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And finally this question, the mystery of who’s story it will be. Of who draws the
curtain. Who is it that chooses our steps in the dance? Who drives us mad?

Lashes us with whips and crowns us with victory when we survive the impossible?
Who is it, that does all of these things? Who honors those we love for the very
life we live? Who sends monsters to kill us, and at the same time sings that we

will never die? Who teaches us what’s real and how to laugh at lies? Who
decides why we live and what we’ll die to defend? Who chains us? And who

holds the key that can set us free... It’s You. You have all the weapons you need.
Now Fight!

-Sucker Punch





Abstract

Solar energy has the potential to provide clean and sustainable energy to all of
humankind and during the past years the amount of operating solar power plants
constantly increased. The increasing installation and production volumes call for
powerful measuring techniques for the process control of solar cell production lines,
but also for the monitoring of modules operating in solar power plants.

Luminescence imaging of solar cells and modules is such a measuring technique.
By observing the radiative recombination that is emitted by a solar cell, just
like the light emission of LEDs, luminescence imaging provides spatially resolved
information about a solar cells electrical and optical properties. Therefore, lumi-
nescence imaging has the ability to locate and rate defects and inhomogeneities in
solar cells. This thesis focuses on the use of luminescence imaging for quantitative
evaluations. Hence, it is not only looked at the ability of luminescence imaging
to locate abnormalities in solar cells or modules but also on possibilities to use
luminescence imaging as a way to quantify the strength of a defect or to estimate
the influence of a defect on the photovoltaic performance of a whole device.

During this work it was made use of two model solar cell technologies. Crys-
talline silicon solar cells are currently the most successful solar cell technology for
which luminescence imaging is already a well established tool. This technology is
primarily used in this thesis to test newly developed imaging methods. However,
the focus of this thesis lies on the analysis of the so called CIGS solar cells and
modules, which belong to the thin-film technologies. Although the market share
of the thin-film technologies was only 5 % of the produced solar cells in 2016 their
production volumes are constantly increasing.

To allow for a quantitative evaluation of luminescence images of CIGS solar
cells it is first essential to understand the influence of metastable effects in this
technology. Metastable effects alter the properties of CIGS solar cells, including
the luminescence signal, during the exciation with illumination or the application
of bias. An in depth analysis of the metastable effects at different applied cur-
rents and temperatures showed that the metastable effects lead in most cases to
a reduction of the series resistance and dark recombination current in CIGS solar
cells. The changes vary in magnitude for the different conditions and may happen
within a matter of seconds. However, a stabilization of the solar cells can only
be reached after a constant excitation of several hours. This knowledge is essen-
tial for an accurate quantitative evaluation of luminescence images. In this work,
an influence of metastable effects on the results were avoided by automation and
combining image data only with electrical data measured simultaneously.
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In the following a quantitative luminescence method is analyzed in detail that
allows to determine the current/junction voltage characteristic of individual cells
already connected within a module. The characteristics allow in turn the quantifi-
cation of defects, like shunts, in the individual cells. The current/junction voltage
characteristics obtained by imaging unexpectedly vary depending upon the illumi-
nation conditions at which they are measured. The difference is explainable by an
error resulting from an averaging procedure of measured local junction voltages.
This procedure does not yield an accurate measure for the voltage over a cell.

As a second quantitative evaluation method, the so called photocurrent collec-
tion efficiency imaging method is analyzed. The method yields spatially resolved
information about the ability of a solar cells to collect photocurrent and was experi-
mentally demonstrated and verified on a crystalline silicon solar cell. The influence
of parameters, like series resistances and shunts, on the photocurrent collection
efficiency is extensively discussed and demonstrated with the help of simulations.
Furthermore, the original method, which only yielded differential information is
extended to allow a determination of the total amount of photocurrent collected
from a certain area of a solar cell. This total photocurrent collection efficiency
is closer related to the actual influence a certain area has on the performance of
a solar cell. The new method was also verified experimentally with a crystalline
silicon solar cell. On solar modules the photocurrent collection efficiency behaves
different to single cells due to the series connection of cells. For example, de-
fected cells may show a larger photocurrent collection efficency. The effects are
demonstrated with CIGS mini-modules and explained using simulations.

At low voltages the photocurrent collection efficiency imaging could not be
verified for CIGS solar cells. It is shown that CIGS solar cells exhibit an in-
jection dependent series resistance that increases at low voltages. This injection
dependent series resistance could also be reproduced in device simulations and is
resulting from the minority charge carrier transport through the CIGS absorber.
An equivalent circuit model including an injection dependent series resistance is in
the following used to explain the observed deviations in the photocurrent collec-
tion efficiency imaging of CIGS solar cells. Finally, it is discussed how this model
could also be interesting to describe voltage dependent photocurrent that is often
observed in many kinds of new solar cells technologies.



Zusammenfassung

Solarenergie hat das Potenzial, der gesamten Menschheit saubere und nachhalti-
ge Energie zu liefern und in den letzten Jahren hat die Anzahl der betriebenen
Solar-Kraftwerke stetig zugenommen. Die steigenden Installations- und Produk-
tionsvolumen erfordern leistungsfähige Messmethoden für die Prozesssteuerung
von Solarzellenfertigungslinien, aber auch für die Überwachung von Modulen in
Solarkraftwerken.

Die Lumineszenz-Bildgebung von Solarzellen und -modulen ist eine solche Mess-
methode. Durch die Beobachtung der strahlenden Rekombination, die von einer
Solarzelle emittiert wird, wie die Lichtemission von LEDs, liefert die Lumineszenz-
Bildgebung räumlich aufgelöste Informationen über die elektrischen und optischen
Eigenschaften einer Solarzelle. Lumineszenz-Bildgebung hat daher die Fähigkeit,
Defekte und Inhomogenitäten in Solarzellen zu lokalisieren und zu bewerten. Die-
se Arbeit konzentriert sich auf die Verwendung von Lumineszenz-Bildgebung für
quantitative Auswertungen. Daher wird nicht nur die Fähigkeit der Lumineszenz-
Bildgebung untersucht Anomalien in Solarzellen oder -modulen zu lokalisieren,
sondern auch die Nutzung der Lumineszenz-Bildgebung zur Quantifizierung der
Stärke von Defekten bzw. des Einflusses eines Defektes auf die photovoltaische
Leistung eines ganzen Bauelements.

In dieser Arbeit wurde auf zwei Modell Solarzellen Technologien zurückgegriffen.
Kristalline Silizium-Solarzellen sind derzeit die erfolgreichste Solarzellentechnolo-
gie, für die die Lumineszenz-Bildgebung bereits ein etabliertes Werkzeug ist. Diese
Technologie wird in dieser Arbeit hauptsächlich zum Testen neu entwickelter Bild-
gebungsverfahren eingesetzt. Der Schwerpunkt dieser Arbeit liegt jedoch auf der
Analyse der sogenannten CIGS-Solarzellen und -module, die zu den Dünnschicht-
technologien gehören. Obwohl der Marktanteil der Dünnschichttechnologien 2016
nur 5 % der produzierten Solarzellen betrug, nimmt ihr Produktionsvolumen stetig
zu.

Um eine quantitative Auswertung von Lumineszenzbildern von CIGS Solar-
zellen zu ermöglichen, ist es zunächst notwendig, den Einfluss von metastabilen
Effekten in dieser Technologie zu verstehen. Metastabile Effekte verändern die
Eigenschaften von CIGS-Solarzellen, einschließlich des Lumineszenzsignals, wäh-
rend der Anregung mit Beleuchtung oder Spannung. Eine eingehende Analyse der
metastabilen Effekte bei verschiedenen angelegten Strömen und Temperaturen
zeigte, dass die metastabilen Effekte in den meisten Fällen zu einer Reduktion des
Serienwiderstandes und des Dunkelrekombinationsstroms in CIGS Solarzellen füh-
ren. Die Änderungen variieren in den Größen für die verschiedenen Bedingungen
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und können innerhalb von Sekunden erfolgen. Eine Stabilisierung der Solarzellen
benötigt jedoch eine konstante Anregung von mehreren Stunden. Dieses Wissen
ist essentiell für die quantitativen Auswertung von Lumineszenzbildern. In dieser
Arbeit wird der Einfluss von metastabilen Effekten hauptsächlich durch Auto-
matisierung und das Kombinieren von Bilddaten nur mit gleichzeitig gemessenen
elektrischen Daten vermieden.

Im Folgenden wird ein quantitatives Lumineszenzverfahren im Detail analysiert,
dass es erlaubt, die Strom / Diodenspannungs-Charakteristik einzelner Zellen zu
bestimmen, die bereits innerhalb eines Moduls verbunden sind. Diese Charak-
teristiken erlauben wiederum die Quantifizierung von Defekten, wie Shunts, in
den einzelnen Zellen. Unerwarteterweise, variieren die durch die Bildgebung er-
haltenen Strom- / Diodenspannungs-Charakteristiken in Abhängigkeit von den
Beleuchtungsbedingungen, bei denen sie gemessen werden. Der Unterschied ist
durch einen Fehler erklärbar, der sich aus einer Mittelungsprozedur von gemesse-
nen lokalen Diodenspannungen ergibt. Diese Prozedur liefert nicht einen exakten
Wert für die Spannung, die über eine Zelle abfällt.

Als eine zweite quantitative Bewertungsmethode wird die sogenannte Photo-
stromsammlungseffizienz Bildgebungsmethode analysiert. Die Methode führt zu
räumlich aufgelösten Informationen über die Fähigkeit von Solarzellen, Photo-
strom zu sammeln und wurde erstmals experimentell an einer kristallinen Sili-
zium-Solarzelle demonstriert und verifiziert. Der Einfluss von Parametern, wie
Serienwiderständen und Shunts, auf die Photostromsammlungseffizienz wird aus-
führlich diskutiert und anhand von Simulationen demonstriert. Darüber hinaus
wurde das ursprüngliche Verfahren, das nur differentielle Information lieferte, er-
weitert, um eine Bestimmung der Gesamtmenge an Photostrom zu ermöglichen,
die von einem bestimmten Bereich einer Solarzelle gesammelt wird. Diese gesamte
Photostromsammlungseffizienz ist relevanter für den tatsächlichen Einfluss eines
bestimmten Bereichs auf die Leistung einer Solarzelle. Die neue Methode wurde
auch experimentell mit einer kristallinen Silizium-Solarzelle verifiziert. Bei So-
larmodulen verhält sich die Photostromsammlungseffizienz aufgrund der Reihen-
schaltung von Zellen anders als bei einzelnen Zellen. Zum Beispiel können defekte
Zellen eine größere Photostromsammlungseffizienz zeigen. Die Effekte werden mit
CIGS-Minimodulen demonstriert und mit Hilfe von Simulationen erläutert.

Bei niedrigen Spannungen konnte die Photostromsammlungseffizienz-Bildge-
bung für CIGS-Solarzellen nicht verifiziert werden. Es wird gezeigt, dass die CIGS
Solarzellen einen injektionsabhängigen Serienwiderstand aufweisen, der bei nied-
rigen Spannungen ansteigt. Dieser injektionsabhängige Serienwiderstand konnte
auch in einer Bauelement Simulation reproduziert werden und resultiert aus dem
Transport der Minoritätsladungsträger durch den CIGS-Absorber. Ein Ersatz-
schaltungsmodell mit einem injektionsabhängigen Serienwiderstand wird im fol-
gendem verwendet, um die beobachteten Abweichungen bei der Photostromsamm-
lungseffizienz-Bildgebung von CIGS-Solarzellen zu erklären. Abschließend wird ge-
zeigt, dass dieses Modell auch interessant sein könnte, um spannungsabhängigen



Photostrom zu beschreiben, der oft in vielen neuen Solarzellen-Technologien be-
obachtet wird.
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1. Introduction

Life is unfair. The quality of life of any human being in the world is to some
extend determined by luck. Whether it is the possibility to eat whenever and
whatever they like, to be with the persons they love or to do the sports they like
best. Of course everybody can try to achieve his goals by sheer hard work, but
even if we do not consider that the chances of success still depend a lot of where
and when you are born, illness or accident can strike everybody without exception.
Inequality, also in life quality will be existing between humans as long as humans
exists, because each human is different. However, what should be striven for and
what can be reached is an equality of chances to a good life. Every human being
should have the same chances to reach their life goals and find their happiness and
every other human being should support that, or at least not worsen the chances
of another to find happiness.

This simple approach to life becomes awfully complicated when globalization
comes into play. Today, every action a person takes influences the life of people
all around the world. Be it the purchase of a new T-shirt, which was made on
another continent, or the driving of a car to work. If the consequences of each
action for other humans are positive or negative is difficult to estimate.

In contrast, the consequences of burning fossil fuels are well known to cause
global warming. Global warming leads to the suffering of humans through more
extreme weather conditions, loss of harvests and the rise of the sea level [1–3].
Thus, everybody who burns fossil fuel is in fact increasing his own life quality by
harming others. That people still burn fossil fuels even after fully understanding
the consequences, is due to the selfishness deeply linked within the human nature.
However, another part of human nature is also empathy. And empathy allows
humans to overcome their own selfishness. Empathy drives humans to look for
other renewable energy sources that can act as substitutions for the burning of
fossil fuels, so that the unfairness in life resulting from the use of fossil fuels may
be reduced.

Solar cells convert the solar irradiation into electrical energy. As the energy
from solar irradiation exceeds the energy demand by far, photovoltaic technologies
are expected to play a vital role in satisfying the energy demand with renewable
sources. Due to improvements in efficiency and reduction in productions costs,
the costs for energy produced by solar power plants has decreased during 2005 to
2015 by about 80 %, making it competitive with new combined cycle gas turbines,
coal and nuclear power plants [4, 5]. Consequently, the amount of installed solar
cells massively increased. In 2016 76.6 GW were installed increasing the worldwide
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installed capacity to 306.5 GW.
The major technology of solar cells used are so called crystalline silicon solar

cell, which made up 95 % of the produced solar cells in 2016. The other 5 % is
made up from so called thin-film solar cells. Although the market share is less,
thin-film solar cells remain important as they promise less production costs and
niche applications for example for building integrated solutions. The efficiency of
thin-film solar cells is at the moment lower than crystalline silicon technologies,
but still the amount of annually produced Cu(In,Ga)Se2 (CIGS) and CdTe solar
cells (which belong to the thin-film technologies) steadily increased during the last
three years [6].

Solar power plants fundamentally differ from power plants using fossil resources
as the fuel powering solar power plants (the solar irradiation) is free. The operating
and maintenance costs are low and the costs of producing electrical energy using
solar cells are dominated by the initial investment costs. Therefore, the cost of
capital has a major influence on the total costs of solar energy [4]. Solar power
plants are long term investments that need to provide energy for 25 to 30 years
to be profitable. Thus, reliability is an important property of solar power plants.
Improved reliability reduces the risk a potential investor takes and therefore also
reduces the premium he wants, which will consequently reduce the cost of capital.
To sustain the reliability of a solar power plant constant monitoring is needed,
which employ methods that can locate defects fast and suggest possible solutions
to problems.

Luminescence and thermography imaging methods are powerful monitoring
techniques as they not only show if a problem is present (which simple mon-
itoring of the power output also does), but also where the problem is located
[7–9]. Additionally, more sophisticated methods could have the potential to also
estimated the severeness of a problem for the overall power output, which is es-
pecially important if several defects are detected [10, 11]. Thermography detects
heat sources within solar plants, which indicate defects like shortages or unusual
high resistances [12, 13]. In contrast to that luminescence imaging observes the
radiative recombination in solar cells [14]. Radiative recombination is the only loss
mechanism within a solar cell, which cannot be avoided. Thus, a large amount of
radiative recombination means a lower amount of avoidable loss mechanism and
therefore luminescence images are usually bright in regions where the solar cells
and modules are working well.

The luminescence signal is related via the reciprocity relation to many physical
properties of the solar cell, like the absorption and light trapping properties as well
as defect states and the quasi Fermi-level splitting [15–20]. The quasi Fermi-level
splitting can be interpreted as a voltage within an equivalent circuit. The approach
to use the luminescence signal to obtain information about local voltages within
a solar cell led to the development of several imaging methods, which allow the
determination of further local properties like the local series resistance [21–25].
These imaging methods are not only valuable for plant monitoring but may also
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1. Introduction

reduces losses in the production of solar cells and provide crucial information
during the research and development process of solar cells.

Most imaging methods were developed for the analysis of silicon solar cells.
This work focuses on application of luminescence imaging techniques on CIGS
solar cells, which are currently the thin-film technology offering the highest power
conversion efficiency [26]. Although, the fundamental principles of the power
conversion efficiency in thin-film and crystalline silicon solar cells are the same
and additionally the reciprocity relation was already found to be also applicable
to CIGS solar cells [27], imaging techniques developed for crystalline silicon solar
cells do not necessarily work for CIGS solar cells [28]. The underlying equivalent
circuit networks assumed for crystalline silicon solar cells and modules may differ,
e.g. due to the larger role shunts play in thin-film solar cells and also non-ohmic
transport processes.

In this context, a larger portion of this work will be about the imaging of the
photocurrent collection efficiency, which is a method recently developed [29, 30].
The photocurrent collection efficiency describes the portion of locally generated
photocurrent that can contribute to the solar cells current output. Therefore,
this quantity shows the losses resulting from high series resistance and shunts.
The method is applied to CIGS and crystalline silicon solar cells and modules to
find possible differences. The method is additionally further developed to provide
spatially resolved information about the power a solar cell or module may generate.

In the following an outline of the thesis is given. Chapter 2 describes the
fundamentals of solar cells and how they are in general electrically characterized.
Additionally, the special properties of CIGS solar cells including metastabilities
will be discussed and an overview over the physics and assumptions underlying
luminescence imaging techniques are provided. Chapter 3 introduces the experi-
mental and simulation methods used in this work and also presents an overview of
the samples used. In Chapter 4 a special look is taken at the role metastabilities
play for CIGS imaging. It will be shown how a CIGS samples may alter during
measurements and how it is avoided that these changes influence the tested lumi-
nescence imaging methods. Chapter 5 shows the results of an imaging technique
that reconstructs the current/voltage characteristics of CIGS solar cells that are
connected in series to form a module. A recently proposed method is extended to
measurements under illumination and the found differences are discussed. A close
look at the photocurrent collection efficiency imaging technique is performed in
Chapter 6. The method is experimentally demonstrated on CIGS and crystalline
silicon solar cells. The applicability of the method to solar modules is discussed
and also demonstrated. Furthermore, the method was extended to provide infor-
mation not only about the differential, but also total amount of current that is
collected by a certain region. Finally, in Chapter 7 some special imaging results
found for CIGS samples in the preceding two chapters are discussed and a model is
proposed which explains the effects using an injection dependent series resistance.
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2. Fundamentals

This chapter will introduce most of the fundamental knowledge that is needed
for understanding this thesis. It begins with an introduction into the physics of
semiconductor solar cells and how they convert solar energy into electrical energy.
The information that can be obtained from electrical measurements of solar cells
is discussed in the context of equivalent circuit models, which describe solar cells
in a simplified way. Furthermore, a detailed look will be taken at the structure
and properties of CIGS solar cells as this technology was in the focus of this
thesis. Afterwards, the theory behind luminescence measurements is discussed.
It will be described what information are obtainable from the observation of the
luminescence of solar cells. Finally a choice of imaging methods are presented and
their underlying assumptions discussed.

2.1. Physics of Semiconductor Solar Cells

2.1.1. Charge Carrier Densities in Semiconductors

Semiconductor solar cells are the solar cells having the largest photovoltaic con-
version efficiency [26]. Although the materials from which semiconductor solar
cells can be made are quite different the underlying process of the conversion of
light into electrical energy is always similar. Semiconductors are materials, with
a valence and a conduction band seperated by a small energy gap of the size
Eg(called bandgap) in which no electrons may exist. In contrast, in insulators
the bandgap is large, while metals have no gap at all. Additionally, in a thermal
equilibrium (meaning a state at fixed temperature without any illumination of the
semiconductor) nearly no electrons exist that have an energy above the bandgap
and the states below the bandgap are nearly completely filled with electrons.

The density of electrons ne in the conduction band and the density of holes
nh in the valence band can be derived using an integral over the energy of the
density of states and the Fermi-Dirac distribution, which describes the occupation
probability of the states. The equations for ne,h in the Boltzmann approximation
read

ne = Nc exp

(
Efn − Ec

kT

)
(2.1a)

nh = Nv exp

(
Ev − Efh

kT

)
. (2.1b)
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Here, k is the Boltzmann constant, T is the Temperature, Nc and Nv are the
effective density of states at the energies of the edges of the conduction band Ec

or valence band Ev, respectively, and Efn and Efh are the positions of the electron
and hole quasi-Fermi levels, which are in equilibrium equal (to the Fermi-level).

In a so called intrinsic semiconductor without any doping all the electrons in
the conduction band need to originate from the valence band and it follows ne =
nh = ni, which is the so called intrinsic charge carrier density. However, solar cells
usually make use of doping, which means that defect states are (intentionally or
non-intentionally) implemented. When these defects have more or less electrons
that are required for a stable chemical bonding they can emit electrons or holes
into the conduction or valence band. If a defect can emit an electron it is called
a donor, and when it can emit holes it is called an acceptor. With doping it is
possible that ne and nh may vary by a large amount. If ne is larger than nh we
speak of an n-typed doped semiconductor and vice versa we speak of a p-typed
doped semiconductor. Accordingly, the Fermi-level in equilibrium shifts in an
n-type layer closer to the conduction band and vice versa (Figure 2.1).

Figure 2.1.: Sketch of the position of the Fermi-level within the band gap of an n- or
p-type semiconductor.

2.1.2. pn-Junctions

For a semiconductor solar cell, usually an n-typed material is in contact with a
p-typed material that form together a so called pn-junction. In contact the Fer-
mi-levels of the two materials need to align, which results in a band bending of
the conduction and valence bands (Figure 2.2). Due to the difference in the elec-
tron/hole densities of the two materials, electrons/holes diffuse from the n/p-type
material to the p/n-typed material. Thus, negative charges accumulated in the
p-type region and vice versa. This results in an electric field between the n- and
p-type layers, and thus to drift current. The electric field grows until the drift cur-
rent resulting from it counteracts the diffusion current resulting from the unequal
electron/hole densities, so that in a thermal equilibrium no net current flows.

The region of the electric field is called space charge region (SCR) and within
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this field no free charge carriers may exists as they are getting pulled to one of
either side. If a negative bias is induced in the n-type region the electric field is
reduced and the diffusion current will flow again, so that current will flow through
the pn-junction. However, if a negative bias is applied at the p-type layer the
electric field between the two layers is increased. As no free charge carriers are
existing in the SCR almost no net current will flow [31]. That a pn-junction only
allows current flow in only one direction is one of their basic properties. Devices
that have this property are commonly known as diodes.

Figure 2.2.: Sketch of the shifting of the conduction and valence band edges, to allow an
alignment of the Fermi-levels when a n- and p-type semiconductor are brought together.

In the following the foundations to understanding the current flow through a
solar cell, made from a simple pn-junction, are introduced. The charge transport
through a semiconductor can be described with the Poisson equation (Equation
2.2a), describing the dependence of the electrostatic potential Ψ on the local space
charge density ρ, and the continuity equation describing rate of change of the
charge carrier densities (Equations 2.2b and 2.2c)

d2Ψ

dz2
= −dEfield

dz
= − ρ

ε0εr
(2.2a)

dne

dt
=

1

e

dJe

dz
+G−R (2.2b)

dnh

dt
= −1

e

dJh

dz
+G−R. (2.2c)

Here, ε0εr is the dielectric constant of the semiconductor and G and R are the
generation rate and recombination rate, respectively. The quantity z describes the
position (e.g. the depth of the semiconductor layer), e is the elementary charge and
Efield is the electric field. The quantities Je/h describe the electron/hole current
density in the conduction or valence bands, which depend on the charge carrier
densities, mobilities µe/h and quasi-Fermi level gradients in the respective bands

Je = µene
dEfn

dz
(2.3a)
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Jh = µhnh
dEfp

dz
. (2.3b)

Simplifying, we assume that the current through the pn-junction is carried
mostly by the majority carriers, meaning the current flows through the valence
band in the p-region and through the conduction band in the n-region. This leads
to the lowest voltage loss, as the quasi-Fermi level gradient is lowest when the
charge carrier density is highest. The gradient is usually so low that we neglect it
in the following derivation, although the voltage loss due to the carrier transport
may play a role (cf. Chapter 7). For now, holes and electrons flow through the
region where they are majorities towards the space charge region. To keep the
current flowing, recombination of the holes and electrons has to take place. The
recombination processes are usually what limits the current through a pn-junction
especially at lower applied voltages.

2.1.3. Recombination

Two processes will be discussed that describe the possibility of an electron in the
conduction band to recombine with a hole in the valence band. The first process
is radiative recombination. This term means that the electron emits the energy
it contained, due to its elevated state, as a photon while it moves to a state of
lower energy in the conduction band [32]. The rate of the process depends on the
densities of electrons and holes and is given by

Rrad = Bnenh, (2.4)

where B is the radiative recombination constant. With the equations for ne and
nh (Equations 2.1a and 2.1b) it follows that the radiative recombination is pro-
portional to the exponential of the difference in the quasi-Fermi-levels

Rrad ∝ exp

(
−Eg

kT

)
exp

(
Efn − Efp

kT

)
. (2.5)

Note, that Rrad contains in that form also the radiative recombination happen-
ing in the thermal equilibrium, due an excitation of electrons into the conduction
band, when the temperature is not zero. To obtain the net recombination due to
an applied voltage, the recombination happening at thermal equilibrium, which
is given by the equilibrium charge carrier densities ne,0 and nh,0, needs to be sub-
tracted. If we assume that the applied voltage is completely transferred to the
quasi-Fermi level splitting in the region where recombination takes place (no ad-
ditional voltage losses due to transport resistance) we see that the recombination,
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and therefore the current through the pn-junction depends exponentially on the
applied voltage.

However, usually in solar cells radiative recombination is not the dominating
cause of recombination. A second important recombination process is the so called
Shockley-Read-Hall (SRH) recombination [33]. It describes the recombination
that takes place via defect states that exists within the bandgap. These defects
states may catch an electron or hole from the conduction or valence band and
when it catches both they recombine. The energy lost during such a process is
turned into heat via an interaction with phonons. A simplified equation describing
the SRH recombination RSRH via a defect in the middle of the bandgap reads

RSRH =
nenh − ne,0nh,0

(ne + nh)τ
. (2.6)

Where τ describes the lifetime of the electrons/holes which is assumed to be equal
in the present case. Usually the lifetime is different for electrons and holes and
depends on the position of the defect states in the bandgap. We can easily derive
that the recombination rate is roughly proportional to the minority carrier density,
or the intrinsic charge carrier density when ne and nh are equal. Thus, the voltage
dependence of the recombination current depends on the rate of change of these
charge carrier densities on the applied voltage. In a p-type layer the quasi-Fermi
levels of the holes is fixed and any voltage will only shift the quasi-Fermi level of
the electrons. Therefore, the minority carrier density depends exponentially on the
applied voltage. The same goes for n-type layer where only the hole quasi-Fermi
level gets shifted. However, if ne and nh are the same (e.g. in the space charge
region) an applied voltage will move the quasi-Fermi levels of the electrons and
holes, meaning that the quasi-Fermi level of the electrons is only shifted by half
of the amount of the applied voltage. This adds an additional factor of two in the
exponential dependence of the recombination current on the voltage. This addi-
tional factor is called ideality factor nid. In reality it may vary due to the position
of the defects in the bandgap and due to the applied voltage as recombination
positions may change.

We obtain the following equation describing the current through a pn-junction
due to an applied voltage

J = J0

[
exp

(
eV

nidkT

)
− 1

]
. (2.7)

The quantiy J0 is called the dark saturation current, describing the recombination
happening in the thermal equilibrium. It is important to note, that J0 depends
also on the temperature and increases with rising temperature (cf. Equation 2.5).
Therefore, the current through a pn-junction increases with rising temperature
and constant applied voltage.
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2.1.4. Generation and Collection

According to the Equations 2.2b and 2.2c the local charge carrier densities also
depend on the generation of charge carriers. Generation describes the process of
absorbing the energy of a photon to lift an electron from the valence band to the
conduction band. As this process happens in one step, the used photon needs to
have at least the energy equal to the bandgap. How much light can be absorbed
at which wavelength is described with the absorbtion constant. Of course the
amount of absorbed light and generated charge carriers also depends on other
optical properties of the device, like the reflection at the surface, the thickness,
the reflection at the back of an absorber or other light trapping properties.

Figure 2.3.: Sketch that shows the splitting of the quasi-Fermi levels due to an illumi-
nation of a pn-junction. It is visible that the position of the quasi-Fermi levels changes
from the n- to p-layer.

However, the absorption of light and the creation of charge carriers are not suf-
ficient for a solar cell to work as a power source. The generated charge carrier also
need to be collected to provide a current. The charge carrier collection is achieved
by the pn-junction. The process is in the following described in simplified terms.
From Equations 2.3a and 2.3b it is known that a current is driven by a gradi-
ent in the electrochemical potential (quasi-Fermi levels) of charge carriers. In a
pn-junction illumination creates such a gradient in the quasi-Fermi level. The illu-
mination generates electrons and holes in the p-region. Due to the larger amount
of holes in the p-region, such an increase of charge carriers shifts in principle only
the quasi-Fermi level of the electrons and does not influence the quasi-Fermi level
of the holes. In the n-type region however the quasi-Fermi level of the electrons
stays mostly fixed even when additional electrons and holes are generated. Thus,
due to the absorption of light, the electron quasi-Fermi level in the p-type region
shifts above the electron quasi-Fermi level in the n-type region (Figure 2.3). This
differences drives in the following an electron current from the p-type region to
the n-type region. How much of the generated charge carriers can be actually
collected by solar cell depends on the charge carrier collection efficiency, which
depends on properties like the diffusion constant or the distance of the position
at which the charge carrier are generated to the pn-junction.
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Usually it is assumed that the amount of collected charge carriers, e.g. the
current that flows due to the illumination of the solar cell is superimposed with
the current that flows through a solar cell due to an applied voltage. As this
photocurrent Jph is flowing in the opposite direction of the recombination current
(cf. Equation 2.7), the photocurrent is substracted from the recombination current
to obtain the net current flow under illumination and applied bias.

2.2. Equivalent Circuits and the Photovoltaic
Parameters

So far the current through a solar cell due an applied voltage was derived and it
was explained that under illumination the current is superimposed with a constant
photocurrent. In a realistic solar cell, in general two more aspects are important
for its current density/voltage (J/V ) characteristic describing the dependence of
the current on the voltage. That is the series resistance Rs and the shunt resistance
Rp. A series resistance is a resistance connected in series to the pn-junction and
describes any ohmic resistance that results for example from the contacting of
the solar cell. A shunt resistance describes the fact that any current might also
bypass the pn-junction for example due to defects in the solar cell. Including these
two resistances into a model of the solar cell yields the equivalent circuit seen in
Figure 2.4. The pn-junction is represented by a diode, a current source represents
the generated photocurrent, and ohmic resistances represent the shunt and series
resistances.

Figure 2.4.: One-diode equivalent circuit model that consists of a diode modeling the
pn-junction, a current source modeling the generated photocurrent, a shunt resistance,
and a series resistance.

The current through the one-diode equivalent circuit is given by the following
equation [34]

J = J0

[
exp

(
eV − JRs

nidkT

)
− 1

]
+
V − JRs

Rp

− Jph. (2.8)
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The equation cannot be solved analytically for J but is solvable numerically. An
example for a J/V characteristic is given in Figure 2.5. Note that in the repre-
sentation used in this work a negative current at a positive voltage means that
the solar cell is providing power. The power output is calculated via multiply-
ing current and voltage of the characteristics. The maximum power point MPP
shows the point at which the power output P of the solar cell is at its maximum
(PMPP = JMPPVMPP). The efficiency η of a solar cell is calculated by dividing its
maximum power output by the power of the illumination, impacting the area of
the solar cell. Other important values of the solar cell J/V characteristic are the
open circuit voltage Voc, which describes the voltage of the solar cell when it is
at open circuit, i.e. the current is zero, and the short circuit current density Jsc,
which describes the absolute value of the measured current, when the solar cell
operates at zero voltage, divided by the solar cell area. Usually Jsc is equal to
the generated photocurrent Jph, but it might differ when the series resistance is
very large. Another parameter used to described the form of a J/V characteristic
is the so called fill factor FF . It is calculated by dividing the maximum power
output of the solar cell by the product of Voc and Jsc

FF =
VMPPJMPP

VocJsc

. (2.9)

Figure 2.5.: Example for a current voltage characteristic of an equivalent circuit of a
solar cell.

As mentioned the equivalent circuit is not analytically solvable for the current
J and therefore the different influences of the various parameters on the J/V
characteristic is not clear to see. To demonstrate the various effects of the pa-
rameters the equivalent circuit was solved numerically with changing parameters
(see Figure 2.6). An increase of the series resistance mainly reduces the power
output of a solar cell by reducing its fill factor (Figure 2.6 (a)). The size of a
series resistance can be estimated by observing the gradient of the J/V charac-
teristic at large voltages. The open circuit voltage is not affected by the series
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resistance, as at Voc no current flows through the series resistance. In contrast to
that, changes in J0 influence mainly the open circuit voltage (Figure 2.6 (b)). An
increase of the short circuit current shifts the J/V characteristics down (Figure
2.6 (c)). However, note that the down shift decreases towards larger voltages.
The reason for that is the series resistance, as the voltage loss across it depends
on the current flow across it and therefore also on the short circuit current. Thus,
the superposition principle is already violated when only a simple series resistance
exists in the solar cell. However, as small series resistances are unavoidable, a
violation of the superposition principle usually means that the violated happens
already at lower voltages, where a normal ohmic series resistance should not have
any influence [35]. A decrease of the shunt resistance results similar to the series
resistance also in a decrease of the fill factor, but it may also influence the open
circuit voltage (Figure 2.6 (d)). The strength of a shunt is usually estimated by
the gradient of the J/V characteristic around zero volts.

In Section 2.1.3 it was mentioned that the recombination processes may either
have an ideality factor of one or two. This is implemented into the so called
two-diode model which expands the one diode model by an additional diode that
is connected in parallel to the original diode [34]. The current through the two
diodes in the circuit is still given by Equation 2.7 but one diode has a nid of one
and the other of two and the respective dark saturation currents of the two diodes
J0,1 and J0,2 may be different.

25



2.2. Equivalent Circuits and the Photovoltaic Parameters

(a) (b)

(c) (d)

Figure 2.6.: Influence of various parameters on the current voltage characteristics of
a solar cells. The arrows show in the direction of increasing parameters (a) Rs =
0.1−1.6 Ωcm2 in 0.3 Ωcm2 steps. (b) J0 = 0.5−10.5×10−13 A/cm2 in 2×10−13 A/cm2

steps. (c) Jsc = 0−0.05 A/cm2 in 0.05 A/cm2 steps. (d) Rp = 5, 10, 20, 40, 80, 1010 Ωcm2.
Baseline shown in black. Parameters: Rs = 1 Ωcm2, J0 = 2.5 × 10−13 A/cm2, Jsc =
0.03 A/cm2, Rp = 1010 Ωcm2
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2.3. CIGS Solar Cells

2.3.1. Structure

So called CIGS solar cells are thin film solar cells where the absorber is made
from Cu(In,Ga)(S,Se)2 (CIGS), which is a I-III-VI semiconductor and belongs to
the group of chalcogenide compounds. Together with a buffer layer, which is in
this work CdS, and a window layer (here ZnO) a pn-junction is formed. As the
materials have different bandgaps the structure is called heterostructure. The
structure is sketched in Figure 2.7. The back contact is made from molybdenum
sputtered on soda lime glass. The absorber layer can be either deposited on
the back contact via co-evaporation (used for the samples produced by Manz, cf.
Section 3.1.4) or via a deposition reaction (use for the samples produced by Bosch,
cf. Section 3.1.4). During co-evapoaration the formation of the CIGS takes place
directly out of the gas phase. For a deposition reaction first a precursor layer
is deposited that is afterwards transformed into the final semiconductor film via
annealing or a chemical reaction [36].

Figure 2.7.: Structure of a typical CIGS solar cell.

An advantage of CIGS solar cells is that by varying the stoichiometry of the
material (e.g. the relation of the amount of In to the amount of In+Ga) the
bandgap of the material can be adjusted [37]. Thus, the bands within the absorber
layer can be changed to maximizes the absorption of sun light and additionally can
be graded via adjusting the stoichiometry of the material during the depositions
process. Bandgap grading may lead to a better collection of absorbed charge
carriers and reduces recombination losses at surfaces [38]. Together with improved
film formation properties and adjustment of the composition properties during
depositions, bandgap grading leads to better solar cells, which was shown with
the so called three-stage process [39].
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For the cells analyzed in this work CdS was deposited onto the CIGS absorber
via chemical bath deposition. The CdS serves as a so called buffer layer, which
stabilizes the underlying CIGS layer and passivates its surface [40, 41]. Above
the CdS buffer layer the so called window layer is deposited. It consists of two
transparent conductive oxide (TCO) layers, intrinsic and Aluminum doped ZnO
which are radio frequency and DC magnetron sputtered onto the CdS layer. The
intrinsic ZnO:i brings a larger resistance into the stack. However, it was found to
protect the absorber layer from ZnO:Al sputtering damage and also hinders the
dopant from the ZnO:Al from diffusing into the absorber layer [42, 43]. Further-
more, the combination of CdS and ZnO:i mitigates the formation of shunts, which
is especially important to improve reproducibility for large area production [44].
The function of the ZnO:Al is to act as a front contact that allows the collected
charge carriers to move to the terminals of the device, while allowing at the same
time light to enter the solar cell. It has to be as transparent and conductive as
possible. Still, after optimization the front contact sheet resistance is about 50
times larger than the molybdenum back contact resistance.

Figure 2.8.: Structure of a the monolithic interconnection used to divide thin film
layers into series connected solar cells. The arrows indicate the current flow.

To reduce the power loss from series resistance, solar cells are usually connected
in series to form a solar module. This reduces the total current flow and therefore
the power loss, which scales quadratic with the current across any resistance.
Thin-film layers have the advantage that they can be produced on a large area,
which introduces the possibility to define solar cells and interconnect them all on
one substrate. For that a so called monolithic interconnection technique is used.
A scheme of the connection layout is seen in Figure 2.8. It is achieved by scribing
lines into the films after different depositions steps. The first scribing line is the
P1 line which separates the back contact. After the absorber and buffer deposition
the P2 line separates these layers without harming the back contact. Finally, when
the window layer was deposited the P3 line is used to separate the absorber layer
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and front contact of cells connected in series. The scribing may be achieved via
physical scratching or laser ablation [45, 46].

2.3.2. Metastabilities

In this section an introduction to the metastable effects that occur within CIGS
solar cells is given with a short literature overview. The term ’metastabilities’ is
used for states of a sample that are inherently unstable, meaning a change between
the different states is possible during the normal working cycle of a solar cell. The
states exists at different energies but are separated by a barrier. Exciting the
solar cell with illumination or biasing may move the sample into its energetically
higher state. That the state is metastable means that the thermal energy at room
temperature may be enough to move the sample across the energy barrier back to
its original state of lower energy with time.

The metastable effects reported most often for CIGS solar cells describe an
increase of their performance with illumination and/or biasing. This is an advan-
tage compared to the metastable effects found for amorphous thin-film silicon solar
cells, which degrade the solar cell due to illumination [47]. The first metastable
effects in CIS solar cells were reported by Ruberto and Rothwarf in 1987 [48].
They describe an increase of the open circuit voltage due to illumination of the
solar cell. The effect was explained by the tunneling of electrons, trapped in deep
defects in the CdS near the interface, into the CIS valence band, where they may
recombine with holes if they are sufficiently present (under illumination or forward
bias conditions). This would create holes trapped in the CdS that act as a barrier
for interface recombination. The reduction of the interface recombination then
leads to an increase of the open circuit voltage. However, usually newer CIGS
cells are not limited by interface recombination [49]. The metastable effects due
to illumination and forward bias were further analyzed by other research groups
[50, 51]. It was found that the metastable effects resulting from illumination and
biasing are at least in part related, as metastable changes due to illumination could
be reduced by biasing the sample before the measurement. In [52] a so-called am-
photeric defect that describes a defect, which may exist at different charge states,
was held responsible for metastable effects. Such an amphoteric defect may move
from being an electron defect to a hole defect by capturing two electrons. The
change would be accompanied by large lattice relaxation, which is a slow process
and would describe the observed time constant. The idea was developed as it was
found that the concentration of hole defects increases while the electron defect
concentration decreases.

Additionally, it was observed that CIGS thin films show an increase of the
conductivity due to illumination, which is consistent with the observed increased
concentration of hole defects [53]. To observe an increase of the conductivity by
a factor of two, illumination intensities as low as 2 mW/cm2 were sufficient and
the larger conductivity persisted for several hours. Thus, the effect was called
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persistent photo conductivity (PPC). A model was developed that holds the same
defect, which is responsible for the increase of the conductivtiy, also responsible
for the metastable effect inducing an increase of the Voc. A larger amount of hole
defects reduces the size of the SCR in the CIGS. As the recombination within
the SCR was found to be dominant a decrease of the size of the SCR would
automatically result in a decrease of overall non-radiative recombination, which
increases the Voc [54].

Table 2.1.: Overview of the different preconditioning techniques and their influence on
the solar devices Voc, capacitance Ccell, conductivity σ, and FF [55].

Preconditioning References

Red Light Voc ↑, Ccell ↑, σ ↑ [56–59]
Blue Light FF ↑ [60]

White Light Voc ↑, FF ↑, Ccell ↑, σ ↑ [48, 50, 51, 54, 57]
Forward bias Voc ↑, Ccell ↑ [48, 50–52, 61, 62]
Reverse bias Ccell ↑, FF ↓ [61, 63–65]

Further research started to distinguish between metastable effects resulting from
different preconditioning techniques. The results are summarized in Table 2.1.
The effect of illumination was separated into effects resulting from red and blue
light. Also the influence of reverse bias on the metastable states was analyzed.
As the illumination with red light (energy less then the CdS band gap) led to an
increase of the open circuit voltage and the capacitance as well as the conductivity,
it was assumed that the red light is sufficient to excite the amphoteric defects
responsible for PPC effect describe above [56]. Blue light was found to cause an
increase of the solar cells FF. In [60] the effect was explained by holes that occupy
acceptors within the CdS layers and increases its n-doping and conductivity. This
increase was expected to decrease photocurrent barriers that inhibit the collection
of photocurrent when no blue light is present.

However, further experiments lead to the assumption of Fermi-level pinning at
the CIGS/CdS interface due to a large density of donor-like states. The Fer-
mi-level pinning would no longer allow a change of a photocurrent barrier at the
interface. Thus, the idea was replaced by the introduction of a p+ layer (a highly
acceptor-doped layer) into the CIGS absorber close to the interface [66]. The p+
layer would act as a photocurrent barrier but may be reduced due to blue light
as holes generated in the CdS may reach it and reduce it [67]. Reverse bias led
to a decrease of the FF of a sample while its capacitance increases [56, 65]. The
effect was explained by Cu-ions migrating away from the interface, leaving behind
negative charge that serves as a barrier for the photo induced electron current
[68].

As all the discovered metastable effects seem to originate from the CIGS ab-
sorber material, Lany and Zunger did first-principle total energy calculations to
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search for possible defects responsible for the metastable changes [69]. They found
that the Se vacancy VSe can show two different defects states, i.e. a bonding In-
dium-Indium (In-In) state and an anti-bonding In-In state. When the VSe defect
is populated it is electrically neutral V 0

Se and results in a short In-In bond. When
the VSe defect is depopulated it becomes positively charged (V 2+

Se ) and the In-In
distance increases, which results in a shift of the bonding and anti-bonding state
towards higher energies. The lattice relaxation between the two states makes the
changes metastable. Which state is dominant depends on the occupations of the
defects states and therefore on the position of the Fermi-level. An occupation of
the anti-bonding states becomes only possible at large Fermi-energies but results
in negatively charged states.

Furthermore, Lany and Zunger found that the formation energy of the selenium
copper divacancy defect complex (VSe−VCu) is smaller then formation energy of the
isolated selenium vacancy. The divacancy complex behaves similar to the isolated
one except that its charge properties are different. The V 2+

Se defect becomes the
(VSe − VCu)+ state and acts as a shallow donor, while the (V 0

Se) states becomes
the (VSe − VCu)− state and acts as a shallow acceptor. The conversion processes
between the states were described by configurations coordinate diagrams and the
dominating processes are described in the following reaction processes

(VSe − VCu)+ + e→ (VSe − VCu)− + h (2.10a)

(VSe − VCu)− + 2h→ (VSe − VCu)+. (2.10b)

The conversion of a donor into an acceptor by the capture of a generated free
electron and emission of a hole is given by Equation 2.10a. At the same time a
thermal activation across a barrier of 0.1 eV is needed. Equation 2.10b describes
the conversion of an acceptor into a donor. This reaction needs the capture of two
holes and an activation energy of 0.35 eV. The activation energies may change de-
pending on the Ga content in the CIGS. Which configuration is dominant depends,
as already mention on the position of the Fermi-level within the bandgap. Where
the Fermi-level is close to the valence band the donor state is dominant, but free
electrons due to the illumination with (red) light accelerate the conversion into
an acceptor. The increase of acceptors results in the mentioned decrease of the
SCR width and decreased recombination (increase of Voc). A p+-layer close the
interface may also be explainable with the VSe − VCu defect complex as it should
act as an acceptor when the Fermi-level is closer the conduction band, which is
the case at the interface. Blue light accelerates the conversion into donors at the
interface due to the injection of holes from the CdS layer and reduces the p+-layer
[56, 70].

Furthermore, Tobias Eisenbarth proposed that a back contact barrier in CIGS
solar cells plays an essential role when trying to explain metastable effects [56, 71].
He analyzed in detail the properties of the shallow N1-defect, which was formerly
assumed to be located near the CIGS/CdS interface [72]. However, Eisenbarth
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interpreted the defect as a hole barrier at the back contact of the solar cell, as he
found that the activation energy of the defects is only lowered by preconditioning
techniques that affect the electron concentration at the back of the solar cell.
This barrier was described to be resulting from donor like defects (e.g. (VSe −
VCu)). A change in the electron concentration would converse the donors into
acceptors reducing the metastable barrier. This change in the barrier is seen as
the metastable effect.

Nevertheless, metastabilities in CIGS solar cells remain a highly discussed issue.
More recent research show that the acceptor to donor conversion of the selenium
copper divacancy defect complex is not sufficient to explain the measured magni-
tude and timescales of metastable changes on its own, but suggest that additional
defects play a role [73–75]. Thus, more research is needed to understand metasta-
bilities in CIGS. The topic remains important especially for the CIGS industry.
Metastabilities influence the performance of installed CIGS solar modules and
complicate the performance prediction and power rating, which are crucial to es-
timate the value of a CIGS module. Additionally, the correct preconditioning
technique of a CIGS solar cell or module that may be used to measure a perfor-
mance in the lab that is relevant for the behavior of the solar cell in the field is
still missing [76, 77].

2.4. Luminescence of Solar Cells

2.4.1. Physics

Luminescence of solar cells is another term for the radiative recombination de-
scribed in Section 2.1.3. The luminescence is inherently linked to the absorption
of light by the solar cell [78]. This connection was used to develop the reciprocity
relation [15], which applicability to solar cells was extensively analyzed [79, 80].
The measuring of luminescence of solar cells is very interesting as it yields infor-
mation about the absorption and charge carrier collection properties of a solar
cell, which are relevant for the performance of a solar cell. Luminescence can be
measured by injecting charge carriers into a solar cell either by the injection of
current [electroluminescence (EL)] or by illuminating the sample [photolumines-
cence (PL)]. A formula describing the luminescence (EL and PL) φem in general
was developed by U. Rau in [16] and reads

φem (E, T, Vj) = φsc (E) +Qe (E)φbb (E, T )

[
exp

(
eVj

kT

)
− 1

]
. (2.11)

The equation also holds for a situation where a sample is illuminated, but not
kept at open circuit and instead operated with an additionally modulated exter-
nal voltage. In this work this situation is called electro-modulated luminescence
(EM-PL). Equation 2.11 is in the following related to as the reciprocity relation.
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The quantity φsc describes a voltage independent part of the luminescence that
results from the illumination of the sample. The quantity Qe is the so called ex-
ternal quantum efficiency of the solar cell. This quantity describes the probability
that a photon of certain energy is absorbed by the solar cell and creates a current.
The hemispherical radiation per unit energy of a black body is described by φbb

which reads [27]

φbb (E, T ) =
2πE3

h3c2

1

exp

(
E

kT

)
− 1

, (2.12)

where h is the Planck constant and c is the velocity of light. It follows that
we cannot expect luminescence at arbitrarily large energies as the emission is
suppressed by the black body spectrum part in Equation 2.11. Additionally the
luminescence in Equation 2.11 is depending on the so called junction voltage
Vj. When the reciprocity relation was derived, the junction voltages described in
principle the quasi-Fermi level splitting within the solar cell in the space charge
region, where the dominant parts of the recombination took place. However, when
the Equation 2.11 is applied to thin-film solar cells where the space charge region
takes up a large part of the absorber the junction voltages needs to be rather
understood as the average quasi-Fermi level throughout the cell [81].

The advantage of the concept of the junction voltages lies in the fact that it
can also be understood in the context of an equivalent circuit. When describing
a solar cell using the equivalent circuit from Figure 2.4 the junction voltage Vj

would correspond to the voltage across the diode. Thus, it is given by

Vj = Vext − JRs, (2.13)

where Vext is the voltage at the contacts.
Certain conditions have to be fulfilled to use Equation 2.11. The luminescence

spectrum has to be compatible with the quantum efficiency of the device and the
spectrum must not change at different bias conditions. Additionally, the total
luminescence should follow a diode law with the ideality factor of one. If the ide-
ality factor is not one, e.g. due to recombination via tail states, the reciprocity
relation might still be usable, but then the ideality factor needs to be measured
at first [82]. Finally, Equation 2.11 also demands a linear superposition of the
luminescence resulting from illumination and biasing. It was found that those
conditions are fulfilled for mono-crystalline silicon solar cells [83]. Additionally,
was the viability of the reciprocity relation for several thin-film solar cell technolo-
gies discussed in detail in the work of Thomas Müller [27] and he concluded that
the reciprocity relation is also applicable to CIGS solar cells.

2.4.2. Imaging Methods

Luminescence imaging enables the acquiring of two-dimensional information about
a solar cells properties and became popular with the work of Fuyuki et. al who was
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the first to use luminescence imaging on silicon solar cells [14]. The luminescence
emitted by a solar cell is measured spatially resolved using cameras with a silicon
or InGaAs detector. In the following different methods were developed to use
the resulting luminescence images to localize and quantify varying properties and
defects of solar cells.

Most luminescence imaging methods focus on the determination of a local series
resistance or dark saturation current [21, 22]. These properties were found to be
quite variable especially for silicon solar cells. The methods often make use of
the reciprocity relation to determine first a junction voltage image, which is then
used for further calculations. How a junction voltage image is determined from
a luminescence image in this work is discussed in more detail in Section 3.1.3,
although the exact procedure applied by others may vary in details.

As underlying model to describe the two-dimensional nature of a solar cell and
locally varying properties, the first imaging methods used the so called independent
diode model (see Figure 2.9 (a)). This model divides a solar cell into several smaller
equivalent circuits, each of them describing a certain location in the sample and
each of them may be different. The equivalent circuits are connected in parallel.
Thus, each diode, relating to a certain position on the sample, is connected with
a well defined series resistance to the terminals. Such a model simplifies a solar
cells real physical properties but has the advantage that it allows to define a local
series resistance independently from the properties of other locations.

When assuming an independent diode model a local series resistance can be
determined by applying Equation 2.13 to each location. However, although the
local junction voltage can be determined from luminescence images, the local
current J may also vary and is more complicated to determine. The different
methods to determine a local series resistance differ mainly in their procedure to
determine a local current. In [23] the local current is determined with the combined
use of lock-in thermography and luminescence imaging. The thermography image
is scaled using the total dissipated power to obtain a locally dissipated power
image. The local current is in the following determined by dividing the locally
dissipated power image by the local junction voltage obtained from luminescence
imaging. However, this method assumes that all the locally dissipated power is lost
over the pn-junction which is not necessarily the case. Another, way to determine
the local current would be to assume a dependence of the local current on the local
junction voltage. Such approaches only work if the variations in the local dark
saturation current are expected to be small [21] or may be determinable from a
local calibration constant obtained from the determination of the junction voltage
image [24, 25]. Another method, determining not only the local series resistance
but also the local dark saturation current, is using several luminescence images
to fit for each position a function relating the local series resistance and local
dark saturation current to the local luminescence signal, local junction voltage
and external voltage [22].

The independent diode model does not consider that in a real solar cell all local
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(a) Independent diode model

(b) Interconnected diode model

Figure 2.9.: Sketch of two-dimension equivalent circuit models used for the derivation
of luminescence imaging methods. While the independent diode model is simpler the
interconnected diode model is much closer to the real physical properties of a solar cell.
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diodes are connected via a resistive layer and are therefore interconnected with a
finite distributed resistance. A more physically correct two-dimensional model is
therefore the interconnected diode model shown in Figure 2.9 (b). The relevance
of the interconnection can be easiest explained, when assuming a large shunt at
a certain position in the solar cell. In the independent diode model, the voltage
would only drop at the position of the shunt, as the others areas are connected in
parallel to the shunt. Within an interconnected diode model the junction voltage
will also drop across the areas neighboring the shunt. The current will take the
path of least resistance, which is through the shunt. Due to the interconnection
the voltage drop resulting from the current flow through the series resistance to
the shunt is also relevant for the non-shunted region and will reduce the voltage
drop in these regions across the diode. Furthermore, the interconnected diode
model allows the presence of so called balancing currents. When a solar cell is
illuminated, the photocurrent generated at one location may not only flow across
the contacts of the device but may also flow in a circuit within the solar cell, for
example again due to a shunt. These balancing currents are not possible in the
independent diode model as the resistance towards the contacts will always be
smaller than the resistance towards a different location in the sample.

Thus, all imaging methods based on the independent diode model are bound
to fail when larger local variations of the cell properties are present [84, 85]. One
method that does not assume an independent diode model is based on the use of
the Laplacian operator to calculate from local voltage changes the local current
flow in the z-direction of a device [86, 87]. However, this method relies on images
having a very good signal to noise ration and correct image deconvolution processes
[88]. Another imaging method that does not assumed an independent diode model
is the photocurrent collection efficiency method, which is tested, discussed and
further developed in this work (cf. Chapter 6).

Additionally, it needs to be mentioned that due to the interconnection of areas in
a solar cell or module it is often not trivial to estimate from the knowledge of local
properties their actual influence on the performance of a solar cell. For example
depends the power loss due to a shunt in a certain area not only on the size of the
shunt but also on the series resistances in other areas. To correctly estimate the
effects certain local properties have on the overall solar cell performance network
simulations need to be applied that are able to simulate a solar cell including all
its (assumed) local variations [89]. A comparison of different simulations with
and without certain defects may then give information about the importance of a
certain area for the performance of a solar cell.
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Simulations

This chapter describes all the experimental setups and simulation programs used
in this work. Additionally, it will be shown how the results of the experiments or
simulations can be processed to obtain further information. The basics of electrical
characterization of solar cells are explained briefly and the used imaging setup
and measurement procedures are described in detail, as the work is mainly about
luminescence imaging. Afterwards, a short overview over the samples used in this
work is given. In the second part of this chapter the simulation programs PVMOS
and SCAPS are introduced, which were used for three and one-dimensional device
simulations, respectively.

3.1. Experiments

3.1.1. Current/Voltage Characterization

Current density/voltage (J/V ) characteristics are measured regularly for all ana-
lyzed solar cells. They are essential to analyze basic parameters of the solar cells,
but also to test simple experimental conditions like the contacting of a sample. A
current/voltage characteristic is measured by a source-measurement unit, which
automatically sweeps through a set voltage range and measures the current at de-
fined steps. The characteristic can be measured in the dark or under illumination.
The standard test conditions to determine the main solar cell parameters Jsc, Voc,
FF and η (cf. Section 2.2) under illumination dictate an illumination close to the
AM 1.5 G spectrum at 25 ◦C [90].

To reach standard test conditions the J/V characteristics are measured using
a steady state sun simulator or a so called flasher. The steady state sun simula-
tor uses a xenon and a halogen lamp to reach the acquired spectral conditions,
while the flasher only employs a single xenon lamp. Both systems count within
their defined area sizes (8 × 8 cm2 for the steady state and 120 × 180 cm2 for the
flasher) as class A setups, showing only small spectral mismatch and spatial inten-
sity inhomogeneities of less than 2 %. The measurements with the sun simulator
are used to obtain the voltage and current regions relevant during luminescence
imaging.

Additionally, J/V measurements are possible in the luminescence imaging setup
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(cf. Section 3.1.3). However, this setup does not have the possibility of a real sun
spectrum illumination. Thus, the measurements under standard test conditions
in the sun simulators were used to set the illumination intensities in the PL setup
to adequate values.

3.1.2. Short Circuit Current/Open Circuit Voltage
Characterization

Another electrical characterization method of solar cells used in this work is the
measurement of so call short circuit current/open circuit voltage (Jsc/Voc) char-
acteristics [91]. For this characteristic the short circuit current and open circuit
voltage is measured at several different illumination conditions and then plotted
against each other. The special property of the resulting characteristic is that it
only describes the recombination properties of a solar cell without the influence
of series resistance. Under open circuit conditions no current flows through the
sample and therefore no voltage drops over a series resistance. If we assume that
at short circuit conditions all charge carriers are extracted from the sample, then
the short circuit current describes the current recombining within the solar cell
at open circuit conditions. Thus, plotting the short circuit current versus its cor-
responding open circuit voltage yields a characteristics that describes how much
current recombines within the solar cell depending on the junction voltage (at
open circuit conditions the junction voltage is equal to the open circuit voltage).

As a Jsc/Voc characteristic is not influenced by series resistance a comparison
with a usual dark J/V characteristic can be used to measure the series resistance
Rs of a solar cell at different currents in the dark. For that the external voltages
Vext measured at a certain current density J needs to be compared to the open
circuit voltage that is measured when the corresponding short circuit current is
equal to J . The equation reads

Rs =
Vext (J)− Voc (Jsc = J)

J
. (3.1)

It is also possible to use a Jsc/Voc characteristic to determine the series resistance
at a certain illumination for different currents. For that the Jsc/Voc characteris-
tic needs to be compared with a J/V characteristic measured under the desired
illumination condition. Additionally, it has to be assumed the current recombin-
ing within the solar cell is equal to the current, measured during the illuminated
J/V sweep, added to the short circuit current Jsc,JV of the J/V characteristic. It
follows

Rs =
Vext (J)− Voc (Jsc = J + Jsc,JV)

J
. (3.2)

In this work Jsc/Voc characteristics were measured using the illumination source
in the luminescence imaging setup (laser, see Section 3.1.3). Using an easily tun-
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able illumination source like a laser or LED has the advantage that the Jsc/Voc

characteristic can be measured automatically. A program can be used to sweep the
illumination intensity from zero to a certain value in small steps and a source mea-
surement unit measures Jsc and Voc at each illumination step. As an alternative
filters could be used to change the illumination intensity of a stable light-source,
but setting up an automated filter change or changing filters manually is more
experimentally challenging.

3.1.3. Luminescence Imaging

Setup

Most of the experiments used for this work are performed within a luminescence
imaging setup. Figure 3.1 shows a sketch of the setup. In principle everything
needed to perform electro- and/or photoluminescence imaging is a source measure-
ment unit, an illumination source and a camera. As a camera the setup makes
used of a Princeton Instruments Nirvana640 InGaAs Camera with a resolution
of 640 x 512 pixels. Within the same setup it is also possible to use an Apogee
Imaging System Si-CCD camera with a resolution of 3056 x 3056 pixels. However,
for this work only the InGaAs camera is used as its sensitivity for the emitted
spectrum of the luminescence light is superior and therefore its signal to noise
ration is much better [82]. This also leads to lower exposure times and therefore
faster imaging. The usual exposure times with the InGaAs camera range for CIGS
solar cells from 30 to 500 ms, depending on the applied voltages and the defects
analyzed.

As a light source the setup makes use of a 90 W 808 nm diode laser. The laser is
widened using a beam homogenizer to obtain a maximum deviation of the average
illumination intensity of 5 % on 20 x 20 cm2. The intensity of the laser can be set
by varying its current. Illumination intensities up 1.3 suns equivalent are possible.
To avoid an accidental exposure to the invisible laser light, the sample stage is
placed within a cabinet and the laser is secured with an interlock so that it can
only be turned on when the cabinet door is closed. The cabinet is also needed to
reduce the influence of stray light on the luminescence imaging process. The laser
is cooled using water cooling, but it is still prone to overheating when turned on
to long (> 5 min). When constant illumination over longer timescales is needed
it is also possible to use within the setup four white LEDs, which can reach also
an intensity of one sun equivalent depending on their positioning. However, the
homogeneity of the LED illumination is worse than the laser illumination.

Within this work two different source measurement units were used to set and
measure the electrical state of the solar cells. A Keithley 238 source measurement
unit is used for all the CIGS samples. It range goes up to 100 mA and 110 V or 1 A
and 15 V, which is sufficient for these samples. For the c-Si solar cells a Keithley
228A source measurement unit is used, which has range of 10 A and 10 V. This
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Figure 3.1.: Sketch of the setup used to measure electro- and photoluminescence im-
ages. The setup consists of a camera to measure the luminescence radiation of a solar
cell, an illumination source (laser) to excite photoluminescence, and a source measure-
ment unit to apply a bias to a sample to excite electroluminescence in the dark or
electro-modulated photoluminescence under illumination. The analyzed solar cell is
placed on a temperature controlled stage and can be electrically contacted. The source
measurement unit, the laser and the camera can all be externally controlled via a com-
puter. The sample stage and the camera are placed within a cabinet to avoid the
influence of stray light on the measurements and to avoid accidents due to the laser
light.
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was needed as the c-Si solar cells exhibits much higher current densities mainly
due to their larger cell size.

The sample is placed on a temperature controlled stage. The temperature was
controlled by peltier elements, which were in turn cooled by water cooling. The
elements allow for a temperature range from 15 ◦C to 85 ◦C. The temperature was
monitored and controlled using a Pt-100 sensor that is placed next to the sample.

Electrical contacting of sample is done either by rows of spring contact pins,
which can be positioned at arbitrary distances, or by single spring contacts, which
can be positioned using manipulators fixed on magnetic stands. Four point mea-
surements are used. This setup allows for maximum flexibility when contacting
solar cells from the front, which is the case for the analyzed CIGS solar cells.
When contacting solar cells from the back sticky silver tape was used to lead the
contacts out. The tape is then contacted via alligator clips. This procedure can
lead to larger series resistance, as the contacts of the silver tape to the cell is
not perfect and the four point measurement cannot be fixed directly at the cell
contacts but is fixed at the silver tape (which might also add to the resistance).

All the parts of the setup can be externally controlled via a computer and for all
the parts Labview libraries were either available or written. This allows for highly
flexible experiment design and automation. Thus, experiments can be fastened a
lot as the desirable conditions for images can be set via a program, which then
runs automatically and takes images at all the different illumination conditions or
biases set.

Junction Voltage Imaging

An essential part of the luminescence image processing performed in this work is
the calculation of junction voltage images. This process transfers a luminescence
image with a local intensity given by a number of counts into an image where
the pixel intensity describes the junction voltage of a solar cell. This means that
after the image processing junction voltages of the same solar cell under the same
operating conditions should look the same independent of the camera, which is
used for imaging. The procedure used in this work for determining a junction
voltage image was published in [92], but will be described in the following for the
sake of completeness.

The dependence of the luminescence intensity is given by Equation 2.11 in
Section 2.4.1. Thus, for EL images or for EM-PL images, after subtracting an
image where we assumed the junction voltage to be zero, the local image intensity
Scam is given as

Scam =

∫
Qcam(E)Qe(E)Φbb(E) exp

(
Vj

Vth

)
dE. (3.3)

Here, Qcam is the sensitivity of the used camera to light of a certain energy E and
Vth is the thermal voltage equal to e/kT .
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Taking the natural logarithm of the signal intensity and multiplying with the
thermal voltage yields a non-calibrated junction voltage Vj’ image

Vj’ = Vth ln (Scam) = Vj + C, (3.4)

where C is a constant which includes the quantum efficiency of the solar cell, the
camera sensitivity and the black body spectrum. This constant has to be deter-
mined to obtain a real junction voltage image. In this work, the determination of
C will be named as the calibration of the junction voltage image.

For the solar cells analyzed in this work the assumption was made that C is
position independent. With this assumption the calibration is possible with an
image where we can assume that the average junction voltage is known. Two cases
come into consideration. The first case would be an image taken in the dark with a
low amount of injected current. In that case a low amount of voltage drops across
any series resistance and it can be assumed the average local junction voltage over
the active sample area A is equal to the external voltage applied. The second case
would use an image taken while the sample is under illumination at open circuit
conditions. Under these operating conditions no current flows and therefore the
average local junction voltage is expected to be equal to the open circuit voltage
measured externally. In this work, the second case is used as the available setup
has the option of PL imaging and the use of an open circuit voltage image has
several other advantages. The open circuit voltage image has a larger intensity
than a low current image and is therefore less affected by noise. Also it ensures
that no current flows; hence no voltage drops across any series resistance, which
in the dark at a low current only holds approximately.

However, both mentioned calibration processes can be described with the fol-
lowing equation

C =
1

A

∫
Vj’dA− Vext. (3.5)

Here, Vj’ needs to be calculated from a luminescence image taken under low in-
jection conditions or an image taken under illumination and open circuit voltage,
and Vext is the respective external voltage at which the image was taken. The
spatial average of Vj’ across the active sample area is used for the calibration as
Vj still might vary due to local differences in the diode properties or shunts and
the average of the Vj over the entire active area is more likely to be equal to the
external voltage than just a local Vj value.

Once C is determined it may be used to calibrate images taken at arbitrary
conditions using the same setup and settings. For example in this work the cali-
bration constant determined from a PL image is used to determine the junction
voltage images measured in the dark via EL.
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Determination of the Series Resistance from Luminescence Images

By determining the average junction voltage of a solar cell at different currents
it is possible to determine a J/Vj characteristics for a solar cell (cf. Chapter 5).
This characteristic describes similar to a Jsc/Voc characteristic the properties of a
solar cell without the influence of series resistance. Thus, it is possible to obtain
from luminescence images a Jsc/Voc characteristic of a solar cell.

Additionally, it was shown in Section 3.1.2 (Equation 3.2) how a Jsc/Voc charac-
teristic can be used to determine the total series resistance at different operating
conditions of a solar cell. Thus, a J/Vj characteristic is equally suitable to calcu-
late the series resistance. It is easily done by replacing the open circuit voltage in
Equation 3.2 with the measured junction voltage

Rs =
Vext(J)− Vj(J)

J
. (3.6)

Although the J/Vj characteristic might differ slightly from the Jsc/Voc charac-
teristic of the solar cell (cf. Section 5.2) there are advantages which justify the use
of J/Vj characteristics to calculate the series resistance. Firstly, is the presented
measurement procedure less influenced by metastable changes or temperature vari-
ations during the measurement. Once the calibration constant is determined for
the junction voltage image, a series resistance value can be determined for any
operating point with a current/voltage measurement and a simultaneously taken
luminescence image. In contrast determining the series resistance with the Jsc/Voc

characteristic requires two electrical measurements at different illumination con-
ditions. In between the measurements, metastable changes or temperature varia-
tions can always occur that then lead to errors in the Rs determination. Secondly,
it is also interesting to determine Rs under illumination. Doing that with Jsc/Voc

characteristics requires precise shifting of the characteristic by the generated pho-
tocurrent within the solar cell (Jsc,JV, cf. Equation 3.2). If the shift cannot be
precisely determined due to a photocurrent loss even under short circuit conditions
additional errors are introduced. When a J/Vj characteristic is used to determine
the series resistance no current shifting is needed as the current value is the same
for electrical measurement and the image.

3.1.4. Sample Overview

CIGS Samples: Manz

In this work most of the CIGS samples were industrially produced by the MANZ
CIGS Technology GmbH. In the vicinity of the project OptiCIGS the company
delivered several minimodules and cells. For the cells every second p3 line of an
industrial module was not patterned and material was removed perpendicular to
the scribing lines so that one cell was divided into several small cells with a length
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of only 1.6 cm and a width of 0.4 cm. Afterwards the module was cut so that one
substrate of 10 x 10 cm2 contained up to 44 single cells which can be individually
contacted. The contacting was performed over the front contact of the adjacent
cells of the cell to be analyzed. This was possible due to the missing p3 lines.
To contact the TCO, wires were soldered directly to the TCO using ultrasonic
soldering. A photo of the substrate with the several contacted cells is shown in
Figure 3.2. An example photovoltaic parameter set for the analyzed cells is shown
in Table 3.1.

Table 3.1.: Photovoltaic parameters of an analyzed CIGS cell produced by Manz.

Jsc [mA/cm2] Voc [V] FF [%] η [%]

29.21 0.71 68 14.2

Figure 3.2.: Photo of the substrate produced by MANZ from a real industrially pro-
duced module, which exhibits several individually contactable cell.

The minimodules analyzed in this work were also cut from industrial sized
modules and contained 17 cells which were 0.4 cm wide and 8.6 cm long. The cells
were connected monolithically as described in Section 2.3.1 at the long sides. To
contact the module spring contacts pins are place on the outer most cells of the
module. On the positive side of the module the p3 line was not patterned to allow
a contacting via the front contact. A photo of a sample module with descriptions
where the contacts are placed is shown in Figure 3.3. The photovoltaic parameters
of an example minimodule without any visible defects is given in Table 3.2.
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Table 3.2.: Photovoltaic parameters of an analyzed CIGS minimodule produced by
Manz.

Jsc [mA/cm2] Voc [V] FF [%] η [%]

26.53 11.57 73.8 13.3

Figure 3.3.: Photo of the an analyzed minimodule produced by Manz. To contact the
sample, spring contact pins are placed in the contacting regions. Note, that the last p3
line on the top is missing (indicated by dashed line) to contact the last cell via the front
contact.

CIGS Samples: Bosch

To analyze a sample with larger spatial inhomogeneities a CIGS sample pro-
duced by Bosch Solar CISTech GmbH is used in this work (cf. Section 6.2). This
sample was contacted on the front via a grid. The sample cell is 1.2 x 0.9 cm2 large
and the front contact grid consists of four fingers. The sample was contacted via
spring contact pins that were placed on the grid and beside the sample where the
back contact was laid bare. Eight cells were produced on one glass substrate. A
photo of the substrate with the solar cells is shown in Figure 3.4. The photovoltaic
parameters of a sample are given in Table 3.3. Note however, that the results are
given for the whole area of the cell and not active area. The contacting scheme
leads to some shadowing which reduces the solar cell performance.

45



3.1. Experiments

Table 3.3.: Photovoltaic parameters of an analyzed CIGS minimodule produced by
Bosch.

Jsc [mA/cm2] Voc [V] FF [%] η [%]

16.92 0.57 65.6 6.3

Figure 3.4.: Photograph of the solar cells produced by Bosch. Eight cells are posi-
tioned on one glass substrate. The front exhibits a grid for contacting while the back is
contacted via the bare molybdenum.

c-Si Sample

To test new measurement procedures, a mono-crystalline silicon solar cell was
used in this work. The sample is 12.5 x 12.5 cm2 large. The front the sample
exhibits a grid consisting of two bus-bars and several fingers. The bus-bars were
contacted via several spring contact pins. To contact the back of the solar cell
silver tape is placed on the back contact and lead out. A photo of the sample
can be seen in Figure 3.5. The photovoltaic parameters of the sample are given
in Table 3.4. Note, that the sample showed some cracks and additionally the
contacting scheme via the silver tape showed a high series resistance that reduced
the performance of the sample.

Table 3.4.: Photovoltaic parameters of an analyzed c-Si Solar cell.

Jsc [mA/cm2] Voc [V] FF [%] η [%]

32.7 0.61 65.15 13.0
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Figure 3.5.: Photo of the crystalline silicon solar cell used for the experiments. The
front was contacted via pins on the bus-bars or as shown in the image via silver tape.
The back is also contacted via silver tape.

3.2. Simulations

This section introduces the programs which are used in this thesis to simulate the
luminescence and electrical measurements. One dimensional device simulations
were performed using the program SCAPS to simulate CIGS solar cells using the
basic semiconductor equations. To model the two dimensional aspects of lumi-
nescence images the program PVMOS was used which works with an equivalent
circuit network.

3.2.1. SCAPS

The program SCAPS [93] was developed especially to model CIGS solar cells.
In principle the program solves in one dimension the Poisson equation (Equation
2.2a) and the continuity equations (Equations 2.2b and 2.2c) for the charge carrier
densities and the electrostatic potential at any point of a stack of up to seven
semiconductor layers. The generation is calculated from definable absorption and
transmission constants.

Parameters

A large number of parameters needs to be set for the simulations. First the ge-
ometric properties of the solar cell is defined by setting a thickness d for each
semiconductor layer of the solar cell. Second the properties of the individual
semiconductor layers have to be set. These properties include the bandgap Eg,
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the electron affinity χ, relative dielectric permittivity εr, the conduction and va-
lence band density of states Nc,v, the electron and hole mobility µe,h, the thermal
velocity vth, the acceptor or donor doping NA/D, and a radiative recombination
constant B. Additionally, defects are introduced which determine the non-radia-
tive recombination (cf. Section 2.1.3). The relevant properties of the defects are
their capture cross section for electrons and holes σe,h, their position within the
bandgap ET (above the valence band, if not otherwise mentioned), their charac-
teristic energy σE

T, which defines the gaussian distribution of the defect density
around ET, and their peak density NT.

The base parameter set used in this work to simulate a CIGS solar cell was
mostly taken from [94] and [95]. These works were performed by project partners
on similar cells also from MANZ, which proposes the use of these parameters
also for the present analysis. Two slightly different sets were developed for two
different metastable states (one dark annealed state and one light soaked state).
An overview of the parameters is given in Table 3.5, where the values in brackets
refer to the values in the dark annealed state. The gallium content x in the
CIGS absorber was graded linearly from the back to the front contact from 0.5 to
0.22, resulting in a larger bandgap at the back. As absorption parameters for the
CIGS layer a standard set provided together with the SCAPS program was used
(which considered the gallium grading), and for the ZnO absorption coefficients
measured by the project partners were used. Additionally, in alignment with the
experiments, an external series resistance of 3.5 Ωcm2 was added.

Determining Series Resistance

Using SCAPS simulations it is also possible to simulate the total series resistance of
a device at any given operating point with an approach similar to the experimental
approach discussed before that uses the luminescence of a device (cf. Section
3.1.3). First the radiative recombination in the device is calculated by determining
the electron hole product everywhere in the device. Simplifying, it was assumed
that the sum across all this local radiative recombination within the device, yields
the total luminescence signal of the device. From the luminescence signal we can
now calculate the junction voltage of the device using the approach discussed
in Section 3.1.3. And by using Equation 3.6 it is again possible to calculate
the series resistance for the device. The series resistance calculated in this way
not only includes the external series resistance, which is manually set, but also
all the resistive effects resulting from the charge carrier transport through the
semiconductor.

3.2.2. PVMOS

To model the two dimensional luminescence imaging results using a device simula-
tor as SCAPS would be too calculation intensive. Thus, in this thesis the free and
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Table 3.5.: List of parameters used for the SCAPS simulations of CIGS devices within
this thesis. Values in bracket correspond to a dark annealed state of the solar cell.

CIGS CdS iZnO ZnO:Al

d [µm] 1.92 0.06 0.07 0.87
Eg [eV] 1.36-1.1808 2.4 3.3 3.33
χ [eV] 4.2-4.368 4.27 4.47 4.47
εr [r.u.] 13.6 10 9 9

Nc [cm−3] 2.2·1018 2.2×1018 2.2×1018 2.2×1018

Nv [cm−3] 1.8×1019 1.8×1019 1.8×1019 1.8×1019

vth [cm/s] 107 107 107 107

µe [cm2/Vs] 60 100 100 100
µh [cm2/Vs] 5 25 25 25
NA/D [cm−3] 4.9×1016 (3.8×1015) 5×1017 5×1017 1020

B [cm3/s] 2×10−9 - - -

Defect 1

Type Donor Acceptor Neutral Neutral
σe [cm2] 10−14 8×10−17 10−12 10−12

σh [cm2] 10−14 8×10−12 10−12 10−12

ET [eV] 0.094 (0.119) (below EC) 0 (above Ei) 1.65 1.65
σE

T [eV] 0.018 (0.016) 0.1 0.1 0.1
NT [eV−1cm−3] 3.16×1016 (1.1×1016) 4.514×1017 9.986×1016 9.99E×1016

Defect 2

Type Acceptor
σe [cm2] 3×10−14

σh [cm2] 10−14

ET [eV] 0.227 (below EC)
σE

T [eV] 0.05
NT [eV−1cm−3] 1.41×1015
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open-source solar module simulator PVMOS developed by Bart E. Pieters was
used [96]. With PVMOS it is possible to represent a solar cell with a network of
distributed resistors and diodes and a finite differences approach is used to solve
the relevant differential equation of the network. Furthermore, PVMOS features
a variable adaptive mesh which allows for efficient simulation of small features
within a large solar cell or module.

A solar cell is modeled with PVMOS in the simplest case using three layers.
A ’solar cell layer’ is placed between a front and a back contact layer. The front
and back contact layer are a two dimensional (in the following understood as the
x-y dimension) network of connected resistors, which can be defined by setting a
sheet resistance. The contact layers are connected at their nodes via the ’solar
cell layer’. Here, each connection between the nodes of the electrodes (in the
z-direction) is given by a one- or two-diode equivalent circuit model or just a
resistance (to represent a shunt). The properties can be locally varied to allow the
simulation of inhomogeneities or to implement the monolithic interconnection of
thin-film modules. If needed, additional layers can be used to introduce additional
electrodes, such as a contacting grid, or additional solar cell layers (e.g. for tandem
solar cells).

Table 3.6.: Major parameters used to simulate the experimental measurements of CIGS
cells and modules with PVMOS.

J0,1 [A/cm2] J0,2 [A/cm2] Jsc [A/cm2]

1.55×10−13 1.90×10−8 0.0283

Ri [Ωcm2] Rf [Ω] Rb [Ω] Rp2 [Ωcm2]

0.3 24 0.6 4×10−7

For the simulation of luminescence measurements performed on CIGS solar cells
or modules a parameter set was developed, which reproduces the experimentally
found properties of the analyzed samples well. The geometric properties are ad-
justed to the respective samples. A two-diode model is used to represent the solar
cell layer. The dark saturation currents J0,1 and J0,2 can be easiest deduced from
the open circuit voltage. More difficult to estimate are the different resistances.
The front and back contact resistances (Rf and Rb) of the ZnO and the Molyb-
denum were estimated from measurements performed by MANZ. Additionally an
internal series resistance Ri of the solar cell layer describing the transport through
the bulk of the CIGS is defined as well as the resistance of the p2 laser line Rp2,
which connects the different modules. Both resistances can have a significant in-
fluences on the solar cells behavior and they were estimated so that the electrical
characteristic of the modules fits to the measurement. However, no automated
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fitting was used as especially the effects resulting from the resistance parameters
are correlated. A list of the parameters used is given in Table 3.6.

Table 3.7.: Major parameters used to simulate a c-Si Solar cell with PVMOS.

J0,1 [A/cm2] nid Jsc [A/cm2] Ri [Ωcm2] Rf [Ω] Rb [Ω]

7×10−11 1.19 0.035 0.004625 40 0.0005

To simulate new imaging methods on a different type of solar cell, also a baseline
parameter set for the simulation of a crystalline silicon solar cells exhibiting a
grid was developed. The grid contains bus-bars and fingers, which have a sheet
resistance of 2.4×10−3 Ω and 3×10−6 Ω, respectively and are placed on top of
the transparent emitter with the sheet resistance Rf. For the silicon layer only a
one-diode model is used with an ideality factor nid. The parameters are given in
Table 3.7.
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4. Experiments in the Presence of
Metastabilities

As discussed in Section 2.3.2 CIGS solar cells are subject to metastable changes.
As these metastable changes alter the electrical properties of a CIGS solar cell
depending on illumination and bias it follows that the luminescence signal of a
CIGS solar cell is also altered. This was already shown in [97] and [98].

For quantitative analysis of luminescence images of CIGS samples it is manda-
tory to avoid the influence of metastable changes. Thus, it is required to deter-
mine the influence and understand the timescales on which metastable changes
are happening. In this chapter it is analyzed in detail how biasing and light alters
a CIGS solar cell and how the changes are seen in luminescence measurements.
Furthermore, a mechanism published in literature to explain metastabilities in
CIGS is investigated using device simulations in comparison to experimental re-
sults. Finally, the measures taken to avoid an influence of metastable changes on
the experimental results are described. These measures are in effect throughout
the rest of the work.

4.1. Experimental Procedure and Results

Open Circuit Voltage Transients under Illumination

We start the discussion of metastabilities with an experiment observing the
changes happening to a sample under illumination and open circuit. For the
experiment a 1.6 × 0.4 cm2 CIGS solar cell from Manz (Section 3.1.4), is first kept
for several hours in the dark, and is subsequently illuminated with white light
from LEDs within the luminescence measurement setup. The intensity was set in
a way that the short circuit current of the solar cell was approximately equal to
the short circuit current measured under an AM 1.5 G spectrum.

Several cycles of the excitation of the solar cell with light were run. Each cycle
consisted of six hours of illumination and every 20 seconds the open circuit voltage
of the device was measured, while simultaneously a photoluminescence image was
taken. From the luminescence image a Vj’ image is calculated as discussed in
Section 3.1.3. Between the cycles, breaks were taken where the LEDs were turned
off and the sample was allowed to relax. The duration of each break was varied
from one to four hours in one hour steps. Hence, we obtain additional information
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about the relaxation process between the different illumination cycles.
Figures 4.1 shows the results of the experiment. At the beginning of each illu-

mination cycle the open circuit voltage decreases fast and starts to rise afterward
(Figure 4.1 (a)). It is assumed that the initial decrease happens due to an increase
in temperature that is caused by the illumination. The temperature increase can
be estimated from the change in the open circuit voltage. The temperature de-
pendence of Voc is given by [99]

qVoc = Ea − nidkT ln(
J00

Jsc

), (4.1)

where Ea describes the activation energy of the recombination rate and J00 is a
prefactor of the dark saturation current density J0. If we assume Ea to be 1.2 eV
close to the bandgap of CIGS, J00 and nid to be temperature independent and
the temperature of the device at the beginning of the illumination to be 298 K,
Equation 4.1 yields a temperature change of approximately 10 K at the beginning
of the third excitation step (Voc changes from 0.681 V to 0.663 V). This temper-
ature change seems large, but it is not unrealistic. Although the temperature of
the stage below the sample is controlled, the setup cannot counter the heating due
to the illumination, as between the solar cell and the cooling stage lies the 3 mm
thick glass substrate.

The increase of the open circuit voltage after the initial decrease caused by
heating is attributed to a metastable change of the solar cell. This change is
happening over a long time as the sample does not stabilize even after six hours
of illumination. In these six hours the open circuit voltage increases by about
1.5 %. That the increase is caused again by another change in temperature (e.g.
by a delayed cooling effect of the stage) seems unlikely, as such a process should
stabilize within six hours.

After each illumination cycle the temperature of the sample changes again such
that an exact value for the amount of relaxation that is happening in the dark is
difficult to obtain. However, when comparing the last Voc value of an illumination
cycle with the lowest Voc of the next cycle it is visible the sample relaxed in
the dark and that the sample relaxes more if the time in the dark is increased.
However, even four hours of relaxation is not enough to bring the sample back to
a state before the six hours of illumination.

The trend of the average cell Vj’ (and therefore the luminescence intensity) is
similar to the behavior of the open circuit voltage except that the initial decrease
is smaller (Figure 4.1 (b)). The linked behavior of the open circuit voltage and
the average cell Vj’ is clearly seen when looking at the offset C (the difference
between the open circuit voltage and Vj’, Figure 4.1 (c)). The offset changes at
the beginning of a each illumination cycle fast and is constant later.

In literature metastable changes were attributed to changes in the series resis-
tance and non-radiative recombination [98]. The decrease in non-radiative recom-
bination is reproduced in the present experiments. Changes in the series resistance
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(a)

(b)

(c)

Figure 4.1.: (a) Change in the Voc, (b) average cell Vj’, and (c) calibrations constant
C of a CIGS solar cell during 5 cycles of illumination with white light. Between each
cycle the sample was kept in the dark for 1,2,3 and 4 hours
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do not have an influence on the present measurements, as they are performed under
open circuit. A constant offset C would be expected unless Qe or the temperature
change during the measurements (cf. Equation 3.4). As the changes in the offset
happen on a similar timescale as the initial decrease of the open circuit voltage,
which we attributed to a temperature change of the sample, the change in the
offset is probably also resulting from a temperature change. As after some time
the offset C is mostly constant, C is expected to be constant in the following
experiments when the series resistance is observed.

Temperature and Injection Dependence of Metastable Changes

To get a better understanding on the metastable changes further experiments
were performed. As experiments using illumination have to deal with larger tem-
perature changes of a sample during the initial phase and are also influenced by
instabilities of the illumination, it is in the following focused on operating condi-
tions in the dark using current injection to induce the metastable changes. The
metastable changes arising under these conditions are relevant for electro-lumines-
cence measurements and are also expected to be at least similar to the dominant
metastable changes arising under illumination and biasing of the sample (cf. Sec-
tion 2.3.2).

A constant current is injected into a CIGS solar cell from Manz and the
metastable changes are observed. At an interval of 10 or 20 seconds the external
voltage Vext is measured, simultaneously with a luminescence image. From the
luminescence we can determine the change of the junction voltage ∆Vj and the
change of the series resistance ∆Rs of the solar cell at a point in time t using

∆Vj(t) = Vj’(t)− Vj’(0) = Vth ln(Scam(t))− Vth ln(Scam(0)) (4.2)

and

∆Rs(t) =
Vext(t)− Vj’(t)− ((Vext(0)− Vj’(0))

J
. (4.3)

As mentioned we assume here that the calibration constant C does not change
due to metastabilities.

After the excitation the sample was relaxed in the dark under open circuit. The
relaxation process was also recorded by taking measurements of the voltage and
luminescence images at the same injected current as was used for the excitation,
every five minutes. Compared to the excitation process the time between the
measurements was longer and no current is injected between the measurements to
allow the sample to relax.

The process of exciting the sample with an injected current and observing the
subsequent relaxation was performed for various injected currents and tempera-
tures. The measurements were automated for fixed temperatures, meaning that
after a successful relaxation cycle automatically the next excitation started with
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a different injected current. The temperature changes were manually set, which
means that for each temperature a new measurement cycle was started. Between
the experiments at different temperatures the sample relaxed for several days in
the dark.

The duration of each excitation and relaxation process is determined for this
experiment by a stabilization parameter cstab,stop. The stabilization of the sample
is automatically monitored by calculating after a fixed set of measurements a sta-
bilization constant. This stabilization constant is given by the difference between
the maximum and minimum external voltage (Vext,max,Vext,min) value within a set
of measurements divided by the average voltage Vext,mean of the same set

cstab =
Vext,max − Vext,min

Vext,mean

. (4.4)

As soon as cstab falls below a certain threshold value cstab,stop the excita-
tion/relaxation was stopped. By controlling the measurement duration in this
way it is ensured that after each excitation or relaxation the sample reaches a
well defined state. At different temperatures cstab,stop had to be adjusted, as
values that reach an acceptable experiment time at some temperatures lead to
much longer experiment times at different temperatures. At 25◦C cstab,stop was
set so that the excitation and relaxation was stopped when the rate of change
dropped below 0.042 %/h in the last 20 minutes of the measurements. At 40◦C
cstab,stop was set so that the excitation and relaxation was stopped when the rate
of change dropped below 0.15 %/h in the last 20 minutes of the measurements
and at 55◦C and 70◦C cstab,stop was set so that the excitation and relaxation was
stopped when the rate of change dropped below 0.15 %/h in the last 40 minutes of
the measurements. The procedure ensures that the eminent metastable changes
are measured without needing to define an excitation length beforehand.

Figure 4.2 and 4.3 show the results of the various excitation and following
relaxation cycles, at different temperature and injected currents. Always, the
change in the external voltage ∆Vext, the change in the junction voltage ∆Vj,
and resulting change in the series resistance ∆Rs are shown. The moment when
the sample is starting to relax is always recognized by the significant kink in the
curves. In general we observe that under all conditions the series resistance of
the solar cell decreases due to the excitation. The junction voltage increases in
most cases due to excitation. Only at low currents and low temperatures we also
observe a decrease of the junction voltage. An increase of the temperature leads at
most currents to an increase of the metastable change. Furthermore, we observe
at low temperatures the change of the series resistance dominates the behavior of
external voltage, as it also decreases. At higher temperatures the change of the
junction voltage dominates the behavior of the external voltage.

Depending on the conditions, the series resistance and junction voltage change
happen on different timescales. At low temperatures the junction voltage re-
laxes much faster then the series resistance does, while during excitation at higher
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(a) (b)

(c) (d)

(e) (f)

Figure 4.2.: Behavior of the external voltage, the junction voltage and the series re-
sistance of CIGS solar cell during the excitation with different injected currents and
the following relaxation at different temperatures: 25 ◦C [(a),(c),(e)], 40 ◦C [(b),(d),(f)].
The point in time where excitation stops and relaxations starts is always clearly visible
at the kink in the curves [exemplarily marked in Figure (c)].
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(a) (b)

(c) (d)

(e) (f)

Figure 4.3.: Behavior of the external voltage, the junction voltage and the series re-
sistance of CIGS solar cell during the excitation with different injected currents and
the following relaxation at different temperatures: 55 ◦C [(a),(c),(e)], 70 ◦C [(b),(d),(f)].
The point in time where excitation stops and relaxations starts is always clearly visible
at the kink in the curves.
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temperatures the change in the junction voltage is still rising, when the series re-
sistance has mostly stabilized (e.g. Figure 4.2 (c),(e) and Figure 4.3 (d),(f)). This
tells us, that either at least two metastable changes happen within the sample that
have different time constants, or that one metastable change exists in the sample
that influences the two properties of the device (non-radiative recombination and
series resistance) differently depending on the operating conditions.

The metastable changes often occur over timescales longer than hours, with
no point of stabilization observable. Still, the initial change may be very fast
(e.g. the external voltage changes at room temperature and an injected current
of 31.3 mA/cm2 by 0.5 % in the first 30 seconds). This makes experiments that
rely on a well defined metastable state extremely difficult, as they would need
long preconditioning times (hours to days) and measurements that follow this
preconditioning time immediately. It will be discussed in Section 4.2 how this
issue is addressed in this work.

4.2. Simulations and Discussion

SCAPS Simulations

In the following it will be briefly discussed how the metastable changes observed
are in alignment with current theories describing the metastable changes. The lit-
erature (cf. Section 2.3.2) states that light soaking or biasing leads to an increase
of the doping concentration in the CIGS. This increase in doping leads to a de-
crease of the space charge region and in the following to a decrease of J0, which
increases the open circuit voltage. The increase in open circuit voltage was also
observed in our experiments.

SCAPS simulations are used to analyze such an increase in the doping concen-
tration to see if it would also affect the series resistance. As parameter sets for
an excited and relaxed state the sets given in Table 3.5 in Section 3.2.1 are used.
The main difference between the two sets is the increased doping for the excited
state.

Figure 4.4 (a) shows the dark current voltage characteristics simulated with
SCAPS for the excited and relaxed state. From these characteristics the reduced
J0 in the excited state can be clearly seen, as the voltages increase at same currents.
This reduced J0 seen here is also responsible for an increase of the open circuit
voltage under illumination.

The decrease in the J0 is also seen in the experiment, as the junction voltage
usually increases with the excitation. However, at room temperature this change
was mostly overlapped by a decrease in the series resistance, which lead to an
overall decrease of the external voltage with the excitation. The change in the
series resistance between the two states was also determined in the simulations
by using the method described in Section 3.2.1. For the light soaked and dark
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(a) (b)

Figure 4.4.: (a) Dark current voltage characteristics for a relaxed and excited CIGS
solar cell simulated with SCAPS. (b) Change in the series resistance of a CIGS solar cell
resulting from an excitation modeled with SCAPS determined at different the current
densities. The series resistance increases from the dark annealed to the light soaked
state. The increase is larger at smaller currents and negligible at the currents for which
the resistance was measured in the experiments. In the experiments a decrease of the
series resistance was seen.

annealed state the total radiative recombination in the device is used to calculate
a junction voltage of the device, which we use further in combination with the
external voltage to determine the series resistance at various current densities.
The difference of the series resistances at the two states is shown in Figure 4.4
(b). It is seen that the series resistance increases in contrast to the experiments.
Either an additional metastable change happens to the solar cell (which is not
considered in the simulation), or the fixed parameters between the two states are
not set correctly, as the influence of the change in doping concentration on the
cell behavior depends also on the magnitude of other parameters.

On the Handling of Metastabilities in Experiments

It was shown that metastable changes happen over long and short timescales and
that they influence the series resistance of a sample as well as its recombination
properties. Additionally, the amount of change depends on the injected current
and the temperature. All these factors, make a definition of a fixed metastable
state via a preconditioning method difficult. A valid preconditioning would need
long times and immediate measurements after the precondition procedure. Thus,
only one sample could be preconditioned at a time and any failure during the
measurement procedure, or measurements after initial test measurements (e.g. to
determine a correct integration time for a camera) would require an additional
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preconditioning step. Furthermore, even if a certain metastable state could be
reached in a reproducible manner, it would be expected that further changes
appear during a measurement procedure.

In this work it was attempted to minimize the influence of metastable effects
on the measurements without a preconditioning step. When luminescence mea-
surements are used in combination with electrical measurements, the electrical
measurements are taken simultaneously to the images to ensure that both mea-
surements are performed when the sample is in the same metastable state. It is
relevant that the sample is for both measurements in the same state and it was
not important to know in which state the sample is. Sometimes a comparison
between measurements is necessary that cannot be taken at the same time, for
example measurement in the dark and under illumination (Chapter 5). In these
cases it was ensured that the found results were not caused by metastable changes
by changing the experiment order and repeating the measurements often. Addi-
tionally, most of the measurements were performed automated, to ensure fast and
well defined measurement times. Thus, metastable changes are reduced or at least
kept constant among all the measurements.

Still, metastable changes cannot always be avoided. When a result is suspected
to be due to a metastable change in the sample it will be mentioned. However,
most results of the further chapters could be reproduced via simulations which
did not include any metastable changes showing that the avoidance of metastable
changes with the mentioned measures works well (Chapter 7).

4.3. Conclusion

It was shown that an excitation of the analyzed CIGS solar cells with light or bias
results in a decrease of non-radiative recombination and a decrease of the series
resistance. These effects happen fast (in matter of seconds) as soon as a sample is
excited but keep going over long timescales (in the range of hours to days), which
makes a stabilization of the sample time-consuming.

Using SCAPS simulations the complexity of finding an appropriate model to
described the metastabilities is briefly discussed. The effect of decreasing series
resistance could not be reproduced with simulations where the doping density is
increased (which is often stated as the dominated cause of metastable changes, cf.
Section 2.3.2).

Finally, it was described how the experiments in the further parts of this work
are designed to avoid the influence of metastabilities on the results. Here, au-
tomation and simultaneous measurements of the images and electrical data are
the leading measures used.

Understanding the effects metastabilities have on the behavior of CIGS solar cell
is not only important for laboratory measurements, but it is primarily important
to estimate the performance of solar cells in the field. Thus, achieving an adequate
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model describing the metastable changes in CIGS solar cells is an important aim
to make CIGS solar cells a more successful technology. Still, it has to be kept in
mind that any model found might only hold for one type of CIGS cell produced
in a certain way. Thus, working with and understanding metastable changes is an
ongoing task.
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5. Reconstruction of
Current/Voltage Characteristics
of Cells in Modules

This chapter focuses on the reconstruction of the current/voltage characteristics
of individual thin-film CIGS cells within a module using luminescence imaging.
Current/voltage characteristics of an entire module do not easily show if a reduced
performance results from a single defected cell or rather properties of more than
one cell. In contrast, luminescence imaging makes it possible to locate individual
defects in cells or modules. There exist several publications that focus on the use
of luminescence imaging for the characterization of modules [92, 100, 101]. The
work in [92] is extended in this Chapter to measurements under illumination that
are especially interesting for possible outdoor measurement in daylight. Parts of
the results were published in [102].

5.1. Experimental Procedure and Results

The experiments were performed using the CIGS mini-modules introduced in Sec-
tion 3.1.4. Figure 5.1 shows an example of the different luminescence images taken
at different external voltages and illumination conditions (in the dark and under
illumination with the laser intensity set in a way that the short circuit current is
similar to the short circuit current under standard test conditions) of a module
with no significant defects (module (A)).

We observe in the images how the sheet resistance of the CIGS sample influences
the images at different conditions. The front contact resistance in CIGS is higher
than the back contact resistance, causing the different sides of a single CIGS cell
to have different series resistances, as the current has to travel either a longer or
shorter way through the higher resistive front contact. In the present case the left
side of each cell has the lower series resistance. In the dark this leads to a larger
luminescence intensity at this side especially at higher currents. At lower voltages
the current flow through the resistance is too low to lead to a significant difference
in the voltage drop. Under illumination the effect is reversed if the cell operates
below its open circuit voltage. The luminescence intensity is increased at the high
resistive side as the charge carriers generated there have more difficulties to travel
to the terminals of the device. Under conditions close to open circuit (Figure 5.1
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(d)) we do not see any side having a larger luminescence intensity as no current
is flowing and therefore no voltage is lost at either side across series resistance.

Also due to series resistance, larger intensity variations are seen in the lumi-
nescence intensity in the cell on the left side of the module (Figure 5.1 (b) and
(c)). These intensity variations result from the contacting scheme. The module
is contacted with five pins on the outer most cells, which are not shown in the
image. Four of the pins carry current and one pin measures the voltage to achieve
a four-point measurement. The series resistance is smaller for the areas closer to
the current carrying pins, which results in the luminescence intensity around the
pins being larger in the dark, and less under illumination and small voltages below
Voc.

Furthermore, a difference between the luminescence images taken under illumi-
nation and in the dark (compare Figure 5.1 (a) and (b)) is observed. The images
taken under illumination show a higher luminescence intensity. Series resistance is
also responsible for this observation. At negative currents, the voltage drop across
the series resistance is negative. As the sum of the junction voltage and the series
resistance voltage must be equal to the external voltage (cf. Equation 2.13), a
negative voltage drop across the series resistance leads to a junction voltage that
is higher than the external voltage. The opposite is the case, when a positive
current flows and the voltage drop across the series resistance becomes positive.

When looking at the images of a module with defects [module (B), Figure
5.2], it is possible to locate several shunts in different cells, as around the shunt
the luminescence intensity decreases. At low voltages the area influenced by the
shunt is larger, as the resistance of the rest of cell, which shows a normal diode
behavior, is much higher compared to the shunt resistance. Therefore, the whole
current through the cell stripe flows through the shunt and not through the rest
of the cell, which reduces the junction voltage across the rest of the cell so much
that it does not lead to a significant luminescence signal. The effect is more
prominent in the dark than under illumination. In Section 5.2 it is analyzed if
this higher luminescence intensity under illumination results from simple series
resistance effects, as discussed in the previous paragraph.

Junction voltage images are calculated from the luminescence images with the
procedure described in Section 3.1.3 (cf. Equation 3.4 and 3.5). Both, the mea-
surements in the dark and under illumination are calibrated with the help of the
open circuit voltage measured simultaneously to the determination of the lumines-
cence images under illumination. For the calibration the average non-calibrated
junction voltage values have to be determined for each cell, while the sample is at
open circuit. The sum over the junction voltage averages of each cell is then set
equal to the measured open circuit voltage. It was assumed that the calibration
constant is position independent across the module. Figure 5.3 shows an example
of two junction voltage images that are calculated from the respective lumines-
cence images for the module with the shunts. Especially Figure 5.3 (a) indicates
that such images can be used to determine the properties of different defects in
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(a) 9.6 V, dark (b) 9.6 V, illuminated

(c) 11.6 V, dark (d) 11.6 V, illuminated

Figure 5.1.: Luminescence images of CIGS module (A) at different operating con-
ditions. The samples Voc is at approximately 11.6 V. Reprinted from [102], with the
permission of AIP Publishing.
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(a) 9.6 V, dark (b) 9.6 V, illuminated

(c) 11.6 V, dark (d) 11.6 V, illuminated

Figure 5.2.: Luminescence images of CIGS module (B) with several defects (shunts)
at different operating conditions. The samples Voc is at approximately 11.3 V. The
shunts are marked with the green circles in Image (c). Reprinted from [102], with the
permission of AIP Publishing.
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a module as the shunts influence the junction voltages of the cells in which they
occur differently.

(a) 9.6 V, dark (b) 11.6 V, illuminated

Figure 5.3.: Junction voltage images for CIGS module (B) with defects at two different
operating conditions calculated from the respective luminescence images. Reprinted
from [102], with the permission of AIP Publishing.

To obtain the current/voltage characteristics of individual cells, junction voltage
images are measured at different operating points of the solar cell. A voltage ramp
was applied while at the same time luminescence images are measured at each
voltage step. Additionally, the current through the module was recorded. The
process was performed with and without illumination. With this measurement
procedure the J/V characteristic of the module is recorded simultaneously with
the luminescence imaging.

For the J/V characteristic of a single cell in the module, the average of all the
local junction voltages measured for a specific cell area is determined and plot-
ted against the current density at which the image is taken (the current through
each cell is the same as the current measured externally). From the images taken
at different currents a complete characteristic can be determined. However, it is
important to note, that the junction voltage images do not show the real volt-
ages across each cell, as they do not include the voltages that drop across series
resistance. Thus, the luminescence images provide us rather with a J/Vj char-
acteristic of each cell. This characteristic excludes series resistance information
and only provides information about the junction and resembles therefore more a
Jsc/Voc characteristic. Like a Jsc/Voc-characteristic a J/Vj-characteristic includes
information about possible shunt properties.

From the single cell J/Vj characteristics it is possible to calculate a J/Vj charac-
teristic for the whole module simply by adding the cell junction voltages. Such a
J/Vj characteristic for the whole module should in principle be very similar to the
Jsc/Voc of the whole module, as the junction voltage images are calibrated with
the help of the measured Voc. Note, that the Jsc/Voc characteristics can not be
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easily measured for the individual cells in the module. In the following J/Vj char-
acteristics determined under illumination will be denoted as electro-modulated
photoluminescence (EM-PL) characteristics and J/Vj characteristics determined
in the dark as electroluminescence (EL) characteristics.

(a) Module (A) without severe defects (b) Module (B) with defects

Figure 5.4.: Several current density/voltage characteristics determined for two dif-
ferent CIGS modules. The blue curves show J/V characteristics determined in the
luminescence imaging setup using the laser as light-source and setting the illumination
to one sun equivalent. The red curves show the EM-PL characteristics determined from
imaging performed while the J/V characteristics were measured. The EL characteris-
tics determined from imaging in the dark is shown in black. In light blue the Jsc/Voc

characteristics are shown. The Jsc/Voc curves and EL curves are shifted by the short
circuit current density. Reprinted from [102], with the permission of AIP Publishing.

Figure 5.4 shows the different current density/voltage characteristics determined
for the module with defects and the module without any defects. As expected the
EL and EM-PL characteristic differ from the actual J/V characteristic of the sam-
ple, as they do not include information of the series resistance. In principle both
the EL and EM-PL characteristics are quite similar to the Jsc/Voc characteristic.
However, a few minor differences are noticeable. First of all, the Voc of the J/V
characteristic does not lie on Jsc/Voc characteristic. This is assumed to be a mea-
surement error. Possible reasons for that are metastable changes of the sample
between the measurements or temperature variations. Especially for the Jsc/Voc

measurements temperature variations play an important role as the illumination
changes during the measurement procedure. The EM-PL and EL measurements
were calibrated with the Voc of the J/V measurement performed simultaneously
with the determination of the EM-PL characteristic to avoid any metastable or
temperature variations between the measurements, at least for the EM-PL charac-
teristic. For these reasons, it is not that surprising that there are slight differences
between the J/Vj characteristics and the Jsc/Voc characteristics.
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It is also seen in Figure 5.4 that the EL characteristic shows lower voltages than
the EM-PL characteristic. This is surprising as for a single one-diode model both
characteristics should be identical. The effect was seen in many measurements
independently of what characteristic (EL or EM-PL) was measured first. Thus, it
is not likely that the effect results from metastable or temperature variations.

Figure 5.5.: Two example J/Vj characteristics of individual cells in the module deter-
mined via electroluminescence (EL) and electro-modulated photoluminescence (EM-PL)
imaging. The characteristic determined via EL is shifted down by the short circuit cur-
rent for better comparison. The dashed lines are the characteristics of a shunted cell in
the module with defects (8th cell from the left). The solid lines show the characteristics
of a cell without any defects in the same module (second cell from the left). Reprinted
from [102], with the permission of AIP Publishing.

The actual aim of the measurement procedure is to obtain information about
the individual cells in the module. Therefore, as an example, Figure 5.5 shows
the J/Vj characteristics for a defected and non defected cell from the module (B),
which exhibits the shunts. The shunted cell shows lower junctions voltages at all
currents. Linear fits to the characteristics at low currents reveal the shunt strength
in the individual cells if the shunt would be equally spatially distributed across the
whole cell. The EL characteristics yield for the shunted and non-shunted cell values
of 153 Ωcm2 and 250 Ωcm 2, respectively, while the EM-PL characteristics yield for
the shunted and non-shunted cell values of 140 Ωcm2 and 452 Ωcm2, respectively.
Both, the EL and EM-PL characteristics, yield lower differential resistances for
the cell with a defect. However, a quantitative difference is observed between the
results obtained from EL and EM-PL. The difference is also seen in Figure 5.5, as
the EL characteristics show lower junction voltages at the same injected currents.
Additionally, the voltage difference between the shunted and non-shunted cell is
larger for the EL characteristics.

These differences between the EL and EM-PL characteristics of the single cells
and the whole module cannot be explained if the system is described with a one
or two diode-model. Thus, the differences need to arise either from the laterally
distributed nature of the solar module and cells or from cell/material properties
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that are not included in a one or two diode-model.

5.2. Simulations and Discussion

With PVMOS it is possible to simulate a solar module including its distributed
nature and in the following it is analyzed how much of the observed effects can be
reproduced with simulations. For that it is first necessary to model the measured
module with simulation. In PVMOS a module was defined which has the same
geometric properties as the measured modules. It consists of 17 cells which are
8.57 cm long and 0.4114 cm wide including laser lines, making the active area
width of a cell 0.38 cm. How the electrical parameters are determined is described
in Section 3.2.2 and the parameters are given in Table 3.6.

(a) (b)

Figure 5.6.: (a) Comparison of the PVMOS modeled J/V characteristic and the ex-
perimentally measured J/V characteristic of the module including shunts. (b) Junc-
tion voltage image of the simulated module with defects at 11.6 V under illumination.
The corresponding experimental junction voltage image can be seen in Figure 5.3 (b).
Reprinted from [102], with the permission of AIP Publishing.

The shunts that were observed in the experimental measurements of one module
were also added to the simulations. For that the position of the shunts in the
module was taken from luminescence measurements. It is difficult to estimate
the exact size and strength of the shunts as both influence their appearance in
the luminescence and electrical measurements. Thus, both were adjusted so that
values are reasonable and fit to the images and electrical measurements. The J/V
characteristic of the simulated module is shown in Figure 5.6 (a), additionally
to an example junction voltage image, showing the locations of the added shunts
(Figure 5.6 (a)). Both results are close to the experimental results, which confirms
that a module could be defined that mirrors the properties of the module analyzed
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5. Reconstruction of Current/Voltage Characteristics of Cells in Modules

experimentally reasonably well [cf. also Figure 5.3 (b)].

With PVMOS and the obtained parameters we can now model the complete
set of experiments performed in Section 5.1. The J/Vj characteristics are deter-
mined for the whole module and for the individual cells in the dark and under
illumination from the local junction voltages. Figure 5.7 compares them to the
J/V and Jsc/Voc characteristics of the whole module. It is obvious that the J/Vj

characteristics follow more the Jsc/Voc characteristic as they do not include the
series resistance like the J/V characteristic. At first glance it looks like the EL
and EM-PL characteristics overlap a lot better with each other and the Jsc/Voc

characteristic, which is not in agreement to the experimental measurements. How-
ever, when looking closer [Figure 5.7 (b)] it is noticeable that the junction voltages
of the EL characteristics are lower at higher injected currents, which is also ob-
served in the experiments. In the simulations the effect results from the spatially
distributed nature of the solar module, which implies that this distributed nature
is at least in part also responsible for the deviation observed between the EL and
EM-PL characteristics in the experiments.

(a) module characteristics (b) module characteristics, enlarged

Figure 5.7.: Current density/voltage characteristics determined for a simulated CIGS
module with shunts. The blue curve shows the J/V characteristics under illumination.
The red curves show the EM-PL characteristics determined from the junction voltages
under illumination. The EL characteristics determined from junction voltages in the
dark are shown in black. In light blue the Jsc/Voc are shown. The Jsc/Voc curves
and EL curves are shifted down by the short circuit current density. (b) shows the
characteristics from part (a) enlarged around the open circuit voltage. Reprinted from
[102], with the permission of AIP Publishing.

Considering the characteristics of the individual cells (Figure 5.8) we observe a
behavior similar to the complete module. The J/Vj characteristics follow closely
the Jsc/Voc characteristic. This also holds for the shunted cell. Note that Jsc/Voc

characteristics of the individual cells in the module cannot be measured experi-
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mentally without contacting individual cells. Also, the EL and EM-PL character-
istic overlap in general well. In the experiments we observe significant differences
between these two characteristics especially for the shunted cell also at low cur-
rents (cf. Figure 5.5). An enlargement of the characteristics [Figure 5.8 (b)] only
reveals again differences between the EL and EM-PL characteristics at higher in-
jected currents, which were already seen for the complete module. This is observed
for the shunted and the non-shunted cells. Thus, it seems that the shunt influences
the EL, EM-PL and Jsc/Voc characteristics in the simulation similarly. The effect
responsible for the major differences in the EL and EM-PL characteristics at low
injected current, which was seen in the experiments, was therefore not reproduced
with the PVMOS modeling.

(a) cell characteristics (b) cell characteristics, enlarged

Figure 5.8.: Current density voltage characteristics determined for individual cells
in a simulated CIGS module. The blue curve shows the J/V characteristics under
illumination. The red curves show the EM-PL characteristics determined from the
junction voltages under illumination. The EL characteristics determined from junction
voltages in the dark are shown in black. In light blue the Jsc/Voc characteristics are
shown. The Jsc/Voc curves and EL curves are shifted down by the short circuit current
density. (b) shows the characteristics from part (a) enlarged around the open circuit
voltage. Dashed lines are the characteristics of a shunted cell (8th from the left) and
solid lines are characteristics of a non shunted cell (second from the left). Reprinted
from [102], with the permission of AIP Publishing.

A possible explanation for the difference of experimental EL and EM-PL char-
acteristics at low voltages could be imprecise shifting of the EL characteristic.
The EL characteristic is shifted down to compare the EL and the EM-PL volt-
ages at the same injected currents. As a shifting parameter the measured short
circuit current under illumination is used. However, if the module is not able to
collect all generated current under short circuit conditions it would mean that the
amount of recombination under illumination is larger than expected, which would
again lead to higher junction voltages. A possible reason for imperfect current
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collection under short circuit conditions is a large series resistance. However, a
series resistance so large is expected to influence the overall J/V characteristic,
which is not the case. A possible solution would be in the form of an injection
dependent series resistance as seen in thin-film silicon solar cells, which is large at
low voltages but decreases with increasing voltage [103]. The idea of an injection
dependent series resistance, its origin and effects, will be discussed in more detail
in Chapter 7.

For now we focus on the differences of the EL and EM-PL characteristics seen
at higher injected currents, which are seen in the experiments and in the PVMOS
simulations. Thus, it is expected that the effect results from the spatially extended
nature of the solar cell. The effect can be derived using a simplified solar cell
model. The model is shown in Figure 5.9. It consist of two diodes, representing
the pn-junction, two current sources, representing the generated photocurrent and
a resistance Rs. The two diodes are connected in parallel but diode Number 2 is
also in series with the resistance. The two diodes represent the left and right area
of a solar cell. One area has a higher series resistance than the other due to the
higher front contact resistance compared to the back contact resistance.

Figure 5.9.: Equivalent circuit model used to describe the origin of differences found
between the EL and EM-PL characteristics at higher voltages.

With the simplified model it is possible to analyze the differences that arise for
EL and EM-PL imaging. First the EM-PL case is analyzed under open circuit
conditions (sample under illumination). No current flows at the contacts, and as
the current sources and diodes (Number 1 and 2) are assumed to be equal also
no current flows through the series resistance. When the short circuit current
generated by the the two current sources combined is Isc than each current source
generates a current of Isc/2, which flows through their respective diodes. The
(junction) voltages across the diodes are consequently the same and equal to the
Voc of the entire equivalent circuit

Vj,1 = Vj,2 = Voc = log

(
Isc

2I0

+ 1

)
kT

e
. (5.1)

Of course it follows that the average of Vj,1 and Vj,2 is equal to Voc, which is used
for the experiments and seen in the simulations.
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The EM-PL junction voltage is compared to the EL junction voltage at the same
amounts of injected current, i.e. current recombining in the solar cell. Thus, the
situation under illumination at open circuit needs to be compared to a situation
where the current sources generate no current and an external voltage is applied
so that the total current through the model is equal to Isc. However, the currents
through the two diodes (I1,I2) are not the same anymore. It holds for them

Isc = I1 + I2 (5.2)

and

I1

I2

=
Rs +Rj,2

Rj,1

. (5.3)

Here, Rs denotes the series resistance in series to diode 2 and Rj,1,2 denotes the
resistance of the diodes (junctions). From these conditions the current through
the diodes can be defined in terms of the injected current Isc

I1 =

(
Rs +Rj,2

Rj,1

)
Isc(

Rs +Rj,2

Rj,1

+ 1

) (5.4a)

I2 =
Isc(

Rs +Rj,2

Rj,1

+ 1

) . (5.4b)

The junction voltages across the diodes are given by

Vj,1,2 = log

(
I1,2

I0

+ 1

)
kT

e
(5.5)

and consequently the average junction voltage of the cell Vj,EL is

Vj,EL = log


(
Rs +Rj,2

Rj,1

)
I2

sc(
Rs +Rj,2

Rj,1

+ 1

)2

I2
0

 kT

2e
(5.6)

For the last equation it was assumed that I1,2/I0 is so large that the +1 can be
ignored in Equation 5.5. Due to the series resistance I2 is smaller than I1, which
also leads to Rj,2 being larger than Rj,1. Thus, by comparing Equation 5.6 to
Equation 5.1 it can now be seen that the resistance Rs will cause Vj,EL to be lower
than the Voc of the sample for the same injected current. This is a simplified
illustration of the effects seen in the measurements and the simulations. Equation
5.6 also explains why the effect is only visible at higher injected currents. At lower
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injected currents the resistance of the diodes Rj is so large that it will decrease
the influence Rs has on the measurement result.

That Vj,EL is lower than Voc in the above calculation results from the fact that
the local junction voltage depends logarithmic on the local current. By taking the
simple average of all local junction voltages and therefore considering all to be
equally important for the global junction voltage, we underestimate the influence
higher voltages have on the current flow. These areas are more important for the
voltage measured at the terminals of the cell as they carry more current. If the
diodes in the model described by Figure 5.9 would be replaced by ohmic resistors
Rohm, making the local junction voltage linearly dependent on the current flow,
Vj,EL would become equal to Voc. This can be easily seen by calculating Vj,EL using
Vj,1,2 = I1,2/Rohm. Thus, an increase in the difference in local current densities
(at large voltages in the dark or at low voltages under illumination), increases
the role the non-linear dependence of the junction voltage on the current plays
and increases the error resulting from the use of the average of the local junction
voltages as the overall cell junction voltage.

(a) (b)

Figure 5.10.: (a) Difference of the cell junction voltage determined via the average of
the simulated local cell junction voltages of a non-defected cell (second from the left,
solid lines) and a defected cell (8th from the left, dashed lines) to the open circuit voltage
of the corresponding cell at different injected current densities. (b) Difference of the cell
junction voltage determined via the average of the simulated luminescence intensity of a
non-defected cell (second from the left, solid lines) and a defected cell (8th from the left,
dashed lines) to the open circuit voltage of the corresponding cell at different injected
current densities.

Figure 5.10 (a) shows the relative difference of the junction voltage average
determined for a non-defected cell (eg. Figure 5.2, second from the left) and a
defected cell (8th from the left) to the open circuit voltage of the corresponding
cell at the same amount of injected current. This difference increases for the EL
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measurements for both cells continuously to higher injected currents as the series
resistance leads continuously to larger differences in the local current flow. The
difference of Voc to the EM-PL Vj is zero for the non-defected cell when it is un-
der open circuit conditions during the determination of the EM-PL characteristic
but increases at different conditions, due to the increasing impact of the series
resistance and the resulting differences in the local current flow. For the shunted
cell there is also difference between the EM-PL junction voltage and Voc when the
sample is under open circuit conditions, as the shunt leads to varying currents
across the diodes in the cell, although the net current through the cell is zero.

An idea to reduce the error seen in Figure 5.10 (a) would be to calculate first the
average of the luminescence intensity for each cell and calculate from that value
the cell junction voltage. As long as the luminescence intensity relates closer to
the dependence of the local current to the junction voltage, this should reduce the
error between the cell J/Vj characteristic and its Jsc/Voc characteristic. In Figure
5.10 (b) the difference between the J/Vj of the cells determined in such a way to the
Jsc/Voc is shown. The error for the EL characteristic could be significantly reduced
for the non-defected cell. However, the EM-PL characteristics of both cells and
the EL characteristic of the shunted cell show now a larger error. In these cases the
error is not reduced to zero, as the local current depends via a two diode model
on the junction voltage, while for the calculation of the luminescence intensity
from the junction voltage a simple exponential function with ideality factor of 1
was assumed (Equation 3.3). Furthermore, the shunt shows ohmic behavior, and
therefore the dependence of the local current on the junction voltage is linear and
not exponential as in the rest of the cell.

5.3. Conclusion

In this section it was demonstrated how J/Vj characteristics of individual cells
already connected to a CIGS solar module can be determined. These characteris-
tics are equal to the Jsc/Voc characteristics of the individual cell, when determined
for simplified models using the one- or two-diode model. Therefore, they can be
used to determine the dark saturation current of a cell as well as possible shunt
strengths.

However, in contrast to the simplified models, it was found that the measured
J/Vj characteristics can differ slightly from Jsc/Voc characteristics. Especially
the EL characteristics show lower voltages at higher injected currents than the
Jsc/Voc characteristics. Simulations showed that such deviations arise from the
determination procedure of the J/Vj characteristics. Using the average of the local
junction voltages of each cells as the overall cell junction voltage is not completely
correct as it does not consider the exponential dependence of the local current
on the junction voltage. A possible correction for the error can be achieved by
taking the average of the luminescence intensity when calculating the cell junction
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voltage. This worked well for the EL characteristics of cells without a shunt, but
the procedure will also exhibit an error when shunts exists in a cell, where the local
current depends linearly on the local junction voltage. Thus, the best evaluation
method depends on the available data (if EL or EM-PL are used and the voltage
region) as well as the sample properties itself (if the current dependence on the
local junction voltage can be estimated).

Additionally, the experimentally determined EL and EM-PL characteristics dif-
fer from each other at low injected currents. The effect is larger for shunted cells.
This effect could not be reproduced to its visible extent in the PVMOS simula-
tions. Therefore the effect cannot be described in an one or two diode equivalent
circuit network but rather results from an injection dependent series resistance.
At the origin and influence of a possible injection dependent series resistance is
taken a closer look in Chapter 7.
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6. Photocurrent Collection
Efficiency Imaging

A large portion of this work focuses on the use of the local photocurrent collection
efficiency as a characterization quantity for solar cells. The method makes the
influence of defects and local properties quantifiable with a simple set of lumi-
nescence measurements. The chapter begins by introducing the local differential
photocurrent collection as it was defined by Wong et al. [29] and its interpretation
and behavior is extensively discussed. Subsequently, the method is further devel-
oped to yield the local total photocurrent collection and its potential to provide
spatially resolved information about the net power provided is discussed. The
imaging methods are demonstrated experimentally and via PVMOS simulations
on c-Si solar cells and CIGS solar cells and modules. The respective applicability
to each sample system is discussed in detail. Parts of the results in this chapter
were published in [102] and [104].

6.1. Theory

This section discusses in detail the theoretical concepts behind photocurrent col-
lection efficiency measurements. The meaning of the differential photocurrent
collection efficiency on a local (e.g. for a pixel) and global (e.g. for a complete
sample) scale is discussed. Additionally, it will be shown how the size of the pho-
tocurrent collection efficiency is linked to physical properties of a solar cell and
how it depends on the operating point for which it is measured. Furthermore, the
differential photocurrent collection efficiency is extended to provide information
about the total collected photocurrent and even net local power output.

6.1.1. The Differential Photocurrent Collection Efficiency

Definitions

The local differential photocurrent collection efficiency was first introduced by
Wong et al. [29, 30] who refers to it with the term current transport efficiency.
In later work Rau et al.[105] used the term photocurrent collection efficiency. It
is important to note that the photocurrent collection efficiency can be defined on
a local, as well on a global scale, which makes further differentiation necessary.
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Additionally, the original photocurrent collection efficiency is a differential value,
but in this work it is shown that the differential value can also be integrated. For
clarity the original current transport efficiency defined by Wong is called from now
on local differential photocurrent collection efficiency fpc,loc. Whether a property
is meant to be global or local will be designated by the subscript loc or glob.

The local differential photocurrent collection efficiency fpc,loc is defined as

fpc,loc (r, jph(r), Vext) =
djcoll,loc (r, jph(r), Vext)

djph (r)

∣∣∣∣
dVext=0

. (6.1)

The quantity fpc,loc describes the locally collected current density jcoll,loc, i.e. the
current density that flows from a specific region r to the terminals of the device,
differentiated with respect to the photocurrent density jph generated at position
r while the external voltage Vext is constant. Figure 6.1 visualizes the concept,
showing how the photocurrent densitiy jph generated at one point in a solar cell is
not completely collected at the terminals as current is lost due to recombination
current djrec within the solar cell.

Figure 6.1.: Sketch visualizing the current densities relevant for the local differential
photocurrent collection efficiency. A small local illumination change results in a local
photocurrent density change djph. Only parts of this current density are collected at the
terminals of the device as other parts recombine within the solar cell (djrec). The ratio
of the collected current density djcoll,loc to the original photocurrent change is given by
fpc,loc.

Figure 6.2 sketches the variables relevant for the global photocurrent collection
efficiency. The global photocurrent collection efficiency is given by the global total
collected photocurrent Icoll,glob differentiated with respect to the short circuit cur-
rent. The global total collected photocurrent is linked to the electrical characteris-
tics of solar devices via the difference of its dark and illuminated I/V -characteristic

Icoll,glob(Vext, Isc) = I(Vext, I
′
sc = 0)− I(Vext, Isc). (6.2)
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Figure 6.2.: Sketch showing the definition of the differential and total global collected
photocurrent. The total global collected photocurrent Icoll,glob is given by the difference
of the light and dark I/V -characteristic of a solar device and the differential global
collected photocurrent dIcoll,glob is given by the infinitesimal change of the current at a
certain forward voltage resulting from a infinitesimal change of the short circuit current
Isc.

The quantity djcoll,loc integrated across the whole sample area yields the
global differential collected photocurrent dIcoll,glob. By assuming furthermore
that fpc,loc = 1 everywhere at Vext =0 V and that djph is also position independent
(position independent quantum efficiency), it follows that djph = dIsc/A at every
position of the sample and we obtain the global differential photocurrent collection
efficiency fpc,glob by averaging fpc,loc over the entire sample area

fpc,glob(Vext, Isc) =
dIcoll,glob(Vext, Isc)

dIsc

=
1

A

∫ ∫
fpc,loc(r, Vext, Isc)dA. (6.3)

Measurement Procedure

It was shown by Wong et al. [29] with the help of the Lorentz reciprocity
theorem [106] that the local differential photocurrent collection efficiency in an
interconnected linearized equivalent circuit is equal to the local junction voltage
differentiated with respect to the external voltage when the generated photocur-
rent is held constant

fpc,loc (r, jph(r), Vext) =
djcoll,loc (r, jph(r), Vext)

djph (r)

∣∣∣∣
dVext=0

=
dVj (r, jph(r), Vext)

dVext

∣∣∣∣
djph=0

.

(6.4)
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This relation is useful as the local junction voltage is measurable from the lu-
minescence signal of solar cells, which enables the imaging of fpc,loc. For that
two images (Scam,1 and Scam,2) are needed that are taken at small voltage val-
ues (δVext/2) above and below a chosen operating point Vext. From these images
and an additional background image Scam,bg, fpc,loc can be calculated using the
following formula (cf. Equation 3.4 and 6.4)

fpc,loc (r, jph(r), Vext) = ln

(
Scam,1 − Scam,bg

Scam,2 − Scam,bg

)
Vth

δVext

. (6.5)

Note, that no open circuit voltage measurement is needed to calibrate the images
as the calibrations constant in Equation 3.4 is eliminated in the fpc,loc calculations.

In [105] it was shown that it is also possible to calculate fpc,loc from lumines-
cence images directly instead of determining a junction voltage image from the
luminescence images and then using these to determine the fpc,loc image (which is
essentially done in Equation 6.5). The equation for the direct calculation reads

f ′pc,loc (r, jph(r), Vext) =
δScam (r, jph(r), Vext)

∆Scam (r, jph(r), Vext)

Vth

δVext

. (6.6)

Here, δScam is the difference between two luminescence images taken at δVext/2
above and below Vext and ∆Scam is the difference between a luminescence image
determined at a voltage equal to Vext and the sample at short circuit conditions.
This calculation procedure seems to be slightly more straight forward than the
original one (cf. Equation 6.5), as it does not need a logarithm calculation of
the luminescence images. However, it should be remembered that Equation 6.6
is based on a linear approximation and therefore only holds if δVext is sufficiently
small. We can derive how small δVext should be chosen. With Equation 3.3 we
obtain for δScam

δScam = Scam (Vj (V ′ext = Vext + 1/2 δVext))− Scam (Vj (V ′ext = Vext − 1/2 δVext))

= ∆Scam (Vj (Vext))× 2 sinh

(
δVj(δVext)

2 Vth

)
≈ ∆Scam (Vj (Vext))

(
δVj

Vth

+
δV 3

j

24 V 3
th

)
.

(6.7)

In the third step of Equation 6.7 the first and second order of the taylor expansion
of the hyperbolic sine was used. By ignoring the second order, Equation 6.6 can
be derived. However, if we include the second order we will find that

f ′pc,loc = fpc,loc

(
1 +

f 2
pc,locδV

2
ext

24 V 2
th

)
. (6.8)
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Thus, the approximation only holds if f 2
pc,locδV

2
ext/24 V 2

th is much smaller than 1.
For example, leads a δVext of 0.02 V to an error of less than 2.5 %, if fpc,loc is about
one.

For further discussion it is referred to the determination method via Equation
6.6 as the lin-method, due to the linear approximation used and the determination
method based on Equation 6.4 and 6.5 will be called the log-method, as a logarithm
is used to determine the junction voltage images.

To verify the obtained fpc,loc images we make use of Equation 6.3, as it allows the
comparison of fpc,loc values obtained from luminescence images using Equation 6.4
with results that can be determined independently via electrical measurements:
The second term in Equation 6.3 is determined by slightly altering the illumination
of a sample and measuring the respective responses in short circuit and global
collected photocurrent at a desired forward voltage. The third term of Equation
6.3 is calculated from the fpc,loc image. When both results are equal, the fpc,loc

imaging works as expected. This procedure to verify fpc,loc images was developed
simultaneously to this work in [107] and used for the verification of fpc,loc images
of p-i-n GaAs solar cells.

Influence of Solar Cell Parameters

The magnitude of fpc,loc is influenced by the different differential resistances
within the solar cell, which govern recombination and transport to the terminals
of the device. This property of fpc,loc is explained with the help of a linearized
one-diode equivalent circuit depicted in Figure 6.3. In this circuit the diode and
the shunt are combined into one linear junction resistance rj, the series resistance
is denoted with rs and a constant external voltage acts as a short circuit at the
contacts.

The photocurrent generated in parallel to the junction resistance has two pos-
sible options. The photocurrent will either flow across the terminals of the device
across the differential series resistance rs and contribute to the external current
or it stays within the solar cell and flows there across the differential junction
resistance rj.

The relation between the two currents Irs across rs and Irj across rj is given
by Kirchhoff’s circuit laws and therefore depends on the resistances of the two
possible paths

Irs

Irj

=
rj

rs

(6.9)

and it follows for the fpc,loc

fpc,loc =
Irs

Irj + Irs

=
rj

rj + rs

. (6.10)

The quantity rs includes the different contact and transport resistances and is in
the one diode equivalent circuit assumed to be voltage independent. The quantity
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Figure 6.3.: Simplified equivalent circuit used to describes the important properties of
a solar cell that influence fpc,loc. The photocurrent will either flow through the contacts
across the series resistance rs or recombine within the solar cell across the junction
resistance rj.

rj is the resistance of the diode and a shunt in parallel. The differential resistance rj

is strongly voltage dependent, as it includes properties of a diode, and therefore,
fpc,loc is also voltage dependent. As the junction resistance rj is usually very
large at low voltages, fpc,loc typically starts at low voltages with a value of 1 and
decreases as soon as the junction resistance decreases to the order of magnitude
of the series resistance, due to an increasing voltage.

Figure 6.4 shows the influence of different parameters on fpc,loc in detail, where
fpc,loc was calculated for a simple one diode model with varying parameters (the
corresponding J/V -characteristics are shown in Figure 2.6). An increase of the
series resistance Rs and the dark saturation current J0 always leads to a decrease
of fpc,loc. This is expected from Equation 6.10. An increase of the short circuit
current density Jsc also leads to a decrease of fpc,loc. Due to the series resistance,
a higher Jsc increases the voltage drop across the junction (at a constant external
voltage) and decreases therefore also the junction resistance rj. A decrease of the
shunt resistance Rp on the other hand only decreases fpc,loc at low voltages and
increases it at higher voltages. A shunt may increase rj at certain external voltages
due to a lower voltage drop across rj and a resulting higher resistance of the diode.
This happens as rj is also in series with rs and the external voltage is divided up
between them. However, at lower external voltages a shunt usually lowers the rj

and therefore decreases fpc,loc in this regime.

Additionally, it is important to note that at the open circuit voltage the pho-
tocurrent collection efficiency is not zero. Even if the net current flow through
a sample is zero at a fixed voltage Vext = Voc, the current still changes if the
illumination of the solar cell is changed and the voltage stays fixed.
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(a) varying series resistance (b) varying dark saturation current

(c) varying short circuit current (d) varying shunt resistance

Figure 6.4.: Influence of various parameters on the voltage dependence of fpc,loc. The
arrows show in the direction of increasing parameters (a) Rs = 0.1−1.6 Ωcm2 in 0.3 Ωcm2

steps. (b) J0 = 0.5 − 10.5 × 10−13 A/cm2 in 2 × 10−13 A/cm2 steps. (c) Jsc = 0 −
0.05 A/cm2 in 0.05 A/cm2 steps. (d) Rp = 5, 10, 20, 40, 80, 1010 Ωcm2. Baseline shown
in black. Parameters: Rs = 1 Ωcm2, J0 = 2.5 × 10−13 A/cm2, Jsc = 0.03 A/cm2,
Rp = 1010 Ωcm2. The corresponding J/V -characteristics are shown in Figure 2.6.
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Noise

The images of the luminescence radiation taken by the camera are subject to
noise. An image contains a discrete number of counts X for every pixel and this
number of counts is assumed to be Poisson-distributed, which converges for large
X to normal distributed. This means that the error or noise, σX , is equal to

√
X

[108]. Thus, the relative error, σX/X, decreases with X. As X increases with the
integration time of the camera, longer integration times yields images less affected
by noise. However, an arbitrary increase of the integration time is not always
possible. Thus, especially at low voltages where the luminescence signal is low,
noise has a significant influence on the measurement results. Furthermore, due to
the calculation procedure used to determine fpc,loc from luminescence images (cf.
Equation 6.5 or 6.6) the relative noise will increase. Therefore, it might be that
individual luminescence images are not very noisy, but the resulting fpc,loc image
is noisy.

In the following it is discussed how noise alters fpc,loc imaging results. With
increasing noise the image subtractions result more often in negative values and
zeros (when they should be positive if no noise is present) that leads to nonphysical
or non-defined fpc,loc values. When that happens fpc,loc was set to zero to be able
to calculate an image average value. Therefore, the fpc,glob for a complete cell
determined from the images is biased towards zero at low voltages, where noise
is unavoidable. The effect is reproduced in Section 6.4.2, where noise is added to
simulation results.

To quantify the influence of noise on the measurement result, the error on the
original luminescence images (estimated by assuming a normal distribution) is
propagated to the final fpc,loc value via the Gaussian error propagation law [109].
With Equation 6.5 we obtain for the error of fpc,loc (cf. Appendix A)

σfpc,loc =

√√√√(√Scam,1 + Scam,bg

Scam,1 − Scam,bg

)2

+

(√
Scam,2 + Scam,bg

Scam,2 − Scam,bg

)2
Vth

δVext

(6.11)

To estimate the error on fpc,glob the average of every error value σfpc,loc for each
pixel included in fpc,glob is taken.

6.1.2. The Total Photocurrent Collection Efficiency

Under real operating conditions the whole solar cell turns from an operating point
where it is complete in the dark to an operating where the whole cell area is
illuminated, meaning that not only a local photocurrent density is changed by a
large amount, but additionally the local photocurrent density is changed across the
whole sample. To know how much of the locally generated photocurrent is actually
collected at the terminals of the device under these conditions, the differential
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photocurrent collection efficiency is not sufficient. Therefore, we define the total
local photocurrent collection efficiency Fpc,loc as the photocurrent density collected
from a certain area jcoll,loc divided by the locally generated photocurrent

Fpc,loc (Vext, jph, r) =
jcoll,loc (Vext, jph, r)

jph (r)
. (6.12)

To determine Fpc,loc we need to know the total current density change jcoll,loc

originating from a region r due to the generated photocurrent changing on the
whole sample. We obtain jcoll,loc by integrating Equation 6.4 from 0 to jph

jcoll,loc (Vext, jph, r) =

∫ jph

0

fpc,loc

(
Vext, j

′
ph, r

)
dj′ph. (6.13)

By using again the assumption that the differential photocurrent collection effi-
ciency is one at zero Vext and that the quantum efficiency of the device is position
independent it follows that the short circuit current density is equal to locally
generated photocurrent density. Thus, by using jph = Jsc we obtain the following
calculation principle for Fpc,loc

Fpc,loc (Vext, Jsc, r) =
1

Jsc

∫ Jsc

0

fpc,loc (Vext, J
′
sc, r) dJ ′sc. (6.14)

In words the equation means that for an experimental determination of Fpc,loc, we
have to determine fpc,loc at several illumination steps, then multiply the images
with their respective short circuit current density changes between the steps and
finally divide by the total short circuit current density measured at the illumination
condition that we are interested in. It is also for the total photocurrent collection
efficiency possible to determine from the local values a global value (cf. Equation
6.3)

Fpc,glob (Vext, Isc) =
Icoll,glob (Vext, Isc)

Isc

=
1

A

∫ ∫
Fpc,loc (Vext, Isc, r) dA. (6.15)

As discussed Icoll,glob is the difference between an illuminated and a dark I/V
characteristic at a certain voltage (cf. Equation 6.2). Thus, in contrast to the
differential photocurrent collection efficiency the total photocurrent collection is
closely connected to the actual electrical characteristics of a solar cell and an image
of it allows to establish a quantitative relation between photocurrent collection
losses and their local origin on the sample.

6.1.3. From Collected Photocurrent to Collected Power and
Net Power

In this Section we explore how the photocurrent collection efficiency image is
connected to an image showing the power provided by solar cells. To this end
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we divide the net power output of a sample into two parts (cf. Figure 6.5). The
first part, the ’collected power’ CP would be given by the amount of collected
photocurrent at a certain voltage. The second part, the ’dissipated power’ DP of
a solar cell is determined by the current flow through a solar cell in the dark.

Figure 6.5.: Sketch demonstrating how the net power output of a solar cell is defined
by its dissipated power (grey square) and its collected power (red patterned square). By
subtracting the dissipated power from the collected power the net power provided by a
solar cell is obtained (blue square).

As discussed in Section 6.1.2 a Fpc,loc image is linked via Equation 6.15 to the
difference between the dark and illuminated I/V characteristic of a sample at a
certain voltage, the collected photocurrent Icoll,glob. A collected power image CP ,
which shows the power collected from each region of the solar cell, is obtained by
multiplying an jcoll,loc image with the external voltage for which it was taken. It
follows

CP = jcoll,loc × Vext = Fpc,loc × Jsc × Vext. (6.16)

A CP image does not describe the perfomance of a region, because the power
dissipated in the region is not yet taken into account. For example, if we consider
a severe shunt where no charge carrier are generated or collected from, the region
yields a Fpc,loc value of zero, but for the local performance it is important that
we also consider that current is driven through the shunt by the external voltage
actually resulting in not only no power gained from the region but also power lost.
Thus, an additional image is needed which corresponds in its sum to the external
current at a certain voltage in the dark, so that we can obtain an image of the
dissipated power DP from it.

In experiments it is not possible to determine a DP image without further as-
sumptions. Thermography images are only suitable to a limited extent [110]. The
power image obtained from thermography imaging includes the power dissipated
in the contacts of a solar cell and in the junction, while the DP image is defined so
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that the locally dissipated power is only given by the current through the junction
and the external voltage. Thus, it is only possible to use thermography images
to determine a dissipated power image if it can be assumed that most of the ex-
ternal voltage drops across the z-direction of the solar cell and not other series
resistances. However, with simulations it is possible to determine a DP image by
multiplying an image of the current flow in the dark in the z-direction through
the cell with the respective voltage for which it was calculated. The sum over this
current flow everywhere in the sample results in the total current flow through
the sample at a certain voltage, because there is no current generated in the solar
cell in the dark and therefore no current is able to flow in circles in the solar cell.
Therefore, multiplying the image of the current flow with the external voltage
results in an image that corresponds with its sum to the total power dissipated
by the solar cell.

If determined correctly, the ’dissipated power’ image subtracted from the ’col-
lected power’ image yields a ’net power’ image describing the actual performance
of a certain region (cf. Figure 6.5)

NP = CP −DP. (6.17)

The integral across the net power image is then by definition equal to the power
output of a solar cell also given by its I/V characteristic

P (Vext, Isc) = Iext(Vext, Isc)× Vext =

∫ ∫
NP (Vext, Isc, r) dA. (6.18)

6.2. Crystalline Silicon Solar Cells

The experimental demonstration of the differential and total photocurrent collec-
tion efficiency imaging methods are begun by looking at mono-crystalline silicon
solar cells. As luminescence imaging is a well established method for mono-crys-
talline cells such a solar cell is used to verify the photocurrent collection efficiency
imaging methods on a global scale, experimentally. Furthermore, this section in-
cludes PVMOS simulations of crystalline silicon solar cells that verify differential
photocurrent collection efficiency images on a local scale and demonstrate the in-
fluence of several local properties on the total photocurrent collection efficiency
and net power images.

6.2.1. Experimental Results

The Differential Photocurrent Collection Efficiency

The crystalline silicon solar cell described in Section 3.1.4 was used for the
first photocurrent collection efficiency measurements. The sample exhibits several
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cracks. Therefore, it is expected to see local features. An electro-modulated
photoluminescence image for Vext=0.45 V close to the maximum power point of
the sample is shown in Figure 6.6. The EM-PL image shows several regions where
the luminescence intensity is higher than in other areas and therefore the local
junction voltage is increased. These effects mainly arise from the cracks in the
sample which lead to broken fingers and high transport resistance towards the
bus-bars.

Figure 6.6.: EM-PL Image of a 12.5 × 12.5 cm2 c-Si Cell determined at Vext=0.45 V.
For the laser intensity at which the image was taken the samples Voc was approximately
0.6 V and Jsc approximately 32 mA/cm2, which is close the respective values under
standard test conditions (Voc =0.6 V,Jsc =32.7 mA/cm2).

Figure 6.7 shows the fpc,loc images, determined with δVext=0.02 V at Vext=0.45 V
for different illumination intensities. Thus, the luminescence images used to cal-
culate fpc,loc were taken at an applied voltage of 0.44 V and 0.46 V. The cracks
and defects seen in the EM-PL image are visible again and additionally the im-
age quantifies their influence on the photocurrent collection. Furthermore, we see
how an increase of illumination leads to reduction in the photocurrent collection
efficiency, as expected (cf. Section 6.1.1).

To verify the measurement results Equation 6.3 is used. Thus, fpc,glob was
determined in two ways: First electrically by varying the illumination slightly and
measuring for both illumination states Icoll,glob and Isc and second via imaging of
fpc,loc and taking the average over the samples active area. Figure 6.8 shows the
results for four different voltage points and three different illumination intensities.
Both measurement overlap well proving that the Wong-Green Theorem [29] for the
determination of the local differential photocurrent collection efficiency is working
well.
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(a)

(b)

(c)

Figure 6.7.: Differential photocurrent collection efficiecy images of a c-Si solar cell
taken under different illumination conditions with Vext=0.45 V. (a) Jsc=11.8 mA/cm2;
(b) Jsc=21.9 mA/cm2; (c) Jsc=32 mA/cm2. Reprinted from [104], with the permission
of AIP Publishing.
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Figure 6.8.: The global differential photocurrent collection efficiency of a c-Si solar cell
determined at different illumination conditions (given by the respective short circuit
currents) plotted against the external voltage. The results in blue are determined from
external electrical measurements and the results in red are determined via the average
of the fpc,loc images. The overlap of the curves shows that the photocurrent collection
efficiency imaging method provides quantitatively correct results.

The Total Photocurrent Collection Efficiency

The total photocurrent collection efficiency was measured for the same c-Si solar
cell that was used in the previous section. For that fpc,loc images were measured
at several more different illumination intensity. The laser intensity was increased
in 12 steps from zero to 0.115 W/cm2. The maximum illumination intensity cor-
responded to a short circuit current density of 32 mA/cm2 of the solar cell, which
is close to the short circuit current density of the solar cell under standard AM
1.5 spectrum (32.7 mA/cm2, cf. Section 3.1.4). Simultaneous to the measuring
of the fpc,loc images also the external current changes due to the illumination
changes were recorded. From these measurements an Fpc,loc image is calculated
using Equation 6.14.

On a global scale the calculation process is visualized in Figure 6.9. When
plotting the global differential photocurrent collection efficiency versus the short
circuit current density at which it was measured, the area below the curve cor-
responds to the global collected photocurrent density Jcoll,glob. Dividing Jcoll,glob

by the short circuit current density yields the total global photocurrent collection
efficiency.

Figure 6.10 shows the actual Fpc,loc image. The image looks in principle quite
similar to the fpc,loc images (Figure 6.7). However, due to the fact that the pho-
tocurrent collection is more efficient at lower illumination intensities the total
photocurrent colletion efficiency image yields always higher values than the dif-
ferential one (for the same operating point). Thus, the differential photocurrent
collection efficiency measurements overestimates the influence of defects on the
photocurrent collection properties of the solar cell.
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Figure 6.9.: Demonstration of the calculation of the total photocurrent collection ef-
ficiency from the differential photocurrent collection efficiency. When plotting the dif-
ferential photocurrent collection efficiency versus the short circuit current density the
area under the graph yields the collected photocurrent density. Dividing the collected
photocurrent density by the maximum short circuit current density leads to the total
photocurrent collection efficiency.

Figure 6.10.: Total photocurrent collection efficiency image of a c-Si solar cell taken
for Vext=0.45 V and Jsc=32 mA/cm2. The image was used to estimate the current loss
in the green framed area that results from a crack. More details in the text. Reprinted
from [104], with the permission of AIP Publishing.
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As an example what can be learned from the Fpc,loc image, the green framed
region in Figure 6.10 is analyzed in more detail. In this region the photocurrent
collection efficiency is reduced due to a crack in the solar cell. The fingers are
no longer connected to the bus-bar and the area therefore has a higher series
resistance. The area has an average Fpc of 0.52. Using the area size (5.3 cm2) and
the short circuit current density of 32 mA/cm2 we can calculate that at 0.45 V
88 mA of the total collected photocurrent originate from the green framed region.
In contrast to that has the red framed region (which is of the same size and at
a similar position, but not influenced by the crack) an average Fpc of 0.74 and
therefore 126 mA originate from this region. Thus, due to the crack in the green
framed region the sample loses around 38 mA of its generated photocurrent. As
the solar cell collects in total at 0.45 V 3.01 A the crack results in a photocurrent
loss of about 1.3 %.

Figure 6.11.: The global total photocurrent collection efficiency of a c-Si solar cell
determined for a short circuit current density of 32 mA/cm2 plotted against the external
voltage. The results in blue are determined from external electrical measurements and
the results in red are determined via the average of the Fpc,loc images. The closeness
of the two curves underlines the validity of the total photocurrent collection efficiency
imaging method.

As for c-Si solar cells the theory of the differential photocurrent collection effi-
ciency was already verified (cf. Section 6.2) and only mathematical transformation
of these values were used to determine the total photocurrent collection efficiency
there should be no reason why Equation 6.15 should not hold. However, to em-
phasize that, Figure 6.11 shows the global total photocurrent collection efficiency
values determined directly from electrical measurement and determined from the
averages of Fpc,loc images at different voltages for the maximum illumination in-
tensity. The results are close together and show the same dependence on Vext. The
slight offset might result from imperfect active area determination, which adds a
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systematic error.

6.2.2. Simulation and Discussion

In this section PVMOS simulations of a small crystalline silicon solar cell with
and without a shunt will be used to verify the differential photocurrent collection
efficiency method on a local scale. Furthermore, a full scale crystalline silicon solar
cell will be modeled with an without defects. The newly developed total photocur-
rent collection efficiency and net power imaging methods will be demonstrated
and verified using these silicon solar cell models. Additionally, the simulations
will show how various types of defects affect the imaging results.

Verification on a Local Scale

The differential photocurrent collection efficiency fpc,loc is defined as the change
of the current at the terminals of a device when the locally generated photocur-
rent changes (cf. Section 6.1.1). In the experiments relation 6.4 was used to
determine fpc,loc and the relation was verified by calculating from fpc,loc the global
photocurrent collection efficiency fpc,glob(cf. Equation 6.3), which is measurable
independent of the imaging procedure. To test the relationship on a local scale
experimentally is a lot more challenging, as a setup would be needed that can
locally vary the illumination of a sample while the sample is under a bias illumi-
nation under normal operating conditions. For this reason PVMOS simulations
are used to calculate fpc,loc directly from varying the local illumination intensity.
The program allows the fast determination of the change of the current at the
terminals of a device resulting from a small change in the local photocurrent.

For the first PVMOS cell simulations, a small silicon solar cell was modeled.
The cell was 2 x 2 cm2 large and had a grid with one bus-bar and five fingers. The
used diode and resistance parameters are given in Section 3.1.4 (Table 3.7). The
smaller cell structure (compared to the measured crystalline silicon solar cell) was
chosen to avoid extensive calculations that arise with the direct determination of
fpc,loc in PVMOS. The results of the fpc,loc simulations for this cell and the same
cell including a circular shunt with a resistance of 1.5 ×10−4 Ωcm2 and a diameter
of 0.4 mm are seen in Figure 6.12. It is seen, that the fpc,loc images calculated
from the local junction voltage changes using dVj/dVext is equal to the directly
calculated image using djcoll,loc/djph. Additionally, the fpc,glob values calculated
from the different images align well. Thus, Equation 6.4 holds. The resolution
differences result from a missing interpolation step, which was not performed for
the direct fpc,loc calculations.

The following idea is added to the differential photocurrent collection efficiency:
Equation 6.4 was derived for an infinitesimal change in the locally generated pho-
tocurrent [29]. There are two ways to obtain a small photocurrent change. The
first one is to change the illumination of the area, for which we want to know the
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(a) (b) (c)

(d) (e) (f)

Figure 6.12.: Differential photocurrent collection efficiency images simulated for two
2 × 2 cm2 c-Si solar cells under illumination at Vext=0.56 V. (a),(d) was calculated
using the differences of junction voltage images as used in the experiments; (b),(e) was
determined by observing the external current changes resulting from infinitesimal local
photocurrent changes; (c),(f) was calculated by observing the external current changes
resulting from local photocurrent density change equal to the total locally generated
photocurrent density. The cell simulated at the bottom has a shunt, while the top cell
has no defect.

photocurrent collection efficiency, slightly. In fact that was done in the experi-
ments when the global photocurrent collection efficiency was determined. How-
ever, another way to achieve an infinitesimal change of the photocurrent would be
to make the area where we change the photocurrent infinitesimal small. In such a
way, even if the photocurrent density change is equal to the photocurrent density
of the solar cell, the actual photocurrent change is very small. Thus, the change of
the current at the terminals of a sample resulting from a certain small area being
completely shadowed, is expected to be given by the fpc,loc of that area.

The idea was tested by calculating in the simulations fpc,loc images that result
from setting the photocurrent completely to zero once for every node and ob-
serving the resulting external current change. As seen in Figure 6.12 the results
are identical to the fpc,loc images determined from junction voltage changes or
infinitesimal small photocurrent changes (not under the grid as the PVMOS algo-
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rithm does not induce a photocurrent change there as the original photocurrent
under the grid is already zero). This shows that fpc,loc not only gives informa-
tion about how much a small photocurrent change influences the current at the
terminals of the device, but also how a larger local photocurrent density change
even equal to the one resulting from 1 sun illumination or complete shadowing
influences the current at the terminals of the device.

However, it should not be misunderstood: It does not follow that we obtain the
current loss that would result from a complete shadowing of the cell by adding up
the losses from the different partial shadowing. The fpc,loc value of a certain area
still only holds if the rest of the sample is under the condition for which it was
determined. Meaning that if a complete cell is shadowed the fpc,loc image deter-
mined beforehand for a condition where the sample was completely illuminated
does not hold anymore. It will not describe the current loss resulting from the
shadowing, as the operating condition of the complete cell changed.

Shunt Simulations

In the experiments it is difficult to estimate the effect of a shunt on fpc,loc,
especially if we want to compare a situation with a shunt to the same situation
without a shunt. Different cells vary slightly and introducing a realistic shunt into
a solar cell is difficult. However, in simulations it is possible to introduce a shunt
into a solar cell while all other properties stay constant. In this section further
simulations results for the cells used in the previous section are discussed and we
take a look at the role of the shunt in more detail.

The calculated fpc,loc images for the cell with the shunt are compared in Figure
6.13 to the fpc,loc images of the cell without the shunt at different voltages. At both
operating points the shunt decreases fpc,loc close to it. However while at 0.46 V the
shunt reduces the fpc,loc in the adjacent area framed by the grid compared to the
non-shunted cell, at 0.71 V the fpc,loc is larger in in the adjacent area framed by
the grid of the shunted cell than the non-shunted cells (except close to the shunt).

When looking at the fpc,glob determined from the averages of the images in
Figure 6.14 it is also seen that the shunt reduces fpc,glob at low voltages while it is
larger at high voltages. As the result is very similar to the one predicted by a one
diode model (cf. Figure 6.4) the same argument is used to explain the effect. The
shunt reduces the local junction voltages at a given external voltage. This leads to
a less conductive diode counteracting the increased conduction resulting from the
shunt. This increased diode resistance leads to an increase of the photocurrent
collection efficiency especially at operating points where the conduction of the
diode limits photocurrent collection. A shunt is the easiest example to show that
a differential photocurrent collection efficiency image cannot be easily used to
describe the local performance of a solar cell.
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(a) 0.46 V (b) 0.46 V

(c) 0.71 V (d) 0.71 V

Figure 6.13.: Simulated fpc,loc images of a shunted (b,d) and a non shunted (a,c) cell
at different operating voltages under illumination. Depending on the operating point
the shunt may decrease or increase the photocurrent collection efficiency of certain cell
areas.

Figure 6.14.: The quantity fpc,glob calculated from fpc,loc images at different voltages
for a shunted and a non-shunted simulated solar cell. Depending on the operating
voltage the shunt may increase or decrease the photocurrent collection efficiency.
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The Total Photocurrent Collection Efficiency

To demonstrate that total photocurrent collection efficiency imaging can be ap-
plied to any kind of solar cell that can be modeled with a standard equivalent
circuit network, a realistic larger c-Si solar cells is simulated using PVMOS. The
total photocurrent collection efficiency is determined and verified using a compar-
ison to the electrically determined global total photocurrent collection efficiency
(cf. Equation 6.15). The cell is 12.5 x 12.5 cm2 large and is contacted via a grid
consisting of three bus-bars and 63 fingers. Again, the parameters introduced in
Section 3.2.2 (Table 3.7) are used to describe the electric properties. The cell was
simulated with and without additionally introduced defects. The defects were a
circular shunt with a diameter of 0.4 cm and a resistance of 0.15 Ωcm2, as well as
a region where the emitter sheet resitance was increase to 1000 Ω and a region
where the dark saturation current was increased to 7 · 10−7 mA/cm2. The defects
may seem quite drastic and are unlikely to appear like that in a real solar cell.
However, verifying that Fpc,loc imaging even works under such conditions shows
the robustness of the method.

Figure 6.15 shows the Fpc,loc images for different voltages under illumination.
For the determination of Fpc,loc the locally generated short circuit current density
was changed in 8 steps from 0 to 35 mA/cm2 and fpc,loc images are determined at
each step using δVext=0.02 V. For the defected and the non-defected cell again the
typical decrease of the photocurrent collection with increasing voltage is seen. We
also see in the defected cell how all the introduced defects reduce the photocurrent
collection. The shunt is visible at all applied voltages while the areas where the
series resistance or dark saturation current are increased only lead to a higher loss
of photocurrent at higher voltages.

It is visible here [especially by comparing Figure 6.15 (a) and (b)] that defects
will also influence the photocurrent collection properties of the surrounding area,
which is not defected. The Fpc,loc of non-defected regions in a defected cell will
always be influenced by the defected region. Therefore, we have to be careful when
making a photocurrent collection loss analysis using different areas in the same
solar cell as was done in Section 6.2.1. The photocurrent loss analysis discussed
in the previous experimental section (Section 6.2) was correct as the defect was
a series resistance problem and it is unlikely that the increased series resistance
on one side of a solar cell influenced the series resistance of the other side of the
solar cell much, especially with the fingers and the bus-bar present. However, to
be more sure, comparisons via simulations or measurements to similar cells, which
are non-defected are necessary.

Figure 6.16 shows again a comparison of the Fpc,glob values determined via the
imaging technique and determined from the electrical characteristic of the cell
(cf. Equation 6.15). That the results overlap so well even for the defected cell,
shows again the applicability of the total photocurrent collection efficiency imag-
ing method and also its accuracy as long as the sample can be described by the
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(a) 0.41 V (b) 0.41 V

(c) 0.51 V (d) 0.51 V

(e) 0.61 V (f) 0.61 V

Figure 6.15.: Total photocurrent collection efficiency for two simulated 12.5 × 12.5 cm2

c-Si solar cells at different voltages under illumination. (a), (c) and (e) belong to the
same non-defected cell; (b), (d) and (f) belong to the same defected cell. To show the
influence of different defects the defected cell contains a shunt, a region where the front
contact resistance was increased, and a region where the dark saturation current was
increased.
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Figure 6.16.: The global total photocurrent collection efficiency of a defected and
non-defected simulated c-Si solar cell determined for a short circuit current density of
35 mA/cm2 plotted versus the external voltage. The results in blue are determined from
external electrical characteristics and the results in red are determined via the averages
of the Fpc,loc images. The excellent overlap of the curves shows the validity of total
photocurrent collection efficiency imaging for solar cells.

equivalent circuit network used in [29] and homogeneous photocurrent generation
can be expected. The method does not need any additional assumptions or ap-
proximation and it exactly relates electrical properties of the sample to its local
origin within the cell. Note, that there is no way to measure or simulate an Fpc,loc

image without the use of fpc,loc images.

Net Power Imaging

In the following it will be demonstrated for a c-Si solar cell, how to calculate
a net power image using simulations. For that the same defected c-Si solar cell
is used, which was already used in the previous section. As discussed for a net
power image, a collected and dissipated power image are needed. The CP image
is calculated from a Fpc,loc image using Equation 6.16. The results are seen in
Figure 6.17 (a),(b) and (c). Collected power images look very similar to Fpc,loc

images except that their values decline towards high and low external voltages (cf.
Equation 6.16, not visible in the figure). The DP images for the same voltages
are shown in Figure 6.17 (d),(e) and (f) and were determined from the current
flow through the z-direction of the solar cell multiplied with the external voltage.
These images only increase with increasing voltage. We see that the dissipated
power is higher through the shunt of the cell at all voltages. The power loss due
to the region where J0 is increased only starts at higher voltages. What is also
interesting, is that the region of enhanced series resistance shows a lower dissipated
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power as the current flowing there is limited by the resistance.
By subtracting the DP image from the CP image, the NP image is obtained

(Figure 6.17 (g),(h) and (i)). These images are directly related to the power output
of the cell at the different voltages. At low voltages it is more influenced by the
photocurrent collection properties of the solar cell as not much power is dissipated
in most of the cell (except for the shunted region). As the voltage increases, the
loss of power due to the recombination and shunts increases and heavily influences
the performance of the different regions. Note, that the power output of regions
can also be negative. The scale only does not go below zero for a better visibility
of differences.

In Figure 6.18 it is shown that Equation 6.18 holds in our simulation. The net
power output (positive values mean the solar cell is producing energy) is deter-
mined from the simulated I/V characteristic of the defected and a non-defected
solar cell and calculated from the integral across the respective NP images. As
the results overlap well, with NP imaging a method is obtained that quantifies the
performance of a region in a solar cell. Its overall intensity is highest at the max-
imum power of the solar cell. The image yields exactly how much each individual
area of a solar cell contributes to the overall power output of the cell.

However, it is important to note, that the net power output of a region is not
only related to the materials properties in this region. For example, the material
close to the shunt is not better or worse than the material further away from it,
but we see especially in Figure 6.17 (i) that the power output from that area seems
to be higher than from areas further away from the shunt that are not influenced
by other defects. The reason for that is that the shunt pulls current away from the
surrounding area, meaning that less power is dissipated there (but more power is
dissipated in the shunt). As the photocurrent collection from the area around the
shunt is not affected by the shunt in the same scale, the area around the shunt
provides more output power to the solar cell than other areas although its local
material properties are actually the same.
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(a) 0.41 V (b) 0.51 V (c) 0.61 V

(d) 0.41 V (e) 0.51 V (f) 0.61 V

(g) 0.41 V (h) 0.51 V (i) 0.61 V

Figure 6.17.: Collected, dissipated and net power images for a defected c-Si solar cell
at different voltages. The net power image result from a subtraction of the dissipated
power image from the collected power image.
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Figure 6.18.: The total power output of a defected and non-defected simulated c-Si
solar cell, determined simply from I/V characteristics (blue) and from net power images
(red). The overlap shows that the integral over the net power images yields exactly the
total power output of the solar cell.

6.3. Solar Modules

In the following it will be discussed and demonstrated how photocurrent collection
efficiency imaging works for solar modules and what can be learned from the
results. As solar modules consist of series connected solar cells, it needs to be
understood how the series connection influences fpc,loc. In [111] it was shown that
Equation 6.4 also holds for the case of series connection of cells, which makes
imaging of fpc,loc for modules possible. However, the properties and size of fpc,loc

will change due to the series connection of several cells.
Again, a simplified linearized equivalent circuit describing a solar module is

used to analyze the changes to fpc,loc we are expecting from experiments on solar
modules. Figure 6.19 shows such a linearized equivalent circuit of a module with
four cells. The resistors ri stand for solar cells which are connected in series. The
photocurrent collection efficiency for one cell i in the shown circuit can be derived
similar to the photocurrent collection in a one diode model (cf. Equation 6.9 and
6.9). It reads

fpc,i =
δIcoll

δIph,i

=
ri∑ncell

i=1 ri
, (6.19)

where ncell is the number of cells in the module. Thus, if all the cells are equal
in a module the photocurrent collection efficiency of the individual cells is smaller
by the factor of 1/ncell compared to the fpc of single cell.

This behavior of fpc for modules also holds when fpc is determined from local
junction voltage images. An external voltage change is divided up between all the
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Figure 6.19.: Linearized equivalent circuit that describes a solar module. The resistors
r1-4 describe the individual cells in the module. A photocurrent induced in one cell has
to flow through all others cells to be collected.

individual cells in the module and the local junction voltage is therefore depending
on all the individual cells in the module

fpc,i =
δVj,i

δVext

=
ri∑ncell

i=1 ri
. (6.20)

Note, that Equation 6.19 and 6.20 are derived for the shown simplified circuit in
Figure 6.19, which does not include any series resistances in cell i.

6.3.1. Experimental Results

For the analysis of modules the two CIGS mini-modules that were already ana-
lyzed in Chapter 5 are used. Note, that the influence of the series connection on
the photocurrent collection efficiency seen and discussed in this section are also
relevant for crystalline silicon solar modules. The results discussed here were con-
firmed with outdoor photocurrent collection efficiency measurements performed
on crystalline silicon solar modules in parallel to this work [9].

The same procedure that is used for solar cells to measure differential photocur-
rent collection efficiency images is applied to solar modules. Using the log-method
photocurrent collection efficiency images were determined for the two mini-mod-
ules at different voltages using δVext=0.2 V. The results are shown in Figure 6.20.
As expected the fpc,loc values are significantly lower than the one measured for
solar cells. Note that the scale in the images goes to 0.059 which is approximately
1 divided by the number of cells of the module. Except that its magnitude is
decreased, fpc,loc behaves for the module without the defects very similar to the
fpc,loc of a single cell. At low voltages fpc,loc of the individual cells is homoge-
neous while at higher voltages we see the increased influence of the front contact
resistance, which decreases fpc,loc on the right side of the cells.
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(a) 9.6 V (b) 11.6 V

(c) 9.6 V (d) 11.6 V

Figure 6.20.: Differential photocurrent collection efficiency images of two CIGS solar
modules (8.6 × 6.8 cm2) at different voltages under illumination. (a) and (b) a module
with no severe defects.(c) and (d) a module with shunts. Reprinted from [102], with the
permission of AIP Publishing.

More surprising is the behavior of fpc,loc of the shunted cells in the defected
module [Figure 6.20 (c)]. At the lower voltage the shunted cells (cell 8,9,10 and
15 counted from the left) show an overall larger fpc,loc than the non shunted cells.
Although, it was already discussed that this increase can occur in single cells due
to shunts, the effect is usually expected at higher voltages (cf. Figure 6.13 and
6.14). In contrast, the fpc,loc images at at higher voltages (Vext=0.56 V/cell) look
very similar and the shunts have nearly no influence. Thus, it is concluded that
the effect results from the series connection of cells.
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6.3.2. Simulations and Discussion

Differential Photocurrent Collection Efficiency

To prove that the increased fpc,loc of the shunted cell is indeed a result of the
series connection PVMOS simulations were used. Simulations provide the op-
portunity to analyze the single cell properties without the influence of the series
connection, making it possible to differentiate between effects resulting from the
defects in the cell and effects resulting from series connection. In the following
the fpc,loc images at different voltages under illumination are determined for the in
Section 5.1 and 5.2 studied and simulated module with defects. Additionally, an
fpc,loc image is determined from the simulations, where the photocurrent collection
efficiency for the individual cell is determined without the influence of the series
connection. This image is obtained by dividing the δVj image of each individual
cell by their respective local cell voltage change that is induced by an external
voltage change. This quantity is not easily determinable in an experiment but in
the simulations it is possible to obtain the exact voltage drop across each cell.

Figure 6.21 shows the calculated images. At 9.6 V the shunted cells show a larger
photocurrent collection efficiency than the other cells, while the effect is reduced
at higher voltage. This behavior was also seen in the experiment. Additionally,
the simulations provide images at lower voltages where the signal-to-noise ratio
inhibits the acquisition of experimental results. Here, we see that at 4 V the
photocurrent collection efficiency of the shunted cells decreases again below the
fpc,loc of the other cells.

When looking at the fpc,loc determined as if the cells were not connected in series
[Figure 6.21 (d),(e),(f) ], we see the typical behavior for a shunted cell, which was
already discussed in Section 6.1.1 and 6.2.2. Thus, the low photocurrent collection
efficiency of the shunted cell at low voltages and its increase above the fpc,loc of
the other cells towards higher voltages is a result of the series connection of several
cells. The behavior is again illustrated in Figure 6.22. In part (a) it shows the
behavior of the average the fpc,loc values of a shunted and a non shunted cell, as
it was determined for the whole module. The fpc,loc of the shunted cell exhibits
a maximum around 8 V. We also see that around the same voltages the fpc,loc

of the non-shunted cells obtains a local minimum, which is also not expected for
fpc,loc values of single cells. The behavior of fpc,glob when determined for cells
individually is seen in part (b) of Figure 6.22. Here, we see that the influence of
the shunt on the overall photocurrent collection efficiency of the cell is actually
minor, if the cells would be operated alone without the series connection to other
cells.

Figure 6.23 is used to explain the behavior of fpc,loc in a module. It shows the
I/V -characteristic of shunted and a non shunted cell. If the two cells are connected
in series it means that the current through the cells will be the same while the
voltage across the individual cells can vary. Let us assume we are interested in the
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(a) 4 V (b) 9.6 V (c) 11.6 V

(d) 4 V (e) 9.6 V (f) 11.6 V

Figure 6.21.: Modelled photocurrent collection efficiency images of a CIGS Module
with shunts. In (a),(b) and (c) the fpc,loc was determined for the complete module;
(d),(e) and (f) show the corresponding fpc,loc if it would be determined for each cell
individually without the influence of the series connection to the other cells. Reprinted
from [102], with the permission of AIP Publishing.
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(a) (b)

Figure 6.22.: The average photocurrent collection efficiency of a shunted cell (8th
from the left) and non-shunted cell (5th from the left)in the simulated module. (a)
Determined while the cell is as usually connected in series to the other cells of the
module; (b) determined for the cell as it would be seen without the series connection.
Reprinted from [102], with the permission of AIP Publishing.

Figure 6.23.: I/V -characteristic of a shunted (black dashed line) and a non-shunted
cell (black compact line) to understand how the series connection of cells in a module
influences the photocurrent collection efficiency measurement. As the two cells operate
in series, an external voltage changes leads in both cells to the same current change (light
blue vertical lines). The resulting voltage change across the two individual cells can be
larger for the shunted cell resulting in a larger fpc,loc of the shunted cell. Reprinted from
[102], with the permission of AIP Publishing.
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fpc,loc of the two cells at the operating point defined by the current of the blue dot.
To determine this fpc,loc image the external voltage (across both cells) is varied
slightly (by δVext), which in turn results in an equal current change through the
two cells (illustrated by the red dots and the two light blue vertical lines). Now
this current change, leads in the shunted cell to a larger voltage change than
for the non-shunted cells. This happens as, at the same current, the differential
resistance of a shunted cell can actually be higher than the differential resistance of
the non-shunted cell. As we now see, this leads to a change of the junction voltage
of the shunted cell that is higher than the change of the junction voltage of the
non-shunted cell, which leads then according to Equation 6.4 to a larger fpc,loc of
the shunted cell. The effect is reversed at low currents as the differential resistance
of the non-shunted cell is high at low currents. At high voltages the differential
resistance of both cells align, leading to a similar photocurrent collection efficiency.

This behavior seen for the fpc of shunted cells in solar modules is also described
in Equation 6.19 or 6.20. It states that the photocurrent collection efficiency of
a cell in a module depends on the ratio between its own series resistance and
the series resistance of all cells in series. Thus, we can differentiate between three
possible situations. First, if the cell’s resistance is lower than the average resistance
of all the cells in the module, the cell’s photocurrent collection efficiency will also
be lower than the average photocurrent collection efficiency of the module. The
cell’s ability to collect photocurrent is decreased due to recombination within the
cell. Second, if the cell’s resistance is higher than the average resistance of all
the cells in the module, the cell’s photocurrent collection efficiency will also be
higher. In this case, the recombination within the cell has a higher resistance and
it therefore is able to collect more photocurrent. However, the cell also imposes
a higher series resistance on the other cells in the module and therefore decreases
their photocurrent collection efficiency. The third possible situation would be that
a cell’s resistance is similar to the resistance of the other cells. In this case the
photocurrent collection efficiency is also similar to the other cells.

As discussed with the help of Figure 6.23, the differential resistance of a shunted
cell is from low to high currents first lower than the resistance of a non-shunted
cell, then becomes larger than it, and then becomes equal to the resistance of the
non-shunted cell. Note, that this behavior of the differential resistances is due
to a comparison of the individual cell resistances at the same currents instead of
the same voltages. The behavior of the differential cell resistance then results in
the respective behavior of the photocurrent collection efficiency. The sensitivity
of the photocurrent collection efficiency to individual cell resistances and their
relation to the average resistance of all the cells in the module makes photocurrent
collection efficiency imaging useful to analyze and quantify the role of defects in
solar modules.
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Total Photocurrent Collection Efficiency

As the differential photocurrent collection efficiency is also measurable for mod-
ules (cf. Section 6.3.1), it should be also possible to determine a total photocurrent
collection efficiency image of a module. However, we have to consider that the
short circuit current has a different relationship to the locally generated photocur-
rent density for a module than for a cell. For a cell it holds

Isc = Jsc × A (6.21)

where A is the Area of the sample, while for a module it holds that

Isc =
Jsc × A
ncell

(6.22)

where A is again the Area of the entire sample (module). This follows from the
series connection of the cells in the module. However, we keep the definition of
Icoll,glob the same, so that Jcoll,glob = Icoll,glob/A. It follows the slightly different
definition of Fpc,glob for modules

Fpc,glob (Vext, Isc) =
Jcoll,glob (Vext, Isc)

Jsc

=
Icoll,glob (Vext, Isc)

ncell × Isc

. (6.23)

By defining Fpc,glob for a module in that way, Fpc,glob is still given by the average
of Fpc,loc of a sample (cf. the third term of Equation 6.15).

The base module parameters, discussed before in Section 5.2, are used to demon-
strate Fpc,loc imaging for modules. The same procedure that is used for cells and
is described by Equation 6.14 is applied. The locally generated current density of
the solar module is varied between zero and 35 mA/cm2 in 7 steps and fpc,loc im-
ages determined for each step are used to determine the Fpc,loc images at different
voltages.

Figure 6.24 shows the images for three slightly different modules at different
voltages. A module without any defects was simulated as well as the module with
several shunts (same module which was simulated in Section 5.2) and a module
where the sheet resistance of one cell was drastically increased. The non-defected
module behaves similar to the single cell, showing the typical decrease of pho-
tocurrent collection efficiency with increasing voltage. For the module with the
shunted cells we see the behavior of Fpc,loc mirrors what was already seen for the
fpc,loc of modules. This behavior shows that at certain operating points the larger
portion of the total photocurrent is actually collected from the shunted cells and
that they are limiting the collection from the other cells.

What is also important is that for a module the behavior of fpc,loc with the
illumination intensity is also not as straight forward as it is for cells. For cells, a
decrease of fpc,loc with the illumination intensity is seen, which leads to the fact
that Fpc,loc values were always higher than fpc,loc values. This is not necessarily the
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(a) 4.1 V (b) 9.6 V (c) 11.6 V

(d) 4.1 V (e) 9.6 V (f) 11.6 V

(g) 4.1 V (h) 9.6 V (i) 11.6 V

Figure 6.24.: Simulated total photocurrent collection efficiency of three different mod-
ules at Jsc=35 mA/cm2 and different voltages. Images (a),(b) and (c) show a module
without a defect. The second line shows images of a module with several different shunts
[(d),(e),(f)] and the third line shows a module where just one cell (4th from the left) is
given a higher sheet resistance of 500 Ω [(g),(h),(i)].
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case for a module with defects. Here, the fpc,loc of the different cells can actually
decrease or increase with illumination depending of the operating point and the
properties of all the cells in the module. This leads for example to lower Fpc,loc

values for the shunted cell at low voltages (here fpc,loc increases with illumination)
than fpc,loc values for the same cell (cf. Figure 6.24 (d) and Figure 6.21 (a)) and
lower Fpc,loc values than fpc,loc value for the non-shunted cells at 9.6 V (cf. Figure
6.24 (e) and Figure 6.21 (b)). This makes Fpc,loc images more valuable for modules
as the actual influence of local properties on the photocurrent collection are less
predictable from fpc,loc images alone.

Similar to the shunted cells, the cell where the sheet resistance was increased
shows lower photocurrent collection efficiency at low and high voltages, while it is
increased in between and higher than the remaining cells (cf. Figure 6.24 (g)-(i)).
The reasons, for that are similar to the one for shunted cells. The fpc,loc of the
cells depend among other things on the relationship of their differential resistance
to the differential resistance of the other cells and when the differential resistance
of a cell is higher at the same current, fpc,loc of the cell is also higher.

Figure 6.25.: The global total photocurrent collection efficiency of two defected and
a non-defected simulated solar module determined for a short circuit current density of
35 mA/cm2 plotted against the external voltage. The results in blue are determined from
external electrical characteristics and the results in red are determined via the averages
of the Fpc,loc images. The results for the shunted and non-defected module overlap
mostly, as the global total photocurrent collection efficiency is not much reduced by the
shunts. The increase of the series resistance in one cell has a much larger influence on
the global photocurrent collection efficiency of the respective module.

Once again the total photocurrent collection efficiency images are verified using
the global photocurrent collection efficiency for the modules (cf. Equation 6.15
and Equation 6.23). Figure 6.25 shows the resulting Fpc,glob values for the different
modules and different voltages. Again the values resulting from the images and
their respective values determined electrically overlap nicely, showing that total
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photocurrent collection efficiency imaging can also be used for modules. What
is interesting is that the results for the shunted cell and the non-defected cells
are nearly identical. Thus, although the Fpc,loc images look heavily influence by
the defects, the total photocurrent collection efficiency of the whole module is
actually not changed that much. All the decrease or increase of the Fpc,loc values
in individual cells is compensated by a change in the Fpc,loc of the remaining cells.
The increase of the sheet resistance in one cell has in the present case a much
larger influence on the photocurrent collection properties of a module, decreasing
it significantly at higher voltages.

Net Power Imaging

In the previous paragraph it was discussed how Fpc,loc images can be determined
and interpreted for modules. From these images a CP image can also be calculated
for modules similar to the calculation for cell using Equation 6.16. However,
determining a DP image for modules is even more complicated than it is for
cells. The main property of DP image is that, if you integrate it across the entire
module area it results in the power dissipated by the whole module if a voltage
is applied to it in the dark. If we used the simple approach that we used for the
cells we would greatly overestimate the local dissipated power. For a single cell
in the dark it holds that the current flowing in every region through the cell in
the z-direction is coming from one contact and flows to the other without adding
to the current flowing in the z-direction at another region of the cell. However
in a module, we have, due to the series connection, current flowing through one
cell in the z-direction and then also through the next one. Therefore, determining
the locally dissipated power from the product of the local current flow and the
external voltage is wrong.

A solution to the problem can at least be found in simulations. As we want
an image that integrated across the complete module area yields the dissipated
power of the module, we would be fine by determining an image that provides
the dissipated power in each cell. If such an image is added up across all cells, it
should automatically yield a dissipated power image of the whole module. Thus,
in simulations a DP image is obtained, by first determining again the current
flowing in the z-direction of the module and then multiplying the current values
with the voltages across the individual cells and not the voltage across the en-
tire module. The local current and individual cell voltages generally cannot be
accurately determined in experiments, but it might be possible to approximate
them.

Figure 6.26 shows as an example CP , DP and NP images determined for the
previously described (cf. Section 5.2 and 6.2.2) solar modules with several shunts.
The CP images look of course similar to the Fpc,loc image from Section 6.2.2 except
that their intensity is multiplied with the external voltage. The dissipated power
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(a) 4.1 V (b) 9.6 V (c) 11.6 V

(d) 4.1 V (e) 9.6 V (f) 11.6 V

(g) 4.1 V (h) 9.6 V (i) 11.6 V

Figure 6.26.: Collected, dissipated and net power images for a defected solar module
at different voltages. The net power image result from a subtraction of the dissipated
power image from the collected power image.
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of the module only plays an important role for the power output of the cell at
higher voltages when larger amounts of current start to flow through the module
in the dark. Thus, the NP images are defined at low voltages mostly by the
photocurrent collection properties.

Figure 6.27.: The total power output of two defected simulated solar modules and a
non-defected simulated solar module, determined simply from I/V characteristics (blue)
and from net power images (red). The overlap shows that the integral over the net power
images yields exactly the total power output of the solar modules. The influence of the
shunts is nearly not visible.

Similar to the behavior of the cell, we see that from the area around the shunt
still positive amounts of power are collected while in the other areas (and of course
the shunt itself) power is lost (cf. Figure 6.26 (i)). The results of the net power
imaging are in so far important as they show that not only the current collected
from shunted cells in the module can be larger than the current collected from
non-defected cells but also the final power output of the shunted cells. The loss of
performance of a defected module results therefore not from power output loss in
the defected cell but rather because the defected cell limits the performance of the
remaining cells in the module. It reduces their photocurrent collection properties
(cf. Figure 6.24 (e)) and at the same time increases the power dissipated in them
as the voltage drop across the shunted cell is decreased and therefore the voltage
drop across the remaining cells is increased.

The NP imaging is verified again by comparing the NP images integrated
across their area to the external power output of the different modules (Figure
6.27). Additionally to the module with the shunts, the non-defected module and
the module where the sheet resistance of one cell was increased were used (cf.
Section 6.2.2). Similar to the Fpc,glob values a nice overlap for the power values
determined from the NP images and the I/V characteristic is obtained. The
shunts have little influence on the power output of the solar module, which was
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already indicated by the little influence they have on Fpc,glob. The increased sheet
resistance has a larger influence on Fpc,glob, which is now also seen in the power
output of the module. The power output is, as expected less, for the defected
modules which does not hold at every voltage for the Fpc,glob values. This shows
that keeping the dissipated power in mind is important to correctly assess the
local quality of a module.

6.4. CIGS Solar Cells

In the final section of this chapter a closer look is taken at the behavior of the
photocurrent collection efficiency in CIGS solar cells. We have already seen in the
previous section that some special properties of the photocurrent collection effi-
ciency that occur in modules also occur in CIGS modules. However, in this section
it is attempted to confirm experimentally that photocurrent collection efficiency
images of CIGS samples also reproduce quantitatively what we would expect. To
avoid series connection effects, which occur in modules, this analysis focuses on
single cells. First, the general behavior of fpc,loc is again shown with a CIGS cell
where the series resistance can be easily enhance by disconnecting part of a grid.
Afterwards, a homogeneous cell without a grid is used to compare the imaged
global photocurrent collection efficiency of a CIGS solar cell to the independently
electrically measured global photocurrent collection efficiency. Again, PVMOS
simulations are used for the discussion of the results.

6.4.1. Experimental Results

CIGS Cells with a grid

To give a first demonstration that the general principle of fpc,loc imaging also
works on CIGS cells, the measured fpc,loc of a cell, which included a grid produced
by Bosch CISTech is shown (cf. Section 3.1.4). The cell was measured as it
was produced and after part of the grid was disconnected to see how this would
influence the fpc,loc. It was chosen to image fpc,loc at an operating point of 0.46 V,
which is close to the maximum power point of the cell at approximately one sun
equivalent illumination. The quantity δVext was chosen to be 0.02 V meaning that
the luminescence images used to calculate fpc,loc were taken at an applied voltage
of 0.45 V and 0.47 V.

Figure 6.28 shows fpc,loc and EM-PL images taken for the operating point
Vext=0.46 V. The EM-PL image 6.28 (a) and fpc,loc image 6.28 (c) show the cell
before the contact grid was partly disconnected. The luminescence intensity as
well as fpc,loc look mainly homogeneous showing that photocurrent extraction is
not limited by local properties. That fpc,loc is still only slightly above 0.6 results
from contact and/or bulk resistance that influences the whole cell equally. After
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(a) (b)

(c) (d)

Figure 6.28.: (a) EM-PL image of a 1.2 × 0.9 cm2 CIGS cell (Bosch) with intact grid;
(b) EM-PL image of the same cell with the grid broken; (c) differential photocurrent
collection efficiency image of the cell with intact grid; (d) differential photocurrent col-
lection efficiency image of the cell with broken grid, all determined at Vext=0.46 V. In
the marked area in (d) the decrease of the photocurrent collection efficiency due to the
broken grid is clearly visible.

disconnecting the two upper fingers from the contact we can observe from the
EM-PL image [Figure 6.28 (b)] that the photocurrent extraction is limited due to
the increased resistance. By calculating the fpc,loc image [Figure 6.28 (d)] we see
that the differential photocurrent collection is decreased in the area influenced by
the broken fingers by up to 0.2.

CIGS Cell without a Grid

After verifying the photocurrent collection efficiency measurement procedure for
c-Si solar cells and observing the expected effect of increased series resistance on
fpc,loc for CIGS cells, the quantitative behavior of fpc,loc of CIGS cells is analyzed
in the following. For the analysis small CIGS cells cut from modules produced by
MANZ were used (cf. Section 3.1.4). The cells had no grid and were connected
via monolithic interconnection from the neighboring cells.

Figure 6.29 shows fpc,loc images of the CIGS solar cells taken at different external
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(a) 0.55 V (b) 0.6 V (c) 0.65 V (d) 0.7 V

Figure 6.29.: Differential photocurrent collection efficiency images determined for
CIGS solar cells produced by MANZ at different Vext.

voltages Vext with δVext=0.02 V. As expected a general decrease of fpc,loc towards
higher voltages is seen. Additionally, the change of fpc,loc increases over the width
of the cell towards higher voltages. In Figure 6.29 (d) fpc,loc is significantly larger
on the left side than on the right. This is seen, as the influence of series resistance
effects on fpc,loc increases at higher voltages. The series resistance to the right part
of the cell is larger as the photocurrent has to travel the longer distance through
the front contact resistance, which is higher than the back contact resistance.

Figure 6.30.: The global differential photocurrent collection efficiency of a CIGS solar
cell determined at different illumination conditions (given by the respective short circuit
current) plotted against the external voltage. The results in blue are determined from
external electrical measurements and the results in red are determined via the averages
of the fpc,loc images. The deviations of the two curves at lower voltages show that
photocurrent collection efficiency imaging is not working as expected for CIGS solar
cells.

The validity of the fpc,loc images is tested with the same procedure that was ap-
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plied to the c-Si solar cells. Figure 6.30 shows the global differential photocurrent
collection efficiency determined from the images and electrical measurements. At
higher voltages around 0.65 V and 0.7 V both measurements yield the same re-
sult, which is expected, but at lower voltages both results deviate. It was already
mentioned that noise can influence the measurement results and lead to lower de-
termined fpc,loc values. Especially at low voltages and illumination intensity the
signal-to-noise ratio decreases. Thus, it was taken a closer look at the voltage
dependence of fpc,loc.

(a) (b)

Figure 6.31.: The global differential photocurrent collection efficiency of a CIGS solar
cell determined via imaging in the dark (a) and under illumination (b) plotted against
the external voltage. The decrease of fpc,glob towards lower voltages looks different
depending on the illumination conditions suggesting different causes.

By taking luminescence images of a different sample during a voltage sweep
from zero to 0.7 V in 0.02 V steps, fpc,loc images of the sample are determined at
many different voltages using δVext=0.04 V this time. The process was performed
while the sample was under illumination (1 sun equivalent) and while the sample
was kept in the dark. The results are shown in Figure 6.31. Starting at high
voltages fpc,loc increases at first towards lower voltages, but in both cases fpc,loc

decreases after a certain voltage point again towards zero. In the dark this de-
creases is more abrupt than in the light and the results there have a large error
leading to the assumption that this drop results from a bad signal-to-noise ratio
as describe in Section 6.1.1. Under illumination however the interpretation is less
clear. Although the error increases towards lower voltages where fpc,loc decreases
with decreasing voltage, the behavior looks different compared to the situation in
the dark.

The difference is more clearly seen when looking at the actual images. Figure
6.32 shows the luminescence and photocurrent collection efficiency images taken at
the first voltage point (seen from large voltages), where fpc,glob starts to decrease
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(a) (b) (c) (d)

Figure 6.32.: Luminescence images of the analyzed CIGS cell: (a) in the dark at
a voltage of 0.58 V; (b) under illumination at a voltage of 0.5 V. (c) and (d) show
the corresponding differential photocurrent collection efficiency images. The respective
operating points of the images were the voltages at which fpc,glob first started to decrease
(seen from high voltages). The fpc,loc image taken under illumination looks much less
influenced by noise than the fpc,loc image taken in the dark.

(0.58 V in the dark and 0.5 V under illumination). The images show that the
luminescence intensity in the dark at that voltage is already very low (Figure 6.32
(a)) and therefore also fpc looks very noisy. However, under illumination it is seen
that noise plays a much smaller role, as the luminescence intensity is still high and
also the fpc image is a lot clearer than the fpc image in the dark. Still, the fpc,glob

of the image under illumination is decreased compared to the fpc,glob of the image
taken at a higher voltage.

Comparison of Calculation Methods

As luminescence images of a CIGS sample were taken at several voltage steps
the results of the preceding paragraph are used to compare the two different
calculation methods of fpc,loc images discussed in Section 6.1.1 (cf. Equation
6.5 and 6.6). Figure 6.33 shows the fpc,loc images determined for Vext=0.6 V with
the log- and lin-method and with varying δVext. The images calculated with the
log-method are nearly not influenced at all by the change of δVext. In contrast the
images determined with the lin-method are more influence by the choice of δVext,
as there fpc,loc increases with δVext, especially on the left side of the cell. This is
expected from Equation 6.7 as on the left side fpc,loc is already slightly larger in
the first place and the error increases with fpc,loc and δVext.

For a more detailed analysis fpc,glob was calculated. Figure 6.34 shows fpc,glob

as a function of Vext and δVext. We see that at high voltages where fpc,glob is lower
the error resulting from the linear approximation is reduced. At lower voltages
the error increases and a significant influence of δVext on the measurement results
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(a) (b) (c) (d)

Figure 6.33.: fpc,loc images determined for Vext=0.6 V using the log- and lin-method
using different δVext. (a) and (b) using the log-method and δVext=0.04 V or δVext=0.2 V,
respectively. (c) and (d) using the lin-method and δVext=0.04 V or δVext=0.2 V, respec-
tively. The lin-method is more sensitive to the choice of δVext.

(a) (b)

Figure 6.34.: (a) Comparison of the voltage dependence of fpc,glob calculated from
images that were determined with the log- and lin-method (red and blue, respectivly).
In the direction of the arrow δVext was varied from 0.04 V to 0.2 V in 0.04 V steps. (b)
The behavior of fpc,glob determined with the two different methods at Vext=0.6 V with
changing δVext. The blue line is a quadratic fit that shows the quadratic dependence of
fpc,glob determined via the lin-method on δVext.
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is seen. We also see a small influence of δVext on the images determined with the
log-method. In contrast to the lin-method an increase of δVext reduces fpc,glob for
the log-method. The effect is easily understood as increasing δVext increases the
finite step size that is used for the determination of the gradient, which is fpc.
This makes the determination of fpc less accurate.

Total Photocurrent Collection Efficiency

Up to now the experiments focussed on the differential photocurrent collection
efficiency. The total photocurrent collection efficiency was also tested for the
CIGS solar cells. However, as the differential photocurrent collection efficiency
could not be verified at low voltages (cf. Figure 6.30) it is expected that also the
Fpc,loc imaging leads to results contradicting external electrical measurements.

Figure 6.35.: The global total photocurrent collection efficiency of a CIGS solar cell
determined for a short circuit current density of 37 mA/cm2 plotted against the external
voltage. The results in blue are determined from external electrical measurements and
the results in red are determined via the averages of the Fpc,loc images. As there is no
clear overlap between the two curves, photocurrent collection efficiency measurements
seem to be problematic for CIGS solar cells. The errors for the imaged photocurrent
collection efficiency are so large at lower voltages due to influences of very noisy differ-
ential photocurrent collection efficiency images determined at low illuminations. It is
expected that the results are more accurate than the error bars indicate.

For the sake of completeness Figure 6.35 shows the Fpc,glob values calculated
via imaging and electrical measurements for several voltages. Indeed, the Fpc,glob

computed from imaging is inaccurate and deviates from the Fpc,glob determined
from electrical measurements. We observe that for low voltages the Fpc,glob from
the imaging is underestimated while above 0.65 V Fpc,glob is overestimated. This
was already indicated by the bad overlap of the fpc,glob results and is therefore not
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surprising. In the following it will be discussed if the discrepancy can be explained
by effects resulting from larger noise at lower voltages.

6.4.2. Simulations and Discussion

In this section the discrepancy between the imaged photocurrent collection effi-
ciency and electrical measurement is discussed with the use of PVMOS simulation.
In the experiments a decrease of fpc,glob towards lower voltages is seen, which is
not expected by any model based on an one or two-diode equivalent circuit net-
work. A possible reason for this is noise, as lower voltages lead to a lower signal
and therefore more values for which the photocurrent collection efficiency cannot
be reliably determined. However, in the illuminated case it was unclear if all of
the decrease can be explained purely by noise.

To understand the effect better the expected noise was added to simulation re-
sults. Meaning that from a simulated voltage image first a luminescence image was
calculated with Equation 3.3. The proportionality constant was chosen so that
the simulated luminescence intensity was roughly equal to the experimentally mea-
sured luminescence intensity. To this luminescence signal a constant background
value of 20000, which is in the same order of magnitude of the background of the
camera, was added. In reality this value can vary across the image. In principle
the constant part is not important as in the simulations and the experiment it
is removed by a background image subtraction. However, it is important for the
noise calculations. The camera signal is assumed to be normal distributed with
a mean equal the luminescence signal plus the background signal and a standard
deviation equal to the square root of this sum. Thus, the added background means
that the noise can be a lot larger than the luminescence signal at low voltages.

(a) 0.51 V (b) 0.51 V (c) 0.61 V (d) 0.61 V

Figure 6.36.: Simulated photocurrent collection efficiency images under illumination
at different voltages without [(a) and (c)] and with [(b) and (d)] additionally added
noise. The noise influences the measurement result more at lower voltages.
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For the PVMOS model a cell was designed which had the same geometric prop-
erties as the CIGS cell from MANZ analyzed in the previous section. The electrical
properties of the cell are given in Table 3.6. In Figure 6.36 fpc,loc images are shown
with and without the added noise at two different voltages, for the simulated cell.
As expected the influence of noise on the results is more important at lower volt-
ages.

To analyze the results again more quantitatively Figure 6.37 shows the global
photocurrent collection efficiency calculated from the images influences by the
noise. The behavior looks very similar to Figure 6.31 (a) as the fpc,glob drops very
steeply after a certain voltage, strengthening the assumption that such a behavior
is caused by noise. However, the simulation was performed with illumination and
in the experiment that lead to the result seen in Figure 6.31 (b). In this figure
a less abrupt decrease of fpc,glob with decreasing voltage is seen. This behavior
cannot be reproduced by artificial noise added to simulations.

Figure 6.37.: The quantity fpc,glob calculated from fpc,loc images at different voltages
for a simulated solar cell under illumination with and without added noise. The noise
leads to an abrupt drop of the photocurrent collection efficiency when measured below
a certain voltage. The drop was similar for experiments in the dark but looked different
for experiments under illumination (cf. Figure 6.31).

The same result is also seen by comparing Figure 6.36 (d) and 6.32 (d). Both
images are similarly influenced by noise, but while the experimental one already
shows a decrease in fpc,glob this is not seen for the simulated image. Here, fpc,glob

is close to the simulated result without added noise. Thus, the decrease of fpc,glob

towards low voltages in the experiments determined under illumination for the
CIGS solar cells is not a measurement artifact resulting from a bad signal to noise
ratio, but is rather connected directly to the properties of the solar cell.

That the imaged fpc, which is determined by dVj/dVext, decreases towards lower
voltages suggests that the voltage drop across a series resistance rises, while the
external voltage decreases. This rise of a voltage drop across a series resistance
under the nearly constant current, which flows under illumination at low voltages,
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can only be resulting from a series resistance that increases with decreasing exter-
nal voltage. Such a behavior for the series resistance was already observed in [103]
for thin-film silicon solar cells. Thus, the behavior of the series resistance for CIGS
solar cells will be analyzed in Chapter 7 and the role of the series resistance for
the photocurrent collection efficiency imaging will be discussed in detail (Section
7.4).

6.5. Conclusion

This chapter introduces the recently developed concept of the differential pho-
tocurrent collection efficiency, shows how it can be imaged with luminescence,
and explains how its behavior yields valuable information about a solar cells local
properties. The method is extended to provide the total local photocurrent collec-
tion efficiency that is directly linked to a solar cells dark and light current/voltage
characteristic. Additionally, it is discussed how a total local photocurrent collec-
tion efficiency image can be used to provide a net power image, which describes
exactly the contribution a local region has on the power output of a solar cell.

The photocurrent collection efficiency methods are first experimentally verified
with a crystalline silicon solar by comparison with independent electrical mea-
surements of the global photocurrent collection efficiency and it is shown how an
obtained total photocurrent collection efficiency image may be used to calculate
collection losses from certain regions. Afterwards, with the use of PVMOS the
differential photocurrent collection efficiency measurements are verified also on
local scale. Furthermore, PVMOS simulations are used to explain the influence
of various defects on the photocurrent collection efficiency images in more detail
and to demonstrate the concept of net power imaging.

Afterwards the imaging methods are extended towards modules. It is shown ex-
perimentally and in simulations that the photocurrent collection properties are in-
fluenced by the series connection. The series connection of cells leads to a shunted
cell being able to collect more photocurrent than the non-shunted cells of the same
module at specific operating points. A model was developed to explain this result.
Further simulations of the total photocurrent collection efficiency and net power
images of modules reveal that in a module a defected cell may contribute even
more to a solar modules performance than the remaining cells. This complicates,
the interpretation of the presented imaging techniques for outdoor measurements
where solar cells are connected in series to modules and strings. Each cell influ-
ences the performance of the complete module, and cells which provide the largest
power output might be actually be the ones limiting the performance of other cells
ultimately reducing the power output of a module.

In the final section of this chapter, photocurrent collection efficiency imaging
was tested also for CIGS solar cells by comparing the images to independent elec-
trical measurements of the global photocurrent collection efficiency. Although the
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general properties seem to be the same, the viability of photocurrent collection ef-
ficiency measurements for CIGS solar cells could not be confirmed as the electrical
measurements were different to the imaging results. The global differential pho-
tocurrent collection efficiency imaged for CIGS solar cells decreases towards lower
voltage, which was not seen in the electrical measurements. PVMOS simulations
cannot explain the discrepancies with noise influencing the imaging procedure.
Therefore, it is assumed that special material properties of CIGS solar cells are in
conflict with the equivalent circuit network assumed for the development of pho-
tocurrent collection efficiency imaging. A possible cause could be the presence of
an injection dependent series resistance. The idea behind such a series resistance
and its influence on the imaging methods used in this work is discussed in detail
in the following chapter.
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In the two previous Chapters 5 and 6 the luminescence imaging experiments of
CIGS samples showed effects that could not be explained. In Chapter 5 it was seen
that the EL characteristics may significantly differ from EM-PL characteristics at
low injected currents, while in Chapter 6 a decrease of the differential photocur-
rent collection efficiency was seen towards low voltages. Additionally, the imaged
photocurrent collection efficiency values deviated from the electrically measured
ones. These effects could not be reproduced with simulations based on one or two
diode models or a network of them.

A possible property of the CIGS samples that would not be included in such
models is an injection dependent series resistance. It was shown in [103] how the
series resistance changes depending on the applied voltage for thin film silicon so-
lar cells. In this chapter it is shown that a similar behavior of the series resistance
can be observed for CIGS solar cells, as the series resistance will be measured
under different operating conditions using luminescence images. Afterwards, de-
vice simulations with the program SCAPS will be used to analyze the injection
dependence of the series resistance in detail and to explain its origin in the solar
cell stack. Finally, an equivalent circuit model is proposed that includes the found
characteristics of the series resistance. This model is subsequently used to explain
the special features seen in the luminescence measurements for the CIGS samples
in the previous chapters.

7.1. Theory

The electrical resistivity ρc/v of materials depends on the number of free charge
carriers ne/h and their mobilities µe/h and reads

ρc/v =
1

eµe/hne/h

(7.1)

The mobility of a semiconductor is expected to stay mostly constant. The number
of free charge carriers in the bands of a semiconductor depends on the density of
states and exponentially on the positioning of the quasi-Fermi level (cf. Equation
2.1a), which means that the number of free charge carriers changes depending on
illumination or applied voltage. Thus, the resistance of a solar cell is dependent
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on the injection conditions. Whether an injection dependent resistant is relevant
for the effective resistance of a solar cell depends on it magnitude compared to
other resistances of solar cells.

The Distributed Nature of the Bulk Series Resistance

For the determination of injection dependent series resistance measurements of
the junction voltage were used. From the junction voltage the series resistance
was calculated as described in Section 3.1.3 and Equation 3.6. In the following
it is discussed in more detail how the series resistance determined in that way is
actually related to the local resistivities described by Equation 7.1.

As mentioned in Section 2.4.1 the junction voltage describes the average
quasi-Fermi level splitting through the depth z of a device. Thus, we write

Vj =

∫ d
0

(Efn(z)− Efp(z)) dz

ed
. (7.2)

The change in the quasi-Fermi levels is depending on the local currents Je/h and
resitivities ρc/v (cf. Equation 2.3a and 2.3b). Their product Je/hρc/v describes the
bending of the quasi-Fermi levels and therefore the position of the quasi-Fermi
levels at z is obtained by integrating over Je/hρc/v from the edges of the device to
z. It follows for the quasi-Fermi level splitting

Efn(z)− Efp(z)

e
= Vext −

∫ d

z

Je(z
′)ρc(z

′)dz′ −
∫ z

0

Jh(z′)ρv(z′)dz′. (7.3)

In other words, Je/hρc/v describes the voltage loss per distance z due to the resis-
tance of the conduction/valence band. By inserting Equation 7.3 into Equation
7.2 and subtracting the external voltage we obtain the voltage loss VRs due to
series resistance as assumed by the determination via luminescence

VRs =

∫ d
0

(∫ d
z
Je(z

′)ρc(z
′)dz′ +

∫ z
0
Jh(z′)ρv(z′)dz′

)
dz

d
(7.4)

This voltage loss across the series resistance VRs divided by the total current
through the device yields the effective series resistance as measured by lumines-
cence.

Equation 7.4 shows that not only the local resistivities are relevant for the
effective series resistance but also the local currents. Thus, the influence of large
resistivities, which usual affect minority carrier transport due to the lower number
of free charge carriers, on the effective resistance depends also on the amount of
current flowing as minority charge carriers.
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7.2. Experimental Results

The measurements of the total series resistance were performed on the same CIGS
solar cells produced by MANZ, which were already used in Section 6.4.1. Lumi-
nescence images were taken of the sample at 0.02 V steps between zero and 0.72 V
simultaneously with current voltage characteristics. From the images the junction
voltages were calculated as described in Section 3.1.3. However, with the assump-
tion that an increase of the series resistance takes place towards lower voltages, we
can no longer expect that the junction voltage is zero under short circuit condi-
tions. Thus, no short circuit image was subtracted from the luminescence images
taken under illumination and instead just a background image taken in the dark
was used. From the local junction voltage images then the effective cell junc-
tion voltage was determined from the average across the cell area and from that
effective junction voltage the effective series resistance was calculated.

Figure 7.1 shows the J/V and J/Vj characteristics determined for an example
cell. The difference between the curves is always showing the voltage loss across a
series resistance. The junction voltage Vj is smaller than the external voltage Vext

in the dark and larger under illumination, due to the direction of the respective
current flow.

(a) (b)

Figure 7.1.: J/V and J/Vj characteristics of a CIGS solar cell. (a) in the dark, (b)
under illumination. From the difference between the two curves and the respective
current the series resistance can be determined depending on the injection conditions.

From the characteristics the total series resistance Rs is calculated using Equa-
tion 3.6. The results are shown in Figure 7.2 on a linear and logarithmic scale.
Both in the dark and under illumination the series resistance decreases signifi-
cantly with increasing voltage. In the dark the decrease is exponential which was
already seen in [103] for thin-film silicon solar cell. In that work the series re-
sistance was not determined under illumination. Here, we see that the decrease
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of the series resistance under illumination with increasing voltage is more linear
and that the starting resistance at zero voltage is much lower. The resistance in
the dark could not be measured at lower voltages as the bad signal to noise ratio
at low voltage does prevent a clear determination of the junction voltage. In the
dark and the illuminated case the series resistance seems to approach a constant
value of about 3.5 Ωcm2 at larger voltages. The difference under illumination and
in the dark underlines the injection dependence of the analyzed series resistance.

(a) (b)

Figure 7.2.: Injection dependent series resistance measured using luminescence under
illumination (red) and in the dark (black). (a) plotted using a linear y-axis, (b) plotted
using a logarithmic y-axis. In the dark the resistance decreases exponentially with the
applied voltage while under illumination the decrease is rather linear.

7.3. SCAPS Modelling

In order to demonstrate that the explanation of an injection dependent series
resistance with transport through the semiconductor bands is viable, a CIGS solar
cell was modeled using the 1-D device simulator SCAPS. Additionally, various
parameters of the model were systematically altered to better understand the
effect responsible for injection dependent series resistance. As the base parameter
set, the set describing the light soaked solar cell given in Section 3.2.1 (Table
3.5) was used. The series resistance was determined as discussed in Section 3.2.1
from the simulated total luminescence signal. This approach is very similar to the
approach used in the experiments.

In Figure 7.3 the energy-band profile under illumination at short circuit and
forward bias (0.6 V) of the simulated device (without ZnO) is shown. A large shift
of the electron quasi-Fermi level is seen due to the illumination, which shows that
not all generated charge carriers are collected even at short circuit. Furthermore,
we observe a gradient of the quasi-Fermi levels close to the junction that indicates
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voltage losses due to the transport of the charge carriers through the semicon-
ductor. This gradient is reduced at a forward bias as the current decreases and
therefore transport losses decrease as well.

Figure 7.3.: Energy-band profile of the simulated CIGS solar cell, without the ZnO
layers, under illumination at short circuit (solid line) and at an applied bias of 0.6 V
(dashed line). The electron quasi-Fermi level is shifted up due to the illumination and
incomplete charge carrier extraction. The band bending indicates voltage losses.

Figure 7.4 shows the simulated J/V characteristic and series resistance with and
without ZnO front contact. For the simulations under illumination, the illumina-
tion was adjusted so that the short circuit current is similar to the one measured
in the experiments. For that the intensity had to be set to 580 W/m2, as a similar
spectrum to the experiment was used (800 nm with a linewidth of 5 nm). It is
clearly visible that the behavior of the series resistance in the simulations shows
a very similar behavior to the experimentally measured one. Under illumination
it decreases linearly with the external voltage and in the dark it decreases expo-
nentially. At large voltages the series resistance approaches the constant external
resistance. This underlines that the measured series resistance shows properties
of a solar cell that are also included within the SCAPS simulation.

To better locate the origin of the series resistance the front contact ZnO layers
were removed from the simulations to see if that influences the simulations results.
As visible in Figure 7.4 the influence of the front contact on the series resistance is
minor. Only the short circuit current increases a bit, due to the reduced parasitic
absorption. Thus, the injection dependence of the series resistance needs to result
from either the CdS or the CIGS layer.

Due to Equation 7.1, we know that the mobility of the different bands should
influence the series resistance if it results from the transport of charge carriers
through the band. Thus, the in-depth analysis of the system is started by varying
the different mobilities of the device. First the electron mobility of the CdS layer
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(a) (b)

Figure 7.4.: (a) J/V characteristics of a simulated CIGS solar cell with ZnO front
contact (black, solid) and without ZnO front contact (red, dashed). (b) Series resistance
of the simulated solar cell with ZnO front contact (black, solid) and without ZnO front
contact (red, dashed).

was varied from 5 cm2/Vs to 85 cm2/Vs in 20 cm2/Vs steps. This variation had
no significant influence on the results (cf. Appendix B). The electron density in
the conduction band of the CdS is so large and the layer itself so thin that its
resistance becomes negligible, independent of the mobility (cf. Equation 3.6).

Thus, after ensuring that the CdS does not have a significant effect on the series
resistance, the mobilities in the CIGS are altered. Figure 7.5 (a) and (b) show how
different electron mobilities influence the J/V characteristic and series resistance
of the solar cell. Decreasing the electron mobility significantly increases the series
resistance of the device, and due to it also the short circuit current decreases.

Compared to that, changes in the hole mobility in the CIGS have a negligible
effect on the J/V characteristics and the series resistance (cf. Figure 7.5 (c) and
(d)). Even decreasing the hole mobility by more than an order of magnitude has
no effect, although in the larger region of the CIGS bulk current is carried by holes.
This result shows that the hole density is so large that even low hole mobilities do
not increase the resistance of the valence band above the resistance resulting from
the conduction band. Therefore, the injection dependence of the series resistance
seems to result primarily from the transport of electrons through the conduction
band of the solar cell.

In the following parameters are altered that affect the free electron density in the
CIGS, as a change in the carrier density should also influence the series resistance
(cf. 7.1). In Figure 7.6 the band gap and the valence and conduction band density
of states were varied and their influence on the J/V characteristics and the series
resistance is shown. The changes in the bandgap [Figure 7.6 (a) and (b)] mainly
result in a change of the Voc of the device. The series resistance curve is shifted in
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(a) (b)

(c) (d)

Figure 7.5.: J/V characteristics and series resistance simulated with varying mobilities
in the dark (black) and under illumination (red): (a),(b) electron mobility varied from
1 cm2/Vs to 81 cm2/Vs in 20 cm2/Vs steps; (c),(d) hole mobility varied from 0.1 cm2/Vs
to 80.1 cm2/Vs in 20 cm2/Vs steps.

the voltage direction with each step of the bandgap by the amount of the bandgap
step. An increase of the bandgap leads to a decrease of the electron density in the
CIGS, which increases its resistance. The electron density reduction can be offset
by an increase of the external voltage resulting in the shifting of the resistance
curves.

An increase in the conduction and valence band density of states both lead
to a decrease of the open circuit voltage and the series resistance [Figure 7.6
(c)-(f)]. The influence of the density of states in the conduction band influences
the series resistance more, which is obvious as it influence the electron density
in the conduction band (cf. Equation 2.1a). However, it is less obvious why the
density of state in the valence band influences the series resistance. As CIGS is a
p-type material the doping determines the amount of holes in the valence band.
The Fermi-energy is determined by the number of holes and the valence band
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(a) (b)

(c) (d)

(e) (f)

Figure 7.6.: J/V characteristics and series resistance simulated with varying param-
eters in the dark (black) and under illumination (red): (a),(b) Bandgap varied from
1.3-1.1208 eV to 1.38-1.2008 eV in 0.02 eV steps (the grading was kept constant); (c),(d)
conduction band density of states varied from 2×1018 cm−3 to 1019 cm−3 in 2×1018 cm−3

steps; (e),(f) valence band density of states varied from 0.6×1019 cm−3 to 1.8×1019 cm−3

in 0.3×1019 cm−3 steps.
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density of states according to Equation 2.1b. Therefore, an increase of the valence
band density of states shifts the Fermi-level upwards if the number of holes is fixed
by the doping. The upward shifting of the Fermi-level changes in the following
the density of electrons in the conduction band, which influences in turn the series
resistance.

Equation 7.1 describes how the series resistance of a device is influenced by
its mobilities and charge carrier densities. However, as discussed Section 7.1 the
effective resistance of a device as it is measured is not only depending on local
resistance properties but also on the local current densities (cf. Equation 7.4).
This dependency on local current densities is demonstrated by simulating the series
resistance of the CIGS device under varying illumination spectra. By decreasing
the wavelength of the illuminating spectrum, the light is absorbed closer to the
pn-junction and the generated electrons have to travel a shorter distance through
the conduction band of the device. This variation should decrease the effective
series resistance measured, as the overall current is carried more by holes traveling
through the valence band of the device, which has a significantly smaller resistance.

(a) (b)

Figure 7.7.: J/V characteristics (a) and series resistance (b) simulated with varying
illumination wavelength. The wavelength was varied between 400 nm and 700 nm in
100 nm steps. The intensity of the of illumination was also varied so that the device
stayed at approximately the same short circuit current.

The results of simulations, where the illumination spectrum was change from
400 nm and 700 nm in 100 nm steps are shown in Figure 7.7. As the total absorp-
tion of the device depends on the wavelength, the illumination intensity for the
different wavelength was adjusted so that the overall short circuit current density
stayed constant. This variation of the intensity ensured similar overall electron
densities in the device, so that the resulting differences of the series resistance ac-
tually result from different (shorter) current paths through the conduction band.
There is no significant influence seen of the illumination wavelength for the J/V
characteristic. However, as expected the series resistance shows indeed a decrease
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with decreasing illumination wavelength.
Now, that it is known how different parameters take effect it is possible to adjust

the cell parameters so that the simulation results better fit to the experimental
results. The outcome of the adjustment of the SCAPS model to the experimental
results is shown in Figure 7.8. It was chosen to decrease the bandgap by 30 mV,
as it decreases the Voc and series resistance of the device, without influencing the
rest to much. Optimizing all parameter is not done due to the amount of possi-
ble parameters and interdependencies. The shown adjustment of the parameters
confirms that a reasonable set of parameters exists that fits to the experimental
results and explains the experimental finding of the injection dependent series
resistance.

(a) (b)

Figure 7.8.: Experimentally measured (squares) J/V characteristics (a) and series
resistance (b) compared to simulated results using SCAPS (line). The results show that
the injection dependence of the series resistance can be explained by reasonable set of
solar cell simulation parameters.

7.4. Equivalent Circuit Model

To analyze the influence an injection dependent series resistance has on electrical
and luminescence measurements, an equivalent circuit model is developed that
includes the properties of the found resistance. Using such a model it is easier
to develop mathematical descriptions of the found effects. The new equivalent
circuit is based on the simple one diode model that is introduced in Section 2.2.
The difference is that its series resistance is no longer simply ohmic, but injection
dependent. As a formula to describe the injection dependence, formula (16) from
[103] is used and adjusted (a similar form was also proposed in [112]). The equation
reads

Rs = Rc +R0 × exp

(
− eVj

nidkT

)
. (7.5)
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Here, Rc is a constant ohmic resistance, describing the standard series resistance
resulting from contacts or the like, and R0 is a parameter determined by the
material properties of the CIGS, like the mobility, but also by the dominating
current paths through the device (cf. Section 7.1 and 7.3). The exponential term
including the junction voltage describes the injection dependence of the series
resistance as it mirrors the change of the charge carrier density with the operating
point. The ideality factor nid used here is equal to the ideality factor of the diode.

The adjustment to the original equation was that the junction voltage is used
in the exponential term instead of the total device voltage. This substitution
was done to implement the observed decrease of the series resistance under illu-
mination. Due to the series resistance, the junction voltage is increased under
illumination compared to a situation in the dark with the same external device
voltage. This will reduce the series resistance under illumination.

Figure 7.9.: Sketch of an equivalent circuit including an injection dependent series
resistance. A one diode model is altered in a way that makes its series resistance Rs

depending on the junction voltage Vj across the diode.

A sketch of the new equivalent circuit is shown in Figure 7.9. A shunt is not
considered, yet. It’s influence on the results will be discussed in a later paragraph.

The equivalent circuit was solved using a bisection method [113]. The dark and
illuminated J/V characteristic of the equivalent circuit were fitted simultaneously
automatically to the experimental results using the simplex search method im-
plemented in Matlab [114] to see how well the equivalent circuit reproduces the
results.

Figure 7.10 shows the fitting results. We see that especially the J/V charac-
teristics but also the corresponding series resistances are reproduced well by the
new equivalent circuit. The exponential decrease of the series resistance with the
voltage in the dark and the linear decrease under illumination are clearly visi-
ble. The found fitted parameters are J0=9.31×10−8 mA/cm2, R0=6.9×107 Ωcm2,
Rc=3.26 Ωcm2, nid=1.4, and Jsc=31.3 mA/cm2. In the following, the unexplained
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(a) (b)

Figure 7.10.: Experimentally measured (squares) J/V characteristics (a) and series
resistance (b) compared to simulated results using an equivalent circuit (line). The
equivalent circuit using an injection dependent series resistance is able to reproduce the
experimental results well.

phenomenon found in the imaging experiments of the previous chapters are repro-
duced using the newly developed model.

Differences of EL and EM-PL characteristics

In Section 5.1 it was found that the EL and and EM-PL junction voltages differ
at the (assumed) same amount of injected currents. Using the new equivalent
circuit it is possible to explain that result. Figure 7.11 shows the junction voltages
measured, plotted, in the illuminated case, versus the current density for which it
was measured. The junction voltages measured in the dark are plotted versus the
current density shifted in two different ways (solid and dashed line). The solid line
represents the case that was performed in the experiment. The current is shifted
down by the measured short circuit current. It was assumed that this makes
the illuminated and dark case comparable as the the current values should then
correspond to the operating points where the same amounts of current recombine
within the sample. However, similar to the experiment we see that the junction
voltages in the dark case and illuminated case vary, when the junction voltage in
the dark is shifted that way.

In contrast, when the current density is shifted by the real short circuit density
that was put into the equivalent circuit model the junction voltages determined
from EL and EM-PL now overlap perfectly (Figure 7.11). Thus, the surprising
result that the junction voltages determined under illumination and in the dark
were not compatible in the experimental results at low voltages simply results from
the fact that the voltages were compared at different operating points, meaning
different amounts of injected current. The measured short circuit cannot be used
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Figure 7.11.: Junction voltages simulated using the new equivalent circuit model. The
red line shows the junction voltage determined under illumination versus the corre-
sponding current densities. The black lines show the junction voltage determine in the
dark versus the corresponding (shifted) current densities. The solid line is shifted by the
measured short circuit current (current at zero voltage under illumination), while the
dashed line is shifted by the actual short circuit (set as a parameter for the equivalent
circuit).

to shift the characteristic and make them comparable, as the high series resistance
that is found at low voltages reduces the short circuit current that is measured at
the terminals of device. The assumption that the recombining (injected) current
in the device is zero under short circuit conditions does not hold for the analyzed
CIGS solar cells.

The Influence of Shunts

In Section 5.1 it was additionally observed that the difference between the J/Vj

characteristics determined in the dark and under illumination for shunted cells
is especially large. We take a detailed look at this effect to see if it also only
results from an incomplete collection of photocurrent at short circuit. In the
new equivalent circuit a shunt is added as an external shunt. An external shunts
means that the shunt is added between the terminals of the device in parallel
to the series resistance and the diode. This was done for two reasons. Firstly,
it is probably closer to reality, as a shunt usually appears only at one position
of the cell, meaning that the bulk series resistance has to be between the shunt
and photocurrent source. The photocurrent generated in the bulk at one position
has to travel through the bulk and the contacts towards the shunt to recombine
across the shunt. Secondly, the equivalent circuit yields unrealistic results if the
shunt is placed in parallel only to the diode. A parallel resistance at this position,
would significantly decrease the voltage drop across the diode (and the parallel
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resistance), as the overall resistance of the two components is much smaller, than
of the diode alone. This would lead in turn to a very large resistance of the series
resistance as it only decreases if the voltage across the diode decreases. Thus, the
whole equivalent circuit will be dominated by the large series resistance, which
is in reality not the case. By implementing the shunt in parallel to the whole
equivalent circuit, the circuit including the shunt can be easily solved by just
adding the current through the shunt at every operating point to the already
solved equivalent circuit currents without the shunt.

Figure 7.12.: Junction voltages simulated using the new equivalent circuit model in-
cluding an external shunt of 2000 Ωcm2. The red line shows the junction voltage deter-
mined under illumination versus the corresponding current densities. The black lines
show the junction voltage determine in the dark versus the corresponding current den-
sities shifted by the actual short circuit (set as a parameter for the equivalent circuit).

A shunt of 2000 Ωcm2 was chosen as it was found be a realistic value looking
at the dark J/V characteristic. In Figure 7.12 the junction voltage determined in
the dark and under illumination is shown again, now plotted versus the currents
including a shunt. The currents corresponding to the junction voltages in the
dark (EL) are already shifted by the right short circuit current. Still, it is visible
that the EL characteristic shows lower junction voltages at low currents than the
EM-PL characteristic. Thus, we can also explain the larger difference between
the EL and EM-PL characteristics, which were observed for the shunted cell (cf.
Figure 5.5), with the new equivalent circuit.

The difference between the EL and EM-PL characteristic results from the dif-
ferent recombination paths the currents take under illumination and in the dark.
Although the overall current recombining in the solar cell is the same at the
operating points compared, under illumination a larger portion of that current
recombines across the diode, increasing the junction voltage, while in the dark
a smaller portion recombines across the diode and more across the shunt. Note,
that such an effect would also be existing in a case without an injection dependent
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series resistance, when a shunt is added externally, but the effect is more signif-
icant with an injection dependent series resistance, as the resistance gets larger
at low voltages. Thus, determining a shunt resistance from J/Vj characteristics
of CIGS solar cells is more reliable by using EL characteristic than the EM-PL
characteristic. In the dark at low voltages the junction voltage is more similar to
the shunt voltage, as the voltage loss across the series resistance is smaller, due to
smaller currents.

The Influence on the Photocurrent Collection Efficiency

In Section 6.2 it was found that for CIGS solar cells the imaged photocur-
rent collection efficiency is especially at lower voltages not in alignment with the
electrically measured one (cf. Figure 6.30). The imaged photocurrent collection
efficiency was decreasing towards lower voltages while the electrically measured
photocurrent collection efficiency only increases. Furthermore, are models based
on the one-or two diode models not able to reproduces this effect. Having found
that the CIGS solar cells contain an injection dependent series resistance we can
now test, if that also causes the error in the fpc imaging. For that we use again
the new equivalent circuit that contains the injection dependent series resistance.
First Equation 6.4 (the basis for the fpc imaging using luminescence) is tested in
the new equivalent circuit. The fpc values are calculated at different voltages using
the second term of the equation, i.e. changing the short circuit of the equivalent
circuit slightly and observing the current at the terminals, and using the third
term of the equation, i.e. determining the change of the junction voltage with
the change of the external voltage. From the derivation of Wong both should be
expected to be equal. However, in Figure 7.13 it is shown that the two terms are
no longer equal. In fact, we see the characteristic increase and decrease of fpc to-
wards higher voltages, which was also seen in the experiments for the imaged fpc.
Thus, the derivation of 6.4 does not seem to hold anymore for a system including
an injection dependent series resistance.

The failure of Equation 6.4 for the new equivalent circuit can be proven math-
ematically by analyzing the total differentials of the currents in the equivalent
circuit. For the current across the series resistance JR it states:

dJR =
δJR

δVR

dVR +
δJR

δVj

dVj (7.6)

The quantity VR denotes the voltage drop across the series resistance. For the
current through the diode and the photocurrent source the total differential states:

dJj =
δJj

δVj

dVj + dJph (7.7)

Due to Kirchhoff’s law both are equal so we use dJj = dJR = dJ . By additionally
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Figure 7.13.: The photocurrent collection efficiency of the new equivalent circuit model
(including an injection dependent series resistance) under illumination. The blue line
is calculated directly, by changing the short circuit current in the circuit slightly and
determining the resulting current change. The red line is calculated with the derivation
of Wong using the junction voltage differentiated with respect to the external voltage.
As the two lines deviated the derivation of Wong does not hold for the new equivalent
circuit. The black squares show the experimentally measured photocurrent collection
efficiency. It is visible that the new equivalent circuit model reproduces the measurement
well.

using

dVR = dVext − dVj (7.8)

and setting Vext constant (dVext = 0) we find for the photocurrent collection effi-
ciency:

fpc =
dJ

dJph

∣∣∣∣
dVext=0

=

δJR
δVR
− δJR

δVj

δJj
δVj

+ δJR
δVR
− δJR

δVj

(7.9)

Using Equation 7.6 and 7.7 but setting the photocurrent constant (dJph = 0) we
find:

dVj

dVext

∣∣∣∣
dJph=0

=

δJR
δVR

δJj
δVj

+ δJR
δVR
− δJR

δVj

(7.10)

As Equation 7.9 and 7.10 are no longer equal, it proves that Equation 6.4 does not
hold for an equivalent circuit including an injection dependent series resistance.

From the equations we can also understand why the imaged fpc is lower under
illumination and low voltages than the real fpc. The partial differential of the
current through the resistance with respect to the junction voltage is

δJR

δVj

= VR
δσs

δVj

. (7.11)
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Here, σs is the conductivity of the series resistance, which increases with increas-
ing junction voltage. Below Voc, under illumination VR is negative and therefore
δJR/δVj is also negative. Thus, the imaged fpc determined using Equation 7.10
underestimates the true photocurrent collection efficiency below Voc. Above Voc,
VR becomes positive leading to an overestimation of the true fpc. Without the
term responsible for the injection dependent series resistance δσs/δVj the error
disappears. Additionally, in the dark VR is much lower at low voltages, which
reduces the influence of the injection dependence of the series resistance on the
results.

Voltage Dependent Photocurrent

For CIGS solar cells it was found that the photocurrent may show a significant
voltage dependence [35, 115, 116]. This means, that the superposition principle
does not hold for these cells, even in voltage regions where a series resistance
should have no effect. The effect was often modeled by making the photocurrent
depending on the applied voltage of the device using certain simplifications [117,
118]. However, for CIGS solar cells it was found that more sophisticated device
simulations are needed [35, 119].

Figure 7.14.: Total global photocurrent collection effiency determined for different
cases, to visualize the voltage dependence of the photocurrent. Experimental data (black
squares); fitted new equivalent circuit including an injection dependent series resistance
(red); and equivalent circuit without an injection dependent series resistance and a
constant resistance of 3.24 Ωcm2 and 6 Ωcm2 (blue solid and dashed line, respectively)

In the following, it will be shown, that an extension of the equivalent circuit
with an injection dependent series resistance will also result in J/V characteristics
that show a voltage dependent photocurrent, although the photocurrent source is
set constant. The voltage dependence of the photocurrent can be easily seen in
the total global photocurrent collection efficiency (c.f. Equation 6.15). In Figure
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7.14 the Fpc,glob values are shown for different cases. Note, that these values are
directly calculated from the J/V -characteristics using the second term of Equation
6.15. The two blue curves shows the behavior of the photocurrent in a normal
equivalent circuit without an injection dependent series resistance. We see that
the superposition principle breaks down at larger voltage (Fpc,glob < 1) due to the
series resistance. However, at low voltages the photocurrent is voltage indepen-
dent (Fpc,glob = 1) and the superposition principle holds. Increasing the series
resistance, shifts the position at which Fpc,glob starts to decrease to smaller volt-
ages. For the experimental data, and the fitted new equivalent circuit including
the injection dependent series resistance we observe a much less abrupt decrease of
Fpc,glob, which starts already at zero volts. Such a decrease cannot be reproduced
with an equivalent circuit including only a constant series resistance. Thus, the
behavior needs to be explained by voltage dependent photocurrent or an effect
that produces a similar result. In the new equivalent circuit the actual generated
photocurrent source is constant, thus the seen voltage dependence of the photocur-
rent at the contacts needs to result from the injection dependence of the series
resistance. In the following it will be taken a closer look at the mathematics of the
new equivalent circuit, which lead to the results that look like voltage dependent
photocurrent.

The total differential given by Equation 7.6 is used again to determine the
change of the current through the device depending on the external voltage. By
making additionally use of Equation 7.8 and 7.11 we find

dJ

dVext

=
δJR

δVR

(
1− dVj

dVext

)
+ VR

δσs

δVj

dVj

dVext

. (7.12)

The second term of the sum is close to zero in the dark at lower voltages due
to VR being very small. Also dVj/dVext is close to one in this regime in the
dark, as the resistance of the diode is still higher than the series resistance (even
with it being larger due to the injection dependence). Thus, in the dark at lower
voltages the change of the current with the external voltage is close to zero. Under
illumination this changes. As dVj/dVext is now much smaller at low voltages and
δJR/δVR (the differential conductivity of the series resistance) is also larger, the
first term now plays a role for the gradient of the current. Furthermore, it can be
seen in calculations that the second term is also relevant as the magnitude of VR

is larger and counterbalances the lower dVj/dVext. As the second term is negative
due to VR being negative, the gradient of the current results from the interplay
of the two terms and happens to be larger than the gradient of the current in
the dark. The changing gradient of the J/V characteristics at low voltages with
increasing illumination, is seen as voltage dependent photocurrent.
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7.5. Conclusion

Due to some unexplained imaging results for CIGS solar cells, a closer look was
taken at the properties of the CIGS samples. It was found, that the CIGS samples
contain an injection dependent series resistance. This resistance effect could also
be shown in SCAPS simulations. Further analysis of the simulation showed that
the resistance effect results from the transport of electrons through the CIGS
absorber, as the resistance is mainly depending on the electron mobility in the
CIGS conduction band.

To analyze the influence of an injection dependent series resistance on the lu-
minescence imaging methods an equivalent circuit was developed that reproduced
the characteristics of the injection dependent series resistance. The new equivalent
circuit explains the effects that were beforehand not understood. The differences
between EL and EM-PL characteristics are explained by an incomplete collection
of photocurrent at short circuit. When using the real generated photocurrent and
not the measured short circuit current to shift the EL or EM-PL characteristic the
results are consistent. The failure of the photocurrent collection efficiency imag-
ing on CIGS solar cells at low voltages is also explained, as the equations used
for the imaging method do not hold in the new equivalent circuit. Additionally, it
was found that the injection dependent series resistance also reproduces voltage
dependent photocurrent. This might offer the new equivalent circuit as a possible
tool to better analyze solar cells that show these kind of effects.
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Luminescence imaging techniques are able to obtain spatially resolved information
about a solar cells or modules properties, which is excellent in the research and
development of solar cells but also for the monitoring of production processes or
modules operating in a solar power plants. However, to correctly interpret imaging
results the underlying models used need to be confirmed. An independent diode
model is not applicable in many situations and in this work it was found that
also an interconnected model using only standard equivalent circuits might not be
adequate for describing CIGS solar cell imaging results.

This work started by analyzing the metastable changes that happen to CIGS
solar cells during luminescence measurements. The already found effect of de-
creasing non-radiative recombination and decreasing series resistance, due to an
excitation with light or bias, was confirmed. A closer look at the time dependence
at different conditions was performed, showing that the effects happen fast, but
also over long timescales. This behavior complicates the reduction of metastable
changes in imaging experiments on CIGS solar cells. However, in this works fur-
ther experiments the influence of metastable effects were successfully avoided by
automation and repetition of the experiments under varying order.

To begin the quantitative luminescence imaging, a method to reconstruct cur-
rent / junction voltage characteristics of solar cells connected into a module using
electroluminescence is tested and extended to measurements under illumination
(using electro-modulated photoluminescence). The measurements under illumina-
tion are important to understand how the method changes due to daylight lumi-
nescence imaging compared to electroluminescence imaging in the dark. Within
the simple illustration of solar cells with one- or two-diode equivalent circuits the
results should not change depending on the illumination condition. However, a
closer look revealed deviations in the experiments, when comparing current / junc-
tion voltage characteristics measured in the dark and under illumination. PVMOS
simulations were used to analyze the results. They showed that deviations at
higher voltages result from a geometrical effect. The current distribution in a so-
lar cell in the dark and under illumination is different especially at higher voltages
around the Voc, which leads to an error when using the average of local voltages
to describe the effective cell voltage. The deviation at lower voltages was found
to be due to an injection dependent series resistance, leading to an incomplete
collection of photocurrent under short circuit conditions and therefore to wrong
assumptions about the amount of internal recombination under illumination.

Furthermore, a large part of this work focuses on an imaging technique based on
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an independent diode model. A method called photocurrent collection efficiency
imaging is tested, discussed in detail, and further developed. The Photocurrent
collection efficiency describes the portion of the locally generated photocurrent
that contributes to the current at the terminals of the sample. In the original
form it was defined for differential changes, i.e. describing the probability of an
infinitesimal small change in the photocurrent to contribute to the current at
the terminals. The method was tested and confirmed on a global scale using a
mono-crystalline silicon solar cell and independent electrical measurements ob-
tained from small changes in the illumination. PVMOS simulations confirmed the
method also on a local scale.

The differential photocurrent collection efficiency method was further developed
in this work to yield a total photocurrent collection efficiency. This method, uses
differential photocurrent collection efficiency images measured at various illumina-
tion intensities to show exactly where the amount of total photocurrent collected
by a solar cell originates from. The method was also confirmed and demonstrated
on crystalline silicon solar cells using experiments and PVMOS simulations. Fur-
thermore, it was discussed with the help of PVMOS simulations which additional
information would be needed to determine from the total collected photocurrent
image a net power output image that describes the actual contribution of each
region to a solar cells power output.

Photocurrent collection efficiency imaging was additionally applied to solar
modules and the results were discussed in detail. The physical meaning of the
photocurrent collection efficiency stays the same in modules, but the understand-
ing is less straight forward. Defected solar cells in modules may show a larger
photocurrent collection efficiency as they are limiting the current through the
module. An illumination change on the defected cells has therefore a larger effect
on the overall current output. Thus, regions of a larger photocurrent collection
efficiency in a module correspond no longer to the regions of better quality. Net
power imaging applied in simulations showed furthermore, that the limiting, de-
fected solar cells in modules may even provide a larger power output then the
other cells.

Photocurrent collection efficiency imaging was also tested on CIGS solar cells.
Although it was expected to work as the reciprocity relation should hold and the
underlying model was an interconnected diode model, discrepancies with the imag-
ing results and independent electrical measurements were found at lower voltages.
The effect could not be reproduced using PVMOS. However, by taking an injection
dependent series resistance into account the discrepancies can be explained.

Thus, in the final part of this work the origin and influence of an injection
dependent series resistance was analyzed. SCAPS simulations showed that it re-
sults from the minority carrier transport through the bulk of the CIGS absorber.
By including the injection dependent series resistance into a standard one-diode
equivalent circuit, it was shown that such a resistance can explain the photocurrent
collection efficiency measurements of CIGS solar cells as well as discrepancies with
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current/junction voltage characteristics determined from luminescence images un-
der illumination and in the dark. Furthermore, it was found that such a series
resistance can explain voltage dependent photocurrent, even when the photocur-
rent in the equivalent circuit is not made voltage dependent. Thus, such a model
might prove to be useful for further characterization or modeling of solar cells
affected by transport properties that result in voltage dependent photocurrent.

In summary, this work discussed in detail two imaging methods, what can be
learned from them and what their limitations are. It was found that special
properties of CIGS solar cells, which are not clearly visible with only electrical
characterization methods, influence luminescence imaging results. Thus, even if
the reciprocity relation holds and an interconnected diode model is used for the
analysis, the special properties of each analyzed solar cell technology need to be
considered in the interpretation of luminescence imaging results.

It will be a question for further work, if the expenditures are worth the infor-
mation obtained from the luminescence imaging methods described, to actually
apply the methods to solar cells and modules in solar power plants or in production
lines. The methods can be quite extensive as several images at different working
points are needed and they need a contacting of the sample. However, the dis-
cussed methods provide quantitative information that make them more valuable
then simple luminescence images. Additionally, it remains the question if a model
using an injection dependent series resistance will replace models using voltage
dependent photocurrents. A model using an injection dependent series resistance
is less straight forward to understand, but it is able to explain imaging results
that voltage dependent photocurrent models cannot explain.
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A. Appendix - Chapter 6

Noise in the Local Differential Photocurrent Collection Efficiency Image

In the following it is shortly derived how noise in a luminescence image is
propagated to the local differential photocurrent collection efficiency image
fpc,loc. The fpc,loc is calculated in the following from the luminescence images
Scam,1,Scam,2,Scam,bg

fpc,loc = ln

(
Scam,1 − Scam,bg

Scam,2 − Scam,bg

)
Vth

δVext

, (A.1)

which we can rewrite to

fpc,loc =
Vth

δVext

(ln (Scam,1 − Scam,bg)− ln (Scam,2 − Scam,bg)) . (A.2)

The error in the luminescence images Scam is equal to
√
Scam. Thus, the error

σ−,1/2 on (Scam,1/2 − Scam,bg) is

σ−,1/2 =
√
Scam,1/2 + Scam,bg. (A.3)

Furthermore, the error σln,1/2 on ln
(
Scam,1/2 − Scam,bg

)
is given by

σln,1/2 =
σ−,1/2

Scam,1/2 − Scam,bg

. (A.4)

From equation A.2 we see that the error σfpc,loc of the photocurrent collection
efficiency reads

σfpc,loc =
Vth

δVext

√
σ2

ln,1 + σ2
ln,2 (A.5)

which after insertion reads

σfpc,loc =
Vth

δVext

√√√√(√Scam,1 + Scam,bg

Scam,1 − Scam,bg

)2

+

(√
Scam,2 + Scam,bg

Scam,2 − Scam,bg

)2

. (A.6)
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(a) (b)

Figure B.1.: J/V characteristics and series resistance simulated in the dark (black)
and under illumination (red) with varying CdS electron mobilities from 5 cm2/Vs to
85 cm2/Vs in 20 cm2/Vs steps. No influence of the CdS electron mobility on the solar
cells properties are visible
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List of Abbreviations

Common Abbreviations

Acronym Meaning

AM 1.5 G air mass coefficient with 1.5 path length, global
CIGS copper indium gallium diselenide
CIS copper indium diselenide
DC direct current
EL electroluminescence
EM-PL electro-modulated photoluminescence
FF fill factor
LED light emitting diode
MPP maximum power point
P1 scribing line in the back contact
P2 scribing line in the absorber
P3 scribing line in the absorber and front contact
PL photoluminescence
PPC persistent photo conductivity
PVMOS photovoltaic module simulator
SCAPS solar cell capacitance simulator
SCR space charge region
SRH shockley-read-hall
TCO transparent conductive oxide

Formula Abbreviations

Symbol Description Typical Unit

A sample area cm2

B radiative recombination constant cm3s−1

C junction voltage calibration constant V
Ccell capacitance F
CP collected power W
c velocity of light ms−1



Symbol Description Typical Unit

cstab stabilization parameter ms−1

χ electron affinity eV
DP dissipated power W
d thickness µm
E energy eV
Efield electric field Vm−1

Eg band gap eV
Ec conduction band edge eV
Ev valence band edge eV
Efn electron quasi Fermi-level eV
Efp hole quasi Fermi-level eV
ET defect position eV
Fpc,glob total global photocurrent collection efficiency -
Fpc,loc total local photocurrent collection efficiency -
fpc,glob differential global photocurrent collection efficiency -
fpc,loc differential local photocurrent collection efficiency -
fpc,loc’ approx. differential local photocurrent collection efficiency -
σfpc,loc error of differential local photocurrent collection efficiency -
εr relative permittivity -
η efficiency %
G generation rate cm−3s−1

I current A
Icoll,glob total global collected photocurrent A
Iext external current A
Iph photocurrent A
Isc short circuit current A
J current density Acm−2

Jcoll,glob total global collected photocurrent density Acm−2

J0 dark saturation current density Acm−2

J0,1/2 two-diode model dark saturation current densities Acm−2

JMPP maximum power point current density Acm−2

Je electron current density Acm−2

Jh hole current density Acm−2

JR current density across series resistance Acm−2

Jsc short circuit current density Acm−2

jph photocurrent density Acm−2

jcoll,loc total locally collected photocurrent density A
µe electron mobility cm2V−1s−1

µh hole mobility cm2V−1s−1

NA acceptor doping cm−3

Nc conduction band density of states cm−3



Symbol Description Typical Unit

ND donor doping cm−3

NP net Power W
Nv valence band density of states cm−3

NT defect density eV−1cm−3

ncell number of cells in a module -
ne density of electrons cm−3

ne,0 equilibrium density of electrons cm−3

nh density of holes cm−3

nh,0 equilibrium density of holes cm−3

ni intrinsic charge carrier density cm−3

nid ideality factor -
P power density Wm−2

PMPP maximum power density output Wm−2

φem spectral luminescence distribution Wm−2eV−1

φsc photoluminescence signal at short circuit Wm−2eV−1

φbb hemispherical black-body radiation Wm−2eV−1

Ψ electrostatic potential V
Qe external quantum efficiency -
Qcam camera sensitivity W−1m2eV
Scam camera image -
σ conductivity Scm−1

σs conductance of injection dependent Rs Scm−2

σe electron capture cross section cm2

σh hole capture cross section cm2

σET characteristic energy of defect distribution eV
R recombination rate cm−3s−1

R0 parameter for injection dependence of Rs Ω
Rb back contact resistance Ω
Rc constant resistance in new equivalent circuit Ωcm2

Rj junction resistance Ω
Rf front contact resistance Ω
Ri internal series resistance Ωcm2

Rohm ohmic resistance Ωcm2

Rp shunt resistance Ωcm2

Rp2 p2 scribing line resistance Ωcm2

RSRH shockley-read-hall recombination rate cm−3s−1

Rrad radiative recombination rate cm−3s−1

Rs series resistance Ωcm2

rj differential junction resistance Ω
rs differential series resistance Ω
∆Rs change of the series resistance Ωcm2



Symbol Description Typical Unit

ρ space charge density C/m3

ρc/v resistivity (conduction / valence band) Ωm
T temperature K
t time s
τ lifetime s
V voltage V
Vext external voltage V
Vext,max maximum voltage within a time frame V
Vext,min minimum voltage within a time frame V
Vext,mean average voltage within a time frame V
∆Vext change of external voltage V
Vj junction voltage V
∆Vj change of junction voltage V
Vj’ non-calibrated junction voltage V
VMPP maximum power point voltage V
Voc open circuit voltage V
VR voltage across series resistance V
Vth thermal voltage V
vth thermal velocity V
X counts -
z distance vertically to solar cell surface m

Chemical Smybols

Cu copper
CdS Cadmium sulfide
e electron
Ga gallium
h hole
Indium indium
Mo molybdenum
S sulfur
Se selenium
ZnO zinc oxide
ZnO:Al aluminum doped zinc oxide
ZnO:i intrinsic zinc oxide
VSe selenium vacancy
VCu copper vacancy



Constants

e elementary charge 1.6021766208(98)×10−19 C
h Planck constant 4.135667662(25)×10−15 eV s
k Boltzmann constant 8.6173324(78)×10−5 eV K−1

ε0 electric constant 8.854187817×10−12 Fm−1

π pi 3.14159
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