermally grown oxide
on Si wafers (triangles) for different deposition temperatures T . For reference:
Rsh (ITO) = 48 Ω/2 on Corning glass.

to thin-film-interference, which is cause by the interference of light waves reflected at the TCO layer ’s interfaces (to glass and to air) with each another. All
layers exhibit good transmission over most of the wavelength range, which
makes them optically favourable over ITO as front TCO. However, during
our research we discovered difficulties regarding the work function of ZnO:B,
that will be discussed later.

F IGURE 6.4: Transmission Topt of ZnO:B films (deposited at T = 200°C) for 75 nm
thin films as a function of the wavelength λ for different dopant cycle ratios.

Since the transmittance of the thin films on glass is influenced by its thickness (here 75 nm for all films) as well as by interference effects in the film,
the optical properties have further been investigated. Figure 6.5 a) and b)
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show the refractive index n and the extinction coefficient k, for ALD ZnO:B
films deposited with various dopant cycle ratios R at 200°C. In simulation
programs these n and k values can be used for the modelling of optical stacks.
As can be seen in Figure 6.5 a), at a given wavelength λ the refractive index n decreases with increasing dopant cycle ratio R (corresponding to an
increasing boron content in the films). The same behaviour can be observed
in Figure 6.5 b) for the extinction coefficient k. At a given λ, k decreases with
increasing R (in the low wavelength range). These behaviours of n and k are
known and have been attributed to an increase in the carrier concentrations in
the material [227], which has been found for increasing doping fraction in the
doping ratio range we investigated [114]. This is related to a change in band
gap, that we will discuss below.
Figure 6.5 c) shows the absorption coefficient α as a function of the photon
energy Eph . A blue shift is clearly visible in the absorption edge of the ZnO:B
with increasing boron dopant cycle ratio R. The incorporation of boron in the
material provides free charge carriers that shift the Fermi level into the conduction band and thus widens the band gap according to the Burstein–Moss
theory [114] [227]. The Tauc plot ((αhν)2 vs. hν for direct band gap material)
of the different ZnO:B films is shown in Figure 6.5 d). As can be seen in the
inset of the figure, the optical band gap Eg increases with increasing R, and
thus with increasing boron incorporation, which is in agreement with the previous reported studies on ZnO:B deposited by ALD or sol-gel method [114]
[226] [227] [228]. The Burstein-Moss shift could be the dominant reason for
this band gap widening. Moreover, additional effects such as strain, grain
size, and imperfections in the lattice might contribute to this widening as well
[228].
All investigated ZnO:B materials show good optical properties for all doping ratios. Therefore, the most conductive ZnO:B, grown with R = 0.040 (T =
200°C), has been chosen for implementation in the SHJ solar cells. The resistivity of the selected ZnO:B layer is 9.1 × 10−4 Ω⋅cm on Corning glass, whereas
the resistivity for our standard sputtered ITO is 3.6×10-4 Ω⋅cm for the same
75 nm thick layer.
The emitter layer is preceded by a thin 3 nm nc-Si:H(p) layer in order to
facilitate a fast crystallization of the nc-SiOx :H(p) layer [63] [64], as discussed
in Chapter 2, 4, and 5. Since the nc-Si:H(p) layer is followed by the deposition
of an oxide layer, it is possible that the nc-Si:H(p) layer gets oxidized during
this following deposition [7]. On top of the nc-SiOx :H(p) layer, another 3 nm
thin nc-Si:H(p) layer is deposited, which is then followed with the TCO layer.
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F IGURE 6.5: Optical parameters of the ZnO deposited with different dopant cycle
ratios R at 200°C: a) Refractive index n and b) extinction coefficient k as a function
of the wavelength λ. c) Absorption coefficient α and d) Tauc plot with (αhν)2 as
a function of photon energy Eph . Inserted frame: optical band gap Eg for the
different dopant cycle ratios.
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Since the nc-Si:H(p) has a higher charge carrier density than nc-SiOx :H(p), the
space charge region in the p-layers is decreased as compared to a direct deposition of the TCO layer on top of the nc-SiOx :H(p). This increases the gradient
of the electric field on the p-side of the junction and results in an increased
tunnelling probability. Thus, the contact between the TCO and emitter layer
is improved [47].
Figure 6.6 shows the illuminated J-V characteristics of the SHJ solar cells.
As can be seen, the cell with ZnO:B exhibits an impressive gain in JSC of
almost 4% for cells on textured wafers (Figure 6.6 a) and more than 6% for
cells on double side polished (DSP) wafers (Figure 6.6 b) compared to cells
with ITO. This results in outstanding values of JSC = 35.50 mA/cm2 (DSP)
and 38.76 mA/cm2 (textured). We attribute this to the higher transparency of
the ZnO:B. Figure 6.6 c) further illustrates the benefits of ZnO:B over ITO observed by external quantum efficiency (EQE) measurements for all cell types.
Table 6.1 shows an overview of the solar cell parameters of the different
types of solar cells. Unfortunately, the cells including ZnO:B suffer from a
less favourable fill factor (F F ), and thus lower efficiency (η). This can be attributed to the higher resistivity of ZnO:B, leading to a higher series resistance
(RS ). Furthermore, the cells with ZnO:B have an unfavourable lower parallel
resistance (RP ). The reason for the unfavourable series and parallel resistance
for SHJ solar cells with ZnO:B front TCO could be a too low work function
of the ZnO:B. Rößler et al. found for SHJ with conventional a-Si:H(p) emitter
layer, that a too low TCO work function will result in a decrease in F F . A
high work function, leading to a small work function difference between the
emitter and the TCO layer, is necessary in order to achieve flat band conditions. Otherwise, depletion at the emitter layer is introduced [229]. This is
supported by Chen et al., who predicted a high efficiency SHJ solar cell only
for large work functions [230]. Figure 6.7 shows schematically the band diagram of the SHJ solar cells with ZnO:B front TCO and ZnO:Al back TCO.
The work function is not considered a material constant, since it can largely
vary depending on the preparation of the material. Factors like the surface
dipole (which can increase the work function due to an increase in ion potential) and carrier doping (which lowers the work function) influence its value
[232]. However, extensive studies on layers grown by DC magneton sputtering, RF magneton sputtering, and ceramic sintering have observed a general
trend of remarkable lower work functions for ZnO and ZnO:Al compared
to ITO. We expect the same for ZnO:B. A range of typical work functions of
3.1 eV - 4.5 eV for ZnO:Al and 3.6 eV - 5.3 eV for ITO has been found [232].
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F IGURE 6.6: Comparison of J-V -curves for SHJ solar cells of sample type I and II
on textured wafer (a) and sample type I-III on double side polished (DSP) wafer
(b). c) Wavelength dependent EQE (measured at short circuit condition without
bias light) for the same solar cells.
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TABLE 6.1: Overview of the SHJ solar cell parameters. Please refer to Figure 6.2
for the sample type numbers.
Sample type

I

II

III

I

II

Wafer type

DSP

DSP

DSP

Textured

Textured

Front TCO

ZnO:B

ITO

ZnO:B

ZnO:B

ITO

Back TCO

ITO

ITO

ZnO:Al

ITO

ITO

V OC (mV)

0.685

0.684

0.658

0.668

0.675

JSC (mA/cm2 )

35.50

33.48

35.05

38.76

37.31

FF (%)

0.60

0.72

0.66

0.64

0.76

η (%)

14.53

16.53

13.81

16.68

19.23

RS (Ω ⋅ cm2 )

3.9× E+0

3.1× E+0

4.4× E+0

1.9× E+0

1.3× E+0

RP (Ω ⋅ cm2 )

1.3× E+3

1.2× E+4

1.2× E+3

6.1× E+2

1.1× E+4
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F IGURE 6.7: Band diagram of the SHJ solar cells with novel emitter stack, ZnO:B
front TCO, and ZnO:Al back TCO (Sample III in Fig. 6.2); not drawn to scale;
based on [47], [111], and [231]. Charge carriers can tunnel through the thin
a-Si:H(i) barrier.

Hence, it is realistic to assume that the ZnO:B we implemented has a lower
work function than the ITO.
A way to minimize the possible negative effects of the work function could
be a careful adjustment of the interface between the TCO and the emitter layer.
By taking advantage of the highly controllable nature of the ALD process, the
work function of the TCO could be optimal engineered e.g. by using gradual
doping [217] or by mixing in a small fraction of a metal other than zinc. For
example, ITO-doped ZnO can reach work functions of 4.8 eV and in combination with post deposition treatment even 5.1 eV [233]. Alternatively, wurtzite
structured low content indium-doped zinc oxide (LC-IZO) can be fabricated
with a tunable band gap between 4.59 eV and 5.56 eV [234]. Although ITOdoped ZnO as well as IZO are not indium free as desired, they do contain a
lower amount of indium than standard ITO and are thus favourable in the
sense of indium scarcity. Using a similar material would possibly still lower
the usage of indium compared to simple ITO films.
After discussing the possible negative influence of the work function, we
should point out that we would expect to see at least a small decrease in V OC
in case the low work function is the reason for the lower F F . It can be seen in
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the work of Varache et al. [235] as well as Bivour et al. [236], that it is possible
to observe a decrease of F F at smaller changes in work function and much
more pronounced compared to the decrease of VOC . Nevertheless, the complete lack of a decrease of V OC , in case the low TCO work function does cause
the decrease in F F for solar cells with ZnO:B front TCO, is still striking.
We now want to direct the readers attention to the solar cell parameters
of the samples with ZnO:B front and ZnO:Al back TCO (sample type I) in
Table 6.1. Not much difference in F F , JSC , and η is visible compared to the
solar cells with ZnO:B front and ITO back TCO (sample type III). A decrease in
VOC can be seen for cells with ZnO:Al. We strongly suspect difficulties during
the cleaving of the type III cell might have contributed to or entirely caused
this lower VOC [237] [238] due to edge defects. The lower work function of the
ZnO:Al compared to ITO, which on the p-side of a SHJ solar cell might result
in a reduced field effect passivation [229] [217], should not have a negative influence on the n-side of the SHJ solar cell. As can be seen in Figure 6.7, on the
n-type side of a SHJ solar cell a low work function could even be beneficial.
Therefore, also ZnO:B might be very suitable of implementation of the back
of SHJ solar cells.
According to Kirner et al. [239], a large dopant density is required in the
TCO and emitter layer to achieve a good TCO/emitter contact. That way, free
electrons from the TCO can recombine loss free with holes from the emitter
layer. For our ZnO:B the dopant density is expected to be low due to the
following reasoning. The dopant density Nd is the number of dopant atoms
per unit volume. It is related to the doping fraction DF , which in our case
is the ratio between the atomic percentage of boron and the atomic percentage of boron and zinc. The DF of ZnO:B grown with TIB is low compared to
ZnO:Al doped with TMA or with dimethylaluminum isopropoxide (DMAI)
for a given dopant cycle ratio R. For R = 0.05 a DF of 0.024 for dopant with
the TIB precursor, 0.032 for the use of DMAI and at R = 0.06 a DF of 0.064
for the implementation of TMA has been found [114]. This can be attributed
to precursor reactivity as well as the rather bulky isopropyl ligand of the TIB.
Most likely steric hindrance on the film’s surface leads to a less dense appearance of the boron [114] [163]. Thus, also N d should be comparably low for the
ZnO:B. Following the reasoning of Kirner et al., this should have a negative
impact on the contact between the TCO and the emitter layer. Hence, a severe negative influence on the F F , a behaviour that is especially pronounced
for low work function TCOs [239] could be the result. However, we assume
that not the dopant density by itself, but rather in combination with the doping efficiency η doping is most important for a good TCO/emitter layer contact.
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Although the DF (associated to N d ) of ZnO:B grown with TIB is rather low,
it has been found for depositions at 150°C, that at a given DF the η doping of
the ZnO:B severely outperforms the η doping of ZnO:Al grown with TMA [114].
Thus, it is hard to judge, whether or not the low DF does increase the negative effect of the low work function of our ZnO:B layer. However, a negative
effect of a low ZnO:B work function might also appear in the case of a sufficient DF and η doping .
For ALD prepared hydrogenated indium oxide (In2 O3 :H), it has been suggested that hydrogen- and oxygen-containing species effuse from the In2 O3 :H
upon annealing. Due to a reaction with the silver contacts, this might lead to
an insulating layer between the TCO and silver [106], thus increasing the contact resistance, which could be the reason for a low F F . To study whether
similar effects occur in the case of ALD prepared ZnO:B, which also uses water vapour during the deposition, we pre-annealed sample type IV before depositing the front contacts. To further inhibit oxidation of the metal grid, gold
is chosen as contact material. The finished cells are then consecutively annealed while monitoring the F F and VOC after each annealing step. Since no
improvement in F F is seen for these cells compared to cell type I, we rule out
that contact oxidation plays a major role as a F F limiting factor. This is also
supported by the following line of thoughts. It is evident from µc-Si:H grown
on ZnO:Ga substrates that at the ZnO/Si interface the zinc oxide is reduced
to zinc and the silicon is oxidized to silicon dioxide within a narrow thickness
range [240]. However, charger carriers can tunnel through the silicon dioxide
layer if it is thin enough, which will only have a small influence on the solar
cell’s efficiency. Moreover, similar interface reactions take place at the interface of silicon and tin oxide [241], which is widely used as tin-doped indium
oxide for SHJ solar cells without leading to interface problems. Additionally,
we expect the ZnO to have a rather compact structure due to the nature of the
ALD process, which would hinder the oxygen and silicon diffusion necessary
to form a thick silicon dioxide layer at the interface [242].
As can be seen in Figure 6.8, annealing of the cells, even to 240°C, does
not have a significant effect on the fill factor. Also the VOC , an indicator for
the solar cell´s passivation, stays remarkably stable. This is in sharp contrast
to the passivation behavior observed on conventional passivation layer stack
containing a-Si:H(p) layers (not using nc-SiOx :H), showing deterioration already upon annealing at moderate temperatures of 220°C [203] or even 150°C
[30].

6.4. Conclusion
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F IGURE 6.8: F F and VOC of cell type IV after annealing at different temperatures
Tannealing .

Up to 200°C, the absence of changes in the J-V characteristics could be attributed to the prior exposure of the semi cells (including all silicon layers, the
backside ITO, and Ag contacts) to 200°C during ZnO:B deposition. For higher
temperatures up to 240°C, the material characteristics of the nc-SiOx :H(p) material might play a role in the preserving of the solar cell’s passivation properties. As we discussed in Chapter 5, the tolerance of the passivation properties
to high temperatures can possibly be attributed to the prohibition of hydrogen effusion from the buffer layer by the nc-SiOx :H(p) layer.

6.4

Conclusion

ZnO:B grown with the novel dopant source TIB has successfully been implemented as indium-free TCO in the front side of SHJ solar cells. Indium free
SHJ solar cells have been realized using ZnO:B as front TCO and ZnO:Al as
backside TCO. The exceptionally high achieved JSC presents a good starting
point for further research on ZnO:B as indium free TCO for SHJ solar cells.
The use of TIB presents an easily controllable, and presumably much safer alternative in ALD processes to the commonly used highly toxic diborane. Due
to a higher series resistance (which could be caused by a too high resistance of
the ZnO:B), a lower parallel resistance, and probably a too low work function
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Chapter 6. ZnO:B front TCO in combination with nc-SiOx :H(p) emitter
aaaaaaaaaaaaaaaaaaaa layer for increased JSC in SHJ solar cells

of the ZnO:B, a decrease in fill factor compared to cells with standard ITO is
observed. A negative effect on the F F due to formation of an oxide interlayer
between the ZnO:B and the emitter layer has been ruled out. The solar cells
show remarkable thermal stabilities up to annealing temperatures of 240°C.
Investigation of the influence of the ZnO:B work function and careful engineering of the Si-ZnO:B interface should result in increased efficiency.
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Summary
Silicon Heterojunction Solar Cells:
Reduction of parasitic absorption

Silicon heterojunction solar cells (SHJ) are now well established due to their
high efficiencies. A promising way to further enhance their excellent characteristics and reach still nearer to the theoretical efficiency of Shockley–Queisser
limit is to reduce parasitic absorption and enable more light to enter the crystalline silicon (c-Si) absorber of the cell while maintaining a simple cell configuration. Therefore, we have investigated the replacement of the conventional
boron-doped amorphous silicon (a-Si:H(p)) emitter layer with a more transparent nanocrystalline silicon oxide (nc-SiOx :H(p)) layer. Furthermore, we
have studied the replacement of the conventionally sputtered indium-doped
tin oxide (ITO) on the SHJ front side with highly transparent boron doped
zinc oxide (ZnO:B).
Firstly, we focused on optimizing the nc-SiOx :H(p) material properties,
grown by radio frequency plasma enhanced chemical vapor deposition (RFPECVD). 20-nm thick nanocrystalline layers were successfully grown on a
5-nm a-Si:H(i) layer, as confirmed by transmission electron microscopy (TEM).
The effect of different ratios of tri- methylboron to silane gas flow rates on
the material properties were investigated by Raman spectroscopy, reflectiontransmission measurements, and temperature dependent electrical conductivity measurements. The optical and electrical properties of the material have
been studied on samples of 185 (± 10) nm thickness grown on Corning borosilicate (Eagle XG) glass. An optimized material with a dark conductivity in the
lateral direction of 7.9×104 S/cm combined with a band gap of E04 = 2.33 eV
has been fabricated. Despite its larger thickness of 20 nm as compared to
a conventional window a-Si:H p-layer (10 nm), the novel layer stack of a
Si:H(i)/nc-SiOx :H(p) shows significantly enhanced transmission compared to
the stack with a conventional a-Si:H(p) emitter.
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Summary

The high efficiencies of SHJ solar cells are enabled by their remarkably
high open circuit voltages (VOC ). A key factor in achieving these values is
a good passivation of the crystalline silicon wafer surface. One of the restrictions during SHJ solar cell production is the limitation to comparably low post
processing temperatures. This is caused by the deteriorating effect of high
temperatures on the passivation properties of the intrinsic amorphous silicon (a-Si:H(i)) layers combined with conventional boron doped amorphous
silicon (a-Si:H(p)) emitter layers. Therefore, we have investigated the influence of the nc-SiOx :H(p) material on the wafer passivation. Passivation stacks
consisting of a-Si:H(i) and nc-SiOx :H(p) emitter layers show an increase in minority carrier lifetime with post deposition annealing temperatures even up
to 293°C.
To our knowledge, there have been no earlier reports showing that annealing of complete passivation stacks including p-type silicon based layer at
such high temperatures is beneficial. This favourable behaviour of the material is attributed to the natural spatial separation of hydrogen and most of the
active boron within the nc-SiOx :H(p) material. Because the boron doping is
not in direct vicinity to the Si-H bonds within the mixed phase material, the
Fermi-level dependent Si-H bond rupture takes place at a much higher temperature in nc-SiOx :H(p) than in a Si:H(p). This temperature-withstanding
emitter/passivation layer stack could be of high interest for commercial solar
cell producers, since it enables the use of higher post processing temperatures
in the production process. For instance, metallization paste with higher curing temperatures leading to better metal grid conductivity and lower contact
resistivity could be implemented.
For conventionally contacted SHJ solar cells, a high performance of the
front transparent conductive oxide (TCO) is required. It needs to be reasonably low resistive while still maintaining high transmission in order to allow a large amount of light to reach the active absorber layer of the cell and
thus generate a high JSC . The most commonly used TCO for SHJ solar cells
in production is indium tin oxide (ITO). However, an indium free alternative is desirable due to the scarcity of this element. Therefore, we explore
the possibility of implementing ZnO:B prepared by atomic layer deposition
(ALD) with the novel triisopropyl borate (B(Oi Pr)3 , TIB) precursor as front
TCO. A commonly used precursor for boron doping in ALD processes is diborane, which is extremely flammable, very toxic, fatal if inhaled, and causes
severe skin burns and serious eye damage. TIB in comparison is so far only
known to be highly flammable, expected to be a low ingestion hazard, might
be harmful after prolonged inhalation, and might cause temporary eye and
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skin irritations. Until now, only limited data are available on the toxicity of
TIB. However, TIB is potentially a much safer alternative. The suitability of
the ZnO:B for implementation in SHJ solar cells has been evaluated. To this
end, the sheet resistance, transmission, refractive index, extinction coefficient,
absorption coefficient, and optical band gap have been investigated for different doping ratios of the material. The previously discussed temperaturewithstanding properties of the emitter/passivation layer stack enable the use
of a ZnO:B deposited at a comparably high temperature of 200°C. Upon implementation of nc-SiOx :H(p) as emitter layer and ZnO:B as front TCO in SHJ
solar cells, outstanding JSC values of 35.50 mA/cm2 for cells on double sided
polished wafer (DSP) and 38.76 mA/cm2 for cells on textured wafer are observed. For reference cells with nc-SiOx :H(p) emitter and ITO as front TCO,
33.48 mA/cm2 (DSP) and 37.31 mA/cm2 (textured) of current density were
reached. The potential of ZnO:B grown with TIB as indium-free TCO with
increased transmission for SHJ solar cells is thereby shown. Furthermore, indium free SHJ solar cells with ALD deposited ZnO:B as front TCO and ZnO:Al
as back TCO have been successfully demonstrated.
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This dissertation focuses on the reduction of the parasitic absorption in SHJ
solar cells. The implementation of more transparent materials, in combination
with replacing the scarce element indium by abundant materials, was investigated. To this end, the suitability of nanocrystalline silicon oxide (nc-SiOx :H))
and boron doped zinc oxide (ZnO:B) for utilization at the front side of SHJ
solar cells has been explored.
Firstly, an nc-SiOx :H(p) layer with sufficient conductivity and higher transparency than widely-used boron doped amorphous silicon (a-Si:H(p)) emitter
layer was developed. Increased thermal stability of the passivation properties
of a-Si:H(i)/nc-SiOx :H(p) layer stacks, as compared to passivation stacks including the common a-Si:H(p) layer, was achieved. Thereafter, the usage of a
more light transmitting transparent conductive oxide (TCO) on the front side
of SHJ solar cells was investigated. A commonly used TCO is tin doped indium oxide (ITO). However, an indium free alternative is desired due to the
scarcity of indium. Therefore, we examined the suitability of ZnO:B prepared
by atomic layer deposition (ALD). The material shows a favorable increased
transparency over ITO. It is prepared with the novel precursor triisopropyl
borate (TIB) as boron dopant source. The conventionally used boron precursor diborane exhibits severe hazards such as being fatal if inhaled. TIB is expected to be a less dangerous alternative to diborane. The implementation of
the nc-SiOx :H(p) emitter in combination with the ZnO:B as front TCO in SHJ
solar cells yielded the desired high short circuit current density (J SC ) of 38.76
mA/cm2 . This is the result of the reduced parasitic absorption. Unfortunately,
also the solar cells’ efficiency slightly decreased compared to SHJ solar cells
with nc-SiOx :H(p) emitter and ITO front TCO. The cause could be a decreased
conductivity and an unfavorable low work function of the ZnO:B compared
to ITO. Next to the achieved reduction of the parasitic absorption, indium free
SHJ solar cells have successfully been realized by replacing not only the front
side ITO with ZnO:B, but also the back side ITO with aluminum doped zinc
oxide (ZnO:Al).
The output of this research provides several applicable findings for the solar cell industry. First of all, nc-SiOx :H(p) emitter layers have good prospects
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for implementation in SHJ solar cell production. This is caused not only by
the material’s increased transparency compared to common a-Si:H(p) emitter
layer, but also by its outstanding thermal behavior. The passivation properties of a-Si:H(i)/nc-SiOx :H(p) layer stacks do not deteriorate upon going
to reasonably high temperatures, as is the case for conventional passivation
stacks of a-Si:H(i)/a-Si:H(p). This releases the restraint to low post processing
temperatures during solar cell manufacturing and allows for the implementation of a wider range of different TCO and metal grid materials. Secondly,
TIB is a promising alternative to the common boron source diborane in ALD
processes. Due to its expected lower hazard upon exposure to the human
body, it should provide a safer work environment for researchers and factory
workers. This might also reduce production costs as less safety measures can
possible be implemented. As a result, the usage of TIB as boron source could
be favorable in many areas also beyond solar cell production.
As mentioned, the efficiency of solar cells with ZnO:B slightly decreased
as compared to solar cells with ITO. Future investigations should be carried
out to pinpoint the reason for this. Nevertheless, the achieved high J SC values present a good starting point for further research on ZnO:B as indium free
TCO for SHJ solar cells. A detailed investigation of the Si-ZnO:B interface followed by a careful engineering of it, for example by implementing graded
doping of the ZnO:B, could result in the desired increased efficiency. Due to
its good transparency, other possible applications of the developed ZnO:B, for
example as the front TCO layer in perovskite solar cells, could be investigated.
The successful manufacturing of indium free SHJ solar cells provides a stepstone towards the goal of omitting scarce materials for solar cell production.
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