
A word about my personal philosophy. It is anchored in optimism. It must be, for optimisim brings with it hope, a future with a purpose,
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Abstract

This work contributes to the understanding of generation dependent charge-carrier trans-
port properties in Cu(In,Ga)Se2 (CIGSe)/ CdS/ ZnO solar cells and a consistent model
for the electronic band diagram of the heterojunction region of the device is developed.
Cross section electron-beam induced current (EBIC) and temperature and illumination
dependent current voltage (IV) measurements are performed on CIGSe solar cells with
varying absorber layer compositions and CdS thickness.
For a better understanding of possibilities and limitations of EBIC measurements applied
on CIGSe solar cells, detailed numerical simulations of cross section EBIC profiles for
varying electron beam and solar cell parameters are performed and compared to profiles
obtained from an analytical description. Especially the effects of high injection conditions
are considered.
Even though the collection function of the solar cell is not independent of the generation
function of the electron beam, the local electron diffusion length in CIGSe can still be
extracted. Grain specific values ranging from (480 ± 70) nm to (2.3 ± 0.2) µm are de-
termined for a CuInSe2 absorber layer and a value of (2.8 ± 0.3) µm for CIGSe with a
Ga-content of 0.3.
There are several models discussed in literature to explain generation dependent charge
carrier transport, all assuming a high acceptor density either located in the CIGSe layer
close to the CIGSe/CdS interface (p+ layer), within the CdS layer or at the CdS/ZnO
interface. In all models, a change in charge carrier collection properties is caused by a
generation dependent occupation probability of the acceptor type defect state and the
resulting potential distribution throughout the device.
Numerical simulations of EBIC and IV data are performed with parameters according to
these models. The model that explains the experimental data best is that of a p+ layer at
the CIGSe/CdS interface and acceptor type defect states at the CdS/ZnO interface. The
p+ layer leads to generation dependent transport in EBIC at room temperature, while
defect states at the CdS/ZnO interface cause a significant reduction of the photocurrent
in the red light illuminated IV characteristics at low temperatures. Electron beam irradi-
ation of the heterojunction region alters EBIC profiles temporarily, and there is enhanced
relaxation of this effect in air. In addition, the occurrence of generation dependent charge-
carrier transport is found to correlate with the presence of an ordered defect compound
(ODC) in the absorber layer. Thus, the p+ layer occurs in connection with an ordered
defect compound (ODC) layer with a lowered valence band maximum as compared to
that of the CIGSe layer and a high net p-type doping density (1017 cm−3), possibly due
to the passivation of donor type defect states by oxygen incorporation.
Furthermore, shallow donor type defect states at the p+ layer/CdS interface of some
grains of the absorber layer possibly caused by Cd on Cu site defects explain the fact that
charge-carrier transport is grain specific, i.e. inhomogeneous, in EBIC experiments.



Zusammenfassung

Die vorliegende Arbeit leistet einen Beitrag zu einem besseren Verständnis generations-
abhängigen Ladungstransports in Cu(In,Ga)Se2 (CIGSe)/ CdS/ ZnO Dünnschichtsolarzellen.
Ein konsistentes Modell für das elektronische Banddiagramm im Bereich der Heteroübergänge
wird entwickelt. Hierfür werden Messungen elektronenstrahlinduzierter Ströme in der
Querschnittsanordnung und temperatur- und beleuchtungsabhängige IV Messungen an
Solarzellen mit Absorberschichten mit unterschiedlicher Zusammensetzung und einer vari-
ierenden CdS Pufferschichtdicke durchgeführt.
Für ein besseres Verständnis der Möglichkeiten und Grenzen von EBIC Messungen an
CIGSe Solarzellen werden detaillierte numerische Simulationen von EBIC Profilen unter
der Annahme variierender Elektronenstrahl- und Solarzellenparameter durchgeführt. Diese
werden mit Profilen, die aus einer analytischen Beschreibung hervorgehen, verglichen. Im
Speziellen werden Hochinjektionseffekte untersucht.
Obwohl die Sammlungsfunktion der Solarzelle nicht unabhängig von der Generations-
funktion des Elektronenstrahls ist, ist eine Extraktion der lokalen Diffusionslänge der
Elektronen in CIGSe möglich. Diese ist kornspezifisch und wird zu Werten von (480 ±
70) nm bis (2.3 ± 0.2) µm in CuInSe2 und zu (2.8 ± 0.3) µm in einer CIGSe Schicht mit
einem Ga-Gehalt von 0.3 bestimmt.
In der Literatur werden verschiedene Modelle zur Erklärung der generationsabhängigen
Ladungsträgersammlung diskutiert, die alle auf der Annahme einer hohen Dichte an
akzeptorartigen Defektzuständen entweder in der CIGSe Schicht im Bereich der CIGSe/CdS
Grenzfläche (p+ Schicht), in der CdS Schicht oder an der CdS/ZnO Grenzfläche basieren.
In allen Modellen verändert sich die Ladungsträgersammlung in Abhängigkeit von der gen-
erationsabhängigen Besetzung der Defektzustände und dem resultierenden Potentialver-
lauf in der Solarzelle.
Im Rahmen der vorliegenden Arbeit werden numerische Simulationen unter der An-
nahme von Parametern durchgeführt, die den in der Literatur diskutierten Modellen
entsprechen. Die beste Übereinstimmung mit den experimentellen Daten wird erreicht
wird für ein Modell einer p+ Schicht an der CIGSe/CdS Grenzfläche und Akzeptoren-
zustände an der CdS/ZnO Grenzfläche. Die p+ Schicht verursacht die generations-
abhängigen Transporteigenschaften in EBIC bei Raumtemperatur, wohingegen die De-
fektzustände an der CdS/ZnO eine Verringerung des Photostroms der Solarzelle im Fall
von Rotlichtbeleuchtung bei tiefen Temperaturen bedingen. Elektronenbestrahlung der
Heterogrenzflächenregion verändert EBIC Profile temporär, und Relaxation dieses Ef-
fekts findet verstärkt in Anwesenheit von Sauerstoff statt. Das Auftreten generations-
abhängiger Ladungsträgersammlung korreliert mit der Anwesenheit einer geordneten De-
fektverbindung (ordered defect compound, ODC) in der Absorberschicht. Die p+ Schicht
kommt also in Verbindung mit einer ODC Phase vor, welche ein abgesenktes Valenzband
im Verhältnis zu der CIGSe Schicht und eine hohe netto p-Dotierung aufweist, die durch
die Passivierung donatorartiger Defektzustände im grenzflächennahen Bereich der Ab-
sorberschicht durch den Einbau von Sauerstoff zustande kommen könnte.
Des Weiteren erklärt ein flacher Donator an der p+ Schicht/CdS Grenzfläche einiger
Körner der Absorberschicht, welcher möglicherweise durch CdCu Defekte verursacht wird,
die Beobachtung, dass Ladungsträgertransport in EBIC kornspezifisch und damit inho-
mogen ist.
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1. Introduction

Thin-film solar-cells with polycrystalline Cu(In,Ga)Se2 (CIGSe) absorber layers provide
a good alternative to wafer based crystalline silicon solar cells, which currently constitute
the major share of photovoltaics installed and used worldwide. In contrast to silicon,
CIGSe is a direct semiconductor material meaning that a layer thickness of some micro-
meters is sufficient for absorption of most of the incoming sunlight without the necessity
of light trapping structures, which have to be used in silicon thin-film devices.
CIGSe based solar cells consist of a multilayer stack of semiconductor and metallic layers.
Due to the complexity of the structure with two heterojunctions involved, charge carrier
transport is still not understood completely in these devices. There are several open ques-
tions with respect to charge and defect distributions, band alignment and the influences
on charge carrier transport. The main aim of this work is to gain a better understanding
in this regard, to develop a consistent model for the electronic band diagram with a focus
on the heterojunction region in equilibrium and under illumination, and to draw conclu-
sions about the limiting factors for the solar conversion efficiency.
One important finding reported in literature is the occurrence of generation dependent
charge-carrier transport properties observed in electron beam induced current (EBIC)
measurements on cross sections of CIGSe solar cells [1] and temperature dependent cur-
rent voltage (IV) analysis [2–4]. The understanding of these effects might one of the keys
to a better understanding of charge-carrier transport properties within the solar cell un-
der illumination. There are several explanatory models, all based on the assumption of
a high density of acceptor type defect states either located at the surface of the CIGSe
layer (p+ layer) [4, 5], within the CdS layer [2, 3, 6] or at the CdS/ZnO interface [7, 8].
All models have in common that for generation conditions leading to a low hole density
in the heterojunction region of the solar cell, the acceptor states are mostly occupied with
electrons and the high local negative charge density leads to a drastic decrease of the
collected current.
For the present work, cross section EBIC and IV measurements were performed on a vari-
ety of CIGSe/CdS/ZnO solar cells with varying properties with respect to their absorber
composition and CdS buffer layer thickness. The advantage of the applied combination
of techniques is to obtain both, spatially resolved and integral information about charge
carrier transport for different generation conditions in the solar cell. One dimensional
numerical simulations were carried out to reproduce the experimental data, exclude or
confirm the existing explanatory models and draw conclusions about a consistent model
for space charge distributions and interface properties and the resultant charge-carrier
transport properties.

The outline of this thesis is as follows:

1



2 Chapter 1. Introduction

• In Chapter 2, the theoretical framework of charge carrier transport within a hetero-
juction solar cell is provided and basic equations are given.

• In Chapter 3, the fundamentals of CIGSe solar cells and a literature survey of
relevant aspects concerning charge carrier transport in CIGSe solar cells are given.
In Section 3.1, the stacking sequence of the solar cell, the deposition processes,
material properties of CIGSe and the electronic band diagram of CIGSe solar cells
are introduced. Interface properties and their influence on charge carrier transport
are treated in Section 3.2. Section 3.3 summarizes the experimental findings and
explanatory models for the experimentally observed generation dependent current
decrease.

• In Chapter 4, experimental results and numerical simulations concerning the so
called ”red kink” effect occurring in IV measurements performed at low tempera-
tures using only the red part of the light spectrum are presented. The aim is to
identify and quantify the relevant parameters for a consistent explanation of the
experimental data.

• In Chapter 5, EBIC is introduced as an experimental technique. In Section 5.1, the
fundamentals of cross section EBIC measurements are given and an analytical model
for the description of experimental data is introduced. In Section 5.2, the validity
of the analytical description is tested by a comparison to numerical simulations and
the influence of electron beam and solar cell parameters on EBIC data is discussed
in detail. These simulations and considerations help to establish a more profound
understanding of the experimental technique and its possibilities and limitations.

• In Chapter 6, the results of EBIC and IV measurements on CIGSe solar cells and nu-
merical simulations are presented and used in order to develop a consistent model for
the electronic band diagram of the heterojunction region of the solar cell and charge
carrier transport. In Section 6.1, the experimental results of cross section EBIC
measurements on a CuInSe2 (CISe) solar cell are presented. Section 6.2 summarizes
numerical simulations of EBIC and IV data performed in order to identify the origin
of the experimentally observed generation dependent current decrease. In Section
6.3, EBIC and IV results obtained from series of CIGSe solar cells with different
CdS buffer layer thicknesses and absorber layers of different Ga- and Cu-content are
presented.

• In Chapter 7, implications of the suggested model for solar cell performance at room
temperature under white light illumination, i.e. standard working conditions of the
solar cell, are discussed in detail.

• In Chapter 8, the results of the present work are summarized and final conclusions
are drawn.



2. Theory of charge carrier transport in

heterojunction solar cells

2.1. The pn-junction

In this section, a brief introduction into the fundamentals of pn-junctions is given. First,
the formation and basic equations of homojunctions, i.e. pn-junctions between a p-doped
and an n-doped region of the same semiconductor material, is treated in Section 2.1.1.
The pn-junction in standard CIGSe solar cells consisting of a layer stack of three different
materials of different permittivities, doping types and densities, bandgap energies and
electron affinities (CIGSe/CdS/ZnO) is a heterojunction. The theory of heterojunctions
according to the Anderson model [9] will be introduced in Section 2.1.2.

2.1.1. Homojunction

A pn-junction forms if a p-type and an n-type semiconductor are in contact. In ther-
modynamical equilibrium, the electrochemical potential is the same on the p- and the
n-side. In a simple picture, the diffusion current of electrons from the n- to the p-side
and of holes vice versa induced by the difference in chemical potential of p- and n-side
is counterbalanced by a drift current of electrons and holes in the opposite direction,
which is induced by the difference in electrical potentials of p- and n-side resulting from
the spatial separation of charged particles. A space charge region with charged ionized
atoms develops between the two layers, which is depleted of mobile charge carriers. The
potential drop across the space charge region, which is called built in voltage Vbi, is given
by [10]:

eVbi = e(ϕ(−∞)− ϕ(∞)) = Eg − ĒFp − ĒFn, (2.1)

where ϕ is the electrical potential, ĒFp is the absolute value of the energetic difference
between Fermi level and valence band maximum in the neutral region of the p-side and
Ēfn is the absolute value of the energetic difference between Fermi level and conduction
band minimum in the neutral region of the n-side.
Within the Boltzmann approximation, which is valid if the electron and hole densities n

and p are not too high, i.e. for exp
(
|EC,V−EF|

kT

)
� 1, where EC denotes the conduction

band minimum, EV the valence band maximum and EF the Fermi energy, the charge

carrier densities are given by n = NCexp
(
− ĒFn

kT

)
and p = NVexp

(
− ĒFp

kT

)
. Using the

3



4 Chapter 2. Theory of charge carrier transport in heterojunction solar cells

Boltzmann approximation and using np = NCNVexp
(
−Eg

kT

)
= n2

i , the following equation

is obtained [10]:

eVbi = kT ln

(
NdNa

n2
i

)
, (2.2)

if assuming that all doping atoms are ionized n = Nd and p = Na. Na stands for the doping
density of the p-type semiconductor, Nd is the doping density of the n-type semiconductor,
ni is the intrinsic charge carrier density of the material and e is the elemental charge. The
spatial dependence of the electrical potential ϕ(~x) can be obtained by integration of the
Poisson equation:

−∆ϕ(~x) =
ρ(~x)

εε0
, (2.3)

where ε0 denotes the electric constant, ε the relative permittivity of the semiconductor
material and ρ(~x) the local charge density. If assuming translation invariance parallel to
the pn-junction, the problem can be restricted to one dimensional equations.
The frequently used Schottky approximation of a pn-junction assumes abrupt changes
in charge density at the edges of the space charge region and at the interface between
the p- and the n-side of the pn-junction. In Figure 2.1, the spatial dependence of the
potential, the charge density across a pn-junction within the Schottky approximation and
the electronic band diagram of this homojunction are shown.

(a) (b)
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-xn xp0

Vbi
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-- -

- -

- -- -
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-eφ

EC

EV

EF

Figure 2.1: (a) Space charge density ρ and electrical potential ϕ of a pn-junction within the
Schottky approximation (b) Electronic band diagram of a homojunction.
xp and −xn stand for the positions of the edge of the space charge region, Eg

for the bandgap energy and χ for the electron affinity. EC and EV stand for the
conduction band minimum and the valence band maximum, wSCR for the total
width of the space charge region and EF for the Fermi level.

With the condition of charge neutrality within the complete device i.e. xpNa = xnNd,
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where xp denotes the width of the space charge region on the p-side of the junction and
xn that on the n-side, the following equation is obtained for the ratio of the widths of the
space charge region:

xp =
Nd

Na

xn (2.4)

Thus, if Nd � Na, the width of the space charge region on the p-side is much larger than
that on the n-side. The total width of the space charge region wSCR is given by:

wSCR = xp + xn =

(
1 +

Nd

Na

)
xn (2.5)

Integration of the Poisson equation on the n-side of the junction assuming as boundary
conditions E(−xn) = 0 and ϕ(−xn) = ϕ(−∞) yields:

ϕn(x) =
eNd

2εε0
(x+ xn)2 + ϕ(−∞) (2.6)

and correspondingly on the p-side, it is obtained that:

ϕp(x) =
eNa

2εε0
(x− xp)2 + ϕ(∞) (2.7)

assuming as boundary conditions E(xp) = 0 and ϕ(xp) = ϕ(∞). Using that ϕn(0) =
ϕp(0), the following equation for the built in potential is derived:

Vbi = ϕ(−∞)− ϕ(∞) =
e

2εε0
(NDx

2
n +Nax

2
p) (2.8)

By use of Equations 2.4 and 2.5, it is obtained that:

xn =

(
2εε0
e

Na

Nd(Na +Nd)
Vbi

) 1
2

xp =

(
2εε0
e

Nd

Na(Na +Nd)
Vbi

) 1
2

wSCR =

(
2εε0
e

Na +Nd

NaNd

Vbi

) 1
2

(2.9)

If ϕ(−∞) =: 0, Equation 2.7 can be used to calculate the voltage drop in the p-type layer
by inserting Equations 2.4 and 2.8:

ϕ(x = 0) =
eNa

2εε0
x2

p = Vbi
Nd

Na +Nd

(2.10)

Thus, if Nd � Na, most of the voltage drops across the p-type layer.



6 Chapter 2. Theory of charge carrier transport in heterojunction solar cells

2.1.2. Heterojunction

In heterojunction devices like e.g. in CIGSe solar cells, the valence and/or the conduction
band are not continuous at the interface between the different materials, they exhibit
offsets. Within the Anderson model [9], charged interface states and dipoles are neglected.
In the following, a heterojunction between a p-type absorber layer and an n-type window
layer is considered. The bandgap energy of the window layer is assumed to be larger than
that of the absorber layer: Eg,win > Eg,abs. The band offsets in valence and conduction
band ∆EV and ∆EC at the interface between the materials are given by [11]:

∆Eg = ∆EC + ∆EV

∆EC = (χwin − χabs)e

∆EV = (χwin − χabs)e+ Eg,win − Eg,abs, (2.11)

where χwin and χabs denote the electron affinities of the window and the absorber layer
materials. The built in voltage is given by:

−eVbi = Eg,abs − ĒFp − ĒFn + ∆EC. (2.12)

In Figure 2.2 (b), the electronic band diagram of a window/absorber heterojunction is
shown. In this case, the electron affinity of the n-type window layer is smaller than that
of the p-type absorber layer resulting in a positive conduction band offset at the interface
(denoted as spike).

(a) (b)

Figure 2.2: (a) The n-type window layer and the p-type absorber layer are not in contact. (b)
Electronic band diagram of a pn-heterojunction.
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2.1.3. Influence of interface defects

So far, the influence of additional deep defects and charged interface defects has been
neglected. Especially the latter might play a crucial role concerning charge and potential
distributions within CIGSe solar cells. The occupation probability f of an energetically
discrete interface defect state in equilibrium is given by the Fermi distribution function:

f(Et) =
1

exp
(
Et−EF

kT

)
+ 1

, (2.13)

where EF denotes the Fermi energy and Et the energy level of the defect state. Thus, the
charge qIF accumulated in an interface defect of density NIF with an energy level at EIF

above the valence band maximum is given by:

qIF,d = NIF,d

1− 1

exp
(
EIF,d−EF

kT

)
+ 1


qIF,a = −NIF,a

1

exp
(
EIF,a−EF

kT

)
+ 1

(2.14)

where the subscripts a and d are used for acceptor and donor type defects, i.e. negative and
positive interface charge. Thus, the charge neutrality condition for an absorber/window
solar cell with charged interface defects reads:

eNd,winxn − eNa,absxp + qIF = 0 (2.15)

Depending on their density and energetic position and in consequence occupation proba-
bility, interface defects can change charge and potential distributions within the solar cell
completely and can thus play a major role in charge-carrier transport processes.

By altering the field and potential distribution throughout the solar cell device, a change in
local charge distributions can have a severe impact on charge-carrier transport processes.
In this way, the equations and considerations of the previous section provide the basis for
an understanding of the generation dependent transport properties, which are treated in
detail in the present work.

2.2. Charge carrier collection

Charge carrier collection across the pn-junction

A solar cell is a structure which transforms the energy contained in the incident photon
current of light into an external electrical current or voltage, i.e. into electrical energy. For



8 Chapter 2. Theory of charge carrier transport in heterojunction solar cells

standard pn-junction solar cells, photons of sufficient energy are absorbed and electron-
hole pairs are generated within the semiconductor layer(s). These charge carrier pairs can
either recombine or they are ”collected”, which means that they get seperated and are in
consequence measurable as an external current or a voltage.
For this process, ”selective” contacts for each type of charge carrier are needed. Upon
irradiation, a gradient of the electrochemical potential of electrons and holes (of the
electron and hole (quasi) Fermi level) develops, which causes an electron current to one
contact and a hole current to the second one. In many pn-junction solar cell, this is
provided by the potential drop of the space charge region (SCR) of the pn-junction and
ohmic (or low barrier) contacts to the external circuit. In CIGSe thin-film solar cells,
most of the electron-hole pairs are generated in the p-type CIGSe absorber layer and
electrons move in direction of the pn-junction and holes to the back contact. For low
injection conditions, i.e. if the density of generated charge carriers is much lower than the
CIGSe doping density, the collected current is limited by the minority charge carrier (i.e.
electron) current, which in turn is limited by recombination processes either in the bulk
of the absorber layer, in its space charge region or at the heterointerfaces. The electron
and hole current densities ~je and ~jh can be expressed as a sum of a diffusion and a drift
term [12]:

~je = ~jdiffusion,e +~jdrift,e = −eDe∇n+ σe
~E

~jh = ~jdiffusion,h +~jdrift,h = −eDh∇p+ σh
~E (2.16)

where De,h denotes the diffusion coefficient of electrons/holes, σe,h the respective conduc-

tivity, n the electron concentration and p the hole densities and ~E an electrical field.

Charge carrier collection in the quasi neutral region

The basic equation for charge carrier transport is the continuity equation ∂ρ
∂t

+∇~j = 0,
which can be transformed into the following equations for the electron and hole concen-
trations n(~x) and p(~x) by use of Equation 2.16:

Dh∆p(~x)− µh
~E(~x)∇p(~x)− µhp(~x)∇ ~E(~x)−R(~x) + g(~x) = 0

De∆n(~x) + µe
~E(~x)∇n(~x) + µen(~x)∇ ~E(~x)−R(~x) + g(~x) = 0, (2.17)

where µe,h denotes the electron/hole mobility, R(~x) is the recombination rate and g(~x) is
the rate with which charge carriers are generated.
In the following, the quasi neutral region of a p-type material under low injection condi-
tions is considered ( ~E = ~0). ΣBC denotes the plane of the back contact and Σp that of the

edge of the space charge region. For point like generation at position ~́x, the density of ex-
cess electrons δn(~x) obeys the following differential equation derived from the continuity
equation [13]:

De∆δn(~x)− δn(~x)

τ
= a∗δ(~x− ~́x), (2.18)
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where τ is the electron lifetime and a∗ = 1s−1. The recombination rate R(~x) is approxi-
mated by δn(~x)/τ in this equation. The appropriate boundary conditions are:

δn(~x) = 0 if ~x ∈ Σp

De∇δn(~x) êBC = SBCδn(~x) if ~x ∈ ΣBC.

SBC corresponds to the back contact recombination velocity and êBC is a normal vector
to ΣBC. For the edge of the space charge region, perfect collection is assumed (δn = 0).
Assuming that τ does not depend on δn, Equation 2.18 is a linear differential equation.
The particle current (in units of s−1) across the edge of the space charge region Σp can
be expressed as:

I(~́x) =

∫
Σp

De∇δn êp dσ, (2.19)

where êp is a normal vector to Σp. According to the reciprocity theorem derived in
References [14] and [13], the inhomogeneous differential equation 2.18 for δn(~x) can be
substituted by a homogeneous differential equation for the collection function fc(~x):

De∆fc(~x)− fc(~x)

τ
= 0 (2.20)

Using as boundary conditions:

fc(~x) = 1 if ~x ∈ Σp

−De∇fc(~x)êBC = SBCfc(~x) if ~x ∈ ΣBC,

it is obtained:

a∗fc(~́x) = −
∫

Σp

De∇δn êpdσ = I(~́x). (2.21)

Thus, the collection function fc(~x) corresponds to the normalized current response for
point like generation in the quasi neutral region, which is equivalent to the probability
of an electron generated at position ~́x to be collected. At the edge of the space charge
region, the collection probability is assumed to be one.
In a more general case of an extended generation profile, which can be described by the
superposition of δ-functions, the collected current (in units of A) is obtained by integration
over the generation volume V

I = e

∫
V

g(~x)fc(~x)d~x. (2.22)

Thus, the electron current across the edge of the space charge region Σp, is expressed as a
convolution of fc(~x) and g(~x). In case of translation invariance parallel to the pn-junction,
Equation 2.22 simplifies to:

I = e

∫
fc(x)g(x)dx, (2.23)
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where x is the spatial coordinate perpendicular to the pn-junction and fc(x) and g(x) =∫ ∫
g(~x)dydz are the one dimensional expressions of the collection function and the gen-

eration profile. In case of an infinite semiconductor (no back contact), a one dimensional
solution for fc(x) is given by:

ϕ(x) = exp

(
− x

Le

)
, (2.24)

where Le =
√
Deτ denotes the electron diffusion length. If the semiconductor is limited

by a back contact at position x = xBC with a recombination velocity of SBC, a solution
for fc(x) is given by:

fc(x) =

1
Le

cosh
(
x−xBC

Le

)
− SBC

De
sinh

(
x−xBC

Le

)
SBC

De
sinh

(
xBC−xp

Le

)
+ 1

Le
cosh

(
xBC−xp

Le

) , (2.25)

where xp stands for the position of the edge of the space charge region.

2.3. IV characteristics

Diode equation

Based on the continuity equation, Shockley derived an equation for the dark current
voltage characteristics of an ideal diode, which is given by [10, 15]:

jdiode(V ) = j0

[
exp

(
eV

kT

)
− 1

]
with j0 = e

(
pn0

Dh

Lh

+ np0
De

Le

)
, (2.26)

where j0 is the saturation current density and V the applied voltage. np0 stands for the
equilibrium electron density on the p-side, pn0 for the equilibrium hole density on the
n-side, and Lh for the hole diffusion length. The simplifying assumptions necessary for
the derivation of this equation are abrupt depletion layers, the Boltzmann approximation
for charge carrier densities, low injection conditions and no generation or recombination
currents within the depletion layer [10].
The diode equation of a real diode can be expressed in the form:

jdiode(V ) = j0

[
exp

(
eV

AkT

)
− 1

]
with j0 = j00exp

(
− Ea

AkT

)
(2.27)

where A is the diode quality factor, Ea is the activation energy of the saturation current
density and j00 is a reference current density, which is weakly temperature dependent. A
detailed evaluation shows, that the values of A and Ea depend on the dominant recombi-
nation process within the solar cell [16, 17].
If the solar cell is illuminated, a photocurrent jphoto(V ) is generated and the equation for
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the IV characteristics is given by:

jlight(V ) = j0

[
exp

(
eV

AkT

)
− 1

]
− jphoto(V ) (2.28)

In the simplest case, the superposition principle holds meaning that the dark IV curve is
only shifted by the value of a voltage independent photocurrent. But in real solar cells,
the photocurrent can be voltage dependent and the diode current does not necessarily
have to be the same in the dark as under illumination. In CIGSe solar cells, a crossing
of the dark and illuminated IV curves is frequently observed, which is called ”cross over
effect” [5, 18, 19]. In Figure 2.3, measured dark and illuminated IV curves of a CIGSe
solar cell with an absorber layer with a Ga-content of [Ga]/([Ga]+[In]) =: Ga/III = 0.3
are shown. Besides the cross over effect (see Figure 2.3), there are other characteristic
deviations from an IV curve according to Equation 2.28 observed for CIGSe solar cells:
the so called roll over effect, i.e. a saturation of the current for V > VOC, [20] and the
(red) kink effect, which is treated in detail in the present work and is introduced in Section
3.3 (see Figure 3.6).

jSC

VOC

Figure 2.3: Dark and white light illuminated IV curves of a CIGSe solar cell with an absorber
layer with a Ga-content of Ga/III = 0.3 measured at a temperature of 300 K. There
is a crossing between the dark and the illuminated IV curves denoted as the ”cross
over” effect.

Solar cell parameters

Characteristic solar cell parameters are the open circuit voltage (VOC), the short circuit
current density (jSC) and the fill factor (FF ), which is given by the ratio:

FF =
Vmppjmpp

VOCjSC

, (2.29)

where Vmpp and jmpp are the voltage and current density values at the point of maximum
power output (maximum power point, mpp). The solar conversion efficiency of a solar
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cell is determined by:

η =
FFjSCVOC

Psun

, (2.30)

where Psun is the solar power density.

2.4. Recombination

The solar conversion efficiency of a solar cell is limited by the so called Shockley Queisser
limit [21], which is determined by radiative recombination. The maximum efficiency of a
solar cell with an absorber bandgap energy of 1.1 eV is calculated to be 30.1%. In CIGSe,
also non radiative recombination via defect states in the bandgap takes place and record
efficiencies are in the range of 20% [22]. In the following, an introduction is given into the
basic equations describing non radiative recombination via a monoenergetic defect state
in the bandgap according to the theory developed by Shockley, Read and Hall (denoted
as SRH recombination) [23, 24].

Demarcation levels

In equilibrium, the occupation of all electronic states within a semiconductor is given by
the Fermi distribution function given by Equation 2.13. The Fermi level corresponds to
the energy level at which the occupation probability is 1/2. Under illumination in the
steady state, the electron and hole Fermi levels Efn and Efp split up. They are given by:

EC − Efn = kT ln

(
NC

n

)
EV − Efp = kT ln

(
NV

p

)
(2.31)

The electron density corresponds to the sum of the density in equilibrium and the density
of additionally generated electrons n = n0 + δn and the hole density correspondingly to
p = p0 + δp. The steady state quasi Fermi levels for electrons and holes describe the
occupation of those states which are still in effective thermal equilibrium with the bands
[25]. In this case, the occupation is determined by thermal exchange with the respective
band and not by recombination.
In the following, the case of a p-type semiconductor and electrons as its minority charge
carriers are considered. A defect state is defined as a recombination center, if the proba-
bility of re-emission of a trapped electron to the conduction band is smaller than that of
emission to the valence band. Otherwise it is defined as an electron trap. The energetic
level, at which the probabilities of re-emission to the conduction band and emission to
the valence band (recombination) are equal, is denoted as demarcation level Ēn. It can be
shown that a defect state is a recombination center, if it is energetically located between
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the hole Fermi level and the demarcation level: Efp < Et < Ēn. Ēn is given by [25]:

EC − Ēn = Efp + kT ln

(
σem

∗
e

σhm∗h

)
(2.32)

wherem∗e,h are the effective masses of electrons and holes respectively. In the band diagram
shown in Figure 2.4, the region where defect states are efficient recombination centers is
shaded. Thus, if a defect level contributes significantly to non radiative recombination,
depends critically on its relative energy level within the bandgap, which in turn depends
on the local band bending, which is influenced by an external voltage and the charge
distribution within the device.

EC

EV

En

Efn

Efp

Et

Figure 2.4: Band diagram of a p-type semiconductor. Ēn denotes the demarcation level. If
the energy level of a defect state Et is within the shaded area, the defect is an
effective recombination center. Otherwise a captured electron is more likely to be
re-emitted to the conduction band and the defect state is denoted as a trap.

Occupation of recombination centers

The recombination rate of electrons via a monoenergetic recombination center in the
bandgap is given by [12]:

Re = σevenNt,h (2.33)

where σe is the electron capture cross section of the defect state, ve is the electron velocity
and Nt,h the density of those defect states occupied by a hole.
In the following, a homogeneously illuminated semiconductor with a monoenergetic accep-
tor type defect state in open circuit conditions with a local recombination rate of electrons
and holes equal to the local generation rate is assumed. Using that the thermal emission
rate of electrons is proportional to the density of defect states occupied with an electron
and assuming charge neutrality within the semiconductor, the occupation probability αt

of the defect state is given by [12]:

αt =
σeven+ σhvhNVexp

[
−Et−EV

kT

]
σeve

(
n+NCexp

[
−EC−Et

kT

]
+ σhvh(p+NVexp

[
−Et−EV

kT

]
)
) (2.34)

where Et denotes the energetic level of the defect state, vh the hole velocity and σh the
capture cross section for holes.
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Recombination rate

A p-type semiconductor with a single defect level of density Nt is considered in the
following. Electrons are minority charge carriers. The minimum lifetime of an electron
τe0 is defined as the lifetime if all defects states are unoccupied. It is given by:

τe0 =
1

σevthNt

, (2.35)

where vth is the thermal velocity of the electron and σe denotes the capture cross section
of the recombination process. The principle processes involved in SRH recombination are:
the capture of electrons and holes and the re-emission of electrons and holes. Based on
the equation for the rates of these processes, the following fundamental equation for the
net recombination rate for a monoenergetic defect level can be derived [26]:

R =
np− n2

i

γh(n+ n∗) + γe(p+ p∗)
(2.36)

In case of bulk recombination without tunneling, γe and γh correspond to the minimum
lifetimes of electrons and holes τe0 and τh0. The quantities n∗ and p∗ correspond to the
electron and hole densities if the Fermi energy is located at the defect energy level. For
a defect level close to one of the bands, n∗ or p∗ is large and the recombination rate is
small. On the other hand, if n∗ and p∗ are small, which is the case if the defect energy
level is close to midgap, the recombination rate becomes large.
Using that np = n2

i exp
(
eV
kT

)
, Equation 2.36 can be transformed to:

R =
n2

i

[
exp

(
eV
kT

)
− 1
]

τh0[n+ n∗] + τe0

[
n2

i

n
exp

(
eV
kT

)
+ p∗

] (2.37)

The maximum of recombination can be determined via the derivation of R with respect
to n:

dR

dn
=

−n2
i

[
exp

(
qV
kT

)
− 1
][

τh0(n+ n∗) + τe0

(
n2

i

n
exp

(
qV
kT

)
+ p∗

)]2

[
τh − τe

n2
i

n2
exp

(
qV

kT

)]
(2.38)

and it is dR
dn

= 0 for:
n

τe0

=
p

τh0

(2.39)

Thus, if τe0 ≈ τh0 the position of maximum recombination is close to where p = n, which is
given within the space charge region of the pn-junction. The recombination rate gets lower
the more asymmetric the electron and hole concentrations are, because the recombination
process requires both, electrons and holes, to be present at the same position within the
device.
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Interface recombination

Interfaces between different materials are critical with respect to recombination, because
it is likely that the defect density is increased as compared to the bulk of the materials,
because there are dangling bonds, unfavorable structural reconstruction, lattice mismatch
and interdiffusion of atomic species from one material to the other. Interface recombina-
tion processes may be described by the same equations as those of bulk recombination,
i.e. according to the SRH formalism.
For interface recombination without tunneling, γe and γh in Equation 2.36 are replaced
by S−1

e,IF and S−1
h,IF, where Se,IF and Se,IF stand for the recombination velocities of electrons

and holes at the interface, which are given by:

Se,IF = Nt,IFσeve and Sh,IF = Nt,IFσhvh, (2.40)

where Nt,IF is the interface defect density, σe,h denotes the capture cross sections for
electrons and holes and ve,h stands for the thermal velocities. The maximum interface
recombination velocity is determined by the thermal velocity of the charge carriers.
For a given distribution of interface defects, the recombination probability of a photo
generated electron at the interface depends on the availability of holes as recombination
partners. Thus, one decisive quantity for interface recombination is the hole concentra-
tion, which is given by the energetic difference between the valence band maximum and
the hole Fermi level φh. The so called hole barrier φh is indicated by an arrow in the
electronic band diagram of the heterojunction region of a CuInSe2 (CISe) solar cell shown
in Figure 2.5.

Φ
h

CISeCdSZnO

Figure 2.5: Electronic band diagram of the heterojunction region of a CISe solar cell. The
arrow indicates the hole barrier at the absorber/buffer interface.

A large hole barrier at the interface, which is desirable in order to minimize interface
recombination within the solar cell under illumination, is achieved by [27]:

• Asymmetric doping densities within the p- and n-type layers: Nd � Na (n+p
junction).

• Positively charged interface defect states.

• Fermi level pinning close to the conduction band minimum.
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• A spike in the conduction band at the interface.

• An enlarged bandgap energy at the absorber layer surface (interface to CdS) re-
sulting from a locally lowered valence band maximum as possibly obtained by the
formation of a surface ODC layer in CIGSe (see Section 3.2).

2.5. Thermionic emission across a potential barrier

EC

max

Ec

min

E0

x
E0 position x0

(a) (b)

Figure 2.6: Detail sketch of the electronic band diagram including the conduction band min-
imum and the electron Fermi level at a CIGSe/CdS heterojunction with a posi-
tive conduction band offset (spike). In the classical approach within thermionic
emission theory, electrons of sufficient energy can overcome the energetic barrier
provided by the spike resulting in a thermionic emission current density jTE,e. In
thermionic field emission theory, quantum mechanical tunneling of electrons is also
included (thermionic field emission current density jTFE,e).

Within thermionic emission (TE) theory, charge carrier transport across energetic barriers
is described using classical concepts. A charge carrier is assumed to overcome an energetic
barrier, if its energy is sufficient. Quantum mechanical tunneling is not considered. The
basic equations were derived for metal-semiconductor contacts [10, 28], but can also be
applied to semiconductor-heterojunctions exhibiting band offsets as energetic barriers.
The IV characteristics of a metal-semiconductor contact according to thermionic emission
theory is given by [28]:

jTE =
qNC,Vv̄e,h

4
exp

(
−eφb

kT

)[
exp

(
eV

kT

)
− 1

]
, (2.41)

where NC and NV are the effective densities of states in the conduction and the valence
band, v̄e and v̄h are the average electron and hole velocities and φb is the barrier height.
φb corresponds to the energetic difference between the Fermi level (electron or hole) and
the corresponding band edge (conduction band minimum or valence band maximum).

From this equation, the thermionic emission current of electrons across the CIGSe/CdS
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interface of a CIGSe solar cell with a conduction band spike ∆EC (see Figure 2.6) can be
deduced. It corresponds to the electron current from the CIGSe layer into the CdS layer
minus the current from the CdS layer into the CIGSe layer [29] (V=0):

jTE,e = vth

[
n(0+)exp

(
−∆EC

kT

)
− n(0−)

]
(2.42)

where n(0+) and n(0−) are the electron densities on the CIGSe and the CdS side of the
interface respectively. For simplification, the thermal velocities and the effective density
of states in the conduction band are assumed to be equal in the CIGSe and the CdS
layers. Thus, the electron current depends on the barrier height as well as on the electron
densities on both sides of the junction. The electron density on the CdS side can be
expressed as:

n(0−) = n(0+)exp

(
−∆EC

kT

)
exp

(
−∆Efn

kT

)
(2.43)

where ∆Efn is the offset in the electron Fermi level at the interface. Thus, jTE,e can be
expressed as:

jTE,e = vthn(0+)exp

(
−∆EC

kT

)[
1− exp

(
−∆Efn

kT

)]
(2.44)

2.6. Tunneling through a potential barrier

In thermionic field emission theory, tunneling of charge carriers through an energetic
barrier is also included in addition to thermionic emission [30]. The tunneling probability
of a charge carrier depends on its energy and the barrier height and width. It is equal to
one, if the energy of the charge carrier is larger than the energetic barrier (classical limit).
In Figure 2.6, both processes - pure thermionic emission and tunneling - are indicated in an
electronic band diagram of a CIGSe/CdS heterojunction. Using the WKB approximation
as a boundary condition, the thermionic field emission current density jTFE,e of electrons
across an energetic barrier in the conduction band can be expressed as [30]:

jTFE,e = jTE,e(1 + δ) (2.45)

and δ is equal to:

δ =
1

kT
exp

(
Emax

C

kT

)∫ Emax
C

Emin
C

exp

(
−E0

kT

)
T (E0)dE0,

where Emax
C = E0−

C is the maximum value of the conduction band minimum at the interface
(0-, CdS side). Emin

C is given by the maximum of the value of the conduction band
minimum at the interface on the absorber side (0+) and the value of the conduction band
minimum in the bulk of the CdS layer: max{E0+

C , ECdS
C } (in the case displayed in Figure

2.6 it is: Emin
C = ECdS

C ).
T (E0) is the transmission probability of an electron with energy E0, which is given by
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[30]:

T (E0) = exp
(
−4π

h

∫ xE0

0
[2m∗e(EC(x)− E0)]

1
2 dx
)

if Emin
C ≤ E0 < Emax

C

= 1 if E0 > Emax
C , (2.46)

where m∗e is the effective mass of electrons, h is the Planck constant and xE0 is the position
where EC = E0 within CdS (see Figure 2.6 (b)). Thus, the larger the width of the energetic
barrier, the smaller is the tunneling probability. This means that a higher doped CdS
layer leads to an increased tunneling current across the conduction band spike.



3. Charge carrier transport in

Cu(In,Ga)Se2 solar cells

In this chapter, the fundamentals of Cu(In,Ga)Se2 (CIGSe) thin-film solar-cells are in-
troduced and a literature survey on relevant aspects concerning charge carrier transport
is given. In Section 3.1, the device structure of CIGSe solar cells, the deposition pro-
cesses for the individual layers, basic material properties of CIGSe and the electronic
band diagram of a CIGSe solar cell are introduced. Since CIGSe solar cells consist of
a complex multilayer stack with several interfaces between the individual layers, which
play an important role in charge carrier transport, Section 3.2 focuses on relevant aspects
concerning interfaces. An overview of experimental observations concerning generation
dependent charge-carrier transport properties observed in IV and EBIC measurements
on CIGSe solar cells and explanatory models is given in Section 3.3, which provides the
framework of the investigations carried out for the present work.

3.1. Basics of Cu(In,Ga)Se2 thin-film solar-cells

3.1.1. Solar cell configuration

In Figure 3.1, the stacking sequence of a CIGSe thin-film solar-cell is displayed schemat-
ically (a) and in a scanning electron microscope (SEM) image of a polished solar cell
cross-section. All solar cells investigated for the present study were fabricated at the
Helmholtz-Zentrum Berlin and use soda lime glass as a substrate material. The solar cell
itself consists of a multilayer stack out of a sputtered molybdenum back contact (≈ 1 µm),
an evaporated CIGSe absorber layer (≈ 2 µm), a CdS buffer layer (≈ 50 nm) deposited
in a chemical bath and a sputtered double layer of intrinsic ZnO (i-ZnO) and Al doped
ZnO (Al:ZnO). On top of the ZnO window layer, a metallic contact grid out of Al and Ni
is evaporated.
The CIGSe absorber layer is evaporated in a so called multistage coevaporation process
[31] based on the three stage physical vapor deposition (PVD) process [32]. During the
first stage, a layered precursor out of In, Ga and Se is deposited at a substrate temperature
of 330 ◦C, where the evaporation of (In-Se) and that of (Ga-Se) are carried out separately
in order to control the final Ga to In ratio of the CIGSe layer. During the second stage,
Cu and Se are evaporated at a substrate temperature of 525 ◦C. The stoichiometric point
of CIGSe is detected by means of laser light scattering [33, 34], and from then on, Cu

19
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and Se are evaporated until the layer has a Cu-content ([Cu]/([In]+[Ga]) =: Cu/III)
of approximately 1.15 (Stage 2a, where t2a = 0.15 t2). The fact that the film becomes
Cu-rich during the deposition process has an important influence on crystal growth most
probably due to the segregation of a Cu-Se secondary phase at the surface of the CIGSe
grains [35–37]. During stage three, In, Ga and Se are evaporated simultaneously and the
process is terminated once the composition of the CIGSe layer becomes Cu-poor in the
range of Cu/III= 0.7 - 0.9. In Figure 3.2, the multistage process used for CIGSe layer
deposition of the investigated solar cells is displayed schematically.
The pn-junction of the solar cell forms between the p-type CIGSe absorber layer and
the n-type CdS and ZnO layers. CdS is the standard material used as buffer layer in
CIGSe thin-film solar-cells. It has a bandgap energy of 2.4 eV and thus absorbs part of
the solar spectrum. With CdS as a buffer layer, the solar cells with the best conversion
efficiencies are fabricated [22, 38], but since it is toxic and due to its unfavorably small
bandgap energy, considerable effort is made to replace CdS by alternative materials like
for example In2S3, ZnS and Zn(O,S) [39–41]. The ZnO layer serves as a transparent front
contact - a so called window layer. It is transparent for visible light due to its large band
gap energy (3.3 eV) and has a good conductivity due to its high doping density. General
review papers about CIGSe solar cells are given by References [38] and [42].

CIGSe

ZnO
CdS

Mo

(a) (b)

Ni/Al grid

1 µm

Figure 3.1: (a) Schematic of the stacking sequence of a CIGSe thin-film solar-cell (b) SEM
image of a polished cross section of a CIGSe thin-film solar-cell.

3.1.2. Material properties of Cu(In,Ga)Se2

CuInx−1GaxSe2 (CIGSe) is a direct semiconductor with a bandgap energy which depends
on the Ga-content x = [Ga]/([Ga]+[In]) =: Ga/III of the solid solution out of CuInSe2

(CISe) and CuGaSe2 (CGSe) and varies in between 1.04 eV (CISe) and 1.68 eV (CGSe).
The bandgap energy as a function of the Ga-content x is given by [43]:



3.1 Basics of Cu(In,Ga)Se2 thin-film solar-cells 21

time

flux
(a.u.)

Ga Ga

In In In

Se

t1 t2 t3

stoichiometric
point

t2a

Cu

Ga

Figure 3.2: Schematic of the multistage PVD process for CIGSe absorber deposition.

Eg(x) = (1− x)ECISe
g + xECGSe

g − bx(1− x) (3.1)

where b denotes the optical bowing coefficient, for which values ranging from -0.07 to 0.24
were determined experimentally [43]. First principle calculations show, that the increase
in bandgap energy upon the addition of Ga is mainly due to an upward shift of the
conduction band [44].
The crystal structure of CIGSe is the tetragonal chalcopyrite lattice, which can be deduced
from the cubic sphalerite (zincblende) structure by doubling the unit cell. Unlike in
semiconductors like Si or GaAs, where foreign atoms are used for doping the materials,
the p-type doping of CIGSe results from intrinsic defects. There are 12 intrinsic point
defects in CuInSe2 (CISe): three vacancies VSe, VIn and VCu, three interstitials Sei, Ini

and Cui and six antisite defects SeIn, SeCu, InSe, InCu, CuSe and CuIn.
CIGSe layers used as absorber layers in high efficiency solar cells exhibit non stoichiometric
compositions with Cu/III= 0.7-0.9. An explanation, why such a defective material can
still have appropriate electronic properties to be used as absorber layer in a solar cell is
given by calculations based on density functional theory (DFT) [45]. It was shown, that
the formation energies of Cu-vacancies VCu and the neutral defect complex (2V−Cu + In2+

Cu)
is particularly small and in some cases even negative. VCu forms a shallow acceptor,
which is thought to be responsible for the intrinsic p-type doping in CIGSe [45]. It
is further suggested that due to the formation of the (2V−Cu + In2+

Cu) complex, CIGSe is
highly compensated with an effective doping density in the range of 1014 to 1016cm−3. The
pairing induces a very shallow level close to the conduction band, which is consequently
not acting as an effective recombination center. Thus, the formation of the defect complex
(2V−Cu+In2+

Cu) may explain the electrically benign character of a large defect density present
in non stoichiometric CIGSe.
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3.1.3. Electronic band diagram of the solar cell

In Figure 3.3, an exemplary electronic band diagram of a CuInSe2 (CISe) thin-film solar-
cell is shown. The solar cell consists of 4 layers: a CuInSe2 absorber layer (Eg = 1 eV),
a CdS layer, an i-ZnO and an Al:ZnO layer. The pn-junction forms between the p-type
CISe layer and the n-type CdS and ZnO layers. Since the CISe absorber doping density
is assumed to be lower than that of the n-type layers, most of the built in voltage drops
across the CISe layer (see Equation 2.4). The absolute value of the conduction band
offsets at the CISe/CdS and the CdS/ZnO interfaces are assumed to be 100 meV.

There are still open questions about the electronic band diagram of CIGSe solar cells,
which will be addressed in more detail in the following:

• What are the band offsets at the heterointerfaces?

• What are the effective doping densities of the individual layers and how do they
change upon illumination or the application of a voltage bias?

• Is the absorber doping density spatially homogeneous?

• Are there interface defects and what role do they play? Is there Fermi level pinning
due to interface defects?

• What is the configuration of the CIGSe surface? Is there structural reconstruction
leading to the formation of a secondary phase with a larger bandgap energy?

ZnO CISeCdS

Figure 3.3: Electronic band diagram of a CISe thin-film solar-cell.

3.2. Interfaces in Cu(In,Ga)Se2 thin-film solar-cells

Surfaces of individual semiconductor layers and interfaces between different semiconductor
layers are regions where the order of the crystal atoms is perturbed severely. An increased
density of electronic defect states in the bandgap as compared to the bulk of the materials
is likely to occur. Furthermore, interdiffusion of atoms between the different materials is
possible, which can lead to defect states and the formation of additional phases. Another
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critical point is the band alignment between materials of different electron affinities and
bandgap energies. Since these issues are all relevant for charge carrier transport and
device performance, they have been investigated and treated intensively in literature.

Elemental intermixing at the Cu(In,Ga)Se2/CdS interface

It has been found experimentally, that there is diffusion and intermixing of atomic species
at the CIGSe/CdS interface and that the picture of an abrupt junction is not realistic.
There are several publications reporting of the diffusion of Cd into the absorber layer or
into its surface region [46–50]. The presence of Cd in the near-surface region is accompa-
nied by a depletion of Cu. It is concluded that Cd occupies Cu sites and in this way acts as
a donor defect state [51] causing inversion of the surface region and a buried pn-junction
within the CIGSe layer [46–49], which was also detected by means of Kelvin Probe Force
Microscopy (KPFM) measurements [52]. However, a buried pn-junction was also found in
devices without CdS and might be caused by an n-type ordered defect compound (ODC)
present at the surface of the CIGSe layer [53]. Other experimental results indicate an
intermixing including the elements S, Se and In in the near-surface region leading to the
formation of Cd(S,Se), CdIn(S,Se) and CuIn(S,Se)2 layers [54].

The Cu(In,Ga)Se2 surface

The configuration of the surface of the CIGSe layer as an individual layer and that of the
region of the CIGSe layer close to the absorber/buffer interface in a completed solar cell
are still not understood properly and discussed controversially in literature.
Calculations using the local density approximation (LDA) of density functional theory
(DFT) show that the electrically neutral defect pair (2VCu-InCu) exhibits a low formation
energy [45, 55]. An attractive interaction between defect complexes may lead to the
formation of ordered defect arrays, which form compounds like CuIn5Se8 and CuIn3Se5

(ordered defects compounds, ODCs) [45, 55]. The bandgap energies of these compounds
are larger than that of CuInSe2: Eg,CuIn5Se8 = 1.34 eV and Eg,CuIn3Se5 = 1.26 eV [45].
Several photoelectron spectroscopy studies provide experimental evidence for the existence
of an ODC layer with a larger bandgap energy at the surface of Cu poor CISe [53, 56, 57]
as well as CuGaSe2 [58] and other Cu(In,Ga)(Se,S)2 compounds [59]. Results concerning
band offsets at the ODC/CISe interface are inconsistent. Different studies by Schmid et
al. determine the conduction band offset to be ∆EC = 0.29 eV [53] and 0.02 eV [56], while
first principle calculations lead to a value of 0.17 eV [45]. As possible mechanisms for an
increased Cu-depletion at the CIGSe surface, the formation of Cu-vacancies due to an
upward shift of the Fermi level upon junction formation and field induced Cu-migration
were suggested [60–63].
While the presence of a Cu-depleted surface is a frequent observation, there are ambiguous
results concerning the existence of an ODC layer with a larger bandgap energy than the
bulk material. There are studies indicating that Cu-depletion only occurs within the
top atomic layers of a CIGSe surface and that there are no secondary phases formed
[49, 64, 65].
By means of temperature dependent current voltage (IVT) measurements, it was shown



24 Chapter 3. Charge carrier transport in Cu(In,Ga)Se2 solar cells

that in CIGSe solar cells with Cu-poor absorber layers of different bandgap energies,
bulk recombination dominates, while in solar cells with Cu-rich CIGSe layers interface
recombination prevails [66]. This behavior was ascribed to the presence of an ODC layer
at the CIGSe/CdS interface with a lowered valence band maximum as compared to the
CIGSe layer in solar cells with a Cu-poor absorber layer. The local hole barrier is in this
case increased, which may lead to reduced recombination via interface defects [66, 67].
Numerical simulations confirm the increase of the open circuit voltage in the presence of
an ODC phase at the absorber layer surface (interface to CdS) [68].

Interface states and Fermi level pinning at the Cu(In,Ga)Se2/CdS interface

Charged interface defects might play an important role concerning charge and potential
distributions in a CIGSe solar cell. If the defect concentration of a donor type interface
defect is high enough to compensate the negative charge within the p-type layer, the elec-
tron Fermi level is pinned at the interface. This means that the local energy difference
between the electron Fermi level and the conduction band minimum does not change if
a voltage bias is applied. In this case, the interface defect instead of the n-type layers
contributes the positive charge of the pn-junction, and changes in potential drop across
the pn-junction of the solar cell due to an applied external bias are compensated by a
change in the occupation of the defect state.
In Figure 3.4 (a), electronic band diagrams of the heterojunction region of a CISe solar
cell with a monoenergetic interface donor state with a density of Nt,IF = 1013cm−2 are
shown for defect energy levels of Et,IF = EC,CISe - 0.1 eV and EC,CISe -0.2 eV. The Fermi
level is pinned close to the defect energy level. A shallower defect leads to a higher degree
of inversion/ smaller hole density at the interface. Numerical simulations show that an
increased degree of inversion due to Fermi level pinning by donor type interface states can
lead to an increased open circuit voltage of the solar cell [68].
Based on a detailed evaluation of admittance spectra of CIGSe solar cells - especially the
interpretation of a characteristic admittance step called N1 admittance step - Herberholz
et al. [69] introduced a model of an energetically continuous distribution of donor type
interface defects present at the CIGSe/CdS interface. The defect density is assumed to be
high enough to cause Fermi level pinning at the interface. In Figure 3.4 (b), this situation
is displayed for two different defect densities. For a higher defect density, the Fermi level
is pinned closer to the conduction band minimum, because the charge accumulated in the
defect states with an energy level above the Fermi level is sufficient to compensate the
charge in the CIGSe layer. Within this model, the activation energy of the N1 admit-
tance step, which can be determined experimentally, corresponds to the energy difference
between the electron Fermi level and the conduction band minimum at the CIGSe/CdS
interface. Alternative interpretations ascribe the N1 admittance step to a bulk acceptor
level [70], a barrier at the Mo/CIGSe back contact [20] or a mobility freeze out at low
temperatures [71].
The presence of interface defects might also be one of the reasons, why the open circuit

voltage of CIGSe solar cells does not increase as expected for an increase in bandgap
energy of the absorber layer upon the addition of Ga [72, 73]. If there is a high den-
sity of interface defects at the same energetic difference from the valence band maximum
independent of the Ga-content such that the Fermi level is pinned, the open circuit volt-
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(a) (b)
IF 1 IF 1

Figure 3.4: (a) Detail sketch of the electronic band diagrams of the heterojunction region of
a CISe solar cell for monoenergetic donor type interface defects at the CISe/CdS
interface (denoted as IF1) for two different energy levels (Nt,IF = 1013cm−2). (b)
Detail sketch of the electronic band diagrams of the heterojunction region of a
CISe solar cell for an energetically continuous distribution of donor type interface
defects (uniform distribution) at the CISe/CdS interface (IF1) for two different
integrated defect densities Nt,IF = 5× 1013cm−2 and 5× 1012cm−2.

age does not depend on the absorber bandgap energy [73]. In this case, the dominant
recombination mechanism changes from bulk recombination for small absorber bandgap
energies to interface recombination for wide bandgap absorber layers.

Band alignment at the Cu(In,Ga)Se2/CdS interface

Band alignment at the CIGSe/CdS interface in thin-film solar-cells is still not understood
properly: Band offsets are not quantified and the way in which they influence charge
carrier transport is still an open question. In literature, contradictory results concerning
the conduction band offset at the CISe/CdS and the CIGSe/CdS interfaces are presented.
In the following, a conduction band offset is denoted as a spike, if the electron affinity of
CIGSe is larger than that of CdS and as a cliff if the electron affinity of CIGSe is smaller
than that of CdS. These two scenarios are visualized in Figure 3.5.

While some publications suggest a rather large spike of 0.3 eV [53] (between a surface
ODC layer and CdS), 0.5 eV [74] or even 0.7 eV, [75] at the CuInSe2/CdS interface,
others assume a small spike or flatband alignment [5, 57], or even a small cliff of -0.08
eV [76]. First principle calculations determined a spike of 0.31 eV between CuInSe2 and
CdS [77]. The addition of Ga into the absorber layer increases the bandgap energy of the
material and calculations and experimental data indicate that the addition of Ga leads
to an upward shift of the conduction band changing the band alignment from a spike to
a cliff configuration [43, 72, 78].
A spike in the conduction band serves as an energetic barrier for electrons from the ab-
sorber layer. It depends on the barrier height and width, temperature and the electron
concentration at the interface if the electron current is reduced by the conduction band
offset (see also Section 2.5 and 2.6). Niemegeers et al. [29] showed that for a moderate
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Figure 3.5: Detail sketch of the electronic band diagrams of the interface region of CISe so-
lar cells assuming a spike and a cliff at the CISe/CdS interface (300 meV). No
conduction band offset at the CdS/ZnO interface is assumed.

spike, electron transport across the heterojunction is not affected severely. If there are
midgap interface states, a spike can even have a positive effect by increasing the local hole
barrier (see Section 2.4). This means that the local hole density is reduced and there are
less recombination partners for electrons from the absorber layer, which reduces interface
recombination. A conduction band cliff on the other hand leads to a reduced hole barrier
and might in this way increase interface recombination [27].

3.3. Generation dependent charge-carrier transport

properties

In this section, a detailed overview of experimental observations reported in literature
and proposed models concerning the occurrence of generation dependent charge-carrier
transport properties of CIGSe solar cells is given.

3.3.1. Experimental observations

Under certain experimental conditions, a characteristic phenomenon observed in IV mea-
surements on CIGSe solar cells is the so called kink effect, i.e. a severe reduction of the
measured photocurrent under forward bias (V < VOC) resulting in a low fill factor [2–
4, 6, 8, 79–85]. The effect is called red kink if it occurs under illumination containing only
the red part of the solar spectrum (no absorption in the CdS layer). In Figure 3.6, typical
IV curves measured at a temperature of 100 K using red and white light illumination of
a CuInSe2 solar cell are shown. While the fill factor of the white light illuminated IV
curve is 84.8%, it is only 55.3% for red light illumination. Thus, charge-carrier transport
properties are generation dependent.
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In literature, there are several models explaining these effects: a p+ layer with a high
acceptor concentration at the CIGSe/CdS interface, deep acceptor states in the CdS
layer and a conduction band spike at the CIGSe/CdS interface and defect states at the
CdS/ZnO interface.
Another important finding is that the extent of the red kink effect, i.e. of the fill factor
losses, can be altered temporarily by illuminating the solar cell (light soaking) or the ap-
plication of a voltage bias before the measurement. While light soaking with white light
at 300 K was found to decrease the red kink effect, i.e. increase the fill factor [3, 4], the
application of a reverse bias at room temperature or above led to a more pronounced red
kink in the IV curve [81, 83]. These phenomena are treated in the frame of a more general
discussion about metastabilities in CIGSe solar cells, i.e. temporary changes of certain
solar cell parameters and characteristics induced by light soaking or the application of a
voltage bias [86].

Figure 3.6: Experimental IV curves of a CISe solar cell measured at a temperature of 100
K with white light illumination (AM 1.5 spectrum) and red light illumination
(λ > 630 nm). The abrupt decrease of the photocurrent in the forward bias range
close to the open circuit voltage in the red light illuminated IV curve is called ”red
kink”.

Similarly as in IVT analysis, generation dependent charge-carrier transport properties
were also found in electron beam induced current (EBIC) measurements in the cross
section configuration at room temperature [1]. If electron beam irradiation is such that
there is no charge carrier generation in the heterojunction region of the solar cell, a
drastic decrease of the collected current was observed. This phenomenon was explained
and modeled assuming a p+ layer in the CIGSe/CdS interface region and an interface
donor (see Section 3.3.2). A more profound analysis of this effect in the frame of the
different models discussed in literature and a combination of EBIC and IV analysis has
not been performed yet and will be subject of this work.

3.3.2. p+ layer at the Cu(In,Ga)Se2/CdS interface

One explanatory model for the (red) kink effect in IV characteristics is that of a p+
layer, i.e. a thin layer with a very high acceptor concentration at the interface between
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the CIGSe and CdS layers [4, 7, 80, 81, 83, 84]. It was shown by numerical simulations
[7] that a p+ layer can lead to a kink in the IV curve. In Figure 3.7, electronic band
diagrams and the electrical field in the heterojunction region of a CuInSe2 (CISe) solar
cell with a p+ layer are shown for equilibrium conditions (a-b) and under white light
illumination and forward bias (c-d). In equilibrium, the high negative charge density in
the p+ layer leads to a reduced voltage drop within the CISe layer. In consequence, charge
carrier transport within the CISe layer is diffusion driven instead of field driven, which can
lead to reduced charge carrier collection in the presence of recombination centers. Under
forward bias, field inversion occurs, leading to a repulsive force for the electron current
from the absorber layer. A kink present only under red light illumination might result
from the lower hole concentration at the interface leading to a reduced hole trapping rate
and a higher negative charge density as compared to white light illumination [7].

Niemegeers et al. [5] suggested the existence of a p+ layer in addition to donor type
interface states at the CIGSe/CdS interface as proposed by Herberholz et al. [69] in order
to explain the cross over effect in IV characteristics and admittance data. It was also
shown that the assumption of a p+ layer and an interface donor of high concentration is
capable of explaining the (red) kink effect in IV measurements [4, 84].
By investigating different metastable states of CIGSe/CdS solar cells, Igalson et al. found
that the application of a reverse bias and a treatment called red on reverse bias (ROB,
application of reverse bias at room temperature, then illumination with red light under
reverse bias at low temperatures) lead to an increase of the negative charge density close
to the interface [4, 81]. In these metastable states, the solar cell exhibits a more pro-
nounced kink and red kink. Thus, it was suggested that the reverse bias and the ROB
treatments lead to an increase in the extension and/or doping density of the p+ layer due
to electron trapping.
As microscopic origin of these effects, the existence of an amphoteric defect state in the
absorber layer was proposed. Based on a deep level transient spectroscopy (DLTS) study,
Igalson et al. [87] suggested that electron injection induces the conversion of a shallow
donor state into an acceptor state after the capture of two electrons. Within this model,
the change of charge state is accompanied by lattice relaxation, which would make the
configuration metastable. The used concept is similar to that of so called ”DX cen-
ters” present in AlGaAs [88] and that of dangling bonds in amorphous semiconductors
[89]. Possible crystal defects involved in such processes in CIGSe are Cu-interstitials Cui

[90, 91], Cu on In antisites CuIn [79], In on Cu antisites InCu [87, 92] and a defect complex
of a Se- and a Cu-vacancy (VSe − VCu) [93].
In the case of CIGSe solar cells, the application of reverse bias and the ROB treatment
are thought to lead to electron capture, i.e. to a donor to acceptor transformation in
the interface region, and in this way increase the negative charge density there. White
light illumination is thought to promote the capture of holes, i.e. the acceptor to donor
transformation, thereby reducing the negative charge in the interface region. Calculations
using the local density approximation (LDA) of density functional theory (DFT) [93] show
that the (VSe-VCu) defect complex might exhibit this behavior. Depending on the local
position of the Fermi level, the stable configuration of the defect complex would either
be a shallow donor (0/+), a shallow acceptor (0/-) or a deep acceptor (-/2- or 2-/3-).
In consequence, (VSe-VCu) would be a shallow compensating donor in the quasi neutral
region of the absorber layer and a deep acceptor very close to the heterointerface, which
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might be the origin of a p+ layer there.
Another explanation for the presence of a p+ layer at the CIGSe/CdS interface is based on
the finding that Cu-ions are very mobile within CIGSe thin-films with diffusion constants
of 10−13 to 10−10cm2/s [94]. It was suggested that there is field induced Cu-migration
within CIGSe absorber layers in solar cells [61, 79, 90, 91, 94–96]. Within this model,
Cu-ions drift away from the heterointerface until an equilibrium is reached. The CIGSe
surface is then Cu-depleted and exhibits a higher acceptor concentration than the bulk
of the material (p+). A change in the potential drop across the pn-junction in case of
reverse bias induces further drift of Cu-ions and a further Cu-depletion in the surface re-
gion. Consequently, the extension of the p+ layer would be increased by the application
of a reverse bias, which can also explain the more pronounced red kink observed in IV
characteristics.
Concerning the generation dependent charge-carrier transport properties observed in
EBIC experiments, Kniese et al. showed that the model of a p+ layer and a donor
state at the CIGSe/CdS interface [5] serves well to explain the experimental data [1].
Additionally, it was found that the effect is removed by intensively irradiating the inter-
face region of the device, which was explained by assuming that the persistent trapping
of generated holes reduces the negative charge in the p+ layer in a metastable way. It
was proposed that this process is similar to that taking place during white (or blue) light
soaking [1].
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Figure 3.7: (a-b) Equilibrium electronic band diagram and electrical field within a CISe solar
cell with a p+ layer at the CISe/CdS interface (dp+ = 30 nm, Nt,p+ = 1×1017cm−3)
(c-d) Electronic band diagrams and electrical field for a voltage bias of 0.4V and
white light illumination at 300 K.
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3.3.3. Conduction band spike and deep acceptor states in the CdS

layer

The influence of deep acceptor type defect states within the CdS layer on solar cell char-
acteristics was already investigated for Cu2S/CdS solar cells [97]. Later on, it was found
that photoconductivity in CdS has an influence on the characteristics of CuInSe2 as well
[98].
The first model to explain the occurrence of a red kink in the IV characteristics in CIGSe
solar cells was also based on the assumption of deep acceptor states in the CdS layer in
addition to shallow n-type doping [2, 3]. Within this model, the degree of compensation,
i.e. the effective charge density within the CdS layer, depends on the occupation of the
deep acceptor state, which in turn depends on the dynamics of capture and emission of
electrons and holes according to Equation 2.34. For illumination with light which is not
absorbed in the CdS layer (red light) the hole density in the CdS is low and the acceptor
state would mainly be occupied by trapped electrons. The effective positive charge density
due to the shallow n-type doping would either be reduced or even over-compensated such
that the CdS would be negatively charged. For white light illumination, photo generated
holes would be trapped, and the CdS would be positively charged due to the shallow n-
type doping. As a result, more potential would drop across the CIGSe absorber layer and
the electron Fermi level at the interface would be closer to the conduction band minimum
in case of white light illumination than for red light illumination. If lattice relaxation is
assumed to accompany the hole trapping, the state becomes metastable.
Based on these assumptions, Hou et al. [2] concluded, that the fact that there is more
potential drop within the absorber layer for white light illumination improves current
collection. Without generation within the CdS layer, the potential would mainly drop
within the CdS and ZnO layers due to the highly compensated CdS and charge carrier
collection in the absorber layer would be limited to diffusion instead of drift. This would
reduce the collected current especially under forward bias and thereby lead to a red kink
in the IV curve.
In the model introduced by Eisgruber et al. [3], a spike in the conduction band at the
CIGSe/CdS interface serves as a barrier for the electron current from the absorber layer.
Assuming thermionic emission across this barrier, it depends on temperature and the
electron concentration at the interface, if the electron current is impeded by the energetic
barrier, which might be in the range of a couple of hundreds meV as explained in Section
3.2. Consequently, the effective barrier for electrons from the absorber layer into the CdS
layer would be larger for red light illumination than for white light illumination. Thus,
within this model, the red kink phenomenon is explained by assuming a change of the
effective barrier for thermionic emission across the conduction band spike by the illumina-
tion conditions. To illustrate the two configurations assumed in this model, equilibrium
band diagrams of a CISe solar cell with a highly (solid line) and a lowly (dashed line)
doped CdS are shown in Figure 3.8.

Pudov et al. [85] investigated CIGSe solar cells with buffer layers based on different
materials (CdS, ZnO, InS(O,OH)) by means of IV measurements at a temperature of 300
K under red and white light illumination. They found that IV characteristics of solar
cells with alternative buffer layers (i.e. other materials than CdS) exhibit red kinks even
at room temperature. The extent of the red kink was found to depend on the barrier
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Figure 3.8: Detail sketch of the electronic band diagram of the heterojunction region of a CISe
solar cell with a spike at the CISe/CdS interface (300 meV) and a cliff at the
CdS/ZnO interface (300 meV) for two different doping densities (shallow doping)
of the CdS layer in equilibrium.

height of the conduction band spike at the CIGSe/buffer interface. A model based on
the assumption of deep compensating acceptor states in the buffer layer and a conduction
band spike at the absorber/buffer interface was suggested to be valid for all investigated
alternative buffer materials. In a second study, the influence of the Ga-content and the
thickness of the CdS layer on the red kink phenomenon in CIGSe/CdS/ZnO solar cells
was investigated [6]. It was found, that the red kink vanishes for decreasing CdS thickness
and increasing Ga content, which can also be explained within the model introduced by
Eisgruber et al. [3].

3.3.4. Acceptor states at the CdS/ZnO interface

Numerical simulations showed that acceptor states at the buffer/window interface can also
cause a decrease of the photocurrent under forward bias [99]. Nguyen et al. [100, 101]
found that such interface states actually do play a role, but rather in solar cells with a
buffer layer out of In(OH,S). In devices with a CdS buffer layer, the defect density seemed
to be rather low (7× 109cm−2). In Figure 3.9, an electronic band diagram and the elec-
trical field in the heterojunction region of a solar cell with a high density of acceptor type
interface states under illumination and an applied forward bias of 0.4 V is shown. There
is field inversion within the CdS layer and the major part of the voltage drop is across
the ZnO layer.
Another possible configuration leading to the observed generation dependent charge-
carrier transport properties is given by the assumption of a high density of interface
defect at both heterointerfaces (CIGSe/CdS and CdS/ZnO interface) [8]. An ultraviolet
and x-ray photoelectron spectroscopy (UPS/XPS) study [102] showed that the energetic
difference between the Fermi level and the conduction band minimum at the CdS/ZnO
interface is 0.5 eV. If the Fermi level at the CIGSe/CdS interface is pinned by a donor
state close to the conduction band minimum, this configuration leads to field inversion in
the CdS and a barrier for the photo generated electron current from the absorber layer
[8].
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Figure 3.9: Simulated electronic band diagram and electrical field in a CISe solar cell with
a high density of acceptor defects at the CdS/ZnO interface (Nt,IF = 1012cm−2,
Et,IF = EV,CdS+ 1.6 eV) under illumination and V = 0.4 V.





4. Generation dependent charge-carrier

transport in current voltage analysis

In the following, experimental results and numerical simulations of the red kink effect in
IV characteristics of CIGSe thin-film solar-cells are presented. The aim is to determine the
relevant parameters for the occurrence of the effect within the different models discussed
in literature and to quantify them.

4.1. Experimental method and details

Temperature-dependent IV measurements were performed in a closed-cycle helium cryo-
stat by use of a Keithley 238 source measure unit. The sample temperature was de-
termined by a calibrated Si-diode mounted on a glass substrate identical to the glass
substrates used for the CIGSe deposition. For illumination, an HMI (Helium Medium
Arc Length Iodide) lamp of type Osram HMI 575 W/SEL was used, which provides a
better agreement with the solar spectrum in the short wavelength range than a regular
halogen lamp as often used for IV characterization. The light denoted as red light in
the following consists of the long wavelength range of the HMI spectrum with a cut-off
wavelength at 630 nm. The absorption edge of CdS with a bandgap energy of approx-
imately 2.4 eV corresponds to a wavelength of 517 nm meaning that red light is not
absorbed within the CdS layer via band-to-band transitions. The experimental results
shown in the following were obtained from solar cells in the relaxed state, which means
that prior to the measurement, the solar cell was stored in the dark for at least one hour
at a temperature of 320 K.

4.2. Experimental results: Red light illumination

In Figure 4.1 (a), red and white light illuminated IV curves of a CISe solar cell measured
at a temperature of 100 K are shown. The solar cell is denoted as ”CISe A” and the cor-
responding solar cell parameters of standard IV measurements at 300 K and the absorber
layer composition and deposition durations are stated in Tables B.1 and B.7. The typical
red kink effect, i.e. a decrease in photocurrent under forward bias resulting in a low fill
factor and the characteristic ”kink” shape of the curve, is observed for this solar cell. In
(b), red light illuminated IV curves measured at different temperatures are shown. The
extent of the red kink effect is less pronounced, the higher the measurement temperature
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is.

(a) (b)

Figure 4.1: (a) Red light and white light illuminated IV curves of a standard CISe thin-film
solar-cell measured at a temperature of 100 K (b) Red light illuminated IV curves
of a standard CISe solar cell measured at different temperatures.

The red kink effect was found in all CIGSe solar cells with a low Ga content (x ≤ 0.3)
investigated for the present study, but its extent varied from sample to sample. In Figure
4.2, the IV curves of two CISe solar cells which were nominally deposited in the same way
and exhibit only minor differences concerning the layer compositions are shown. They
both exhibit a red kink effect, which is more pronounced for CISe A than in case of CISe
B. (Solar cell parameters and absorber layer composition are given in Tables B.1 and B.7.)

Figure 4.2: Red light illuminated IV curves of two CISe solar cells nominally produced in the
same way with similar layer compositions.

4.3. Modeling: ”Red kink” effect

In this section, numerical simulations of IV curves of CISe solar cells are presented. The
used sets of parameters are based on the models explaining the occurrence of generation



4.3 Modeling: ”Red kink” effect 37

dependent charge-carrier transport properties, which are discussed in literature. For the
simulations, the one dimensional device simulator SCAPS was used [103, 104]. The simu-
lation algorithm finds numerical solutions to the Poisson equation (Equation 2.3) and the
continuity equations for electrons and holes (Equation 2.17). For the transport mechanism
across the heterojunctions between the semiconductor layers, thermionic field emission is
assumed [105], i.e. intraband tunneling is included. The basic set of parameters used
for the simulations shown in the following is stated in Table A.1 and changes to these
parameters are stated in the text.
All three models discussed in literature have in common the assumption of a high density
of acceptor states in the heterojunction region of the solar cell:

• Model AIV: A p+ layer (i.e. a layer of a high density of acceptor type defect states)
at the CISe/CdS interface.

• Model BIV: Deep acceptor states in the CdS layer and a spike in the conduction
band at the CISe/CdS interface.

• Model CIV: Acceptor states at the CdS/ZnO interface.

4.3.1. p+ layer at the CuInSe2/CdS interface

In Figure 4.3, simulated red light illuminated IV curves for a temperature of 100 K are
shown assuming a p+ layer with a thickness of 30 nm located between the CISe and the
CdS layer with a shallow acceptor state of two different densities with and without a
valence band offset (VBO) at the CISe/p+ layer interface. In all cases, the fill factor of
the solar cell is reduced by the presence of the p+ layer. The assumption of a valence band
offset between the p+ layer and the CISe layer of 0.3 eV leads to even more pronounced
fill factor losses.

Figure 4.3: Simulated red light illuminated IV curves assuming a CISe solar cell with and
without a p+ layer of different acceptor densities Nt,p+(σe = 10−15cm2, σh =
10−13cm2) and with and without a valence band offset (VBO) of 0.3 eV at the
CISe/p+ layer interface.

Why does a valence band offset between the CISe and the p+ layer reduce the photocur-
rent of the solar cell under forward bias? In Figure 4.4, the equilibrium band diagrams of
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a CISe solar cell with a p+ layer with and without a lowered valence band are shown. In
this case, the negative charge of the p+ layer can compensate the positive charge located
in the n-type layers completely:

Nt,p+dp+ > Nd,CdSdCdS + wZnONd,ZnO, (4.1)

where the CdS layer is assumed to be completely depleted and wZnO denotes the width
of the space charge region in the ZnO layer. In consequence, there is a not only a hole
diffusion current from the p-side to the n-side, but also from the p+ layer to the CISe
layer. Field inversion occurs, which constitutes a repulsive force for the photo generated
electron current from the absorber layer in direction of the n-type layers. Due to the
valence band offset at the CISe/p+ layer interface, the resultant hole density within the
p+ layer is even lower and the field inversion more pronounced, which is the reason for
the larger fill factor losses in the IV curves shown in Figure 4.3.

Figure 4.4: Detail sketch of the simulated equilibrium electronic band diagram of a CISe solar
cell with a p+ layer (Nt,p+ = 5×1017cm−3) with and without a valence band offset
at the CISe/p+ layer interface.

A spike in the conduction band can serve as a photocurrent barrier according to Equation
2.42. Since the electron density at the CISe/CdS interface is significantly reduced by the
presence of a p+ layer, the effective barrier for thermionic emission across the conduction
band offset is increased. In Figure 4.5 (a), the effect on the IV curve at T = 100 K is
shown. Under forward biases close to the open circuit voltage, the photocurrent drops to
zero.
One severe deviation from the experimental result is that there is a kink in the red and
the white light illuminated IV curve, which is caused by the fact that within the model of
a p+ layer with a shallow acceptor state, the occupation of the defect and therefore the
negative charge density does not depend on the dynamics of charge carrier capture and
emission according to Equation 2.34. The acceptor state is completely ionized indepen-
dent of the local charge carrier density, i.e. the generation conditions.
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(a) (b)

Figure 4.5: (a) Simulated red and white light illuminated IV curves of a solar cell with a p+
layer (Nt,p+ = 1017cm−3) with a lowered valence band and with and without a
conduction band offset (CBO) at the p+ layer/CdS interface (spike) (b) Simulated
IV curves of a solar cell with a p+ layer with a deep acceptor state (Nt,p+ =
2 × 1017cm−3, Et,p+ = EV + 150 meV) and two different sets of capture cross
sections: (i) σe = 10−18cm2 and σh = 10−12cm2 and (ii) σe = 10−15cm2 and
σh = 10−13cm2.

Model AIV

In order to obtain a kink in the red light illuminated IV curve only, a deeper defect level
and more asymmetric capture cross sections for electrons and holes have to be assumed,
which is shown in Figure 4.5 (b). Here, a density ofNt,p+ = 2×1017cm−3, an energetic level
of Et,p+ = EV+ 150 meV and two different sets of capture cross sections are assumed. If
the hole capture cross section is assumed to be much larger than that of electrons (σh/σe =
106, solid lines), the occupation of the acceptor state depends very sensitively on the local
electron and hole density according to Equation 2.34. For white light illumination, there is
a net hole current of photo generated holes from the CdS layer into the p-type layers, which
leads to a higher hole density within the p+ layer as compared to red light illumination.
This difference in hole density leads to a significantly lower occupation probability for
electrons for white light illumination if the capture cross sections for electrons and holes
are highly asymmetric. In consequence, collection properties are better and the fill factor
losses due to the p+ layer are less pronounced than for red light illumination. But in
contrast to the experimental observation, the fill factor of the white light illuminated IV
curve is still poor.

4.3.2. Conduction band spike and deep acceptor states in the CdS

layer

For the simulations of the IV curves at 100 K shown in Figure 4.6 (a), the following
parameters are assumed in addition to those stated in Table A.1.
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Model BIV:

• χZnO = χCdS = 4.4 eV resulting in a spike in the conduction band at the CISe/CdS
interface of 100 meV.

• A midgap acceptor state in the CdS layer with a density of Nt = 5× 1016cm−3 and
capture cross sections of σe = 10−15cm2 and σh = 10−13cm2.

There is a kink in the curve simulated for red light illumination. As explained in Section
3.3.3 and Reference [3], the illumination dependent occupation of the midgap acceptor
state within the CdS layer is responsible for a change in effective barrier height for the
thermionic emission current of electrons across the conduction band spike at the CISe/CdS
interface.

Figure 4.6: Simulated IV curves for red and white light illumination for a temperature of 100
K. A conduction band spike at the CISe/CdS interface of 100 meV and a midgap
acceptor state with a density of Nt,CdS = 5 × 1016cm−3 in the CdS layer are
assumed.

The dependence of the red light illuminated IV curves on the spike height and on temper-
ature is shown in Figure 4.7. If no conduction band offset at the CISe/CdS interface is
assumed, the negative charge accumulated within the midgap acceptor state in the CdS
layer does not have an influence on the fill factor of the IV curve at all. This highlights
that the conduction band spike is the origin of the occurring photocurrent barrier within
this model.

4.3.3. Acceptor states at the CdS/ZnO interface

Model CIV

Generation dependent charge-carrier transport properties and the red kink effect are also
explainable by assuming acceptor type interface defects at the CdS/ZnO interface, which
will be denoted as interface 2 (IF 2) in the following. In Figure 4.8 (a), simulated IV
curves for red and white light illumination are shown assuming acceptor type interface
defects. The difference in charge-carrier transport properties under red and white light
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(a) (b)

Figure 4.7: Red light illuminated IV curves for different values of the conduction band spike
(a) and different temperatures (b).

illumination is illustrated by the detail sketch of the electronic band diagrams shown in
Figure 4.8 (b). For red light illumination, the local hole density at the CdS/ZnO interface
is low and electrons are trapped preferentially into the acceptor type interface defect. The
resultant negative charge causes field inversion and thus a repulsive force for the electron
current from the absorber layer under forward bias. The photocurrent is reduced severely.
For white light illumination, the hole density at the CdS/ZnO interface is much higher
due to generation within the CdS layer. The trapping of photo generated holes leads to a
lower occupation probability of the acceptor type interface defect according to Equation
2.34 as compared to red light illumination. There is no field inversion and the electron
current is not impeded.

(a) (b)

ZnO CdS CISe

Figure 4.8: (a) Simulated IV curves for red and white light illumination of a solar cell with
acceptor type interface defects at the CdS/ZnO interface (IF 2) with a density
of Nt,IF2 = 6 × 1011cm−2 energetically located at Et,IF2 = EV,CdS + 2 eV (σe =
10−15 cm2, σh = 10−13 cm2) (b) Detail sketch of the electronic band diagrams for
red and white light illumination at T = 100 K and V = 0.7 V
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4.4. Conclusions

In the previous sections, experimental IV data of a CISe solar cell and numerical simula-
tions of the red kink effect occurring in the IV characteristics at low temperatures were
presented.

The experimental results show that:

• A kink in the IV curve is observed at low temperatures (up to approximately 250 K)
and if only the red part of the light spectrum (λ > 630 nm) is used for illumination.
There is no kink observed in the white light illuminated IV curve.

• There are differences with respect to the extent of the red kink effect between
different CISe solar cells with similar layer compositions and nominally produced in
the same way (CISe A and CISe B).

The simulations show that:

• The assumption of generation dependent charge-carrier transport properties which
depend on the occupation probability of acceptor type defect states located either at
the surface of the absorber layer (p+ layer), within the CdS layer or at the CdS/ZnO
interface can explain the red kink effect.

• Model AIV: The assumption of a p+ layer between the CISe and the CdS layer with
a deep acceptor state and asymmetric capture cross sections for electrons and holes
(σh/σe = 106) leads to a kink in the simulated red light illuminated IV curve at 100
K. The white light illuminated IV curve does not exhibit a kink, but the fill factor
is lower than experimentally observed.

• Model BIV: The assumption of deep acceptor type defect states within the CdS
layer and a conduction band spike at the CISe/CdS interface in the range of 100
meV provides a valid explanation for the red kink effect. The extent of the red kink
effect within this model depends sensitively on the assumed value of the conduction
band offset and on temperature.

• Model CIV: The assumption of acceptor type interface defects at the CdS/ZnO
interface provides a valid explanation for the red kink effect.



5. Charge carrier transport studied by

electron-beam induced current

In this chapter, electron beam induced current (EBIC) is introduced as an experimental
technique for the characterization of local charge-carrier transport properties in solar cells.
First, a brief introduction into the basics and experimental details of cross section EBIC
measurements is given in Section 5.1. An analytical model for the description of cross
section EBIC profiles is presented. In Section 5.2, numerically simulated EBIC profiles
are shown and compared to analytically derived profiles. The range of validity of the
analytical model is tested and the influence of individual solar cell and electron beam
parameters is shown. Furthermore, high injection effects are considered.

5.1. Experimental method and details

5.1.1. Measuring principle

CIGSe ZnO

CdS

Mo

IEBIC

electron beam

Figure 5.1: Junction or cross section configuration of an EBIC experiment.
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EBIC is an experimental technique frequently used to characterize electronic properties of
solar cells or other charge-carrier collecting structures [106]. Instead of light as in standard
working conditions of a solar cell, the electron beam of a scanning electron microscope
(SEM) is used to generate electron-hole pairs in the semiconductor layers. If electron-hole
pairs are collected, an external current is measurable, which depends on the position of
irradiation, the electron beam current Ib and energy Eb and the electronic properties of
the solar cell. Out of different experimental configurations, Fig. 5.1 shows the so called
junction or cross section configuration, which is used in the present study in order to gain
information about charge carrier transport in CIGSe solar-cells. The cross section of the
solar cell is irradiated by the electron beam and the short circuit current of the solar cell
is measured as a function of the position of irradiation. A line profile of measured current
values across the cross section of the solar cell perpendicular to the pn-junction will be
called EBIC profile in the following.
If generation of electron-hole pairs was point like, the measured current profile would
correspond to the collection function fc of the solar cell (see Section 2.2). But since the
generation volume has a spatial extension comparable to that of the thickness of the solar
cell layers and the diffusion length of minority charge carriers within these layers, the
EBIC signal has to be expressed as a convolution of the collection function fc(x) and the
generation function of the electron beam g(x, a) (see Section 5.1.2):

I(a) =

∞∫
0

g(x, a)fc(x)dx (5.1)

5.1.2. Electron beam generation

In a SEM, an electron beam is generated via thermal or field induced emission and ac-
celerated by applying a voltage in the keV range. Electromagnetic lens systems focus
the beam on the sample surface. There are different interaction processes in different
energy ranges between sample atoms and incoming electrons, which can be used to gain
information about different properties of the sample. If the electron beam is scanned
across the sample surface, the information gained from the respective measurement can
be resolved spatially. For imaging the sample surface, back scattered or secondary elec-
trons, i.e. electrons from sample atoms which gain enough energy to leave the sample,
are detected in dependence of the position of irradiation. Their amount depends on the
local sample topography as well as the local sample composition and is translated into a
gray value in an SEM image.
The interaction of primary electrons and sample atoms is limited to a defined region
around the position of irradiation. In a semiconductor material, one of the processes is
the generation of electron-hole pairs, i.e. the excitation of electrons from the valence band
to the conduction band of the semiconductor. The total number of generated electron-hole
pairs is assumed to be proportional to the band gap energy Eg of the irradiated material
and the average energy necessary to generate one electron-hole pair Eeh can be expressed
as [107]:

Eeh =
Eb

N
= 2.1Eg + 1.3 eV, (5.2)
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where N is the number of generated electron-hole pairs.
Typical electron beam energies Eb are between 3 and 40 keV. A variation of the elec-
tron beam energy does not only change the number of generated charge carriers but also
the extension of the generation region. The spatial distribution is proportional to the
energy deposited by a primary electron along its path through the sample. Different ap-
proaches have been chosen for the theoretical description of energy loss versus distance.
Equations for mostly one dimensional generation profiles in different materials were de-
rived experimentally by EBIC and luminescence measurements [108–111], via Monte Carlo
simulations [111, 112] and analytically [113]. In Reference [111], a comparison of profiles
gained from different measurements and simulations is shown, which illustrates that the
results vary significantly. The description of generation profiles in a multilayer stack out
of materials of different bandgap energies and densities like a CIGSe solar-cell is more
complicated. The problem of different densities of the irradiated materials can be solved
by normalizing the spatial coordinate to the density of the corresponding material [114].
This procedure neglects backscattering at the interfaces between the layers. Profiles for
multilayer structures including this effect were obtained via Monte Carlo simulations or
by a simple cut and paste method [112].
Within the present work, the equations given in References [108] and [114] are used. The
depth-dependent generation profile g(z) is given by [108]:

g(z) =
A

RG

(0.6 + 6.21ξ − 12.4ξ2 + 5.69ξ3), with ξ =
z

RG

, (5.3)

where RG denotes the so called Gruen penetration depth, which is the maximum pene-
tration depth of primary electrons and A stands for the electron beam generation rate.
RG is given by:

RG =
0.043

ρ

µm g

cm3

(
Eb

keV

)1.75

, (5.4)

where ρ stands for the density of the material. A is given by:

A =
EbIb(1− Λ)

e Eeh

, (5.5)

where e is the elemental charge and Λ stands for the material dependent back scatter
coefficient. The lateral generation profile g(x) =

∫ ∫
g(x, y, z)dydz is given by [114]:

g(x) =
A

RG

β(|a− x|), (5.6)

where a is the position of irradiation and:

β(|a−x|) = 3·exp(−10, 3ζ+29, 7ζ2−56, 9ζ3+44, 8ζ4−13, 5ζ5), where ζ =
|a− x|
RG

(5.7)
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5.1.3. Extraction of the minority charge-carrier diffusion length

Assuming that the collection function of the solar cell fc does not depend on the generation
function and is given by Equation 2.25 in the quasi neutral region, the minority charge-
carrier diffusion length of the absorber layer can be extracted from measured EBIC profiles
via Equation 5.1.
In the following, a two layer stack out of CIGSe and ZnO is assumed (the CdS layer is
neglected because of its small thickness of only 50 nm) and the small differences in density
of the CIGSe and ZnO layers are disregarded. The interface between CIGSe and ZnO is
assumed to be located at x = 0, where ZnO is on the left hand side (x < 0) and CIGSe
on the right hand side (x > 0). A discretization of the integral in Equation 5.1 leads to:

I(a) =

∫
g(x, a)fc(x)dx

=
A

RG

∫
β(x, a)fc(x)dx → Ij =

A

RG

∑
i

βijfc,i∆x

The convolution and deconvolution can be expressed as a matrix multiplication with
B = βij∆x and B−1:

~I =
A

RG

B~fc and ~fc =
RG

A
B−1~I (5.8)

where A = AZnO for x < 0 and A = ACIGSe for x > 0.
In Figure 5.2, a theoretical collection function fc(x), generation profiles and the corre-
sponding calculated EBIC profiles I(a) for different electron beam energies Eb are shown.
The collection function is assumed to be one in the space charge region and corresponds
to Equation 2.25 within the quasi neutral regions of the p- and the n-side.

By fitting of an experimental to an analytically derived curve, values for the recombi-
nation velocity at the back contact SBC and the minority charge-carrier diffusion length
within the absorber layer can be determined. If the recombination rate at the CIGSe
cross section surface is higher than that of bulk recombination, the extracted value for
the diffusion length does not correspond to the bulk diffusion length L, but to a reduced
effective diffusion length Leff , which will be treated in the next paragraph.

Influence of the cross section surface

In case of enhanced surface recombination at the cross section surface, the average lifetime
τ of a generated minority charge carrier depends on the distance of the position of gen-
eration to the cross section surface (generation depth z). An expression for a generation
depth dependent diffusion-length Ls(z) is given in References [115, 116]:

L2
s (z) = L2

(
1− sSFL

sSFL+ 1
exp

(
− z
L

))
, where sSF =

SSF

De

, (5.9)
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(a) (b)

(c) (d)

SCR
CISeZnO

Figure 5.2: (a) Collection function of a CISe solar cell (b) Lateral generation profiles according
to Equation 5.6 for different electron beam energies Eb. (c) Calculated EBIC
profiles (d) Normalized calculated EBIC profiles.

where SSF is the recombination velocity at the cross section surface and De denotes the
diffusion coefficient of electrons in CIGSe.
The collection function fc is a function of x and z. Assuming a neutral semiconductor
without a back contact (fc(x, z) = exp( −x

Ls(z)
)) and by use of the normalized function

g̃x(z) = 1
A
g(z) and the one dimensional generation profile g(x), the current I can be

expressed as:

I =

∞∫
0

∞∫
0

g(x, z)fc(x, z)dxdz

=

∞∫
0

g(x)f̄c(x)dx, where f̄c(x) =

∞∫
0

g̃x(z)exp

(
− x

Ls(z)

)
dz (5.10)
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For simplification, it is assumed that f̄c(x) = exp(− x
Leff

). Using the relation c2 =∫∞
0
x exp

(
−x
c

)
dx, the effective diffusion length Leff is given by:

Leff =

(∫ ∞
0

xf̄c(x)dx

) 1
2

=

(∫ ∞
0

x

∫ ∞
0

g̃x(z)exp

(
− x

Ls(z)

)
dzdx

) 1
2

=

(∫ ∞
0

g̃x(z)L2
s (z)dz

) 1
2

= L

(
1− sSFL

sSFL+ 1

∫ ∞
0

g̃x(z)exp
(
− z
L

)
dz

) 1
2

(5.11)

Thus, Leff depends on the generation profile g̃x(z) and thereby on the electron beam
energy Eb. Via a determination of Leff for different Eb, L and SSF can be extracted by
use of Equation 5.11.

5.1.4. Experimental setup and details

A schematic of the experimental setup of the EBIC measurements carried out for the
present study is shown in Figure 5.3. The electron beam of a scanning electron mi-
croscope (SEM) is focused and scanned across the cross section of a solar cell. The
electron-beam induced short circuit current of the solar cell IEBIC is transformed into a
voltage and amplified by use of a transimpedance amplifier. Within data processing, the
obtained voltage signal between 0 and 1 V is eight bit digitized. After calibration, the
gray value of the pixels of the recorded EBIC maps can be assigned to a corresponding
electron beam induced current value for irradiation at the respective sample position.
The measurements for this study were performed in a Zeiss Leo Gemini 1530 SEM mi-
croscope with a field emission gun using electron beam currents Ib from 6 to 500 pA
and electron beam energies Eb from 5 to 18 keV. For current to voltage conversion and
amplification, a Femto DLPCA 200 transimpedance amplifier was used.

CIGSe

Mo

electron

beam

-

+

ZnO
R

transimpedance amplifier

Data

processing

Figure 5.3: Schematic of the experimental setup of EBIC measurements carried out for the
present study.
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5.2. Modeling: Cross section electron-beam induced

current

In Table A.1, the set of simulation parameters used for the simulation of the so called
”standard” CuInSe2 (CISe) solar cell is listed. All deviations from these parameters are
stated in the text or in the respective figure captions.

(a) (b)

Figure 5.4: (a) Simulated electronic band diagram for the set of parameters stated in Table A.1
(b) Collection function for Le,CISe = 2.3 µm, Lh,ZnO = 50 nm, Se,BC = 107cm/s,
Sh,FC = 107cm/s and wSCR = 658 nm.

In Figure 5.4, the simulated electronic band diagram for the set of parameters stated
in Table A.1 and the corresponding collection function are shown. For the analytically
derived collection function according to Equation 2.25 (fc = 1 in the space charge region),
minority charge-carrier diffusion lengths of Le,CISe = 2.3 µm and Lh,ZnO = 50 nm, contact
recombination velocities of Se,C = 107cm/s and a width of the space charge region of wSCR

= 658 nm were assumed. The value for wSCR was obtained by a numerical simulation of
the high frequency capacitance value of the solar cell and a calculation via:

wSCR =
εε0A

CHF

, (5.12)

where A is the area (assumed as 1 cm2) of the capacitor/ the solar cell, ε is the permittivity
of CISe and ε0 is the dielectric constant (8.85 ×10−12 As/Vm).
For the spatial distribution of generated electron hole pairs, Equation 5.6 is used. Since
simulations are performed in 1D (x direction) and the density of generated charge carriers
is assumed to be homogeneous within the (y, z) planes, an average density has to be
defined, which depends on the extension of the generation volume in the y- and z-directions
and diffusion of electrons and holes. Consequently, the density depends on the electron
beam energy as well as the charge-carrier diffusion lengths, which may be different for
electrons and holes. The Gruen penetration depth RG can be treated as an estimate of
the spatial extension of electron beam generation. Since electron transport in CISe is the



50 Chapter 5. Charge carrier transport studied by electron-beam induced current

limiting factor for charge carrier collection in most EBIC experiments (exception: high
injection conditions), and since the assumed electron diffusion length in CISe Le,stan =
2.3 µm of the standard device is larger than the Gruen penetration depths RG for all used
electron beam energies (≤ 18 keV), the simulations use

g(x) =
A

RG × L2
e,stan

β(|a− x|) (5.13)

for the spatial distribution and density of generated electron hole pairs. This assumption
constitutes a simplification and neglects inhomogeneities within the (y, z)-planes, the de-
pendence on electron beam energy, the hole diffusion length and varying electron diffusion
lengths.

5.2.1. Low injection: Comparison to analytical model

In the following, a summary of the influence of parameters such as the electron diffusion
length Le,CISe, absorber doping density Na,CISe and back contact recombination velocity
of electrons Se,BC on simulated cross section EBIC profiles is presented for low injection
conditions. A comparison of the numerically simulated profiles to curves obtained from
the analytical model for the collection function of a CISe solar cell, which is introduced
in Sections 2.2 and 5.1, makes it possible to draw conclusions about limitations of the
analytical description and the range of validity.
In Figure 5.5, a comparison of numerically and analytically simulated EBIC profiles for
different electron beam energies Eb is shown. For the numerical simulations, the param-
eters listed in Table A.1 were used, and for the analytical calculations, the corresponding
parameters were assumed (see Figure 5.4). The agreement between the corresponding
curves is good and there are only minor deviations in the region of the edges of the space
charge region.

Figure 5.5: Comparison of analytically and numerically simulated cross-section EBIC profiles
assuming an electron beam current Ib of 10 pA and different electron beam energies
Eb. The standard set of parameters was used (see Figure 5.4).
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Influence of the electron diffusion length

In order to investigate the influence of the electron diffusion length in the CISe layer,
the electron capture cross section σe of the midgap acceptor state in the CISe layer was
changed for the numerical simulations yielding electron diffusion lengths as listed in Table
5.1.

Table 5.1: Electron capture cross sections σe and resulting electron life times τe,CISe and dif-
fusion lengths Le,CISe used for the numerical and analytical simulations shown in
Figure 5.6.

Profile σe (cm2) τe,CISe (ns) Le,CISe (µm)

(i) 10−13 0.5 0.23

(ii) 10−14 5 0.72

(iii) 10−15 50 2.3

(iv) 10−16 500 7.2

(a) (b)

Figure 5.6: (a) Simulation of EBIC profiles assuming different electron diffusion lengths Le,CISe

(b) Comparison of simulated and analytically derived profiles for electron diffusion
lengths of 230 nm and 2.3 µm.

In Figure 5.6, the corresponding numerically simulated EBIC profiles are shown (a) and
compared to analytically derived profiles. The profiles are normalized to the maximum
current value of the profile simulated by use of the standard set of parameters stated in
Table A.1. If the electron diffusion length is larger than 2 µm, the profiles show only
minor differences (curves (iii) and (iv)). For small electron diffusion lengths (≤ 1µm),
the profile in the quasi neutral region of the absorber layer as well as the maximum cur-
rent value and the width of the maximum depend on the electron diffusion length. A
comparison of the numerically simulated to the analytically derived profiles shows that
the simplified assumption of a collection probability of one in the complete space charge
region is not a valid assumption for small electron diffusion lengths. In this case, recom-
bination within the space charge region cannot be neglected and influences the shape of
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the profile significantly. Thus, an evaluation of cross section EBIC data based on the
simplified assumptions of the analytical description of the collection function introduced
in Section 2.2 can lead to misinterpretations concerning the width of the space charge
region of the solar cell and the electron diffusion length in the absorber layer.
In the following, the error of a fit based on the analytical description of the collection
function by neglecting recombination in the space charge region in case of a low elec-
tron diffusion length shall be quantified exemplarily. In Figure 5.7, the best fit of the
numerically simulated EBIC profile for an electron diffusion length of 230 nm with an
analytically derived profile is shown. The fitting parameters are: Le,CISe= 260 nm, wSCR

= 420 nm and Se,BC =107 cm/s. This corresponds to a deviation of 13% in diffusion
length and 36% in width of space charge region.

Figure 5.7: Numerically simulated EBIC profile for Le of 230 nm and wSCR (profile (i) in Figure
5.6) and best fit using the analytical description of the collection function. The
used fitting parameters are: Le,CISe = 260 nm, wSCR = 420 nm and Se,BC = 107

cm/s.

Influence of the absorber layer doping density

In the following, the influence of the CISe doping density on cross section EBIC profiles
is considered in more detail. The smaller the effective doping density, the larger is the
extension of the space charge region and the smaller is the capacitance of the device.
SCAPS simulations of the high frequency capacitance CHF of the solar cell were performed
and the width of the space charge region for different shallow doping densities Na,CISe was
calculated via Equation 5.12. The results are shown in Table 5.2.
In Figure 5.8, the simulated EBIC profiles are displayed. While the agreement between
the corresponding curves is good for a width of the space charge region of less than 700
nm, the deviations are larger for the widest assumed space charge region of 1.3 µm.

Influence of the back-contact recombination velocity

In Figure 5.9, the influence of the back-contact recombination velocity for electrons Se,BC

on EBIC profiles is displayed (a) and simulated profiles are compared to analytically de-
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Table 5.2: Assumed variation in absorber doping density Na,CISe and corresponding capaci-
tance C and width of the space charge region wSCR for the simulation of the EBIC
profiles shown in Figure 5.8.

Curve N a,CISe (cm−3) CHF (nF/cm2) wSCR (µm)

(i) 2× 1016 44.2 0.273

(ii) 5× 1015 26.3 0.458

(iii) 2× 1015 18.3 0.658

(iv) 2× 1014 8.8 1.368

(a) (b)

Figure 5.8: (a) Simulated EBIC profiles for different shallow doping densities Na,CISe of the
absorber layer and correspondingly widths of the space charge region: (i) 2 ×
1016cm−3 (ii) 2 × 1015cm−3 (standard) (iii) 5 × 1015cm−3 (iv) 2 × 1014cm−3 (b)
Comparison of the numerically and analytically simulated profiles for different
doping densities Na,CISe.

rived profiles (b). For Se,BC > 105 cm/s, the collection probability in the back contact
region is low even for a large electron diffusion length in the range of the layer thickness.
A significant part of the electrons generated close to the back contact recombine there
and do not reach the pn-junction. For lower recombination velocities (curves (iii) and
(iv)), recombination at the back contact is less important. In this case, the EBIC profile
is rather influenced by the electron diffusion length, i.e. recombination within the quasi
neutral region than recombination at the back contact. The agreement between numerical
and analytical simulations is good (Figure 5.8 (b)).

5.2.2. High injection effects in electron beam induced current

In the following, the influence of the electron beam current Ib on EBIC profiles is inves-
tigated. In Figure 5.10 (a), simulated EBIC profiles for an electron beam energy of 10
keV and different electron beam currents are shown. All profiles are normalized to the
maximum value of the profile for 10 pA. While the profiles for 1 and 10 pA exhibit only
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(a) (b)

Figure 5.9: (a) Simulated EBIC profiles assuming different electron back contact recombina-
tion velocities Se,BC: (i) Se,BC = 107cm/s (standard) (ii) Se,BC = 105cm/s (iii)
Se,BC = 104cm/s (iv) Se,BC = 103cm/s (b) Comparison of numerically simulated
and analytically derived profiles for different back-contact recombination velocities
Se,BC.

minor deviations, the profile shape changes drastically for higher electron beam currents
of 100 pA and 1 nA. In this range, the injection level changes from low to high injection,
which means that the density of generated charge carriers is within the same order of
magnitude as the equilibrium charge carrier density or even higher. The changes with
respect to charge carrier transport under high injection conditions are illustrated by the
electronic band diagrams shown in Figure 5.10 (b) to (d). For the simulation, electron
beam irradiation with a beam energy of 10 keV at position a = 1.1 µm, which is located
within the quasi neutral region of the absorber layer, and different electron beam currents
are assumed.
For an electron beam current of 10 pA, the shape of the valence and conduction bands
is the same as in equilibrium. Charge carrier collection and consequently the current of
the solar cell are governed by minority charge-carrier diffusion in the quasi neutral region
of the absorber layer and drift within the space charge region. For an electron beam
current of 100 pA, there is still a space charge region due to the pn-junction, but there is
an additional potential drop within the (normally) quasi neutral region of the absorber
layer, which is caused by the high current densities and limitations of hole transport to
the back contact. For an electron beam current of 1 nA, the potential drop across the
space charge region of the pn-junction vanishes completely, because electron and hole
densities are within the same order of magnitude. Charge carrier transport is determined
by the semiconductor-metal contacts. In consequence, there is a potential drop and elec-
tron depletion within the region of the absorber layer close to the back contact. The
assistance of electron collection due to this potential leads to a broadening of the EBIC
profiles. Note that for high injection conditions, the hole diffusion length and density
become relevant. Since for the estimate of the average charge carrier density within the
(y, z)-planes according to Equation 5.13 the electron diffusion length in CISe is used, the
hole density might be underestimated and the results of these simulations can only be
used qualitatively.
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(a) (b)

(c) (d)

Figure 5.10: (a) Simulated EBIC profiles for different electron beam currents Ib. (b) - (d)
Simulated band diagrams for electron beam irradiation at position a = 1.1µm
and different electron beam currents Ib.

Influence of the hole diffusion length on high injection effects

In Figure 5.11, the influence of the CISe hole diffusion length is shown for low injection
((a) Ib= 10 pA) and for high injection ((b) Ib= 1 nA) conditions. Two different hole
diffusion lengths - 110 nm (standard) and 11 µm - are assumed. The electron diffusion
length is assumed to be the same in both cases (2.3 µm). For low injection, the EBIC
profiles vary only slightly due to small differences in effective doping densities and corre-
spondingly in the width of the space charge region. In the high injection regime however,
the profiles vary significantly. For a large hole diffusion length of 11 µm, the profile has a
broad, constant maximum. A low hole diffusion length of 110 nm leads to a maximum of
the profile located close to the back contact. The reason for this behavior is that for high
charge carrier and consequently current densities, hole transport is limited by recombina-
tion within the CISe layer.
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(a) (b)Low injection High injection

Figure 5.11: Simulated EBIC profiles for different hole diffusion lengths: the standard set of
parameters as stated in Table A.1 resulting in Lh= 110 nm and a CISe midgap
donor state (instead of an acceptor state) with: σe = 10−13, σh = 10−15 and
Nt = 2 × 1013cm−3 resulting in Lh = 11µm assuming an electron beam current
of (a) Ib=10 pA and (b) Ib= 1 nA.

Influence of the electron mobility/ electron diffusion length

In Figure 5.12 the influence of the electron mobility µe and consequently the electron
diffusion length Le on EBIC profiles in the low (a) and high (b) injection regime is shown.
In the high injection regime, a higher electron mobility as compared to the standard pa-
rameters (ii) shifts the maximum of the EBIC profile further to the back contact, a lower
mobility (iii) to the pn-junction. For low injection, only electron properties are relevant
for charge carrier collection, because they are minority charge carriers. There is no band
bending in the quasi neutral region of the absorber layer and the probability of an elec-
tron to be collected depends on its diffusion length and the back contact recombination
velocity. The differences in electron diffusion length ((i) 2.3, (ii) 3.2 and (iii) 1.1 µm)
cause the slight deviations in of the profiles in the CISe quasi neutral region.
In the high injection regime however, the collection of electrons generated in the (nor-
mally) quasi neutral region is assisted by the potential drop in the back contact region of
the absorber layer. In case of a low electron mobility (iii), parts of the electrons generated
close to the back contact recombine before reaching the pn-junction, which causes the
corresponding EBIC profile to decrease towards the back contact. In case of a high elec-
tron mobility (ii) however, electron transport is no longer a limiting process for current
collection and hole transport becomes more relevant. Since the hole diffusion length is
low (Lh = 110 nm), and holes generated close to the pn-junction do not reach the back
contact, the maximum shifts further to the back contact.

Influence of the absorber doping density

In Figure 5.13, the influence of the shallow doping density Na,CISe on EBIC profiles for
an electron beam current of 1 nA is illustrated. For a doping density of 2 × 1017cm−3,
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(a) (b)Low injection High injection

Figure 5.12: Simulated EBIC profiles assuming different electron mobilities µe and diffusion
lengths Le in CISe: (i) Standard: µe = 40 cm2

Vs , Le = 2.3µm , (ii) µe = 80 cm2

Vs , Le =

3.2µm, (iii) µe = 10 cm2

Vs , Le = 1.1µm assuming an electron beam current of (a)
Ib=10 pA and (b) Ib= 1 nA.

the density of generated charge carriers is still lower than the equilibrium charge carrier
density implying low injection conditions. For lower doping densities, the high injection
effect (broad maximum, shifted in direction of the back contact) is more pronounced
(curves (iii) and (iv)).

Figure 5.13: Simulated EBIC profiles assuming an electron beam current Ib of 1 nA and differ-
ent shallow doping densities of the CISe absorber layer: (i)Na,CISe = 2×1017cm−3,
(ii) Na,CISe = 2 × 1016cm−3, (iii) Na,CISe = 2 × 1015cm−3 and (iv) Na,CISe =
2× 1014cm−3.

5.2.3. Conclusions

The simulations shown in the previous sections give a detailed overview of the relevant pa-
rameters in cross section EBIC experiments. It was found that the analytical description
of the collection function introduced in Section 2.2 provides a reasonable approximation
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in many cases. For low electron diffusion lengths within the absorber layer however,
recombination within the space charge region, which is neglected within the analytical
approach, plays a role and can lead to misinterpretations with respect to the extracted
width of the space charge region from cross section EBIC data. The error for the deter-
mination of the electron diffusion length as presented in Section 5.1 is estimated to be in
the range of 15% in this case. Additionally, it was shown that the electron beam current,
i.e. the generation density, can alter collection properties and thus EBIC profiles severly.
This has to be taken into account for EBIC experiments, especially if the absorber doping
densities is low.



6. Investigation of charge carrier

transport in Cu(In,Ga)Se2 solar cells

6.1. CuInSe2 solar cells

6.1.1. Generation dependent charge-carrier transport properties

(a) (b)

1 µm Eb=5 keV 10 keV 14 keV 18 keV

Figure 6.1: SE image (a) and EBIC maps (b) recorded with different electron beam energies
Eb at the same sample position of a cross section of a CISe solar cell. The arrow
marks the position, where the EBIC profiles shown in Figure 6.2 were extracted.

In the following, the results of cross section EBIC measurements of a CuInSe2 (CISe A)
solar cell are presented. The solar cell parameters and the absorber layer composition of
this solar cell are listed in Tables B.1 and B.7. In Figure 6.1, an SE image (a) and EBIC
maps (b) recorded with different electron beam energies Eb of the fractured solar-cell cross
section are shown. From these EBIC maps, line profiles perpendicular to the pn-junction
were extracted, which are shown in Figure 6.2. In (a), the profiles are normalized to
the electron beam current Ib, which was in between 37 nA for an electron beam energy
of 5 keV and 58 pA for 18 keV. The resulting quantity corresponds to the number of
collected electron-hole pairs per incoming electron. In (b), the profiles are normalized to
their maximum value (to one).
In Figure 6.3, the distance from the CISe/CdS interface to the maximum of measured and
simulated EBIC profiles dIF,max is displayed versus the electron beam energy Eb. The ex-
perimental values were extracted from the profiles shown in Figure 6.2 and the theoretical
ones from profiles derived from the analytical model of charge carrier collection presented
in Section 2.2 and Equation 5.1 and numerical simulations. For the values denoted as

59
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analytical and numerical I, the simulation parameters were adjusted such that the result-
ing width of the space charge region is in the range of 100 nm (Na,CISe = 4 × 1016cm−3)
and the electron diffusion length Le,CISe is 320 nm. In this case, the values for dIF,max are
approximately the same for Eb = 5 keV for all curves. In order to take recombination
at the cross section surface into account (see Section 5.1.3), numerical simulations were
performed assuming an Eb-dependent (effective) electron diffusion length of Leff= 250,
320, 420 and 510 nm for Eb = 5, 10, 14 and 18 keV respectively (numerical II).

(b)(a)

ZnO CISeCdS

Figure 6.2: (a) Measured cross section EBIC profiles of a CISe solar cell for different electron
beam energies Eb, normalized to the electron beam current Ib (b) The same profiles
as in (a) normalized to their maximum current value.

Figure 6.3: Distance from the CISe/CdS interface to the maximum current value dIF,max of
measured and simulated EBIC profiles for different Eb. For the data points ob-
tained analytically, the model presented in Section 5.1 was used. The numer-
ical simulations were performed assuming a CISe doping density of Na,CISe =
4 × 1016cm−3 and (I) a constant electron diffusion length of 320 nm and (II) an
Eb-dependent (effective) diffusion length of 250, 320, 420 and 510 nm for 5, 10, 14
and 18 keV respectively in order to take recombination at the cross section surface
into account.

The most striking observation concerning the measured EBIC profiles is the occurrence
of an ”anomalous” decrease in current in a certain distance to the CISe/CdS interface,
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which exhibits a strong dependence on the electron beam energy. This abrupt decrease
is denoted as ”EBIC kink” in the following. The deviations of the experimental and
the theoretically derived data points for dIF,max depicted in Figure 6.3 show, that the
dependence on electron beam energy is much stronger than expected. The assumption
of a reduced effective diffusion length Leff due to surface recombination, which depends
on the average generation depth and in consequence on electron beam energy, cannot
account for these deviations.

6.1.2. Electron-beam irradiation induced changes of transport

properties

Electron beam irradiation of the heterojunction region of the cross section leads to pro-
nounced changes of the shape of EBIC profiles [1]. In Figure 6.4 (a), EBIC profiles
recorded after different durations of irradiation of an area of 0.5 × 1 µm2 covering both
heterojunctions are shown. The profile denoted as ”relaxed” was recorded before electron
beam irradiation, but the state of the solar cell does not correspond to the relaxed state as
defined in other investigations of metastable changes, for which the solar cell is normally
stored in the dark prior to all measurements. A shift of the maximum to higher current
values is induced and the maxima get broader and shift from close to the CISe/CdS inter-
face further into the CISe layer. In (b), an Eb-series of profiles recorded after 20 minutes
of interface (IF) irradiation is displayed. The maxima of the profiles are broader than in
the ”relaxed” state before irradiation and the width of the maxima does not depend on
the electron beam energy any more.

(a) (b)

Figure 6.4: (a) Changes of EBIC profiles induced by electron beam irradiation of the
CISe/CdS/ZnO interface (IF) region (b) EBIC profiles recorded after 20 minutes
of electron beam irradiation of the interface (IF) region for different electron beam
energies Eb.

These observations indicate that the origin of generation dependent charge-carrier trans-
port is removed by electron beam irradiation of the heterojunction region. The continuous
broadening of the profile maximum might be caused by a reduction of the effective doping
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density within the absorber layer, which would lead to an increased width of the space
charge region. In References [1] and [117], it is suggested that the metastable trapping of
holes in the interface region of the CIGSe absorber layer (within the assumed p+ layer)
is responsible for this effect. This process would correspond to that possibly taking place
during blue light soaking (BLS) according to References [93] and [4].
In order to test this assumption, the cross section of a CIGSe solar cell was illuminated
with blue light (λ = 470 nm) of an intensity of approximately 70 mW/cm2 for 30 min-
utes. A light soaking procedure of this intensity and duration is sufficient to induce the
metastable changes of solar cell characteristics that are frequently observed in admittance
and IV measurements. The EBIC profile recorded directly after the BLS procedure is
shown in Figure 6.5 (a). The deviations compared to the profile recorded before irradi-
ation are only minor, which is shown in Figure 6.5. In contrast, 10 minutes of electron
beam irradiation of the interface region lead to very pronounced changes. It is thus con-
cluded that the electron beam induced changes of EBIC profiles do not share the same
origin as BLS effects observed in other experiments.
In Figure 6.5 (b), EBIC profiles recorded in the relaxed state, after 10 minutes of electron
beam irradiation of the interface region, after one hour of relaxation in vacuum and after
one more hour in air (at room temperature) are shown. After one hour in vacuum, the
profile has hardly changed, whereas in air, a relaxation process is observable. This indi-
cates that the presence of oxygen is necessary for a relaxation of the doping density and
re-establish a state equivalent to that before electron beam irradiation.
A possible explanation of the observed irradiation effect is given in References [118–120].
It was found that an oxygen treatment increases the effective doping density in CISe.
The degree of compensation might be reduced due to the passivation of VSe or InCu de-
fects, which act as donor type defect states [118]. Furthermore, a detailed evaluation of
EBIC experiments led to the conclusion that the electron beam dislodges oxygen from
the CIGSe layer [120] thus re-establishing a higher degree of compensation and therefore
a lower effective doping density.

6.1.3. Grain specific charge-carrier transport properties

In Figure 6.6, SE images and EBIC maps of two different positions (a) and extracted
EBIC profiles of four positions (b) of the same CISe absorber layer are shown. Position
1 is the same position as shown in Figure 6.1. The shape of the EBIC profiles varies
significantly with respect to the width of the maximum and the decrease towards the
back contact. At position 2, there is no EBIC kink observable, the decrease of the profile
in direction of the back contact is rather flat and corresponds to theoretical expectations.
EBIC profiles extracted at different positions within a single grain are very similar, which
indicates that charge-carrier transport properties are grain specific.
The profiles recorded with different electron beam energies at position 2 are shown in Fig-
ure 6.7 (a). There is an even stronger dependence of the distance of the profile maximum
to the CISe/CdS interface on electron beam energy. After the first Eb-series at position
2, a second one was recorded. The corresponding profile for 10 keV is shown in Figure
6.8 (a). It is obvious that in this case, the irradiation during the measurement of the first
Eb-series altered the EBIC profile. In contrast to this, the deviations between the EBIC
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(a) (b)

Figure 6.5: (a) Measured EBIC profiles of the same sample position in the ”relaxed” state, after
30 minutes of BLS (λ = 470 nm, P ≈ 70 mW/cm2) and after 10 minutes of electron
beam irradiation of the interface (IF) region. (b) Measured EBIC profiles in the
”relaxed” state, after 10 minutes of IF irradiation, after one hour of relaxation in
vacuum and one hour of relaxation in air at room temperature.

profiles of position 3 exhibiting a similar shape to those of position 1 are only minor. Fig-
ure 6.8 (b) displays irradiation induced changes of EBIC profiles recorded at a position
exhibiting similar profiles as position 2 for different durations. Compared to position 1
(Figure 6.4), the changes occur much faster: After only 1 minute of IF irradiation, the
EBIC profile exhibits a significantly broader maximum and after 10 minutes, the current
value is nearly constant throughout the complete absorber layer.
These observations indicate that charge-carrier transport properties are not generation

dependent at position 2. The observed dependence of the distance of the maxima to the
CISe/CdS interface on electron beam energy shown in Figure 6.8 (b) is caused by irradi-
ation of the heterojunction region during the measurements.

In Figure 6.9, the influence of the electron beam current Ib, i.e. the density of gen-
erated charge carriers, is shown. The EBIC profiles are normalized to Ib. In (a), the
deviations between the profiles are small and an EBIC kink occurs for all used electron
beam currents in the range of 7 pA and 315 pA. The density of excess charge carriers does
not seem to have an influence on charge carrier transport in this case. In (b), the EBIC
profiles of a different position are displayed. For low electron beam currents of 7 and 27
pA, the profiles do not exhibit an EBIC kink, but it is present for a beam current of 315
pA. From these observations, it is concluded that the occurrence of generation dependent
charge-carrier transport properties depends on the density of excess charge carriers. The
critical density for the ”onset” is grain specific.
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(a) (b)
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Pos. 1

Pos. 2

Figure 6.6: (a) SE images and EBIC maps of two different positions of the same CISe solar
cell (b) extracted EBIC profiles of four different positions.

(a) (b)

Figure 6.7: (a) EBIC profiles of position 2 recorded for different electron beam energies (b)
Distance from the CISe/CdS interface to the maximum of the EBIC profiles of
position 1 and position 2.
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(a) (b)

Figure 6.8: (a) Comparison of EBIC profiles recorded with an electron beam energy of 10
keV of the first and the second Eb-series (b) Changes of EBIC profiles induced by
electron beam irradiation of the interface (IF) region.

(a) (b)

Figure 6.9: EBIC profiles recorded with an electron beam energy of 10 keV and different elec-
tron beam currents Ib at two different positions.
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6.1.4. Solar cell without generation dependent charge-carrier

transport properties

There are also CISe solar cells, nominally produced in the same way with similar layer
compositions as solar cell CISe A, which do not exhibit generation dependent charge-
carrier transport properties. In Figure 6.10 (a), EBIC profiles of such a solar cell (CISe B)
are shown. The profile maxima are broader as compared to those of CISe A (Figure 6.2).
Furthermore, the profile maxima recorded with an electron beam energy of 14 and 18 keV
are closer to the back contact than to the CISe/CdS interface and resemble the simulated
curve for high injection conditions shown in Figure 5.10. The corresponding profiles of
sample CISe A do not exhibit this effect. This result indicates that the EBIC measurement
on sample CISe B is performed for high injection conditions. In order to draw conclusions
about the space charge densities of the two solar cells, temperature-dependent capacitance
measurements were carried out. The capacitance values for an ac-frequency of 10 kHz are
shown in Figure 6.10 (b). For details on capacitance measurements and its implications,
refer to References [10, 121]. The finding that the capacitance of sample CISe B is lower
in the complete range of temperatures indicates a lower space charge density in sample
CISe B.
It is thus concluded that the occurrence of generation dependent charge-carrier transport
properties correlates with a higher space charge density within the absorber layer of the
solar cell.

(a) (b)

Figure 6.10: (a) EBIC profiles recorded with different electron beam energies of sample CISe
B (b) Temperature-dependent capacitance values for an ac-frequency of 10 kHz
of CISe A and CISe B.

6.1.5. Extraction of electron diffusion length I

The finding of generation dependent charge-carrier transport properties contradicts the
assumption of a collection function of the solar cell which does not depend on the gen-
eration function. Thus, the description of an experimentally obtained EBIC profile I(a)
as a convolution of a constant collection function fc and a generation function g(x, a)
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according to Equation 5.1 is not possible.
But if the origin of the generation dependent charge-carrier transport properties is re-
moved by electron beam irradiation of the heterojunction region as suggested in Reference
[1], the measured EBIC profiles can be used for an extraction of the electron diffusion
length Le,CISe [122].
In Figure 6.11 (a), EBIC profiles of position 1 recorded after 20 minutes of irradiation of
the interface (IF) region are shown together with the curve of the best fit using equation
5.1 and a collection function as displayed in Figure 5.2. The fitting parameters are the
recombination velocities at the front contact SFC and the back contact SBC, the width
of the space charge region wSCR and the minority charge-carrier diffusion lengths of the
n-side Lh,n−side and the CISe layer Le,CISe. The maximum value of corresponding profiles
were adjusted by multiplication with an Eb-dependent factor c (0 < c < 1) accounting for
losses which are not included in the analytical description. For a better fit in the region
of the CISe/CdS interface, an extension of the n-side into the CISe layer would have to be
assumed (not shown here). Electron beam irradiation of the interface region might lead
to a shift of the pn-junction into the absorber layer (buried junction) by type converting
the interface region of the absorber layer from p- to n-type. The decrease of the profiles
in direction of the back contact should not be influenced by this effect.

(a) (b)

Figure 6.11: (a) Measured and simulated EBIC profiles for different electron beam energies
Eb of position 1 (b) Extracted effective electron diffusion lengths Leff versus Eb.
The best fit is obtained assuming an electron diffusion length of (480 ± 70) nm
in CISe.

In Figure 6.11 (b), the extracted values for the effective electron diffusion length are
displayed versus the electron beam energy and a fit curve according to Equation 5.11 is
shown. Due to an increased recombination rate at the cross section surface, the extracted
values for Leff are larger for higher electron beam energies, i.e. larger charge carrier
generation depths. The best fit is obtained assuming a bulk electron diffusion length in
CISe of (480 ± 70) nm. According to the findings presented in Section 5.2, the error due
to the simplification of assuming a collection probability of one in the space charge region,
was estimated to correspond to 15 %.
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6.1.6. Summary and conclusions

The results presented so far were in majority obtained from solar cells with absorber
layers without Ga. It may be noted that solar cells with a low Ga content (Ga/III<0.3)
behave in a similar way. Thus, the conclusions are extended to these devices as well.
Summarizing the results presented so far, it is stated that:

• There are CIGSe thin-film solar-cells produced via a multistage coevaporation pro-
cess at the Helmholtz-Zentrum Berlin which exhibit generation dependent charge-
carrier transport properties (see also Reference [1]). An abrupt decrease of the EBIC
profile, which is denoted as ”EBIC kink” in this work, is observed for electron beam
irradiation such that the generation density in the heterojunction region is low.

• Electron beam irradiation of the heterojunction region removes the EBIC kink tem-
porarily. An irradiation induced increase of the width of the EBIC profile maxima
indicates that the effective doping density of the CIGSe layer is decreased locally
due to interaction with the electron beam.

• Blue light soaking (BLS, λ = 470 nm) does not have an effect on the shape of the
EBIC profile. It is thus concluded that electron beam irradiation does not induce the
same light soaking effects as observed in IV and admittance measurements [4, 93].

• Relaxation of the irradiation induced changes is faster in air than in in vacuum,
which indicates that the electron-beam irradiation induced changes are caused by
the removal of oxygen from the CIGSe layer (or its surface). Thereby, the level of
compensation is increased and the effective doping density reduced or even changed
to n-type according to the findings presented in References [118–120].

• Charge carrier transport is grain specific. The EBIC kink occurs only in some grains
of the CIGSe absorber layer.

• The occurrence of the EBIC kink depends on the density of generated charge carriers.
Within some grains, it does not occur for low electron beam currents (7 and 17 pA),
whereas when using a higher beam current of 315 pA, an EBIC kink is observed.

• There are CIGSe solar cells, which do not exhibit generation dependent charge-
carrier transport properties, i.e. an EBIC kink. The width of the EBIC profile
maxima is larger and the capacitance of these devices is lower than that of devices
which do exhibit the EBIC kink. These findings indicate that the occurrence of
the EBIC kink is accompanied by a higher space charge density within the CIGSe
absorber layer.

6.2. Modeling of generation dependent charge-carrier

transport properties

In this section, the results of one dimensional numerical simulations of cross-section EBIC
profiles with a focus on the EBIC kink effect introduced in Section 6.1.1 are presented.
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Additionally, current voltage (IV) characteristics are simulated with the same (or a simi-
lar) set of parameters as used for the EBIC simulations. The aim of these simulations is
to gain a better understanding of mechanisms underlying generation dependent charge-
carrier transport properties of CIGSe solar cells, and to distinguish between different
models discussed in literature (see section 3.3): a p+ layer at the CIGSe/CdS interface,
acceptor type defect states within the CdS layer or at the CdS/ZnO interface. In this
way, a consistent model for the electronic band diagram especially in the region of the
heterojunction(s) shall be developed. Additionally, the parameters possibly responsible
for grain specific charge-carrier transport shall be identified (see Section 6.1.3).
The standard set of parameters used for the simulations is stated in Table A.1 and all
changes are mentioned in the text or in the corresponding figure captions. Most of the
simulated EBIC profiles are normalized to the maximum current value of the EBIC profile
for 10 pA and the standard set of parameters as listed in Table A.1. The profiles sim-
ulated assuming different Eb are normalized to their maximum current value. Since the
electron diffusion length in CISe was determined to Le,CISe = (480 ± 70) nm in Section
6.1.5 within the grain, for which generation dependent transport properties were observed
(Figure 6.2), the capture cross section for electrons σe of the midgap defect in CISe was
changed to 2× 10−14 cm2 resulting in Le,CISe = 510 nm.
Concerning the simulations of EBIC and IV data, it has to be kept in mind that EBIC is
an experimental method providing local information on charge carrier transport, whereas
the information gained from IV measurements is integral and determined by an interplay
between local components. It was found (see Section 6.1.3), that charge-carrier transport
properties vary significantly from grain to grain. Thus, if a set of simulation parameters
yields a good fit of EBIC data of one specific grain, it might have to be modified in order
to explain IV data consistently.

6.2.1. p+ layer at the CISe/CdS interface

For the simulations shown in the following, a highly p-doped layer at the CISe/CdS
interface - a so called p+ layer - is assumed and it is discussed whether it serves as
a possible origin of generation dependent charge-carrier transport properties in EBIC
(EBIC kink).
Good agreement between the measured EBIC profiles shown in Figure 6.2 and simulated
EBIC profiles is obtained assuming the following changes to the set of parameters stated
in Table A.1:

• p+ layer: d = 30 nm, Eg = 1.3 eV, µe = 4 cm2/Vs, µh = 1 cm2/Vs
acceptor (p+): Nt,p+ = 1.5 × 1017cm−3, Et,p+ = EV+ 0.5 eV, σe = 10−15cm2,
σh = 10−13cm2

• CdS: µe = 4 cm2/Vs, µh = 1 cm2/Vs

• CISe midgap acceptor: σe = 2× 10−14cm−3 resulting in an electron diffusion length
of Le,CISe = 510 nm

The corresponding EBIC profile recorded with an electron beam energy of 10 keV is shown
in Fig. 6.12 (curve (iii)). Additionally, profiles of a solar cell without a p+ layer (i) and
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with a p+ layer, but without a lowered valence band (ii) are shown. An EBIC kink,
i.e. an abrupt decrease in current, is only present in curve (iii), which indicates that an
explanation within the model of a p+ layer requires a valence band offset between the
CISe and the p+ layer.

(b)(a)

Figure 6.12: (a) Simulated EBIC profiles for: (i) No p+ layer (Table A.1, Le,CISe= 510 nm)
(ii) p+ layer, no valence band offset (i.e. Eg,p+ = Eg,CISe = 1 eV) (iii) p+
layer with a bandgap energy of Eg,p+= 1.3 eV resulting in a valence band offset
between the p+ layer and the CISe layer. (b) Simulated EBIC profiles for different
electron beam energies of a solar cell with a p+ layer with a lowered valence band
maximum.

Valence band offset at the CISe/p+ layer interface

In equilibrium, charge neutrality holds, which means that all negative charge within the
p-type layers is compensated by positive charge in the n-type layers:

wCISeNa,CISe + dp+(Nt,p+ + αtNt,p+) = dCdSNd,CdS + wi−ZnONd,i−ZnO (6.1)

w denotes the width of the space charge region within the respective layer and d its
thickness. Charge located within deep defects included in all layers as stated in Table A.1
is neglected, because the density is low compared to the doping densities and the density
of the additionally assumed deep defect in the p+ layer. αt denotes the occupation
probability for electrons of the acceptor type defect state of high density in the p+ layer.
The width of the space charge region in the CISe layer depends on the density and the
occupation level of the acceptor type defect state in the p+ layer, which is determined
by the Fermi distribution function given by Equation 2.13 in equilibrium. A shallow
acceptor (close to the valence band maximum) is mainly occupied by electrons and for a
high acceptor density in the p+ layer, the width of the space charge region in the CISe
layer is small. If dp+Nt,p+ > dCdSNd,CdS + wi−ZnONd,i−ZnO, the negative charge in the p+
layer can even compensate the complete positive charge of the n-type layers and there
is a net diffusion current of holes from the p+ layer to the CISe layer resulting in field
inversion as presented in Section 3.3. For a deep defect with an energetic level below
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that of the Fermi level of the bulk of the CISe layer, the charge of the acceptor state
contributes to the space charge region and the Fermi level is pinned at the defect energy.
If the energy level is well above the Fermi level of the CISe layer, it is mainly unoccupied
by electrons and does not contribute any charge.
Under illumination, the occupation of a defect state is governed by kinetics according to
Shockley Read Hall theory [23] and for an acceptor type defect, αt is given by Equation
2.34. Thus, for a given defect density, a deep energetic level below that of the Fermi level
in the bulk of the CISe layer and given capture cross sections, the charge and potential
distribution across the pn-heterojunctions depend on the local electron and hole density
within the p+ layer, which in turn depends on the position of charge carrier generation
by the electron beam. For generation far away from the p+ layer within the bulk of the
CISe layer, the hole density in the p+ layer is low, because holes diffuse in direction of the
back contact. Electrons move in direction of the heterointerface and the electron density
in the p+ layer is increased leading to a small width of the space charge region within the
CISe absorber layer.
In Fig. 6.13, simulated band diagrams are shown assuming generation in the p+ layer

(a,c) and without generation there (b,d) for solar cells with (a,b) and without (c,d) a
valence band offset at the CISe/p+ layer interface and different acceptor energy levels.
First, the solar cell with a p+ layer with a lowered valence band maximum is considered:
if there is generation within the p+ layer (a) and for a deep acceptor level, there is a broad
space charge region within the CISe layer, because photo generated holes are trapped in
the p+ layer thus reducing the negative charge density. If there is no generation within
the p+ layer (b), the local hole density is low and electrons are trapped preferentially.
The resultant negative charge leads to a small width of the space charge region.
For a solar cell with a p+ layer with a deep defect level and without a lowered valence
band, the width of the space charge region in the CISe layer is large no matter if there is
generation within the p+ layer or not. The defect energy is above the Fermi energy of the
CISe bulk and the trapped negative charge remains small even without generation within
the p+ layer (d, solid line). For a shallow defect level (Et,p+ = EV + 0.2 eV), electrons
are thermally excited into the acceptor type defect state thus leading to a high negative
charge density within the p+ layer and a small width of the space charge region with and
without generation in the p+ layer (dashed lines in (c) and (d)).
These electronic band diagrams show that a change in potential distribution throughout
the solar cell and especially in width of the space charge region in the CISe layer is
responsible for generation dependent charge-carrier transport in EBIC within this model.
The EBIC kink, i.e. the abrupt decrease of the collected current results from the fact,
that field assisted charge-carrier collection is more efficient than diffusion driven transport
in the quasi neutral region of the absorber layer in case of a diffusion length significantly
smaller than the layer thickness.
When moving the position of electron beam irradiation away from the CISe/CdS interface
into the absorber layer, the position where the generation rate within the p+ layer gets
”too low” resulting in an abrupt decrease of the collected current, varies for different
electron beam energies: the higher the electron beam energy, the broader is the lateral
generation profile and the further away is this position from the CISe/CdS interface. In
Figure 6.12 (b), simulated normalized EBIC profiles for different electron beam energies
are shown and compared to measured profiles (b). The agreement is very good.
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(a) (b)

(c) (d)

p+CdS CISeZnO

Generation in p+ layer No generation in p+ layer

Figure 6.13: Simulated electronic band diagrams of a CISe solar cell with a p+ layer for electron
beam irradiation (Eb= 10 keV) with (a,c) and without (b,d) generation within the
p+ layer assuming a p+ layer with (a,b) and without (c,d) a lowered valence band
with respect to the CISe layer (Eg,p+= 1.3 eV). In (c) and (d), band diagrams
are shown for two different energetic levels of the acceptor state of high density
(p+) within the p+ layer: Et,p+ = EV + 0.2 eV and 0.5 eV.

Influence of the acceptor density, capture cross sections and energetic level in the

p+ layer

In Fig. 6.14 (a), simulated EBIC profiles for different acceptor densities Nt,p+ in the p+
layer are shown. The higher the acceptor density, the more pronounced is the EBIC kink,
i.e. the width of the maximum is smaller and the current decreases to smaller values.
In Figure 6.14 (b), simulated EBIC profiles for different electron and hole capture cross
sections of the acceptor type defect state in the p+ layer are shown for two different defect
densities. Due to electrostatic repulsion of electrons by a negatively charged acceptor
state, the electron capture cross section is assumed to be lower than that for holes. For
the same position of irradiation, i.e. for a given ratio of local electron and hole densities in
the p+ layer, a stronger asymmetry between the electron and hole capture cross sections
leads to a lower occupation probability, which corresponds to less negative charge. In
consequence, the current decrease occurs at a position further away from the CISe/CdS
interface.
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(a) (b)

Figure 6.14: (a) Simulated EBIC profiles for different acceptor densities Nt,p+ within the p+
layer (b) Simulated EBIC profiles for different capture cross sections of the ac-
ceptor state in the p+ layer and different acceptor densities (i) 1.5 × 1017 cm−3

and (ii) 6× 1017 cm−3

In Figure 6.15, the influence of the energy level Et,p+ of the acceptor defect within the p+
layer is shown (The given energies correspond to the energetic difference of the defect level
and the valence band maximum EV). The assumption of a shallow acceptor level close to
the valence band maximum (Et,p+ = EV + 0.2 eV) leads to a deteriorated EBIC profile.
In this case, the defect is thermally occupied by electrons with and without generation in
the p+ layer and the width of the space charge region in the CISe layer is small no matter
if there is generation in the p+ layer or not. If the acceptor level is energetically located
close to the conduction band minimum (Et,p+ = EV + 1.1 eV), it is unoccupied in case
of generation within the p+ layer and without generation there. Consequently, there is
no EBIC kink and the profile shape is determined by drift and diffusion processes only.
From these simulations, it is concluded that only a deep acceptor level within the p+
layer serves as a possible origin of an EBIC kink and generation dependent charge-carrier
transport. For the simulations shown here, a monoenergetic defect state was assumed,
but they lead to similar results when assuming e.g. a Gaussian energetic distribution.

Influence of the CdS doping density and a conduction band offset at the

CISe/CdS interface

The higher the doping density of the CdS layer, the more potential drops across the p-
type layers according to Equation 2.4 leading to improved collection properties in the
CISe layer. In Figure 6.16 (a), simulated EBIC profiles for different CdS doping densities
are shown. For CdS doping densities smaller than 1016cm−3, the profiles are very similar,
but for Nd,CdS = 1017 cm−3, an EBIC kink is not present.
In Figure 6.16, a conduction band offset at the p+ layer/CdS interface of ± 100 meV
was assumed. For this, the electron affinity of the CdS layer was changed to 4.4 eV
(spike) and 4.6 eV (cliff), and in both cases, there is no conduction band offset assumed
at the CdS/ZnO interface. At room temperature, an energetic barrier of 100 meV is easily



74 Chapter 6. Investigation of charge carrier transport in Cu(In,Ga)Se2 solar cells

Figure 6.15: Simulated EBIC profiles for different defect energy levels within the p+ layer
Et,p+. The given values correspond to the energetic difference between the defect
energy and the valence band maximum of the p+ layer.

overcome by thermionic emission and does not influence the current significantly. The
slight deviations of the EBIC profiles are caused by different recombination rates within
the p+ layer and the CdS layer caused by differences in charge carrier densities within
these layers (see Section 2.4).

(a) (b)

Figure 6.16: Simulated EBIC profiles assuming (a) a p+ layer and different doping densities
of the CdS layer (b) a p+ layer and a conduction band offset between the p+
layer and the CdS.

In summary:

• The assumption of a p+ layer provides a valid explanation for the EBIC kink oc-
curring in some grains of absorber layers of CISe (and CIGSe) solar cells.

• The acceptor type defect state responsible for a high negative charge density within
the p+ layer is required to be a deep defect.
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• The bandgap energy of the p+ layer is required to be larger than that of the CISe
layer resulting in a valence band offset (no conduction band offset is assumed).

6.2.2. p+ layer and interface donor at the CISe/CdS interface

In the following, the influence of donor type interface defects at the p+ layer/CdS interface
on simulated cross section EBIC profiles is discussed in detail. The focus is on the question,
if and in what form the presence of such defects is consistent with the experimental results.

Influence of the energetic level, density and capture cross sections of the donor

type interface defect

(a) (b)

CdSZnO p+ CISe

Figure 6.17: (a) Simulated EBIC profiles assuming a solar cell with a p+ layer with and without
a donor type interface state at the CISe/CdS interface of different energy levels
(Nt,IF= 1013 cm−2, σe = 10−13 cm2 and σh = 10−15 cm2). (b) Corresponding
equilibrium electronic band diagrams

In Figure 6.17 (a), simulated EBIC profiles assuming a p+ layer only and a p+ layer and
a donor type interface state of two different energy levels are shown. In Figure 6.17 (b),
the corresponding equilibrium band diagrams are displayed. While the differences of the
profiles assuming a p+ layer only and a p+ layer with a deep donor state (Et,IF = EV

+ 0.8 eV) are only minor, the profile for a shallow donor does not exhibit an EBIC kink
(1.1 eV above the valence band maximum corresponds to 200 meV below the conduction
band minimum of the p+ layer which is considered to be shallow at 300 K).
If the interface defect is in part ionized and thus positively charged, the negative charge
of the p+ layer is compensated. If there is enough positive charge, the width of the space
charge region on the p-side is increased. For a deep donor state (800 meV above the va-
lence band maximum), its occupation is governed by the kinetics of capture and emission
of electrons and holes during illumination, and if there are no holes generated within the
p+ layer, it is mainly occupied by electrons. A shallow donor state on the other hand is
in part ionized and positively charged no matter if there is generation within the p+ layer
or not, which is why an EBIC kink does not occur. Thus, within the p+ layer model,



76 Chapter 6. Investigation of charge carrier transport in Cu(In,Ga)Se2 solar cells

the density of shallow interface donor states must be low in those grains that exhibit an
EBIC kink.
In Figure 6.18, the influence of the donor density in case of a shallow donor type defect
state at EV +1.1 eV is shown. The extent of the EBIC kink decreases for an increasing de-
fect density. It is concluded that differences in donor density at the interfaces of different
absorber layer grains can be responsible for grain specific inhomogeneities with respect to
the EBIC kink: grains in which an EBIC kink occurs might exhibit a low interface defect
density and grains in which an EBIC kink does not occur a higher one.
To highlight the influence of electron and hole capture cross sections of the interface donor,
Figure 6.18 (b) shows simulated EBIC profiles for different sets of capture cross sections
(energetically located 800 meV above the valence band maximum of the p+ layer). A
change in ratio of the capture cross sections influences the width of the EBIC profile
maximum. At a given position of irradiation, i.e. for a given ratio of electron and hole
densities at the interface, the assumption of a larger electron capture cross section leads
to a higher occupation probability of the interface donor state. Consequently, there is less
positive charge accumulated and the current decrease occurs for irradiation closer to the
CISe/CdS junction, which corresponds to a smaller width of the profile maximum.
In order to simulate their experimental data, Kniese et al. [1] assumed a larger capture
cross section for holes than for electrons (σh/σe = 105). This assumption, which is un-
realistic considering that holes are repelled from a positively charged donor type defect
and electrons attracted, is not needed for the simulation of the EBIC profiles presented
in this work.

(b)(a)

Figure 6.18: (a) Simulated EBIC profiles of a solar cell with a p+ layer and a shallow interface
donor of different densities Nt,IF. (b) Simulated EBIC profiles assuming a p+
layer and an interface donor with different capture cross sections for electrons
and holes: (i) σe = 10−13 cm2 and σh = 10−15 cm2 (ii) σe = 10−15 cm2 and
σh = 10−13 cm2 (iii) σe = 10−17 cm2 and σh = 10−13 cm2 (iv) σe = 10−19 cm2

and σh = 10−13cm2
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(a) (b)

Figure 6.19: (a) Simulated EBIC profiles of a solar cell with a p+ layer without interface
donor states for different assumed electron beam currents Ib. (b) Simulated
EBIC profiles of a solar cell with a p+ layer (Nt,p+ = 4 × 1017cm−3) and a
shallow interface donor with a density of Nt,IF = 1012cm−2.

Influence of the electron beam current / generation density

In Section 6.1.3, it was shown that there are grain specific differences with respect to the
influence of the electron beam current: In a grain exhibiting a pronounced EBIC kink, a
variation of the electron beam current from 7 to 315 pA did not change the profile shape
significantly (Figure 6.9 (a)). In another grain, no EBIC kink occurred for low electron
beam currents of 7 and 27 pA, whereas it did occur in case of a higher electron beam
current of 315 pA (Figure 6.9 (b)).
The simulated EBIC profiles displayed in Figure 6.19 show that the assumption of a
shallow interface donor state of an ”intermediate” density can explain the observed de-
pendence of the profile shape on the electron beam current. For the profiles shown in
(a), no interface donor state is assumed and the shape is the same for all electron beam
currents in the range of 1 to 100 pA. For the profiles shown in (b), the acceptor density in
the p+ layer was assumed to be 4×1017cm−3 and that of the shallow interface donor state
1012cm−2. Additionally, the electron capture cross section of the CISe midgap defect was
changed to 10−15cm2 (Le,CISe = 2.3 µm).
The dependence of the profile shape profiles on electron beam current is similar to that of
the measured ones shown in Figure 6.9. In case of an ”intermediate” density of shallow
donor states, the occurrence of an EBIC kink depends on the density of generated charge
carriers, especially on the electron current from the CISe layer into the CdS layer. In case
of a high current density, the donor state is occupied with electrons to a higher degree
and its positive charge is not sufficient to compensate the negative charge of the p+ layer.
In consequence, the width of the space charge region in the CISe layer is smaller leading
to reduced charge carrier collection and an EBIC kink.
Thus, it is concluded that the assumption of different interface donor densities at the in-
terfaces of CISe grains to CdS is a possible origin of grain specific charge-carrier transport
properties observed in cross section EBIC experiments. The occupation of Cu sites by
Cd was found to form a shallow donor state [51]. Thus, the assumption of orientation
dependent differences in diffusion properties of Cd in CISe as suggested in Reference [123]
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provides an explanation for the observed inhomogeneities.

Simulation of the red kink effect in IV characteristics

In Figure 6.20 (a), simulated current voltage (IV) curves of a solar cell with a p+ layer
with and without donor type interface defects are shown for a temperature of 100 K and
white and red light illumination. The IV curves are very similar and there is no kink
neither for red nor for white light illumination. Thus, the assumption of a p+ layer which
is consistent with the occurrence of an EBIC kink cannot explain the red kink in IV
characteristics. The p+ layer model needs to be extended in order to account for all ex-
perimental data. In the following, three sets of parameters are presented (Model AA, AB
and AC) - all including a p+ layer at the CISe/CdS interface - which provide a consistent
explanation of the effects occurring in EBIC and IV measurements.

Figure 6.20: (a) Simulated IV curves of a solar cell with a p+ layer with (solid lines) and
without (dashed lines) a donor type defect at the CISe/CdS interface.

Model AA - p+ layer

The assumption of more asymmetric capture cross sections for electrons and holes of
the deep acceptor state in the p+ layer provides a possible explanation for generation
dependent charge-carrier transport in EBIC and IV within the model of a p+ layer. In
Section 4.3.1, it was shown that the presence of an acceptor type defect state energetically
located 150 meV above the valence band maximum with a ratio of its capture cross
sections of σh/σe = 106 leads to a red kink in the IV characteristics. For the simulation
of an EBIC kink, a deeper acceptor level has to be assumed, because an energetic level
150 meV above the valence band maximum is sufficient to cause differences in occupation
upon illumination with red and white light at low temperatures. At room temperatures
however, the defect state would be thermally occupied, i.e. shallow, and cannot account
for an EBIC kink (see Figure 6.15).
For the simulation of the red and white light illuminated IV curves shown in Figure 6.21
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(a) and the values for dIF,max, the following changes to the set of parameters stated in
Table A.1 were assumed:

• p+ layer: Eg = 1.3 eV, Nt,p+ = 6× 1017cm−3, Et,p+ = EV + 0.5 eV, σe = 10−18cm2

and σh = 10−12cm2

• Donor type defect states at the CISe/CdS interface: Nt,IF = 5 × 1011cm−2 (”in-
termediate” or estimated ”average” density in order to account for grain specific
inhomogeneities), σe = 10−13cm2 and σh = 10−15cm2, Et,IF = EV,p+ + 1.1 eV

• Midgap acceptor in CISe: σe = 2× 10−15cm2, i.e. Le,CISe= 1.6 µm (”intermediate”
value)

• Conduction band offset at CISe/CdS interface: 100 meV (spike). Flatband align-
ment of the conduction band at the CdS/ZnO interface.

The red light illuminated IV curve exhibits a lower fill factor than the white light illumi-
nated IV curve, but the abrupt decrease of the photocurrent under forward bias close to
the open circuit voltage to nearly zero current, which is characteristic for the experimen-
tally observed red kink effect, does not occur. Thus, the quantitative agreement between
experimental and simulated data is rather poor and it is only possible to simulate the
experimentally observed trend in a qualitative way.
One reason for these deviations might be the fact that the simulations do not include
persistent changes of charge densities due to charge carrier trapping and simultaneous
lattice relaxation, i.e. metastable variations. These persistent changes of the occupation
level of defect states and therefore of local charge densities can be more pronounced than
those included into the simulations by means of the equations according to Shockley Read
Hall theory for the occupation of defects under illumination (Equation 2.34).

Model AB - p+ layer, deep acceptor type defect states in CdS and conduction

band spike

A moderate conduction band spike at the CISe/CdS interface in the range of 100 meV
serves as an additional photocurrent barrier, which is only effective at low temperatures.
For the simulated IV curves shown in Figure 6.21 (b), the following changes to the set of
parameters stated in Table A.1 were assumed:

• p+ layer: Eg = 1.3 eV, Nt,p+ = 1.9×1017cm−3, Et,p+ = EV + 0.5 eV, σe = 10−15cm2

and σh = 10−13cm2

• Donor type defect at the CISe/CdS interface: Nt,IF = 2 × 1011cm−2 (”intermedi-
ate” or estimated ”average” density in order to account for the observed inhomo-
geneities), σe = 10−13cm2 and σh = 10−15cm2, Et,IF = EV,p+ + 1.1 eV

• Conduction band offset at CISe/CdS interface: 100 meV (spike). Flatband align-
ment of the conduction band at the CdS/ZnO interface.

• Midgap acceptor in CISe: σe = 2× 10−15cm2, i.e. Le,CISe= 1.6 µm (”intermediate”
value)
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(a) (b)

(c) (d)
Model AC - IV

Model AB - IVModel AA - IV

EBIC

Figure 6.21: (a-c) Simulated IV curves for the parameters of Model AA (a), Model AB (b) and
Model AC (c). (d) Simulated and measured values of the distance of the EBIC
profile maximum to the CISe/CdS interface versus electron beam energy Eb.

• CdS: Shallow doping density Nd,CdS = 1.1× 1017cm−3

Midgap acceptor: Nt = 1017cm−3, σe = 10−15cm2, σh = 10−13cm2

The same set of parameters without the assumption of a donor type interface defect and
with a higher capture cross section for electrons of the midgap CISe defect resulting in
Le,CISe = 510 nm leads to a good agreement between simulated and experimental EBIC
profiles, which is shown in Figure 6.21 (d). It is concluded that the chosen assumptions
of Model AB - combining the models of a p+ layer and that of a conduction band spike
and a deep acceptor within the CdS layer - provide a valid explanation for EBIC and
IV data within one model, although the mechanisms leading to generation dependent
charge-carrier transport properties are different ones.



6.2 Modeling of generation dependent charge-carrier transport properties 81

Model AC - p+ layer and acceptor type defects at the CdS/ZnO interface

Another consistent explanatory model for EBIC and IV data is given by the assumption
of p+ layer at the CISe/CdS interface and acceptor type interface defects at the CdS/ZnO
interface (see also Section 4.3.3). For the simulation of the red and white light illuminated
IV curves shown in Figure 6.21 (c), the following changes to the set of parameters stated
in Table A.1 were assumed:

• p+ layer: Eg = 1.3 eV, Nt,p+ = 1× 1017cm−3, Et,p+ = EV + 0.5 eV, σe = 10−15cm2

and σh = 10−13cm2

• Donor type interface defects at the p+ layer/CdS interface: Nt,IF = 2 × 1011cm−2

(”intermediate” or estimated ”average” density in order to account for the observed
inhomogeneities), σe = 10−13cm2 and σh = 10−15cm2, Et,IF = EV,p+ + 1.1 eV

• Midgap acceptor in CISe: σe = 2× 10−15cm2, i.e. Le,CISe= 1.6 µm (”intermediate”
value)

• CdS: Shallow doping density: Nd,CdS = 1× 1014cm−3

• Acceptor type interface defects at the CdS/ZnO interface (IF2): Nt,IF2 = 5 ×
1011cm−2, σe = 10−15cm2 and σh = 10−13cm2, Et,IF2 = EV,CdS + 2.0 eV

Again, the same set of parameters without the assumption of an interface donor state
and a higher capture cross section for electrons of the midgap CISe defect (Le,CISe = 510
nm) leads to good agreement between simulated and experimental EBIC profiles, which
is shown in Figure 6.21 (d). Thus, the assumption that the origin of the EBIC kink
is located within the p+ layer, while the red kink is caused by acceptor type interface
defect states at the CdS/ZnO interface, leads to good agreement between experimental
and simulated EBIC and IV data.

In summary: p+ layer models

• The assumption of shallow donor type interface defects of high concentration at the
p+ layer/CdS interface is not consistent with the occurence of an EBIC kink. There
are grains within the CISe layer, where Fermi level pinning close to the conduction
band minimum does not occur.

• The assumption of the presence of shallow donor type interface defects of varying
(grain specific) density can explain inhomogeneities with respect to generation de-
pendent charge-carrier transport in EBIC. It can also explain the dependence of
measured EBIC profiles on the electron beam current, i.e. generation density.

• Model AA: If very asymmetric capture cross sections for electrons and holes are
assumed for the deep acceptor type defect within the p+ layer (σh/σe = 106) and
for a conduction band spike of 100 meV, there is a significant difference in fill factor
of the red and white light illuminated IV curves. But the quantitative agreement is
poor and the characteristic shape of the red kink feature as observed experimentally
cannot be simulated within this model. Out of this reason, it is not considered in
more detail in the following.
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• Model AB: A combined model of a p+ layer, deep acceptor type defect states within
the CdS layer and a conduction band spike at the p+ layer/CdS interface can explain
generation dependent charge-carrier transport in EBIC and IV. The effects in EBIC
and IV have different microscopic origins in this case.

• Model AC: A combined model of a p+ layer and acceptor type defects at the
CdS/ZnO interface can explain generation dependent charge-carrier transport prop-
erties in EBIC and IV. Again, the effects in EBIC and IV have different microscopic
origins. Within this model, flatband alignment of the conduction band is assumed
at both heterojunctions.

6.2.3. Acceptor states in the CdS layer

In the following, simulations of EBIC and IV data for different assumptions concerning
the CdS layer are shown. In a first approach, similar parameters as those used for the
simulations of a red kink in IV characteristics shown in Section 4.3.2 are assumed.

Model B1

• CdS layer: midgap acceptor defect with Nt,CdS= 5× 1016cm−3, σe = 10−15cm2 and
σh = 10−13cm2

• A conduction band spike at the CISe/CdS interface and flatband alignment of the
conduction band at the CdS/ZnO interface

• CISe midgap acceptor: σe = 2 × 10−14cm2 resulting in an electron diffusion length
of Le,CISe = 510 nm

All other parameters are the same as stated in Table A.1. In Figure 6.22 (a), the corre-
sponding simulated EBIC profiles for an electron beam energy of 10 keV are shown for
different values of the conduction band spike. An EBIC kink occurs only for a large spike
of 350 meV. For smaller spike values, the electron current across the CISe/CdS interface
at room temperature is not diminished due to the energetic barrier of the conduction band
offset. In contrast, at a temperature of 100 K, a spike of 150 meV is sufficient to diminish
the photocurrent even for white light illumination, which is shown in Figure 6.22 (b). A
spike of 250 meV leads to a completely deteriorated IV curve with a conversion efficiency
of only 1.2%. It is thus concluded that a conduction band offset at the CISe/CdS interface
cannot be an effective electron barrier observed in EBIC measurements at room temper-
ature and IV measurements at 100 K. As expressed by Equation 2.42, the thermionic
emission current depends exponentially on temperature. For a large spike value, which
is sufficient to cause a current decrease at room temperature (about 350 meV), the oc-
cupation of the deep acceptor type defect in the CdS layer has a minor influence on the
effective barrier for electrons at 100 K. Vice versa, a small spike of approximately 100 meV
cannot serve as an effective barrier at room temperature no matter what the occupation
probability of the defect state in the CdS is.
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(a) (b)

Figure 6.22: (a) Simulated EBIC profiles for different values of the conduction band spike at
the CISe/CdS interface (b) Simulated white light illuminated IV curves for a
temperature of 100 K and different values of the conduction band spike at the
CISe/CdS interface.

In the following, a higher density of compensating acceptor type defect states within the
CdS layer is assumed such that a generation dependent occupation probability can cause
an EBIC kink effect without the necessity of a conduction band spike. The following
changes were made to the set of parameters stated in Table A.1.

Model B2

• CdS layer: midgap acceptor type defect state with: Nt,CdS = 2.2 × 1017cm−3, σe =
10−14cm2 and σh = 10−12cm2

• A conduction band spike of 100 meV at the CISe/CdS interface. Flatband alignment
of the conduction band at the CdS/ZnO interface.

In Figure 6.23 (a), simulated and measured EBIC profiles for different electron beam ener-
gies are shown. There is good agreement between measured and simulated data. In Figure
6.23 (b), the corresponding simulated electronic band diagrams for positions of electron
beam irradiation with and without generation in the CdS layer are shown. If there is gen-
eration within the CdS layer, holes are present there. The occupation probability of the
acceptor type defect, which is determined by the capture and emission of electrons and
holes according to Equation 2.34, remains low due to a higher hole capture cross section.
Most of the voltage drops within the CISe layer and charge-carrier collection properties
are good. If there is no generation in the CdS layer, the lack of holes there leads to a
higher occupation probability of the acceptor type defect state in the CdS layer. Due to
the small width of the space charge region in the CISe layer, charge carrier collection is
reduced resulting in an EBIC kink.
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Figure 6.23: (a) Simulated and measured EBIC profiles for different electron beam energies
(Model B2) (b) Simulated electronic band diagrams for electron beam irradiation
with (solid line) and without (dashed line) generation in the CdS layer.

Influence of donor type defect states at the CISe/CdS interface

Shallow donor type defect states at the CISe/CdS interface can have a major impact on
EBIC profiles, which was already shown for the p+ layer model in Section 6.2.2. In Figure
6.24 (a), it is shown that their presence also causes the EBIC kink to vanish for the model
of deep acceptor type defect states in the CdS layer. For the simulations, a donor type in-
terface defect was assumed with a density of Nt,IF = 1013cm−2 and capture cross sections
of σe = 10−15cm2 and σh = 10−13cm2. The corresponding simulated equilibrium band
diagrams with and without interface defects of two different energetic levels are shown in
Figure 6.24 (b).
Without interface defects, the high negative charge density within the CdS layer, which
is in this case effectively p-type due to the high density of midgap acceptor type defect
states, causes most of the voltage to drop across the CdS layer. The width of the space
charge region in the CISe layer is small. If there are shallow interface defects, these are in
part ionized resulting in a pnpn structure, i.e. two pn-junctions. There is field inversion
in the CdS layer and the Fermi level at the CISe/CdS interface is pinned at the defect en-
ergy. More voltage drops within the CISe layer and charge carrier collection is improved,
which is why there is no EBIC kink observable.

Influence of the conduction band offset at the CISe/CdS interface

The simulations shown in Figure 6.25 show that the conduction band spike at the CISe
/CdS interface is not the origin of the EBIC kink: There are only minor deviations for a
spike of 100 meV and for flatband alignment. Only an increase of the spike value to 200
meV leads to a more pronounced EBIC kink. Thus, within Model B2, it is not thermionic
emission across the conduction band offset at the CISe/CdS interface which limits the
collected current but a high negative charge density in the CdS layer and a strongly
reduced potential drop within the CISe layer.
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(a) (b)

CdS CISeZnO

Figure 6.24: (a) Simulated EBIC profiles for of a high density of midgap acceptor states in the
CdS layer with and without a donor type defect state at the CISe/CdS interface
for two different energetic levels. (b) Corresponding simulated electronic band
diagrams (i) without an interface donor (ii) with an interface donor energetically
located at Et,IF = EV,CISe + 0.6 eV and (iii) at Et,IF = EV,CISe + 0.9 eV (100
meV below the conduction band minimum of CISe).

Figure 6.25: Simulated EBIC profiles for a high density of midgap acceptor type defect states
in the CdS and for different conduction band offsets at the CISe/CdS interface.

Influence of the electron beam current / generation density

In Figure 6.26, the influence of the electron beam current, i.e. the density of generated
charge carriers, is shown for a solar cell without interface defects and with interface de-
fects of an ”intermediate” density of 1012cm−2 energetically located at EV,CISe + 0.8 eV.
Similar to the p+ layer model presented in Section 6.2.2, there is no dependence on the
electron beam current, if there is no interface defect. If an interface donor is assumed,
an EBIC kink does not occur for low beam currents (1 and 10 pA), but it does occur for
a higher electron beam current of 100 pA. In the latter case, the electron density at the
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CISe/CdS interface for generation within the CISe bulk is higher as compared to lower
electron beam currents. This leads to a higher occupation probability of the donor type
defect state and therefore to a lower positive charge density. The voltage drop within the
CISe layer and in consequence the electron current from the absorber layer are reduced.
For lower electron beam currents, the occupation probability of the interface donor state
is lower and the increased width of the space charge region in the CISe layer leads to
better charge carrier collection.
Thus, by assuming different densities of a shallow donor type defect state at the CISe/CdS
interface of different grains of the absorber layer, the grain specific differences with re-
spect to the EBIC kink and its dependence on electron beam current can be explained
consistently.

(a) (b)

Figure 6.26: Simulated EBIC profiles for different electron beam currents Ib for a high density
of midgap acceptor states in the CdS layer (a) without any interface defects and
(b) with an interface donor of density Et,IF = 1012cm−2 energetically located at
Et,IF = EV,CISe + 0.8 eV.

Simulation of the red kink effect in IV characteristics

In Figure 6.27, simulated IV curves assuming a temperature of 100 K are shown for a solar
cell according to the assumptions of Model B2. The red kink is more pronounced than
observed experimentally and the fill factor of the white light illuminated IV curve is also
lower than that of the measured one (see Figure 4.1). For the simulated IV curves shown
in Figure 6.28, a temperature of 200 K was assumed because of convergence problems of
the simulation algorithm when assuming 100 K. The qualitative trends of the parameter
variations discussed in the following is transferable to lower temperatures.
For the simulations shown in Figure 6.28, (a) a conduction band offset (CBO) of 100
meV and a varying interface donor density at the CISe/CdS interface were assumed. The
presence of positive interface charge reduces the extent of the red kink effect. In (b), an
interface defect density of 2×1011cm−2 was assumed and a varying conduction band offset
(spike). The larger the conduction band offset, the more pronounced is the red kink effect
due to a larger barrier for the electron current from the absorber layer into the CdS layer
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according to thermionic emission theory (Equation 2.42).
These simulations indicate that a consistent explanation of EBIC and IV data within a
model of deep acceptor type defect states within the CdS is possible when assuming a
conduction band spike significantly smaller than 100 meV (or even flatband alignment or
a conduction band cliff) and the presence of shallow interface donors at the surface of
those CISe grains, which do not exhibit an EBIC kink.

Figure 6.27: Simulated red and white light illuminated IV curves for T = 100 K of a solar cell
with a high density of midgap acceptor states in the CdS and a conduction band
offset of 100 meV at the CISe/CdS interface (Model B2).

(a) (b)

Figure 6.28: Simulated red light illuminated IV curves of a solar cell with a high density of
deep acceptor type defect states within the CdS layer: (a) assuming a conduction
band offset (CBO, spike) of 100 meV and a varying density of donor type defect
states Nt,IF at the CISe/CdS interface and (b) assuming Nt,IF = 2 × 1011cm−2

and varying values for the conduction band offset.

In summary: Model B2

Even though it is not possible to achieve good quantitative agreement between measured
and simulated IV data due to convergence problems of the simulation algorithm, it is still
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concluded that a model based on the assumption of deep acceptor type defect states in
the CdS provides a valid explanation of EBIC and IV data. The assumed parameters in
addition to those listed in Table A.1 are:

• CdS layer: midgap acceptor defect with Nt,CdS= 5× 1016cm−3, σe = 10−14cm2 and
σh = 10−12cm2

• Interface donor at the CISe/CdS interface: Nt,IF = 5 × 1011cm−2 (”intermediate”
or estimated ”average” density in order to account for the grain specific inhomo-
geneities), σe = 10−13cm2 and σe = 10−15cm2, Et,IF = EV,p+ + 0.9 eV

• A conduction band spike at the CISe/CdS interface of significantly less than 100
meV and flatband alignment at the CdS/ZnO interface

6.2.4. Acceptor states at the CdS/ZnO interface

In Section 4.3.3, it was shown that the assumption of acceptor type interface defects at
the CdS/ZnO interface (denoted as interface 2 (IF 2)) can account for the red kink effect
in IV characteristics. In the following, it is investigated, if it is also possible to explain
generation dependent charge-carrier transport in EBIC (EBIC kink) within this model.
The following parameters were assumed for the simulation of the EBIC profiles shown in
Figure 6.29 (a) in addition to those stated in Table A.1:

Model C:

• Acceptor type defect states at CdS/ZnO interface (IF 2): Nt,IF2 = 8 × 1011cm−2,
σe = 10−15cm2, σh = 10−13cm2, Et,IF2 = EV,CdS + 1.8 eV

• Flatband alignment of the conduction band at the CISe/CdS and the CdS/ZnO
interfaces.

Although there are deviations between simulated and measured profiles in the bulk of the
CISe layer especially for electron beam energies of 5 and 10 keV, the main characteristic,
i.e. a strong dependence of the width of the maximum of the profile on electron beam
energy, is reproduced well. In Figure 6.29 (b), the corresponding simulated electronic
band diagrams for electron beam irradiation with and without generation at the CdS/ZnO
interface are shown. If there is no generation at the CdS/ZnO interface, the acceptor type
defect state is mostly occupied with electrons, which increases the potential drop within
the n-type layers and reduces the band bending in the CISe layer. If there is generation at
the CdS/ZnO interface, holes are also trapped and the occupation probability for electrons
and the resulting negative charge density are lower. There is more band bending within
the CISe layer, which improves the collection of generated electrons.
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Figure 6.29: (a) Simulated EBIC profiles for acceptor type defects at the CdS/ZnO interface
and measured profiles for different electron beam energies (b) Simulated electronic
band diagrams assuming electron beam irradiation such that there is generation
at the CdS/ZnO interface (solid lines) and without generation at the interface
(dashed lines).

Additional donor type defect states at the CISe/CdS interface

If additionally a donor type interface defect of a density high enough to pin the Fermi
level at the CISe/CdS interface is assumed (Nt,IF = 1013cm−2), an EBIC kink does not
occur, if the pinning energy is close to the conduction band minimum (Et,IF = EV,CISe

+ 0.8 eV), which is shown in Figure 6.30 (a). For a deeper donor type defect state, an
EBIC kink occurs, but it is less pronounced than without the additional defect. In (b),
the corresponding simulated equilibrium band diagrams are shown. The change in voltage
drop within the CISe layer by the presence of donor type defect states causes the EBIC
kink to vanish in case of a shallow donor level.
Again, the assumption of a varying density of shallow donor type defect states at the
CISe/CdS interface provides an explanation for the occurrence of the EBIC kink only in
some grains of the absorber layer. The configuration is similar to that within the previ-
ously discussed models. Another possibility to explain inhomogeneities is the assumption
of a varying acceptor density at the CdS/ZnO interface itself. But since the extent of the
EBIC kink is approximately constant within individual grains of the absorber layer, this
possibility is excluded.

Simulation of the red kink effect in IV characteristics

In Figure 6.31, simulated IV curves for temperatures of 200 K (a) and 100 K (b) are
shown for red and white light illumination assuming solar cells with acceptor type defects
at the CdS/ZnO interface and with (ii) and without (i) additional donor type interface
defects at the CISe/CdS interface. The donor density is assumed to be 5 × 1011cm−2.
At a temperature of 200 K, a pronounced red kink occurs. The presence of donor type
defects at the CISe/CdS interface reduces the red kink slightly, but it is still much more
pronounced than in the measured IV curve shown in Figure 4.1. At a temperature of 100
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(a) (b)
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Figure 6.30: Simulated EBIC profiles (a) and corresponding equilibrium band diagrams (b)
of a solar cell with acceptor type defects at the CdS/ZnO interface and: (i)
no interface defects at the CISe/CdS interface (ii) donor type interface defects
energetically located at EV,CISe + 0.8 eV and (iii) at EV,CISe + 0.6 eV.

K, the presence of donor type interface states even increases the extent of the red kink
effect. This is due to the pinning of the Fermi level at both interfaces and the resultant
field inversion within the CdS layer (see Figure 6.30 (b)), which constitutes a barrier
for the electron current in case there is not enough thermal energy at low temperatures.
These simulations indicate that a consistent explanation of generation dependent charge-
carrier transport properties observed in EBIC and IV measurements is not possible on a
quantitative level by assuming acceptor type defect states at the CdS/ZnO interface.

(a) (b)

Figure 6.31: Simulated IV curves for a temperature of 200 K (a) and 100 K (b) of solar cells
with acceptor type defects at the CdS/ZnO interface and (i) without defect states
at the CISe/CdS interface (ii) with shallow donor type interface defects at the
CISe/CdS interface with a concentration of Nt,IF1 = 5 × 1011cm−2 for red and
white light illumination.
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In summary

• It is not possible to explain generation dependent charge-carrier transport properties
in EBIC and IV on a quantitative level by assuming acceptor type interface defects
at the CdS/ZnO interface. For a realistic simulation of the red kink effect, a lower
interface defect density has to be assumed than for the simulation of an EBIC kink.

• A varying acceptor defect density at the CdS/ZnO interface could in principle ac-
count for the deviations between simulated and measured data.
But since the inhomogeneities with respect to the EBIC kink are grain specific for
grains of the absorber layer, this possibility is excluded.

6.2.5. Extraction of electron diffusion length II

Three possible scenarios have been developed so far to explain generation dependent
charge-carrier transport properties in EBIC and IV measurements: Model AB, AC and
B2. For all three models, the width of the space charge region within the absorber layer
depends on the generation conditions, i.e. the position of electron beam irradiation and
the used illumination spectrum. This means that a description of the measured EBIC
profiles by a convolution of the generation function and a collection function which is
independent of the generation function according to Equation 5.1 is not possible. In the
following, it is discussed, if and how EBIC data can still be used in order to determine
the electron diffusion length in CISe by use of the analytical model presented in Section
5.1.

For grains that exhibit an EBIC kink, it is assumed that the origin of generation depen-
dent charge-carrier transport is removed persistently by electron beam irradiation of the
heterojunction region. The presence of a high density of shallow donor type defect states
at the CISe/CdS (or p+ layer/CdS) interface of these grains can be excluded. In this
case, EBIC profiles recorded after irradiation of the heterojunction region can be used in
order to extract the electron diffusion length within CISe as explained in Section 5.1.3
and as performed in Section 6.1.5.
For grains which do not exhibit an EBIC kink, the presence of shallow donor type defect
states at the CISe/CdS (or p+ layer/CdS) interface is assumed. The width of the space
charge region of the solar cell depends on the occupation of this donor state, which in
turn depends on the local electron and hole densities, i.e. generation conditions. Thus,
the prerequisites for the validity of Equation 5.1 are not fulfilled, because the width
of the space charge region and in consequence the collection function of the solar cell
change during an EBIC measurement. In Figure 6.32 (a), simulated values of the dis-
tance of the CISe/CdS interface to the maximum of the EBIC profiles are displayed
versus electron beam energy for a ”standard” solar cell (parameters listed in Table A.1,
but Le,CISe = 510 nm), a ”standard” solar cell with shallow donor type interface states
(Nt,IF = 1013cm−2) and the parameters of Models AB, AC and B2 with a shallow donor
state of high density (Nt,IF = 1013cm−2). The differences between the simulated values
are small: ∆dIF,max ≤ 50 nm. In Figure 6.32 (b), EBIC profiles for electron beam energies
of 10 and 18 keV are shown for the standard set of parameters without an interface defect
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and Model AC (exemplarily) with a shallow donor type interface defect. The deviations
in slope in the quasi neutral region of the CISe layer are negligible. Thus, it is concluded
that in grains in which an EBIC kink does not occur EBIC profiles can be used for an
extraction of the electron diffusion length without any pretreatment as described in Sec-
tion 5.1.3.

(a) (b)

Figure 6.32: (a) Simulated values of the distance from the CISe/CdS interface to the maximum
of the EBIC profile for a ”standard” solar cell, a ”standard” solar cell with a
shallow interface donor (Nt,IF = 1013cm−2) and for the sets of parameters of
Models AB, AC and B2 with a shallow interface donor (Nt,IF = 1013cm−2) (b)
Simulated EBIC profiles of a ”standard” solar cell without any interface defects
and for the set of parameters of Model AC assuming a shallow donor type interface
defect state (Nt,IF = 1013cm−2) at the p+ layer/CdS interface.

In Figure 6.33 (a), measured EBIC profiles of position 2 of solar cell CISe A (see Figure
6.7), where no EBIC kink occurs, are shown together with simulated profiles according
to the analytical model presented in Section 5.1.3. The fitting parameters of the effective
diffusion length Leff versus electron beam energy are shown in Figure 6.33 (b). The best
fit according to Equation 5.11 is obtained for a bulk diffusion length in CISe of Le,CISe

= (2.3 ± 0.2) µm and a surface recombination velocity at the cross section surface of
SSF = 4× 104 cm/s. In this case, the electron diffusion length is larger than that of posi-
tion 1, which was determined to be Le,CISe = (480 ± 70) nm. Thus, it is concluded that
the density of deep defects acting as recombination centers is different in different grains
of the investigated CISe absorber layer. There is no correlation between the occurrence
of generation dependent charge-carrier transport and the value of the electron diffusion
length in CISe. There are also grains that do exhibit an EBIC kink and a larger electron
diffusion length (see for example Section 6.3.1).

6.2.6. Conclusions

In the following, the results of the one dimensional numerical simulations presented in the
previous sections are summarized briefly:



6.2 Modeling of generation dependent charge-carrier transport properties 93

(a) (b)

Figure 6.33: (a) Measured EBIC profiles of Position 2 (see Figure 6.7) and simulated profiles
according to the analytical model presented in Section 5.1.3 (b) Extracted values
for the effective diffusion length versus the used electron beam energy and best
fit according to Equation 5.11.

• The model of a p+ layer at the CISe/CdS interface with a deep acceptor type
defect of high density and a lowered valence band maximum as compared to that of
the CISe layer provides a valid explanation for generation dependent charge-carrier
transport properties observed in EBIC (EBIC kink). If additionally a donor type
defect state at the p+ layer/CdS interface of varying density for different grains is
assumed, grain specific differences with respect to the EBIC kink and the dependence
on electron beam current, i.e. generation density, can be explained as well.
Within the model of a p+ layer as the origin of the EBIC kink, three possible origins
of the red kink effect were considered:

◦ Model AA: If assuming very asymmetric capture cross sections for electrons and
holes (σh/σe = 106), the fill factor of the simulated IV curve is significantly
lower for red than for white light illumination. The deviations of simulated
and experimental IV curves are significant, which is why this model is not
considered further.

◦ Model AB: The additional assumption of a moderate conduction band offset
(spike) in the range of 100 meV at the p+ layer/CdS interface and of a deep
acceptor type defect state in the CdS layer provides an explanation for the red
kink effect in IV characteristics at low temperatures. Within this model, the
origins and the mechanisms of generation dependent charge-carrier transport
properties observed in EBIC and IV are different ones.

◦ Model AC: The additional assumption of acceptor type interface defects at the
CdS/ZnO interface can also explain the red kink effect. Again, in this case
generation dependent charge-carrier transport properties observed in IV and
EBIC measurements have different microscopic origins.

• Model B1: The model of a conduction band spike at the CISe/CdS interface to be
responsible for the red kink effect as suggested by Eisgruber et al. [3] cannot explain
the occurrence of an EBIC kink. A spike cannot serve as an effective barrier at room
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temperature and at the same time permit an IV curve measured at a temperature
of 100 K which is not deteriorated.

• Model B2: The assumption a very high density of a midgap acceptor type defect in
the CdS layer can account for an EBIC kink. In this case, it is not the conduction
band offset which causes the current decrease in EBIC, but a high negative charge
density within the CdS layer, which causes a reduced voltage drop in the CISe layer
in case there is no generation there. If additionally a donor type interface defect
state of a grain specific density is assumed, the grain specific differences with respect
to the EBIC kink and the dependence on the electron beam current, i.e. generation
density, can be explained as well. In case of a moderate spike, the red kink effect
can also be simulated within this model.

• Model C: The assumption of acceptor type interface defect states at the CdS/ZnO
interface cannot account for an EBIC kink and the red kink effect in IV character-
istics simultaneously on a quantitative level.

• For grains for which an EBIC kink is observed, an extraction of the electron diffusion
length in CISe using the procedure introduced in Section 5.1 is possible after electron
beam irradiation of the heterojunction region. For grains not exhibiting an EBIC
kink, the ”relaxed” profiles can be used and irradiation is not necessary.



6.3. Cu(In,Ga)Se2 solar cells

In the following sections, experimental results of IV and EBIC measurements on CIGSe
solar cells with variations in absorber composition (Ga- and Cu-content) and in buffer
layer thickness are presented and used to draw further conclusions about the origin of
generation dependent charge-carrier transport.

6.3.1. Variation of the Ga-content of the CIGSe absorber layer

The absorber bandgap energy and the band offsets at the CIGSe/CdS interface in a
CIGSe solar cell depend on the Ga-content (x = [Ga]/([Ga]+[In]) =: Ga/III) of the
CuIn(1−x)GaxSe2 layer according to Equation 3.1. While within Model AB, the red kink
effect is explained by the assumption of a photocurrent barrier resulting from a conduc-
tion band spike at the CIGSe/CdS interface, Model AC and B2 do not require a specific
assumption concerning the conduction band offset at this interface. Thus, the investiga-
tion of the influence of the band offset at the CIGSe/CdS interface on the extent of the
red kink effect might help to confirm or exclude the assumptions of Model AB.
Solar cells with absorber layers of different Ga-content were prepared. The CIGSe layers
were deposited in a multistage coevaporation process as described in Section 3.1.1 with
different durations of the In and Ga sequences in the first stage. For EBIC, solar cells
with absorber layers with Ga/III = 0.3 and Ga/III = 1 (CuGaSe2) were used. The IV
measurements at 100 K were performed on a different series of CIGSe solar cells with
absorber layers of a Ga-contents from Ga/III = 0 (CISe) to Ga/III = 1 (CGSe) (Ga/III
= 0, 0.2, 0.5, 0.7, 1). For details about solar cell parameters, absorber layer compositions
and deposition durations, refer to Tables B.2, B.3, B.8 and B.9.

(a) (b)

Figure 6.34: EBIC profiles of a CIGSe solar-cell with an absorber layer with a Ga-content of
Ga/III = 0.3 for different electron beam energies of two different positions before
and after 10 minutes of electron beam irradiation of the heterojunction region.
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Absorber layer with Ga/III = 0.3 - EBIC

In Figure 6.34, EBIC profiles of two positions recorded before (”relaxed” state) and after
10 minutes of electron beam irradiation of the heterojunction region are shown. The
profiles of position 1 (a) are similar to those of the CISe solar cell presented in Section
6.1.1. An EBIC kink occurs in the ”relaxed” state of the sample and is removed by the
electron beam irradiation procedure. An evaluation of the extracted effective diffusion
length versus electron beam energy as shown in Figure 6.35 leads to a value of the CIGSe
electron diffusion length of Le,CIGSe = (2.9 ± 0.3) µm and a surface recombination velocity
at the cross section surface of SSF = 106 cm/s. The error was estimated to correspond to
10%.
The profiles shown in Figure 6.34 (b) recorded after electron beam irradiation of the
heterojunction region exhibit very broad maxima and the measured current values within
the bulk of the CIGSe layer are nearly constant and start to decrease close to the back
contact. This behavior can either be caused by a large width of the space charge region
within this grain, a large electron diffusion length and a low back-contact recombination
velocity or field assisted charge carrier collection in the complete absorber layer. The
latter might be caused by the presence of positive surface charge accumulated at the cross
section surface causing a potential drop. A separation of charge carriers in this potential
might assist charge carrier collection and cause a collection probability independent of the
distance of the position of generation to the edge of the space charge region. A similar
configuration was proposed for grain boundaries in CIGSe, where defect states due to
structural reconstruction and dangling bonds might lead to an accumulation of charge
and a potential drop [124]. In InP, a similar effect was observed and attributed to the
presence of surface charges [125]. Since this effect is not relevant for the present study, it
is not considered in more detail.

(a) (b)

Figure 6.35: (a) Measured and simulated EBIC profiles of position 1 recorded after 10 minutes
of electron beam irradiation of the heterojunction region (b) Extracted values of
the effective electron diffusion length Leff versus electron beam energy and best
fit according to Equation 5.11.



6.3 Cu(In,Ga)Se2 solar cells 97

CuGaSe2 absorber layer - EBIC

In Figure 6.36 (a), measured EBIC profiles of a CuGaSe2 (CGSe) solar cell are shown.
The distance from the CGSe/CdS interface to the maximum of the EBIC profile is in all
cases smaller than 100 nm. In CuGaSe2, the space charge density is higher than in CIGSe
with a low Ga-content, which makes it difficult to determine if an EBIC kink occurs.
The slope of the profiles in the quasi neutral region of the CGSe absorber increases for
decreasing electron beam energy, which can either be caused by enhanced recombination
at the cross section surface or result from the presence of a generation dependent charge-
carrier transport, but it is difficult to distinguish between these effects.

Figure 6.36: Measured EBIC profiles of a CuGaSe2 solar cell using different electron beam
energies.

Current voltage analysis of solar cells with absorber layers of varying Ga-content

In the following, red and white light illuminated IV curves of CIGSe solar cells with
absorber layers of varying integral Ga-content are shown (solar cells denoted as Ga/III
= 0, 0.3, 0.5, 0.7 and 1) and discussed in the framework of the models developed so far.
Since the changes in conduction band offset at the CIGSe/CdS interface are relevant for
further conclusions, it is important to know the bandgap energy of the absorber layer at
its surface (= CIGSe/CdS interface).
In absorber layers deposited via a multistage coevaporation process, the local Ga to
In ratio is not constant throughout the absorber layer [31]. In order to determine the
local Ga-content at the CIGSe surface, energy dispersive x-ray (EDX) measurements
were performed on the cross sections of the absorber layers containing In and Ga. The
EDX linescans shown in Figure 6.37 were extracted from EDX maps recorded with a
Thermo Noran X-ray silicon-drift detector in a Zeiss Leo Gemini 1530 SEM by use of an
electron beam energy of 7 keV. For details about EDX data acquisition, refer to Reference
[121]. The presented data points correspond to the net count intensity of the Ga-L signal
normalized to the corresponding local Se-L signal. Throughout these absorber layers, the
local Ga to In ratio is not constant: for all three CIGSe layers, a Ga gradient is observed
with a maximum in Ga-content close to the Mo/CIGSe interface. In contrast to the results
presented in Reference [31] obtained from solar cells, for which a similar PVD process was
used for CIGSe deposition, there is no minimum in the absorber bulk and consecutive
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Figure 6.37: Normalized EDX intensity of the Ga-L signal across the cross sections of the
absorber layers with Ga/III = 0.3, 0.5 and 0.7. The linescans were normalized to
the EDX intensity of the Se-L signal at the respective position.

increase of the Ga-content in direction of the CIGSe/CdS interface, but rather a monotonic
decrease. In Table 6.1, the values of the Ga-content at the CIGSe surface (= CIGSe/CdS
interface) obtained from a linear fit of the EDX linescans and normalization to the integral
Ga-content as determined by means of x-ray fluorescence (XRF) measurements and the
corresponding surface bandgap energies according to Equation 3.1 (b = 0.15) are given.
Thus, if assuming that the change in bandgap energy is induced by an upward shift of the
conduction band upon the addition of Ga, the conduction band offset at the CIGSe/CdS
interface varies significantly for the investigated solar cells.

Table 6.1: Integral Ga content as determined by XRF, Ga-content at the absorber layer surface
(= CIGSe/CdS interface) as determined by EDX and calculated absorber surface
bandgap energy according to Equation 3.1 (b = 0.15) of the absorber layers of the
solar cells used for the IV measurements presented in the following.

Solar cell integral Ga/III Ga/IIIsurface Eg,surface (eV)

Ga/III = 0.3 0.34 0.28 1.19

Ga/III = 0.5 0.50 0.40 1.26

Ga/III = 0.7 0.73 0.64 1.42

In Figure 6.38, normalized red light illuminated IV curves measured at a temperature of
100 K of the solar cells with absorber layers of varying Ga content in the range of Ga/III =
0 and 1 are shown. Note that all profiles are normalized to the measured current density
value for a voltage of - 0.1 V such that the extent of the red kink effect is comparable.
While the red kink effect still occurs for the samples with a Ga-content up to Ga/III =
0.5, the solar cell with an absorber layer with a Ga-content of Ga/III = 0.7 exhibits a
kink in both, the red and white light illuminated IV curve. The solar cell with a CuGaSe2

absorber layer exhibits a low fill factor for red and white light illumination, but the curve
shape deviates from that of the typical kink feature. For the absorber layers with low
Ga-content (x ≤ 0.5), there is no unambiguous trend with respect to the extent of the red
kink effect (i.e. difference in fill factor between the corresponding red and white light illu-
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minated IV curves) for an increasing surface bandgap energy with increasing Ga-content.
If the conduction band spike was the origin of the observed red kink effect, a difference
in surface bandgap energy and correspondingly in conduction band offset of 220 meV
between the absorber layers with Ga/III = 0 (CISe) and Ga/III = 0.5 would reduce the
extent of the red kink effect drastically. The opposite is observed: The red kink effect is
more pronounced for the absorber layer with Ga/III = 0.5 than for those with Ga/III =
0 and 0.3.
Thus, the experimental results indicate that the conduction band spike at the CIGSe/CdS
interface cannot be the origin of the red kink effect observed within solar cells with ab-
sorber layers of low Ga-content (Ga/III ≤ 0.5). The results obtained from the solar cells
with absorber layers of high Ga-content (Ga/III = 0.7 and 1) - i.e. the fact that there is
a kink or a drastically reduced fill factor for red and white light illuminated IV curves -
show that there are multiple factors influencing the fill factor at low temperatures. An
increase in Ga-content does not only change the bandgap energy of the CIGSe layer, but
also defect formation [44], recombination processes [72] and charge carrier densities [72].

Figure 6.38: Normalized red and white light illuminated IV curves of a series of CIGSe solar
cells with absorber layers of different Ga-contents.
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6.3.2. CdS thickness variation

The EBIC results shown in the following were obtained from a series of solar cells with
CIGSe absorber layers all deposited in the same PVD process with a Ga-content of x ≈ 0.3,
but varying thickness of the CdS layer from zero to 160 nm as determined by means of
SEM imaging. The IV results were obtained from CISe solar cells, i.e. solar cells with
absorber layers without Ga, again all deposited in the same PVD process with varying
CdS layer thicknesses from 25 to 170 nm. For the deposition of the CdS layers, the number
of dips into the chemical bath was varied, i.e. the samples were taken out of the bath and
reintroduced into it various times (one to six dips).
In Figure 6.39, SE images and EBIC maps of cross sections of CIGSe solar cells with
different CdS layer thicknesses dCdS are shown. It is obvious there is a significant influence
of the CdS layer on charge-carrier collection processes during an EBIC measurement.

25 nm CdS

(a) SE images (b) EBIC maps, = 10 keVEb

2 µm

No CdS

50 nm CdS

160 nm CdS

Figure 6.39: SE images (a) and EBIC maps recorded with an electron beam energy of 10
keV (b) of fractured cross sections of CIGSe solar cells with varying CdS layer
thickness from zero to 160 nm.

The EBIC profiles of a solar cell without a CdS buffer layer displayed in Figure 6.40
show that charge carrier transport is not generation dependent and that an EBIC kink
does not occur in this case. The profile maxima are either very broad (a) or the profile
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shape corresponds to the expectations from the analytical model presented in Section
5.1.3 (b). The local electron diffusion length extracted from these profiles according to
the procedure presented in Sections 5.1 and 6.1.5 is (2.8 ± 0.3) µm, where the error was
estimated to be 10 %.
The reason for the very broad maxima of the profiles shown in (a) can either be a large
electron diffusion length, a low doping density resulting in a large width of the space
charge region or positive charge accumulation at the CIGSe/vacuum surface resulting in
a potential drop, which assists charge carrier collection as explained in Section 6.3.1.
Within all consistent models presented so far (Models AB, AC and B2), the fact that an
EBIC kink does not occur in solar cells without a CdS buffer layer is explainable. Within
Model B2, the CdS layer itself is the origin of the EBIC kink. In the p+ layer models
(Model AB and AC), the occurrence of the EBIC kink depends on the doping density of
the n-type material (see Figure 6.16). If a highly doped CdS is assumed for the simulation,
an EBIC kink does not occur. Since intrinsic ZnO has a higher doping density than CdS,
no EBIC kink is expected even in the presence of a p+ layer.

(a) (b)

Figure 6.40: EBIC profiles recorded at two different positions of a CIGSe solar cell without a
CdS buffer layer.

In Figure 6.42 (a), the experimental values for the distance of the EBIC profile maxima
to the CIGSe/CdS interface versus electron beam energy are shown. The scattering of
the data points is significant, but the general trend is that a larger CdS thickness causes
the profile maxima to be located closer to the CIGSe/CdS interface, corresponding to a
more pronounced EBIC kink. In Figure 6.42 (b), exemplary EBIC profiles recorded with
an electron beam energy of 10 keV of the CIGSe solar cells with CdS layer of 25, 50 and
160 nm thickness are shown.
Figure 6.43 displays simulated and measured values of the distance from the CIGSe/CdS

interface to EBIC profile maximum for an electron beam energy of 10 keV. Compared to
the experimental values, the dependence on the CdS layer thickness is stronger for the
parameters of Model B2 and weaker for those of Model AB. In case of Model AB (p+
layer, conduction band spike at the CIGSe/CdS interface and acceptors in the CdS layer),
there is only a weak influence of the CdS layer thickness because generation dependent
charge-carrier transport is caused by the occupation of the defect state within the p+
layer. Charge within the CdS layer plays a minor role, whereas in case of Model B2
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Figure 6.41: Extracted values for the effective diffusion length versus electron beam energy for
the profiles shown in Figure 6.40 (b) and corresponding fitting curve according
to Equation 5.11.

(a) (b)

Figure 6.42: (a) Distance from the CIGSe/CdS interface to the maxima of measured EBIC
profiles of CIGSe solar cells with a CdS layer thickness of 25, 60 and 160 nm.
(b) Measured EBIC profiles recorded with an electron beam energy of 10 keV of
CIGSe solar cells with CdS layers of 25, 50 and 160 nm thickness.

(high density of deep acceptors in CdS layer), it constitutes the main origin of the effect
and a change in layer thickness has a significant impact. The best agreement between
experimental and simulated data is obtained for Model AC (p+ layer and acceptor type
defects at the CdS/ZnO interface). A larger thickness of the CdS layer leads to a more
pronounced EBIC kink (current decrease closer to the CIGSe/CdS interface), because it
leads to a smaller width of the space charge region within the CISe layer as illustrated by
the electronic band diagrams shown in Figure 6.43 (b).

In Figure 6.44, measured (a) and simulated (b-d) red light illuminated IV curves of
CuInSe2 solar cells (absorber layers without Ga) are shown. For Model B2, a tempera-
ture of 200 K was assumed because of convergence problems of the simulation algorithm
for a temperature of 100 K. A conduction band spike of 100 meV and a donor density
of Nt,IF = 2 × 1011cm−2 at the CISe/CdS interface are assumed. For the simulation of
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(b)(a)

ZnO CISep+

CdS

Figure 6.43: (a) Simulated and measured values of the distance of the EBIC profile maximum
to the CIGSe/CdS interface for an electron beam energy of 10 keV (b) Simulated
electronic band diagrams for the parameters of Model AC and three different CdS
thicknesses.

equivalent red kink effects at a temperature of 100 K, the spike height would have to be
reduced.
The CdS layer thickness has an effect on the extent of the red kink for all three models.
The agreement between the simulated and measured data is best for Model AB, but since
this model has been excluded in the previous section, it is not considered further.
For Model B2, there is a strong deviation between the measured and the simulated IV
curve in case of a layer thickness of 120 nm. The photocurrent is significantly reduced (to
some µA/cm2) in the full range of forward bias. This drastic reduction of the photocur-
rent is independent of the assumed value of the conduction band spike and only caused by
the high amount of negative charge within the CdS layer and the resulting field inversion.
A possible reason for the weaker dependence of the red kink effect on the CdS thickness
obtained experimentally than expected theoretically, might be given by interdiffusion pro-
cesses of atomic species during the chemical bath deposition. There might be a higher
density of donor type interface defects at the CISe/CdS interface due to CdCu antisites
[51] in case of a longer duration of the chemical bath for a thicker CdS layer. This might
reduce the extent of the red kink effect as compared to the simulations. Another pos-
sibility is an inhomogeneous distribution of deep acceptor type defect states within the
CdS layer with a maximum close to the CIGSe/CdS interface. But since the deviations
between the experimental and the simulated IV data are immense, whereas the devia-
tions in EBIC are much smaller, the results indicate that deep acceptor type defect states
within the CdS layer alone cannot be responsible for generation dependent charge-carrier
transport in EBIC and IV.
For Model AC, the dependence of the extent of the red kink on the CdS thickness is
less pronounced than observed experimentally. This indicates that an interplay between
acceptor type defect states at the CdS/ZnO interface and within the CdS layer are re-
sponsible for the red kink effect in IV characteristics. Thus, the experimental EBIC and
IV results obtained from a series of CIGSe solar cells with varying CdS layer thickness do
not make it possible to localize the origin of generation dependent charge-carrier trans-
port properties unambiguously. The most realistic approach for an explanation within a
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simple model is given by Model AC.

(a)

(c) (d)
Model AC, 100 KT =

Experimental, = 100 KT
(b)

Model B2, 200 KT =

Model AB, 100 KT =

Figure 6.44: Measured and simulated red light illuminated IV curves.

6.3.3. Variation of the Cu-content of the CIGSe absorber layer

In the following, the results of EBIC and IV measurements on a series of CIGSe solar cells
with absorber layers of different integral Cu-content (Cu/III= 0.64*, 0.71, 0.83, 0.92) are
presented. The aim of the investigations is to identify, if and how the presence of an ODC
phase influences cross section EBIC profiles. It was shown in Section 6.2.1 that the model
of a p+ layer being responsible for the EBIC kink relies on the assumption of a lowered
valence band of this p+ layer. A correlation between the presence of an ODC phase at
the absorber layer surface (= CIGSe/CdS interface) and the occurrence of generation
dependent charge-carrier transport properties in EBIC would strongly support a p+ layer
model.
In the deposition process of the samples with Cu/III = 0.71 and 0.83, the second stage
was interrupted before stoichiometry (see Section 3.1.1), which means that the CIGSe
layers were never Cu-rich during the deposition process. During the deposition process
of the absorber layer with Cu/III=0.64*, the second stage was carried out as in the
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standard process meaning that the layer became Cu-rich before stage three, and the
final Cu-content was reached by a prolongation of stage 3. Thus, there is a fundamental
difference between this absorber layer of low Cu-content and the ones with a shorter stage
two, which is why the Cu-content of this solar cell is denoted with an asterisk. In the
deposition process of the absorber layer with the highest final Cu-content of Cu/III =
0.92, stage 2a of the deposition process was extended (t2a/t2 = 0.28 instead of 0.15). The
solar cell parameters, absorber layer compositions and deposition durations of these solar
cells are listed in Tables B.6 and B.11.

Figure 6.45: Raman spectra of CIGSe absorber layers of different integral Cu-content. The
spectra are normalized to the maximum intensity of the CIGSe peak.

Raman measurements were performed in order to identify the phases present within the
CIGSe absorber layers. For details on Raman spectroscopy, refer to Reference [121]. The
results of the measurements, which were carried out for the study published in Reference
[126], are displayed in Figure 6.45. While the Raman spectrum of the absorber layers
with Cu/III= 0.64*, 0.71 and 0.83 exhibit a peak indicating the presence of the ordered
defect compound (ODC) phase, it is not observed in the spectrum of the absorber layer
with the highest integral Cu-content Cu/III = 0.92. It was found that the ODC phase is
present at the absorber layer surface [53], and that it exhibits a larger bandgap energy
than the absorber layer itself most probably due to lowered valence band maximum [56].
In Figure 6.46, SE images (a) and EBIC maps (b) obtained from these CIGSe solar cells

are shown. It is obvious that there are differences with respect to charge carrier collection
in EBIC. In Figure 6.47 (a), a comparison of EBIC profiles recorded with an electron beam
energy of 10 keV is shown. While the solar cells with absorber layers of low Cu-content
with an ODC phase exhibit an EBIC kink, there is no kink observed for the solar cell
with the highest Cu-content without an ODC peak in its Raman spectrum. The grain
specific differences with respect to the frequency and the extent of the EBIC kink (see
Section 6.1.3) make it difficult to draw conclusions from the comparison of only one or few
EBIC profiles of each solar cell with absorber layers of varying Cu-content. However, the
EBIC maps shown in Figure 6.46 indicate that the EBIC kink is more pronounced/more
frequent in case of the absorber layers that were never Cu-rich (Cu/III= 0.71 and 0.83)
than in case of the absorber layer with a final Cu-content of Cu/III= 0.64*, which was
Cu-rich during the deposition process. Thus, it is concluded that the final integral Cu-
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Cu/III= 0.71

Cu/III= 0.92

Cu/III= 0.83

(a) SE images (b) EBIC maps, = 10 keVEb

2 µm

Cu/III= 0.64*

Figure 6.46: SE images (a) and EBIC maps (b) of CIGSe solar cells with absorber layers of
different integral Cu-content (Cu/III).

content is not the only decisive factor for the occurrence and the extent of the EBIC kink.
In Figure 6.47 (b), the EBIC profiles of the solar cell with an absorber layer with a

Cu-content of Cu/III= 0.92 recorded with different electron beam energies are shown.
The increase in the width of the profile maxima for increasing electron beam energies is
less pronounced than in case of absorber layers with a lower Cu-content (see Figure 6.2).
This indicates that an ODC phase most likely located at the absorber surface (close to
CIGSe/CdS interface) [53] is a decisive factor for the occurrence of generation dependent
charge carrier transport properties in EBIC.
In Figure 6.48, the red light illuminated IV curves measured at a temperature of 100 K
of the same series of solar cells are shown. The IV curves were normalized to the current
value for V = -0.1 V to make them comparable. The red kink is most pronounced for the
solar cells with absorber layers of low Cu-contents that have never been Cu-rich during
the deposition process (Cu/III = 0.71 and 0.83). The solar cell with an absorber layer of
Cu/III= 0.92 exhibits a less pronounced kink. The highest fill factor is found for the solar
cell with the absorber layer with the lowest final Cu-content of Cu/III = 0.64*, which
was Cu-rich during the deposition process. These results - especially those of the solar
cells with Cu/III = 0.64* and Cu/III = 0.92 - show that there is no correlation between
the occurrence and the extent of the red kink in IV characteristics and the EBIC kink:
an EBIC kink is observable for the solar cell with the least pronounced red kink effect
(Cu/III = 0.64*) and there is a more pronounced red kink observed for the solar cell not
exhibiting an EBIC kink (Cu/III = 0.92). This indicates that the effects in IV and EBIC
have different microscopic origins.
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(a) (b)

Figure 6.47: (a) EBIC profiles recorded with an electron beam energy of 10 keV of CIGSe solar
cells with absorber layers of different integral Cu-content (b) Normalized EBIC
profiles of a CIGSe solar cell with an absorber layer of an integral Cu-content of
Cu/III = 0.92. An EBIC kink does not occur.

Figure 6.48: Normalized red light illuminated IV curves measured at a temperature of 100 K
of solar cells with absorber layers of different integral Cu-content.

In the following, the results are discussed in the framework of the models for generation
dependent charge-carrier transport observed in EBIC and IV which was developed in
Section 6.2.
The results obtained from the series of solar cells with absorber layers of varying Cu-
content are not consistent with Model B2 (deep acceptor type defect states in the CdS).
Within this model, the presence of an ODC layer is not expected to have an influence
on the shape of EBIC profiles, because the origin of generation dependent charge-carrier
transport is located within the CdS layer.
In Section 6.2.1, it was shown that one requirement for an explanation of the EBIC kink
within a p+ layer model (Models AA, AB and AC) is a valence band offset between the
absorber layer and the p+ layer. This would be provided by the existence of an ODC layer,
for which a bandgap energy of approximately 0.3 eV larger than that of the corresponding
CIGSe layer was determined [56].
In contrast to results indicating that the ODC layer is weakly n-type leading to a buried
pn-junction [53], it is assumed here that the ODC layer is highly p-doped. In Reference
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[53], the results of EBIC and spectral response measurements on a Mo/CISe/ODC/Al
structure led to the conclusion of a buried junction. The maximum of a cross section
EBIC profile was found to be located deep into the bulk of the absorber layer and not
close to the junction. The maxima of EBIC profiles (in the ”relaxed” state) obtained
for the present work however are located close to the heterojunction. This indicates that
there are differences in junction formation between the solar cells investigated for the
present study and those used in Reference [53].
One major difference might consist in the degree of Na-incorporation within the absorber
layers (or at its surface), which has a major impact on the local charge carrier density.
Na was found to increase the effective doping density in CIGSe either by forming NaIn

or NaGa defects [127], by passivating InCu donor type defects [128] or by neutralization of
VSe donor type defects via formation of OSe by a catalytic effect of Na on O2 [128, 129].
In Reference [130], it is suggested that the incorporation of Na also reduces the degree of
compensation in CuIn3Se5. Thus, the assumption of a higher Na-content in the absorber
layers of the solar cells investigated for the present work can explain why an ODC layer
could be highly p-type and not n-type as suggested in Reference [53].
If there is no ODC phase present within the absorber layer for a high enough Cu-content,
no EBIC kink is observed and charge carrier transport is not found to be generation
dependent.
The fact that there is no correlation between the extent of the red kink effect and the
EBIC kink indicates that they have different origins, which would be provided by the
assumptions of Model AB and AC. Since Model AB was excluded in Section 6.3.1 due
to the missing correlation between the Ga-content at the surface of the absorber layer
and the extent of the red kink effect, it is concluded that Model AC provides the best
agreement between the experimental data and theoretical considerations with respect to
the presence of an ODC phase within the absorber layer.



7. Implications for solar cell

performance

In this chapter, implications for solar cell performance of the suggested model for the
heterojunction region of CIGSe solar cells are discussed. Numerical simulations of white
light illuminated IV curves at a temperature of 300 K are shown and the influence of
individual components of the proposed model is treated.
The basic set of parameters of a CuInSe2 (CISe) solar cell used for the simulations shown
in the following is that of Model AC introduced in Section 6.2.1, which is also used for
the simulations of red and white light illuminated IV curves at 100 K shown in Figure
6.21 (c). In the following, the changes with respect to the ”standard” set of parameters
stated in Table A.1 are listed:

• p+ layer: dp+ = 30 nm, Eg = 1.3 eV, Nt,p+ = 1× 1017cm−3, Et,p+ = EV + 0.5 eV,
σe = 10−15cm2 and σh = 10−13cm2

• Donor type interface defects at the p+ layer/CdS interface: Nt,IF = 2 × 1011cm−2

(”intermediate” or estimated ”average” density in order to account for the observed
inhomogeneities), σe = 10−13cm2 and σh = 10−15cm2, Et,IF = EV,p+ + 1.1 eV

• Midgap acceptor in CISe: σe = 2× 10−15cm2, i.e. Le,CISe= 1.6 µm (”intermediate”
value)

• CdS: Shallow doping density: Nd,CdS = 1× 1014cm−3

• Acceptor type interface defects at the CdS/ZnO interface (IF2): Nt,IF2 = 5 ×
1011cm−2, σe = 10−15cm2 and σh = 10−13cm2, Et,IF2 = EV,CdS + 2.0 eV

In Figure 7.1, the simulated electronic band diagram for the set of parameters of Model
AC in equilibrium (a-b) and under white light illumination (c-d) at 300 K are shown. The
increase in potential drop within the CISe layer for white light illumination as compared
to equilibrium is due to the trapping of photo generated holes in the p+ layer.

The corresponding simulated white light illuminated IV curve at 300 K is shown in Figure
7.2 (a) (solid line). Optics are neglected, which results in a higher absorption and therefore
efficiency than expected experimentally. The simulated solar cell parameters are: VOC =
474 meV, jSC = 44.6 mA/cm2, FF = 70.3 % and η = 14.9 %.
The influence of a valence band offset at the CISe/p+ layer interface on the IV curve
is highlighted by the simulations shown in Figure 7.2 (a) displaying the simulated white
light illuminated IV curves for the set of parameters of Model AC with and without a
valence band offset at the p+ layer/CISe interface. The solar conversion efficiency and
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(a) (b)

(c) (d)

CdSZnO p+ CISe

Figure 7.1: Simulated electronic band diagrams of a CISe solar cell for the parameters of Model
AC (a-b) in equilibrium and (c-d) assuming short circuit conditions and white light
illumination at 300 K.

especially the open circuit voltage are reduced significantly, if there is no valence band
offset. This behavior is caused by an increased recombination rate within the p+ layer due
to a significantly higher local hole density. Thus, an increased surface bandgap energy
of the absorber layer as possibly provided by the presence of an ODC layer [53] has a
positive effect on solar cell performance by reducing recombination in the heterojunction
region [68].
In order to clarify the influence of a p+ layer on solar cell performance, simulations of
IV curves assuming solar cells according to the set of parameters of Model AC with
and without a p+ layer were performed. For the simulations of the solar cell without a
p+ layer, the acceptor type defect of high concentration was removed, whereas all other
properties of this layer were left the same. Additionally, the electron diffusion length
within the CISe layer was varied by adjusting the electron capture cross section of the
midgap defect (Le,CISe = 1.6 and 5.1 µm).
For a lower electron diffusion length of 1.6 µm, the p+ layer has a positive effect on
the efficiency of the solar cell, because due to its high negative charge density, the band
bending within the CISe layer is reduced. This in turn narrows the region where n ≈ p
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and thus reduces recombination across the midgap defect state within the CISe layer
according to Equation 2.36, which increases the open circuit voltage of the solar cell. For
the absorber layer with a larger electron diffusion length of 5.1 µm, the p+ layer has a
negative effect on the fill factor and thereby reduces solar cell efficiency. In this case, it is
the acceptor type defect state of the p+ layer serving as the main recombination center
within the solar cell.

(a) (b)

Figure 7.2: (a) Simulated illuminated IV curves assuming the set of parameters of Model AC
with (solid curve) and without (dashed curve) a valence band offset of 0.3 eV at the
CISe/p+ layer interface. (b) Simulated IV curves of solar cells with and without
a p+ layer and for an electron diffusion length of 1.6 µm and 5.1 µm in the CISe
layer.

One open question in the field of CIGSe solar cells concerns the role of interface defects
with respect to Fermi level pinning and recombination processes. As introduced in Section
3.2, Fermi level pinning close to the conduction band minimum can increase the degree
of inversion at the interface, which in turn reduces the local recombination rate in the
presence of interface defects. In this case, it has a positive effect on device performance.
Within the proposed model for the heterojunction region, a donor type interface defect
is assumed to be present at the p+ layer/CdS interface of some grains of the CISe layer.
In order to investigate its influence on solar cell performance, simulations of white light
illuminated IV curves were carried out assuming different densities of this donor type
interface defect, which are shown in Figure 7.3 (a). The corresponding electronic band
diagram of the heterojunction region (conduction band minimum and electron Fermi level)
for white light illumination and short circuit conditions are displayed in Figure 7.3 (b).
For a density of 2× 1011cm−2, the presence of a donor type interface defect has a positive
influence on the fill factor by increasing the degree of inversion at the interface and
reducing recombination across the acceptor type defect within the p+ layer. A higher
density of the donor type interface defect of 1 × 1013cm−2 leads to a pinning of the
Fermi level at the p+ layer/CdS interface. Since the Fermi level is also pinned at the
CdS/ZnO interface by the acceptor type interface defect there, field inversion within the
CdS layer occurs, which leads to an unfavorable situation for current collection. Thus, in
the presence of interface defects at the CdS/ZnO interface, a homogeneous (in all grains)
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intermediate density of shallow donor type defects at the p+ layer/CdS interface would
lead to the best solar cell performance.

In Figure 7.4 (a), simulated white light illuminated IV curves are shown for the set of

(a) (b)

p+CdSZnO CISe

Figure 7.3: (a) Simulated IV curves assuming the set of parameters of Model AC for different
donor densities at the p+ layer/CdS interface (b) Corresponding simulated con-
duction band minimum and electron Fermi level in the heterojunction region for
white light illumination and V = 0 V.

parameters of Model AC and a varying density of the acceptor type interface defect at
the CdS/ZnO interface. The corresponding electronic band diagram of the heterojunction
region (conduction band minimum and electron Fermi level) are shown in Figure 7.4 (b).
While there are only minor differences in between the IV curves of a solar cell without
acceptor type interface defects and with defects of a density of 5 × 1011cm−2, the fill
factor is diminished significantly for a high acceptor density of 1013cm−2. In this case, the
high negative charge density accumulated in the interface defect leads to a configuration,
in which most of the voltage drops across the intrinsic ZnO layer. The reduced voltage
drop across the CISe and CdS layers leads to unfavorable collection properties and in
consequence a low fill factor. But the presence of acceptor type interface defect states
at the CdS/ZnO interface of a density in the range of 5 × 1011cm−2 is not found to be
detrimental to solar cell performance.

In summary

It is concluded that within the suggested model for the electronic band diagram and
charge carrier transport in CIGSe solar cells, the main positive effect with respect to
device efficiency is provided by the increased surface bandgap of the absorber layer most
likely due to the formation of an ODC layer [53, 68]. The presence of a p+ layer has a
positive influence on the open circuit voltage of the solar cell by reducing the extension
of the space charge region in the absorber layer thus narrowing the region where p ≈ n.
For an optimization of device efficiency, a homogeneous (in every grain) distribution of
shallow donor type interface defects at the p+ layer/CdS of an ”intermediate” density in
the range of 2 × 1011cm−2 is desirable. A higher density, which would lead to a pinning
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(a) (b)

p+CdS

ZnO

CISe

Figure 7.4: Simulated IV curves assuming the set of parameters of Model AC for different
acceptor densities at the CdS/ZnO interface (IF2) (b) Corresponding simulated
conduction band minimum and electron Fermi level in the heterojunction region
for white light illumination and V = 0 V.

of the Fermi level, leads to field inversion within the CdS layer with negative conse-
quences for charge carrier transport. It was found that Cd-diffusion from the CdS layer
into the CIGSe absorber layer is orientation dependent and that more Cd diffuses into
a (220)/(204) oriented CIGSe layer [123]. In consequence, CIGSe layers with a prefer-
ential grain orientation in the (220)/(204) direction might exhibit a more homogeneous
distribution of donor type interface defects due to CdCu defects, which would lead to an
increase in fill factor as observed experimentally [123]. Acceptor type interface defects at
the CdS/ZnO interface with a density in the range of 5× 1011cm−2, which is an adequate
assumption to explain the experimentally observed red kink effect in IV characteristics,
do not influence charge carrier transport properties at 300 K significantly. Nevertheless,
a higher density of acceptor type interface defects at the buffer/window interface would
have a negative influence on solar cell performance, as previously discussed for In(OH,S)
buffer layers [100].





8. Summary and conclusions

In cross section EBIC experiments performed on CIGSe solar cells at room temperature
and IV measurements carried out at low temperatures, a significant current decrease is
observed for generation conditions leading to a low local hole density in the heterojunction
region of the solar cell. In literature, several models are discussed in order to explain these
experimental findings:

• A p+ layer at the CIGSe/CdS interface [1, 4, 5]

• Deep acceptor states within the CdS layer [2] and a conduction band spike [3]

• Acceptor states at the CdS/ZnO interface [7]

All three models assume a high density of acceptor type defect states, which lead to a
deterioration of charge carrier collection when mainly occupied by electrons and negatively
charged. This situation occurs if there is no charge carrier generation at the respective
position leading to a low local hole density and therefore low hole trapping rate.
The aim of this study was to distinguish between the models, localize the position of
the acceptor states and develop a consistent model for charge carrier transport and the
electronic band diagram of CIGSe solar cells with a focus on the heterojunction region. A
detailed analysis of EBIC and IV data sustained by numerical modeling of CuInSe2 (CISe)
solar cells and CIGSe solar cells with absorber layers of varying Ga- and Cu-content and
with different CdS layer thicknesses made it possible to explain the effects occurring in
EBIC and IV measurements in a common picture. The model, which turned out to be
most suitable to explain a variety of different experimental results obtained from solar
cells with absorber layers of low Ga-content (Ga/III ≤ 0.3) is based on the following
assumptions:

• A p+ layer at the CIGSe/CdS interface with a high density of deep acceptor type
defect states and a lowered valence band maximum as compared to that of the CISe
absorber layer.

• Shallow donor type defect states of a density in the range of 1 to 5 ×1011cm−2 at
the p+ layer/CdS interface of some grains.

• Acceptor type defect states at the CdS/ZnO interface.

Within the suggested model, the p+ layer serves as the origin of generation dependent
charge-carrier transport observed in cross section EBIC experiments. For a position of
electron beam irradiation such that there is no generation within the p+ layer, the deep
acceptor type defect state in the p+ layer is mainly occupied with electrons leading to
a high local negative charge density. In consequence, only a small part of the voltage
drops within the CIGSe layer, which has a negative effect on charge carrier collection,
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if the electron diffusion length is smaller than the absorber layer thickness. If there is
generation within the p+ layer, holes are trapped and the negative charge density is lower
thus increasing the voltage drop within the CIGSe layer and improving charge carrier
collection properties. Thus, the abrupt current decrease for generation conditions such
that there is no generation within the p+ layer, which is denoted as EBIC kink in this
work, results from a change of the width of the space charge region within the CIGSe
layer. The occurrence of the red kink effect in IV characteristics is explained by different
in occupation probabilities of the acceptor type defect states at the CdS/ZnO interface
under red and white light illumination. Thus, within the proposed model, it is assumed
that the effects of generation dependent charge-carrier transport properties observed in
EBIC and IV measurements have different microscopic origins.
The assumption of a shallow donor type interface defect at the p+ layer/CdS interface of
some grains of the absorber layer explains the grain specific differences with respect to the
occurrence and the extent of an EBIC kink and its dependence on electron beam current.
These inhomogeneities might be caused by orientation dependent diffusion properties of
Cd in CIGSe [123] leading to an inhomogeneous distribution of donor type CdCu [51]
defects in the region of the CIGSe layer close to the interface to CdS.
Electron beam irradiation of the heterojunction region was found to have a significant
impact on the shape of EBIC profiles. The changes could not be induced by illumination
with blue light indicating that it is not the same effect that occurs during light soaking,
which was suggested in Reference [1]. Furthermore, the induced changes were found to
be temporary: while there was no relaxation in vacuum, the storage in air led to a relax-
ation process. A possible explanation is that the presence of oxygen leads to a higher net
doping density in the surface region of the absorber layer by passivating compensating
donor type defect states like VSe and InCu as suggested in References [118, 119]. Electron
beam irradiation might lead to a breaking of the oxygen bonds and thereby increase the
level of compensation [120].
It was shown, that even though charge-carrier transport properties are generation de-
pendent and the collection function of the solar cell is not independent of the generation
function, cross section EBIC profiles can still be used in order to extract the local electron
diffusion length in CIGSe based on an analytical description. It was found that in addi-
tion to the differences between individual grains of the CIGSe absorber layer with respect
to the EBIC kink, there are also inhomogeneities with respect to the CIGSe electron dif-
fusion length. For CISe, values of (480 ± 70) nm and (2.3± 0.2) µm were determined
for two positions of the same absorber layer. In CIGSe of a Ga-content of Ga/III ≈ 0.3,
which in general leads to the best conversion efficiencies for CIGSe solar cells, electron
diffusion lengths of (2.8 ± 0.3) µm and (2.9 ± 0.3) µm were determined. Other CIGSe
grains were found to exhibit very broad EBIC profiles with a very flat decrease towards
the back contact, which might be caused by an even larger electron diffusion length, but
could also be induced by a positive charge accumulation at the cross section surface or a
very large local width of the space charge region within the respective grain.
It was found, that generation dependent charge-carrier transport properties (EBIC kink)
do not occur in all CIGSe solar cells with a low Ga-content, even though they are nomi-
nally deposited in the same way as their counterparts that do exhibit the effect. A direct
comparison of two CISe solar cells showed that the solar cell not exhibiting an EBIC kink
has a lower capacitance. Thus, a possible reason for the observed deviations is a different
density of the deep acceptor type defect states within the p+ layer or a varying density
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of donor type interface defects at the p+ layer/CdS interface.
The results of IV measurements at 100 K using red and white light illumination, which
were performed on a series of solar cells with absorber layers of varying integral Ga-
content, were found to exclude the possibility of a conduction band spike at the CIGSe/CdS
interface to be responsible for the red kink effect in IV characteristics. An increase in
surface bandgap energy of the absorber layer with increasing Ga-content of the absorber
layer did not lead to a decrease of the red kink effect for integral Ga-contents up to Ga/III
= 0.5.
The results of EBIC measurements on a series of CIGSe solar cells with varying thickness
of the CdS buffer layer were found to be in good agreement with the assumptions of the
proposed model. In contrast, the dependence of the extent of the red kink effect on the
thickness of the CdS layer of CISe solar cells could not be reproduced satisfactorily. The
deviations between experimental and simulated data indicate that defect states within
the CdS layer also contribute to the negative charge density responsible for the red kink
effect.
A comparison of results of EBIC and Raman measurements on a series of solar cells and
absorber layers of varying Cu-content showed that there is a correlation between the oc-
currence of the EBIC kink and the presence of an ODC phase. Since in previous studies,
this ODC phase was found to be located at the absorber surface [53] (i.e. the CIGSe/CdS
interface) and to exhibit an increased bandgap energy mainly due to a lowered valence
band maximum [56], this finding strongly indicates the validity of the proposed model.
Furthermore, no correlation between the occurrence and the extent of the EBIC kink
and the red kink effect was found within this series of solar cells, which points towards
the assumption of different origins of both effects, as also provided within the proposed
model.
Numerical simulations of white light illuminated IV curves were performed in order to
draw conclusions about the implications for solar cell performance of the suggested model.
It was found that the presence of a lowered valence band maximum of the p+ layer has
a positive effect on solar cell performance by reducing the local hole density and thereby
reducing recombination. The presence of a p+ layer was found to have a positive effect
on the open circuit voltage because it leads to a smaller width of the space charge region
thereby narrowing the region where p ≈ n and reducing recombination in the space charge
region. It was shown that for better solar cell performance, a homogeneous distribution
of donor type interface defect states of an ”intermediate” density in all grains is desirable,
because in this way, recombination within the p+ layer is reduced. The acceptor type
defect states assumed at the CdS/ZnO interface were found to be rather benign for solar
cell efficiency.
Thus, in the frame of the present work, a combination of EBIC and IV analyses on differ-
ent series of CIGSe solar cells and corresponding one dimensional numerical simulations
were successfully applied and a consistent model for charge carrier transport across the
heterojunctions of the solar cell was proposed. Furthermore, detailed cross section EBIC
characterization with its possibility to spatially resolve the acquired information, showed
that there are inhomogeneities with respect to charge-carrier transport properties, which
were found to be grain specific.





A. Simulation parameters

In Table A.1, the set of simulation parameters used for the simulation of the so called
”standard CuInSe2 (CISe)” device is stated and in Figure A.1, the corresponding simu-
lated equilibrium electronic band diagram is shown.

CISeZnO CdS

Figure A.1: SCAPS simulation of the equilibrium band diagram of the CISe solar cell defined
by the parameters listed in Table A.1.

Front and back contact are assumed to be ohmic flatband contacts, i.e. the work function
of the metal equals the energetic position of the Fermi level of the semiconductor layer.
Contact recombination velocities of electrons and holes Se and Sh are assumed to be equal
to thermal velocity vth = 1×107cm/s. The layer thicknesses d correspond to typical values
obtained experimentally by means of SEM imaging. The electron affinities χe are chosen
such that there are no conduction band offsets between the layers. Assuming typical
values for the effective masses of m∗e = 0.2 m0 and m∗h = 0.8 m0, where m0 is the free
electron mass, [131], the effective densities of states in the conduction band NC and the
valence band NV are obtained via the following equation:

NC,V = 2

(
2πm∗e,hkT

h2

)3/2

The ratio of electron and hole mobilities µe/µh is proportional to the ratio of the effective
masses m∗e/m

∗
h. The thermal velocities of electrons and holes vth are assumed to be equal

to 1× 107 cm/s for all layers.

According to Shockley Read Hall (SRH) theory [23], a defect state can either be neutral
or occupied by one elementary charge, which is negative in case of an acceptor state and
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positive in case of a donor state. Consequently, free electrons in the conduction band are
attracted to positively charged donor states and repelled from negatively charged acceptor
states. Vice versa, free holes in the valence band are attracted to ionized acceptor states
and repelled from ionized donor states. Assuming Coulomb attraction between a charge
carrier and an ionized defect state and assuming that the capture cross section corresponds
to a radius at which the Coulomb potential energy equals kT , the following expression is
obtained [11]:

σatt =
q4

16πεsk2T 2
≈ 10−13 − 10−12cm2 (A.1)

”Neutral” cross sections are between 10−18 and 10−15cm2, where the latter value corre-
sponds to the so called geometrical cross section, i.e. the ”size” of an atom.
Charge carrier lifetimes are determined by the assumed defect densities Nt and capture
cross sections σe,h. In general, the lifetime is determined by the cross sections of both
types of charge carriers, but an estimate is given by Equation 2.35. The diffusion length
of charge carriers L is given by L =

√
τD, where D stands for the diffusion constant,

which is connected to the mobility of the respective charge carrier via Einstein‘s relation:
D = µkT .
In reality, lifetimes and diffusion lengths of charge carriers are determined by all defects
present in the corresponding material and it is likely, that there is more than one type
of defect present, i.e. acceptors and donors, with different energetic distributions. Thus,
the chosen set of parameters does not reflect ”reality”. But for simplicity, only one defect
in each layer is assumed and the defect parameters are chosen such that lifetimes and
diffusion lengths of minority charge carriers are in a realistic range according to previous
experimental results.
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Table A.1: SCAPS simulation parameters of the standard CISe solar cell.

Contacts

Front Back

Se (cm/s) 1 × 107 1 × 107

Sh (cm/s) 1 × 107 1 × 107

Φb (eV) 0 0

Layers

ZnO i-ZnO CdS CISe

d (µm) 0.37 0.08 0.05 1.7

E g (eV) 3.3 3.3 2.4 1.0

χe (eV) 4.5 4.5 4.5 4.5

ε 9 9 10 13.6

µe (cm2/Vs) 40 40 40 40

µh (cm2/Vs) 10 10 10 10

vth,e (cm/s) 1 × 107 1 × 107 1 × 107 1 × 107

vth,h (cm/s) 1 × 107 1 × 107 1 × 107 1 × 107

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

Nd,a (cm−3) d: 1 × 1018 d: 1 × 1017 d: 1 × 1016 a: 2 × 1015

Defects

Nt (cm−3) a: 1 × 1016 a: 1 × 1016 a: 1 × 1015 a: 2 × 1015

Et (eV) 1.65 1.65 1.2 0.5

σe (cm2) 1 × 10−15 1 × 10−15 1 × 10−15 1 × 10−15

σh (cm2) 1 × 10−13 1 × 10−13 1 × 10−12 1 × 10−13

Calculated quantities

τe (ns) 10 10 100 50

τh (ns) 0.1 0.1 0.1 0.5

Le (µm) 1 1 3.2 2.3

Lh (µm) 0.051 0.051 0.029 0.11





B. Solar cell parameters and absorber

layer compositions

Solar cell parameters

In the following, the solar cell parameters of the Cu(In,Ga)Se2 (CIGSe) solar cells inves-
tigated for the present work are listed. The tables include the values of the solar cell with
the highest efficiency out of the 15 or 21 solar cells on the same 5 × 5 cm2 substrate (max.)
and the average values for each parameter (av.), for which solar cells with a deviation of
more than 20 % in efficiency from the maximum value were excluded.

Table B.1: Solar cell parameters of the CISe solar cells used for IV and EBIC characterization
for present work. The results of the EBIC and IV measurements on these solar cells
are presented in Sections 6.1 and 4.2.

CuInSe2 (CISe)

Solar cell V OC (mV) j SC (mA/cm2) FF (%) η (%)

CISe A max. 475 42.9 72.9 14.1

av. 460 40.5 71.7 13.4

CISe B max. 448 38.9 73.2 12.5

av. 442 38.1 70.8 11.9

Table B.2: Solar cell parameters of the CIGSe solar cells with absorber layers of varying Ga-
content used for the EBIC measurements presented in Section 6.3.1.

Ga-variation - EBIC

Solar cell V OC (mV) j SC (mA/cm2) FF (%) η (%)

Ga/III = 0 max. 475 42.9 72.9 14.1

= CISe A av. 460 40.5 71.7 13.4

Ga/III = 0.3 max. 684 32.0 72.5 15.3

av. 674 31.3 70.5 14.8

Ga/III = 1 790 18.8 57.7 8.6
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Table B.3: Solar cell parameters of the CIGSe solar cells with absorber layers of varying Ga-
content used for the IV measurements presented in Section 6.3.1.

Ga-variation - IV

Solar cell V OC (mV) j SC (mA/cm2) FF (%) η (%)

Ga/III = 0 max. 448 38.9 73.2 12.5

= CISe B av. 442 38.1 70.8 11.9

Ga/III = 0.3 max. 663 31.6 73.7 15.4

av. 655 30.6 72.8 14.6

Ga/III = 0.5 max. 668 27.2 71.6 13.4

av. 657 27.8 69.8 12.7

Ga/III = 0.7 max. 772 22.9 65.1 11.5

av. 762 21.9 60.0 10.0

Ga/III = 1 max. 704 13.0 56.0 5.1

av. 696 12.4 47.3 4.1

Table B.4: Solar cell parameters of the CIGSe solar cells with varying CdS layer thickness used
for the EBIC measurements presented in Section 6.3.2.

CdS thickness variation - EBIC

Solar cell V OC (mV) j SC (mA/cm2) FF (%) η (%)

no CdS max. 413 31.2 56.8 7.3

av. 317 30.5 49.3 4.8

25 nm Cds max. 652 32.1 72.9 15.2

av. 645 31.5 72.9 14.8

50 nm CdS max. 653 30.4 76.0 15.1

av. 656 30.1 74.5 14.7

160 nm CdS max. 660 28.0 75.1 13.9

av. 653 28.3 74.2 13.7



125

Table B.5: Solar cell parameters of the CISe solar cells with varying CdS layer thickness used
for the IV measurements presented in Section 6.3.2.

CdS thickness variation - IV

Solar cell V OC (mV) j SC (mA/cm2) FF (%) η (%)

25 nm CdS max. 428 44.9 70.1 13.5

av. 421 41.1 67.0 11.6

50 nm CdS max. 447 41.5 74.1 13.8

av. 442 38.1 70.8 11.9

120 nm CdS max. 423 38.2 63.2 10.2

av. 414 37.8 61.4 9.6

170 nm CdS max. 329 36.6 54.9 6.62

av. 331 35.2 54.6 6.4

Table B.6: Solar cell parameters of the CIGSe solar cells with absorber layers of varying Cu-
content used for the EBIC and IV measurements presented in Section 6.3.3.

Cu-variation

Solar cell V OC (mV) j SC (mA/cm2) FF (%) η (%)

Cu/III = 0.64* max. 612 29.2 73.0 13.1

av. 604 28.7 71.7 12.4

Cu/III = 0.71 max. 631 27.7 69.3 12.1

av. 627 27.7 66.5 11.5

Cu/III = 0.83 max. 648 29.4 74.2 14.2

av. 634 28.9 73.6 13.5

Cu/III = 0.92 max. 627 31.9 68.6 13.7

av. 613 31.5 64.7 12.5
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CIGSe layer composition

In the following, the compositions of the CIGSe absorber layers of the solar cells inves-
tigated for the present work as determined by x-ray fluorecence (XRF) measurements
are summarized. Additionally, the durations of stage two t2 and stage three t3 and the
ratio t2a/t2 of the multistage coevaporation process used for absorber layer deposition as
described in Section 3.1.1 are listed.
Please note that most of the XRF measurements were performed in a Philips MagiXPro
PW2400 spectrometer. The measurements on the absorber layers with varying Cu-content
were performed in a Rigaku ZSX II spectrometer. A direct comparison of measurements
of these two spectrometers on identical absorber layers yielded a deviation in the obtained
integral Cu-content in the range of 5%.

Table B.7: Absorber layer compositions and deposition durations of the absorber layers of the
CuInSe2 (CISe) solar cells used for the EBIC and IV measurements presented in
Sections 6.1 and 4.2.

Solar cell Cu/III Ga/III t2a/t2 t2 (min) t3 (min)

CISe A 0.74 0 0.15 32 6

CISe B 0.72 0 0.15 30 6

Table B.8: Absorber layer compositions and deposition durations of the absorber layers of the
CIGSe solar cells of the series of solar cells with absorber layers of varying Ga-
content used for the EBIC measurements presented in Section 6.3.1.

Solar cell Cu/III Ga/III t2a/t2 t2 (min) t3 (min)

Ga/III=0 0.74 0 0.15 32 6

(=CISe A)

Ga/III = 0.3 0.83 0.28 0.15 16 4

Ga/III = 1 1 0.3 35 16

Table B.9: Absorber layer compositions and deposition durations of the absorber layers of the
CIGSe solar cells of the series of solar cells with absorber layers of varying Ga-
content used for the IV measurements presented in Section 6.3.1.

Solar cell Cu/III Ga/III t2a/t2 t2 (min) t3 (min)

Ga/III=0 0.72 0 0.15 30 6

(=CISe B)

Ga/III = 0.3 0.77 0.34 0.15 27 4

Ga/III = 0.5 0.76 0.50 0.15 35 4

Ga/III = 0.7 0.85 0.73 0.15 33 6

Ga/III = 1 0.89 1 0.15 34 15
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Table B.10: Absorber layer compositions and deposition durations of the absorber layers of
the CIGSe and CISe solar cells of the series of solar cells with varying CdS layer
thickness used for the EBIC and IV measurements presented in Section 6.3.2.

Series Cu/III Ga/III t2a/t2 t2 (min) t3 (min)

CdSEBIC 0.81 0.31 0.15 21 4

CdSIV 0.72 0 0.15 30 6

Table B.11: Absorber layer compositions and deposition durations of the absorber layers of
the CIGSe solar cells of the series of solar cells with absorber layers of varying
Cu-content used for the EBIC and IV measurements presented in Section 6.3.3.

Solar cell Cu/III Ga/III t2a/t2 t2 (min) t3 (min)

Cu/III = 0.64* 0.64 0.28 0.15 38 6

Cu/III = 0.71 0.71 0.31 - 17 4

Cu/III = 0.83 0.83 0.30 - 23 3

Cu/III = 0.92 0.92 0.27 0.28 22 3
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