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Chapter 1

Introduction

Since fossil energy resources on earth are highly limited they will not meet energy demands in
the future. Therefore mankind is in urgent need of a sustainable energy supply. The solar power
irradiated onto the earth’s surface in one hour is more than enough to provide for the present
total energy consumption on earth in one year [1]. So it is obvious that this overabundant energy
resource should be used. As the direct conversion from solar energy to electricity photovoltaics
is a method of choice avoiding unnecessary energy transformation with its inherent energy loss.

For a long time photovoltaics has had the image of an overpriced technology which would
not be able to provide a reasonable share of the total energy demand on earth. By now substan-
tial cost reductions for module fabrication could be achieved. As a result already a reasonable
share of the German electricity is provided by photovoltaics. Further cost reductions are ex-
pected with thin film photovoltaics.

These thin film solar cells are a good candidate for cost efficient modules as less material is
required and its quality can be much lower compared to silicon solar cells which have domi-
nated the market for the last decades. Due to the low thickness of the absorber layers thin film
solar cells can easily be used with flexible substrates to form flexible solar modules or they can
even be produced with a roll-to-roll process.

Chalcopyrite absorber layers show the highest efficiencies of all thin film technologies [2–4]
and have already been employed in commercially available photovoltaic modules [5–10]. All
of the commercially available modules rely on vacuum-based technology. However vacuum-
free methods require less expensive equipment and material leading to a great cost reduction
for the production process and therefore have aroused interest and still do so [11–13]. They are
usually two-stage processes consisting of a precursor step and an annealing step at an elevated
temperature during which the crystal formation takes place.
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Non-vacuum techniques with printed precursors are particularly suitable for mass production.
They offer several advantages: As nearly all material used during the film formation is built
into the layer the material costs are in general lower than for most vacuum based processes
where a lot of material is lost on the endwalls of the deposition equipment. Also the energy
consumption is lower during the production because high-vacuum pumps are not required and
the selenisation step can be performed in much shorter time with less energy [14]. No vacuum
chambers, pumps and other high vacuum equipment are needed. Thus lower capital cost of the
equipment is expected which is an advantage especially for entering the business [15, 16]. A
much higher possible throughput is expected. For roll-to-roll configurations deposition rates
of several hundred meters per minute can be reached (reviewed for example for polymer based
solar cells by Krebs [17]). Generally speaking printing processes are simple processes with
which industry has a lot of experience and thus the process development is expected to be less
challenging.

Even though a lot of work has been done to develop such vacuum-free processes the scien-
tific foundation for these methods is rather thin. Most research within the CIGS community is
done with absorbers and solar cells fabricated by vacuum based processes. Yet depending on the
chosen fabrication method different peculiarities occur in absorbers fabricated in non-vacuum
processes and also in the corresponding interfaces. Sometimes for example the fabrication pro-
cess requires additional components for the film formation. These additives can have different
influences on the solar cell properties.

In this work a simple printing technique (doctor blading) is used for the precursor prepara-
tion. Different inks are employed for printing: An ink system based on metal salts, originally
developed at the ETH in Zürich [18] is applied. For a nanoparticle based precursor a completely
new ink system is developed [19]. Beside the printing technique, a non-vacuum selenisation step
had to be developed for the fabrication of solar cells. The focus in this work is on the interface
between the back contact and the chalcopyrite absorber fabricated with non-vacuum methods.
To investigate the difference also vacuum based processes have been developed and used as a
comparison.

The thesis is subdivided into the following chapters:
In chapter 2 the fundamentals of Cu(In,Ga)Se2 (CIGS) solar cells are described. First the

basic principles of solar cells are illustrated (2.1) and typical loss mechanisms in a solar cell are
explained (2.2). Then chalcopyrite solar cells are described in detail: After an introduction of
the material (2.3) the structure of a typical solar cell is presented (2.4) and the most common
fabrication techniques are described (2.5).
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Chapter 3 shows the employed characterisation techniques (3.1) and the deployed precursor
deposition methods (3.2).

The main part of the experimental work and its results is organised by topic and divided into
the following chapters: In chapter 4 the non-vacuum selenisation and its most important results
are shown for all deployed precursor deposition methods. The MoSe2 formation during this se-
lenisation is studied in chapter 5, the properties of this interface layer in a realistic configuration
in chapter 6, and finally in chapter 7 the influence of an additional carbon layer between back
contact and absorber layer on the solar cell properties is investigated and discussed. In the last
chapter of this thesis the results are summarised and an outlook is given.





Chapter 2

Fundamentals of CIGS Solar Cells

In the following chapter the basic principles of solar cells are described briefly (section 2.1) and
various loss mechanisms are discussed (section 2.2). Subsequently the chalcopyrite material
system is introduced (section 2.3) and the typical structure for chalcopyrite solar cells used in
this thesis is presented (section 2.4). Finally different production methods are outlined (section
2.5).

2.1 Basic Principles of Solar Cells

A solar cell is an opto-electronic device which directly converts solar energy into electric energy
via the photovoltaic effect (2.1.1). In an absorber layer the incident photon is absorbed and an
electron–hole pair is generated. This pair is usually separated at a p-n junction (2.1.2). Via
contacts the resulting current can be drained off the cell and used in an external load. To
characterise solar cells in general and describe their performance, opto-electronic parameters
are measured. These parameters are introduced in the last part of this section (2.1.3).

2.1.1 Photovoltaic Effect

As outlined above, in a solar cell the incident solar energy is converted into electric power. The
first step of this conversion is the absorption of a photon and the generation of an electron–
hole pair. The effect behind it is the photoelectric effect, which was first discovered by Henry
Becquerel in 1839 [20].

In general the light absorbing layer is a semiconducting material. In semiconductors elec-
trons fill the valence band up to its edge at the energy EV. The valence band is separated from
the next higher band, the conduction band starting at energy EC, by a band gap with energy
Eg. Hence charge transfer can only happen if electrons from the valence band are excited to the
conduction band, for example by the absorption of a photon with an energy Eph greater than or
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equal to Eg:
Eph = hν ≥ Eg (2.1)

where h is Planck’s constant and ν the photon’s frequency. Via relaxation possible excessive
energy is released into the material as heat. After the excitation of an electron to the conduction
band a hole remains in the valence band, an electron–hole pair is created.

In order to use the energy of an excited electron, the so generated electron–hole pair has to
be separated. In most solar cell types this takes place at a p-n junction.

2.1.2 p-n Junction

A p-n junction is built by the combination of a p-type and an n-type semiconductor material
and is the core of diodes like solar cells. It was first described by Shockley [21], Bardeen,
and Brattain [22] who received the Nobel price for their research on semiconductors in 1956.
A p-type semiconductor has a Fermi level (EF) close to the valence band, holes are majority
and electrons minority charge carriers (see fig. 2.1a). In contrast the Fermi level in an n-type
material is close to the conduction band and electrons are the majority and holes the minority
charge carriers (see fig. 2.1b).

(a) p-type (b) n-type

Figure 2.1: Band Diagrams of p- and n-type Semiconductors.
The Fermi levels with respect to the valence and conduction bands are shown both
for a p-type (a) and for an n-type (b) semiconductor material.

When connecting the materials the concentration difference causes diffusion of the charge
carriers. Holes from the p-type material diffuse to the n-type and electrons from the n-type
diffuse to the p-type material. This diffusion current leads to the formation of a space charge
region and a potential difference between the p and n side which gives rise to an electric field ~E

(see fig. 2.2). This resulting field causes a drift current in the opposite direction as the diffusion
current (see fig. 2.3). Once the magnitude of these currents is the same, the p-n junction is in
equilibrium and can be characterised by its built-in voltage Vbi.

Electron–hole pairs generated by the incident light are separated by the built-in electric field,
with the electrons drifting to the n-type material and the holes to the p-type material. This leads
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Figure 2.2: Electric Field at the p-n Junction.
The diffusion current causes the formation of the space charge region. The differ-
ence in potential leads to an electric field.

Figure 2.3: p-n Junction in General.
After bringing p- and n-type semiconductor material into contact the p-n junction
is formed. Once the diffusion and the drift current are equally strong the junction
is in equilibrium. A band diagram for CIGS with a heterojunction can be seen in
fig. 2.9.

to a light induced direct current, the so–called photo current Jph as soon as the circuit is closed
(see section 2.1.3).

2.1.3 Diode Characteristics

Solar cells are a special diode configuration. Hence, to understand the electric behaviour we
have to look at the diode characteristics. First the I–V characteristics are deduced and later
fundamental parameters for solar cells are introduced.
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I–V Characteristics

For the calculation of I–V characteristics the so called Shockley equations are relevant: Pois-
sion’s equation (eq. 2.2), current density equations (eq. 2.3 and 2.4) and continuity equations
(eq. 2.5 and 2.6). These are the basic equations for all kinds of diodes.
Poisson’s equation (2.2) is derived from Gauss’ law, the first of Maxwell’s equations ([23, 24].
Here the relation between the spatial variation of the electric field ~E and the charge carrier den-
sity, which consists both of hole (p) and electron (n) density and of the ionised donor (ND

+)
and acceptor (NA

−) atoms, is shown:

∂

∂x

(
ε0εr ~E

)
= −q

(
p− n+ND

+ −NA
−
)

(2.2)

where ε0 is the vacuum permittivity, εr the relative permittivity and q the elementary charge.
Secondly the electron and hole current densities (jn and jp) are defined. In a 1D model with x
the direction perpendicular to the absorber plane they consist of a drift (with mobilities µn and
µp) and a diffusion term (with diffusion constants Dn and Dp).

jn = q

(
µnnE +Dn

∂n

∂x

)
(2.3)

jp = q

(
µppE −Dp

∂p

∂x

)
(2.4)

Furthermore the continuity equations are needed. They relate the spatial variation of the current
densities to the difference of generation and recombination rate (G and R).

∂jn
∂x

= q (R−G) (2.5)

∂jp
∂x

= −q (R−G) (2.6)

Inserting equations 2.3 and 2.4 into 2.5 and 2.6 leads to a coupled set of differential equations,
the so–called transport equations:

Dn
∂2n

∂x2
+ µnE

∂n

∂x
+ nµn

∂E

∂x
−R +G = 0 (2.7)

Dp
∂2p

∂x2
− µpE

∂p

∂x
− pµp

∂E

∂x
−R +G = 0 (2.8)

These equations can not be solved analytically in general. Yet with some simplifying assump-
tions an ideal diode equation can be derived:
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J (V ) = Js
(
eqV/kBT − 1

)
(2.9)

Js is the saturation current, kB Boltzmann’s constant and T the temperature. The equation itself
describes the ideal diode. For a real solar cell other parameters have to be taken into account. In
the single diode model (see fig. 2.4) a parallel and a series resistance (Rp and Rs) are included.
Various electric losses inherent in real devices are represented by these resistances: shunts and
defects in the material causing leakage currents are represented by Rp and contact resistances
by Rs. Thus Rp should be as high and Rs as low as possible. The current generation is mapped
by a current source parallel to the diode. With this the diode equation becomes:

J (V ) = Js
(
eq(V−JRs)/AkBT − 1

)
+
V − JRs

Rp

− Jph (2.10)

where Jph is the photo current and A is the ideality factor. This is a material specific correc-
tion factor which is 1 for the ideal diode. For I–V characteristics dominated by trap-assisted
recombination (see chapter 2.2.2) it is equal to 2. In general it is between 1 and 2 for real
devices [25]. Yet ideality factors higher than 2 can indicate for example tunneling enhanced
recombination [26], surface defect states or other parasitic effects [27].

In fig. 2.5 the resulting I–V characteristics with the fundamental parameters can be seen.
These parameters are explained in the following section.

As one can see, the curve in the illuminated case is roughly the same as in the dark case, just
shifted by the photo current. This fact is called the principle of superposition. However, in most
chalcopyrite solar cells this principle does not hold rigorously in general. Voltage-dependent
photo currents or resistances can cause a cross-over [28]. A conduction band off-set between
absorber and buffer layer acting as a secondary barrier can cause failing of the superposition [29]
as well.

Fundamental Parameters of Solar Cells

To describe the opto-electronic properties of solar cells mainly four fundamental parameters are
used: the short circuit current Jsc, the open circuit voltage Voc, the power conversion efficiency
η, and the fill factor FF . These parameters are introduced in the following paragraphs.

The short circuit current Jsc is the current that flows when the contacts of the solar cell are
connected with a perfect conductor. In most cases it is equal to Jph. It is determined mainly by
optical properties. For example incomplete absorption causes losses for the short circuit current
(see chapter 2.2.1). Most often the current density is used for the description of solar cells (jsc)
to allow comparisons regardless of the active area of the solar cell.
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Figure 2.4: Single Diode Model.
Solar cells can be described by the single diode model incorporating parallel and
series resistances, a current source with photo current Jph and the diode itself with
diode current JD.

Figure 2.5: I–V Characteristics of a Typical Solar Cell.
The straight blue line shows the behaviour in the dark whereas the red dashed line
gives it under illumination. Characteristic parameters like Voc, Jsc, and Pmax can
be seen. The maximum power point is denoted by mpp.
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The open circuit voltage Voc is the voltage across an unloaded (open) solar cell. It is equal
to the separation between the Fermi levels of the back and the front contact. The theoretical
limit for the separation of the Fermi levels is the band gap of the material. Yet various recombi-
nation processes will lower Voc (see chapter 2.2.2).

The power conversion efficiency η is one of the most important parameters when rating so-
lar cells. It is defined as the ratio of the maximum electric output energy Pmax and incident light
energy Pin:

η :=
Pmax

Pin

=
Vmpp · Jmpp

Pin

(2.11)

The power of a generator is the product of its voltage and its current. So the power is zero if
either the voltage or the current is zero. The optimal working point is somewhere in between.
It is called maximum power point (mpp). Thus Pmax can be written as a product of the voltage
Vmpp and the current density Jmpp at this maximum power point.

The fill factor FF is given by

FF :=
Vmpp · Jmpp

Voc · Jsc
(2.12)

and is a measure for the squareness of the I–V characteristics. High series resistances and low
parallel resistances reduce the fill factor and thus the efficiency of a solar cell.

With all this the power conversion efficiency can be calculated by

η =
Voc · Jsc · FF

Pin

(2.13)

Each of the parameters can decrease due to losses and thus lower the overall efficiency.

2.2 Loss Mechanisms

In the next section possible loss mechanisms are discussed, which can lower one or more of the
factors determining the efficiency of a solar cell. Loss mechanisms can be roughly divided into
optical, recombinatorial, and electrical losses.

2.2.1 Optical Losses

Optical losses mainly reduce the photo current generated by the solar cell. Depending on the
design of the solar cell different effects are dominant, but they exist in all solar cell types.

Before entering the solar cell light can be blocked or reflected (shading and reflexion). Pos-
sible grid fingers block some of the sun light and at the front contact some of the light is re-
flected (the layer composition is described in chapter 2.4). Within the front window short-wave
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light can already be absorbed before entering the absorber itself (absorption within the window
layer).

Even if a photon enters the absorber it is not ensured that it is absorbed. As already men-
tioned (see eq. 2.1), a photon with an energy less than the band gap cannot be absorbed, it
traverses the absorber and cannot contribute to the photo current (absorption and transmission).
If the energy is higher than the band gap the excessive energy is thermalised and thus lost.
Moreover material properties determine the absorption characteristics of an absorber. Hence
different thicknesses are needed for different materials.

2.2.2 Recombination

Once an electron–hole pair is generated recombination can take place. Instead of being sepa-
rated and adding to the generated current the pair recombines — the electron from the valence
band fills the hole in the conduction band. There are different ways for this to happen. The
most fundamental one is radiative recombination with a direct transition of the electron from
the conduction to the valence band with the emission of a photon — the inverse process to
absorption. Even in an ideal semiconductor this can not be prevented.

In addition, there are non-radiative recombination paths. One of them is Auger recombi-
nation [30]. Again, the electron transitions directly from the conduction to the valence band.
Though for Auger recombination the energy of the electron is transferred to another carrier
and subsequently lost through thermal relaxation. Thus the generated electron–hole pair only
produces heat and no current.

In real semiconductors, especially in those with indirect band gaps, recombination via traps
is the predominant recombination process. It is called Shockley-Read-Hall (SRH) recombina-
tion [31, 32]. Here the capture of an electron from the conduction and a hole from the valence
band is facilitated by the trap. Traps with energies roughly in the middle of the band gap are
most important for this process, where the recombination energy is released in small portions
as phonons into the lattice. If the trap energy is close to the valence band the trap states are
occupied by electrons. Captured holes are released back to the valence band before an electron
from the conduction band can be captured and recombine with the trapped hole. For trap en-
ergies close to the conduction band the situation is reversed. The states are empty and trapped
electrons are re-emitted to the conduction band before a hole can be captured.

As real semiconductors do not extend infinitely, surfaces and interfaces occur. They typ-
ically contain a large number of electrically active states because abrupt termination of the
crystal leads to a large number of recombination centers [33]. The recombination mechanism
is comparable to the trap-assisted recombination. However, traps at the surfaces are not dis-
crete single states but rather a whole set of nearly continuously distributed states. Furthermore
impurities accumulate at surfaces and interfaces, which causes additional trap-assisted SRH re-
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combination. For this surface or interface recombination the surface recombination velocity is
the crucial parameter. It is characteristic for the surface or interface quality and can usually be
approximated by infinity for semiconductor-metal interfaces.

All recombinatorial losses mainly reduce the open circuit voltage Voc. Thus for achieving
high voltages the recombination centers have to be minimised. Often these losses are incor-
porated into the circuit model by a second diode parallel to the first. The resulting model is
therefore called the 2-diode-model and is often used for silicon based thin film solar cells and
sometimes also for chalcopyrite solar cells (for example [34–36]).

2.2.3 Electrical Losses

When the contacts are not perfectly ohmic or the feed lines are non-ideal conductors, in gen-
eral when there is an additional resistance, electrical losses are the consequence. They can be
summarised with the already introduced series resistance Rs (see 2.1.3).

In case the absorber is not perfectly dense or has other defects, shunts and parasitic current
paths can pervade the absorber layer. The resulting electrical losses are subsumed under a
parallel resistance Rp (see 2.1.3).

Series resistances can be roughly deduced from the slope of the I–V characteristics cross-
ing the ordinate. Parallel resistances can be derived from the slope of the I–V characteristics
crossing the x-axis. With this it becomes clear that all these ohmic losses reduce the fill factor
FF significantly.

These losses occur in all types of solar cells, not only in chalcopyrite types, and have to be
reduced for high efficiencies. In the following sections the focus will be on the chalcopyrite
material and its properties to see how this can be achieved for this particular material system.

2.3 Chalcopyrite Material System

Cu(In,Ga)Se2 (CIGS) is a compound semiconductor with a direct band gap and a high absorp-
tion. Hence it is particularly suitable for the absorber layer of a solar cell. The crystal structure
of CIGS is introduced in section 2.3.1. As the CIGS layer in a solar cell is in general polycrys-
talline, grain boundaries are an important issue. They are shortly discussed in section 2.3.2.

2.3.1 Crystal Structure

The chalcopyrite structure is very similar to the diamond structure. It can be derived from the
diamond cubic crystal structure as shown in fig. 2.6. This configuration can be found in many
group IV solids and is described in most solid state textbooks (e.g. [37] and [38]). Diamond, and
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Figure 2.6: Derivation of Crystal Structure.
The principal configurations for the various compounds derived from the group IV
configuration and the corresponding names are shown, sorted by element groups.

accordingly carbon, was merely the first solid (or atom type) where this structure was observed.
It can be described as two face centered cubic (fcc) lattices, where one is shifted by a quarter
of a body diagonal. Keeping the structure of the atoms, while alternating types of atoms, one
gets the so called zinc blende structure. It is named after the mineral ZnS with this crystal
configuration and alternating zinc (Zn) and sulfur (S) atoms.

For the chalcopyrite structure one type of atoms has to be replaced by two others [39]. This
leads to a tetragonal unit cell which can be seen in fig. 2.7. For the original chalcopyrite, yellow
copper ore (CuFeS2), the zinc layers are replaced by copper (Cu) and iron (Fe) in turns. In
CIGS these iron sites are taken by indium (In) and gallium (Ga) and the sulfur sites by selenium
(Se).

For chalcopyrite solar cells the I-III-VI2 configuration (right side in fig. 2.6) is most com-
monly used. Different alternatives of this compound are utilised. The group III atoms can be
In, Ga, or Al (aluminum) or a combination thereof. The group VI atoms can be Se and S or
both together. By varying the composition of the material the band gap of the material can be
easily shifted from 1.04 eV for CuInSe2 up to 2.7 eV for CuAlS2 [40]. So the whole visible
spectrum can be covered. In this work the compound composed of Cu, In, Ga, and Se is mostly
employed. For some experiments only Cu, In, and Se are used.

The most important phase diagrams for this compound were published by Goedecke et al.[41–
43]. It can be clearly seen that the compound has to be designed slightly copper poor in order to
reach the desired stable alpha phase of CIGS. With a stoichiometric composition a conductive
copper selenide phase will occur and lead to shunted cells. In general a copper content has to be
slightly below 25 % While the stable phase is broader at higher temperatures it is quite narrow
at room temperature. Thus it is assumed that the compound segregates into an alpha and beta
phase where the beta phase (CuIn3Se5) is also known as ordered defect compound (ODC) [44].
By adding sodium or replacing a part of indium by gallium this existence window can also be
broadened towards indium and gallium rich compositions [45]. The optimum content of gal-
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Figure 2.7: Chalcopyrite Structure.
A tetragonal unit cell of the chalcopyrite structure is shown with copper (blue),
indium and gallium (red) and selenium (yellow) atoms.

lium differs along the depth of the absorber and also depends on the gradient within the layer.
In general the overall content of gallium in the resulting layer is in the range of 5–10 %.

2.3.2 Grain Boundaries

Calcopyrite absorber layers have typically a thickness of 1–2 µm consisting of small grains that
often do not exceed 0.5–1 µm [46]. Hence grain boundaries play an important role in chal-
copyrite solar cells and are assumed to have a much stronger effect than in multicrystalline
silicon solar cells. Yet the maximum efficiencies of multicrystalline silicon and polycrystalline
chalcopyrites are comparable and chalcopyrites even outperform multicrystalline silicon solar
cells [47]. Thus the grain boundaries have to be quite inactive electronically. Indeed many poly-
crystalline chalcopyrites cells ([3, 48–50]) outperform even the best single crystal cells [51].
Hence sometimes even a positive effect of the grain boundaries is presumed. Understanding the
physics behind grain boundaries in chalcopyrite materials is important for high efficiency solar
cells. Up to now non-vacuum methods yield significantly lower efficiencies than cells fabricated
with vacuum-based methods. Although the physics of grain boundaries is not the main topic
of this work, it is important to have some basic knowledge on grain boundaries to understand
some of the crucial issues related to chalcopyrites.

Both the electronical and the chemical structure of grain boundaries are not fully understood
and still highly disputed ([46, 52, 53]). A lot of research is devoted to analyse and understand
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it ([54–57]). Depending on the assumed structure different explanatory approaches for the
behaviour of grain boundaries have been developed. Rau et al. identify four of them [58]:
crystallography, intrinsic and extrinsic passivation, and band structure.

Crystallography An influential parameter for the number of electronic states at a grain bound-
ary is the crystallographic orientation of the two involved grains relative to each other. If
these two grains are mirror-inverted to each other the boundary between them is called a
twin boundary [59, 60]. They do not have strained or dangling bonds and are the domi-
nating type in chalcopyrite thin films [61, 62]. Indeed no charged defects can be seen for
twin boundaries [63].

Intrinsic passivation Calculations of Yan et al. [64, 65] suggest an intrinsic passivation of
grain boundaries. Due to extensive atomic relaxation, boundaries do not cause deep
level defects, which usually form recombination centers in chalcopyrite structures, and
are charge neutral. Therefore they exhibit no electrical potentials and are electrically
benign [64].

Extrinsic passivation If grain boundaries initially have a high electronic activity, extrinsic pas-
sivation is necessary. Oxygenation of the boundaries might serve as a passivation: As-
suming the boundaries are positively charged due to Se vacancies, they can be passivated
by oxygen [66]. The effect might be increased by the presence of sodium [67, 68], al-
though this theory is also disputed [69].

Band structure Changes in the band structure could account for the benignity of grain bound-
aries as well. A valence band offset acts as a barrier for the majority carrier and can be
caused by a minor Cu deficiency of the contiguous region [53, 70]. Some experiments
showed a Cu deficiency [71], others did not [54, 72]. The region has to have a certain
thickness and homogeneity along the whole grain boundary. Yet if this is the case, grain
boundaries not perpendicular to the collecting junction would block hole transport to the
back contact [73]. So the valence band offset can not be the only reason for the low
activity.

This short introduction already shows that this topic is a very interesting research area. It
has been shown that quite high efficiencies can be achieved even without detailed understanding
of the grain boundaries [58]. As soon as the non-vacuum production methods are sophisticated
enough and the efficiencies rise sufficiently, research on grain boundaries becomes important
for an even further increase in efficiency for CIGS solar cells fabricated with these methods.
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2.4 CIGS Solar Cell Structure

For complete devices not only absorber layers are needed. The typical configuration of all
layers in a solar cell is explained in chapter 2.4.1. The resulting interfaces are shortly described
in chapter 2.4.2

2.4.1 Basic Configuration

Thin film solar cells can be grown in substrate and superstrate configuration [74]. For the sub-
strate setup the back contact is deposited on to the glass substrate while for the superstrate
design the front contact is on the glass and the light enters the cell from the glass side. For
low-cost encapsulation the superstrate setup is more suitable [75] as one part of the encapsula-
tion can be any low-cost material and does not need to be transparent. Yet for process-related
reasons the substrate configuration is more commonly used: In general the transparent contact
is temperature sensitive, thus it is easier to deposit it after the absorber formation where high
temperatures are favourable. The substrate configuration is also used at ZSW and for this work.

The typical setup can be seen in figure 2.8, where materials and layer thicknesses of a
standard ZSW process are indicated. CIGS solar cells in this thesis are deposited on a soda lime
glass (SLG) covered with molybdenum (Mo). SLG is widely used, since its thermal expansion
coefficient matches well with the coefficents for CIGS [76]. Studies with other back contact
materials showed that Mo is one of the most suitable materials [77]. It is relatively stable at
the temperatures used in the following production processes and has a low contact resistance to
CIGS [78]. In this thesis it is sputtered in a bi-layer process and has a thickness of approximately
500 nm.

Then the absorber layer (Cu(In,Ga)Se2 – CIGS) follows. As this layer is the most com-
plex one, with quite some variations in its fabrication, a whole chapter (2.5) is devoted to its
manufacturing.

Buffer and window layers are deposited on top of the absorber layer: In this thesis an ap-
proximately 60 nm thick cadmium sulfide (CdS) layer forms the n-type buffer. Alternative
materials are for example indium sulfide and zinc sulfide (see chapter 2.4.2). There are various
fabrication methods for this layer, yet here only chemical bath deposition (CBD) is used. A
thin (≈ 50 nm) intrinsic zinc oxide (i-ZnO) layer follows and finally the front contact consisting
of 1 µm aluminum doped zinc oxide (ZAO) is sputtered. Except for the absorber layer (see
chapter 2.5) all layers are fabricated by the conventional methods according to ZSW standard
processes. Therefore the thicknesses are usually the same for all tested cells.

The complete band structure of a typical solar cell can be seen in figure 2.9. In general
the p-n junction separating the electron–hole pairs is close to the surface facing the light as
the light intensity decreases exponentially. If the space charge region is equally expanded into
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Figure 2.8: Typical Cell Configuration.
The typical CIGS solar cell is fabricated on a soda lime glass (SLG) covered
with molybdenum (Mo). On top of the absorber layer (Cu(In,Ga)Se2 – CIGS)
buffer and window layers are deposited: Cadmium sulfide (CdS) forms the n-type
buffer, an intrinsic zinc oxide (i-ZnO) layer follows and finally the front contact
consisting of aluminum doped zinc oxide (ZAO) is sputtered.

Figure 2.9: Band Diagram for Typical Cell Configuration According to [79].
The band diagram for a typical cell configuration is shown. The molybdenum
selenide layer at the back contact interface is important for the ohmic contact.
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absorber and buffer layer, open circuit voltage and fill factor can increase. Yet this gain can not
compensate the loss in the photo current [80]. The electric field reaches far into the absorber
layer so that created electron–hole pairs are separated. Close to the p-n junction the band gap
is preferably higher than in the bulk of the absorber to render a possibly higher open circuit
voltage. This higher band gap can be realised either with sulfur or gallium. At the back contact
a back surface field is preferable to avoid recombination. Usually this is formed through a
slightly higher gallium content towards the back contact. For an ohmic contact the molybdenum
selenide layer is expedient. The interfaces are described in the following section.

2.4.2 Interfaces

Between all the described layers interfaces occur. The interfaces between the absorber and its
adjacent layers are the most interesting ones and a lot of research is devoted to them:

The buffer/absorber-interface, in general CdS/CIGS, forms the p-n junction. Thus even at
a very early stage it was already the subject of research and still is [68, 81–84]). In recent years
much effort has been put into the development of various cadmium-free buffer layers [85–
91], even organic buffers have been developed [87]. Such a buffer layer can eliminate some
disadvantages related to the cadmium sulfide layer and offers additional advantages [86, and
references therein]: The environmental risks related to cadmium in the production process can
be reduced. In some countries the use of cadmium in electrical or electronic equipment is pro-
hibited by legal regulations. To cadmium-free modules they are irrelevant. For the common
vacuum-based methods technological problems are easily caused by a non-vacuum process in
a vacuum line. For the non-vacuum processes covered here this is not relevant. Yet the chem-
ical bath deposition which is usually used for cadmium sulfide involves high disposal costs
which are preferably avoided. Additionally many cadmium-free buffer layers offer a potential
increase of current generation in the blue region (350 nm to 500 nm), where CdS reduces the
transmission of the window layer stack without contributing essentially to the photogeneration
of carriers. Hence the cell efficiency can be increased. The resulting cadmium-free interfaces
have been studied in detail [92–94]. Yet the world record efficiencies for cadmium-free solar
cells are still slightly lower than for the conventional solar cell structures [95, 96].

The other absorber-related interface is the back contact interface, in general Mo/CIGS. Usu-
ally the molybdenum (Mo) back contact reacts with selenium (Se) to MoSe2 either during
film deposition or selenisation [97, 98]. Investigations with samples from a multi-stage pro-
cess (see 2.5.1) show that MoSe2 is primarily built at the beginning of the second stage under
indium/gallium-rich conditions [99] as it does not form under copper-rich conditions. It pre-
vents a further reaction between CIGS and molybdenum back contact [100].
MoSe2 is a layered semiconductor with a band gap of 1.3 eV to 1.4 eV and p-type conductivity.
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In early publications about this topic this additional layer was thought to deteriorate photo-
voltaic performance as MoSe2 decreases the fill factor [101]. Often a Schottky-type barrier
was assumed regarding the back contact between molybdenum and CIGS [102, 103]. But it
was shown that a favourable ohmic contact forms at the interface with MoSe2 instead of the
Schottky-type contact formed without the selenide layer [104, 105]. Since then the electronic
characteristics have often been a subject for research [105–110]. Due to its band gap, which
is higher than the one of standard CIGS, it forms a back surface field for the photogenerated
electrons and a low resistivity contact for the holes [111].
MoSe2 is crystalline, thus its specific structure is relevant as well. It is layered and has a so
called trigonal prism coordination geometry. It consists of triple layers (Se-Mo-Se) which are
covalently bonded within and by weak van der Waals forces to each other [112, 113]. The
orientation of these MoSe2-layers with respect to the substrate is found to be important for the
adhesion of the absorber layer [98, 104]. If the layers are parallel to the substrate poor adhesion
is a consequence. Perpendicular layers, in contrast, enhance the adhesion [105].
Another important characteristic of the back contact interface are the optical features. For ab-
sorber layers thinner than the typical absorption length of about 1 µm for CIGS, light is trans-
mitted to the back contact [114]. In order to avoid the loss of this light the back contact should
be highly reflective. Light which is absorbed at the back contact is lost for energy conversion
and lowers the overall efficiency. Yet the optical characteristics of a standard molybdenum back
contact are deteriorated by the thin layer of MoSe2 since the combination of molybdenum and
molybdenum selenide arrange for a non-reflecting black back contact [115].

For non-vacuum fabrication methods so far only little research has been conducted into this
interface and its characteristics [107]. A step to close this gap is taken in this thesis.

2.5 Preparation of CIGS absorber layers

The preparation of the CIGS absorber layer is the most sophisticated process in the manufac-
turing of CIGS solar cells. Thus it is most challenging to develop vacuum-free methods for
it. Therefore we concentrate on the vacuum-free fabrication of CIGS and neglect all other lay-
ers. In the following chapter the various deposition methods are described – both conventional
vacuum-based (2.5.1) and alternative vacuum-free (2.5.2). An overview can be seen in fig-
ure 2.10. The methods used in this thesis and the corresponding typical parameters are dealt
with in detail in chapter 3.2.

2.5.1 Conventional Deposition

Customary fabrication of CIGS is vacuum-based. It can be divided into two main methods: co-
evaporation and sequential processing. While the former builds the absorber in one deposition
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Figure 2.10: Overview of Fabrication Methods.
In this figure the various fabrication methods are displayed — both conventional
and vacuum-free methods. While conventional processes can build the absorber in
one single step (co-evaporation) or in a two-step process, all non-vacuum methods
use two steps to form the chalcopyrite material.

step, the later uses precursor layers which are converted into the chalcopyrite material in a
second step.

Co-Evaporation

For co-evaporation all elements are evaporated from elemental sources. In general there is an
excess of selenium vapour present during the whole process. Highly efficient CIGS-solar cells
are deposited in various stages with different temperatures and metal flux ratios, each with the
mentioned Se excess. The ratio between Se and the other elements has an effect on morphology,
orientation, and grain size [116].

Co-evaporation is the most successful method for the deposition of a CIGS-absorber layer.
For small areas it offers the best control of composition and compositional grading [12]. Thus
world record efficiencies in recent years were mostly fabricated with it [2, 3, 48–50, 117–119].
These and most other high-efficiency solar cells on laboratory scale ([120, 121]) have been
fabricated by a so called multi-stage process, which was first presented by Gabor et al. [122] as a
three-stage process: In the first step indium and gallium are deposited in a selenium atmosphere
at a lower temperature (depending on the specific process between 250 ◦C and 450 ◦C). During
the second step mainly copper is evaporated in an selenium atmosphere, usually at an elevated
temperature of approximately 550 ◦C to 600 ◦C and more. For low temperature processes it is
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beneficial to offer gallium additionally during this second phase [49]. In the last step once again
indium and gallium are evaporated in a selenium atmosphere. The temperature remains high
for this step. During cool-down of the substrates a selenium atmosphere is still present in the
chamber to avoid selenium depletion of the surface.
Co-evaporation was developed from a two stage process where a copper rich CIGS layer was
fabricated at a lower substrate temperature (450 ◦C) and then an indium rich layer was deposited
on top at a higher substrate temperature (550 ◦C) [123–125].

In industrial implementations of co-evaporation it is highly challenging to retain uniform
chemical composition during the up-scaling of the co-evaporation method. At ZSW a lot of
research and development has been conducted on this topic and several years ago the method
could be transferred to industrial production [126]. Nowadays it is used for example by MANZ
AG (former Würth Solar, ZSW technology) [121, 127] and Global Solar [9].

Sequential Process

Whereas the co-evaporation process involves challenges for scaling-up production processes
most sequential processes avoid a lot of these problems. There are two well established methods
which generally consist of two steps:

In the first step a precursor layer (either chalcogen-containing or not) is deposited at lower
temperatures usually by sputtering [128–132] or thermal evaporation [133–135]. Simple tech-
niques use only one or two different layers but more complicated approaches build up a multi-
layer system which leads to smoother surfaces and better crystallinity [134].

The second step involves a thermal treatment either in chalcogen-containing atmosphere
or — if the precursor already contains an excess of chalcogen — sometimes even without.
If a selenisation during the second step is needed, there are different possibilities. The most
efficient way is to use H2Se which is often diluted in argon gas [128, 135]. However H2Se is
highly toxic and a lot of research is focused on avoiding its use for the selenisation of precursor
layers. Elemental selenium vapour for example is quite common [129, 131, 134, 136–139] even
though various studies showed that under comparable conditions (time, temperature etc.) H2Se
is more efficient and leads to a higher quality of the CIGS film [135, 140]. Furthermore a few
studies showed the suitability of diethylselenide as a selenisation agent [141]. More details on
the selenisation process will be presented in chapter 4.

If the precursor layers contain an excess of selenium a simple thermal treatment is suffi-
cient for the chalcopyrite formation. Rapid thermal annealing (RTA) is a fast technique for the
crystallisation of precursor layers [142–145]. An important characteristic of this annealing step
is its high heating rate. It is necessary to avoid dewetting of the selenium layer on top of the
precursor stack. This happens for low heating rates and is known to be detrimental for the for-
mation of the chalcopyrite [143].
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In contrast to the co-evaporation process it is quite challenging to get the desired band gap
grading by a gallium content variation with sequential processes. As long as the selenium is
incorporated into the absorber from the top it is impossible [146, 147]. For most sequential pro-
cesses this is the case, though a post sulfurisation step can help to establish a desired band gap
grading [148, 149]. As it passivates the CIGS surface it additionally serves to improve device
efficiencies conveniently [150].

A big advantage of sequential processes is the fact that it is easier to achieve a uniform compo-
sition over a large area by means of established processes like sputtering used in glass industry.
This is one of the reasons that for a long time most of the highest module efficiencies have been
achieved with this technique [14, 151–153]. Even the current listed world record of 17.8 % is
made with sequential processes [154]. Because it is easier to scale up this method, it is par-
ticularly suitable for mass production. It is used for example by AVANCIS, formerly Shell
Solar [153], and Solar Frontier [154], previously Showa Shell [151]. However, the second step,
the selenisation seems to be the challenging part for fast large area processing.

2.5.2 Non-Vacuum Processing

In the following section a short introduction to various non-vacuum methods is given. It com-
prises both a description of the techniques and an overview which groups or companies work
with these methods and what has been achieved. A focus is set on particle- and solution-based
techniques whereas electrochemical ones are only referred to briefly as they are not used in this
thesis.

Electrochemical Techniques

Since 1983 electrodeposition is used for CIGS absorber layer fabrication [155]. Since then a
huge progress has been achieved. Electrochemical techniques can be divided in three different
approaches [16]: All involved elements can be co-deposited from a single electrolyte, or metals,
alloys or binary selenides can be electrodeposited in stacked layers. Electroless and chemical
bath deposition are the third alternative. All of these methods require an annealing step after
the electrochemical precursor deposition. Efficiencies of up to 13.8 % on a flexible substrate
(stainless steel foil) [156] and 15.4 % on glass [157] could be obtained with electrochemical
methods. This deposition technique is not dealt with in this thesis. More information can be
found in various reviews covering this subject [16, 158, 159].
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Particle-based Techniques

An especially promising non-vacuum technique for CIGS solar cells is the particle-based ap-
proach which yields the highest accomplished efficiencies so far. As early as 1982 first results
for this approach have been published [160]. All particulate processes can be distinguished by
the kind of nanoparticles used for the ink. The first discrimination is between elemental and
compound particles. Compounds again can be divided into complete CIGS-particles, metal al-
loys, oxides, and binary selenides.

The simplest particles to use are elemental particles, they often are commercially available.
The first attempts especially struggled with a large particle size [161]. In the course of further
development finer particles were available and better results could be achieved [162]. Yet the
finer indium particles tend to oxidise during handling. The occurring indium oxide shell of the
particle hinders complete selenisation with elemental selenium vapour [163, 164]. Thus the pre-
cursor film has to be reduced prior to or during selenisation. This can be done with a reduction
agent in the ink itself or with heating in a hydrogen atmosphere. At ZSW this approach is pur-
sued (see chapter 3.2 and [19]). During the selenisation only the use of H2Se can overcome the
issue of oxidised particles. Some groups even add selenium as nanoparticles [165] and thereby
do not need the subsequent selenisation.
Already at an early stage of nanoparticle-based CIGS-research complete CIGS-particles have
been used for absorber deposition [166]. Up to now complete CIGS-particles without an addi-
tional annealing step only yield poor efficiencies [167, 168]. Often no efficiencies are published
at all [169–173]. The annealing step is preferably carried out in selenium atmosphere.
Even with an annealing step the efficiencies stay low [174, 175] — the highest reported efficien-
cies are only 5.4 % for CuInSe2 [176] (with Se-deficient particles, which improves efficiency
significantly [177]), 5.6 % for Cu(In,Ga)(S,Se)2 [178], and 6.5 % for CuIn(S,Se)2 [179]. This
is most probably related to the high melting point of CIGS [166].
Much easier than this and only slightly more complicated than the one with elemental particles
is the approach which uses metallic alloy nanoparticles. In general it is much more successful
than the attempts using complete CIGS -particles, as the high melting point is irrelevant for this
approach. Most publications deal with Ga-free Cu-In-particles [180–182]. In comparison to
elemental particles alloy particles are more resistant to oxidation [183] which is an advantage.
Basol et al. reached conversion efficiencies up to 9.4 % [183] and with the use of finer particles
even 13 % could be achieved [182]. This is the highest efficiency for particle-based Ga-free
absorber layers [16]. Regardless of the fact that the selenisation is more efficient with H2Se (as
already mentioned in section 2.5.1) even layers selenised with this method often show a quasi-
bilayer structure [181]. Moreover, this can be found for other particulate approaches [184] but
is not necessarily detrimental for the absorber layers.
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A quite successful particle-based route employs oxide nanoparticles. In general oxides are quite
stable and thus selenisation of oxidised precursor layers is challenging. Hence most processes
include a reduction step prior to selenisation. Unisun and International Solar Electric Technol-
ogy (ISET) are responsible for essential research on this topic. Unisun for example reached
11.7 % as reported by Eberspacher et al. [185]. They used solid, multinary, compound parti-
cles [186] having the advantage that the chemical composition is the same for all particles. It is
not clear how they eliminate the oxygen in the precursor layer. Possibly it happens during the
selenisation at atmospheric pressure [185]. Presumably this is facilitated by the use of H2Se.
ISET uses oxide nanoparticles as well. To deplete the oxygen in the precursor layer an ag-
gressive conversion process is used. It includes a reduction in hydrogen atmosphere and a
selenisation with the highly toxic H2Se [187]. With this technique ISET reached 13.6 % [188].
They tried to pursue a commercialisation strategy and set up a pilot production [189].

So far the most successful route for particle-based chalcopyrite absorber layers include bi-
nary selenides. While for this type of particles there are concepts which yield relatively low
efficiencies up to now, like various core-shell concepts (InSe–CuSe 1.1 % [190] or Se–CuSe
3 % [191]), nevertheless the highest reported efficiency of over 17 % could be achieved with bi-
nary selenides [192]. The company Nanosolar pushed development with a lot of resources both
financially and personnel-wise. All investigated processes are proprietary and one can only
assume that they found a way to fabricate various binary selenides with different sizes such
that they melt instantaneously during the rapid thermal treatment. When results of over 15 %
on aluminum foil were published in a white paper by Nanosolar in 2009 they presented their
techniques for the other layers and the interconnection of cells to modules, too [193]. However,
in 2013 it became obvious that Nanosolar was not commercially successful either.

All nanoparticle-based approaches have some challenges in common. Due to attractive van
der Waals forces particles generally tend to agglomerate [194]. In dispersions used to deposit
precursor layers this agglomeration has to be avoided. In addition, there are repulsive electro-
static forces due to an electrical double layer at the surface of the particles. The interaction of
these forces between particles is summarised in the DLVO theory which is named after Der-
jaguin and Landau, Verwey and Overbeek [195, 196].
Depending on pH-value, ionic concentration, solvent and type of nanoparticle, the original elec-
trostatic forces can be strong enough to give a stable suspension and avoid agglomeration. If
this is not the case another stabilisation has to be used. This is often done with organic sta-
bilisation agents [168, 197]. Even though they help avoid agglomeration and sedimentation of
particles they have to be eliminated later in the process. This is often impossible which leads to
the absorber layers having organic residues [198].
Another challenge arises when different particles are used. In general different types of nanopar-
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ticles have different settling rates. Thus some sediment faster than others, which leads to an
undesired stoichiometric deviation [163].

Fortunately nanoparticle-based methods also offer a lot of advantages and the highest efficien-
cies for vacuum-free fabricated absorbers are reached with these methods. Consequently exper-
iments with particle-based methods have been conducted for this thesis and some of the results
can be found in section 3.2.2 and 4.4.

Solution-Based Techniques

Mixing different elements on a molecular level can be done using solution-based techniques.
While particle-based approaches with different types of particles can achieve an intermixture
only on the particle-level, solved components in a solution intermix down to the molecular level.
For this group of techniques one can distinguish different approaches as well: One for exam-
ple uses organometallic precursors. A possibility for these precursors are copper and indium
naphthenates which are used by Merdes et al. [199]. With this approach CIGS-layers have been
fabricated, but so far no efficiencies have been published.
A more complicated approach with single-source precursors has been developed by Hirpo
et al. [200]. These precursors can be used for chemical vapour deposition (CVD) [201]. Even
though it has been pursued much longer than the other technique the achieved maximum effi-
ciencies of 1.0 % are still quite low [16].

Solution-based approaches utilising selenides yield the highest efficiencies. To dissolve se-
lenides mostly hydrazine (N2H4), a highly toxic and explosive solvent, is used. A lot of research
on this topic has been done at IBM by Mitzi et al. [202–204]. The advantages of hydrazine as
a solvent are manifold: It acts as a reducing agent, it is small and decomposes cleanly during
the process. The additional nitrogen and hydrogen decompose to N2, H2, and NH3 [13]. Fur-
thermore it contains no unfavoured atoms like oxygen, carbon or chlorine. So only the desired
species are present in the solution and even the required chalcogen can be added to it.
Up to now cells were only fabricated on laboratory scale, by spin coating the precursor solution
is deposited on a molybdenum covered substrate and the resulting film is dried and partially de-
composed at an elevated temperature of 250 ◦C to 300 ◦C. As this film is much too thin, several
layers are deposited on top of each other and heated after each deposition step [204]. This is a
drawback for the industrial implementation but facilitates the generation of a gallium gradient
by using solutions with different gallium content for different layers [16].
Even though this approach has only been pursued for quite a short period the resulting effi-
ciencies are remarkably high. A power conversion efficiency of 15.2 % has been published by
Todorov et al. [205].
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As hydrazine is highly toxic and explosive, for industrial use a lot of security measures have
to be taken into account. To avoid this huge effort alternative solvents are searched for. So far
there are only few publication on this topic and they contain no results on solar cells [206].

Other solution-based methods use normal metal salts like nitrates and chlorides. Fortunately
the undesired elements like N and Cl are volatile during processing or less detrimental than
might be expected at first glance. In general the metal salt solution itself is not suitable for
printing processes. For the paste to meet printing requirements the viscosity has to be modified.
This modification can be done by adding a binder material, which additionally helps prevent
both dewetting of the substrate and local cationic segregation due to different solubility and
recrystallisation [18, 162].
At the Swiss Federal Institute of Technology in Zurich (ETHZ) a printing process was devel-
oped with ethylcellulose as a binder material [12]. The metal salts used are copper and gallium
nitrate and indium chloride. This method is used and furthered extensively in this thesis. The
deposition methods and parameters are explained in section 3.2.1.
As the binder material is not eliminated completely during the selenisation process a residual
carbon layer remains between molybdenum back contact and CIGS absorber layer. Fortunately,
this carbon layer is not detrimental to the operation of the solar cells and a maximum efficiency
of 6.7 % could be achieved [12]. A detailed characterisation of the carbon layer and its influence
on the performance of solar cells is subject of chapter 7.
The same method is used by other groups as well [207] but to date they have not published any
efficiencies. Another approach using nitrates for copper, indium and gallium even adds sele-
nium in the form of selenium chloride [208]. However, ethylcellulose is still needed as binder
material. This group has published no efficiencies so far, either.
Recently another method using metal salts has been developed by Berner et al. [209]. With this
method no binder residues remain in the layer stack and remarkably high efficiencies of up to
11 % were reached.
For the deposition of the metal salt solution spray pyrolysis is another possibility [210–212]. So
far not many solar cells have been processed. In publications mainly absorber layer fabrication
and characterisation are described. The record for spray pyrolysis is 5 % [213].

An approach for solution deposition developed at the HZB in Berlin (former HMI) is spray-
ion layer gas reaction "spray-ILGAR". It is a patented process which was originally developed
for buffer layers and oxides. Later the process has also been adopted to chalcopyrites [214, 215].
So far efficiencies of up to 5 % [216] have been achieved for sulfur-containing layers.

Up to now all non-vacuum methods lack the efficiencies comparable to conventional vacuum
based techniques. Yet for economic reasons the achieved efficiencies have to be quite close to
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the results from other deposition routes. One step towards this goal is to understand the specific
characteristics of absorbers fabricated with non-vacuum methods. In the following chapters the
attempt is made to understand the specific back contact interface properties. While the previous
chapter outlined the general basics of non-vacuum chalcopyrite solar cells the following chapter
will present the experimental details for both the characterisation and the precursor deposition
methods.



Chapter 3

Experimental Details for Sample Analysis
and Preparation of Precursor Based CIGS

All physical investigations and experimental research require a certain amount of experimental
equipment and knowledge. In the following chapter all the experimental details used for the
characterisation of materials, films and solar cells and the fabrication of precursors are provided.
The chapter is divided into two section.

The first section explains all characterisation techniques used for this work (see section 3.1).
For the precursor deposition several methods are employed. They are presented in the second
section (see section 3.2).

3.1 Methods of Analysis

To evaluate different processes and study their various effects on physical properties and investi-
gate the physical behaviour of layers and complete solar cells a wide variety of characterisation
methods can be used. The following section describes the methods employed for results pre-
sented here in this work and is subdivided according to the measured properties:

For this work the chemical composition especially of the absorber layer is quite important.
The related measurement methods are introduced in section 3.1.1. Physical properties like
thickness and morphology are relevant for the performance of solar cells as well. Methods to
determine these are explained in section 3.1.2. Crystal parameters, crucial to polycrystalline
semiconductors, are measured with the techniques presented in section 3.1.3. For complete
solar cells optoelectronic characterisation is needed to determine the performance. The methods
utilised for this are described in section 3.1.4.
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3.1.1 Chemical Composition

For the semiconductor Cu(In,Ga)Se2 — a quaternary compound — the chemical composition is
crucial. It determines the band gap: While CuGaSe2 has a band gap of 1.68 eV [217], CuInSe2
has one of 1.04 eV [40]. Thus the alloy Cu(In,Ga)Se2 has a band gap in between which is
defined by the ratio of gallium concentration to the sum of gallium and indium concentrations
(GGI). Another important ratio for CIGS solar cells is the ratio of copper concentration to the
concentration of group III metals. It is called CGI. These ratios are also important for the
phase formation (see chapter 2.3.1). Various methods can be used for the identification of this
composition. The key methods for this work are explained in the following sections.

X-Ray Fluorescence Analysis (XRF)

X-Ray fluorescence analysis (XRF) is a widely used method for the determination of chem-
ical composition (both qualitative and quantitative) and layer thicknesses. It is fast and non-
destructive. By the incident X-rays electrons are knocked from the inner shells of the atoms.
Electronic transitions from higher levels back to the empty lower levels give rise to a character-
istic X-ray radiation which helps identify the constituents of the analysed layer. To be detectable
the elements need an atomic number larger than eight (fluorine and heavier elements). Thus for
example carbon, which is important for the studied samples and has an atomic number of six,
can not be measured.

The XRF system at ZSW is an EAGLE XXL system, equipped with an energy-dispersive
Si(Li) detector and a 50 kV rhodium X-ray source. It is designed especially for systems of up to
four layers [218]. Both the chemical composition and the layer thicknesses (see section 3.1.2)
of the involved layers can be determined with the system. For the examination the system is at
1 × 10−1 mbar. The detection limit is 1 × 10−3 at %.

Energy-Dispersive X-ray Spectroscopy (EDX)

To analyse the chemical composition with a high spatial resolution energy-dispersive X-ray
spectroscopy (EDX) has been used. At ZSW a scanning electron microscopy setup is used
for this method (for system details see 3.1.2). Similarly to the XRF the X-rays emitted by
the sample are analysed with respect to their energy. For EDX the excitation is caused by the
scanning electron beam. Each element emits a characteristic spectrum, of which the peaks
correlate with the transition between two electron shells of the atoms. Thus the composition
can be identified by looking at the complete spectrum emitted by the sample. Considering the
quantity of the X-rays — the height of the peaks — even a quantitative chemical analysis is
possible. However, for this purpose the incident beam energy and the resulting excitation bulb
has to be taken into account. An incident electron beam excites a volume starting at the point
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where the beam strikes the sample. The penetration depth is correlated with the beam energy.
Thus the higher the beam energy is the more information is gained from the bulk. Since this
analysis is laborious, EDX has been used to determine the chemical composition only in cases
where a high spatial resolution was needed. For all other purposes XRF has been used.

Secondary Particle Mass Spectrometry (SIMS/SNMS)

Secondary particle (ion and neutral) mass spectrometry is a destructive method which helps to
determine the depth-resolved chemical composition of layers. For a compound semiconductor
like CIGS the chemical composition is essential. Furthermore the element distribution within
the layers is very important for the properties of the solar cell. To control potential grading and
monitor variations within thin layers of a layer stack this method is perfectly suited. It also
has a high detection sensitivity which makes it an ideal method for the detection of very low
concentrations and contaminations or other impurities within a certain layer.

The samples are sputtered with an ion beam and the particles ejected of the top layer are
identified by their mass. As layer by layer is removed a depth profile is generated. SNMS and
SIMS measurements were made with a SSM 200 from Leybold.

X-Ray Diffraction (XRD)

Since X-ray diffraction is usually used for crystal properties, it is explained in detail in sec-
tion 3.1.3, but it can additionally be used to give hints towards the chemical composition which
is why it is mentioned here. The peak position of the main CIGS-peak shifts with changing
gallium content for example.

3.1.2 Layer Texture

For thin film solar cells both the thickness of a layer and its morphology and surface proper-
ties are important. For the determination of these parameters various methods are used and
described in the following section.

X-Ray Fluorescence Analysis (XRF)

As already mentioned in section 3.1.1 where the method is introduced, the XRF can be used to
determine the layer thickness, too. With the help of a stored table the intensity of the measured
peaks can be converted into a corresponding layer thickness for a known sample configura-
tion. As it is a fast and non-destructive method which was used as a standard for the chemical
composition it is also used to monitor the thickness of all produced absorber layers.
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Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a common method for the imaging of surfaces and their mor-
phology. A focused electron beam is scanned over the sample and the secondary electrons are
collected with a detector and multiplied. The resulting image of secondary electron intensity
is displayed on a monitor. Differences in topology, material and chemical composition can be
detected. The microscope used for this work is a FEI XL30 SFEG Sirion scanning secondary-
electron microscope SEM) using a 5 keV acceleration voltage. It has a Schottky field emission
gun. The electron beam is generated with an acceleration voltage in the order of several kilo-
volts. It then gets focused on the sample surface by electric and magnetic lenses. There it
produces secondary electrons, back-scattered electrons, X-ray radiation, and other radiation.
The depth where this interaction takes place depends on the acceleration voltage and ranges
from less than 1 µm up to several µm below the surface. When looking at the cross section
one can determine the thickness of the various layers. This method is especially helpful when
dealing with new types of layers where the XRF method can not be used.

Confocal Laser Scanning Microscopy

For images with a high in-depth resolution confocal laser scanning microscopy is a method of
choice [219]. For the image acquisition a laser is focused on a certain depth of the specimen.
All light that stems from points above or below the focus is excluded by an aperture plate. After
sequentially scanning the sample at different depths an image containing three-dimensional
information is compiled.
This image can be combined with a conventionally obtained optical microscope image to have
colour information simultaneously. With an appropriate software one can determine amongst
other parameters the layer thickness and roughness of a sample. At ZSW a 3D laser scanning
microscope from Keyence (VK9700) is used.

3.1.3 Crystal Parameters

Since CIGS is a polycrystalline semiconductor, crystallinity, grain size and grain orientation are
relevant quality measures. At ZSW different techniques are used to determine these parameters.

Scanning Electron Microscopy (SEM)

The scanning electron microscope can be used to acquire images of the cross section through
a layer system. These images can help to determine the grain size in a polycrystalline film
and give hints on the grain size distribution. The working principle is explained in detail in
section 3.1.2.
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X-Ray Diffraction (XRD)

To obtain information about various phases and orientation of grains X-ray diffraction is an
important tool. It employs the elastic scattering of an X-ray beam from the electrons in the
examined thin film and gives information about the atomic structure and the crystallographic
properties in general.
The scattered radiation is detected angle-resolved. Each phase and crystal orientation gives a
specific set of peaks in the gathered spectrum according to the lattice spacing. By comparing
the gathered spectrum with data from the JCPDS (Joint Committee on Powder Diffraction Stan-
dards) database one can identify the different phases and orientation of phases present in the thin
film. All the measurements are performed with a Siemens D5000 (copper tube) at 40 kV tube
voltage and 40 mA tube current.

3.1.4 Optoelectronic Characterisation

For solar cells the optoelectronic characterisation is a central tool. It shows if the solar cell
performs the task it is fabricated for, how efficient it converts light into electricity and how
possible losses are caused. Therefore the current-voltage characteristics of all completed cells
are determined. For certain cells — especially for all cells with record efficiency — quantum
efficiency measurements are carried out.

Current-Voltage-Measurement (I–V )

Since the efficiency is one of the key parameter of solar cells and determines various other
things, for example the costs per Watt, it is essential to measure the solar cell characteristics.
Current-voltage curves are measured using a Keithley 238 source-measure unit under simulated
AM 1.5 global solar irradiation with an ORIEL 81192 sun simulator at 100 mW cm−2 to extract
the basic solar cell characteristics.

Quantum Efficiency (QE)

For wavelength dependent effects and to verify the short circuit current measured with the sun
simulator the external quantum efficiency is determined. With this method the probability is
measured with which an incident photon of a certain wavelength will add to the photo current.
It is called external as the transmitted and reflected photons are taken into account even though
they generally can not add to the photo current.

We use OptoSolar SR 300 set-up with a xenon lamp as a white light source and a monochro-
mator to extract the desired wavelength. With a chopper and a lock-in amplifier the signal to
noise ratio is improved. Before each measurement a calibration measurement with a silicon and
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a germanium solar cell are made. With these the response of the measured cell can be evaluated
quantitatively and by integrating over all wavelengths the exact short circuit current can be de-
termined.

With all the methods described above a wide range of analytical techniques is available for
the sample analysis and used in this work for the characterisation of single layers and complete
cells.

3.2 Precursor Preparation

As already mentioned in chapter 2.5.2 non-vacuum methods are in general two step methods.
For safety reasons both on laboratory scale now and in a potential future industrial fabrication
we concentrated on selenium-free precursors which are selenised during the second step. Dif-
ferent material classes were used for these precursors: One category uses metal salts with a
binder material (see chapter 3.2.1), another one uses nanoparticles (see chapter 3.2.2). Addi-
tionally, as a vacuum-based reference process, precursors sputtered from an alloy target were
used (see chapter 3.2.3).

3.2.1 Metal Salts with Binder Material

For the metal salt precursors a method developed at ETH Zürich was adopted [18]. The proce-
dure of sample preparation can be seen in fig. 3.1.

Ink Preparation

Due to their good availability and low price nitrates and chlorides were used as metal salts:
Copper and gallium nitrate and indium chloride are dissolved in methanol. For some samples
only copper nitrate and indium chloride are used to obtain gallium-free layers. The binder
material — ethylcellulose — is dissolved in 1-pentanol. The binder material is necessary to
avoid dewetting of the substrate and cationic segregation due to different solubility. A few
hours before the deposition the two solutions are mixed together. The complete ink can not be
stored for a long period because a precipitation of white powder occurs after a few days [162].
So as soon as the two solution are mixed entirely the deposition process should be started.

Doctor Blading

Doctor blading is a fairly simple method for paste coating. The results obtained with this method
can easily be transferred to more sophisticated printing techniques. First, the printing paste is
placed on the substrate onto which the material is to be deposited. Then the doctor blade is
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Figure 3.1: Procedure for Preparation of Metal Salt Precursors.
Beginning with the raw materials the inks for doctor blading are prepared. Af-
ter the deposition the films are heated up - first to dry them and then to higher
temperatures to decompose the binder.

moved with a well-defined velocity slightly above the substrate. In this way the material can
flow out through the accurately adjusted gap between the blade bottom and the substrate (see
figure 3.2). In our case a tool by the Swiss company Zehntner GmbH Testing Instruments has
been used which allows to adjust the gap steplessly. The resulting film has a uniform thickness,
which is influenced among other parameters by the blade distance and velocity. It has to be
dried to eliminate the solvent.

Preheating

After depositing the ink onto the substrate it is dried at an elevated temperature for some min-
utes. Thereafter the layers are sintered in air at 250 ◦C to 350 ◦C. During this the ethylcellulose
is burned, which produces a change of the colour of the film, indicating the end of the sintering
process [162]. This step is decisive for the later adhesion of the selenised layer.

Resulting Layers

The result is an amorphous, homogeneous layer with a thickness of approximately 1 µm, which
can be seen in figure 3.3. With the XRF thickness routine (see section 3.1.2) one can determine
an equivalent thickness of the precursor. This thickness is not a true absolute value but can
be used to find relative deviations within the film. In figure 3.4 one can see that the edges are
in general thicker than the central part. At the position where the blading process starts the
precursor layer is usually thinner and towards the end of the process the depleted solution leads
to slightly thinner layers and uncoated areas.
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Figure 3.2: Doctor Blading of Metal Salt Solution.
After placing the printing paste on the substrate it is distributed evenly with the
doctor blade using a well-defined gap and coating velocity.

Figure 3.3: SEM Image of Doctor Bladed Metal Salt Precursor.
In the SEM image of the doctor bladed precursor on can see an amorphous, ho-
mogeneous layer with a thickness of approximately 1 µm.
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Figure 3.4: Mapped Thickness of Doctor Bladed Metal Salt Precursor Measured
by XRF.
While the edges, the beginning, and the end of the deposited layer show inhomo-
geneities the central part of the precursor is smooth.

To estimate the quality of a precursor layer the spatial deviations of the chemical composition
are an important criterion. The XRF measurements can be used to determine CGI and GGI
(see section 3.1.1). In figure 3.5 one can see that the deviations are independent of the blading
direction. They are in the range of ±10 % which of course is improvable but does not deteriorate
the absorber layer.
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(a) CGI (b) GGI

Figure 3.5: Composition of Doctor Bladed Metal Salt Precursor Measured by
XRF.
The chemical composition of doctor bladed precursors is fairly uniform. Both
CGI (a) and GGI (b) show only small variations. These variations are independent
of the blading direction.
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3.2.2 Nanoparticles

For the nanoparticles approach elemental copper and indium particles were used. They are
commercially available and even though the quality is not high grade, solar cells can be fabri-
cated with them. Details of the analysis, the facrication of precursors, and the selenisation can
be found in [19, 220].

Material Characterisation

For the copper particles the manufacturer of the nanoparticles (CANANO TECHNOLOGIES)
states that they are pure copper particles with either a shell of copper oxide or of a copper cobalt
alloy. Since no cobalt could be detected during all our analysis its assumed it is a copper oxide.
The indium particles have an oxide shell as well. With SIMS/SNMS measurements the oxide
content in the fabricated layers could be determined around 20 mol%. It cannot be distinguished
between oxygen originally present in the particles and oxygen from the preparation process.
Quite surprisingly significant gallium contaminations can be found in the copper particles (over
6 mol%). As it is no typical contamination for copper it is assumed that it is caused by the special
fabrication process of CANANO TECHNOLOGIES. The second batch which was purchased
did not contain any gallium anymore.

The size of the primary particles is 10 nm to 100 nm. However, they form agglomerates of
about 20 µm and larger. These agglomerates have to be taken into account when preparing the
ink and the films, as they will otherwise be detrimental to the fabrication of thin films.

Ink Preparation

Particle-based inks are fabricated in two ways: With and without a stabilising agent.
Inks without a stabilising agent are fabricated by dispersing the nanoparticles in ethanol.

The resulting slurry is homogenised with an ultrasonic generator (SONOPLUS HD 3100 by
Bandelin). During the application of the ultrasonic sound the slurry is cooled by a simple water
cooling system.

The preparation of inks with stabilising agent involves more steps the details of which are
described in [220]. The resulting inks can be used for doctor blading of precursor films.

Spin-Coating

For this method the substrate is flooded with the ink, the excess is spun off, and a uniform
layer of precursor remains. The method itself is not suitable for industrial production, but
for research purposes it is particularly suitable as a wide range of viscosities can be covered
and small substrate areas can be used. Thus it presents an opportunity to test a variety of ink
formulations. It was used mainly for inks without stablilising agent.
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Doctor Blading

A thicker paste with stabilising agent was used for this technique. It faciliates the coating
enormously and furthermore it provides the possibility to compare the gained results more easily
to the ones with metal salts. Unfortunately it yields a gradient along the blading direction, both
in composition and in thickness. It is important to keep this in mind when choosing sample
parts for the detailed examination.

Reduction

As described in chapter 2.5.2 most metallic nanoparticles are covered with an oxidised shell.
For a selenisation in H2Se the oxides would not cause any problems. Nonetheless one require-
ment for the selenisation was to avoid the highly toxic H2Se. Thus the removal of oxygen
and the introduction of selenium into the film is separated. To get rid of the oxygen a reduc-
tion step is introduced in the precursor preparation. The reduction could not be carried out in
a plasma chamber (with forming gas) nor with any other conventional equipment available at
ZSW. Therefore a new set-up has been built for the reduction on a lab scale. This set-up is
designed on the basis of standard equipment used for redox experiments and can be seen in
figure 3.6. The main apparatus consists of a quartz glass tube closed with two plugs, which has
a carbon carrier inside to secure homogeneous distribution of the introduced heat (A). The gas
flows through two washing bottles, one containing acid sulphur to dehumidise the gas and one
empty bottle serving as splash guard. After purging the tube with nitrogen the hydrogen can be
introduced (B and C). At the end of the reaction area the gas leaves the glass tube via a sec-
ond, bent glass tube where a copper net avoids oxygen introduction. The remaining hydrogen
is burnt off (E) mainly for security reasons. Additionally the colour of the flame can act as an
indicator wether any other species leave the precursor film. The heat needed for the reaction is
introduced via a Bunsen burner. The reaction temperature is always kept well below 500 ◦C and
the time used for reduction is typically less than 5 min. The colour of the films changes dra-
matically indicating a change in the composition. Consequently, SIMS measurements show a
significantly lower oxygen content of the reduced samples (see figure 3.7). The resulting layers
can be used for the selenisation step. To avoid re-oxidation the samples have to be transferred
to the furnace as quickly as possible.
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Figure 3.6: Reduction Equipment.
For the reduction of oxygen-containing nanoparticle-based films a lab scale appa-
ratus was set up. The samples are heated in a quartz tube with hydrogen atmo-
sphere. The rest of the set-up is due to safety reasons with regard to the usage
of hydrogen and to avoid undesired introduction of oxygen after the reduction. A
detailed description is given in the main text, figure taken from [220]

(a) untreated precursor layer (b) reduced precursor layer

Figure 3.7: SIMS and SNMS Measurements of Nanoparticle Precursor Layers.
While untreated precursor layers show a significant oxygen content throughout
the layer, after reduction a significant amount of oxygen can be found only at the
surface. Within the layer the oxygen content is substantially lowered.
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3.2.3 Sputtered Alloy

As our fabrication process for CIGS layers comprises two steps it is important to be able to
distinguish the influence of the different steps. Thus a conventional vacuum-based deposition
method for precursor layers is needed as a reference process. In order to stay with simple one-
step deposition methods an alloy target consisting of copper, indium, and gallium is used. This
single deposition step is simpler than, for example, the conventional SEL process described in
section 2.5.1. It still is a relatively cheap process so that the results should be comparable in
quality to those of the vacuum-free processes.

Sputtering Details

The target used for the precursor preparation is by Heraeus and is fabricated from micro-alloyed
powder with 48.5 at% copper, 38.5 at% indium, and 13.0 at% gallium [221]. Standard parame-
ters for the sputtering process are a DC power of 0.5 W cm−2, an argon flow of 30 sccm, and no
additional heating of the substrates [222]. In general a precursor layer with 1 µm thickness is
needed in order to obtain a absorber layer of 2 µm. This thickness corresponds to a sputtering
time of 1000 s. For a better understanding of the sputtering process this time is varied from
100 s to 2000 s in certain experiments. The process gas pressure usually is 10 µbar and is varied
in some experiments from 1 µbar to 15 µbar.

Layer Characteristics

Obviously with increasing sputtering time the thickness of the precursor layers increases. How-
ever, the morphology and particularly the surface character change as well with increasing sput-
ter time. The sputter rate is roughly one nanometer per second. Precursor layers are two-tier —
they consist of a rather homogeneous part adjacent to the molybdenum and a more corrugated
irregular top layer.

At the beginning of the sputter process the bottom layer is formed with a morphology com-
parable to that of the molybdenum layer. After 100 s of sputtering only scattered island-like
beads can be seen on top of the bottom layer (see figure 3.8). With increasing time more and
more area is covered by the irregular top layer. After 2000 s the bottom layer can hardly be seen
any more. EDX allows a space resolved measurement of the chemical composition which is
quite different for bottom and top layer (see table 3.1). The composition of the complete layer
is copper-poor which is important for the subsequent selenisation, since copper-rich conditions
usually lead to shunted solar cells.

Another important parameter to influence the characteristics of the precursors prepared with
the sputter process is the pressure in the chamber during this process. Its influence on layer
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Figure 3.8: 3D-Microscope and SEM Pictures of Sputtered Precursors with Dif-
ferent Sputter Times.
For short sputter times only scattered island-like beads have formed on a rather
homogeneous bottom layer. With increasing sputter time more and more area is
covered by the irregular top layer.

Layer Cu/at% In/at% Ga/at% CGI

bottom layer 64 21 15 1.78
top layer 44 48 8 0.79
complete layer 46 43 11 0.87

Table 3.1: Chemical Composition of Sputtered Layer Measured by EDX.
While the bottom layer of the sputtered precursor is copper-rich, the top layer
is copper-poor and indium-rich. The complete layer has a copper to indium and
gallium ratio (GGI) of 0.87 for 1000 s sputter time.
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properties like morphology and composition is studied in detail in [222]. The morphology can
be changed only slightly whereas the composition can be adjusted more easily with this process
parameter.

For all experiments shown in the following chapters the standard parameters of 1000 s and
10 µbar are used. The roughness of these precursors is tested with the help of the confocal 3D-
microscope (see figure 3.9). This rough surface facilitates the subsequent selenisation where the
actual absorber is formed. For its resulting thickness to be homogeneous the precursor layers
as well have to be homogeneous in thickness and composition. With the same colour code for
relative deviations from the absolute thickness as in figure 3.4 the differences in thickness can
hardly be seen. Only when two samples from the same sputtering process are measured and
displayed next to each other small thickness variations due to the sputter chamber configuration
can be seen (see figure 3.10). Like mention in the section about metal salt based precursors
(3.2.1) one has to keep in mind that the precursor thickness measured by XRF is an equiva-
lent thickness as the evaluation routine is optimised for complete absorber layers, yet a relative
comparison is possible and even the absolute values are in relative good agreement to SEM
measurements of the average thickness. Furthermore the homogeneity in the composition of
the precursor layers is very high and only small deviations can be found (see figure 3.11). Once
again to facilitate comparability the same colour code (for relative deviations) as for the doctor
bladed metal salt based precursors in figure 3.5 is used.
All in all these sputtered precursors serve as a good reference for the non-vacuum precursors as
they are fabricated reproducibly and homogeneously.

In this chapter the fabrication of three groups of precursors has been described — two of these
with non-vacuum methods and one with the conventional sputter method which acts as a refer-
ence process. All three groups of precursor layers are selenised in the subsequent step which is
described in detail in the following chapter.
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Figure 3.9: Roughness of Sputtered Precursors.
In general the sputtered precursors have a rough surface which can be seen clearly
in this figure. The length of the white bar shows 10 µm.

Figure 3.10: Mapped Thickness of Sputtered Precursor (Two Samples) Mea-
sured by XRF.
When measuring the thickness of two samples next to each other the small thick-
ness variations due to the sputter chamber configuration can be seen.
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(a) CGI (b) GGI

Figure 3.11: Composition of Sputtered Precursor Measured by XRF.
The chemical composition of sputtered precursors is very uniform. Both CGI (a)
and GGI (b) show only small variations. These variations are caused by the sputter
chamber configuration.



Chapter 4

Selenisation of Precursors

Non-vacuum preparation methods for CIGS solar cells are all based on a sequential process.
As the conventional preparation method at ZSW is co-evaporation, no established selenisation
method was available. However, this is a crucial part of the preparation, since formation and
crystallisation of the CIGS compound take place in it (see figure 2.10). Thus a very important
task within this work was to establish a selenisation method and come to terms with the pecu-
liarities of sequential processes. The following chapter gives an overview over the developed
selenisation method and the most important results obtained with it. After an introduction into
the topic of selenisation in general (4.1), the details of the developed selenisation method are
explained (4.2) and then the results achieved with various precursors are presented. This starts
with the non-vacuum based precursors, first the ones made from metal salts (4.3) and after that
the ones based on nanoparticle inks (4.4), and then as a reference the sputtered precursors (4.5)
are discussed.

4.1 Overview

In this section an overview of the selenisation step both in general and specific for this work is
given. First the common research in this field conducted prior to this work is reviewed and later
the standards for our specific selenisation method are shortly discussed.

Both for conventional and for non-vacuum preparation selenisation of precursor layers is an
important step. During this step the selenium is incorporated into the chalcopyrite structure.
The energy needed for it usually is provided through high temperatures during the process. The
reaction path of the selenisation process is topic of various publications [135, 136, 223–226]. In
general one can say that in the first phase of a selenisation — either at lower temperatures or just
at the beginning of the process — binary selenides are formed. At higher temperatures or later
in the process these binary selenides react to form the complete chalcopyrite. First the indium-
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containing species and at higher temperatures the gallium-containing species are formed. The
precise reaction path depends on the selenisation conditions.
Several research groups work in the field of selenisation, thus many different ways of selenising
various precursor layers have been investigated. One way to differentiate all these approaches is
the chemical form of the selenium. Elemental selenium (whether cracked or not) and in a com-
pound with hydrogen (H2Se) are the most common possibilities, but other selenium-containing
molecules have been used for selenisation as well.

Elemental Selenium — The most simple approach uses elemental selenium. Its reactivity
is relatively low as selenium usually consists of clusters (mainly rings) of more than 4
atoms — usually 8, [227–229]. Hence this method is not applicable to oxides in general.
For such precursors a preceding reduction step is required. However, it works for most
other precursors and is therefore widely used for the selenisation step [129, 136, 138,
139, 230, 231]. The challenge for this method is to achieve a high partial pressure in the
selenisation chamber early enough during the selenisation. Thus some groups for example
use a closed graphite box with a selenium excess to ensure a high enough partial pressure
of selenium [129, 232]. Another commonly used method is to evaporate amorphous
selenium on top of the metal layer stack (SEL — stacked elemental layers) [233, 234].
With this method the presence of enough selenium at the beginning of the process is
ensured without having an external selenium source.

Cracked Selenium — To avert the rings that are common for elemental selenium [228] and
still avoid the toxicity typical for H2Se selenium is activated ("cracked") [235, 236].
There are different methods for the cracking itself. Ishizuka et al. use RF-cracked se-
lenium [237, 238], although plasma-assisted cracking is possible, too [239].

Hydrogen and Selenium / H2Se — The most effective method so far uses H2Se. Alberts et al.
compared elemental selenium and H2Se and found that H2Se is much more effective [140,
240]. It is applicable to all precursors. Important drawbacks are its high toxicity which
requires sophisticated safety measures [241] and the high material and process costs.

Other Selenium Supplies — Other selenium containing compounds are used for the selenisa-
tion as well. Diethylselenide which is used by Sugiyama et al. is an example [242] as well
as dimethyl selenide complexes [243, 244] and ditert-butylselenide [245] or selenoamide
which decomposes to H2Se at relatively low temperature [246]. They are not commonly
used yet, but nonetheless basic research is done [141, 242–245, 247–249].
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4.1.1 Specific Selenisation Tasks

In this work there is no selenium in the precursor layers, the selenisation is done completely
during the second step of the sample preparation. The incorporation of selenium and the for-
mation and crystallisation of CIGS have to take place in this step. The selenium is provided in
elemental form to avoid safety issues inherent to other methods. For the metal salt based pre-
cursor the binder material was supposed to vanish. As it does not vanish completely a residual
carbon layer between evolving absorber and molybdenum back contact is formed during the
selenisation.

4.2 Selenisation Details

After explaining the selenisation in general the ZSW specific method is described in detail in
the following section. First the typical selenisation set-up is exemplified and then the critical
parameters are specified. With these parameters a standard selenisation is described. In the end
of this section a reference for a vacuum-based selenisation is presented.

4.2.1 Selenisation Set-Up

The selenisation set-up was designed to use low-cost equipment and process steps to demon-
strate the potential of a real low-cost preparation approach. As oven a tube furnace by Carbolite
as shown in fig. 4.1 is used. While the furnace itself is a commercially available set-up, the
tube, the slide carriers, the housing, in brief all the surroundings are specifically designed and /
or assembled for this particular set-up.
As selenisation tube a stainless steel tube is used. It is robust, durable and relatively cheap. All
these properties together with its low reactivity to selenium make it a suitable material for a
selenisation tube. It has a diameter of 10 cm and is more than twice as long as the furnace. Its
length allows for the oven to be slid completely away the sample holder within the tube without
opening the tube or moving the samples.
The oven itself can reach a maximum temperature of 1200 ◦C at its middle position and has a
temperature profile which is influenced by the thermoconductivity of the stainless steel tube.
This profile can be used to define a lower temperature for the selenium source by positioning it
away from the centre position towards the cooler furnace edge.

Configuration

In figure 4.2 a schematic representation of the selenisaton set-up is shown. It consists essentially
of the furnace, the steel tube and a slide carrier where both the samples and the selenium source
are placed on (see figure 4.3). On the rightmost end of the tube there is a needle valve which
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Figure 4.1: Tube Furnace by Carbolite.
For the selenisation step a commercially available tube furnace by Carbolite is
used. A maximum temperature of 1200 ◦C can be reached with the oven itself, but
the stainless steel tube used in this set-up sets a limit for the temperature which is
lower — roughly 750 ◦C.

Figure 4.2: Schematic Selenisation Set-Up.
Both the tube furnace and the sample carrier are slidable to allow for different
settings: In the beginning of the selenisation the slide carrier is inserted into the
tube furnace, at the end of the process the furnace is moved away to accelerate
cooling-down. Auxiliary equipment ensures a controlled atmosphere within the
tube during the whole selenisation step and avoids undesirable leakage of sele-
nium.



4.2. SELENISATION DETAILS 57

(a) mounted samples (b) selenium source

(c) slide carrier

Figure 4.3: Slide Carrier with Samples and Selenium Source.
The slide carrier offers a large area for samples on the left and a flexible position
for the selenium source on the right.



58 CHAPTER 4. SELENISATION OF PRECURSORS

helps control the nitrogen gas flow. On the left side a tube branches off to the rotary vacuum
pump. A cold trap where the selenium is precipitated is located before the pump.Likewise on
the left side, a gauge head is placed with which the process pressure is measured. To have a
flexible set-up not only the furnace but also the carriers are slidable. While the selenium source
is placed closer to the nitrogen purge the samples are mounted on the plane on the left side where
the nitrogen and the selenium are pumped out. The complete carrier is a modular system so that
it offers various possibilities to place and fix samples with respect to the selenium source. Even
though there is a possibility to place samples at a different angle to the tube axis all experiments
shown here are made on the carrier with an angle of 0◦ as it is the one which offers the largest
area.

During the preheating of the furnace the carrier is placed in the leftmost position to ensure
that the samples remain at a lower temperature while the furnace is heated to the preset tem-
perature. When the furnace and the tube have reached this temperature the selenium source is
preheated for a short time and then the samples are slid into the heated region of the furnace. To
avoid unacceptable leakage of selenium a special lead-through at the left end of the tube where
the sample holder is inserted and a speedy handling during the selenisation are necessary.

4.2.2 Influencing Factors

Each selenisation is defined by a set of parameters. The most important ones are the temper-
atures — both of the selenium source and of the samples. While the maximum sample tem-
perature can easily be set by adjusting the furnace temperature, the controlling of the selenium
source temperature is more difficult:
To allow for a temperature difference between samples and source the temperature gradient of
the furnace can be used and the position of the source on the carrier determines its temperature
during the process. This resulting temperature is influenced by various other factors and thus
this position has to be determined for each selenisation variation individually.

As mentioned above the selenium source is preheated shortly before the selenisation itself. The
temperature of this preheating step (determined by the position in the furnace) and its duration
are other important parameters. The duration of the complete selenisation is defined as follows:
It starts after the preheating of the selenium source with the insertion of the samples into the
heated zone of the tube and it ends with the removal of the furnace. However, especially for
very short selenisations, the process does not stop then since both samples and selenium source
are still kept hot by the heated steel tube.

During the selenisation step the tube is purged with nitrogen as a carrier gas at a constant
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nitrogen flow. In general the pressure is 10 mbar. To analyse the pressure dependence process
pressures between 0.1 mbar and 100 mbar were used.

4.2.3 Standard Parameters for Influencing Factors

The selenisation method described here has been tested and optimised for various precursor
materials. The main focus of this work are vacuum-free prepared absorber layers. Therefore
two types of printed precursors have been used. One sort has been printed with an ink based on
metal salts and a binder material (MS-EC) and another one with nanoparticles (NP). In addition
sputtered precursors (SP) have been used as reference samples. The details of the precursor
preparation are presented in chapter 3.2.

For standard selenisation processes the most important parameters are kept the same unless
stated otherwise. The pressure is always kept below atmospheric pressure for safety reasons. In
standard selenisations it is adjusted to 10 mbar. The temperature of the tube furnace during the
selenisation step is set to 550 ◦C while it has higher temperatures (650 ◦C to 700 ◦C) during the
preheating phase. The duration of the standard selenisation (as defined above) is 30 min. Even
though for the different precursors different durations are ideal.

4.2.4 Reference Selenisation – High Vacuum Selenisation (HV)

The preparation of chalcopyrite absorber layers is a two-step process. As both steps were newly
implemented at ZSW during the last years it is advisable to have a conventional reference pro-
cess which is reliably reproducible. For the precursor preparation the sputter process is devel-
oped as such a reference process (see chapter 3.2.3). For the selenisation step a similar reference
is needed.

To have a vacuum process a CIGS evaporation system is used where the metal sources are
switched off. The system simulates an in-line process, the samples are moved circularly over
a window through which the selenium vapour diffuses. A temperature profile can be seen in
figure 4.4. The selenium source is kept at a fixed temperature whereas the temperature profile
of the samples shows a steady rise with a distinct peak towards the end of the selenisation. The
complete process takes place in a high vacuum, the pressure is as low as about 1 × 10−6 mbar.
This low pressure is the reason why a lower selenium source temperature (of 350 ◦C) is needed
for the vacuum based method. The partial pressure of the selenium is still assumed to be higher
for this temperature. Many methods in literature use even lower temperatures for the selenium
source [207].
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Figure 4.4: Temperature Profiles for the Reference Selenisation.
While the selenium source is kept at the set temperature the temperature profile of
the samples rises steadily with a distinct peak towards the end of the selenisation.

4.3 Metal Salts with Binder Material — Doctor Bladed

With the selenisation described above various precursors are selenised. The precursor layer
preparation itself is explained in chapter 3.2.1. In the following chapter the selenisation of
doctor bladed precursors is discussed. During the selenisation the precursor layers are trans-
formed into CIGS absorber layers. The binder material forms a residual carbon layer between
the molybdenum back contact and the absorber layer (see fig. 4.5). Even though this carbon
layer is often much thicker than the actual absorber layer it does in general not impair the cell
operation. SIMS and SNMS measurements show that this carbon layer not only contains carbon
but also has residues from the metal salts. Especially gallium tends to stay in the carbon layer
and does not migrate to the absorber layer due to thermodynamics. Thus the resulting absorbers
often contain very little to no gallium at all. As is often the case for sequential processes, the
gallium concentration displays a stronger gradient than desirable.

In standard sample preparation the absorber layers are much thicker than shown here for our
doctor bladed precursors. With this method we managed only quite thin layers as the adhesion
of selenised layers deteriorated for thicker layers. Nonetheless we could demonstrate a power
conversion efficiency of 6.4 % for these very thin absorber layers (see fig 4.6). The CIGS layer
in this record cell has a thickness of slightly more than 200 nm. An SEM image (fig. 4.5) shows
the thin absorber layer and the rather low film quality. While Kaelin et al. demonstrated a power
conversion efficiency of 6.7 % [12], our samples had thinner absorber layers, so that, in general,
we could not reach the same efficiency.
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Figure 4.5: SEM Picture of a Gallium-containing Solar cell (Doctor Bladed
Precursor, Tube Furnace Selenisation).
In this SEM picture the complete solar cell can be seen. The absorber is fabricated
with a doctor bladed precursor by a tube furnace selenisation. Below the quite thin
absorber layer a thicker residual layer consisting mainly of carbon has evolved.

Parameter Value
Precursor Ga-containing

doctor bladed
Selenisation tube furnace
- temperature 550 ◦C
- duration 60 min
Selenium source standard
- temperature 490 ◦C

(a) parameters (b) I–V -characteristics

Figure 4.6: Characteristics of Tube Furnace Selenised Doctor Bladed Ga-
Containing Precursor.
I–V -characteristics show quite good results with regard to the thin absorber layer.
The residual carbon layer does not deteriorate the cell operation (see chapter 7).
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4.3.1 Gallium-free Precursor Layers

To study the influence of the additional carbon layer (see chapter 7) gallium-free precursors
were fabricated. With these precursors gallium-free carbon layers can be guaranteed. The re-
sults for gallium-free absorbers show no fundamental difference to the gallium containing layers
which already contain only a small amount of gallium. Nonetheless the maximum efficiencies
reached are lower as neither the precursor deposition nor the selenisation step were optimised
for these precursors which are not in the focus of this work. For the sake of completeness,
however, the results are shown here as well. The morphology is quite different to the standard
sample. The best cell shows a conversion efficiency of 3.3 % as one can see in figure 4.7.

4.3.2 Composition Change During Selenisation

The easy adjustment of the chemical composition in the printing ink is often mentioned as one
of the advantages of printing techniques for the fabrication of compound semiconductors. This
point only holds if the composition of the precursor layer, i. e. the ratio of the metals to each
other, is not altered during the selenisation step.

Whereas this is usually the case for sputtered precursors it is not always true for metal salt
based precursors (see table 4.1). For these precursors avoiding the changes in the chemical
composition during selenisation is challenging. For the originally used process options it was
much too high. SIMS-measurements show that gallium is largely left behind in the carbon layer.
The XRF-measurements measure the complete layer stack and show a strong indium deficiency.
These two effects together result in a copper excess which is detrimental for the solar cell op-
erational capability. Copper excess leads to a copper selenide phase which is highly conductive
and shunts the resulting solar cell. It can be etched away before buffer layer deposition, but the
resulting layer is still worse than a low copper grown film. Besides, with these material losses
(indium during selenisation, gallium in the carbon layer and copper and selenium during etch-
ing) the resulting layer is much thinner than it can potentially be. All these factors also lower
the efficiency substantially.

With an optimised selenisation the change in composition can be strongly reduced. We then
see an increase in maximum efficiency for this type of precursors.

4.3.3 Selenium Partial Pressure at Start of Crystallisation

For the selenisation process the condition of the selenium right at the beginning of the process
is crucial. If the complete slide carrier is inserted into the furnace at once the selenium source
is cold at the beginning and heats up more slowly than the sample. The low temperature of the
selenium source leads to a deficiency of selenium at the beginning of the selenisation which is
disadvantageous for the crystal formation and thus for the solar cell performance. Hence for
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Parameter Value
Precursor Ga-free

doctor bladed
Selenisation tube furnace
- temperature 550 ◦C
- duration 60 min
Selenium source standard
- temperature 490 ◦C

(a) parameters (b) I–V -characteristics

Figure 4.7: Characteristics of Tube Furnace Selenised Doctor Bladed Ga-Free
Precursor.
The Ga-free precursors are selenised with the same selenisation parameteres as the
Ga-containing layers. As neither the deposition nor the selenisation are optimised
for this type of precursor the efficiencies reached are much smaller.

selenisation simple optimised

copper / at.-% 36.5 26.2
indium / at.-% 5.6 16.9
gallium / at.-% 11.6 10.6
selenium / at.-% 46.3 46.3

Table 4.1: Composition Change for Different Selenium Partial Pressure at the
Beginning of the Selenisation With Metal Salt Based Precursors.
A simple selenisation with low selenium partial pressure at the beginning of the
step the composition change for metal salt based precursors is dramatic. With an
optimised selenisation where the partial pressure is already higher at the beginning
of the selenisation itself the change is much smaller.
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a favourable process the selenium source has to be preheated. In the case of the tube furnace
the slide carrier can be inserted only partly so that the selenium source is at a place with high
temperature while the samples are still in a region with low temperature.

The influence of this preheating step on the complete process is quite high. The composi-
tion of the resulting layer is closer to the desired composition (see table 4.1) and all solar cell
parameters are improved significantly, as one can see in fig. 4.8.

4.3.4 Efficiencies

In fig. 4.9 I–V -characteristics for the best solar cells fabricated with metal salt based precursors
are shown. The I–V -characteristics of the gallium-free sample basically show the fact that
neither the precursor deposition nor the selenisation process has been optimised for this type
of solar cells. The SEM pictures show that the layers are quite inhomogeneous especially in
thickness. As a result these cells are dominated by a poor fill factor. Moreover the high vacuum
selenisation process is not optimised for these cells. They show less current density even though
the composition should be the same. The tube furnace selenisation shows the high potential
of this preparation route. Even with very thin absorber layers which (due to the preparation
process) have a very low gallium content efficiencies up to 6.4 % are reached.

4.4 Nanoparticles — Doctor Bladed

The preparation of the samples with nanoparticle based precursor layers is described in chap-
ter 3.2.2. Even though highly oxidised commercially available nanoparticles are used solar
cells can be produced. As we will see in the following section the selenisation details have an
important influence on the success of such a preparation process.

4.4.1 Selenium Partial Pressure at Start of Crystallisation

For precursor layers based on nanoparticles the preheating of the selenium source is even more
important. Without the preheating no photovoltaic effect at all can be observed for most sam-
ples. Usually the fabricated cells are completely shunted regardless of the way they have been
treated prior to selenisation. With the optimised selenisation process typical diode characteris-
tics and the photovoltaic effect can be seen. As soon as the selenisation is adjusted one can as
well observe the effect of the treatment prior to the selenisation. The most important one, the
effect of the reduction, is explained in the following section.
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Figure 4.8: I–V - Characteristics of Different Selenisation Processes - Doctor
Blades Precursors.
The partial pressure of selenium at the beginning of the selenisation has a tremen-
dous effect on the performance of the resulting solar cells. All important solar cell
parameters are improved significantly by preheating the selenium source.
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Figure 4.9: I–V - Characteristics of Metall Salt Based Solar Cells.
With all tested preparation routes solar cells could be built. While gallium-free
solar cells are dominated by a poor fill factor the gallium containing samples show
a high potential for this type of precursors.

4.4.2 Reduction Prior to Selenisation

Untreated precursor layers fabricated with nanoparticles contain a high amount of oxygen which
prevents a complete selenisation. Thus a reduction is needed (see chapter 3.2.2). Comparing
the selenised films made from reduced and from untreated precursor layers XRD measurements
show that after reduction more of the desired CIS phase and less In2O3 can be found (see fig-
ure 4.10). Furthermore the SEM pictures show a higher degree of selenisation for the precursor
layers, which were reduced prior to selenisation. The SEM picture of the untreated sample
shows a thin top layer with CIS grains (size about 100 nm) with a small grained porous layer
underneath. Other groups observe this double layered structure as well where the lower layer is
only poorly reacted [12, 168]. The selenisation process seems to stop at this depth resulting in
only a thin CIS layer on top. SIMS measurements back up this model (see publication [19]).

Without a reduction oxides prevent a complete selenisation of the precursor layers. The
reduction can happen during ink preparation (accomplished by an additional ingredient) or with
hydrogen in a special reduction step after film preparation, prior to selenisation. For the solar
cell performance the reduction step is essential. While the untreated precursor layers reach a
maximum efficiency of 0.5 % after selenisation a reduction step prior to selenisation helps to
accomplish 3.5 % solar cells. More details for the nanoparticle based solar cells can be found
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(a) XRD

(b) SEM reduced sample

(c) SEM untreated sample

Figure 4.10: XRD and SEM of Selenised Nanoparticle Precursor Layers.
XRD measurements of samples after selenisation show that with a reduction step
more of the desired CIS phase and less In2O3 can be found. The SEM pictures
show a higher degree of selenisation for the reduced precursor layers than for the
untreated ones.
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in [220].

In summary we used commercially available nanoparticles in a low-cost deposition process
and selenised these layers in a tube furnace. The selenisation process had to be adjusted for
the nanoparticle based precursors and the layers needed an additional reduction. With these
measures efficiencies up to 3.5 % could be reached.

4.5 Vacuum-Based Reference Process — Sputtered

Even though the main focus is laid on non-vacuum methods it is important to be able to compare
the obtained results with conventional vacuum-based methods. Therefore a sputter process from
an alloy target has been developed to provide reference precursors (see 3.2.3). These layers
are selenised both with vacuum-based and non-vacuum methods. Although they are meant as
a reference for the printed precursors they show some distinct properties. Thus the optimal
process parameters for sputtered precursors are in general different to the ones optimally used
for printed precursor layers. In the following section some of those distinct characteristics are
discussed.

4.5.1 Selenium Partial Pressure at Start of Crystallisation

By comparing selenisations with a preheated selenium source to selenisations without preheat-
ing we find that for all considered precursors the selenisation with a preheated selenium source
is advantageous. With sputtered precursors we obtain working cells for shorter selenisation
durations with the improved selenisation. We can also see a strong increase in maximum ef-
ficiencies for these precursors. Solar cell parameters (especially the open circuit voltage) are
positively influenced by a preheated selenium source (see fig. 4.11).

4.5.2 Influence of Selenisation Duration

As described in the previous section two types of selenisation processes were used — one
with a simultaneous heating of both the selenium source and the samples and one where the
selenium source is preheated and the heating of the samples starts with a time delay. For these
two types of processes the influence of the selenisation duration on the sputtered precursors is
quite different. Therefore it is discussed separately. The general definition of the selenisation
duration is given in section 4.2.2.
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Figure 4.11: I–V - Characteristics of Different Selenisation Processes — Sput-
tered Precursors.
The preheating of the selenium source has an positive effect on the performance
of the resulting solar cells. Especially the open circuit voltage is improved signif-
icantly.

Low Selenium Partial Pressure at the Beginning of Selenisation

Without the preheating step the selenium partial pressure is low at the beginning of the se-
lenisation. With this low partial pressure short durations of selenisation lead to shunted cells.
For longer durations a change takes place and a photovoltaic response can be observed. For
durations of 60 min quite good cells are fabricated. We assume that it can be explained by a
selenium deficiency during the heating phase and the beginning of the process. However, it
does not effect the crystallinity (as seen in XRD-measurements) nor the chemical composition
of the cells after the selenisation.

In general we can say that the selenisation duration has a strong effect for processes without
preheating of the selenium source.

High Selenium Partial Pressure at Beginning of Selenisation

For the optimised procedure of selenisation with a preheated selenium source the influence of
the selenisation time is analysed in more detail (see [222]). Selenium and gallium gradients and
the crystal phases have been analysed.



70 CHAPTER 4. SELENISATION OF PRECURSORS

SIMS measurements were performed on samples selenised for 12, 25, 40, and 60 min. By
monitoring the ratio of selenium to metals (SCGI) one can see how far the selenisation reaches
(see figure 4.12). For a selenisation duration of 12 min the selenium does not reach the molyb-
denum back contact. The SCGI is below 1 for most of the absorber layer. The selenisation is
not complete yet. After 25 min the precursor is completely selenised. The selenium has reached
the back contact, the metals of the precursor layer have reacted with the selenium. The SCGI is
1 for the complete absorber layer. Only after 40 min a molybdenum selenide layer is formed at
the back contact, this layer is observed for the 60 min samples as well and can be identified by
the SCGI above 1. This selenide layer is important for the operation of the completed solar cell
and its formation is studied in the following chapters.

Moreover the ratio of gallium to gallium and indium (GGI) profile changes with selenisa-
tion duration (see fig. 4.13). For short durations when the selenisation is not complete the GGI
profile is not much changed compared to the precursor layers. When the selenisation process is
complete the GGI profile shows the typical gallium gradient which can be found for sequential
processes. For 25 min this gradient is too strong, longer selenisation durations can even out this
strong gradient. With samples selenised for 90 min (taken from another series of selenisations)
this can particularly clearly be seen.

XRD measurements show similar results for the selenisation processes with various selenisation
times [222]. After 7 min beside copper indium alloys a CIGS phase can be found. Furthermore
a peak related to Cu(In,Ga)3Se5 is observable. After 25 min no critical metallic phases can be
detected anymore. For this optimised selenisation procedure the same duration of 60 min results
in the best efficiencies. The reason for this is presumably related to a less pronounced gallium
gradient.

4.5.3 Efficiencies

For sputtered precursors the tube furnace selenisation leads to the best results as well (see
fig. 4.14). The selenisation in the high vacuum chamber (see chapter 4.2.4) leads to much
poorer efficiencies which are mainly caused by a lower open circuit voltage and a lower fill
factor. Since the adhesion of the selenised absorbers is quite poor in addition, one possible
explanation is a too strong selenisation of the molybdenum layer underneath leading to high se-
ries resistances and poor adhesion. While the HV samples do not exceed an efficiency of 5.6 %
the samples selenised vacuum-free in the tube furnace reached efficiencies as high as 13.7 %.
This is a very promising result for such a simple precursor deposition technique and shows the
potential of the selenisation process developed here.
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Figure 4.12: Selenium to Metals Ratio Profiles for Selenised Sputtered Precur-
sors.
SIMS measurements show that precursors selenised for 12 min are only selenised
in the top part of the precursor. After 25 min the absorber is completely formed
and after 40 min the formation of a molybdenum selenide layer starts.
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Figure 4.13: Gallium to Gallium and Indium Ratio (GGI) Profiles for Selenised
Sputtered Precursors.
During SIMS measurements precursors selenised for 12 min show a GGI profile
similar to the precursor layers. Complete selenised layers have the typical strong
gallium gradient which gets less pronounced for longer selenisation durations.
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Figure 4.14: I–V - Characteristics of Sputtered Precursors — High Vacuum and
Tube Furnace.
The I–V - characteristics show clearly that the selenisation process in the high
vacuum chamber is not optimised yet. The tube furnace selenisation yields effi-
ciencies up to 13.7 %.

The sputtered precursors demonstrated their ability to serve as reference samples during the
selenisation process in principle. However, it is not possible to optimise the selenisation pro-
cess with sputtered precursors and use this optimised process for all possible precursor layers.
They show a huge potential of the process, but the detailed parameters have to be determined
individually for each precursor alternative.

4.6 Conclusion

For the preparation of non-vacuum deposited precursor based solar cells a basic non-vacuum
selenisation has been developed. For each type of precursors other factors are optimum. The
parameters for the standard selenisation are chosen to yield optimum absorber layers made from
non-vacuum precursors.
A long selenisation duration can help to homogenise the gallium gradient which tends to be
too steep in sequential processes. Apart from the duration the beginning is an extremely sensi-
tive phase during the selenisation. For functional absorber layers the selenium partial pressure
during that phase is decisive. By preheating the selenium source a sufficiently high selenium
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supply can be ensured at the beginning of the process.
With such optimised selenisation conditions efficiencies of 6.4 %, 3.5 %, and 13.7 % could be
reached for metal salt based, nanoparticle based and sputtered precursors, respectively. The
solar cell parameters for selected results can be found in table 4.2.

After understanding what influence factors are most important during selenisation we concen-
trate on the back contact interface as a next step. The influence of the selenisation on the back
contact properties is discussed in the following chapters.
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Table 4.2: Solar Cell Parameters of Selected Results.
This table shows the most important solar cell parameters of the best cells for the
investigated preparation routes. (MS-EC: metal salt - ethylcellulose, NP: nanopar-
ticles, SP: sputtered, TF: tube furnace selenisation, HV: high-vacuum selenisa-
tion)





Chapter 5

Molybdenum Diselenide Formation

In the standard configuration of a chalcopyrite solar cell the back contact interface involves a
molybdenum selenide (MoSe2) layer as a crucial part. In the following chapter the formation
of the MoSe2 itself is discussed. First a short overview is given (5.1). Then the influence of the
molybdenum characteristics (5.2) and the selenisation process (5.3) is discussed.

5.1 Overview

An important part of the back contact interface in CIGS solar cells in general is a molybde-
num selenide layer. As soon as molybdenum is heated in a selenium atmosphere corrosion
of the molybdenum layer takes place and a MoSe2 layer is formed. MoSe2 is important for
a good contact between back contact and absorber. Even in systems which use another back
contact material than molybdenum often a thin layer of MoSe2 is inserted [250] even though
for the optical characteristics of a standard molybdenum back contact the thin layer of MoSe2 is
deteriorating as the combination of molybdenum and molybdenum selenide arrange for a non-
reflecting black back contact [115].

The crystal structure of the molybdenum selenide is similar to that of molybdenum sulfide [251].
Fig. 5.1 shows a schematic representation of the structure. It forms triple layers and the orienta-
tion of these layers with respect to the substrate is important for its application in chalcopyrite
solar cells. More details on the interface and the molybdenum selenide itself can be found in
chapter 2.4.2.
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Figure 5.1: Crystal Structure of Molybdenum Selenide.
The crystal structure of molybdenum selenide is similar to that of molybdenum
sulfide. It forms triple layers which can have various orientations with respect to
the substrat surface.

5.1.1 Studied Parameters for Molybdenum Selenide Formation

Molybdenum Fabrication

For these experiments molybdenum covered glass substrates are fabricated by a single target but
several passes. For the fabrication process the sputter power and the sputter pressure are varied.
Values for the standard molybdenum process are 2.5 µbar for the pressure during sputtering and
6.1 W/cm2 as the sputter power density. With a carrier velocity of 20 cm/min these parameters
yield a layer thickness of around 500 nm molybdenum. In addition to these standard layers
samples are fabricated with lower pressure (1.0 µbar) and a higher and lower sputter power den-
sity (3.0 W/cm2 and 8.0 W/cm2, respectively). To obtain the same thickness for all samples the
velocity of the transport carrier is adjusted to the sputtering power. One set of samples is fabri-
cated with standard parameters and additional oxygen as process gas. This helps to understand
the influence of oxygen in the molybdenum layer during selenisation.

The structure of the molybdenum film and its texture are strongly influenced by the sputter
parameters, mainly the argon pressure and the energy density [252, 253]. Moreover the con-
ductivity is determined by the sputter parameters. With a low argon pressure highly conductive
films which show adhesion problems are deposited. With a higher pressure the adhesion is
much better, yet the conductivity is poor [253]. Thus often the back contact is built by two (or
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even more) layers — a seed layer with good adhesion and a top layer with high conductivity.
Another important characteristic of the molybdenum layer is the diffusivity of sodium through
the film. It seems to be determined by the sputter parameters as well [254].

Selenisation

The molybdenum films are subsequently selenised with different selenisation processes. Pre-
liminary test have shown that too little molybdenum selenide is formed with a substrate temper-
ature of approximately 450 ◦C. Thus all selenisation processes are carried out with a substrate
temperature of at least 550 ◦C.

Standard selenisations are accomplished in a tube furnace which is introduced in section 4.2.1
where details regarding the selenisation process can be found additionally. The investigated
parameters are process pressure, the substrate temperature, and selenium source temperature .
The standard pressure is 10 mbar, moreover 0.1 mbar, 1 mbar, and 100 mbar are used for these
experiments. The standard substrate temperature is 550 ◦C, it was raised to 600 ◦C for some
runs. The selenium source temperature was 420 ◦C and 480 ◦C for the lower substrate tempera-
ture and 450 ◦C for the higher one.

5.1.2 General Remarks about Formation Experiment

In general MoSe2 was built mostly perpendicular to the substrate — [1,0,0]- and [1,1,0]-orientation.
The [0,0,2]-orientation, parallel to the substrate, was hardly found. Exemplarily the selenisation
with the strongest selenide formation is shown in figure 5.2. Even for this selenisation the peak
at 13.6◦ corresponding to the [0,0,2]-orientation can not be found. However the peaks at 31.6◦

and 56.0◦ (corresponding to [1,0,0] and [1,1,0], respectively) can be clearly seen. In the right
picture also a peak for molybdenum can be seen at approximately 59◦, the main reflex is located
at 41◦. As only peaks corresponding to the perpendicular orientation can be seen, mainly these
peaks are compared to discuss the influence of various fabrication parameters. The orientation
of the molybdenum selenide is important for the integration of the solar cell. It is strongly in-
fluenced by the surrounding layers during its formation. Therefore it is not discussed in detail
in this chapter, but in the following one (chapter 6).

5.2 Impact of Molybdenum Characteristics

As mentioned above molybdenum layers fabricated with different parameters are selenised in a
tube furnace. In the following section the influence of some of these parameters on the selenide
formation is discussed.
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(a) (b) (c)

Figure 5.2: XRD Spectra of Selenised Mo Layers Sputtered with Different Pa-
rameters.
Even for the selenisation with the strongest selenide formation only MoSe2 re-
flexes for the orientation perpendicular to the substrate can be seen (in (b) at 31.6◦

and (c) at 56.0◦). No peaks can be found for the [0,0,2] orientation parallel to the
substrate (a) at 13.6◦.
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Both the thickness of the MoSe2 layer and its orientation are important for its impact on the
solar cell. Thus the influence on both of these properties has to be taken into account. In this
chapter mainly the thickness is discussed.

5.2.1 Morphology

Size of Mo Grains — Sputter Power

The sputter power has an influence on the size of the molybdenum grains. In preliminary tests
where the molybdenum layer thickness was varied simultaneously this grain size seemed to
have an influence on the selenide formation. However, in thorough experiments this assumption
could not be verified. For the specific selenisation process the sputter power during molybde-
num deposition has negligible influence. Obviously the effect first observed was caused by the
varying thickness of the molybdenum.

Density of Layer — Sputter Pressure

The sputter pressure has an influence on the density of the molybdenum layer. The lower the
sputter pressure is the more intrinsic compressive stress is in the layer [255–258]. In addition,
the layer becomes denser with lower pressure [252, 259].

The lower pressure during sputtering has a clear impact on the molybdenum selenide formation.
Molybdenum layers sputtered with a lower process pressure of 1.0 µbar show a much stronger
MoSe2 formation than similarly selenised layers sputterd with the normal pressure of 2.5 µbar
(see figure 5.3). The higher stress or the higher density helps the MoSe2 formation so that it
is much stronger for the lower sputter pressure. For the selenisation with lower temperatures
(both selenium source and substrate temperature) it is extremely obvious. While with standard
sputter parameters only a quite indistinct peak from molybdenum selenide can be observed this
peak becomes very pronounced with a lower sputter pressure of only 1.0 µbar.

5.2.2 Chemical Composition

Oxygen Content — Sputter Atmosphere

Usually pure argon gas is used for the sputter atmosphere during the molybdenum deposition.
To investigate the influence of oxygen in the layer, some layers have been fabricated with a
20 %-oxygen-in-argon mixture. Jankowski et al. showed, that the oxygen content is higher on
top of the deposited layer compared to the bulk [260]. For a fixed oxygen to argon ratio the
oxygen content in the deposited layer decreases with increasing sputter power [260], for the
used sputter power we can assume a molybdenum to oxygen ratio of well above 2:1.
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(a) substrate temperature 550 ◦C;
Se source temperature 420 ◦C

(b) substrate temperature 550 ◦C;
Se source temperature 480 ◦C

(c) substrate temperature 600 ◦C;
Se source temperature 450 ◦C

Figure 5.3: XRD Measurements for Selenised Molybdenum Layers Fabricated
with Different Sputter Pressure.
Molybdenum layers fabricated with different sputter pressure were selenised un-
der various selenisation conditions (a)-(c).

Oxygen in the molybdenum layer suppresses the selenisation of this layer quite effectively.
The XRD measurements show no peaks for all selenisations (see figure 5.4). All other param-
eters are kept the same during the molybdenum deposition except for the 20 % oxygen in the
sputter gas. While the standard molybdenum shows a small peak even for the selenisation with
a low selenium source temperature, the modified molybdenum layers do not show any signs of
molybdenum selenide even for the higher substrate temperature where the standard molybde-
num layers show a high peak corresponding to MoSe2.
It can be assumed that especially the surface of the molybdenum layer is passivated by an oxide
layer. This oxide is not visible in XRD measurements — either because it is too thin or, more
probable, it is not crystalline. In any case the oxygen can not be replaced by selenium easily
during a process as used here with a very low partial pressure of selenium Thus no molybdenum
selenide formation takes place which is not desirable for the complete device.

In summary the molybdenum characteristics have a strong influence on the molybdenum se-
lenide formation. While the sputter power has no significant influence the sputter pressure
affects the selenide formation considerable. The lower the pressure during the molybdenum
sputter process is the more pronounced the selenide formation becomes. With oxygen in the
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(a) substrate temperature 550 ◦C;
Se source temperature 420 ◦C

(b) substrate temperature 550 ◦C;
Se source temperature 480 ◦C

(c) substrate temperature 600 ◦C;
Se source temperature 450 ◦C

Figure 5.4: XRD Measurements for Selenised Molybdenum Layers Fabricated
with Different Sputter Atmosphere.
Molybdenum layers fabricated in argon and argon/oxygen atmosphere were se-
lenised under various selenisation conditions.

sputter process the selenide formation can actually be suppressed.

5.3 Impact of Selenisation

The specific selenisation characteristics are crucial to the molybdenum selenide formation and
the properties of the resulting layers (see for example [44]). In the following chapter our se-
lenisation process and its consequences for the selenide formation are investigated. The main
parameters pressure and temperatures during selenisation (both source and substrate) are dis-
cussed.

5.3.1 Selenium Partial Pressure

The selenium partial pressure is the main factor to influence the selenide formation of molyb-
denum layers. It can be adjusted by tuning the pressure in the furnace and the selenium source
temperature.
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Pressure during Selenisation

The parameter accessible easiest during the selenisation process is the pressure in the tube fur-
nace. Its influence is shown here.
For a very low selenisation pressure sometimes the formation of a crystalline oxide phase can
be observed. This prevents a selenide formation and can be ascribed to a slight leakage of the
tube furnace which is more harmful for such low process pressures, but even if the oxide for-
mation can be prevented by most careful processing, there is hardly any selenide formation for
low process pressures observed (see figure 5.5).
For higher selenisation pressures the selenide formation is quite low, too. This holds for higher

substrate temperatures as well and is assumed to be related to a lower selenium partial pres-
sure. One drawback of the here described selenisation process is the fact that selenium partial
pressure and process pressure can not be adjusted completely independently and the selenium
partial pressure can not be measured with the here described set-up.

In summary these measurements show that the process pressure of 10 mbar is the optimum
for the selenisation. This value is used as standard pressure for all other selenisations.

Selenium Source Temperature

Temperature is the key parameter in thermodynamics. Even though the selenium source temper-
ature can only be determined indirectly it is an important parameter for the selenisation process.
Both the reactivity of selenium and the capacity of the carrier gas to take selenium in vary with
temperature. Nonetheless the effect on the molybdenum selenide formation is only small for
different selenium source temperatures as can be seen in figure 5.6. It might be the case that the
selenium source temperature is still to low and higher temperatures are needed.

5.3.2 Substrate Temperature

Apart from the selenium partial pressure also the substrate temperature has an impact on the
resulting selenide layer. It even has a much stronger influence on the selenide formation then
the source temperature. In preliminary experiments we could see that a substrate temperature
of 450 ◦C is not sufficient to build any molybdenum selenide. Thus for the main experiments
550 ◦C and 600 ◦C are used. The higher the substrate temperature is the more selenide is formed
(see figure 5.6). This holds for all different molybdenum layers. Here the molybdenum fabri-
cated with standard parameters is shown.
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(a) Standard Mo — 2.5 µbar / 6.1 W cm−2 (b) Lower Pressure Mo — 1.0 µbar / 6.1 W cm−2

Figure 5.5: XRD Spectra for Different Selenisation Pressure and Different Sput-
ter Pressure.
The selenisation pressure has a strong influence on the molybdenum selenide for-
mation both for standard molybdenum (a) and for molybdenum fabricated with
a lower sputter pressure (b). For 10 mbar the peak is the highest and both for
higher pressure (100 mbar) and lower pressure (1 mbar/0.1 mbar) the peaks are
much smaller or not detectable anymore.
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Figure 5.6: XRD Measurements for Selenised Molybdenum Layers Selenised at
Different Selenisation Temperatures.
Comparing molybdenum layers selenised at different temperatures one sees that
the substrate temperature has the strongest influence whereas the source tempera-
ture has only a minor effect.

5.4 Summary

In the last part of this chapter the impact of the specific selenisation conditions on the molyb-
denum selenide formation has been shown. For the best selenisation partial pressure a process
pressure of 10 mbar has been identified as the optimum. Regarding the selenisation tempera-
tures it could be seen that the source temperature during the process itself has only minor effect
whereas the substrate temperature offers a sensitive parameter to determine the strength of the
selenide formation.

For the selenisation of molybdenum layers we can sum up that both the fabrication and the
selenisation parameters offer the possibility to influence the selenide formation. For the molyb-
denum properties the density of the layer (influenced by the pressure) and the chemical compo-
sition (oxygen content – determined by the atmosphere during sputtering) have a stronger effect
than the size of the molybdenum grains (influenced by the sputter power). For the selenisation
process the substrate temperature offers the most sensible parameter to influence the selenide
formation.



Chapter 6

Back Contact Interface — Mo/CIGS

The formation of the important molybdenum selenide layer at the back contact interface is
influenced by the adjacent layers during a sequential fabrication process. Additionally to the
molybdenum fabrication and the selenisation process the precursor layers have an influence on
the molybdenum selenide layer.

After a short overview (6.1) the influence of the precursors is presented (6.2). Then the
selenisation and its consequences for the molybdenum selenide layers is discussed (6.3).

6.1 Overview

MoSe2 growth is influenced not only by the molybdenum fabrication parameters and the seleni-
sation conditions but also by other layers deposited on top of the molybdenum. For sequential
processes precursor layers cover the molybdenum before it gets into contact with selenium. For
the coevaporation process it is observed that MoSe2 only develops after the first stage when
indium and gallium are evaporated and the temperature is raised to a higher level. Nishiwaki
et al. suggest that it does not form under Cu-rich conditions but is produced during In-/Ga-rich
condition of the second stage [99]. In any case the formation and even the orientation of the
MoSe2 is influenced by possible layers covering the molybdenum [44].

6.1.1 Studied Parameters for Molybdenum Selenide Formation

Molybdenum Fabrication

Since the experiments described in chapter 5 showed that a lower sputter pressure during the fab-
rication of molybdenum enhances the MoSe2 formation, the lower sputter pressure of 1.0 µbar
is used as the common pressure for these experiments. Again the sputter power density is varied
for some of the runs (6.1 W/cm2 as the standard value and 3.0 W/cm2 and 8.0 W/cm2 as lower
and higher power density, respectively) and the velocity of the transport carrier is adjusted to the
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sputtering power to obtain the same thickness for all samples. Still the standard set of process
parameters is used for a reference process (2.5 µbar and 6.1 W/cm2).

Selenisation

The molybdenum films and the overlying precursor layers are subsequently selenised with dif-
ferent selenisation processes.

Standard selenisations are accomplished in a tube furnace which is introduced in section 4.2.1.
The investigated parameter for these experiments is the selenisation source temperature. Due to
process limitation the substrate temperature has to be at 550 ◦C. For uncoated molybdenum lay-
ers the variation of the source temperature has had no significant effect. For the here described
processes the source temperature is raised to higher levels to study the influence on the selenide
formation with covering precursor layers on top of the molybdenum.
The standard pressure is 10 mbar and the standard substrate temperature is 550 ◦C. The sele-
nium source temperature was 475 ◦C, 500 ◦C and 515 ◦C .
For comparison reasons a selenisation run was conducted in a conventional high vacuum cham-
ber which is introduced in section 4.2.4.

6.2 Influence of Precursor

6.2.1 Sputtered Precursors

Since the selenide formation is less intense with a precursor layer on top of the molybdenum,
figure 6.1 shows the diffraction pattern for the selenisation with the strongest molybdenum se-
lenisation. In contrast to the experiments without any precursor layer one can see a clear peak
for the selenide layer orientation parallel to the substrate, that means the c-axis perpendicular to
the substrate, regardless of molybdenum fabrication parameters. In literature it is clear that the
orientation of molybdenum selenide depends on both the selenisation conditions and the inter-
face type. However, often the perpendicular orientation (that means c-axis parallel) is preferred
for the selenisation of bare molybdenum and the parallel orientation seems to be the preferential
one for the molybdenum / CIGS interface [98, 99, 107]. In the here described process sodium
comes from the glass substrate and is not further controlled. Abou-Ras et al. showed a strong
influence of sodium on the strength of the selenisation of molybdenum [107]. This might ex-
plain the difference to other processes where sodium is often supplied by sodium fluoride layers.
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(a) (b)

Figure 6.1: XRD Spectra of Selenized Mo under Sputtered CIG for Different
Mo Sputter Parameters.
For the selenisation with the strongest MoSe2 formation both orientations of se-
lenide layers (parallel - around 13.6 (a) and perpendicular - around 31.6 (b)) can be
seen for all various molybdenum fabrication parameters. The peak corresponding
to parallel orientation is mostly more pronounced regardless of the molybdenum
fabrication parameters.
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For our selenisation process the parallel orientation of the selenide layers occurs only with
precursor layers while the perpendicular orientation can be seen for both types of the interface.
Nevertheless the adhesion of the absorber layers is not deteriorated and the electrical perfor-
mance is not influenced.

6.2.2 Metal Salt Precursors

For doctor bladed precursor layers no peaks at all can be seen. Neither the peak corresponding
to parallel orientation nor the one to perpendicular orientation can be seen (see figure 6.2). This
holds for all various molybdenum fabrication parameters and all selenisation parameters. Ob-
viously, the carbon layer between CIGS and molybdenum prevents the molybdenum selenide
formation effectively. The carbon layer seems to provide an ohmic contact between molybde-
num and absorber which the molybdenum selenide usually offers.

For the different precursors a clear difference in molybdenum selenide formation can be seen.
While there is a pronounced formation for sputtered precursor layers no selenide can be seen
for printed precursor layers. For these layers the carbon layer seems to act as a substitute for
the selenide layer which usually is needed for a good contact.

6.3 Influence Selenisation Parameters

In order to study the influence of the selenisation process parameters on the molybdenum se-
lenide formation both the pressure and the temperature for the selenisation process have been
varied. Both selenisation setups — the tube furnace and the conventional evaporation chapter
are used for these experiments. The details to these processes can be found in chapter 4.

6.3.1 Selenisation Pressure

The pressure in the evaporation chamber is 1 × 10−6 mbar. The maximum substrate temperature
is about 570 ◦C and the selenium source has a temperature of about 350 ◦C (see chapter 4.2.4).
With this selenium source temperature a higher partial pressure should be reached than in nor-
mal tube furnace experiments where the pressure is 10 mbar. The temperature in the tube fur-
nace is varied in the different experiments (see following section).

As already mentioned in the previous section the samples with printed precursors showed no
molybdenum selenide formation for both selenisation setups. After the selenisation in the vac-
uum chamber for sputtered precursors no peaks could be found corresponding to the perpen-
dicular orientation (see figure 6.3b). Yet for some molybdenum fabrication parameters the peak



6.3. INFLUENCE SELENISATION PARAMETERS 91

(a) (b)

Figure 6.2: XRD Spectra of Selenized Mo under Doctor Bladed Precursor for
Different Mo Sputter Parameters.
Even for the selenisation with the strongest MoSe2 formation neither the peak cor-
responding to parallel orientation (a) nor the one to perpendicular orientation (b)
can be seen for all various molybdenum fabrication parameters. The carbon layer
between CIGS and molybdenum prevents the molybdenum selenide formation
effectively.
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(a) (b)

Figure 6.3: XRD Spectra of MoSe2 — Sputtered Precursors Selenised in Vac-
uum.
For selenisations in vacuum only peaks corresponding to parallel orientation (a)
can be seen while no peaks corresponding to perpendicular orientation (b) can be
seen for all various molybdenum fabrication parameters. This may account for
the poor adhesion of CIGS layers fabricated in the vacuum chamber.
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corresponding to the parallel orientation can be seen (see figure 6.3a). This might explain why
the adhesion is quite poor for samples selenised in the vacuum chamber.

After the selenisation in the tube furnace more molybdenum selenide can be seen in the XRD
measurements. Depending on the molybdenum layer fabrication parameters and the selelnisa-
tion temperature the orientation and the amount of molybdenum selenide varies. But in general
it is more than for the selenisation in high vacuum.

After selenisation in the vacuum chamber both for printed and sputtered precursors hardly any
peaks can be found. Maybe walls and other cold parts of the vacuum chamber decrease the
selenium partial pressure at the samples too much so that it is lower than in the tube furnace.
In chapter 4 we see that the efficiencies of solar cells made of sputtered precursors are lower
for absorbers selenised in the vacuum chamber compared to absorbers selenised in the tube
furnace. So obviously the selenisation is not optimised for this kind of precursors. Since the
vacuum based selenisation is not the main focus of this thesis, no further optimisation is done
for this process.

6.3.2 Selenisation Temperature

In the following section experiments with different selenium source temperatures (475 ◦C, 500 ◦C
and 515 ◦C) are discussed. For all molybdenum fabrication parameter sets the higher selenium
source temperature leads to more selenide formation as can be seen in figure 6.4. For the
standard molybdenum (2.5 µbar and 6.1 W/cm2) the ratio between perpendicular and parallel
orientation gets better with higher selenium source temperature. This effect is less pronounced
for the samples fabricated at lower sputter pressure (1.0 µbar, see figure 6.4c and 6.4d). Here the
high source temperature might lead to adhesion problems. In order to avoid these problems for
processes with molybdenum layers sputtered at lower pressure a slightly lower selenium source
temperature is recommended.

It can be seen that a higher selenium source temperature is preferable for the standard types
of molybdenum. Especially for a good adhesion the higher temperature is important. Together
with the fact that it gives a higher selenium partial pressure it seems to be optimal for the
selenium source to have a high temperature during the process. For these high temperature
processes it is important to have enough selenium since it evaporates much faster. Nonetheless
for the molybdenum layers sputtered at lower pressure (1.0 µbar) the highest selenium source
temperature gives a less favourable ratio of the two orientations of molybdenum selenide and
thus a slightly lower temperature is preferable.
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(a) Mo 2b — standard (b) Mo 2b — standard

(c) Mo 2a — lower pressure (d) Mo 2a — lower pressure

Figure 6.4: XRD Spectra of MoSe2 — Sputtered Precursors.
In these XRD spectra the MoSe2 peaks both for standard molybdenum and for
layers sputtered at lower pressure can be seen.
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6.4 Summary

In this chapter we have seen that both the formation and the orientation of the formed molybde-
num selenide are dependent on the precursor layer deposition and the selenisation parameters.

For the selenisation in vacuum hardly any selenide can be found for both investigated pre-
cursor types. In the tube furnace a high selenium source temperature is best for sputtered pre-
cursors on standard molybdenum. The carbon layer of the doctor bladed metal salt samples
prevents molybdenum selenide formation effectively during the selenisation in the tube furnace.
Nonetheless these solar cells show acceptable efficiencies (especially when their low thickness
is taken into account). The next chapter deals with this topic and studies the influence of said
carbon layer.





Chapter 7

Back Contact Interface with Additional
Carbon Layer — Mo/C/CIGS

In the following chapter the influence of an additional carbon layer on the back contact in-
terface is discussed: After a short motivation why additional carbon layers are an interesting
research topic (see section 7.1.1) the need for reference samples and their properties are dis-
cussed (see section 7.1.2). With the analysis of the carbon layer the introduction is concluded
(see section 7.1.3). In the sections thereafter the thickness both of the additional carbon layer
(see section 7.2) and of the absorbing CIGS layer (see section 7.3) are altered and results given.
After identifying and discussing possible explanations for the results (see section 7.4) the chap-
ter finishes with the presentation of some simulations to back up the conclusions drawn before
(see section 7.5).

7.1 Introduction

7.1.1 Motivation

As shown in section 4.3, CIGS layers fabricated with printed precursors from metal salts and
ethyl cellulose solutions are usually very thin (sometimes only ≈ 250 nm). Nonetheless they
show quite high current densities and good efficiencies given such thin layer thicknesses. Effi-
ciencies over 6 % could be achieved in-house and other groups even reached higher efficiencies
up to 6.7 % [18] with layers only slightly thicker and vacuum-free methods. All this is even
more surprising when thinking about the residual carbon layer between the CIGS-layer and the
molybdenum back contact. Yet even compared to vacuum-based methods with similar layer
thicknesses these solar cells show good efficiencies.

It has not been understood why such efficiencies could be reached with non-vacuum meth-
ods and an additional carbon layer. The influence of this carbon layer has not been studied yet,
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but it was mostly thought to be detrimental for the solar cell.
In order to investigate the influence of a carbon layer on solar cells with thin CIGS-absorber

layers these typical carbon layers are fabricated separately (see figure 7.1). To achieve this a

Figure 7.1: Fabrication Flow Chart of Samples with Additional Carbon Layer.
This flow chart shows the sequence of sample preparation for both the reference
samples and the samples with the additional carbon layer [261].

printed CIGS-layer is fabricated by the blading of a metal salt solution with ethyl cellulose as
a binder material and a subsequent selenisation step in the tube furnace. This printed CIGS-
layer is then etched away with a combination of methanol and bromine leaving behind only
the desired carbon layers. On these carbon layers thin CIGS-layers were evaporated with the
conventional vacuum-based co-evaporation process established at ZSW.

7.1.2 Reference Samples

To study the influence of an additional carbon layer CIGS layers were fabricated by co-evaporation
both directly on molybdenum and on the additional carbon layer (see previous section and fig-
ure 7.1). In each CIGS-layer evaporation process five to eight reference samples with absorbers
directly on molybdenum were fabricated (see figure 7.2). Then, for the general investigation of
the influence of a carbon layer on the potentially achievable efficiency, the maximum efficiency
value for each substrate is determined and used for comparison. Figure 7.3 shows the aver-
age values of these maximum efficiencies per reference sample and the corresponding standard
deviations.

It can clearly be seen that the efficiency of the solar cell rises with increasing absorber
thickness. This finding is in accordance with studies and simulations by other groups [262–266]
and can be explained by the fact that a smaller amount of light is absorbed in these layers with
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(a) 300 nm (b) 500 nm

(c) 750 nm (d) 950 nm

Figure 7.2: CIGS References With Various Layer Thicknesses.
SEM-images of exemplary reference samples are shown. The stated thicknesses
represent an average of all reference samples fabricated in the respective batch.
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Figure 7.3: Average of Maximum Efficiencies for Each Reference Sample.
The maximum efficiency per substrate is identified. The average of these max-
imum values is plotted with its corresponding standard deviation over absorber
layer thickness.

decreasing thickness. Less absorption lowers the short circuit current of the fabricated solar
cells (see figure 7.4b). For very thin layers the interface between absorber and back contact
has an increasing influence and back contact recombination plays a significant role. These
recombination losses are explained in section 2.2.2. Additionally the film quality is poorer for
thinner layers due to fabrication reasons (see section 2.5) and the grain size in general is smaller.
All this lowers the open circuit voltage for very thin layers (see figure 7.4a).

For the best reference cells of each absorber thickness the I–V characteristics can be seen in
figure 7.5. When comparing these high efficiency cells to each other it is even more obvious that
Voc can be about the same for a wide range of absorber thicknesses. While Voc does not show a
sharp drop until very thin layers the jsc already drops for the thicker layers. This shows that the
incomplete absorption plays an important role even for the thicker layers under examination.

So the results of these best-in-class cells are in good agreement with simulations assuming
a constant carrier lifetime whereas the average values (see figure 7.4) show better agreement
with simulations assuming a carrier lifetime varying with thickness [265].
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(a) (b)

Figure 7.4: jsc and Voc of Reference Samples With Different CIGS Thicknesses.
The average values of jsc (a) and Voc (b) for the most efficient cells per substrate
decrease with decreasing absorber thickness.

Figure 7.5: I–V Characteristics for Reference Samples.
For each layer thickness I–V characteristics for the cell with best efficiency is
shown. It can be clearly seen that both open circuit voltage and short circuit
current density are increasing with increasing thickness.
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7.1.3 Analysis of Carbon Layer

In the following the carbon layer is examined in detail before investigating its effect on the
working of a complete cell. Most layers are fabricated with gallium containing precursors. As
the mobility of gallium is quite low a significant portion of this gallium stays in the carbon layer
during the selenisation step (see section 4.3). To facilitate the discrimination of effects based on
the gallium in the carbon layer and on the carbon layer itself, both standard gallium containing
and gallium-free printed CIGS-layers have been prepared.

The preparation process for the samples used for this examination is exactly the same as for
the gallium-containing samples (see figure 7.1). It is stopped after the etching of the printed
CIGS-layer.

The resulting layer based on gallium-containing precursors is smooth and does not show sig-
nificant residues of the original CIGS-layer (see figure 7.6). The carbon layer is quite porous
and shows flat voids. It can be assumed that these voids originate from the selenisation process
where the metal ions diffuse to the top of the precursor layer to react with the selenium, since
the original precursor layers are dense, amorphous layers as can be seen in chapter 3.2.1.

The layers based on gallium-free precursors are more uneven (see figure 7.9). The thickness
of the layers varies strongly and the voids are much bigger than for standard, gallium-containing
layers. Due to the strongly varying thickness of this gallium-free carbon layer the CIGS-layers
on top grow quite irregular. Hence, the original intention to distinguish easily between the in-
fluence of gallium in the layer and the carbon layer itself is hindered to some extent. This is
discussed in more detail in the following sections.

The chemical composition can be seen in SIMS-measurements which were carried out with and
without evaporated absorbers on top. In figure 7.7 the measurements on samples with absorbers
are shown. This method is very sensitive to low concentrations so even small contaminations
can be detected (see chapter 3.1.1). Furthermore it can measure both oxygen and carbon, which
are obviously important for the analysis of carbon layers.

The SIMS measurements show that quite a lot of gallium is left in the carbon layer. Within
the carbon layer a scan over all atomic masses is carried out. No significant contamination
except for bromine (from the etching process) can be seen in this scan. To guarantee that this
contamination is not decisive for the properties of the carbon layer in the experiments another
etching process was used for one deposition process — during one of the 250 nm processes.
These samples showed similar results. Since the alternative etching is harmful for the back
contact, it is not used for the majority of the experiments.

As chlorides are used for the precursor, potential contaminations with chlorine are especially
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Figure 7.6: SEM Picture of Gallium-Containing Carbon Layer.
After the printing process the CIGS-layer is etched away. The residual car-
bon layer which can be seen in this SEM picture is used with a subsequent co-
evaporated CIGS -layer to study the influence of the carbon layer. Here a stan-
dard, gallium-containing layer is shown. The smooth surface and small voids can
be seen.

Figure 7.7: SIMS Measurement of CIGS and Carbon Layer.
Secondary ion mass spectrometry shows that gallium stays in the carbon layer
while selenium only penetrates into to upper part of the carbon layer.
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interesting. Only with negative SIMS-measurements these contaminations could be seen and as
they penetrate the molybdenum layer completely they can not be ascribed unambiguously to the
precursor. Nonetheless they are still quite low, so that the influence is assumed to be negligible.

Other back contact properties which are potentially changed for carbon layers are the reflec-
tivity and the conductivity. The different reflectivity is obvious to the naked eye and can cause
significant changes in performance especially for thin absorbers. The conductivity would re-
quire more investigation. Usually precursor layers were doctor bladed on molybdenum covered
samples to avoid adhesion problems. Yet in order to measure the conductivity it is important not
to have molybdenum underneath. However, even with structured molybdenum substrates it was
not possible to measure the conductivity of the carbon layer. The I–V characteristics indicate,
though, that the conductivity is high enough not to harm the performance significantly.

7.2 Series Resistances – Carbon Layer Thickness Variation

By varying the slit height during doctor blading the carbon layer thickness for printed absorber
layers can be altered which should affect the series resistances within the complete solar cell.
So after etching the CIGS-layer, various carbon layer thicknesses have been fabricated. The
exact thickness of each carbon layer was determined with SEM-pictures of the completed cells:
At least four points of each sample were measured — for inhomogeneous layers more — and
the average values of these measurements are taken in the following. Exemplary SEM-images
can be found in figure 7.8 and 7.9. The carbon layers in figure 7.8 are made with gallium-
containing precursors and are therefore very smooth. Thus also the CIGS-layers co-evaporated
on top of these layers are quite smooth and regular. In contrast the samples in figure 7.9 are
fabricated with gallium-free carbon layers. They are extremely uneven and so is the subsequent
CIGS-layer. Yet the measured efficiencies are comparable even though the highest efficiency is
reached with gallium containing carbon layers.

The measurements with varying carbon layer thickness show a correlation between the carbon
layer thickness and the strength of its influence (see figure 7.10, 7.11 and 7.12 [267]). Whereas
the correlation between carbon layer thickness seems to be quite pronounced for 950 nm and
230 nm it is much less obvious for 550 nm.
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(a) thin carbon layer (∼ 150 nm) (b) medium thin carbon layer (∼ 400 nm)

(c) medium thick carbon layer (∼ 600 nm) (d) thick carbon layer (∼ 800 nm)

Figure 7.8: Gallium-Containing Carbon Layers with Various Thicknesses.
SEM-images of exemplary samples are shown. While the carbon layer thickness
is varied the CIGS-layer thickness is the same for all samples. The smooth carbon
layer surface facilitates a rather smooth CIGS growth on top of it.
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(a) thin carbon layer (b) thick carbon layer

Figure 7.9: Gallium-Free Carbon Layers with Various Thicknesses.
SEM-images of exemplary samples are shown. While the carbon layer thickness
is varied the CIGS-layer thickness is the same for all samples. The carbon layer
is extremely uneven, likewise the subsequent CIGS-layer is quite uneven.

Figure 7.10: Cell Efficiency Normalised to Maximum Reference Efficiency for
950 nm CIGS.
The maximum cell efficiencies of all cells in the 950 nm-deposition process are
normalised to the maximum reference efficiency. These values are plotted over
carbon layer thickness.
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Figure 7.11: Cell Efficiency Normalised to Maximum Reference Efficiency for
550 nm CIGS.
The maximum cell efficiencies of all cells in the 500 nm-deposition process are
normalised to the maximum reference efficiency. These values are plotted over
carbon layer thickness.

Figure 7.12: Cell Efficiency Normalised to Maximum Reference Efficiency for
230 nm CIGS.
The maximum cell efficiencies of all cells in the 230 nm-deposition process are
normalised to the maximum reference efficiency. These values are plotted over
carbon layer thickness.
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There are several conclusions one can draw from the experiments: A positive effect of a carbon
layer can only be seen for thin carbon layers. For very thick layers a quite negative effect can
be seen. This holds true both for gallium-containing and gallium-free carbon layers. The fact
that also gallium-free carbon layers have a similar effect as the gallium-containing ones already
shows that gallium is not decisive for the beneficial effect. In figure 7.13 I–V characteristics
for 950 nm thick absorbers with different carbon layer thicknesses are shown. The carbon layer
is an additional series resistance which is disadvantageous for the cell’s performance. For the
thick carbon layer a much smaller fill factor is observed than for the corresponding cell with
a thin layer confirming the higher series resistance, which explains the lower performance for
these cells.

7.3 CIGS Layer Thickness Variation

CIGS layer thickness has a great influence on the performance of a solar cell. This can be seen
clearly for the reference cells shown in chapter 7.1.2 — figure 7.3. Hence it is logical to vary
this parameter also for the carbon layer including cells. The experiments should determine the
potential of an arbitrary carbon layer, therefore the analysis of the experiments uses the highest
reached efficiency per deposition process. This best-in-class approach allows the potential of
the cell configuration with a carbon layer and this certain CIGS-layer thickness to be seen. The
influence of possible variations in the thickness and the fabrication process in general for the
carbon layers is minimised since the best-in-class cells are determined from a large range of
different carbon layers. So for each thickness the ratio of the maximum efficiency of all cells
with a carbon layer to the maximum efficiency of the reference cells is determined.

In one set of experiments four different thicknesses of absorbers are fabricated. The thinnest
layers were supposed to be nominally as thin as the printed absorbers, that is in general 230 nm,
yet in this set it was 300 nm. Additionally absorbers with a nominal thickness of 500 nm, 750 nm
and 950 nm are prepared. Exemplary samples for each thickness are shown in figure 7.14.

The influence of the additional carbon layer varies strongly with absorber thickness (see fig-
ure 7.15). While it is positive for very thin layers, the effect gets less pronounced the thicker
the layers are. For the thicker layers the carbon layer shows a negative effect for the maximum
efficiency.

For the CIGS-layers under examination the difference in thickness is more than 10 %.
While reference samples show a thickness of for example 950 nm in average, the corresponding
cells from the same evaporation process with an additional carbon layer measure only 820 nm.
Nonetheless even for the thickest CIGS-layer the difference in efficiency is not very high and
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Figure 7.13: Comparison of I–V characteristics for Different Carbon Layer
Thickness.
Comparing the I–V characteristics of a cell with an approximately 170 nm thin
carbon layer to one with an approximately 810 nm one, a higher series resistance
and a lower open circuit voltage can be found for the thicker layer.

the highest efficiency reached by a carbon layer cell still has nearly 95 % of the highest effi-
ciency of a reference cell. Bearing this in mind one can assume that the effect would be even
more positive than it seems in figure 7.15, if the absorber layer thickness was the same.

The increase in efficiency is related to both an increase in open circuit voltage and short
circuit current density yet the increase in open circuit voltage is more significant. A new
experiment with thinner absorber layers (230 nm) shows this fact even more striking: While
the increase in jsc is not very distinctive (from 19.1 mA/cm2 for the best reference sample to
19.4 mA/cm2 for the best cell with carbon layer), the increase in Voc is very pronounced espe-
cially for these thin layers as can be seen in figure 7.16 (from 367 mV for the best reference cell
to 489 mV for the best cell with carbon layer).
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(a) 300 nm (b) 500 nm

(c) 750 nm (d) 950 nm

Figure 7.14: Varying CIGS Layer Thickness on Carbon Layers.
SEM-images of exemplary samples are shown. The stated thicknesses are only
nominal and represent an average of the reference samples fabricated in the same
batch. In general the absorber layers on carbon are thinner.
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Figure 7.15: Ratio of Maximum Efficiency Values for Cells with Carbon Layer
to Reference Cells.
For each thickness the ratio of the maximum efficiency of a cell with suitable
(in general quite thin) carbon layer to the maximum efficiency of all reference
samples is determined. For thinner CIGS-layers a positive effect can be seen
which is more pronounced the thinner the layers are. For thicker layers a carbon
layer shows a negative effect for the maximum efficiency.
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Figure 7.16: I–V Characteristics of the Best Cells for the 230 nm CIGS Deposi-
tion Run.
For 230 nm CIGS a strong increase in efficiency is seen (4.3 % for the best refer-
ence cell to 6.1 % for the best cell with carbon layer). It can be clearly seen that
the open circuit voltage increases for cells with an additional carbon layer at the
back contact (from 367 mV to 489 mV) while the current density hardly increases
(from 19.1 mA/cm2 to 19.4 mA/cm2.
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7.4 Discussion

Intuitively an additional carbon layer between the absorber layer and the back contact is ex-
pected to lower the overall conversion efficiency significantly. Yet for thin absorber layers the
opposite is true. The measurements are ambiguous in regard to the reason of this efficiency
increase.

The carbon-containing layer under investigation also contains gallium from the precursor ink.
Thus the idea suggests itself that the chemical composition of the CIGS layer is somehow al-
tered by the gallium. Yet the experiments with gallium-free carbon layers showed clearly that
this is not the case. The same effect can be observed with the gallium-free layers.
Absorbers grown by the same fabrication process have different resulting thicknesses depend-
ing on whether the absorber is deposited on a carbon layer or directly on molybdenum. This
difference indicates a modified growth on carbon layers. It is not clear how this altered growth
changes the properties of the resulting absorber layers. Certainly the morphology is affected
and this might explain the positive effect on the efficiency of the solar cells. It is not clear what
causes this altered growth and what its consequences are. Yet as the efficiency is only increased
for thin CIGS layers but not for thicker layers it seems rather unlikely that a changed morphol-
ogy is the main cause for this efficiency increase.

In standard CIGS solar cells the combination of MoSe2 and Mo at the back contact creates
a completely black back contact for the Cu(In,Ga)Se2 absorber layers. A carbon layer instead
of the MoSe2 layer is a change that might enhance the reflection at the back contact. Then
the light which is not absorbed within the absorber is reflected back and traverses the absorber
layer again and can be absorbed during this second transition and contribute to the created cur-
rent. Quantum efficiency measurements show that the current density is only slightly increased.
Therefore this, too, cannot be the main effect but contribute only by a small proportion.

With several semiconducting materials involved one definitely has to look at possible changes
in the electronic configuration of the back contact. For the front contact band alignment issues
have often been an important topic [92, 268–270], for the back contact for a long time only
minor interest has been shown [104, 271]. For the electronic configuration of the back contact
interface two objectives are decisive: Holes can be inserted easily into the absorber and their
recombination with electrons is avoided as effectively as possible. In both cases an additional
layer at the back contact has the potential to change the situation.
In most publications the standard molybdenum back contact with its MoSe2 layer is found to be
ohmic [104, 105, 272–274]. Thus we assume that an additional carbon layer cannot be respon-
sible for the improvement seen, especially with regard to the open circuit voltage.
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As the back contact is altered the recombination at the back contact will change as well. For
absorber layers thinner than the effective diffusion length the recombination at the back contact
has a far greater influence on the solar cell performance. At the same time the possibilities
to avoid recombination by a gallium grading are restricted. Therefore especially for very thin
absorber layers this difference can have a tremendous effect [266, 275].
At the Ångström Solar Center in Uppsala the correlation of the conversion efficiency with the
absorber thickness and the back contact recombination is studied — both theoretically and ex-
perimentally [276]. Likewise Touafek et al. do calculations to investigate this topic [275]. They
both show with calculations and experiments that the open circuit voltage is increased signifi-
cantly for lower back surface recombination velocities, as long as the absorber is thin enough.
The short circuit current density is affected only slightly by a change in the recombination veloc-
ity. For the current the stronger effect by far is the one caused by a change in absorber thickness
and a resulting incomplete absorption of the incident light. For very thin absorber layers the fill
factor as well is influenced by the recombination velocity. All these effects combined cause a
quite dramatic increase in efficiency for lower recombination velocities. No effect can be seen
with thick absorbers.
It is not clear how the recombination is reduced so significantly. Vermang et al. use an interface
design inspired by the back contact of high efficiency silicon solar cells [277]. Silicon solar
cells have to reduce the back contact recombination to reach high efficiencies. Therefore often
point contacts in otherwise passivated back surfaces are used. In principle we assume that the
carbon builds a conducting layer, but if this is not true it might form a passivation layer with
point-like current paths. To resolve this open question the carbon layer has to be examined more
closely.
Most probably a combination of these factors is possible. A different reflexion gives slightly
better short circuit current and hence already a slightly better voltage and the lowered recom-
bination at the back contact increases the voltage significantly so that the overall efficiency for
solar cells with thin absorber layers is increased with an additional carbon layer.

7.5 Simulations

In order to review our hypotheses that an altered recombination at the back contact could be
the reason for the measured effect simulations were performed. For these simulations SCAPS
was used. SCAPS is an acronym for "Solar Cell Capacitance Simulator" and is a programme
developed at the Department of Electronics and Information Systems (ELIS) of the University
of Gent [28, 278]. It allows to simulate structures with up to 7 semiconducting layers.
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As an initial point for the design of the simulation model input parameters of Frisk et al. [279]
were used and adopted for the here used process. The detailed input parameters can be found
in the appendix A. Here only the parameters changed for the simulations are mentioned. As the
additional carbon layer investigated here is assumed not to be a semiconducting layer it could
not be simulated as an additional layer. Instead the parameters of the back contact itself are
altered.
Unlike the semiconducting layers the back contact is represented with only a few parameters.
When choosing flat band conditions only the thermionic emission / surface recombination ve-
locity can be defined for electrons and holes. To account for the altered recombination at the
back contact with the additional layer between CIGS and molybdenum back contact the ve-
locity for electrons is varied between 1 × 104 cm s−1 and 1 × 107 cm s−1 during the simulations.
1 × 107 cm s−1is the standard value used in many other simulations with a standard back contact
and is therefore used here for the reference cells without an additional layer at the back contact.

By adopting the model to thin absorber layers (230 nm) it gives the measured values for these
thin absorber layers (see fig. 7.17. This reference model is then changed at the back contact to
get a model for the cells with additional layer at the back contact. It can be seen in fig. 7.17
that with this change in the recombination velocity the increase in open circuit voltage can be
implemented. By direct comparison with the experimental data in fig. 7.16 it can be seen that
the model can reproduce the measured curves and shift in Vocvery well. Thus the simulations
indicate that the explanation for the observed effect of an additional layer at the back contact
for thin absorber might be true.

In summary it can be stated that for thin CIGS absorber layers an additional thin carbon layer
between absorber and molybdenum back contact is beneficial. Thick carbon layers at the back
contact do not increase the efficiency neither for thin nor thick absorbers. For absorbers thicker
than 800 nm the additional carbon layer does not increase the efficiency regardless of its thick-
ness. The higher efficiency for thin absorber layers is mainly caused by an increased open
circuit voltage. The reasons for this increase are most probably related to an altered recom-
bination at the back contact but can not be completely determined and need further research.
Understanding the mechanism of this increase can help to lower the absorber thickness of CIGS
solar cells and save costs in the production process of thin film solar cells.
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Figure 7.17: Simulated I–V Characteristics of Reference Cell and Cell with
Additional Carbon Layer with 230 nm CIGS.
For 230 nm CIGS simulations show that the open circuit voltage increases for
lower surface recombination velocities at the back contact.



Chapter 8

Summary and Outlook

In order to competitively generate electricity with solar cells their fabrication has to become
more cost-efficient. Vacuum-free production processes offer the possibility of a significant cost
reduction in the absorber fabrication. With these vacuum-free processes the cell properties are
altered. As such processes have been developed during the course of this thesis a thorough
investigation of the new properties is necessary. For the present thesis the impact especially on
the back contact interface has been studied.In the following chapter the findings are summarised
briefly and a short outlook on possible future research is given.

8.1 Summary

In order to investigate the interface properties of absorbers built with non-vacuum processes a
basic non-vacuum selenisation process has been developed initially. The selenisation set-up has
been designed and built up and the corresponding process has been optimised: A crucial factor
for a good absorber quality is the selenium partial pressure at the beginning of the selenisation
process. Thus the newly developed process included a preheating step of the selenium source
which helped to ensure that enough selenium was supplied at the most sensitive phase in the
beginning of the process. When the precursors were heated up with a sufficient selenium vapour
pressure in the furnace, less precursor material was lost and the chemical composition of the
resulting layer was more easily kept in the range for good absorbers.
The selenisation process had to be adapted individually for each precursor type to meet the dif-
ferent needs of the precursor layers. For all employed precursor alternatives the most suitable
selenisation process was determined in this work.

As a next step the molybdenum selenide formation and the influence of the changed selenium
partial pressure on it has been investigated: Both the molybdenum fabrication process and the
selenisation were found to influence the MoSe2 formation. For the molybdenum fabrication the
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the density of the layer which can be adjusted by changing the sputter pressure was the most
influential parameter. A higher density of the molybdenum (corresponding to a lower sputter
pressure) led to more selenide formation. During the selenisation the substrate temperature was
found to be one of the key factors. Higher substrate temperatures led to a stronger selenide
formation. In general the selenide formation occurred for temperatures more than 450 ◦C.

In the following experiments it has been shown that precursor layers on top of the molybde-
num layer altered the selenide formation. Both the sputtered alloy precursors and the metal salt
based doctor bladed precursors have been used for these experiments.
For sputtered precursors MoSe2 was formed during the selenisation. Both orientations of the
selenide were detectable. The ratio between the less preferred parallel and the more favourable
perpendicular orientation improved with higher selenium source temperature thus a higher se-
lenium partial pressure. Especially for standard molybdenum this relation was important.
For doctor bladed precursors made from metal salts with ethylcellulose no molybdenum se-
lenide formation has been observed. These precursors prevented the selenisation of the back
contact quite effectively. During the formation of the CIGS absorber layer a carbon layer was
left between absorber and back contact which seemed to protect the molybdenum. This can
be important for selenisations with a higher selenium partial pressure where the molybdenum
selenide formation can become too strong..

Finally the influence of this carbon layer on the solar cell properties has been investigated.
The findings from this investigation were counterintuitive at first glance. For thin absorber
layers an additional thin carbon layer between back contact and absorber material was bene-
ficial. Especially very thin layers showed significantly higher open circuit voltages. Gallium
was found prominently within the carbon layer but did not play a significant role as measure-
ment with gallium-free carbon layers verify. While the reason for this positive effect could not
be determined with certainty, various explanation approaches seemed suitable. Most likely a
significantly lower recombination at the back contact is a key factor for the higher voltages in
samples with a carbon layer at the back contact. Simulations with the Solar Cell Capacity Sim-
ulator (SCAPS) back up this assumption and show a clear increase in open circuit voltage for
thin absorber layers with a lower recombination velocity at the back contact.

This effect can help to keep the conversion efficiencies of solar cells high while reducing the
absorber thickness. Thus two possibilities for steps on the way towards cost-efficient solar
cells have been presented. Non-vacuum processes for the absorber fabrication have been im-
plemented and an idea how thinner absorber layers can still show relatively high conversion
efficiencies has been substantiated.
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8.2 Outlook

The goal for the future remains to reduce the production costs for electricity. As many parts of
the cost structure for thin film solar cells are independent from the absorber layer, efficiencies
are extremely important. Thus for scientific and technological progress efficiency enhancement
is the main focus.

Based on the findings of this thesis several topics are to be pursued: The efficiencies of so-
lar cells fabricated with non-vacuum methods have to be increased significantly to improve
competitiveness with cells from conventional processes. For the selenisation a higher selenium
partial pressure is likely to be advantageous. When transferring parameters from selenisation
processes for conventionally produced precursors to processes for vacuum-free fabricated ones
it has to be kept in mind that the selenisation process has to be developed for each precursor type
individually. Thus only basic correlations can be adopted and additional research is necessary
to further increase the efficiencies.
Additionally it is important to fully understand the mechanism of the additional carbon layer at
the back contact. If it is related to the changed recombination, this might be comparable to the
processes in silicon solar cells. Then the technology of silicon based solar cells can serve as a
source of inspiration which suggests a passivation layer at the back contact for high efficiency
solar cells. On the one hand it can be used for thin absorbers where this passivation layer can
help to reach at least acceptable efficiencies while less material is used. On the other hand it
can also help to further improve thin film solar cells with world record efficiencies where every
possibility even for small improvements has to be investigated.

Finally all these improvements, together with many other measures, are further steps to reach
the goal of sustainable energy supply through reducing the production costs for photovoltaic
electricity.





Appendix A

SCAPS Input Parameter

For the simulations presented in chapter 7.5 the freely available program SCAPS (version
3.3.02) has been used. The following pages show detailed input parameters for the relevant
layers. First the general structure is displayed A.1, then the CIGS layer A.2 with its defect
parameters A.3 and its composition grading A.4 is shown. Finally the standard parameters for
the back contact parameters are presented A.5
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Figure A.1: Overview of the Simulated Solar Cell Structure.
The complete structure of the simulated cell can be seen: The CIGS layer has
a thickness of 230 nm, the buffer layer CdS 50 nm, the i-Zno 80 nm and the Al-
doped ZnO 1 µm.
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Figure A.2: Simulation Parameters for the CIGS Layer.
Here the general parameters for the CIGS layer are shown. The thickness is
230 nm.
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Figure A.3: Defect Parameters Used for SCAPS Simulation of CIGS Layer.
The simulation parameters for the defect properties are shown here. The distribu-
tion of the defect follows a beta function to implement the fact that close to the
back contact the film quality in general is lower.
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Figure A.4: Composition Grading Used for SCAPS Simulation of CIGS Layer.
A quite important property of the CIGS layer is its composition grading which is
displayed here.
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Figure A.5: Parameters Used for SCAPS Simulation of Back Contact.
The standard parameters for the back contact are shown here. To simulate the
cells with an additional carbon layer the recombination velocity was varied.



Symbols and Abbreviations

CGI ratio of copper to gallium and indium
CIGS Cu(In,Ga)Se2
Dn diffusion coefficient for electrons
Dp diffusion coefficient for holes
EC conduction band energy
EDX energy dispersive x-ray
EF Fermi energy
E electric field
Eg band gap energy
Eph photon energy
EV valence band energy
FF fill factor
G generation rate
GGI ratio gallium to gallium and indium
h Planck’s constant
H2Se hydrogen selenide
In2O3 indium oxide
InSe indium (II) selenide
In2Se3 indium (III) selenide
I–V current – voltage
Jsc short circuit current
jsc short circuit current density
Jph photo current
Js reverse bias saturation current
MoSe2 molybdenum selenide
η power conversion efficiency
kB Boltzmann constant
µn electron mobility
µp hole mobility
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mpp maximum power point
n electron density
p hole density
Pin incident power
PL photoluminescence
Pmax maximum power
q elementary charge
QE quantum efficiency
R recombination rate
Rp parallel resistance
Rs series resistance
RTA rapid thermal annealing
SEL stacked elemental layers
SEM scanning electron microscopy
SIMS secondary ion mass spectroscopy
SNMS secondary neutral particle mass spectroscopy
T temperature
V voltage
Vbi built-in voltage
Vmpp voltage at maximum power point
Voc open circuit voltage
XRF x-ray fluorescence analysis
XRD x-ray diffraction
ZSW Zentrum für Sonnenenergie- und Wasserstoff-Forschung
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