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Abstract

The growing market of building integrated photovoltaic applications and projects in-
creases the demand for versatile and novel photovoltaic modules that can be easily
tailored to the specific requirements of the architects and installers. Thin-film silicon
solar cells have a significant advantage over other photovoltaic module types because
of their high flexibility: They can be made homogeneously transparent with tunable
transmission and can be deposited on different types of substrates like ceramic or
plastic.

In addition, silicon photovoltaic modules are made from abundant resources and do
not use any hazardous materials which allows for easy recycling. Long term stability of
the cell itself has been shown to be almost unlimited and the manufacturers guarantee
up to 30 years.

This thesis will show that using doped layers made out of phosphine doped hydrogen-
ated microcrystalline silicon oxide in tandem cells for building integrated photovoltaic
applications poses a significant advantage compared to conventional layers. To achieve
the same lifetime as the conventional layers, they have to be stabilized. This can be
accomplished by inserting thin SiOs atom diffusion barrier layers into the stack. In
order to reduce the production time of multi-junction cells for building integrated
photovoltaic applications, the absorption of the silicon absorber material can be en-
hanced by adding germanium. Using the advantages of a band-gap reduced by the
addition of germanium enables the absorption of light with a longer wavelength. The
ue-Sipx Gex:H absorbers investigated show the same efficiency as the pc-Si:H ab-
sorbers but with reduced thickness.

For applications like fences or facades it can be advantageous for a photovoltaic mod-
ule to be able to collect sunlight from both sides. Those types of modules are called
bifacial modules. The project explores simulations of different planes of orientation
and tilt were simulated in terms of irradiance for bifacial modules. Results show that,
even for Oldenburg, vertically installed modules with high bifaciality can receive more
irradiance than monofacial modules with optimum tilt and orientation.

While tandem-junction thin-film silicon solar cells show an inferior performance be-
cause of the current matching problem caused by shifting irradiation conditions, it

was found that a bifaciality of over 95 % can be achieved for single junction cells by



redesigning the n-layer for high energy light transparency. This can be done by alloy-
ing the material with carbon, oxygen and decreasing its thickness which increases the
transparency. The result is a semi transparent bifacial solar module which meets the
demands of many building integrated photovoltaic applications in the most efficient

way.



Kurzfassung

Der schnellwachsende Markt von Gebiudeintegrierten Photovoltaik Produkten und -
Anwendungen erh6ht den Bedarf an vielseitigen und neuartigen Photovoltaik-Modulen,
die einfach auf die verschiedenen Bediirfnisse der Architekt+innen und Installateursxin-
nen zugeschnitten werden kénnen. Diinnschicht Silizium Photovoltaik hat in diesem
Feld durch ihre Flexibilitdt einen grofen Vorteil gegeniiber anderen Photovoltaik Mo-
dultypen. Sie kann ganzflichig und einstellbar-transparent hergestellt werden und sie
kann auch auf Keramiken oder Plastik abgeschieden werden. Zusitzlich wird die Sili-
zium Photovoltaik mit einfach verfiigharen und ungiftigen Rohstoffen hergestellt, was
das Recycling stark vereinfacht. Die Langzeithaltbarkeit der Zelltechnologie ist fast
unendlich, weshalb die Hersteller sogar eine Haltbarkeit von bis zu 30 Jahren garan-
tieren.

Diese Arbeit zeigt, dass phosphin dotierte Schichten aus mikrokristalliniem Siliziu-
moxid in Tandem-Zellen fiir Gebdudeintegrierten Photovoltaik Anwendungen einen
groken Vorteil gegeniiber herkémmlichen Schichten bieten. Diese miissen allerdings
mit diinnen Schichten aus SiOs stabilisiert werden, um das Diffundieren von Ato-
men zu verhindern. Um die Depositionszeit (und damit die Produktionskosten) dicker
Tandemzellen zu verringern, konnen die Silizium Absorberschichten mit Germanium
verbessert werden. Germanium hat eine kleinere Bandliicke und ermdoglicht so die Ab-
sorption von langwelligerem Licht. pc-Sij.xGex:H Absorber wurden untersucht, die
bei gleicher Effizienz eine geringere Schichtdicke aufweisen.

Fiir Anwendungen wie Z&une oder Fassaden kann es von Vorteil sein, wenn ein Solar-
modul von der Front- und der Riickseite Licht absorbieren kann. Solarmodule, die dies
kénnen, werden bifaciale Module genannt. Eine Simulation von Solarmodulflichen in
Oldenburg zeigt sogar eine héhere Einstrahlleistung fiir bifaciale Module in senkrechter
Aufstellung unabhiingig der Orientierung im Vergleich zu konventionell installierten,
monofacialen Solarmodulen.

Tandem-Junction Solarmodule sind durch Strom-Matching Probleme, die durch die
verdnderlichen Einstrahlbedingungen verursacht werden, in bifacialen Anwendungen
stark beeintridchtigt. Einfach-Stapel Solarzellen konnen durch eine Modifikation der
n-Schicht auf Transparenz in Solarzellen mit einer sehr hohen Bifacialitiat von 95 %
verwandelt werden. Diese eignen sich hervorragend fiir verschiedenste, teiltransparente

building integrated photovoltaic (BIPV) Anwendungen.
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Introduction and Outlook

1.1 Motivation

With the constant world-wide growing need for photovoltaic installations and an ex-
pected addition of 104 GW of installed photovoltaic power in 2018 [1], finding new
places to integrate solar cells becomes more and more important. Especially for dense
urban areas, where most of the power is consumed and space is limited, new and more
efficient solutions for integrating solar cells need to be found. But also rural areas de-
mand more space-saving solutions, since the option to install free standing solar power
plants competes with the agricultural use of the same space. Thus, as the amount of
installed solar modules increases, new ways to integrate power generation have to be
found. For buildings with large physical footprints, as the Gigafactory in Nevada,
the optimal solution is obvious: The whole roof of the building will be covered with
solar panels reaching a planned 70 MWp of power 2], in this case used to improve
the production of batteries for electrical vehicles. The largest rooftop array to date
only has a capacity of 11.6 MWp [2]|. For dense urban areas, which do not offer that
much rooftop space, using BIPV offers various options to find space for photovoltaic
generators. Integrating the power generation into existing structures is a sustainable
solution which has many advantages: The structure has to be build regardless of this
additional purpose, using photovoltaic modules as part of the structure therefore saves
material and makes the building more cost-effective.

One use case that illustrates this is the building of skyscrapers or big office buildings
with facades made out of glass. Since glass accounts for a main part of the costs of a
solar module and the offices behind the glass facade have to be shaded from the sun,

it makes sense to integrate the photovoltaic modules into the facade. This way, the
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Figure 1.1: Test of a solar roadway in the Netherlands. Generating approximately 70 kWh per
square meter per year. Picture from http://www.solaroad.nl/

need for air conditioning is reduced by shading the occupants and a potential return
of investment is created by the option to sell the power. The costs of the solar mod-
ules can be reduced by the amount of money the facade of glass without them plus
the shading would have costed. A good overview of large scale BIPV projects can be
found here!.

Another very prominent example is the solar roadway in the Netherlands: solar mod-
ules integrated into the roadway for bicycles on 70 m as depicted in figure 1.1. Though
the anti-slip coating of the glass still has to be improved, the test has been deemed
a success and will be expanded by additional 20 m of roadway soon [3]. This first
test has accumulated so much attention, even outside the Netherlands, that France
decided to build 1000 km of solar roadway over the next years [4]. The first kilometer
was already build and is now being tested for endurance and productivity?.

The integration of solar modules in structures such as fences and facades, however,
has some advantages over the use on roadways. Modules in fences or facades are
cleaned by the rain, easier to maintain, and are not so likely to be covered by snow
or shadowed by traffic. Moreover, they are significantly less expensive than roadway
modules, because only minimal changes are necessary to turn a standard module into

a module usable in a fence or facade element.

"https:/ /www.onyxsolar.com/projects
*https://arstechnica.com/cars/2016 /12 /worlds-first-solar-road-opens-in-france/
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Silicon wafer modules have already been integrated into glass used as semi-transparent
noise barriers. This use of wafer modules, however, has the negative effect of creating
a check board shadow pattern that is uncomfortable to look at when driving by in a
train or a car. A better option is the use of thin-film silicon solar cells that have a
homogenous appearance and can be made transparent homogeneously by reducing the
layer thickness and omitting the back reflecting layer. The thin-film silicon technology
is as durable as the silicon wafer technology but has a lower power conversion efficiency.
Up to this date, there are only few building integrated thin-film silicon photovoltaic
products on the market. Especially bifacial products with tunable transparency that
can be installed vertically seem to be missing on the marked. The investigation of this
particular module type will be one of the focuses of this thesis.

Attending international workshops on the current state of BIPV endeavors has shown
some challenges that need to be addressed: Big BIPV projects like those linked above
are done with the primary goal of publicity. Architects are sometimes forced to make
aesthetic decisions that make no sense for power generation. Some project reports
even show that photovoltaic modules installed in a building were not electrically con-
nected because there was no person responsible for the electrical design of the BIPV
project. Most of the solar module manufacturers build standard size modules and are
not flexible enough to provide customizable BIPV products. The market for BIPV
products has to expand in order to cater to the different needs of the BIPV projects.
That also creates an additional problem: Because BIPV products are varied and are
often customized for a specific project, there is no general certification of solar mod-
ules as building material. Most BIPV projects have to hire a consultant at the end of
the project to check the safety of each new material and module without certification
used. This significantly increases the costs of any BIPV project. An improvement
of this situation can be reached either by a government funded initiative to subsidize

certification or the certification has to be initiated and financed by the manufacturers.

1.2 Qutlook

The following chapters will concentrate on the investigation of the material basics to
create a building integrable, semi-transparent, and stable thin-film silicon solar cell
that can generate power no matter which side faces the sun. In short, this thesis will
focus on improving the performance of the window layer, the whole absorber, and
an exemplary BIPV application: a vertically installed bifacial module. In order to

increase the amount of light reaching the absorber in BIPV solar cells, the project
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investigates the use of n-pc-Si;.xOx:H as a window layer. Next, the absorber itself is
improved by the use of germanium and its improved absorption. Finally, the applica-
tion of a bifacial module in vertical installation is investigated as well as the method

of how to increase a thin-film silicon solar cell’s bifaciality.

e Chapter 3 concentrates on investigating how using doped layers made out of
n-pc-Sipx Ox:H can improve the performance of tandem cells for BIPV applic-
ations. It identifies an improved performance with the 3 layers and a way to

stabilize the layer against degradation.

e Chapter 4 focuses on the reduction of the production time of multi-junction
cells for BIPV applications by enhancing the absorption of the silicon absorber
material by adding germanium. It demonstrates that the same current density

generation can be reached with reduced absorber thickness and production time.

o Chapter 5 investigates the changes that have to be made to thin-film silicon solar
cells in order to be able to collect sunlight from both sides. Different planes of
orientation and tilt are simulated in terms of irradiance for bifacial modules.
It is shown that free standing and vertical bifacial modules are exposed to more
sunlight than conventional modules in optimum tilt and orientation. Modification
of the n-layer can turn thin-film silicon solar cells into bifacial cells with an
bifaciality of 98 %.



Fundamentals

2.1 Thin-Film Silicon Solar Cells

As a backdrop to the investigations done in this project, the following section will give
a brief introduction into the working principle and fabrication of thin-film silicon solar
cells.

The fabrication of thin-film silicon solar cells can be described with the following
steps: First, a glass substrate covered with transparent conducting oxide (TCO) is
cleaned and inserted into a vacuum chamber which is kept at a temperature between
150 and 220 °C during processing. Then, the silicon layers are deposited with radio
frequency plasma enhanced chemical vapour deposition (RF-PECVD). During this
process, different source gas combinations of Silane - SiH,, Hydrogen - Hy, Phosphine
- PH3, Diborane - BoHg, Methane - CH4, Germane - GeH,, and carbon dioxide -
COg are let into the chamber with the substrate and mix at pressures around 4 to 12
mbar. Two opposite planar electrodes with a gap of 1 cm with the substrate placed
in between are supplied with an alternating voltage. The resulting radiofrequency (rf)
electric field ignites the source gases between the plates to form a plasma. In the
plasma, the source gases are dissociated into atoms, radicals, molecules, and ions.
Some of those molecules reach the substrate and sublime on the surface. The chamber
surfaces and the other electrode are covered with molecules as well. The layer growth
and formation of amorphous or microcrystalline material depends on the plasma and
surface conditions and can be fine-tuned by changing the deposition gas composition,
pressure in the chamber, temperature, and power of the alternating voltage. Generally,

amorphous material is formed by using lower pressures, less power, and less hydrogen
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diluted process gas compared to microcrystalline deposition conditions’. Then, the
cells are covered with TCO again and interconnected by laser-scribing. Alternatively
to defining the area of measurement by a laser scribe, a common technique is to omit
the TCO layer and evaporate a silver pad as a back contact and reflector layer. Because
of the bad in-plane conductivity of the silicon layers, the area covered by the silver is
the only area where charge carriers can be extracted.

Thin-film silicon solar cells have a great advantage compared to other thin-film solar
cell types like Cu(In,Ga)Ses (CIGS) that are deposited at up to 500 °C [6]. The gas
in the plasma and the electron temperature are not in thermal equilibrium [5]. The
chemical reactions on the surface of the substrate and in the plasma are initiated by
electrons of high kinetic energy. The substrate temperature can therefore be kept at
relatively low temperatures of about 220°C. Contrary to most other stable solar cell
technologies, this enables the deposition of thin-film silicon solar cells on flexible and
cheap substrates like metal and plastic foils, ceramic, and even fiber glass composites.
Figure 2.1 a) shows the schematic layer setup of a thin-film silicon solar cell. The light
passes through the glass substrate, through a TCO and the positively-doped layer
(p-layer) before being absorbed in the intrinsic layer (i-layer). Some of the light is
absorbed by the glass, TCO, or p-layer and is lost for conversion to energy. Therefore,
these window layers are kept as transparent as possible for the wavelengths the i-layer

is able to absorb?2.

2.2 Structure and Functional Principle

When electron and hole pairs are created by an absorption of a photon in the intrinsic
layer, they start drifting apart due to the internal potential created by the very thin
p-layer and the negatively-doped layer (n-layer). The internal potential is created be-
cause the silicon in the p-layer is doped with boron. This creates a negatively charge
because boron has less electrons than silicon. The same works for the n-layer: Tt
is doped with phosphor and therefore charged positive because phosphor has more
electrons silicon. This is only true when the n-layer and the p-layer are electrically

connected by the i-layer and the surplus electrons from the n-layer have moved to the

'For more information on the deposition procedure see [5]

*Which wavelengths of light an absorber is able to convert to charge carriers depends on the band-
gap. Amorphous silicon has a mobility gap of 1.75 eV and microcrystalline silicon has a band-gap
of 1.1 eV [7: p. 37]. Amorphous silicon can absorb light up to a wavelength of approximately
800 nm while microcrystalline silicon can absorb light up to a wavelength of 1100 nm due to the
different band gap
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Figure 2.1: Structure of a): A single junction thin-film silicon solar cell, b): A single junction bifa-

cial thin-film silicon solar cell, c): A tandem junction thin-film silicon solar cell. Layer thicknesses
are not scaled.

holes in the p-layer. The electrons drift towards the n-layer and the holes towards
the p-layer. Because the holes have a lower lifetime than the electrons in amorphous
silicon, most amorphous solar cells are illuminated through the p-layer. Most high
energy light is absorbed in the first few nanometers and the holes have only a few
nanometers to travel towards the p-layer. The charge carriers can then be collected at
the TCO electrodes. More information on the detailed workings can be found in [7].
Figure 2.1 b) shows the structure of a bifacial single junction cell that can be illumin-
ated from both sides. In contrast to the structure of the cell stack displayed in a) and
¢), no reflecting layer in combination with the TCO or silver is deposited on top of
the n-layer.

Figure 2.1 ¢) displays the stack structure of a tandem silicon thin-film device. In
most cases, a microcrystalline silicon solar cell is stacked on top of an amorphous cell.
Tandem devices are solar cells connected in series. Two solar cells can be connected
in a series connection in two ways. The conventional way which is used to build wafer
modules is to connect the plus contact of one wafer cell with the minus contact of the
next wafer cell. This way the resulting module voltage is the sum of the voltage of all
series connected wafer cells. The resulting module current is the lowest current of all
series connected wafer cells because it limits all other cells. One can think (as a rough
analogue) of a module of serially connected solar cells as different segments of a pipe
connected to each other. The steepness of all pipes connected will add to the poten-

tial of the water flowing through it which can be seen analogue to the voltage. The
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Figure 2.2: Schematic band diagram of a tandem-junction device with a tunnel junction in between.
Figure abbreviated from [8]

circumflex of the smallest pipe will determine the amount of water flowing through it
and can be seen analogue to the current flowing.

In thin-film silicon solar modules, two or more solar cells can be connected in series
by depositing them on top of each other with similar ramifications as the serially con-
nected wafer cells show. Two hydrogenated amorphous silicon (a-Si:H) cells deposited
on top of each other with a open-circuit voltage (Vo) of 0.9 V each will result in a
multi-junction or tandem cell with 1.8 V. Three a-Si:H cells with 0.9 V deposited on
each other result in a triple junction cell of 2.7 V. When stacking the cells on top of
each other, one has to take into account that the topmost cell gets the most light while
all cells below only get what is left after passing the cells above. The light reaching a
cell determines the amount of current it generates. As with the wafer cells, the lowest
current determines the current generated by the multi-junction cell. Therefore, the
cell stack has to be tailored in a way that each cell is generating the same amount
of current. This is called current matching and results in the cell at the bottom of
the stack being the thickest. This technique has an additional benefit: The band-gap
of each cell in the stack can be tailored to the light it is supposed to absorb. The
stack therefore starts with an absorber material with a high band-gap, as for example
amorphous silicon, and ends with a subcell absorber with low band-gap like silicon-
germanium. A band-gap close to the energy of the light it is absorbing will result
in less thermalization losses. Hydrogenated microcrystalline silicon with a band-gap
of 1.1 eV, for example, absorbs light with an energy of 1.9 eV but looses 0.8 eV of

that energy to thermalization. Fabricating a multi-junction solar cell is not as easy
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as depositing two cells on top of each other. For a tandem solar cell of two cells con-
nected in series, a tunnel junction or recombination junction has to be inserted at the
interface of the two sub-cells. The interface consists of the n-layer of the topcell and
the p-layer of the bottom cell (see figure 2.1 ¢) and figure 2.2. As described before, the
generated charge carriers move to the doped layers. The electrons move to the n-layer
and the holes to the p-layer. Where the n-layer of the topcell is in contact with the
p-layer of the bottom cell, the generated charge carriers have to recombine fast and
completely. This is also called band-to-band tunneling [9] and can be seen in figure
2.2 indicated with an arrow. Otherwise, a charge would build up that would hinder
the extraction of charge carriers at the front- and back-contact of the multi-junction
stack. In order to promote the recombination at the interface, a thin and highly doped
p- or n-layer can be included as a recombination junction. This layer has to have a
large density of defects or dangling bonds to enable recombination. Additionally, it
has to be thin enough in order to absorb the least amount of light possible. The
recombination junction is also called tunnel junction because tunneling can be used to
help charge carriers to reach the area where the other type is in majority. Electrons
can, for example, tunnel to the defects in a p-doped recombination layer where the
holes are in majority. Tunneling is possible when the recombination layer is highly
doped and the Fermi level is close to the band edge. This state is easier to achieve
with microcrystalline doped layers [7: p. 243]. Therefore, most recombination layers
are made from microcrystalline doped layers and not amorphous doped layers. For
multi-junction stacks, a lower V. and higher series resistance (Rg) for a non functional

or bad functioning (tunnel) recombination junction can be expected?.

2.3 Characterization Methods

2.3.1 Sunsimulator

The electrical properties of the solar cells are characterized by measurement with a
WACOM super solar simulator class AAA with a dual xenon/halogen lamp setup. The
measurements were carried out under standard test conditions (25°C, 1000 W /m?,
AM1.5G) (STC). A Frauenhofer ISE solar cell is used to reference the measurements.
The solar cell is illuminated with 1000 W/m? and the air mass 1.5 global (AM1.5G)
spectrum provided by combining the xenon and halogen lamp and keeping the temn-

perature at 25°C. Simultaneously, the measurement setup sweeps the voltage of the

3More information on different multi-junction stacks and recombination layers can be found in [7]
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Figure 2.3: Voltage sweep of a tandem cell under STC and the product of J, V, and the position
of different electrical values.

cell while measuring the current output. To avoid contact resistances, the samples are
contacted by the four point method [10]. For bifacial cells a black background under
the cell was chosen.

Figure 2.3 shows such a voltage sweep of a silicon thin-film tandem solar cell. Most of
the important electrical characteristics of a solar cell can be derived from this measure-
ment. As indicated in figure 2.3, the short-circuit current density (Js.) is the current
density at the intersection of the graph with the y-axis. Similarly, the V. value is
the voltage where the graph intersects the x-axis. To determine the maximum power
point (MPP) of a solar cell, one has to look for the maximum of the product of J and
V as indicated by the red stroked line in figure 2.3. The values of J and V at this
point are called current density at maximum power (Jmp) and voltage at maximum
power (Vimp).

Measuring these four values enables the calculation of another important electrical
parameter of a solar cell: the fill factor (FF). Graphically, the FF is a measure of the
squareness of a solar cell and is also the area of the largest rectangle which will fit in
the J-V curve.

Pa Jmp -V
FF = —_— = P 2.1
Jsc : Voc Jsc : Voc ( )
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The power conversion efficiency (1) of a solar cell can be calculated using the following

formula

Pmax Jsc ' Voc -FF

_ _ 2.2
n P, Py (2.2)

To determine the Ry and the shunt resistance (Rgn) of a solar cell, a J-V curve like
the one in figure 2.3 can be used. Rg represents an ohmic resistance equivalent to the
ohmic resistance in the connections to the solar cell and all ohmic resistances within
the cell stack [7: pp. 160]. It can be determined by measuring the resistance at Vo,
(equal to the slope at this point) when the current flowing through the device equals
Zero.

R¢n can be measured the same way: The slope at Js is equal to Rg,. The Rgy is
also called parallel resistance and represents not only actual ohmic shunts, but is
additionally used to represent the recombination losses within the solar cell |7: pp.
161]. This does not take into account that the recombination losses depend on the
photocurrent (Jpp) aswell [7: pp. 162].

For measuring bifacial solar cells, the recently proposed method from the Fraunhofer
ISE is used [11]. The module is measured from both sides under STC conditions while

covering the respective backside with a black cloth.

2.3.2 External Quantum Efficiency

The wavelength-dependent conversion efficiency of the solar cells are measured by
using the external quantum efficiency (EQE) setup from RERA SOLUTIONS called
SpeQuest. The setup uses xenon light for wavelength between 300 and 450 nm and a
halogen lamp for wavelength between 450 and 1100 nm. The light is chopped and run
through a monochromator before hitting the solar cell. To simulate real live conditions,
the solar cell can be illuminated with white, infra-red, or blue bias light simultaneously.
A bias voltage can be applied to measure the cell at Js.. The photocurrent of each
wavelength shown on the solar cell is transformed by a transimpendance amplifier and
sent to a lock-in amplifier that filters the measurement for a signal with the chopper
frequency. Because of the chopper in combination with the lock-in amplifier, no bias
or ambient light can contribute to the signal. This way the number of charge carriers
generated can be compared to the number of incident photons of a certain wavelength.
Consequently, EQFE values are given in percent. The measurement setup is referenced

with the same Fraunhofer ISE cell as described in section 2.3.1.
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2.3.3 UV-VIS Spectrometry

The ultraviolet-visible-near infrared (UV-VIS-NIR) measurement setup can be used
to measure transmittance and reflection of samples in relation to the wavelength. A
Cary 5000 from Varian is used. As indicated by the name, the wavelength range of
this device spans from ultraviolet to near infrared (200 to 2500 nm) using a Deuterium
lamp for the 200 - 350 nm and a Tungsten-halogen lamp for the wavelength range >
350 nm.

A monochromator unit splits the light from the lamps into a wavelength dependent
spectrum. The sample is placed into that monochromatic beam path in front of an in-
tegrating sphere that collects all transmitted light and focuses it onto a detector when
measuring optical transmittance of a sample. The sample is placed at the back of the
integrating sphere to collect only the reflected light from the sample for reflectance
measurements.

The detector is changed at 800 nm from a photomultiplier tube to a thermostated
Lead Sulphide detector. This explains a slight increase in signal noise in the measure-
ments at wavelength around 800 nm.

The measurements are baseline corrected by measuring a polytetrafluoroethylene (PTFE)
plate for 100 % reflection and dark light absorbent material for 0 % reflection. All

cells are measured from the glass substrate direction.

2.3.4 Degradation Measurement

Cell degradation is performed using a ultra violet light source SOL2000 from the
company Hoenle AG that can emit light in the range of 295 to 3.000 nm with intensities
in excess of 1000 W/m?. The lamp reaches a very high irradiation efficiency (how much
input power the lamp converts into light) of 44 % in the range of 295 to 780 nm and is
therefore suited to mimic outdoor irradiance conditions. Solar cells are placed beneath
the lamp at a distance of 50 cm in a chamber covered with reflective coating at the
inside. The temperature of the cells is monitored and kept at 25°C by modulating
the airflow in and out of the degradation chamber. The solar cells are taken out of
the chamber and measured with the sunsimulator (see section 2.3.1) at predefined
intervals. The commonly agreed time for degradation measurements is 1000 h [12].
After this time the performance change due to the Staebler-Wronski effect is considered

minimal [13].
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2.3.5 Raman

The principle of raman measurements is based on inelastic interaction of light with
the sample. The measurement is therefore non destructive.

When monochromatic light is shown onto a sample, the incoming photon can inter-
act with the lattice vibrations of the crystal. The collective excitations in a periodic,
elastic arrangement of atoms or molecules in condensed matter can be described as a
theoretical particle which is called phonon.

The interaction between photon and phonon can result in an increase or decrease of
the energy of the back-scattered photon. The resulting shift of the photon energy is
displayed in the raman measurements and contains information about the crystallin-
ity, internal stress, and material composition [14-16].

The crystalline volume fraction of a silicon alloy can be gauged by looking at the differ-
ent modes of the raman signal. Figure 2.4 shows the baseline corrected measurement of
an hydrogenated microcrystalline silicon germanium (pec-Sijx Gex:H) absorber layer.
As indicated in the figure, the signal can be deconstructed using Gaussian peaks.
The four modes fitted to the curve, are the transverse optical (TO) phonon mode at
520 cm~! of microcrystalline silicon, the TO mode of the amorphous fraction at 480

cm ™!, the longitudinal optical (LO) mode of the amorphous fraction at 450 cm~!

, and
a crystalline phase at 505 cm ™! attributed to small crystallites and interfaces [17, 18].
Using the area of the fits, a raman crystallinity ¢, can be calculated using the following

formula:

I505 + Is20
_ 2.3
P Is05 + I520 + Lugo + Laso (23)

Where Iy is the area of the Gaussian fit for each peak at the inverse wavenumber W.
It is called raman crystallinity because the exact relation to the real crystalline volume
fraction is still being debated.

The indicated peak position in figure 2.4 is shifted from the TO mode at 520 cm™!
of microcrystalline silicon to lower inverse wave numbers because of the germanium
contend in the alloy. The shift occurs because of the 4 % lower lattice constant of
germanium in comparison to silicon which induces stress in the lattice [19].

This shift of the crystalline peak position is linear to the germanium content in the
layer for low contents (below 20 %) of germanium and can be approximated by the

following formula [20-23]:

WSS = 520.7 — T0xqe (2.4)



14 2.3 Characterization Methods

Peak Position

513.5
200 — 1~ 1T T T T T T T T T T T T[T * 13
—— Raman Measurement \
2400 - (Baseline substracted)
- - - -QGauss pc-Si:H TO fit
—- |~ Gauss pc-Si:H XX fit
2000 .
E ------- Gauss a-Si:H TO fit
| Gauss a-Si:H LO fit
z 160009 ... Resulting Fit
Q
E
= 1200
o]
=
<
. 800
400 - -

— T T T T T T T T T T T T 1
430 440 450 460 470 480 490 500 510 520 530

Wavenumber [cm™']

Figure 2.4: Raman signal of a pc-Si;_xGex:H absorber layer with amorphous and microcrystalline
content. The different phonon modes are fitted with Gaussian peaks. The crystalline peak position
is indicated at 513.5 1/cm.

Where xq, is the germanium content in the layer and w55 is the position of the shifted
crystalline peak. The measurements are performed using a raman spectrometer of the
type Senterra from Bruker Corporation. The laser excitation frequency (488 nm, 633
nm, or 785 nm) is chosen according to the required information depth. The intensity

of the laseris low enough to avoid the induction of laser crystallization.

2.3.6 Radiofrequency Pulsed Glow Discharge Time of Flight Mass
Spectroscopy

To determine the composition of a material layer by layer in terms of atomic mixture
is especially challenging for thin-film silicon solar cells, because of the involvement of
very thin layers (down to 5 nm thickness) and very low concentrations of substances
(e.g. 10¥%m~3 for boron in the p-layer [7: pp. 312]).

Some of the material of the sample is removed using glow discharge (GD). A plasma

is formed on the sample surface by applying a potential in the kV range between the
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sample and an anode while the space between the electrodes contains a discharge gas
(typical: Ar).

The gas is ionized into electrons and positive ions by the strong electric field which
accelerates the ions towards the sample surface. The impact of the ions on the sample
surface releases material into the gas phase where the ions can be detected. This pro-
cess is called sputtering. The use of GD has the benefits of being fast (a few minutes
per measurement), a very good depth resolution and low matrix effect (material mat-
rix influencing the measurement). For samples with poor conductivity and to increase
the sensitivity of the measurement, the sputtering process can be pulsed with rf. This
also reduces the thermal load that needs to dissipate from the sample. The pulsed
plasma can be used to utilize different phases of ionization mechanisms. The greatest
sensitivity can be achieved in the afterglow region, microseconds after the pulse was
turned off [24].

To detect the different particles sputtered off the sample, optical emission spectro-
metry (OES) can be used. This technique uses the optical emissions of the plasma to
determine the atomic particles in it by their distinctive emission spectrum.

For rf-GD it has been proven feasible to use time of flight mass spectrometry (ToFMS)
to analyze the composition of the sputtered material because the measurement is
fast enough to keep up with the pulse intervals. ToFMS measures the flight time of
particles through an electrical field reversing the flight direction. The flight time is
thereby mass-dependent and can be used to determine the particle.

The instrument used consists of a rf-GD bay unit from Horiba Jobin Yvon coupled to a
fast orthogonal time-of-flight mass spectrometer from TOFWERK, Switzerland, with
a micro channel plate detector. The GD anode is a modified Grimm-type chamber
from EMPA, Switzerland?.

2.3.7 Meteonorm

Meteonorm is a meteorological database with diverse features for energy applications
and is widely used for PV simulation [26]. Most of the data for the database is
taken from the global energy balance archive (GEBA), the Swiss database compiled
by MeteoSwiss, and the World Meteorological Organization Climatological Normals
combining data from 8325 meteorological stations worldwide. The database includes
historical data of temperature, humidity, wind speed, and precipitation for the periods
1961 - 1990 and 2000 - 2009. Solar radiation data is available for the periods 1981 -

“More details of the setup and measurement procedures can be found in [24, 25]
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1990 and 1991 - 2010. The station data is enhanced by data from five geostationary
satellites on a global grid with a horizontal resolution of 3 km for Europe and Northern
Africa and 8 km for the rest of the world.

For locations far from a weather station in the database, Meteonorm can interpolate
the data with with a 3-D inverse distance model [27] with additional North-South
distance penalty |28]. The program is able to calculate hourly and daily data of all
parameters using the methodology by Aguiar et al. [29] and new Markov transition
matrices. The comprehensive database allows to generate a typical year based on the
data of past years for all locations on the planet.

The calculation to determine the diffuse irradiance on tilted surfaces is based on the
model from Perez et al. [30]. Experimental validations of the model show an error

value below 1 W /m? for yearly values [31]°.

®More information on the theories and the database can be found on the website [31]



Phosphine Doped 1c-SiO:H Window
Layers for Building Integrated
Photovoltaic Applications

The purpose of this chapter is to show how stable n-pc-Si; xOx:H layers can be used
to increase the light reaching the absorber layers. These can then be used in BIPV and
bifacial BIPV applications. Since using doped layers made out of n-pc-Siy xOx:H is a
fairly new idea in the development of thin-film silicon solar cells, there is no research
on the long-term stability of those layers and no focus on BIPV application up to this
date.

After an overview of current research about n-uc-Si;.xOx:H layers and their applic-
ation in BIPV solar cells the chapter gives a short outline of the necessary experi-
mental and theoretical background used in the following sections. In order to invest-
igate the material properties of the phosphine doped n-pc-Si;_xOx:H layers, very thin
tandem cells (d < 1 um) feasible for BIPV modules are used. The application of
n-pc-Siy xOx:H layers show a distinct advantage in efficiency over the usage of con-
ventional layers.

Different aging and material property tests are performed to understand the metasta-
bility of n-pc-Si;.xOx:H layers. Glow discharge measurement shows a movement of
atoms in the layer that can be stopped by inserting very thin SiO5 atom diffusion bar-
rier layers. The rf~-GD-ToFMS measurements of the tandem devices were performed
by Dr. Beatriz Fernandez at the University of Oviedo in Spain.

The results of this chapter were published in [32].
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3.1 pc-SiO:H

3.1.1 Overview

Thin-film silicon solar cells can be installed as semi-transparent modules with ad-
justable transmission for vertically installed modules on facades or noise-barrier walls.
This feature makes thin-film devices superior to conventional modules build out of
wafer cells because for wafer modules transparency cannot be adjusted homogeneously
over the module area. In order to increase the effectiveness of thin tandem cells as
BIPV building material, it is advantageous that the doping layers are as transparent
as possible. Until now, only the doping layer facing the sun has been optimized for
transparency. With the new challenges of BIPV application, it is necessary for the
rear facing doping layer to be transparent as well. Transparent n-layers also increase
the bifaciality of any vertically installed modules greatly.

In addition, one of the primary goals for thin film silicon solar cell production is the
reduction of active layer material. A reduction in deposition time without perform-
ance loss leads to faster fabrication times and consequently to reduced levelized costs
of electricity (LCOE). An absorber thickness reduction would also improve the device
stability for a-Si:H cells and tandem devices [33, 34].

Light trapping is the main tool used to achieve high absorption of incident light in
thinner absorbers [35]. This can be done by modifying the glass substrate by laser
scribing [36]. A more common approach is to use a textured TCO at the front [37, 38]
and a reflecting layer at the back of the cell called back reflector (BR) made out of
silver, aluminum, or reflective paint. The rough texture at the front of the cell reduces
the optical loss caused by reflection at the front surface, while the BR minimizes the
absorption loss at the back surface of the solar cell [39]. This technique also increases
the path length of incident light in the absorber material and therefore increases Jg.
To achieve semi-transparent thin-film silicon solar cells, the BR has to be transparent
and the n-layer has to have a good transmittance as well. This can be achieved by
using n-pc-Si; xOx:H layers in addition to using only a very thin silver layer (d < 10
nm) [40] or by perforating the silver to increase its transparency [41].

The performance of an evaporated silver layer can be enhanced by inserting a sputtered
80 nm thick aluminum-doped zinc oxide (Zn0O:Al) layer in between the silver and the
cell stack [42]. The disadvantage of this material combination is the extra step re-
quired due to the sputter process used for the deposition of ZnO:Al, which increases

the costs. In recent years, a new material combination has gained the interest of in-
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dustry and research groups alike. n-pc-Sij.xOx:H can be deposited either as n-type
or p-type material using the doping process used for conventional doped layers. Its
optical and electrical properties can be adjusted over a wide range by varying the
deposition conditions.

The discovery of micro crystalline silicon as a non-degrading absorber material for
tandem thin-film solar cells [43| can be described as major milestone in the increase of
efficiency for silicon thin-film solar modules available on the market. The next mile-
stone for improvement of efficiencies is the recent discovery of pnc-SiO:H as material
for window layers [44, 45], intermediate reflectors [46, 47|, and dual function back
reflectors |48, 49] leading to new record cells [50, 51].

Research on the n-pc-Siy_x Ox:H layers started in 2010 with the development of a win-
dow layer for n-i-p solar cells [52]. The growth direction for those cells is contrary to the
growth direction in p-i-n cells. Achieving a crystalline layer for the n-pe-Si; xOx:H
layer is therefore very difficult and strongly dependent on the front TCO type and
roughness. Only a few month later, work on n-pc-Si;.xOx:H in p-i-n configuration
was published demonstrating that the standard n-layer can be completely replaced
with a performance similar to a BR in TCO/Ag configuration [53].

The n-pc-Si;.xOx:H layer has been applied to single junction amorphous p-i-n cells
[49], tandem cells [48], and triple junction devices with initial efficiencies in excess of
16 % [50]. The n-pc-Si;xOx:H layers increase the efficiency of single a-Si:H cells more
than 13 % compared to standard n-layers by an enhanced EQE in the wavelength
range of 550 - 750 nm [49, 53]. However, the main reason for the improvement cited
in this paper is the reduction in absorption losses due to the suppression of surface
plasmon polaritons at the silver metal contact [54].

The reduction in loss is not the only way n-pc-Si; xOx:H can be used at the back
contact to improve the performance. To increase the reflection of light into the cell,
a periodic or aperiodic dielectric mirror can be fabricated using n-pc-Si;_xOx:H and
highly hydrogen-diluted n-type a-SiOx:H [55]. A dielectric mirror uses constructive
interference of the periodically reflected waves to create a mirror. The mirror works
only for wavelength close to four times the optical thickness of the layers and is there-
fore of relative narrow bandwidth.

The development of n-pc-Si; xOx:H as a window layer for bifacial hydrogenated mi-
crocrystalline silicon (pe-Si:H) single junction cells was also presented [56]. Up to now,
there has been no publication on n-pc-Si;.x Ox:H as a window layer for bifacial tandem
cells. The layer has different requirements compared to the results presented in this

section because of the different band gap and surface morphology the n-pc-Si; xOx:H
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layer has to grow on.
There have been no reports on metastability issues with n-pc-Si; xOx:H layers up to

this date. Therefore, the goal of this thesis is to fill that gap in research.

3.1.2 Experimental and Theoretical Background

The idea of n-puc-Si;_xOx:H is to fabricate a two phase material: Crystalline silicon
filaments embedded in an amorphous matrix of silicon oxide [57]. The crystalline
phase is mainly respounsible for charge carrier transport with minimal losses, while the
silicon oxide is transmitting photons with almost no impediment.

The material is only conducting well in the vertical direction because of the needle-like
crystallites. In the lateral direction, the conductivity is very poor due to the silicon
oxide. This anisotropy in conductivity has the benefit of reducing the negative effects
of shunts and other local defects [58]. The bad lateral conductivity of n-pec-Si;.xOx:H
reduces the negative effect of local unwanted electrical connections between front con-
tact and back contact by reducing the travel distance in lateral direction charge carriers
can move to recombine at a shunt [58].

The BR structure works very well when deposited on flat substrates. Since the before
mentioned light trapping requires a textured TCO as front contact, the propagated
roughness shown in figure 3.1 decreases the the reflectivity of the stack by the excita-
tion of surface plasmon polaritons (SPP) at the interface between silver and ZnO:Al
[59]. Some peaks of SPP absorption are located at 400 nm with an absorption tail
reaching to the 1000 nm wavelength regime [54]. Since the main absorption range of
thin film silicon solar cells is between 300 and 1100 nm, this is a loss that needs to be
mitigated by the pc-SiO:H layer.

The n-uc-Si;xOx:H layers are deposited on the Leybold Phoebous Lab Coater, a
small size industrial deposition tool for 50 x 50 cm substrate size. To alloy pc-Si:H
with oxygen, carbon dioxide (CO3) is added to the deposition gas during the fabric-
ation of the layer. This also adds carbon to the composition of the layer. Carbon in
form of CHy4 is commonly used to increase the transparency of p-type window layers
[60], therefore no adverse effect in addition to the increasing energy gap and reduced
conductivity [7: pp. 312] of carbon in the n-type layers is expected.

A difficulty when depositing n-pc-Siy xOx:H layers was discovered during processing.
As the substrates are moved within the deposition tool using aluminum carriers, the
carrier itself is covered with a n-pc-Si;_xOx:H layer as well. When the next deposition

takes place in a chamber without oxygen, a portion of that silicon oxide is removed
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Figure 3.1: Cross section transmission electron microscope picture of a tandem thin film silicon
solar cell showing the roughness propagation caused by a crystallite in the front ZnO:Al. The red
lines indicate the interfaces.

from the carrier by the deposition plasma and redeposited on the substrate contam-
inating the layer with oxygen. To circumvent this effect, the carrier is coated with a
neutral layer after every oxygen deposition. The same effect can be observed for the
chamber walls. The oxygen accumulated on the chamber walls and has to be covered
with amorphous silicon when a layer not containing oxygen is deposited.

In order to develop a suitable material with the before mentioned phase separation
into amorphous and crystalline material, single layers and cell stacks on glass were
deposited. Raman crystallinity and coplanar conductivity can be identified as key
parameters for the layer.

The raman crystallinity is measured on the on the single layers using the setup de-
scribed in section 2.3.5 and the 488 nm laser for shallow information depths because

the single layer thickness iss only 70 nm. The single layer depositions are used to
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find a n-pe-Si;.xOx:H with enough crystallinity and to determine the deposition rate
for the different deposition conditions. The transfer of insight gained with the single
layer n-pe-Sipx Ox:H films to a n-pc-Si;_x Ox:H layer in the device has to be done with
great care because the crystallinity is very dependent on the surface morphology of the
material it is deposited on [61]. Most steps in the development of the n-pc-Si; xOx:H
layers have to be performed in the cell stack for that reason. Raman measurements
are also performed on the final cell stacks besides electrical measurements.
Publications displaying the planar conductivity found resistances for single layers that
should not have been suitable for application in solar cells [62] but worked once incor-
porated in cell stacks. They attribute this contradiction to the differences in crystallin-
ity caused by different substrates for single layers and cell stacks the n-pc-Si;_xOx:H
layers grow on.

The coplanar conductivity is very difficult to measure in single layer configuration.
The layer is therefore attached to the last layer of a very thin (d < 1 pm) tandem
device. The series resistance of the device in comparison to the series resistance of
the device without the n-pc-Si;_.xOx:H layer should reflect the coplanar conductivity
of the n-pc-Si;_xOx:H layers.

3.2 Results and Discussion

3.2.1 Phosphine Doped 11c-SiO:H Layers for Thin Tandem Cells

In order to develop a n-pc-Si;_xOx:H material suitable for BIPV tandem cells, differ-
ent flows of CO2 and process pressures are tested for their raman crystallinity for a
set of 100 nm thick n-pc-Si; xOx:H single layers on float glass.

Figure 3.2 a) depicts the relation between process pressure and the raman crystallin-
ity of the material for single layers. The raman crystallinity shows a sharp increase
at pressures between 5 and 6 mbar and reaches a plateau. This is contrary to other
publications [48] which show a decrease in raman crystallinity with increasing pres-
sure. For uc-Si:H the increase of raman crystallinity with increasing pressure is well
documented [63]. This increase in raman crystallinity can be explained with a favor-
able regime at higher pressure for the formation of crystalline material. The achieved
raman crystallinity of 16 % is too low to indicate the two phase material described
above. At 16 % only small sphere-shaped crystalline particles have been formed [57].
In order to reach a crystalline silicon material with particle sizes suitable for the inten-

ded purpose, the raman crystallinity should be above 25 % [57]. In pursuance to test
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Figure 3.2: Raman crystallinity in relation to the process pressure and CO; flow for single layers
measured with the 488 nm laser source.

the impact of adding CO» to the deposition gas mixture on the raman crystallinity, a
crystalline layer with raman crystallinity of 67 % is alloyed with 4, 6, 8, and 10 sccm
COgq gas during processing. The results are depicted in figure 3.2 b). The addition of
carbon and oxygen to the crystalline material reduces the raman crystallinity. This
behavior is expected because a reduction in crystallinity caused by oxygen contamin-
ation already has been shown for pc-Si:H depositions with leaking vacuum chambers
[64].

The physics behind that phenomenon can be explained as follows: A silicon-silicon
bond has an average distance of 0.235 nm [65]. In a crystal, there is no deviation from
that distance in the lattice. When oxygen has to be incorporated into the lattice, the
structure has to change above a certain amount of oxygen because the bond length
between silicon and oxygen is only 0.162 nm in average [65]. The shorter bond length
disturbs the even lattice structure, forcing the structure to become more amorphous
to cope with the different bond lengths in the structure [65].

In conclusion: To get a decent crystallinity for the n-pc-Si; xOx:H, the starting point
has to be very crystalline in order to be able to incorporate a lot of oxygen for the
transparency of the layer without loosing the crystallinity completely. This is in good
accordance to work published on pc-SiO:H by other groups [53, 66]. The process pres-
sure variation of the n-pc-Si; xOx:H layer depicted in figure 3.2 a) is repeated in the
cell stack to quantify the additional series resistance caused by the n-pc-Si;_xOx:H
layer. The series resistances and cell efficiencies are shown in figure 3.3. The series

resistance starts at high values of 270 €2 and drops to 14 € at 9 mbar process pressure
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Figure 3.3: Cell stack series resistance equivalent (as described in section 2.3.1) and tandem cell
efficiency in relation to the process pressure of the n-uc-Si; xOx:H layer.

before raising again at 10 mbar. The process pressure plays a crucial role in reach-
ing device grade micro-crystalline material, high pressure is needed to get a compact,
void-poor material [67].

The efficiency is very low for series resistance values above 20 ) because the FF is
directly affected (see section 2.3.1). For the cell with 270 Q for example, the FF value
is only 28 %. The efficiency value for 7 mbar and 10 mbar is almost the same although
the series resistance value is 3 times smaller for 10 mbar compared to 7 mbar. This fact
can be explained by the very low parallel resistance for the 10 mbar sample reducing
the FF value to the same quality of the 7 mbar sample. Measuring the sheet resistance
of both samples with the four point needle method [68], an order of magnitude lower
value for the 10 mbar sample is also measured. This can be explained by crystalline
grains growing to a size at which the before mentioned phase separation in the ma-
terial is not present any more. Also, the removal of internal silicon dioxide barriers
hindering the in-plane conductivity can be the reason for the low parallel resistance.
Other researchers found a similar behavior in their studies [45]. 9 mbar process pres-

sure is chosen for all further n-pc-Si;.xOx:H layers on the basis of this experiment.
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Distance: | Pressure: | Power: | SiH4 Flow: | CO3 Flow: | Hy Flow: | PHs Flow:
10 mm 9 mbar 250 W 7 sccm 17.5 sccm | 1540 scem 23 sccm

Table 3.1: Final deposition parameters for the n-pc-Siy.xOx:H layer for the Leybold Phoebus Lab
Coater.
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Figure 3.4: External quantum efficiency and reflectance measurements of different back layer
stacks on tandem cells in comparison.

The variation of COy flow and initial crystallinity is continued until a material with
suitable properties of series resistance below 15 €2 and raman crystallinity around 35
% is found. The final deposition parameters for the n-uc-Si;.xOx:H layers can be
found in table 3.1. Tandem cells without n-pc-Si;.xOx:H, with the n-pe-Si; xOx:H
layer and with a ZnQ:Al layer with the same optical thickness are prepared in order
to gauge the effectiveness of the n-pc-Sii .xOx:H layer.

The results are depicted in figure 3.4. The current density generated by the amorph-
ous top cells is almost equal for all three setups and only 10 % of the light is reflected
from the cells in the 300 to 600 nm wavelength regime. The area between the 1-R
curve and the EQE curve is equal to the amount of light lost to internal processes.

For the 300 to 450 nm wavelength regime, the main loss of light is caused by parasitic
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Back Layer | Jg [mA/cmﬂ Voe[mV] | FF[%] | n[%]

None 9.6 1402 71 9.6

n-pe-SiO:H 10.1 1427 71 10.2

Table 3.2: Comparison of top performance electrical values for tandem thin-film solar cells with
and without n-pc-Si; xOx:H back layer.

absorption in the doped p-layer [69]. Transparent p-layers using the same benefits of
the pc-SiO:H mentioned above were developed for that reason [44].

The reflectance of the cells with back layer is very different from the reflectance of
the cell without back layer for the wavelength regime between 600 and 1200 nm. The
cell without back layer reflects far less light in the long wavelength regime without
generating more current density. The loss mechanism is the before mentioned SPP
generation at the silver interface caused by the propagated roughness shown in figure
3.1.

The reflectance of the cells with back layer is almost equal. Only a small shift of the
reflectance peaks between the two cells with back layer can be discerned. This shift is
caused by a small difference in optical thickness between the two back reflectors.
The reduction of internal loss is clearly visible by the improved current generation
behavior of the bottom cell while the reflection of light with long wavelengths is also
increased. This is caused by more light passing in and out of the cell without being
absorbed by SPP for example.

The current generation density of both tandem cells with back layers is greatly im-
proved. Figure 3.4 shows the current generation density calculated from the EQE
curve for the bottom absorber. The cell with ZnO:Al back layer is superior to the
cell without back layer and is surpassed by the cell with n-puc-Si;_xOx:H back layer.
These findings are in good accordance to recent publications [70] where they compared
ZnO:Al back layers with n-pe-Si; x Ox:H and MnF9 back layers and found similar EQE
results. Electrical characterizations are performed in addition to the EQE measure-
ments. The results are displayed in table 3.2. An increase in Jg. and V. is visible
for the cell with n-uc-Si;_xOx:H back layer while the FF is the same value for both
configurations. The benefits of using a n-uc-Si; xOx:H back layer are confirmed by
the electrical characterizations although the difference in current generation density
in table 3.2 is not as pronounced as in the EQE measurements in figure 3.4.

The thickness of n-pc-Si;.xOx:H used as back layer is different for almost every pub-
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Figure 3.5: External quantum efficiency and reflectance measurements of back layer stacks with
different thicknesses on tandem cells in comparison.

lication: In [70] a 30 nm thick layer is used, in [56] they used 20 nm and in [71] they
used a 60 nm thick layer. First experiments result in a maximum in EQE values for 80
nm back layer thickness. Figure 3.5 shows the EQE and reflection for three different
thicknesses of n-pc-Siy_x Ox:H back layers. The reflection of the cells does not change
significantly over the whole wavelength range. The EQE of the amorphous top cell
absorber varies only slightly as well. The current generation density is largest for the
back layer with 80 nm thickness followed by the 88 nm thick layer and smallest for the
72 nm thick back layer. Why is there an optimum in thickness? The SPP suppression
at the last interface should not take such a thick layer. The answer is constructive
interference: The phase shift of long wavelengths bounces light back into the bottom
absorber, giving it another chance of being absorbed. This effect is highly dependent
on the optical thickness.

The thickness of the n-puc-Si;_xOx:H layer is very different from the optimal thick-
nesses presented in the publications above. Because n-puc-Si; xOx:H is a material that
can be fabricated with different n- and k-values [44] it is very probable that the ma-
terial is similar in function, but cannot be compared directly to the material in the

publications in terms of optical thickness.
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Figure 3.6: External quantum efficiency measurements of back reflector stacks with 80 nm and
10 nm on tandem cells in comparison.

In order to use the n-uc-Si; xOx:H as a blue light transparent n-layer, the thickness
has to be reduced from the 80 nm. This results in a good transparency and thereby
reduced parasitic absorption in the n-layer. As can be seen in figure 3.6, the 10 nm
thick n-pc-Si;.x Ox:H back layer has an even better EQE performance than the 80 nm
thick one. The 10 nm back layer has less parasitic absorption which overcompensates

the optimization of the 80 nm thick back layer for interference reflection.

3.2.2 Metastability of Phosphine Doped Microcrystalline Silicon Oxide
Layers

Detailed measurements revealed a metastable crystallinity of the bottom pc-Si:H ab-
sorber for approximately every 10 depositions: First measurements at the day of
deposition and the day after sometimes resulted in measurements of bottom absorbers
with bad current generation density for some tandem cells. Although the cells were
tempered at 160 °C for 30 minutes directly after the back contact deposition, storage

of the tandem cells exposed to air in the dark for three days cured the bad perform-
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Figure 3.7: External quantum efficiency measurements of a metastable microcrystalline bottom
absorber directly after deposition and after three days of dark storage on air.

ance of the bottom absorbers. The effect can be seen in figure 3.7 and the electrical
measurements in table 3.3.

The EQE rises significantly after three days of storage. This is true for the pc-Si:H
absorber in figure 3.4 as well. While the difference after the settling of the bottom
absorber material might not be as great as before, it is still visible and confirms the
data in table 3.2. The reason for the change in electrical performance and EQE can
be found in the crystallinity: The raman crystallinity for the bad tandem cells is only
at 32 % directly after deposition and reaches the 56 % raman crystallinity all other
cells displayed after a few days.

An extensive search of literature revealed no publications relating to metastable crys-
tallinity phases of pc-Si:H material not connected to external energy input via light.
Since the change happened during storage in darkness, this is not the case here. Be-
cause a crystal is a state with lower overall system energy, it is theoretically possible
that a chemical reaction with only room temperature as energy input leads to a crys-

tallization of the pc-Si:H material.
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State Jse {mA/ch] Voe[mV] | FF[%] | n[%]
after deposition 8.3 1383 71 8.2
3 days storage 10.1 1404 69 9.8

Table 3.3: Comparison of tandem solar cells directly after deposition and after 3 days of dark
storage on air.
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Figure 3.8: a): J-V curve of a tandem cell with n-pc-Si;x Ox:H back layer directly after deposition
and after two months of storage in the dark on air. b): External quantum efficiency measurement
of the same tandem cells directly after deposition and after two months storage in the dark on air.

This effect can be avoided completely by the use of a high-energy plasma on the back
surface of the pc-Si:H absorber deposition. The cells with n-pc-Si;.xOx:H back layer
do not show this particular metastability effect at all because of the long and with
100 mW/ cm? very energy intensive n-upc-Si; xOx:H deposition.  While measuring
the J-V curves of old tandem cells with n-pc-SiO:H back layers that were stored on
atmosphere in the dark, an interesting discovery could be made: The performance of
those cells degrades to a point where almost no power generation of the cells could
be measured (see figure 3.8 a)). The measurement shows a very pronounced reversal
diode which can be caused by increased series resistance originating in non-conductive
barriers [72].

EQE measurements of the same cells show the same performance for both meas-
urement times (figure 3.8 b)) without any sign of performance loss. Since the EQE
measurements were performed at nearly Jg. conditions with almost no current flowing,
this gives additional merit to the theory of a non conductive barrier. Other sources

like the degradation of the contacts or aging of the TCO can be ruled out because in
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Figure 3.9: a): Tandem cell efficiency values and b): Tandem cell series resistance equivalent (as
described in section 2.3.1) of a tandem cell with and without back layer in comparison related to
the time after deposition.

that case, the EQE performance would have dropped as well.

Although other researchers tested n-pc-Si;.x Ox:H layers for light induced degradation
[66], no reference to metastability issues related to pc-Si; xOx:H layers can be found
in the literature.

A long term test with frequent J-V measurements following the deposition is per-
formed on tandem cells with and without n-pc-SiO:H back layers to rule out a general
degradation of tandem cells caused by their storage conditions. The deposition recipe
and all further processing steps are the same for both cells except the addition of the
n-puc-SiO:H back layer on one of the tandem cells on top of the amorphous n-layer on
the back of the cell stack. The resulting performance development is plotted against
the time after deposition in days in figure 3.9.

Though the efficiency of the tandem device with the n-pc-SiO:H back layer starts
out higher than the efficiency of its counterpart without back layer (figure 3.9 a)) it
drops below the efficiency of the cell without back layer after approximately 10 days
and seems to drop almost linear with time loosing 20 % of the efficiency in 100 days.
The reduction in efficiency is not caused by a reduction of V. or Js. but by a reduction
of FF caused by an almost linear increase in series resistance depicted in figure 3.9 b).
While the series resistance of the tandem cell without n-pc-SiO:H back layer remains
at a value between 10 and 15 €2, the series resistance of the cell with n-pc-SiO:H back
layer increases almost linear and reaches three times its initial value after 100 days of

dark storage on air.
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Both tandem cells are identical. The addition of the n-pc-SiO:H back layer adds two
new interfaces: The amorphous n-layer to n-pc-SiO:H interface and the n-pc-SiO:H
to silver interface. Silver is known to diffuse into silicon |73]. Since the diffusion in
the amorphous n-layer and the microcrystalline absorber does not influence the per-
formance of the tandem cell without n-puc-SiO:H back layer, only the diffusion of silver
into the n-pe-SiO:H back layer could be a reason for the degradation in addition to
changes in the bulk or interfaces of the n-pc-SiO:H back layer.

To rule out water vapor diffusion into the possibly very porous n-pc-SiO:H back layer,
cells with a back contact completely covered with 100 nm silver and a 60 nm TCO
water vapor protection layer are fabricated and measured. Laser scribing is used to
define the 1 cm? test cell surfaces. In terms of degradation, no significant difference
to cells not covered in this way can be found. Although water vapor could possibly
still ingress through the laser scribes, this is unlikely to be the case, because the de-
gradation does not change significantly in spite of the far smaller ingress area of the
laser scribe. Other researchers found a slight degradation of very porous pc-Si:H when
stored on air over two years [74]. They found that the degradation is dependent on
the buffer layer and was caused by oxidation of the surfaces inside the pores of the
crystalline material. This effect is also checked with the silver and TCO experiment
because the degradation in [74] only happens when the pc-Si:H layer is directly ex-
posed to air.

In hydrogenated amorphous silicon, incident photons of sufficient energy can cause
bonds between hydrogen and silicon to split, forming an open dangling bond and in-
creasing the defect density of the material to increase. This effect is reversible by
increasing the material temperature enough to enable the bond between the hydrogen
and silicon to reform. The effect is called Steabler-Wronski effect [13]. The following
experiment is conducted in order to determine the relation between the degradation
of the tandem cells in storage with the Steabler-Wronski effect.

The cells measured in the previous experiment (figure 3.9) were subjected to 1000
hours of light soaking (see section 2.3.4) after the measurements had been performed
for that figure. The tandem cell without n-pc-SiO:H back layer shows the 10 % de-
gradation in efficiency expected for thin film solar cells utilizing a-Si:H [13] (see figure
3.10 a)) and seems to reach a saturation at 600 to 800 hours of light soaking before
seeming to degrade further at 1280 hours of light soaking. The continuation of de-
gradation after reaching saturation can be attributed to a discoloration of the silver
contacts on this particular cell. The series resistance equivalent (see figure 3.10 b)) of

this cell rises by 5 € but stays nearly constant after that.
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Figure 3.10: a): Tandem cell efficiency values and b): Tandem cell series resistance equivalent
(as described in section 2.3.1) of a tandem cell with and without back layer in comparison during
light induced degradation.

Annealing Jsc {mA / cmﬂ Voe[mV] | FF[%] | n[%]
0 minutes at 160 °C 5.8 1467 11 0.9
10 minutes at 160 °C 8.5 1440 25 3.1
30 minutes at 160 °C 8.4 1436 23 2.8
70 minutes at 160 °C 8.4 1438 22 2.6
20 minutes at 200 °C 7.9 1400 19 2.1

Table 3.4: Progression of electrical values for tandem thin-film solar cells with n-pc-SiO:H back
layer after degradation in relation to annealing time at 160 °C.

The degradation is very pronounced in the first 100 hours of light soaking for the
cell without n-puc-SiO:H back layer and almost all degradation takes place in that
time interval. In contrast, the degradation for the cell with n-uc-SiO:H back layer is
approximately linear over the whole time interval and even shows a small improve-
ment after the first 10 hours of light soaking (see figure 3.10 a)). The improvement
coincides with a small improvement of the series resistance equivalent while the de-
gradation can be matched with an almost linear increase in series resistance (see figure
3.10 b)). Contrary to the rapid degradation of the sample without n-pc-SiO:H back
layer, some self-healing due to the energy introduced by the irradiation takes place in
the degraded sample with n-pc-SiO:H back layer before the effect of Staebler-Wronski
degradation becomes larger than the self-healing effect. The Steabler-Wronski effect
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Figure 3.11: Raman measurement of a n-puc-SiO:H back layer on the back of a tandem device
before and after degradation with 488 nm laser light.

can be reversed by annealing the degraded cells [13]. In order to check the meta-
stability of the n-uc-SiO:H back layer for reversal by annealing, a tandem cell with
n-puc-Si0:H back layer is stored in the dark on air for five months and then annealed
at 160 °C. The results are displayed in table 3.4.
The degradation is not completely reversible by annealing. The FF of the cell im-
proves after the first annealing to more then double its value but degrades again for
each successive annealing. The results match the relation to the series resistance equi-
valence seen in figure 3.9 and 3.10. The degradation effect seems to only influence one
value of the electrical performance, Js. and V. are only indirectly influenced by the
shift in the J-V curve enforcing the argument for a non-conductive barrier forming.
Raman measurements are performed on tandem cell n-uc-SiO:H back layers before
and after degradation in order to determine differences in the atomic binding struc-
ture. The 488 nm laser source is chosen to use the shallow information depths of
approximately 30 nm (see section 2.3.5) to get a signal dominated by the n-uc-SiO:H
back layer. The results are depicted in figure 3.11. Although the intensity changes a
little bit between measurements, no changes in material composition can be detected
from the raman measurements. The raman crystallinity is at 50 % for both samples.

Raman measurements display the symmetric vibrations of a molecule and not the
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Figure 3.12: Glow discharge measurement of a n-uc-SiO:H back layer on the back of a tandem
device a) before and b) after degradation. Signal magnification is indicated in the graph. Meas-
urements for this graph were performed by Dr. Beatriz Fernandez at the University of Oviedo in
Spain.

asymmetric ones because of the conservation of spin in the initial state. Fourier
transform infrared spectroscopy (FTIR) can be performed to display the asymmetric
vibrations of molecules in a sample. It is not possible to perform FTIR measurements
because the TCO layer is not transparent for infrared light and the single layer back
reflectors were not of the same material (see page 22).

Figure 3.12 shows the rf-GD-ToFMS measurement of a tandem device on a flat sub-
strate with a n-uc-SiO:H back layer. The first layer to be sputtered is the 300 nm
thick silver reflector at 0 s sputter time. Total intensity varies for both measurements
but can be referenced to the silicon intensity.

The main component of the n-pc-SiO:H back layer is silicon, which indicates the be-
ginning of the layer with a steep increase in intensity. The steepness of the signal is an
indication of the roughness of the layer caused by the crystalline silicon absorber layer
underneath. The silver signal does not decline with the same steepness as the silicon
signal increases indicating silver ingress into the material which is a process that has
already been documented [75].

The phosphor intensity follows the silicon signal with its steep increase and slowly
decays when the transition to the microcrystalline absorber starts. The silicon and
phosphor intensity shows no relative intensity change between initial and degraded
state.

The oxygen signal is very small and does not change significantly as well. Only its

intensity relative to the silicon intensity is lower in the degraded state. The carbon
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Figure 3.13: a): Tandem cell efficiency values and b): Tandem cell series resistance equivalent
(as described in section 2.3.1) of a tandem cell without n-pc-SiO:H back layer in comparison to a
tandem cell with n-puc-SiO:H back layer and SiO5 buffer layer at the n-layer and Ag-layer interface
in relation to the time after deposition.

content of the n-puc-SiO:H back layer in the degraded state is far lower than in the
initial state. The intensity of the carbon signal is more than four times lower in com-
parison to the silicon signal in the degraded state compared to the initial state. When
looking closely at the carbon signal in the initial state, an indication of carbon moving
out of the n-pc-SiO:H back layer can be seen: There is a concentration peak of carbon
at the silver layer interface before the silicon signal begins. Very thin glass layers of
silicon dioxide (SiO2) can be used to reduce the diffusion of dopants from one layer
to the other [76, 77]. SiO2 can increase the series resistance of a cell stack because
undoped SiOs is not conductive. The thickness of the added SiOs layer has to be
thin enough to be tunneled through by charge carriers without posing a significant
hindrance. The critical thickness is determined to be below 5 nm, which is in good
accordance to literature [78, 79].

5 nm thick SiO9 layers are inserted before and after the BR into the cell stack in order
to determine the direction of the carbon diffusion. The results are displayed in figure
3.13. The starting efficiency in figure 3.13 a) of the tandem cell without n-pc-SiO:H
back layer is lower than the efficiency of the tandem cells with n-pc-SiO:H back layer
but seems to improve with the next measurement. This could be caused by the pc-Si:H
metastability described on page 29.

The efficiency of the cells with n-puc-SiO:H back layer drops significantly after a period
of approximately 30 days. There is no great difference for the position of the SiO»
layer although the tandem cell with the SiOy layer at the silver side degrades a little
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Figure 3.14: a): Tandem cell efficiency values and b): Tandem cell series resistance equivalent
(as described in section 2.3.1) of a tandem cell without n-uc-SiO:H back layer in comparison to a
tandem cell with n-puc-SiO:H back layer and a tandem cell with n-uc-SiO:H back layer and SiO-
buffer layer at both interfaces in relation to the time after deposition.

faster. The series resistance equivalent displayed in figure 3.13 b) follows the same
trend as in figure 3.9 b). The difference between the results in those figures being that
the maximum value for the series resistance is an order of magnitude higher for the
cells with SiO9 layer. The cause for this steeper decline of the cells with SiOq layer is
probably the greater healing effect of light and heat for the cells in figure 3.9 caused
by more measurements of the cells. A tandem cell with n-uc-SiO:H back layer and
SiOq buffer layer at both interfaces is fabricated in order to examine the possibility to
stop the diffusion of carbon completely. The results are depicted in figure 3.14.

The efficiency values in figure 3.14 a) show a decay of the the tandem cells with SiOo
layer cage compared to the tandem cell without n-uc-SiO:H back layer. In comparison
to the cell with n-puc-SiO:H back layer but without SiOs cage the cell shows a far
better performance and a decay of only 10 %.

This is mirrored in the series resistance equivalent values displayed in figure 3.14 b).
The increase in series resistance for the cell with n-pc-SiO:H back layer and SiO2 cage
is far lower than the increase for the cell without SiOy cage and only a little higher
than the reference tandem cell without oxide layers.

A SiOy cage is therefore a viable method to reduce the diffusion of carbon out of the
n-puc-Si0:H back layer and the thereby caused degradation. The stability of the layer
is improved by the application of the a SiO9 buffer layers but needs further work to
reach the same stability as the tandem cell without n-pc-SiO:H back layer.
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3.3 Conclusion

This chapter demonstrated the performance enhancement of n-uc-SiO:H back layers.
While the majority of the layers was used to suppress SPP at the interface to the
silver reflector, a 10 nm thin n-pc-SiO:H back layer was developed that outperformed
in terms of EQE.

This layer is an excellent candidate to improve thin-film silicon solar cells for the use
in BIPV applications like bifacial facades. The development of a material with two
different phases for two distinct tasks is a clear advantage of this material. The crys-
talline phase takes care of the charge carrier conductivity while the silicon oxide phase
increases the transparency greatly.

In order to achieve the longevity of thin-film solar modules guaranteed by the manufac-
turers, new films have to be tested for their stability. A degradation of the n-puc-SiO:H
layer was found for dark storage. A diffusion of carbon out of the n-pc-SiO:H layer was
identified as cause for the formation of a barrier increasing the series resistance of the
cell over time. This process was found to be irreversible by heat and light treatment.
The carbon originates from the CO2 gas that was used to add oxygen to the layer.
By inserting two SiO9 buffer layers at both interfaces to the new n-uc-SiO:H layer,
the degradation effect could be reduced effectively. A slight performance drop remains
visible with the combination of n-uc-SiO:H and SiOs buffer layer. Therefore, further
research is necessary to eliminate the degradation of the new layer completely.

The advantages of using n-pc-Si; xOx:H as a doped layer in BIPV are a decrease in
layer thickness and parasitic absorption. This results in lower LCOE because it in-
creases the efficiency of the module. An enhanced backside transparency improves the
bifaciality of a module as well. A low absorption on the n-side of the module increases
the power generated by scattered light hitting the backside of a bifacial module. The
longevity of the cells with n-pc-SiO:H layers can be improved by inserting SiOs buffer
layers at the interfaces to the layer that hinders the diffusion of carbon out of the

layer.



uc-SiGe:H as Alternative Absorber
Material for BIPV Applications

The previous chapter presented how the use of novel transparent doping layers for
BIPV applications can lower the LCOE. This chapter focuses on reducing the ab-
sorber thickness and therefore LOCOE as well, while maintaining the same efficiency
using pc-Sip_x Gex:H as an alternative absorber material for thin-film silicon solar cells
for BIPV applications.

Though there are publications on research about pc-Sij_x Gex:H absorber layers, there
are no comprehensive studies on pc-Sij-xGex:H absorbers with low germanium con-
tent in the range of 10 %. Therefore, the chapter will start with an overview of current
research concerning pc-Sij_x Gex:H solar cells that is followed by a short outline of the
necessary experimental and theoretical background used in the following sections. Ex-
perimental deposition conditions are linked to the material properties of pc-Si; xGex:H
in order to evaluate the feasibility as absorber material for BIPV applications in single-
and tandem-junction BIPV solar cells. The resulting pc-Sij_xGex:H absorber mater-
ial can generate the same amount of charge carriers at a far lower thickness than its
pe-Si:H counterpart. A glow discharge optical emission spectroscopy measurements
was performed at the University of Oldenburg with the help of Maria Hammer to de-
termine the amount and position of germanium. Results of this chapter are published
in [80].
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4.1 uc-SiGe:H
4.1.1 Overview

Typical absorber thicknesses of a-Si:H single junction solar cells are 200-400 nm having
very low production costs. However, amorphous silicon degrades under illumination
which is called the Steabler-Wronski effect [13] or light-induced degradation (LID)
limiting the efficiency of single junction a-Si:H solar cells. Laboratory a-Si:H single
junction solar cell efficiencies have reached 10.2 % after the typical 10 % LID [81].
To circumvent this effect, a-Si:H is used in tandem configurations as top cell paired
with pe-Si:H as bottom cell i-layer material that does not degrade. Typical absorber
thicknesses for tandem cell configurations are 200-250 nm for a-Si:H top cells and
900-1200 nm for bottom pe-Si:H bottom cells. For a-Si:H/pe-Si:H tandem cell config-
urations, stabilized efficiencies exceeding 12 % have already been demonstrated [82].
Because of the low absorption probability for longer wavelength light, the bottom ab-
sorber of triple junction solar cells has to be deposited very thick (in excess of 2 um)
resulting in a quite cost intensive industrial application due to corresponding long
layer deposition times.

Single junction puc-Si:H cells have reached stable record cell efficiencies of 11.8 %, ex-
ceeding the efficiency of the a-Si:H single junction cells [51]. While the efficiency of the
ue-Si:H solar cells might be higher than the efficiency of their a-Si:H counterpart, low
deposition rates and absorber thicknesses an order of magnitude higher make them
more cost intensive for industrial production as well.

There are different approaches to reduce the thickness of the absorber layer. Op-
timizing light trapping due to scattering structures at the front contact and thereby
increasing the path length of light through the device is one of such options; using
novel back reflectors at the back interface is another (see chapter 3). A different ap-
proach is to substitute conventional doped layers with more transparent oxygenated
doped layers where more light reaches the absorber layer and increases the cell current
densities enabling a reduced layer thickness [83].

A relatively new approach is to increase the absorption coefficient of the absorber ma-
terial by alloying silicon with germanium [84|. Germanium is added to the deposition
gas mix in form of germane (GeH4) and increases the light conversion of the absorber
alloy by shifting the bandgap to lower energies enabling a significant enhancement in
the infrared response of the cells [85].

The mixing of silicon and germanium can be done in either amorphous or micro-
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crystalline form. Though solar cells with hydrogenated amorphous silicon germanium
(a-SiGe:H) as absorber material have been reported with high efficiencies [86], many
reports claim a larger LID for a-SiGe:H compared to standard a-Si:H absorber cells
[87-90].

Matsui et al. introduced the usage of microcrystalline silicon germanium alloys with
increased absorption coefficient compared to pc-Si:H [85]. Like pe-Si:H, pe-Sipx Gex:H
does not suffer from LID. The first mention in a scientific publication of pc-Sii_x Gex:H
can be tracked back to the year 1996 [91] when pc-Si; xGex:H was proposed to be
used as a bottom absorber in tandem cell configuration. Most of the scientific work on
ue-Si;x Gex:H ever since has been published by the same group of scientists in Japan
facilitated by Takuya Matsui and Michio Kondo. While the first application of the
material was in a schottky-barrier solar cell [92], the first working p-i-n device using
a pec-Sip.xGex:H absorber was presented a year later in 1998 [93]. A study from a
research group in China focused on the 20 % to 40 % germanium content regime [94|

studying higher germanium content than this chapter will cover.

4.1.2 Experimental and Theoretical Background

Besides the application in solar cells, extensive research on the material properties and
growth mechanisms of uc-Si;_xGex:H absorbers have been performed by various re-
searchers. It has been shown that a linear dependency exists between the germanium
content in a pc-Sij_x Gex:H layer and the shift of the absorption coefficient to lower en-
ergies [84] because of the before mentioned bandgap shift. The bandgap of crystalline
germanium is 0.66 eV for the indirect transition and 0.8 eV for the direct transition
[95] while the bandgap for pc-Si:H is at 1.1 eV [96]. Depending on the germanium
content, a pc-Sip_xGex:H absorber layer will therefore have a bandgap between 0.8
and 1.1 eV.

As mentioned in 2.3.5, the difference in lattice constants between silicon and ger-
manium, with germanium having a 4 % lower lattice constant than silicon, induces
stress in the material [19] and can be measured with raman spectroscopy. This is also
a method to measure the germanium content in a crystalline silicon layer because the
amount of stress in the material is linear in relation to the amount of germanium in
the layer for low contents of germanium [19].

The stress caused by the addition of germanium will also cause the material to shift
from an initially (without germanium) crystalline state to an amorphous state because

the addition of atoms with different bond-lengths will cause disorder in the material.
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In a perfect diamond cubic structure, each silicon atom would have four silicon neigh-
bors. With the addition of a germanium atom with a shorter bond-length in such a
lattice the germanium atom might only end up with three silicon neighbors and one
open bond. This is called a germanium dangling bond. The dangling bond defect
can be used by charge carriers to recombine without reaching the contacts and should
therefore be avoided if possible. An increase in dangling bond density also reduces the
fill factor value of the resulting solar cell [97|. The impact of dangling bond density on
Vo values is comparably small, fill factor deterioration due to dangling bonds is rather
caused by conductivity modulations that impact the series and parallel resistivity of
the cell stack |97].

Depending on the deposition conditions, microcrystalline material can be either com-
pact or porous. A porous material has a lot of inner surfaces and voids where the
silicon or germanium atoms have dangling bonds that can be connected to hydrogen
or nothing at all. Porous material has the tendency to absorb moisture and oxygen
[98] and has a high defect density leading to bad solar cell performance [94]. Therefore,
a compact, void free material is preferred for solar cells.

The lower bandgap of the pec-Sij xGex:H absorber compared to the bandgap of a
conventional pc-Si:H absorber leads to a significantly enhanced external quantum ef-
ficiency for pc-Sip.xGex:H layers with x smaller than 0.2 [99]. The reason for the
maximum content of germanium of 20 % can be traced to the electrical properties of
the alloy. While the optical properties are enhanced by the addition of germanium,
hole concentration and and defects (dangling-bonds) induced by germanium in the
lattice increase up to five times compared to a pc-Si:H alloy [84, 99, 100].

For a germanium contend above 20 %, an injection dependent charge carrier recom-
bination at the p - i interface can be observed [100, 101]. This leads to a negative
space charge and a strong reverse field in the intrinsic layer resulting in a reduced
carrier mobility with increasing germanium content [101].

Because of these negative effects, the gain of additional infrared response of the layer
are over-negated for germanium concentrations greater than 20 % [102]. Therefore,
the following work is restricted to pe-Sij_xGex:H alloys with a contend below 12 %.
Being able to shift the bandgap of a material to lower energies has the great benefit of
being able to absorb photons with lower energies. However, it lowers the V,. as well
[103]. Therefore, the gain in Js. caused by being able to convert photons of longer
wavelengths has to surpass the loss in V. caused by higher thermalization losses by

the smaller bandgap.
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4.2 Absorber and Deposition Properties of

Silicon-Germanium Cells

4.2.1 Crystalline Silicon-Germanium Absorbers

This section will address the challenges in creating an absorber material capable of
replacing an absorber in single- or multi-junction thin-film solar cells for BIPV applic-
ations. The explicit goal is to use the enhanced absorption of germanium to reduce
the thickness and therefore deposition time of the absorber layer while maintaining
the generated current density. While replacing silicon absorbers with germanium ab-
sorbers was done before [84, 86, 99, 102|, no one has tried it with BIPV applications
in mind.

To this end, a comprehensive study on the effects process parameters of the intrinsic
layer in a single pc-Siy xGex:H cell have on the material properties is presented. Fo-
cus of the material properties is the germanium content and crystallinity while linking
them to the electrical device performance. A similar study was published in 2006 by
a group in Japan [99], with the key difference being the germanium concentration in
the layer. This work focuses on low germanium concentration layers (content below
10 %) while the group in Japan focused on layers with a germanium content of about
20 % [99].

Since the structure and crystallinity is strongly dependent on the substrate surface
[7: pp. 105|, only characterizations of the final functioning device are performed.
Early experiments show great variations in raman crystallinity between pc-Si;_x Gex:H
single layers on wafer or glass (even with 50 nm a-Si:H buffer layers) compared to
the same layer in the final device. For that reason, no single layer characterizations
are performed. This dissimilarity of single layer depositions in contrast to the solar
cell stack depositions was also recognized by researchers in the context of research
on n-pc-Si; xOx:H layers [45] and is caused by the stark relation between crystal-
line growth, roughness, and surface composition. A crystalline layer preferably starts
growing at sharp structures of the substrate [104]. This is the reason why a very thin
layer of very crystalline material is inserted before the growth of a crystalline layer to
start the crystal growth uniformly [104]. This layer is therefore called seed layer.
The pc-Sij xGex:H single junction cells are deposited on commercially available glass
covered with rough ZnO:Al from Nippon Sheet Glas'. The cells consist of a 50 nm
thick microcrystalline p-layer, a 5 nm thick seed layer, a 1.2 pm thick pc-Sii.xGex:H

"http://www.nsg.com/
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Plate Distance: | Pressure: | Power: SiH4 Flow: GeHy Flow: | Hs Flow:

10 mm 11 mbar | 450 W | 22.5 - 24 sccm 1.4 sccm 2900 sccm

Table 4.1: Deposition parameters for the pc-Si;_xGex:H reference absorber layer for the Leybold
Phoebus Lab Coater.

absorber, and a 40 nm thick a-Si:H n-layer. A schematic of the cell stack can be seen
in figure 2.1b). The cell area of 1 cm x 1 cm is determined by evaporating silver pads.
This procedure to define the measurement area is commonly chosen by researchers for
small cell areas [46, 53, 76, 93] and is used here as well in order to increase comparab-
ility. The parameters for the deposition of the pc-Si; xGex:H reference absorber can
be found in table 4.1. To gain a better understanding of the relation between the pro-
cess parameters and the performance of the pc-Sii_x Gex:H absorber, different process
parameters are varied and the impact on IV cell performance, germanium content,
and crystallinity is evaluated. Four different variations are performed independent of

each other while keeping all other parameters constant:
1. germane flow variation

2. silane flow variation

w

. hydrogen dilution variation
4. pressure variation

These four parameters were identified as crucial while studying the literature about
uc-Sip-x Gex:H absorbers [84, 86, 99, 102]. Germanium content and crystallinity are
determined using the method described in section 2.3.5 using a laser with a wavelength
of 633 nm.

4.2.1.1 Germane Flow Variation

In the first experiment, the germane flow of the puc-Si;_xGex:H absorber is varied from
1.0 standard cubic centimeter per minute (sccm) to 1.6 sccm in steps of 0.1 scem while
all other parameters are kept constant.

As can be seen in figure 4.1 a), the increased flow of germane leads to an almost linear
increase in germanium content in the absorber by a factor of 6.3 %/sccm. This steep

increase can be attributed to the high gas utilization because of the lower dissociation
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Figure 4.1: Raman crystallinity, germanium content, fill factor and V.. values in relation to the
germane flow of single c-Si; xGex:H cells.

energy of germane molecules compared to silane molecules. This effect was also de-
scribed in [99] where the researchers found a nonlinear relation between germane flow
and germanium content. In contrast to this experiment, they varied the flow over a
larger range. A variation of the germane flow over a larger range might have resulted
in the same behavior. At the same time, the germanium content in the layer increases
and the crystallinity decreases from 80 % to 71 %. When increasing the germane
flow, the increased germanium content introduces stress into the lattice because of the
different bond lengths (see section 4.1.2) and thereby reduces the crystallinity. While
the germanium content in relation to the germane flow is covered in the literature, the
relation to the crystallinity in puc-Sij.xGex:H layers has not been addressed by other
groups.

Looking at the V. values of the cells in figure 4.1 b), one can see three distinct sec-
tions: a decrease in V. for a germanium flow up to 1.2 sccm (section 1), an increase
in Vg for a germanium flow between 1.2 and 1.4 sccm (section 2), and a decrease in
Voc for a germanium flow from 1.4 to 1.6 sccm (section 3). The crystallinity stays
nearly constant in section 1 and 3 (red lines), but the germanium content increases.
As alloying of pc-Si:H with germanium narrows the band gap and increases the carrier
recombination rate, it is responsible for the change in V.. This is confirmed by other
researchers that found similar behaviors [85, 99].

The very steep change in crystallinity in section 2 (black line) accounts for the in-
crease in V. values. A shift to a more amorphous phase and thus higher band gap
over-compensates the effect of V. loss due to higher germanium content. With high

and low germane flows the reverse happens: Raman-crystallinity stays constant, ger-
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Figure 4.2: Raman crystallinity, germanium content, fill factor, and V. values in relation to the
silane flow of single pc-Si; xGex:H cells.

manium content increases, and the V. values drop (section 1 and 3, red lines).

Since state of the art pc-Si:H single junction cells exhibit V. values of 500 mV or
more, V,. values for the pc-Sij_xGex:H absorbers have to be optimized with other
process parameter variations in order to build efficient bifacial single junction cells
with a pe-Si; xGex:H absorber. As stated in [85], developing a pc-Si;.xGex:H is a
constant struggle of loss of Vo and FF versus the gain in Jg. and therefore thinner

layers.

4.2.1.2 Silane Flow Variation

Increasing the silane flow from 21.5 scem to 25.5 scem (while keeping all other para-
meters constant) reduces the raman crystallinity from 80 % to 62 % due to a larger
amorphous volume fraction in the absorber.

Comparing figure 4.2 a) and figure 4.1 a), the difference is that changing the ger-
mane flow has a similar effect on the crystallinity but changing the silane flow does
not have the same effect on the germanium content of the layer. The reason for the
almost constant germanium content despite changes in crystallinity might be found
in the low dissociation energy of germane. Splitting two hydrogen atoms from silane
takes twice the energy compared to splitting two hydrogen atoms from germane [105].
Because of the high energy plasma used in microcrystalline depositions, all available
germane is dissociated and deposited. Therefore, all germanium in the deposition gas
will be incorporated with a very high probability [106]. Changing the relation between

hydrogen and silane in the plasma alters the crystallinity while still incorporating all
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germanium. The germanium in the deposition gas will be always depleted and a
change in silane to germane ratio in the deposition gas composition will not change
the germanium content in the layer. These results match the results obtained in the
publication about the composition of crystalline layers from germanium and silicon
[106].

The linear decrease in crystallinity depicted in figure 4.2 a) leads to a linear increase in
Voc values in figure 4.2 b). The higher amorphous volume fraction shifts the band gap
to higher energies without the additional influence of a great variation in germanium
content. Similar to the fill factor values of the germane flow variation (figure 4.1 b)),
the fill factor values do not change with increasing silane flow (as can bee seen in figure
4.2 b)) and remain around 52 %.

The low value can be explained by the presence of germanium dangling bonds that
act as acceptor-like states as explained in section 4.1.2. Since the presented values are
deposited with a not optimized p-layer, part of the low values can also be attributed to
a reduced interface quality and insufficient internal field. The challenge of reduction
of the FF values when adding germanium was noticed by other researchers as well [85]
and needs to be taken into account when evaluating the performance of pc-Si; xGex:H

absorbers.

4.2.1.3 Hydrogen Dilution Variation

To determine the influence of the hydrogen dilution during deposition on the raman
crystallinity, germanium content, and electrical performance, the Hs flow is varied from
2700 scem to 3300 scem in steps of 200 scem. As expected from prior experiments
with pe-Si:H, an increase in dilution with hydrogen deceases the raman crystallinity
of the absorber. Similar to the germane and silane variation in figures 4.1 a) and 4.2
a) respectively, the germanim content in the layer stays almost constant (see figure
4.3 a)).

Comparing figure 4.2 b) and figure 4.3, one can see a decline of fill factor and V.
values after a plateau at a dilution of 2900 sccm He flow which is congruent with the
behavior of the silane flow variation in reverse.

The increase in raman crystallinity leads to a more porous material with voids and
points of recombination, decreasing the fill factor. The higher crystalline volume frac-
tion of the material leads to a bandgap shift in the opposite direction compared to
the silane flow variation. These results are in line with publications about the crys-

tallinity of pure pc-Si:H cells without germanium [107]. The addition of germanium
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Figure 4.3: Raman crystallinity, germanium content, fill factor, and V. values in relation to the
hydrogen dilution during deposition of single pc-Siy-xGex:H cells.

at the level of below 15 % does not change the behavior of crystalline silicon in respect

to hydrogen dilution, it only shifts it to a lower crystallinity because of the above
mentioned reasons.

4.2.1.4 Pressure Variation

In addition to the germane and silane flow, the process pressure is a key parameter in
pe-Sip-x Gex:H depositions because it significantly influences the material quality [99].
As can be seen in figure 4.4 a), the pressure is varied from 8.5 to 11 mbar. The ger-
manium content is almost constant and varies only slightly between 8.3 and 8.7 %.
As the pressure increases, the crystallinity declines from 77 to 61 %.

Comparing figure 4.2 a) and figure 4.4 a) one can see that increasing the silane flow
shows the same effect on crystallinity and germanium content as increasing the pres-
sure: Crystallinity decreases but the germanium content stays constant. The reduction
of crystallinity has an enhancing effect on the open circuit voltage. Because bad ma-
terial quality influences the shunt and series resistance (see section 4.1.2), fill factor
values are a good gauge to estimate the material quality. Figure 4.4 b) shows a linear
increase of fill factor values with increasing process pressure. Similar to the silane flow
variation, this parameter does not change the germanium content in the absorber.
Comparing figure 4.2 b) and figure 4.4 b), one can see that changes in the crystallinity
due to process pressure variations are crucial to good fill factor values while a change
in crystallinity through variation in the silane flow has no impact. The increased

pressure leads to a compact material with a reduced defect density of germanium
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Figure 4.4: Raman crystallinity, germanium content, fill factor, and V.. values in relation to the
process pressure of single pc-SiyxGex:H cells.

Material: Jse [mA/cmﬂ Voe[mV] | FF[%] | n[%]

ue-Si:H 17.7 012 65 5.9

uc—Sil_XGeX:H 18.9 463 62 5.4

Table 4.2: Comparison of top performance electrical values for pc-Si:H and pc-Siy xGex:H absorber
materials for BIPV applications.

dangling bonds [94]. This is similar to the results obtained by other researchers for
other pc-Siyx Gex:H deposition regimes [85, 94| and shows that pressure is a key para-
meter for high quality absorber material even for low concentrations of germanium in
the absorber.

4.2.1.5 Application in Single and Multijunction Cells

In order to compare the performance of the puc-Si;.xGex:H absorber layers to stand-
ard pc-Si:H absorbers, two single cells are deposited on the same substrate mentioned
before. They are deposited with a thickness of 1200 nm and only the absorber recipe
is different. The results of the comparison can be seen in table 5.2. Comparing the two
absorber layers, the benefit of using germanium in the layer is directly visible: The
short-circuit current of the absorber with germanium inside is 1.2 mA/cm? higher.
This is illustrated in figure 4.5. Although there is a slight difference between the cal-
culated values in the EQE measurement and the IV measurements, the trend and the

distance is the same. The improvement of the spectral response of the pc-Si;_xGex:H
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Figure 4.5: External quantum efficiency for microcrystalline silicon and silicon germanium ab-
sorbers of 1200 nm thick absorbers with calculated short circuit current density.

absorber layer is mainly in the red region of the spectrum because the blue part of the
spectrum is mainly determined by the parasitic absorption of light in the p-layer which
is the same in both cell stacks. The increase of the absorption of the pc-Si;.xGex:H
layer is comparable to what can be found in the literature [85, 99] for higher concen-
trations of germanium in the layer. Looking at the infrared part of the pc-Si;.xGex:H
layer quantum efficiency in figure 4.5, no absorption past the bandgap for pure puc-Si:H
is visible. Therefore, the bandgap of the uc-Si; xGex:H layer is only slightly differ-
ent than the bandgap of the pc-Si:H absorber because of the low concentration of
germanium. With higher germanium concentration a shift of the bandgap and an
increased absorption should be visible (see section 4.1.2). Looking at the V. and FF
values in table 4.2, the same trend mentioned before is visible: Both values are lower
for the pc-Si;_.xGex:H absorber compared to the pc-Si:H absorber. This is similar to
the results in |85, 99]. Because of the higher defect density, FF is lower and V. drops
because of the bandgap shift.

For BIPV applications, a single junction cell has some advantages for special trans-
parent applications. This topic will be explored in detail in the following chapter. For
all applications that are not transparent, a high efficiency solar cell makes more sense.

In order to increase the efficiency of silicon-thin film solar cells, the industry switched
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Figure 4.6: a) |-V measurements and b) External quantum efficiency for microcrystalline silicon
and silicon germanium bottom absorbers of thin (720 nm) tandem cell bottom absorbers with
calculated short circuit current density.

Material: Jee [mA / cmﬂ Voc[mV] | FF[%] | n[%]
uc-Si:H 94 1.41 70 9.3
HC—Sil_XGele 8.7 1.27 67 7.4

Table 4.3: Comparison of top performance electrical values for different thin (720 nm) bottom
absorber materials in tandem solar cells for BIPV applications.

from single to tandem and in some cases even triple junction cells [12, 108]. There-
fore, it makes sense to test the thickness reduction potential of the pc-Si;_xGex:H
absorber in tandem and triple-junction configuration. Even if the efficiency of the
resulting stack with pc-Si; xGex:H absorber is slightly lower compared to its pc-Si:H
counterpart, it might make sense for the industry to produce it because of the lower
production time. A solar cell that can be produced in a faster process would be
cheaper for the manufacturer to produce because a big part of the costs are fixed and
do not scale with throughput. Counteracting that is the high price of germane that
would drop with increasing demand. The electrical performance of the tandem cell
with pec-Sii_xGex:H is lower than the performance of the tandem solar cell without
germanium in the bottom absorber displayed in table 4.3. The lower V,. and FF
that are also visible in figure 4.6 a) are expected. As mentioned before, because of
the higher defect density, FF is lower and V,. drops because of the bandgap shift.
These results are similar to publications of germanium bottom absorbers in tandem

cells with a higher concentration of 17 % germanium [85]: They managed to obtain a
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Material: Jsc {mA/cmﬂ Voc[mV] | FF[%] | n[%] | di [pm]

pe-Si:H 8.4 1.8 73 11.0 4.4

pe-Sip x Gex:H 8.4 1.7 65 9.2 2.25

Table 4.4: Comparison of top performance electrical values and thickness d; of the combined
absorber layers for different bottom absorber materials in triple solar cells for BIPV applications.

drop in V¢ of only 0.1 V compared to our 0.14 V and maintained FF and Jg.. To put
the results in perspective: Our cell stack is not optimized, uses no special coatings,
and is fabricated on a commercial substrate with a small scale industrial tool.

The EQE measurements in figure 4.6 b) show that the drop in Jg is not caused by an
insufficient energy conversion in the pc-Si; xGex:H absorber. In fact, it shows that
the pc-Sij_xGex:H absorber has a higher current generation density compared to the
we-Si:H absorber layer. The optimum pe-Siy_xGex:H tandem cell could therefore have
a thinner absorber layer and the lower overall Jg. is not caused by the pe-Sip xGex:H
absorber layer.

To demonstrate the thickness reduction potential of a pc-Sij_xGex:H absorber, it is
applied to a triple junction stack as the bottom most absorber. The stack is the same
as in figure 2.1 ¢) with an additional p-i-n layer at the bottom of the cell before the
back TCO contact. Silicon thin-film triple junction cells have been demonstrated with
an initial efficiency of up to 16.3 % [50]. The high efficiency makes them ideal candid-
ates for BIPV projects because of their high energy yields. The disadvantage of those
cells is the thickness. The cell in [50], for example, has an overall absorber thickness
of 4 pm. The thick layers lead to long production time which in turn increases the
production costs. A way to avoid this problem is to use a bottom absorber with in-
creased absorption. Therefore, a standard triple junction cell with one amorphous top
absorber and two pc-Si:H bottom absorbers is used as a benchmark. The lowermost
pe-Si:H absorber is then switched out with our pe-Sii_x Gex:H absorber and the thick-
ness of the absorbers is varied in order to reach the same Jg. for both cell stacks and all
absorbers. TLooking at table 4.4 and figure 4.7 a), one can see the thickness reduction
potential. Both stacks have the same Jg. of 8.4 mA /cm? despite the fact that the cell
with ue-Sij xGex:H bottom absorber layer has only half of the total absorber layer
thickness compared to the benchmark triple junction cell. The EQE measurement in
figure 4.7 b) confirms that the current generation density in the bottom absorber is

the same despite the thickness difference. The fact that the simulated short circuit
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Figure 4.7: a) |-V measurements and b) External quantum efficiency for microcrystalline silicon
and silicon germanium bottom absorbers of triple cell bottom absorbers with calculated short circuit
current density.

current density from the EQE of 7.4 and 7.2 mA/cm? is rather far away from the
measured 8.4 mA /ecm? hints at the possibility of an inaccurate EQE measurement.
The reason can be found in the difficulty of measuring triple junction cells. Flooding
the two topmost cells with bias light in order to measure the bottom absorber perform-
ance independently is no easy task. Even if the total error of the EQE measurement
seems to be quite high the relative error between the two measurements should be less
because both cells are measured with the same procedure.

Comparing the rest of the electrical characteristics, a difference of 0.1 V in V. is
visible. This value is 0.04 V better than the performance difference of the tandem cell
comparison. The big difference in performance can be seen in the FF which is 8 %
lower for the cell stack with pc-Si; xGex:H absorber. This can be caused by a high
defect density and reduced bandgap or a better current matching of the three cells
[83]. Literature on triple junction cells with pc-Si;_x Gex:H bottom absorber of similar
composition and thickness show an even lower FF value of 63 % [109] and a similar
efficiency of 9.3 %. With an a-SiGe:H middle absorber they reached a maximum effi-
ciency of 12 %. The performance reached with our absorber is therefore comparable
to the performance reached by other researchers. Especially for BIPV modules, a thin

module with a short production time is very attractive.
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Material: Jse [mA / cmﬂ Voe[mV] | FF[%] | n[%]
a-Si:H 11.7 929 65 7.0
pe-Si:H 17.7 512 65 5.9

uc-Sip_xGex:H 18.9 463 62 5.4

Table 4.5: Comparison of top performance electrical values for different absorber materials for
bifacial thin-film solar cells.

4.2.2 Amorphous Silicon-Germanium Absorbers

Comparing the different initial electrical characteristics of all the single cell absorber
materials a-Si:H, pe-Si:H, and pe-Si;.xGex:H in table 4.5 with absorber thicknesses
of 250 nm, 1200 nm, and 1200 nm respectively, advantages and disadvantages of the
different absorbers for bifacial applications can be determined. Why only single cells
are feasible for bifacial applications will be elaborated in the next chapter. The be-
nefit of using a pe-Sij_xGex:H absorber instead of a pristine microcrystalline silicon
absorber can be seen in the increase of Jg. of more than 1 mA/ cm? which confirms the
measurements in figure 4.7. The before mentioned bandgap shift is also visible in the
49 mV lower V. value as well as the increase in germanium dangling bonds causing
lower material quality and therefore a lower FF value.

Looking at the efficiency of those absorber materials, the pc-Si:H has a clear advantage
over the pc-Si;_xGex:H absorber at this stage of development. Taking into account
that germanium is a rare and therefore expensive material with a price approximately
30 times that of silane [110], leads to the conclusion that the pc-Siy.xGex:H absorber
material is no alternative as a bifacial absorber material at this state of development.
Comparing the a-Si:H and the pc-Si:H absorber and taking the 10 % degradation of
the a-Si:H absorber into account, the a-Si:H has a clear advantage because of its faster
deposition time and therefore lower production costs.

As mentioned before, there is a fourth option: a-SiGe:H absorber incorporate up to
30 % germanium but have poorer performance and stability compared to their a-Si:H
counterpart [111].

While depositing a-Si:H/pc-Si:H tandem cells in between the experiments with the
ue-Si;x Gex:H solar cells, an increase in current generation density for the a-Si:H top
cell is discovered. Since the bottom absorber could limit the Jg. of the device, Jg
calculated from EQFE measurements are depicted in figure 4.8. The mean value of cal-

culated Jg. values is approximately 0.8 mA /cm? higher for tandem depositions after
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Figure 4.8: Calculated Jg. values for a-Si:H tandem top cell absorbers from EQE measurements
for normal depositions and for depositions following the fabrication of pc-Si; xGex:H absorbers.
Lines are mean values of the data points.

a pc-Sip_xGex:H deposition. Since the accumulation and redeposition of germanium
inside the deposition chamber was anticipated, blind depositions in excess of 300 nm
are performed after each deposition of pc-3i; xGex:H.

To determine the composition of the amorphous absorber after a deposition of
ue-Sii_x Gex:H and blind deposition, samples are measured with rf GD ToFMS. The
results are depicted in figure 4.9. To determine the position of the amorphous top cell
i-layer in the tandem pin/pin structure, the boron intensity is plotted as well (intens-
ity magnified 10000 times). Since the amorphous i-layer (and the top cell n-layer) is
sandwiched between two p-layers, its position is between two boron intensity spikes.
Because the measurement is performed reverse to the deposition process, the first p-
layer (top of the cell stack) is on the right hand side of the graph.

Although the germanium intensity is magnified by 400 times compared to the silicon
intensity, the presence of germanium content in the absorber can be verified. The dop-
ing of silicon in the p-layer with boron leads to a boron signal 10000 times smaller than
the silicon signal. It is therefore ambiguous to speak of doping when referring to the
400 times smaller germanium signal. The absorber composition of the pc-Si;.xGex:H
absorber layers with a germanium content of 10 % were called alloy in the previous

section. Since the germanium content in the layer is far below 1 %, it will be referred
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Figure 4.9: Glow discharge measurement of germanium doping of amorphous top cell absorbers
by residual chamber redeposition of germanium. Boron concentration is depicted for locational
purposes. Measurement was done with the support of Maria Hammer in the facilities of the Labor
fiir Chalkogenid-Photovoltaik at the University of Oldenburg

to as traced with germanium.

The tracing of the absorber with germanium is clearly visible in figure 4.9. There seems
to be a higher concentration of germanium near or at the p-i interface of the amorphous
absorber. Because a chamber preconditioning with 1.2 pm of pc-Si; x Gex:H followed
by 300 nm a-Si:H is no feasible method to increase the current generation density of an
absorber, the following experiments are designed to recreate the tracing of an a-Si:H

absorber with germanium:
1. Duration of the germane tracing
2. Position of germane tracing
3. Frequency of the germane tracing

The process parameters are the same as reported in section 5.3 and 5.4 except that
the absorber thickness is fixed at 150 nm to create a thin and fast process attractive
for industrial applications. An additional advantage of the small absorber thickness

is a lower degradation because of the stronger internal electrical field in the absorber
layer [33: p. 212]
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Figure 4.10: Variation in the germane gas addition duration during processing of an amorphous
silicon absorber to achieve a germanium tracing for increased current generation.

4.2.2.1 Duration of the Germane Tracing

In order to recreate the very low germanium amount available in the deposition cham-
ber, the amorphous absorber depositions are stopped at the middle of the fabrication.
During the stop, the smallest amount of germane possible (0.25 sccm) for the mass
flow controller was added to the gas mix in the process chamber. The absorber de-
position prior and after this addition is made without germane in the deposition gas
mix. The duration of this tracing of the deposition gas with germane is varied in
this experiment. The results are depicted in figure 4.10. Because the first half of the
absorber is already deposited when the germanium tracing takes place, germanium is
only traced into the second half of the absorber. The short circuit current generation
density increases with the amount of germane pumped during the brake of the ab-
sorber deposition.

The chamber walls and the electrode are covered with intrinsic amorphous silicon in
between depositions to increase the comparability of the experiments. The level of
short circuit current density generation increase of the tandem cells is not achieved

by this tracing experiment and reaches only an increase of approximately 0.3 mA /cm?.
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Figure 4.11: Variation in the germane gas addition position during processing of an amorphous
silicon absorber to achieve a germanium tracing for increased current generation.

4.2.2.2 Position of Germane Tracing

Figure 4.9 showes a spike of germanium concentration at the p-i interface. A series
of depositions are performed in which the position of the before mentioned germane
addition to the process gas and therefore the break in the deposition of the absorber is
moved from the beginning of the deposition to the end. Figure 4.11 shows the results
of this variation. The tracing of the absorber with germanium at the p-i interface
(at the very beginning of the deposition) results in the lowest increase of short circuit
current density. The interface between these layers is crucial to the performance of
the device [112] and might suffer from too much germanium content too close to it.
The other interface position at the end of the deposition between i- and n-layer does
not show a great increase as well. The interface seems not to suffer from the addition
of germanium since there is almost no absorber deposition left at this point and the
increase in current density is higher compared to the addition at the beginning.

The introduction of germanium in the first third of the deposition leads to the greatest
increase of 0.7 mA /cm? reaching nearly the level of the increased generation caused

by the tracing caused by prior pc-Si;.xGex:H depositions. EQE measurements show
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Figure 4.12: Variation in the germane gas addition frequency during processing of an amorphous
silicon absorber to achieve a germanium tracing for increased current generation.

an increase over the whole spectrum, so no bandgap shift is visible. This is expected

for such a small amount of germanium in the absorber.

4.2.2.3 Frequency of Germane Tracing

The germane inlet phases in this variation are spaced with equidistant timing during
the deposition of the absorber layer. Based on the results from figure 4.10, the op-
timum gas inlet time of 45 s is chosen.

The last deposition on the right in figure 4.12 was fabricated with a grading of ger-
manium tracing: Four breaks with germane gas inlets at shorter time intervals at the
beginning of the absorber depositions and less to the end in order to take the different
position effects of figure 4.11 into account. Only a small relation between repetitions
and current density generation increase can be discerned. The data point of 3 repe-
titions is excluded as an outlier because errors during the p-layer depositions were
discovered in hindsight. In order to compare the performance of the system at that
time to the improvement by the germanium tracing, the data point of 0 repetitions is
the reference cell without tracing.

With the optimum combination of gas inlet time and gas inlet grading with a focus

on the beginning of the absorber deposition, the effect of germanium tracing of the
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absorber can be recreated and an increase of more than 0.7 mA /cm? is achieved. The
tracing with germane has no influence on the light induced degradation performance.
Both cells degrade the same amount as the cells shown in figure 3.10.

There is no mention in the literature of this effect, so no comparison can be drawn.

4.3 Conclusion

Highly efficient and stable thin film silicon solar cells are still in the focus of differ-
ent research groups all over the globe [113]. Improving the performance of thin-film
silicon solar cells without increasing the cost will lower the LCOE and increase the
competitiveness of the technology. Since BIPV elements are already expensive, it is
important to keep the expenses of adding solar to a minimum. In order to use high
efficiency cells in industrial production, improvements to the deposition time caused
by the very thick pc-Si:H bottom absorber have to be made. One way to achieve this
goal is to replace the bottom absorber with pc-Sij.x Gex:H using the smaller bandgap
to utilize more of the solar spectrum.

In order to reach good material quality, there has to be a special focus on the pres-
sure, power, and the crystallinity of the material. High pressure and power leads to
a compact material reducing the count of germanium dangling bonds present in the
material.

While the material quality reached in this work does not surpass the performance of
ue-Si:H or a-Si:H absorbers, the feasibility and thickness reduction potential of up to
50 % reduced absorber thickness is demonstrated. A fast deposition process would
enable tandem-junction cells to become more cost effective for market production and
would boost the application of those modules for BIPV applications.

In addition, a way to enhance the performance of single a-Si:H cells has been de-
veloped: Tracing the deposition of a-Si:H absorbers with low amounts of germanium
can lead to an increase in short-circuit current density generation of up to 10 %.
While the original tracing with germanium was caused by a contamination of the
chamber walls by pc-Si;_xGex:H depositions, the effect could be recreated using min-
imal amounts of germane.

To sum up this chapter, pc-Si;.xGex:H as absorber material has the benefit of us-
ing more of the light spectrum compared to pc-Si:H absorbers. Therefore, thinner
absorbers in tandem-junction cells can be used reducing the overall thickness and de-
position time.

In order to increase the material quality of pc-Si;.xGex:H absorbers, a special focus
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has to be set on fabricating a compact material using high pressure and power, redu-
cing the germanium dangling bonds in the material.

The a-Si:H absorbers traced with germanium are an excellent candidate for the use in
bifacial cells. It is very quick to deposit and has enhanced absorption properties with
using only a minimal amount of the expensive germane. A detailed analysis of bifacial

thin-film silicon cells will be presented in the next chapter.






Amorphous Single-Junction Bifacial Cells
for Building Integrated Photovoltaic

Thin-film silicon solar cells are an ideal candidate for application in bifacial BIPV
modules for several reasons, as for example, tunable and homogeneous transparency.
In this chapter, the concept of bifacial solar cells is introduced. The former chapters
concentrated on enhancing thin-film silicon solar cells for BIPV applications while this
chapter will give an example of how to use the advantages of thin-film silicon solar
cells for a specific BIPV application: Bifacial modules.

An overview of current research concerning bifacial solar cells is followed by a s short
outline of the necessary experimental and theoretical background used in the following
sections. Simulated irradiance on different planes of orientations and tilts is shown
in order to understand the different requirements for BIPV installed on facades or
fences. State-of-the-art silicon thin-film solar cells in tandem-junction configuration
are elaborated in terms of their feasibility for bifacial BIPV applications.

This chapter will outline the definition of bifaciality and the standards for measur-
ing. A simulation is used to demonstrate how the vertical installment of bifacial solar
cells can change the current generation profiles for northern Germany. A vertically
installed bifacial module can receive even more radiation than a conventional module
in optimum orientation. Depending on the orientation, it is able to shift the power
generation profile to the early and late hours of day and even increase the gener-
ation in winter times. In order to determine the best cell stack for bifacial cells,
tandem-junction cells are also considered for these bifacial applications. It turns out,
tandem-junction cells are not feasible as bifacial modules because shifting illumination

conditions make current matching almost impossible. Finally, the chapter investigates
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how the bifaciality of amorphous single-junction thin-film solar cells can be increased
by reducing the thickness and adding oxygen to the layer.

Benedikt Hanke helped with his Meteonorm related programming and Clemens Feser
supported with the measurements on tandem-junction bifacial modules. Results of
this chapter are published in [114].

5.1 Bifaciality

5.1.1 Overview

A bifacial solar cell is called bifacial instead of monofacial if a solar cell is able to absorb
light from both sides or faces. Most solar cells in production use a metallic or foil light
reflector on the backside. The idea of a back reflector is to reflect unabsorbed light
passing through the solar cell back into it. Solar cells with a back reflector are there-
fore always monofacial. The most commonly used material is polyvinylfluorid (PVF)
called Tedlar from the company DuPont [115].

The factor between the electrical performance of a solar cell illuminated perpendicular
from the front side under STC and the performance when illuminated from the back
side under the same conditions is called bifaciality. Bifaciality values are often given
in rear side efficiency percentage of the front side efficiency [116].

This leads to a challenge concerning the characterization of bifacial solar cells: The
standard testing conditions do not define the reflectance of the measurement block on
which the cell is placed for characterization. STC measurements of bifacial solar cells
may therefore differ from measurement facility to measurement facility. The research
community is addressing this problem by proposing additions to the standard test
conditions to address the measurement of bifacial cells [117].

In case solar modules are installed in a way that light scattered from objects behind
them can reach the rear side of the module, using bifacial instead of monofacial solar
cells can help to reduce the LCOE because those modules generate additional power
in relation to their STC rating. The reflectivity of objects near solar modules is char-
acterized by the albedo value. The albedo value is defined as the ratio of irradiance
reflected from a surface to the irradiance received and refers to the entire spectrum.
For green grass, the corresponding albedo value is 0.2 [118]| and can reach up to 0.9 for
snow, resulting in up to 90 % of the solar irradiance being reflected onto the backside
of a solar module in winter.

Depending on the type of installation, various experimental tests and simulations show
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Figure 5.1: The first Canadian photovoltaic system combining SANYO's heterojunction with
intrinsic thin-layer (HIT) double bifacial solar PV modules and DuROCK TIOCOAT reflective roof
membrane at DuUROCK Alfacing International Ltd.’s headquarters in Woodbridge[119].

an increase of annual output power of 10 to 20 % when switching from monofacial to
bifacial modules [120, 121]. This value is dependent on the local conditions. A mirror-
like surface, like a lake surface behind modules floating on water [122], scatters mostly
direct. Although the reflectivity is very high, the albedo value is therefore considered
to be low. Foam and waves on the water increase the albedo value. A diffuse scattering
material like titanium dioxide (white paint) or snow and chalk scatters the light more
efficiently to the backside of the module. How much light reaches the backside of the
module from the diffuse scattering background also depends on the inclination and
orientation of the module and the sun. Under optimal circumstances, the increase in
output power can reach up to 50 % [123]. Figure 5.1 depicts an installation making
use of the back scattered light from the white rooftop by using bifacial modules, in-
creasing the outputpower by 30 %, and keeping the building itself cooler [119].

As with STC for monofacial modules already, calculating the output power of a bi-
facial solar module for a given site is quite challenging: In addition to performance
deviations caused by temperatures not equal to 25 °C and solar irradiation not equal to
AM1.5G illumination with 1000 W/m?, one has to take the (annually shifting) albedo
of the surrounding surfaces into account.

Research on bifacial photovoltaic solar modules has been performed since the 1960s
[124]. Tt started with a moderate 7 % conversion efficiency for bifacial solar cells [125]
and has reached 21 % conversion efficiency with a bifaciality of 80 % in industrial pro-

duction [116]. Those experiments and products were all based on wafer based solar
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Figure 5.2: Bifacial solar modules as noise barrier on the LSW Wiirmbriicke Munich [128].

modules.

Besides the conventional installation of bifacial modules mentioned above and the
usage as road material mentioned in chapter 1, vertical BIPV are of key interest
for the research community. Patents filed as recently as the beginning of 2015 [126]
and research showing the value of vertical installation of photovoltaic for Japan [127]
demonstrate the interest for vertical installation of bifacial modules. An Austrian
company already demonstrated the feasibility of vertically installed bifacial modules
as noise barriers. Figure 5.2 shows an example near Munich. Although dye-sensitized
solar cell technology is suited for bifacial solar applications [129], most of the bifacial
cell designs are based on silicon wafer technology. There are reports on bifacial cells
for most fabrication methods, such as crystalline silicon (c-Si) bifacial cells in n-type,
p-type, monocrystalline, and polycrystalline configuration [130-132]. HIT cell techno-
logy, which is a combination of a wafer with thin-film silicon to passivate the silicon
wafer surface, shows good bifaciality values as well [133].

The bifacial cell technologies mentioned above are assembled into modules by sand-
wiching the cells between two sheets of glass. Modules with glass in the front and
glass in the back are called glass-glass modules. Because of the relatively high costs of

solar-grade glass, most c-Si based (monofacial) solar modules are sold with a white foil
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backsheet in glass-backsheet configuration. The industry is slowly switching the focus
to the glass-glass modules to avoid long-term stability issues caused by the stress in-
duced by the different coeflicients of thermal expansion of the backsheet and the glass
[134].

Since silicon thin-film solar modules are fabricated as glass-glass modules anyway, they
are especially suited as bifacial modules. So far, very few researchers have focused on
the topic of using thin-film silicon solar cells in bifacial configuration [56].

Despite the advantages mentioned in chapter 1, to this date no demonstrator using

bifacial silicon thin-film modules in vertical installation has been installed anywhere.

5.1.2 Experimental and Theoretical Background

The illumination of objects by the sun follows certain physical laws. The amount
of light hitting an object like a solar module depends strongly on its orientation in
relation to the sun. The amount of particles (photons) intersecting a unit area is also
called fluence. The physical relation between angle of orientation and the fluence of

photons on the solar module is the cosinus:
Hmodule = COS (a) * Hsun (5'1)

With « the angle of the normal vector of the plane to the sun, Hyy, the fluence coming
from the sun, and Hpoque the fluence through the module plane. This formula is
applicable for both turning directions of the plane.

When turning the irradiated plane away from the position in which the normal vector
of the plane points directly at the sun, the shadow cast by that plane will be reduced
in size depending on the angle. The size of the shadow cast by the plane is equal
to the fluence through the plane area. This is important because most of the solar
modules are stationary and do not track the sun. Therefore, the angle between the
sun and the solar module will change over the time of day and year because of the
movement of the earth. For that reason, most solar modules that are not tracking the
sun are installed to generate the most amount of power during a year. This leads to
low fluences in wintertime for example because the sun is very low on the horizon and
the angle « is very large.

Apart from the fluence relation, which cannot be avoided without tracking the sun,
there is a second relation that impacts the performance of solar modules. When the
angle « is very large, a phenomena called total reflexion takes place. Light does not

pass through the module but is reflected off the surface of the glass. Depending on
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the surface of the solar module (which is glass most of the time) the total reflexion
angle is approximately 40 °. Therefore, most solar modules are equipped with an anti
reflection coating (ARC) that reduces the effect of total reflexion by modifying the
optical interface between the air and the glass of the solar module.

Another way for sunlight to illuminate a solar module is being reflected from objects
around the solar module. When the module is surrounded by white objects, the
amount of light reflected on it in addition to the direct sunlight can be high. To
characterize the reflectivity of the surrounding area, a value called albedo is used.
The value ranges between 0 and 1. A very reflective surface like white paint has an

albedo value close to 1 while black paint has an albedo value close to 0.

5.2 Simulation of Irradiance on Vertical Planes in Germany

Using a conventional wafer based solar cell in vertical configuration has the disadvant-
age of using only one half space and therefore only a reduced part of the incoming
sunlight. The efficiency characterization of solar modules is dependent on the solar
spectrum. The solar spectrum can be divided into three parts: The direct, indirect
(diffuse), and reflected solar irradiance. The direct sunlight reaches the module surface
after crossing the atmosphere with no further changes. Indirect sunlight is scattered
on clouds or particles and far away objects before reaching the solar modules. The
reflected part of the irradiation spectra results from the reflection of the near envir-
onment and back scattered sunlight of the ground. As mentioned in section 5.1.2, the
corresponding value is called albedo.

For the behavior of ordinary modules, the reflected sunlight does not have any in-
fluence. Figure 5.3 depicts the composition of those parts for three German cities.
Even the southernmost city Munich has an indirect solar irradiance of over 50 % in
average over the year although the direct part of the sunlight is the highest compared
to the other cities in the graph. A high percentage of indirect irradiance is the case
for the northern European area in general. To get a deeper understanding, in which
way the mounting orientation affects the power generation, the irradiance on a plane
is calculated in relation to the angle of tilt and orientation. Data for this simulation
is extracted from meteonorm [31]. The results are depicted in figure 5.4a). To under-
stand this figure better, it helps to think of the simulation as a hemisphere on which an
irradiance measurement plane of 1 m? was placed for a year. The color coding shows
the measurement value for planes placed on each normal vector on the hemisphere in

percentage of the maximum. The black lines represent places where the yearly output
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Figure 5.3: Composition of the solar spectrum in terms of direct and indirect irradiance for three
German cities.

is the same, regardless of placement of the measurement plane.

To get the optimum yield in the yearly average for a conventional one sided module
in Oldenburg Germany, it would have to face to the south and slightly to the west. In
this optimum tilt, the average irradiance would reach 1137 kWh/m?/a. The values are
calculated with the irradiance going only through the front side of the measurement
plane. For the albedo value surrounding the measurement plane, 0.25 was chosen.
This is a conservative choice since typical albedo values of urban areas range between
0.3 and 0.45 [135]. The same calculation can be done for a vertical plane facing east,
south, west, and north. Because of the before mentioned diffuse irradiation, the av-
erage irradiance on those vertical planes per year is still very high. The results of
the calculations can be seen in figure 5.4b). A vertical one-sided module facing south
would generate the highest average yearly yield with an irradiance of 844kWh/m?/a,
which is 74 % of the irradiance of the optimum tilted installation. These figures also
correspond to four points in figure 5.4a), the values directly adjacent to the letters N,
E, S and W.

Bifacial modules in vertical installation are able to use both half spaces of the light
hitting the back and the front side of the module and are able to compensate the
negative effect of partial shadowing to a certain extent. Furthermore, the vertical
installation increases the naturally occurring cleaning effects and reduces the negative
soiling problems caused by leaves, bird drops, and similar impurities.

Thinking about noise barrier walls lining the motorways and railways going from north
to south, we can use the data of figure 5.4b) to calculate the irradiance a bifacial mod-

ule (100 % bifaciality) could convert to power in vertical installation facing east and
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Figure 5.4: a): Tilt in relation to average yearly photovoltaic irradiance for Oldenburg, Germany.
Black lines represent the isoline in percentage from the maximum irradiance. Gray lines can be
used to measure degrees of tilt and orientation. Every gray circle represents 45 degrees of tilt and
every gray line 22.5 degrees of orientation. b): Photovoltaic yearly average irradiance for vertical
planes facing north, east, south, and west in Oldenburg with an albedo of 0.25. Both graphs are
based on coding and graphs done by Benedikt Hanke.

west by adding the numbers. In yearly average, it would face 1290 kWh/m? /a, which
is 113 % a conventional module in the optimum tilt position would face. Even for
vertical installations facing the module north and south, the yearly average irradiance
would still be higher than for the modules in optimum tilt position (1206 kWh/m?/a
versus 1137 kWh/m?/a). When using modules in vertical installation, the daily gen-
eration profile also changes. To give an example, irradiance date is used to to simulate
the irradiance on different planes of orientation and tilt on an average day in July.
The results are depicted in figure 5.5.

Using bifacial solar cells in vertical installation can shift the daily power generation
peaks to the morning and evening hours, especially when the bifacial module is facing
east and west (red dashes). But even the module facing north and south (black line)
has increased production in the morning and evening hours compared to the monofa-
cial module (blue dots), because in the summer the sun’s arch is up to 240 ° and
illuminates the bifacial cell from the north side at early morning and late evening.
In the winter months, the sun’s arch only covers 120 ° (calculated for 49 ° north)

and does not illuminate the north side. This effect can reduce the demand for power
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Figure 5.5: Left: Simulated irradiance of a random day in July in Oldenburg for different tilts and
orientations of the module plane. Right: Monthly irradiance on the same planes. Data for this
graph was extracted from Meteonorm using code from Benedikt Hanke.

storage and increase the self-consumption rate since the demand profile for northern
European regions is not dominated by air conditioning [136].

The shift in the irradiance profile exists also on a yearly timescale. Using the same
irradiance data, the same graph is calculated for these tilts and orientations on a
monthly timescale. The results are shown in figure 5.5 on the right side. Bifacial cells
facing in north/south direction have the benefit of being able to generate more power
in the winter months because of the sun being lower in the sky. In contrast, bifacial
modules facing east and west can generate more power in the sunny months compared
to conventional tilted modules.

The simulation results match experimental results collected in Japan [127]. Though
vertical installation possibilities of bifacial modules with no shading from either side

might be infrequent, a clear benefit in terms of generation profile shift can be gained.

5.3 Multi-Junction Bifacial Solar Cells

Thin-film silicon solar modules can be fabricated in single-, tandem-, or triple-junction
stacks. In order to determine the best stack for bifacial modules, the following tests are

carried out. As a reference for the studies on multi-junction bifacial solar cells, a single
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Figure 5.6: Structure and JV-characteristic of a bifacial a-Si:H thin-film solar cell (Z-002) under
illumination from the front-, back, and both sides simultaneously. The measurements for this graph
were done in collaboration with Clemens Feser.

junction cell is deposited (labeled Z-002). As depicted in figure 5.6, the cell consists of
an amorphous cell sandwiched between two glass-TCO layers. The cell is illuminated
from the front side, backside, and both sides simultaneously to determine the output
characteristics when used in vertical installation. To measure the illumination from
both sides simultaneously, a mirror array was constructed for the sun simulator (see
chapter 2.3.1). The solar cell can be placed vertically under the device and two mirrors
with a 45° angle to the solar cell reflect the light from both sides into it. This setup
is similar to the setup that has later been suggested by the Fraunhofer ISE [11] to be
used when measuring bifacial cells. As can bee seen in figure 5.6, Jo. of the reference
cell when illuminated from the backside is far lower than the J,. when illuminated
from the front side (blue, dotted line versus the black, compact line). The bifaciality

of this cell can be calculated with the following formula:

Jsc,lreaur * 100

J sc,front

= Bifaciality [%] (5.2)

Normally, the bifaciality would be calculated for the efficiency. In this case FF and V.
do not change with illumination direction. Therefore, calculating the bifaciality for the
short-circuit current is the same as calculating it for the efficiency. Using the formula
above to calculate the bifaciality of the reference cell Z-002, results in a bifaciality of

66 %. Chapter 5.4 will address the challenge of how to increase the bifaciality and
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Sample: Tunnel Junction:

T-003 n pc-Si:H/p pe-Si:H
T-004 n pe-Si:H/p pe-SiO:H
T-005 | n pue-Si:H/OMO/p a-Si:H
T-006 n a-Si:H/TCO/p a-Si:H

Table 5.1: Overview of the different tunnel junction stacks used to optimize the tunneling contact
in bifacial a-Si:H tandem cells.

thereby achieve a maximum overlap of the blue, dotted line and the black, compact
line.

The V. does not change in relation to the illumination direction but increases slightly
when the cell is illuminated from both sides. This change in V. is expected since
the distribution of charge carriers and therefore current density is changed by the
photon injection from both sides. In a solar cell illuminated from only one side, the
highest current density is at the p-layer [137] because most of the high energy small
wavelength light is absorbed there. In a cell illuminated from both sides, the current
generation density is highest at two points, at the p-layer and the n-layer. In case of
a bifacial cell illuminated with a mirror from both sides simultaneously, high energy
small wavelength light also hits the backside of the cell.

The Jg. of the cell illuminated from both sides can be approximated by the addition

of the short circuit current densities of front and back illumination:

Jsc,both = Jsc7f1ront'i‘Jsc,rear (53)

To determine the value of multi-junction bifacial solar cells, different stacks of a-Si:H/
a-Si:H thin-film tandem solar cells are deposited on glass and compared to the single
junction reference cell.

All the samples are prepared with an indium tin oxide (ITO) back contact which has
the same function as a ZnQ:Al back contact but is more expensive to deposit because
of the indium. The cell stack is displayed in the top half of figure 5.7. The tunnel
junction layers of the tandem devices are varied according to table 5.1. Because of
the before mentioned injection of photons from both sides of the multi junction stack,
the tunnel junction plays an important role and is crucial to the performance of the

multi-junction cell. The results of this optimization can be seen in the bottom half of
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figure 5.7. The IV characteristics are displayed in relation to the single bifacial solar
cell Z-002 illuminated from the front, in order to show the benefits of multi-junction
bifacial cells in relation to their single junction counterpart under different illumina-
tion schemes.

The first data point is the single junction a-Si:H bifacial cell (Z-002) to compare the
single, and multi-junction structure in different illumination setups. T-003 consists
of two cells similar to Z-002 separated by a pc-Si-n/p tunnel junction. This multi-
junction cell has a higher V. than the single cell counterpart. Because the contact
between the cells is not optimized, FF and Jg. values are significantly lower than their
single cell counterpart resulting in a lower efficiency.

Through the optimization of the tunnel junction depicted in table 5.1, it is possible to
increase the Vo to 193 % compared to the single cell structure while keeping the FF
constant and reducing losses in Jg. to 35 %, so that the efficiency increases to 122 %
when illuminated from both sides. A fully optimized, matched tandem junction cell
should be able to reach 200 % output power because a tandem cell illuminated from
both sides should basically be the same as two single-junction cells illuminated from
only one side. The performance of the tandem cells when illuminated from only one
side is very bad, reaching only 20 % of the efficiency of the single cell illuminated from
the front side. Looking at figure 5.8 the reason can be identified:

The series connection of the sub cells limits the overall current density to the smallest
value in the system. There is no difference in the current density for illumination by
rear or front because of the current-density limiting bottom sub-cell (bottom sub-cell
meaning the bottom cell seen from the illumination direction at that point). For an
optimal performance of the multi-junction bifacial cell, both sub-cells have to generate
the same amount of current density which is called current matching.

To keep the cells matched in real life conditions, the relation between the irradiance
on the front side and the irradiance on the back side have to be maintained at all
times and have to be matched to the current generation relation of the sub-cells. For
a stationary module installation, this is not possible. Only tracking the sun with the
solar cell would make this possible. Since the tracking and mounting of a solar cell is
very expensive [138], combining it with a cell with low efficiencies makes no economic
sense.

Therefore, using multi-junction cells for bifacial applications is not a feasible option.
This result can be generalized to be applicable to all types of multi-junction solar
cells because current-matching has to be done for all serially connected power gener-

ating devices. Removing the back reflecting layer of any multi-junction solar cell to
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thin-film tandem solar cells under illumination from the front, back, and both sides simultaneously
in relation to the reference single cell illuminated from the front side only(Z-002).
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Figure 5.8: JV-characteristics of a single junction cell (Z-002) illuminated from the front, back, and

both sides simultaneously in comparison to a bifacial tandem cell with optimized tunnel-junction
(T-006).

gain bifaciality by collecting sunlight (direct or indirect) on the backside reduces the

performance in almost all conditions and should be avoided.

5.4 Increasing the Bifaciality of Single Junction Amorphous
Solar Cells

In the previous section 5.3, a bifaciality of 50 % was reached by using a standard
process for the deposition of single a-Si:H thin film solar cells in combination with a
transparent back contact. The i-layer thickness was fixed at 250 nm and showed the
expected light induced degradation of 8 % in average (1000 h, @STC). No further op-
timizations where done. To improve the bifaciality of single junction amorphous solar
cells the key element for high bifaciality was identified: The n-layer of the cell-stack.
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In superstrate pin configuration, amorphous silicon thin film solar cells see light only
from the p-side. Therefore, there has never been a need for blue wavelengths trans-
parent n-layers. In the situation of a high bifaciality, the n-layer has to fulfill the
same requirements as the p-layer. This means, a high transparency, high doping, less
surface recombination, and good enough cross conductivity [83].

To improve the transmittance of the amorphous n-layer for low wavelengths, a vari-
ation of the following n-layer deposition parameters is carried out independent of each

other:
1. the CO9 concentration
2. the layer thickness
3. the doping concentration

An amorphous n-layer is chosen instead of the commonly used n-pc-Si;_xOx:H layer
[48] because a better long term stability of highly doped amorphous n-layers compared
to highly doped n-pc-Sij xOx:H layers (see chapter 3) is expected. Furthermore,
the process stability is better because the oxygen of the n-pc-Si; xOx:H depositions
accumulates very fast on the chamber walls of the deposition chamber and makes

elaborate cleaning/blind-depositions necessary.

5.4.1 CO, Variation

To increase the transparency of the n-layer, especially in the 300 to 500 nm wavelength
regime, a common approach is to alloy the layer by adding CO4 to the deposition gas
mixture [48]. When adding too much CO;y gas to the mixture, a decrease of the n-
conductivity can be observed [83]. To prevent such an effect, the CO; flow is increased
in small steps until a gas flow of 10 sccm iss reached.

As shown in figure 5.9a), the addition of CO2 did not change the behavior of the cell
when illuminated from the p-side. Therefore we conclude that the used max gas flow of
10 scem is small enough to neglect the influence on the n-layer conductivity. In contrast
to the results of the p-side illumination, the short circuit current density increases
slightly with the increasing gas flow. As expected, an increase of the transparency
of the n-layer can be observed by increasing the oxygen content in the n-layer. The
maximum benefit of 0.6 mA /cm is reached by adding a flow of 10 sccm COq to the
deposition gas mixture.

To show where the additional current is generated, the external quantum efficiency
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Figure 5.9: a): Short circuit current density of amorphous single junction cells with oxygenated
n-layers. Lines are fits of the measurement points. b): External quantum efficiency measurement
of bifacial amorphous single junction cells with CO5 doping in the n-layer. The arrow indicates the
tendency.

is measured and the results are depicted in figure 5.9b). The reflectance does not
change measurably for all samples because the surface reflection can be attributed to
the ITO and glas layer, which are the same for all depositions. This is proven in figure
5.12b), where the reflectance is plotted for the measured EQE range. Since only the
n-layer is changed from deposition to deposition, the EQE measurements from the
n-side are actually equal to transmission measurements with the i-layer functioning as
a detector.

While the addition of CO5y to the n-layer does not change the behavior, a distinct
increase of conversion efficiency in the wavelength area between 400 and 600 nm can
be observed (indicated by the arrow) when the cells are illuminated from the n-side.
This can be attributed to the increased transparency due to the incorporation of
oxygen and/or carbon into the layer. V. is not affected by the variation and remains
nearly constant at an average of 920 mV for p-side illumination and 900 for n-side

illumination.

5.4.2 Thickness Variation

Besides mixing the n-layer deposition gas with COs2 to increase its transparency, a
thickness variation without the addition of CO4 to the n-layer is performed to invest-
igate the influence of the n-layer thickness on the absorption behavior, cell efficiency,

and the bifaciality. The standard p-layer used in the cells is between 5 to 10 nm thick,
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whereas the default n-layer is 20 to 30 nm thick to ensure a strong built in field for
the improved carrier extraction and the homogeneity of the field.

Figure 5.10a) depicts the V,. values of the series, proving that the used n-layer of
approximately 10 nm is thick enough to conserve the strong built in field. As shown
in figure 5.10b), the decreasing thickness of the n-layer does not influence the current
generation density when the cell is illuminated from the p-side. In case of the illu-
mination from the n-side, an increase in Jy. generation can be observed, reaching a
short circuit current generation bifaciality value of 96 % for the cell with an n-layer of
approximately 10 nm thickness.

As demonstrated in figure 5.10c), the additional current generated originates from the
short wavelength regime. Compared to the COq variation and the doping gas vari-
ation, the thickness variation shows the highest impact on the transparency for small
wavelength. The observed improvement in conversion efficiency for light from the high
energy regime is caused by a reduced absorption in the n-layer. Light absorbed in the
n-layer does not contribute to the photocurrent. By reducing the thickness, more high
energy light passes the n-layer to reach the i-layer where it is absorbed and converted

into photocurrent.

5.4.3 Doping Variation

Because a variation of the thickness of the n-layer might reduce the strength of the
built-in field generated by the phosphorus doping, the bifacial a-Si:H cells are doped
with an increasing amount of phosphine (PHs) doping gas. For the sake of a better
comparability to the other experiments, the same n-layer as in section 5.4.2 is used.
The results of the doping variation are depicted in figure 5.11. With n-side illumina-
tion, an increase in the short circuit current density of 0.4 mA /cm2 can be seen when
an additional gas flow of 5 scem is added to the deposition gas mixture. The short
circuit current when illuminated form the p-side does not show such a relation.

The V, is not affected by the variation and remains constant at an average of 925
mV for p-side illumination and 900 for n-side illumination, respectively. This asym-
metric behavior is in good accordance with theory: The built in field of amorphous
silicon thin-film cells largely originates from the boundary between i-layer and adja-
cent doped layer. Free charge carriers excited by absorption of light at the i-layer are
forced towards the contacts by the built in field (p for holes, n for electrons). Because
of their lower mobility, free holes have a higher recombination probability in the i-layer

compared to electrons [7: pp. 192].
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This is why conventional a-Si:H modules are built in superstrat configuration, where
the light enters the cell through the p-layer and the high density of exited holes on
the first few nanometers can reach the contact before recombining.

The depicted n-doping increase in figure 5.11 influences mainly the hole transport in
the area of the n-i junction. This is why only the short circuit current generation under
n-side illumination increases. A faster excited charge transport has the additional be-
nefit of removing the holes faster from the area where the highest concentration of free
carriers is located in case of illumination from the n-side. This improved charge separ-
ation behavior and therefore reduced recombination probability results in an improved

FF for the cells in this variation.

5.4.4 Combination of Variations

The reference cell at the start of the investigations had a bifaciality in short circuit
current generation of only 77 %. Due to a combination of the discussed improvements,
a bifacial amorphous single junction cell with improved bifaciality could be fabricated.
This cell incorporates a 40 % thinner n-layer, an increased PH3 and CO; deposition
gas flow rate, and was deposited on rough etched commercial ZnQ:Al substrates. With
this n-layer, a bifaciality of 98 % for short circuit current density and 99 % for open
circuit voltage could be reached.

The EQE in figure 5.12a) depicts the spectra of the optimized and the reference cell.
The optimization leads to an increased conversion efficiency up to a wavelength of
650 nm when illuminated from the n-side while maintaining the performance when
illuminated from the p-side.

The increase of conversion efficiency due to the increased performance of the n-layer
can be attributed solely to an increase in transparency because the reflection does
not change (figure 5.12b)) in the wavelength range from 300 to 650 nm where the
improvement in the EQE are visible. The electrical characteristics of the produced
cells are depicted in table 5.2. When looking at the improvement of light scattering
through a rough TCO [7: pp. 317] in the monofacial reference cells, an increase of 0.6
mA /cm? is visible for Jg.. This improvement is mitigated by the higher FF of the cell
on a flat TCO. It is therefore possible to reach the same power generation with flat
TCO which would reduce the LCOE of the solar cells since the industry would require
one less processing step, not needing to texture the TCO.

Turning a monofacial solar cell into a bifacial solar cell has a similar result: The

Jsc drops because of the light lost due to the missing back reflector while the FF
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Figure 5.12: a): External quantum efficiency measurements of bifacial amorphous single junction
cells with reference and optimized n-layer. b): Reflectance measurement of the same cells from
the n-side.

Jee [mA/cmﬂ Voo [mV] | FF[%] | 1[%]

Ref, mono, rough, p 11.7 929 65 7.0

Ref, mono, flat, p 11.1 922 69 7.0

Ref, bif, rough, p/n | 11.1/8.5 | 914/895 | 75/67 | 7.6/5.1
Opt, bif, rough, p/n 10.5/10.3 912/905 | 78/69 | 7.4/6.4

Table 5.2: Exemplary electrical values for the reference and optimized bifacial solar cells at STC.
[llumination is indicated by mono for monofacial or bif for bifacial illumination. In order to compare
textured and flat TCO the type is also indicated by rough or flat. Illumination direction is indicated
by p for illumination through the p-layer and n for illumination through the n-layer.

improves. The bifacial cell illuminated from the n-layer has a slightly lower FF because
of the lower hole mobility mentioned in section 5.4.3. Since the deposition time of the
final n-layer is less than half of the deposition time of the reference layer and the
only additional gas is cheap COq, the new n-layer would cost even less in industrial
production than the reference n-layer.

The cells shown here are not optimized and only demonstrate the way in which the
bifaciality of a single junction silicon thin film solar cell can be improved. With ARC,
optimized cell stack, and state-of-the-art front and back contact, the bifacial single

junction cells could reach high efficiencies of up to 10 % for both sides.
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5.5 Conclusion

A lot of people have taken interest in bifacial solar cells. Different standards and
applications are being developed to enable the comparability of all activities on bi-
facial solar power generation. Depending on the intended purpose, a big benefit can
be achieved without an increase in production costs, lowering the cost for shading
elements with solar for example.

Simulating the irradiance on different planes, it was demonstrated that bifacial mod-
ules in freestanding vertical installation face more irradiance than monofacial modules
in optimum tilt and orientation, regardless of the modules facing east-west or north-
south. The only solar modules feasible for bifaciality are single-junction solar cells
because the current matching of multi-junction bifacial modules cannot be maintained
under shifting illumination conditions. It could be shown that a slight tuning of the
n-layer of a standard amorphous single junction cell in combination with the removal
of the reflecting layer (Ag/white light reflector) can produce a cell with a bifaciality
of 98 %.

The improved bifacial amorphous single junction solar cells show the same efficiency
as the conventional cells under STC. Due to their bifacial nature this could lead to
twice the output power generated under optimum conditions. They could reach ap-
proximately 40 % to 70 % improved power generation in a yearly average compared
to monofacial solar cells under real life conditions.

To sum up this chapter, bifaciality is the difference (percentage) in performance of
a solar cell depending on illumination from the front and back side. There are no
standards for measuring yet, although the community is addressing the problem.
Even in northern Germany, bifacial solar cells in vertical installation are able to gener-
ate more power than conventionally installed monofacial modules. Using bifacial solar
cells in vertical installation could shift the power generation peaks to the morning and
evening hours of day and to the winter months of the year.

The bifaciality of amorphous single-junction thin-film solar cells can be increased by
modifying the n-layer for greater transparency of blue light by reducing its thickness

and using oxygen in the deposition process.






Summary and Outlook

The growing amount of installed photovoltaic power and the resulting increased effort
to create more building integrated projects with photovoltaic creates a demand for
versatile and novel solar technology. This work shows that thin-film silicon solar cells
can be a prime candidate for many BIPV applications.

Homogeneous esthetics and a tunable transparency are only two of its advantages
over many competing solar cell technologies. The investigation of doped silicon oxide
layers in this work shows that they can improve thin-film silicon solar cells for BIPV
applications by increasing transparency of those layers and therefore reducing para-
sitic absorption. They have to be stabilized in order to work long term because they
degrade over time. This can be achieved by inserting thin SiOs atom diffusion barrier
layers into the stack. These SiOg atom diffusion barrier layers can be made transpar-
ent for charge carriers if they are sufficiently thin enough to be tunneled through.

In order to reduce the production time of single- and tandem-junction cells for BIPV
applications, the absorption of the silicon absorber material can be enhanced by adding
germanium. The trick is to use the high absorption of germanium and the advant-
ages of a band-gap reduced by the addition of germanium to enable the absorption of
light with a longer wavelength. pc-Sij-xGex:II absorbers were investigated showing
the same efficiency as the pc-Si:H absorbers but with reduced thickness. Although
germane is more expensive than silane, the increased throughput would reduce the
costs for manufacturers producing multi-junction silicon thin-film BIPV products.
An example of a special BIPV product was investigated in this project: For certain
applications like fences and noise-barriers, it can be very advantageous for a photo-
voltaic module to be able to collect sunlight from both sides. These types of modules

are called bifacial modules. Different planes of orientation and tilt were simulated in
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terms of irradiance for bifacial modules. It was found that even for Oldenburg, vertical
installed and free standing modules with high bifaciality can receive more irradiance
than monofacial modules with optimum tilt and orientation because the irradiance
profile in Germany includes more indirect light than direct light. This is irrespective
of the orientation of the vertical and bifacial module. The east-west orientation of
the vertical modules can shift the generation profile of each day to the early and late
hours of day, matching the demand profile better than conventionally installed mod-
ules. North-south orientation of the modules can shift the yearly generation profile to
the winter month because of the very low standing sun.

Since there are no bifacial thin-film silicon modules available on the market, a way
to turn single-junction monofacial modules into bifacial modules with high bifaciality
was investigated. A focus was set on single-junciton modules because tandem-junction
thin-film silicon solar cells are disadvantaged by the current matching problem of shift-
ing irradiation conditions. It was found that a bifaciality of over 95 % can be achieved
for single junction cells by redesigning the n-layer for high energy light transparency.
This can be done by reducing its thickness and increasing the transparency by alloying
the material with carbon and oxygen. As a result, a tunable semi transparent bifacial
solar module perfect for many BIPV applications and especially vertical installation
in noise barriers and fences is produced.

On the scientific side, bifacial thin-film solar cells are a research topic that could
be investigated further. For example, illuminating a cell from both sides simultan-
eously changes the charge carrier concentration distribution drastically compared to
a monofacial cell. Results from a deep understanding of the changed concentration
profile could be used to further increase the bifaciality of these cells.

Combining the improvements to the transparency of the doped layers from Chapter 3
with the advanced absorber material from Chapter 4 and an intelligent and modular
laser pattering scheme should be tested next in order to create a highly efficient but
modular product for BIPV applications. Customizable shapes are one of the key re-
quirements for BIPV products.

The next steps could be using the steps described in the last chapter to create some
larger scale prototypes of these bifacial thin-film silicon modules. These could then be
installed on a noise barrier near to a train track or a highway to be tested in terms of
performance, self-cleaning, and shading resistance. Judging by the publicity generated
by the solar road described in section 1, this can also be used to raise public awareness
of BIPV and might even convince the government to order all new noise barriers build

in Germany to incorporate photovoltaic. This would be far more effective than using
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the photovoltaic as road material because the irradiance on the area is higher and

cleaning and traction are not a probleim.
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