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Abstract

In this thesis the applicability of high-mobility indium oxide based transparent conductive oxides
(TCOs) as front contact in Cu(In,Ga)(S,Se)2 (CIGS) solar cells and modules was investigated.
The unique trade-off between optical and electrical properties promises improved short circuit
current densities compared to conventional CIGS device configurations, in particular in CIGS
modules. By doping indium oxide films with hydrogen an amorphous growth can be achieved. A
subsequent thermal treatment results in solid phase crystallization and high electron mobilities.

In order to process CIGS modules the deposition process of hydrogen doped indium oxide was
first scaled up using an in-line pulsed DC magnetron sputtering tool. The structural, electrical
and optical properties were studied in dependence on the deposition conditions water vapor and
oxygen partial pressure as well as on the annealing atmosphere.

Furthermore, influences of sputtered Zn(O,S) and ZnO as well as spin coated sol-gel InxOy and
GaxOy sub-layers on the structural and electrical properties of In2O3:H were investigated. It was
found, that the poly-crystalline structure of ZnO promotes crystalline growth of In2O3:H films
during deposition and thus results in poor electrical properties. In contrast an amorphous sub-
layer, such as, here, Zn(O,S) or GaxOy had no adverse effect on the properties of In2O3:H films.
The rough structure of CIGS layers, in particular spiky grain edges and sharp recessions induced
void formation in indium oxide TCOs deposited by sputtering or reactive plasma deposition,
regardless of their crystallinity fraction after deposition or the deposition conditions in general.
Due to the presence of voids the films exhibit low electron mobilities, which did not improve
sufficiently after annealing. The consequently increased sheet resistance resulted in a limited fill
factor when applied in CIGS modules. We therefore developed strategies to improve the electron
mobility of the indium oxide based TCOs when grown on rough CIGS samples and tested the
applicability in CIGS devices. Furthermore, the influence of the thermal treatment, as required
in order to crystallize the amorphous grown indium oxide films, on the solar cell performance
was studied.

The investigations point out challenges and provide appropriate strategies and possible solutions
for the successful implementation of TCOs with high mobility in CIGS devices in order to
demonstrate the potential for improving CIGS solar cell and module efficiencies.
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Zusammenfassung

In dieser Arbeit wurde die Anwendbarkeit von Indiumoxid-basierten transparenten leitfähigen
Oxiden (TCOs) mit hoher Elektronenbeweglichkeit als Frontkontakt in Cu(In,Ga)(S,Se)2 (CIGS)
Solarzellen und -Modulen untersucht. Der spezifisch gute Kompromiss zwischen optischen und
elektrischen Eigenschaften verspricht im Vergleich zu herkömmlichen Konfigurationen, insbeson-
dere bei CIGS-Modulen, verbesserte Kurzschlussstromdichten. Durch Dotierung von Indiumoxid-
schichten mit Wasserstoff kann ein amorphes Wachstum erreicht werden. Eine anschließende
thermische Behandlung führt zu Festphasenkristallisation und hohen Elektronenbeweglichkeiten.

Zur Herstellung von CIGS-Modulen wurde der Abscheidungsprozess von wasserstoffdotiertem
Indiumoxid zunächst unter Verwendung einer in-line gepulsten DC-Magnetron-Sputteranlage
skaliert. Die strukturellen, elektrischen und optischen Eigenschaften wurden in Abhängigkeit
von den Abscheideparametern Wasserdampf- und Sauerstoffpartialdruck, sowie der Atmosphäre
der Wärmebehandlung untersucht.

Weiterhin wurden Einflüsse von gesputterten Zn(O,S) und ZnO sowie von spin - beschichteten
Sol-Gel InxOy und GaxOy Unterschichten auf die strukturellen und elektrischen Eigenschaften
von In2O3:H untersucht. Es wurde festgestellt, dass die polykristalline Struktur von ZnO das
kristalline Wachstum von In2O3:H-Filmen schon während der Abscheidung fördert und somit zu
schlechten elektrischen Eigenschaften führt. Im Gegensatz dazu hatte eine amorphe Unterschicht,
wie hier Zn(O,S) oder GaxOy keine negativen Auswirkungen auf die diesbezüglichen Eigenschaften
von In2O3:H-Filmen. Die raue Struktur der CIGS-Schichten, insbesondere scharfe Kornränder
und spitze Täler, induzieren die Bildung von Hohlräumen in den durch Sputtern oder reaktiver
Plasmaabscheidung abgeschieden Indiumoxid-TCOs, unabhängig von deren Kristallinität nach
der Abscheidung oder den Abscheidebedingungen im Allgemeinen. Durch das Auftreten der
Hohlräume wiesen die Schichten eine geringe Elektronenbeweglichkeit auf, die sich nach dem
Tempern nicht ausreichend verbesserte. Der damit verbundene erhöhte Schichtwiderstand
führte beim Einsatz in CIGS-Modulen zu einem begrenzten Füllfaktor. Wir entwickelten daher
Strategien zur Verbesserung der Elektronenbeweglichkeit der auf Indiumoxid basierenden TCOs
für den Einsatz in rauen CIGS-Proben und testeten deren Anwendbarkeit in Bauteilen. Weiterhin
wurde der Einfluss der thermischen Behandlung auf die Eigenschaften der Solarzelle untersucht.
Das Tempern ist erforderlich, um die amorph gewachsenen Indiumoxidschichten zu kristallisieren.

Die Untersuchungen weisen auf Probleme hin und liefern entsprechende Strategien und Lö-
sungsmöglichkeiten für die erfolgreiche Implementierung von TCOs mit hohen Beweglichkeiten in
CIGS-Bauteilen, um das Potenzial zur Verbesserung der CIGS-Solarzellen- und Modulwirkungs-
grade aufzuzeigen.
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CHAPTER 1

Introduction

In the last decades the demand for energy has increased drastically, impacting the environment
by e.g. CO2 emission and the corresponding increase in global temperature. In order to protect
the environment, a change in energy production and consumption is needed. In 2015 the historic
climate accord aspired a limit of the rise of the average global temperate to 2 °C until 2050. A
key aspect for the fulfilment of this target is the development of renewable energies. In 2015
only 25 % of the electricity were generated by renewables. According to the Roadmap of the
International Renewable Energy Agency (IRENA) [1] an increase of up to 85 % has to be realized
to limit the temperature rise to 2 °C. As the main sources for electricity generation wind (36 %)
and solar photovoltaic (22 %) are suggested. To satisfy this need, photovoltaic devices have to
be further developed to achieve higher efficiencies and to reduce the costs. Additionally new
application ranges, such as building integrated photovoltaic, need to evolve. One approach is the
application of thin film photovoltaic.

Cu(In,Ga)(S,Se)2 (CIGS) is one of the most promising materials in this field due to high
efficiencies, which are comparable to Si-based solar cells, low energy consumption, short energy
payback time and minimized material consumption [2]. In 2017 SolarFrontier presented a record
cell efficiency of 22.9 % [3]. However, the commercial module efficiency is far behind this value,
in the range of 14 % to 15 %. Bermudez et al. [4] reviewed the challenges of the cell-to-module
efficiency gap in Cu(In,Ga)(S,Se)2. According to this study the main power losses in CIGS
modules with respect to CIGS solar cells are optical and caused by the front contact (transparent
conductive oxide (TCO), typically ZnO:Al). Thus the relative power losses due to the increased
optical absorption of the TCO in a module is stated to be ≈ 40 % with regard to the application
in solar cells.

To counteract these losses new alternative TCOs are required, which have to satisfy several
demands. The films must have a wide bandgap of > 3 eV and high transmittance to ensure a high
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Introduction

amount of photons absorbed by the CIGS layer. Furthermore the films must be highly conductive
with resistivity in the range of < 10−3 Ωcm and typical sheet resistances of around 10 Ω/Sq or
less due to the absence of a contact grid. To achieve such low sheet resistances, the TCO film
thickness consequently must be higher in modules compared to cells, where the lateral current
collection paths are shorter, resulting in additional optical losses. One approach to minimize
these losses is the implementation of new high-mobility TCOs. Due to their excellent trade-off
between optical and electrical properties they show high conductivity with low optical absorption
in the relevant range. Therefore the same sheet resistances can be reached as with ZnO, but the
optical losses can be minimized, resulting in higher photo current. Amorphous grown indium
oxide based films with various dopants, such as hydrogen, W, Zr, Mo or Ti showed electron
mobilities > 80 cm2/Vs [5–10] after solid phase crystallization, initiated by a post deposition
thermal treatment. These properties make these materials promising candidates as front contact
in CIGS modules. Therefore in this thesis we investigate the applicability of high mobility indium
oxide based TCOs, namely In2O3:H and In2O3:H,W and the feasibility of a large-scale deposition
process.

This thesis is structured as follows:

Chapter 2 provides basic fundamental knowledge concerning the materials and devices studied in
this thesis. This includes a review of the principles of transparent conductive oxides, the material
indium oxide in general, and CIGS solar cells and modules.

Chapter 3 provides detailed information about the experimental methods used in this thesis. First
the sample preparation is explained. Then, the characterization techniques used to determine
the material and device properties are described.

Chapter 4 presents the properties of hydrogen doped indium oxide, which was deposited by a
large scale in-line pulsed direct current magnetron sputtering tool. Here the influence of the
deposition conditions water vapor pressure and oxygen supply are identified. Furthermore the
influence of the annealing in different atmospheres is investigated.

Chapter 5 identifies influences of the substrate and sub-layers on the growth of indium oxide
based TCOs. This includes investigations of the growth on sputtered ZnO and Zn(O,S), as well
as on spin coated InxOy and GaxOy layers on planar glass substrates. Furthermore the impact
of textured substrates, such as textured glass, and sub-layers, such as poly-crystalline CIGS,
is studied. Here the roughness and the local slope of the sub-layers was correlated with the
structure and the resulting electrical properties of the indium oxide films. Strategies to mitigate
these influences and possible adverse effects are presented. Lastly the stability of hydrogen doped
indium oxide on rough substrates is discussed.
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Chapter 6 addresses the application of indium oxide based TCOs as front contact in CIGS solar
cells and modules. First general requirements for the implementation are discussed. This includes
investigations of the band alignment at the interface of the highly resistive layer and the TCO
and the impact of the post deposition thermal treatment on the solar cell performance. Annealing
is required in order to initiate solid phase crystallization of the amorphous phase in the indium
oxide based films. Based on these results, hydrogen doped indium oxide is implemented as a
front contact in CIGS modules. The impact of the growth and properties of the indium oxide
based films on the module performance is discussed in more detail. The approaches presented in
chapter 5 to overcome the adverse effect of the CIGS roughness are applied and the performance
of the corresponding CIGS solar cells is investigated.

Chapter 7 summarizes the findings of this thesis and presents suggestions for future research.

At the end of each section the main findings are summarized. The main approaches that will be
studied in this thesis can be summarized as followed:

• Development of a large-scale deposition process with a subsequent post depo-
sition thermal treatment feasible for industry-like production The application
of high mobility TCOs require a large scale deposition and annealing process which is
feasible for industry-like production. We therefore investigated hydrogen doped indium
oxide films which were deposited by in-line pulsed direct current magnetron sputtering
and the influences of the deposition parameters water vapor, oxygen supply as well as the
annealing conditions.

• Growth on typical sub-layers In CIGS solar cells the front contact is deposited on
different sub-layers, typically ZnO or in an alternative configuration Zn(O,S). These layers
can influence the growth of indium oxide based TCOs, such as In2O3:H. This influence is
investigated using model structures of sub-layers deposited directly on planar glass.

• Growth on textured sub-layers/substrates As CIGS absorber have a specific rough-
ness, the influence on the growth is investigated in detail for In2O3:H and In2O3:H,W thin
films for different deposition techniques.

• Band-line up The successful implementation of high mobility TCOs such as In2O3:H
requires a suitable band-alignment to the sub-layer in the CIGS cell, typically intrinsic
ZnO. Therefore the valence and conduction band offsets of In2O3:H and ZnO are studied.

• Impact of thermal treatment on CIGS solar cells In order to initiate solid phase
crystallization of the amorphous phase of indium oxide based TCOs a post deposition
thermal treatment is required, which will also influence the CIGS solar cell.
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• Front contact in CIGS modules The implementation of hydrogen doped indium oxide
as front contact in CIGS modules is investigated in order to improve the short circuit
current density and thus the overall efficiency of CIGS modules.
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CHAPTER 2

Fundamentals

2.1 Transparent Conductive Oxide

Conductive materials (e.g. metals) typically have a low optical transparency while oxide insulators
(e.g. glass) are very transparent. Transparent conductive oxides, which are wide band gap
semiconductors (Eg > 3 eV), combine both benefits by possessing high conductivity and high
transmittance in the visible (and near infrared) optical range at the same time. Due to this
unique trade-off of the opto-electrical properties transparent conductive oxides are of high interest
for a broad field of applications, such as flat panel displays, optical coatings or photovoltaic
devices [11,12]. The most common materials used are n-type aluminum doped zinc oxide (ZnO:Al
or AZO) and tin doped indium oxide (In2O3:Sn or ITO). Over the last years high-mobility TCOs
have attracted much attention and have been investigated by several research groups, as their
opto-electrical properties are even more promising. An alternative to TCOs is graphene, which
is a single layer of carbon and shows very high electron mobility, but has no band gap [13].

2.1.1 Electrical Conductivity

The high conductivity of n-type TCOs results from degenerate doping, as the fermi level is shifted
into the conduction band, due to the very high charge carrier density (ne), which can be treated
as a free electron gas. Therefore, no additional activation energy is required to excite electrons
in the conduction band. According to the Mott criteria [14,15]

n1/3
dega

∗
0 ≈ 0.25 (2.1)
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the required charge carrier density to induce degeneration (ndeg) can be estimated. Here a0 is
the effective Bohr radius

a∗0 =
h2εM ε0
πm∗ee

2 (2.2)

where εM is the static dielectric constant of the host lattice, ε0 the vacuum permittivity, m∗e the
effective electron mass and e the elementary charge [16]. Hamberg et al. estimated for In2O3

1

a∗0 ≈ 1.3 nm and degeneration when ne > nc ≈ 6x1018 cm−3. As typical charge carrier densities
in indium oxide based TCOs lie in range of 1020 cm−3 to 1021 cm−3, the films are considered to
be degenerated. The free electrons can hence be described by the Drude model [17]. Within the
free electron gas the electrons diffuse and are accelerated by an external field with

−→
E = −→e xE0. (2.3)

The equation of motion describes the interactions of a single electron in the electric field:

−e
−→
E = m∗e

d2x

dt2
+
m∗e
τ

dx

dt
. (2.4)

Due to collisions, e.g. with impurities in the lattice, the electrons are scattered. For the stationary
case in a constant electric field the drift velocity −→υ d can be calculated to

−→υ d =
dx

dt
=

eτ

m∗e

−→
E = µe

−→
E (2.5)

where τ is the average time between collisions and µe the electron mobility with

µe =
eτ

m∗e
. (2.6)

Hence the ensemble of free electrons results in the current density −→j with
−→
j = −nee−→υ d = neeµ

−→
E = σ

−→
E (2.7)

where σ is defined as the conductivity with

σ =
1
ρ
=
ne2τ

m∗e
= neeµe. (2.8)

The inverse of the conductivity is defined as the resistivity ρ. In technical studies commonly the
sheet resistance RSq with

RSq =
ρ

d
(2.9)

is used to describe the films properties with d as the thickness of the film. Hence, an improved
film conductivity can be realized by an increased charge carrier density or electron mobility.
Additionally the sheet resistance of the films can be reduced by an increase of the film thickness
[18, 19]. The electron mobility depends on the relaxation time τ . With increased scattering, the
electron mobility drops. Therefore scattering mechanism are described in the following.

1m∗
e = 0.35 me for In2O3 [16]; εM = ε(0) = 8.9
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2.1 Transparent Conductive Oxide

2.1.2 Scattering mechanisms

As mentioned above, low resistivities can be achieved with high carrier concentrations and high
mobilities. Heavy doping can result in several adverse effects, such as the formation of scattering
centers, e.g. ionized dopant atoms, which can reduce the electron mobility. Furthermore phase
separation can occur if the impurity concentration exceeds the solubility limit. Also a high
charge carrier concentration results in the absorption of light at longer wavelengths. This effect is
called free carrier absorption and will be described in detail later. To overcome these effects and
nevertheless reduce the resistivity the electron mobility can be increased. However, the electron
mobility can be limited by several effects. The most important scattering mechanisms reported
in literature are ionized impurity scattering (µi), neutral impurity scattering (µn), scattering
at grain boundaries (µg) and lattice vibration scattering (µl). These effects are desribed in the
following, based on the explanations stated in Luque et al. [20]. However, scattering due to
further effects (addressed here as µx) is also possible. These aspects are for example surface
roughness scattering, as shown e.g. for films applied in n-type metal-oxide semiconductor (NMOS)
transistors [21] or scattering at the interface of amorphous and crystalline phases, as desribed for
indium oxide by Buchholtz et al. [22].

The scattering effects on the electron mobility can therefore be described by the following
equation:

1
µe

=
1
µi

+
1
µl

+
1
µg

+
1
µn

+
1
µx

(2.10)

Ionized impurity scattering

In heavily doped TCOs a large number of ionized impurities can occur, such as oxygen vacancies,
dopands or excess metal atoms. Such impurities act as strong scattering centers for electrons
in degenerated semiconductors, where typically the scattering increases with increased charge
carrier density. According to the Brooks-Herring-Dingle model [23,24] the contribution to the
electron mobility µi can be described with [20]

µi =
3(ε0εr)2h3

Z2(m∗e)
2e3

ne
ni

1
Fi(ξ)

(2.11)

where ε0 and εr are the vacuum and relative static permittivity, respectively, h is Planck’s
constant, Z and ni are the charge and concentration of the impurities, respectively and

Fi(ξ) = ln(1 + ξ)− ξ

1 + ξ
(2.12)
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and
ξ = (3π2)1/3 ε0εrh

2n1/3
e

m∗ee
2 . (2.13)

In an uncompensated semiconductor with fully ionized charge carriers the charge carrier density
is equal to the impurity density (ne = ni).

Neutral impurity scattering

Neutral impurities, such as atoms, induce scattering. The corresponding contribution to the
mobility µn can be written as

µn =
m∗ee

3

20ε0εr}3nN
(2.14)

where } = h

2π and nN is the density of neutral centers [25, 26]. In heavily doped TCOs neutral
impurity scattering is assumed to have a minor impact.

Grain boundary scattering

Grain boundaries are present in poly-crystalline materials and can be described as a quasi-two
dimensional disruption of the atomic structure which contain interface states. These states can
trap charges and result in a potential barrier that hinders electrons to pass between neighboring
grains. This becomes typically crucial, when the grain size is comparable to the mean free path
of the electrons λmfp, which is given by [19]:

λmfp =
}µe
e

(3π2ne)
(1/3) (2.15)

and is valid for values ne > 1-2x1019 cm−3. In TCOs these values typically are in the range
of a few nm and thus much smaller than typical grain sizes. However, for electron traps, a
depletion region forms on the sides of the grain boundary. The current transport over the barrier
can be described by thermionic emission [27]. Petritz [28] developed a model to describe the
mobility which results from grain boundary scattering. The model was extended by Seto [29]
and Baccarani et al. [30] and can be written as

µg =
eL√

2πm∗ekT
exp(− φb

kT
) (2.16)

where L is the grain size, k the Boltzmann constant, T the temperature and φb is the grain
boundary potential (barrier height)

φb =
e2N2

T

8ε0εrN
,forL ∗N > NT (2.17)
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2.1 Transparent Conductive Oxide

φb =
e2L2N

8ε0εr
,forL ∗N < NT (2.18)

where NT is the surface trap density. In general intergrain properties can be identified by hall
mobilities, as here the influence of the grain boundaries is included. According to the Drude
theory the electro-optical properties are connected [17]. But, however, optical mobilities do only
provide information on the intragrain properties. The amplitude of oscillating electrons under
the influence of an electromagnetic field is about 10−7 nm for each volt per meter at visible and
near infrared frequencies, thus much smaller than typical grain sizes of TCO films. Therefore
grain boundaries are typically not encountered by the oscillating electrons. Grain boundary
scattering has typically only a minor influence in TCOs, but must still be considered.

Lattice vibration scattering

Lattice vibration scattering generally increases at higher temperatures, as the lattice vibration
increases and the lattice may deform. Thus the electron mobility can be limited by acoustic
phonon scattering. The mobility can be described by the following equation

µl =
2
√

2πe}4Cl
2(m∗e)5/2E2

d(kT )
3/2 (2.19)

with Cl as the longitudinal elastic constant and Ed is the deformation potential constant in eV.
Furthermore also optical phonons can lead to scattering [19].

2.1.3 Optical properties

The interaction of an electro-magnetic field (i.e., light) and matter can lead to three fundamental
wavelength (λ) dependent phenomena, typically taking place simultaneously: transmittance (T),
reflection (R) and absorption (R). The relation can be expressed as

1 = A(λ) + T (λ) +R(λ). (2.20)

Figure 2.1 (a) shows as an example the transmittance, reflectance and absorption spectra of
a typical TCO, deposited on glass. The spectra can be categorized in 3 significant areas: I)
fundamental absorption due to excitation of electrons from the valence into the conduction band,
dependent on the optical band gap; II) optical window, typical area for use in several applications,
as the absorption is very low (typically < 10 %); III) free carrier absorption due to collective
oscillations of the free carriers.
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Figure 2.1: (a) Transmittance, reflectance and absorption as example of a hydrogen doped indium
oxide film after deposition on glass in dependence of the wavelength; three specific areas are marked:
I) fundamental absorption, II) optical window, III) free carrier absorption; (b) Schematic explanation of
the Burstein Moss shift

The absorption of light in a material is described by Lambert-Beer’s Law

Aint(d,λ) = 1− e−α(λ)d (2.21)

where d is the distance passed by the light within the medium and α is the specific absorption
coefficient. In degenerate semiconductors the states at the bottom of the conduction band are
filled with electrons. Thus the lowest empty states of the conduction band shift towards higher
energies. The difference of the conduction band minimum and the energy of the lowest empty
states, that can be filled with electrons from the valence band is called Burstein-Moss shift
∆EBMg [31]:

∆EBMg = Eog −Eg =
}2

2m∗e
(3π2ne)

2/3 (2.22)

with Eog as the enlarged band gap.

The interaction of matter with light can further be described by the the complex dielectric
constant ε

ε(ω) = ε1(ω) + iε2(ω) = (n+ ik)2. (2.23)

where ω is the frequency, n as the refractive index and k as the extinction coefficient, which is
related to the absorption coefficient α with

α =
2kω
c

. (2.24)
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with c as the speed of light. According to Pflug et al. [32] the dielectric constant in TCOs can be
expressed as

εTCO(ω) = ε∞ + χBG + χFC (2.25)

where ε∞ is a constant, the high-frequency permittivity limit. χBG is the contribution of the
band gap and χFC the contribution from the free carriers, which can be expressed as

χFC ≈
ω2
p

ω2 + iωωτ
. (2.26)

Here ωp is the plasma frequency

ωp =

√
e2ne
ε0m∗

(2.27)

and ωτ the damping frequency, which in first approximation can be expressed as

ωτ =
1
τ
=

e

m∗µe
. (2.28)

To illustrate the correlation of the electrical and optical properties of TCOs, we estimated the
absorption of two TCO films with electron mobilities of 20 cm2/Vs and 100 cm2/Vs with varied
charge carrier densities according to the calculation procedure described by Luque et al. [20]. The
absorption was correlated with EAM1.5G(λ) the AM1.5 global solar spectrum (ASTM standard
G173-03 [33]) by the following equation [34]:

Aint.AM1.5G =

∫ 1100nm
400nm A(λ)EAM1.5G(λ)dλ∫ 1100nm

400nm EAM1.5G(λ)dλ
. (2.29)

The evaluation of the estimated integral Absorption Aint.AM1.5G over the corresponding sheet
resistance of the two TCO films is shown in Figure 2.2.

Due to the low electron mobililies (here 20 cm2/Vs) higher charge carrier densities are required
to achieve similar sheet resistances compared to films with higher electron mobilities (here
100 cm2/Vs), according to equations (2.8) and (2.9). The increased charge carrier density results
in an increased free carrier absorption in the NIR region and thus to higher integral absorption
values. The graph demonstrates the importance of high electron mobilities in transparent
conductive oxides to minimize parasitic absorption.

2.1.4 Indium oxide based high mobility TCOs

As shown in Figure 2.2 high electron mobilities are required to achieve low sheet resistances and
low optical absorption at the same time. According to equation (2.6) the electron mobility can
be improved by increasing τ , the time between collisions of electrons, or by reducing the effective
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Figure 2.2: Development of the integral absorption Aint.AM1.5G in the range 400 nm to 1100 nm over the
calculated sheet resistance for TCO films with 300 nm thickness and electron mobilities of µe = 20 cm2/Vs
and µe = 100 cm2/Vs, respectively; the carrier density was varied to achieve different sheet resistances

mass m∗e. An increased τ can be achieved when the material exhibit a low defect density, e.g.
low carrier density (ionized impurities), few grain boundaries or few neutral defects. Reduction
of the effective mass requires semiconductors with a widely dispersed conduction band [35].

One of the most common transparent conductive oxides is ZnO:Al (AZO) due to its availability
and adequate trade-off between optical and electrical properties. However, typical electron
mobilities of sputtered ZnO:Al films with substrate temperatures below 300 °C are in the range
of 10 cm2/Vs to 40 cm2/Vs [36–41]. Another common TCO is In2O3:Sn (ITO). Typical electron
mobilities are in the range of 20 cm2/Vs to 50 cm2/Vs [42–45] for sputtered ITO films with
substrate temperatures below 300 °C. Higher electron mobilities were also reported for both
materials, but for special conditions, such as high deposition temperatures or specific substrates.

In recent years researchers reported about high mobility TCOs with electron mobilities above
80 cm2/Vs by doping indium oxide with H [46–48] and/or metals, such as Zr [49], W [5,7], Mo [6],
Ce [5, 50] or Ti [6]. The deposition and post deposition thermal treatment, if required, were
conducted at temperatures below 300 °C. Thus, low resistivities with low absorption can be
achieved. These materials show therefore a high potential for the application in photovoltaic
devices, such as CIGS solar cells.

In this thesis indium oxide based transparent conductive oxides are studied, in particular hydrogen
doped indium oxide (In2O3:H, or IOH) and indium oxide co-doped with hydrogen and tungsten
(In2O3:H,W or IWO:H). Thus, in the following first fundamental characteristics of undoped
In2O3 are presented before the properties of In2O3:H and In2O3:H,W films are discussed.

12



2.1 Transparent Conductive Oxide

In2O3

In general In2O3 crystallizes in three main polymorphic structures: (i) a high-temperature
rhombohedral corundum structure (space group R3c), (ii) a cubic bixbyite structure (space group
I213) and (iii) the body centered cubic (bcc) bixbyite structure (space group Ia3) [51]. The latter
structure is the most common and stable under standard condition. The lattice parameter is a =
10.117 Å [52,53]). Crystalline indium oxide films within this thesis also exhibit the bcc bixbyite
structure, which is therefore explained in more detail. Each cubic unit cell consists of 80 atoms,
which form 16 formula units. The unit cell can be derived from a 2×2×2 supercell structure of
calcium fluoride. To retain an ordered structure 25 % of the oxygen atoms are removed from the
fluorite structure, thus 48 equivalent oxygen atoms fill the edge positions Wycoff 48e. The indium
atoms are located at two different lattice positions, 8 indium atoms occupy In-b (Wycoff 8a)
while 24 indium atoms occupy In-d (Wycoff 24d) sites. The atomic positions in bcc structure are
shown in Table 2.1. The In-b position is located at the body diagonal of two oxygen vacancies,
the bonding length In-O is 2.160 Å. The In-d position is located at the face diagonal of the cube
and is surrounded by two oxygen vacancies VO. This results in 3 different In-O bond lengths:
2.133 Å, 2.187 Å, and 2.248 Å [53].

Table 2.1: Atomic positions in body centered cubic bixbyite structure of indium oxide [53]

Atom Site X Y Z
In-b 8a 0.2500 0.2500 0.2500
In-d 24d 0.4668 0.0000 0.2500
O 48e 0.3905 0.1529 0.3832

The fundamental (direct) band gap of In2O3 is in the range of 2.6 eV to 2.9 eV and was topic
of several studies [54–58], as optical measurements revealed significantly higher band gaps.
Walsh et al. [59] revealed that electrical dipole transitions between the valence and conduction
bands at the Γ point are prohibited up to 0.8 eV below the valence band maximum. Optical
measurements therefore overestimate the band gap. The upper limit of the fundamental band
gap was determined as 2.9 eV. The optical band is in the range of 3.75 eV. The effective electron
mass m∗e of indium oxide is 0.35me [16].

In2O3:H and In2O3:H,W

In 2007 Koida et al. [46] reported first that electron mobilities of up to 130 cm2/Vs can be
reached with hydrogen doped indium oxide deposited by RF sputtering. During the deposition
water vapor is introduced into the sputter chamber where water molecules H2O can be easily
decomposed by plasma into H and OH [60]. H and OH can form In-OH bonds at the growing
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surface with an oxygen dangling bond and an In dangling bond, respectively, thus preventing the
construction of In-O-In bond networks [61]. Films deposited at lower pH2O show an increased
density of crystalline nuclei compared to films deposited at increased pH2O.

A post deposition thermal treatment leads to solid phase crystallization of the film in the structure
of bcc bixbyite In2O3 [46]. The presence of abundant crystalline nuclei within the as-deposited
film can lead to full crystallization at lower temperatures. Consequently the films exhibit smaller
grains [5].

During annealing structural rearrangement eliminates oxygen vacancies V++
O and releases H+.

The charge carrier density of the crystallized films is in the range of ne = 1-2x1020 cm−3.
Limpijumnong et al. [62] reported that both interstitial hydrogen (H+

i ) and substitutional
hydrogen (H+

O) act as shallow donors in In2O3 and are energetically more favorable than doubly
charged oxygen vacancies V++

O , which are deep donors in In2O3. Similar findings were obtained
for metal dopants, such as W. The metal dopant substitutes the indium atom, resulting in
charged donors (e.g. W+++

In ) [5, 10, 46]. These findings were supported by results of several
studies [63–65]. In fact it was found that only a minor amount of hydrogen serves as donors.
According to Koida et al. [65] free carrier generation is estimated to occur from 8 %, 17 % and
24 % of hydrogen in the post-annealed films grown at 200 °C at pH2O of 5x10−5 Pa, 1x10−4 Pa
and 1x10−3 Pa, respectively. This is similar to the findings of Macco et al. [64], who observed
that only ≈ 4 % of the hydrogen atoms in crystallized In2O3:H were active dopants. It was
found, that the dopant W did not act as an electron donor in the amorphous phase, but got
activated as donor by the crystallization process, even in the presence of hydrogen [5].

The high electron mobility of up to 130 cm2/Vs of crystallized films results from the suppressed
scattering of doubly charged ionized impurities and the reduced carrier scattering by H-doping.
It was found that H atoms that do not contribute to doping are not ionized or neutral impurity
scattering centers [46, 64, 65]. Wardenga et al. [66] further proposed hydrogen passivation at
grain boundaries as a further origin for the high electron mobility. After crystallization phonon
scattering becomes dominant and limits the electron mobility of hydrogen doped indium oxide
films [61]. Additionally tungsten doping in In2O3:H was found to produce additional carrier
scattering centers. The point defects were associated with W and H or OH species within the
In2O3:H,W films.

Following the work of Koida et al. [46] several studies reported about high mobility In2O3:H
films deposited by Atomic Layer Deposition [67, 68], Reactive Plasma Deposition [5], radio
frequency [48,68–71] or direct current [72] magnetron sputtering. High mobility In2O3:H,W films
could be deposited by Reactive Plasma Deposition [5, 7, 73].
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2.2 CIGS solar cells

2.2 CIGS solar cells

2.2.1 Basic Principles of a CIGS Solar Cell

The aim of a solar cell is to convert light into electrical energy. Its configuration can be categorized
generally into three parts: a back contact (metal layer), the main absorber layer (semiconductor)
and the window layer (several secmiconductors). In this thesis CIGS solar cells were used, the
layer configuration is sketched in Figure 2.3 (a). Typically on top of the TCO a metal contact
grid is evaporated mostly on cells for improved current collection, but, however, also causing
shading. In a CIGS solar cell these layers are typically molybdenum as the back contact and
Cu(In,Ga)(S,Se)2 (or CIGS) as the absorber layer. The window layer comprises the buffer layer,
typically CdS, a highly resistive layer, typically intrinsic ZnO, and the front contact, which
is the transparent conductive oxide, typically ZnO:Al, or other materials, as discussed in this
thesis. The semiconductors are charged oppositely in each sides. The absorber layer is a p-type
semiconductor, thus holes are majority charge carriers and electrons are minority charge carriers.
The semiconducting components of the window layer are n-type, thus electrons are the majority
charge carriers and holes the minority charge carriers. An electrical voltage is generated when the
electrons and holes are separated and migrate to the contacts (back and front contact). When
connected to an electrical circuit, electrons flow from one contact through the circuit to the other
contact. This electron flow is the electrical current generated by a solar cell.

Absorber -

Cu(In,Ga)(S,Se)2

Glass substrate

Back contact - Mo

Buffer - CdS

HR-layer: i-ZnO

Front contact - ZnO:Al ↔ In O :H2 3

Light

(a)

EV

EC

CdS

i-ZnO

TCO

Cu(In,Ga)(S,Se)2
Mo

EF

Eg,CIGS

Eg,TCO

-
+

Space Charge Region Quasi Neutral Region

E

x

(b)

Figure 2.3: (a) Structure of a typical CIGS solar cell; (b) Simplified energy band diagram of a CIGS solar
cell in equilibrium
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To characterize a solar cell generally a voltage is applied. Operation of the solar cell in the
forward direction corresponds to a polarity of the voltage with a negative potential at the front
contact (n-range) and a positive potential at the back contact (p-range).

When the solar cell is exposed to light, photons with energy hυ penetrate the window layer. Pho-
tons with energies lower than the band gap of the window (Eg(ZnO) = 3.3 eV; Eg(CdS) = 2.4 eV)
are transmitted to the CIGS absorber layer. Depending on the composition of the layer, the
band gap can vary between about 1.0 eV and 1.7 eV. When the energy of a photon is absorbed,
an electron is excited from the valence band (EV ) into the conduction band (EC), creating a hole
in the valence band (electron hole pair). If the energy of the photon is higher than the band gap,
the excited electron will fall back from a higher energy level to the conduction band minimum
while the excess energy (∆E = hυ - Eg) is converted to heat (thermalization). Typically a CIGS
absorber is therefore graded in its composition for optimized photon absorption. The electrons
and holes are separated within the space charge region, which leads to the generation of current,
otherwise the electron-hole pairs recombine. The space charge region is typically located within
the absorber layer, close to the interface window/Cu(In,Ga)(S,Se)2 and can reach several nm.
Photons that are absorbed in the front contact layer typically do not contribute to photo-current
collection, but are recombination losses. However, it was shown, that a part of the photons
with 3.2 > hυ > 2.4 eV can contribute to photo-current collection, as the thin CdS layer does
not absorb all the photons. Furthermore a part of the electron hole pairs created in the buffer
layer can still contribute to the photo-current [74]. However, the main part originates from
electron hole pairs, which were photogenerated in the absorber layer [75]. The application of
wide band gap materials as window layers is therefore of great importance. Figure 2.3 (b) shows
a simplified band diagram of a CIGS solar cell as an example. The Fermi level EF indicates the
occupation of energy states of the bands with charge carriers in the equilibrium. However, when
the semiconductors are depicted under non-equilibrium conditions (e.g. under illumination),
electrons and holes have their own quasi Fermi level, EFn and EFp, respectively [76].

2.2.2 Solar Cell parameters

A solar cell can be in general described by a one-diode model. The equivalent circuit model is
shown in Figure 2.4. The current source indicates the photo-generated current density jPh, the
diode represents the dark characteristics of the junction with the corresponding current density
jDark. The series resistance RS indicates internal and external ohmic losses while the parallel or
shunt resistance RSh indicate ohmic shunts. Ideally the series resistance is as low as possible
while the shunt resistance is as high as possible to reduce ohmic losses.
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The corresponding j-V characteristic can hence be written as

j = jPh − j0[exp(
q(V − jRS)

AkT
)− 1]− V − jRS

RSh︸ ︷︷ ︸
jDark

. (2.30)

where j0 is the reverse saturation current density and A the diode quality factor, which is in the
easiest case A = 1 for back surface and neutral zone recombination, as well as for recombination
at the buffer/absorber interface and A = 2 for sphace charge recombination [75]. However, for
real solar cells the one-diode model might be too simple, as different recombination processes
can occur. Therefore a second diode is typically introduced parallel to the first diode (two diode
model). The two diode model was used in this thesis to simulate the obtained j-V curves and
to calculate the corresponding solar cell parameters. Another approach to describe non-ideal
solar cells is given by Scheer et al. [76]. Here in series to the diode, shunt resistance and current
source a back-contact diode (reverse direction of the main diode), a series resistance and a so
called space charge current limitor are connected. Furthermore inhomogeneities within a solar
cell can be described by a multi-diode model [77]. A solar cell can be considered as a network
of sub-cells with different electronic qualities, which are represented by the subcells’ electronic
characteristics with local inhomogeneous material qualities [78].

D

j0

jPh

RSh

jSh

RS j -

V

+

Figure 2.4: Equivalent circuit of the one-diode model of a solar cell

Figure 2.5 presents typical j-V curves. The characteristics of a solar cells are the open circuit
voltage (Voc), short circuit current density (jsc), fill factor (FF ) and efficiency (η). The maximum
power point mmp is the largest product of the voltage and current and represents the point,
where the most power is produced by the solar cell.

The short circuit current density jsc is the photo-current when no voltage is applied:

jsc = jPh,V =0 (2.31)

The open circuit voltage Voc results when the current is equal to zero. The Voc can be
calculated with

Voc =
AkT

q
ln(

jPh
j0

+ 1) (2.32)
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The fill factor FF describes the quality of the hetero-junction and can be calculated with

FF =
Pmpp
Vocjsc

(2.33)

It is limited by the diode quality factor, the series and shunt resistance and voltage-dependent
collection. The dependence on the series resistance (Rs) can be described with [79]

FF = FF0(1− rs) (2.34)

where FF0 is the ideal fill factor without parasitic resistance and

rs =
Rs

Voc/Isc
(2.35)

The efficiency is the ratio of the generated power (Pel) to the irradiation power (Pin) and can
be determined with

η =
Pel
Pin

=
jscVocFF

Pin
(2.36)

In standard test conditions the measurements are conducted at a temperature of 25 °C and
irradiation power density of 1000 Wm−2 with the global spectrum AM1.5g [33].

The external quantum efficiency represents the ratio of the number of generated carriers per
incident photon. With respect to the spectral response SR the QE is defined as

QE(λ) =
SR(λ)hc

λe
(2.37)
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where h is the Planck constant, c the speed of light and e is the elementary charge of an electron.
The external quantum efficiency (EQE) is referred when the total photon flux, which is impinging
the solar cell is taken into account. The internal quantum efficiency (IQE) is referred when only
the photon flux that is absorbed in the cell is taken into account and can be calculated as

IQE(λ) =
EQE(λ)

1−R(λ) (2.38)

2.2.3 Module structure

In CIGS modules several solar cells are interconnected in series, realized by three scribes in the
solar cell structure (P1, P2, P3). First the molybdenum back contact layer, which is typically
sputtered on a glass substrate, is patterned by a laser, creating the P1. After the subsequent
deposition of the CIGS absorber, buffer and highly resistive layer the second scribe (P2) is
processed mechanically next to the P1. After deposition of the TCO front contact the isolation
scribe (P3) is done mechanically close to the P2. A sketch of the interconnect region of a CIGS
module with a simplified equivalent circuit is presented in Figure 2.6.

For improved visualization, the buffer and the highly resistive layer have been omitted. The solar
cells, which are connected in series (cell n and cell n+1), were assumed to be each composed
of several sub-cells, denoted with (m), to represent inhomogeneity. The P1 disconnects the
molybdenum stripes, thus a high resistance is assumed in between, represented by RGP 1 . The
connection of the front and back contact is realized by the P2, the contact resistance is noted as
Rw,BC . The area of the three scribes does not contribute to current generation and is therefore
called "dead area". In parallel, the remaining area of the cell is addressed as "active area".
Typically a cell of the module has a width of about 5 mm. To transport the current within
the TCO without significant losses, the resistance of this layer must be very low, generally
RTCO < 10 Ω/Sq. In a conventional solar cell a metal grid is evaporated on the front contact,
minimizing the distance the generated current has to flow through the TCO to the contact grid.
Therefore the sheet resistance of the TCO layer in a single solar cell can be significantly higher
(up to about 70 Ω/Sq) than in a module. Large TCO sheet resistances in a module result in
high series resistances and can thus limit the fill factor, as discussed in section 6.2. The results
of modules obtained in this thesis are presented as cell equivalent, for improved comparison to
results of solar cells.
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CHAPTER 3

Experimental Details

3.1 Sample Preparation

3.1.1 Indium Oxide Based Layer Preparation

Deposition by Magnetron Sputtering

Sputtering is a physical vapor deposition process in vacuum conditions. A sputter gas, typically
Ar due to its inertness and availability, is admitted into the sputter chamber between two
electrodes, resulting in total pressures of 0.1 Pa - 1 Pa. Reactive gases (e.g. O2) can be added
for a reactive process. The application of a voltage between the anode (typically chamber walls
and substrate carrier) and cathode (target) leads to ignition of a plasma. The required voltage
is in the range of a few hundred volts. The target consists of the the material that is going to
be deposited or a corresponding composition for reactive sputter processes. Due to the applied
electric field positive Ar-ions are accelerated towards the cathode, which can result in ionization
of additional Ar-atoms. When the highly energetic particles hit the surface of the sputter target,
they can eject particles from the sputter material. These particles condensate at the chamber
walls and on the substrate, which is located opposite the target. The particles can react with
ions from the reactive gas, when admitted. Apart from this, the ions from the reactive gas
can also react at the target surface, changing the surface conditions. In case of magnetron
sputtering permanent magnets are located behind the target, causing an overlay of the electric
field. Consequently electrons are forced on cycloid trajectories, increasing the ionization rate and
thereby also the sputter rate. Non-conductive or semi-conductive target materials will charge
during a direct current sputtering process, resulting in an opposing electric field regarding the
applied electric field. Thus, the sputtering process is disturbed.
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Pulsed Direct Current (DC) Magnetron Sputtering

During pulsed direct current magnetron sputtering the voltage is periodically set to zero or to a
few positive volts for a few µs, also called pulse off time (τoff ) within one complete cycle. The
pulse duration when a negative voltage is applied is called pulse on time (τon). The duration
of one complete cycle is set by the pulse frequency, typically in the range of a a few 10 kHz
to 100 kHz. The duty cycle represents the ratio of the pulse on time and the duration of one
complete cycle. During the pulse off time electrostatic charges are neutralized. In this thesis a
typically applied pulse frequency was 65 kHz and the pulse off time τoff = 3.2 µs, resulting in a
duty cycle of 79 %. The pulse parameters have a high impact on the deposition condition and
the process stability and must be given special attention when determining the working point.
During deposition heating of the deposited layer can be initiated controlled by a heating unit or
by process related effects, such as radiative heating from the target or bombardment of highly
energetic secondary electrons. The last mentioned effects are hard to control and can adversely
affect the growth of the corresponding films.

In this work hydrogen doped indium oxide was deposited without intentional heating by a pulsed
DC magnetron sputtering process in a large inline sputtering tool (Model A600V7) from Leybold
Optics. Indium oxide planar ceramic targets with dimensions of 12.5 cm x 60 cm, produced from
several target manufacturers were used. The power was adjusted for changing the deposition
rates, power densities of 0.8 W/cm2 to 5.3 W/cm2 could be applied. The total pressure was
varied in the range of 0.26 Pa to 0.51 Pa. Argon was used as the main sputtering gas. An
argon/oxygen gas mixture and water vapor, introduced by a needle valve to the sputter chamber
served as reactive gases. The corresponding partial pressures were monitored by a residual
gas analyzer (RGA) before and during deposition. However, cleaning of the chamber walls
and change of the RGA filament resulted in different water vapor pressures though the needle
valve positions remained unchanged. The substrate carrier oscillated through the plasma in
front of the target. Due to process instabilities, caused by low sputter power densities, low
sputter pressures and unfavorable pulse parameters, readjusting of the deposition parameters
was required. Therefore deposition parameters are mentioned in the corresponding sections
separately. Nevertheless a homogeneous process over a substrate size of 30 cm x 60 cm was
demonstrated. On one 30 cm x 30 cm glass substrate the deviation in film thickness was ± 2.1 %,
fitted from optical spectra, deviations of the charge carrier density and electron mobility of the
as grown films were ± 4.2 % and ± 2.1 %, respectively. After annealing the deviations decreased
to ± 2.4 % and ± 1.2 %, respectively. Over a 30 cm x 30 cm glass substrates average electron
mobilities of ≈ 124 cm2/Vs could be achieved. In this thesis the major sputter technique was
pulsed DC magnetron sputtering. Only hydrogen doped indium oxide films, which are discussed
in section 6.1.1 were deposited by radio frequency (RF) magnetron sputtering.
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Radio Frequency (RF) Magnetron Sputtering

During radio frequency (RF) magnetron sputtering the ions and electrons are accelerated by a
radio-frequency electric field. The electrons oscillate in the plasma and thus sustain the discharge
of the target. As the impedance is reduced with increasing frequency, any kind of material
can be sputtered by applying appropriate alternating voltages. The most common frequency is
13.56 MHz and was also used for the experiment carried out in this thesis.

In this thesis the 150 nm thick hydrogen doped indium oxide layer in section 6.1.1 was deposited
by RF magnetron sputtering on Mo-coated glass substrates using a 3 inch ceramic In2O3 target.
The deposition process was based on the study of Steigert et al. [71].

Deposition by Reactive Plasma Deposition (RPD)

Reactive plasma deposition is considered to be a physical vapor deposition process using a pressure-
slope type plasma ion gun. Advantages are low-ion damage, low deposition temperatures, large
area deposition and high growth rates [80]. Following the work of Koida et al. [5], we deposited
hydrogen doped or hydrogen and tungsten co-doped indium oxide thin films by in-line reactive
plasma deposition (Sumitomo Heavy Industries, URT-IP2). Ar gas was injected through the
plasma ion gun into the process chamber. A beam controller focused the plasma towards the
indium oxide and 1 wt.% tungsten doped indium oxide tablets. Target material is ejected
and condensates on the moving substrate and on the chamber walls. O2 and H2O were used
as reactive gases. Depending on pH2O the base pressure was in the range of 0.5x10−4 Pa to
2x10−4 Pa and the sputter pressure around 0.3 Pa, measured by quadrupole mass spectrometry
(Inficon, Transpector XPR3). The depositions were conducted at low pH2O ≈ 1x10−5 Pa or high
pH2O ≈ 1x10−4 Pa without intentional heating. The temperature of the substrates did not exceed
60 °C during depositions, as determined with temperature stickers on glass and Si-substrates.

Post-Deposition Thermal Treatment

The post-deposition thermal treatment was carried out in order to initiate solid phase crystal-
lization of the amorphous phase in the indium oxide based TCOs. Annealing was performed in
three different atmospheres with different conditions:

• The annealing was conducted in ambient air in a preheated oven from Binder. For
annealing the samples were placed on glass substrates which served as carriers. The
annealing temperature was set to 220 °C, the annealing duration was varied between 15 min
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and 120 min. After annealing the samples were taken out and cooled down in air on a
metallic plate.

• The annealing was conducted in vacuum in different conditions.

– The annealing was carried out at a base pressure of 1x10−3 Pa using infrared radiant
heaters. The temperature was set by adjustment of the relative power of the heaters.
The relative power of Heaters in the middle (m) was set lower than for heaters located
at the edges (e) to yield a homogeneous temperature distribution over the whole sample
(30 cm x 30 cm area). The relative power ratio is addressed as "m/e", respectively. The
temperature profile was measured on glass substrates with the temperature logging
system SuperM.O.L.E. ron different positions. Two different annealing conditions
were used. (i) The relative powers were set to 60 % / 50 % for 7 min, resulting in
an average temperature of (196 ± 9) °C before they were reduced to 40 % / 10 %
for 30 min for a approximately constant temperature. The measured temperature
profile revealed (221 ± 0.6) °C after 23 min in the relevant range. (ii) The relative
powers were set to 60 % / 50 % for 4 min, resulting in a temperature of approx.
(114 ± 6) °C. Reduction to 30 % / 8 % for 56 min resulted in a steady increase of
the temperature up to (211 ± 1) °C. After annealing the chamber was floated with
nitrogen and ambient air to initiate cooling of the samples.

– Annealing was carried out at a pressure of about 5x10−5 Pa by placing the samples on
a hot plate. Before annealing the samples were placed on a Si-wafer, which served as
carrier. The wafer was installed in the load lock of a sputter tool from Roth&Rau and
the chamber was evacuated. The heaters in the sputter chamber were preheated and
the wafer placed on the heaters. This resulted in a constant temperature of approx.
180 °C over the annealing duration of 1h, as indicated by temperature stickers. After
annealing the carrier transferred the Si-wafer back to the load lock, which was vented
with nitrogen to cool the samples.

– The annealing was carried out in ultra high vacuum at 250 °C for 40 min. The samples
cooled down in vacuum. This method was applied for the RF sputtered In2O3:H film
presented in section 6.1.1.

• Film deposited by Reactive Plasma Deposition (RPD) were annealed in nitrogen atmosphere.
Before annealing the chamber was evacuated and vented with nitrogen up to a pressure
of p = 7x104 Pa. The samples were placed on a carbon plate, which was heated during
annealings, the temperatures were monitored by thermocouples. The temperature profile
was programmed, the heating rate was set to 20 K/min. The annealing temperature was
varied between 150 °C and 250 °C. The annealing duration at the target temperature was
between 30 min and 60 min. After annealing the heaters were switched off and the samples
were cooled down to room temperature inside the chamber.
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3.1 Sample Preparation

3.1.2 CIGS Solar Cell Fabrication

CIGS Absorber

Cu(In,Ga)(S,Se)2 (CIGS) films were used as sub-layers and as the absorber layer of photovoltaic
devices analyzed within this study. Typically the layers were grown by co-evaporation or by
a sequential process on Mo-coated soda lime glass substrates and had a thicknesses between
1.1 µm and 3.1 µm. For evaluation of the growth of amorphous indium oxide layers on rough
substrates, CIGS film were deposited directly on glass substrates without the Mo coating. The
two main fabrication processes are described in more detail.

• CIGS layers were deposited by multi-source evaporation, also referred to as the 3-stage-
process. In different compositions all elements are evaporated separately from crucibles.
Therefore the composition and growth of the CIGS layer is controlled directly during the
evaporation process. Co-evaporated films used in this study were fabricated at Helmholtz-
Zentrum Berlin für Materialien und Energie (HZB), Berlin, Germany and National Institute
of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan. A detailed
description of the 3-stage process, as well as a description of the deposition chamber at
HZB were reported by Heinemann [81]. Key aspects are the following. The Cu(In,Ga)Se2

layer grows Cu-poor until shortly before the end of the process, where a Cu-rich growth is
required. When the composition passes the stochiometric point re-crystallization is induced,
resulting in reduced stress and crystallographic disorder. During the Cu-rich growth CuSex
forms at the surface, which is transformed into CIGS with supply of Ga-In-Se in the
3rd stage. After consumption of CuSex, new nucleation rather than continued growth of
existing grains can occur, resulting in a surface layer with poorer film quality compared to
the re-crystallized grains in the bulk. Beneficial aspects of the deposition technique are the
ability to control the film composition e.g. the Ga-gradient. A post deposition treatment
(PDT) can be applied [82–84]. Typically alkali fluorides, such as NaF and KF are thermally
evaporated on the CIGS surface, which is aimed to improve the doping concentration of
the absorber layer. The typical thickness of the CIGS layer is about 2 µm. For thickness
variations of the CIGS layer the durations of the corresponding stages were reduced.

• CIGS layers were fabricated by a sequential process. First the metallic precusors are
deposited on the Mo-coated glass substrates, typically by sputtering. This step defines
the overall composition of Cu/In/Ga of the later grown CIGS layer. Selenization and
sulfurization of the metallic precursors are conducted in a specific oven with several reaction
chambers. H2S or evaporated Se can be in operation as reactive gases. For Cu(In,Ga)Se2

films the selenium supply, referred to as Se partial pressure, was found to be crucial for
the resulting elemental depth profile of the CIGS layer and the corresponding solar cell
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performance [85]. Advantages of this process are short cycle times and the possibility to
process at atmospheric pressure. At HZB such Cu(In,Ga)Se2 absorber were fabricated in
an oven from Smit Thermal Solution (previously Smit Ovens) at soaking temperatures of
580 °C. The precursor layers were sputtered. A detailed description of the process can be
found elsewhere [86]. Cu(In,Ga)(S,Se)2 samples were also provided by Avancis GmbH &
Co KG (Avancis), a detailed description of the process can be found elsewhere [87].

Window layer

In this section the deposition of the window layers (buffer, highly resistive layer and ZnO:Al front
contact are presented. Buffer layers are aimed minimizing recombination at the absorber/window
interface by improving the band alignment at the absorber/buffer layer and interface properties.
In this thesis different buffer layers were applied.

• CdS buffer layers were deposited by chemical bath deposition (CBD). A general description
of the process was summarized by Kaufmann [88]. During the CBD-process at HZB CIGS
absorbers were placed in a solution of NH3, Cd-acetat and Thiourea, which was heated
up to temperatures of 45 °C for multi-source-evaporated CIGS absorbers, and 65 °C for
sequentially processed CIGS absorbers, both processed at HZB. The resulting CdS thickness
was ≈ 60 nm. CIGS samples provided by AIST and CIGS absorbers, which are referred
as "etched", as in sections 5.4.2 and 6.3.2, were processed with a CBD-CdS buffer layer,
following, however, a similar recipe.

• Zn(O,S) buffer layer were deposited by Atomic Layer Deposition (ALD) or RF magnetron
sputtering.

– The ALD deposition was conducted in a Beneq TFS500 reactor at 130 °C. As precursors
diethylzinc (DEZ), H2S and H2O were used for zinc, sulfur and oxygen, respectively.
N2 served as purging gas. After 9 cycles of ZnO layer depositions 1 ZnS cycle was
processed. This procedure resulted in a S/(S+O) ratio of about 25 % [89]. The target
Zn(O,S) film thickness was 50 nm.

– The RF-sputtering process of Zn(O,S) was conducted in the in-inline sputtering
tool Von Ardenne Anlagentechnik VISS300 from a ceramic target with a ZnO:ZnS
composition of 75:25 at%. The films were deposited without intentional heating at
a total pressure of 0.5 Pa and target power density of 2 W/cm2 for a film thickness
of 60 nm. The described sputtering process was used for CIGS absorber fabricated
at HZB. Zn(O,S) buffer layer used in cobination with provided CIGS samples from
Avancis were fabricated by sputtering in the Munich R&D pilot line from Avancis [87].
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The following materials were applied as highly resistive (HR) layer, typically between the buffer
and front contact layer. However, some CIGS devices were produced without a HR layer.

• Intrinsic zinc oxide (i-ZnO) films were used as HR layer and deposited by sputtering or ALD
from ceramic targets. Sputtering was operated in RF-mode. Three different deposition
tools were used. Typically the films were deposited without intentional heating at a pressure
of 0.8 Pa at the Von Ardenne Anlagentechnik VISS300. In section 5.1 ZnO films were
additionally deposited with substrate heating and at a reduced total pressure of 0.2 Pa. The
target power density was set to 2 W/cm2, Ar was used as the purging gas. The thickness
was varied between 40 nm and 200 nm. For indium oxide thin films that were deposited
by RPD, another in-line sputtering tool, located at AIST was used. In this the films were
deposited at approx. 140 °C and a O2/(Ar + O2) flow ratio of 1 % [90]. The ZnO layer
discussed in section 6.1.1 was deposited using a stationary sputtering tool with a target
diameter of 3 inch. The substrate was not intentionally heated. Further ZnO films were
deposited in the ALD reactor Beneq TFS500. As for the Zn(O,S) deposition, the precursors
diethylzinc and H2O were used for zinc and oxygen, respectively. Also here nitrogen was
used as the purging gas. For CIGS cell a film thickness of 75 nm, for CIGS modules a
thickness of 220 nm was targeted.

• Amorphous In-Ga-Zn-O layer were deposited without intentional heating by RF magnetron
sputtering from a ceramic target (In:Zn:Ga = 1:1:1). Ar and O2 were used as sputtering
gases, the total pressure was 0.5 Pa, the power density 3.3 W/cm2 [91].

• Sol-gel GaxOy and InxOy films were deposited by spin coating. In and Ga precursors
were prepared following the work of Zhou et al. [92]. One deposition cycle is processed as
following: substrates were coated with a few hundred µl of the precursors solutions and
spin coated with a specific amount of resolutions per minute (rpm) for 1 min. Then the
substrates were transferred to a preheated hot plate and heated for 2 min at a specific
temperature. For a sample that is referred as e.g. "6xGaOx this deposition procedure
was repeated 6 times with Ga precursor. For depositions on glass substrates with sizes of
5 cm x 5 cm, 200 µl of the precursors were used. Ga precursors were spin coated with
300 rpm, In precursors with 1500 rpm. Afterwards the sol-gel layers were annealed at
150 °C to 300 °C. For the deposition on CdS/buffered CIGS samples 400 µl of the Ga
precursors were spin coated with 500 rpm and annealed at 200 °C.

Aluminum doped zinc oxide (AZO) was used as the reference front contact. The layers were
deposited by DC sputtering at different deposition conditions and sputtering tools.
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• The films were deposited at TS ≈ 160 °C at the Von Ardenne Anlagentechnik VISS300.
Ceramic ZnO:Al2O3 targets with 1.5 wt.% Al2O3 were used. Typical thicknesses were
240 nm (for cells) and 865 nm (for modules).

• The films were deposited without intentional heating in a large inline sputtering tool (Model
A600V7) from Leybold Optics from a rotatable target with 1.0 wt.% Al2O3. The films had
a thickness of approx. 240 nm.

• The ZnO:Al front contact prepared by Avancis was deposited by sputtering and serves as a
reference [87].

Metallization, structuring and light soak

For the fabrication of solar cells a Ni-Al-Ni layered contact grid with thicknesses of 25 nm /
3000 nm / 25 nm was deposited on top of the TCO by electron beam evaporation in the system
Creametr 400 by Creavac. Solar cells processed at HZB had typically an area of about 1 cm2

and were structured manually, mechanically. Solar cells processed at AIST had a Ni/Al contact
grid and were scribed mechanically in an automated setup for solar cell areas of 0.52 cm2 [90].
The cells discussed in section 6.3.2 had an area of 0.35 cm2.

Modules were structured with a P1, P2 and P3, as described in section 2.2. The P1 was done by
laser scribing, P2 and P3 scribes were done mechanically. The same applies for samples produced
for transmission line measurements.

Transmission line structures were fabricated following the work of Marinkovic et al. [93]. The
samples were processed with increasing cell widths in steps of 0.2 cm from 0.5 cm to 1.5 cm. The
cell length was 1.0 cm.

Light soak of CIGS devices is common practice to evaluate the stability of samples under
continued irradiation (typically under standard test conditions). In this thesis light soak was
carried out for modules described in section 6.3.1 and 6.3.3.

3.2 Characterization Techniques

This section provides information of the used characterization methods. A short general descrip-
tion of the used methods can be found in the appendix A.1.
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3.2.1 Material Characterization

Film thickness

The film thickness is an important parameter to evaluate the film properties (e.g. charge carrier
density, optical absorption) and the deposition conditions (e.g. deposition rate). In this thesis
the thickness was determined by two methods. Thicknesses of sputtered hydrogen based indium
oxide films were evaluated by profilometry (DektakXT, Bruker). In this thesis the glass substrate
was marked with edding prior to the TCO deposition and removed afterwards with aceton to
create a step in the film profile. The thickness of films, which were prepared with reactive plasma
deposition, was evaluated by spectral ellipsometry. Details concerning this method can be found
in the following subsection.

Optical Characterization

Ultraviolet–Visible-Near Infrared (UV-Vis-NIR) spectroscopy

Optical properties are a key characteristic of transparent conductive oxides. In this study
the reflection (R) and transmittance (T) of thin films on glass substrates were evaluated by
UV-Vis-NIR spectroscopy, typically in the range of 250 nm to 2450 nm. The measurements were
performed using a Perkin Elmer spectrophotometer (Lambda 1050) equipped with deuterium
and halogen lamps, a monochromator and an integrating sphere. Optical absorption (A) was
calculated with

A = 1−R− T (3.1)

The optical band gap of hydrogen doped indium oxide films was estimated from the relation [94]:

(αhν)2 = A′2(hν −Eg) (3.2)

where α is the absorption coefficient, h is Planck’s constant, ν is the photon’s frequency, Eg is
the optical band gap and A′ is a constant.

Spectral Ellipsometry (SE)

In this thesis the method was used to assess the thickness of films deposited by reactive plasma
deposition on glass substrates. The measurements were done using the spectral ellipsometer
J.A.Woolam, M-2000. Prior to fitting the data, the measurements were corrected due to reflection
of the back site of the glass substrate As model SLG/TCO/EMA/Air was set. EMA represents
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the effective medium approximation, a composition of TCO 50 % : 50 % Air was assumed. The
thickness of the film was set as the sum of the TCO thickness and half of the EMA thickness.

Electrical Characterization

4 point probe

In this thesis 4 point probe measurements were done using the Model RM3-AR by Jandel. The
sheet resistance can be obtained by measurements in the von der Pauw geometry.

Hall effect measurements

In this thesis Hall measurements were conducted in van der Pauw geometry with the system
HMS-3000, Ecopia (at HZB) and ResiTest8300, Toyo (at AIST). Multi-layered stacks of the
transparent conductive oxide (n-type) and sub-layers (n and p type) with a much higher resistance
were measured. The simplifying assumption has been made that due to the big difference in
conductivity, current is only transported through the transparent conductive oxide and that the
influence of the sub-layers is negligible.

Transmission line measurements

Transmission line structures were processed to evaluate the sheet resistance of TCOs grown on
CIGS samples, as discussed in section 6.2. The procedure is described elsewhere [93].

Structural Characterization

Glow Discharge Optical Emission Spectroscopy (GDOES)

The elemental profile was measured by GDOES. Measurements were conducted with a GDA650
analyzer from Spectruma Analytik GmbH.

Transmission Electron Microscopy (TEM)

In this thesis two procedures were used. Hydrogen doped indium oxide films deposited on
ZnO/glass, as discussed in section 5.1 were prepared conventionally and analyzed with a Zeiss
LIBRA 200FE. CIGS samples, as discussed in section 5.3 were coated with 10 nm thick carbon
for improved conductivity during SEM-focused ion beam (FIB) and with 1 µm thick Pt for
protection during mechanical dimpling. A ≈ 30 µm x 20 µm x 10 µm "trench" was cut for an
observation window. The cross-section of the CIGS sample was ion polished with decreased ion
current of 1 nA, 0.5 nA, 0.1 nA and 50 µA. Scanning Transmission Electron Microscopy (STEM)
measurements were performed with a JEOL JEM-ARM 200CF electron microscope. In order to
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see grain boundaries clearly, an annular dark field (ADF) detector was used to collect medium
angle annular dark field (MAADF) and annular bright field (ABF) signal for an improved defect
signal.

Scanning Electron Microscopy (SEM)

Scanning electron Microscopy measurements were conducted at acceleration voltages of 5 kV to
10 kV at a LEO Gemini 1530 or Hitachi S-4300.

Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction measurements were carried out with EDAX-TSL equipment
[95,96]

X-Ray Diffraction (XRD)

X-ray diffraction is a wide used technique for phase identification and evaluation of the structure
of (poly-)crystalline materials. Within this thesis XRD measurements were an important
characterization method to evalulate the chrystalline structure of the films. Thus the method
is described in more detail. Monochromatic X-rays are directed towards the sample, where
they interact with the sample and are scattered from a series of lattice planes. Constructive
interference occurs when Braggs Law is satisfied [95]:

nλ = 2dhklsinθ (3.3)

Figure 3.1: Schematic representation of the Bragg equation; waves are reflected from lattice planes

where n is an integer, λ is the characteristic wavelength of the X-rays, which impinge the
crystallite, dhkl is the interplanar spacing between lattice planes and θ is the angle of the X-ray
beam with respect to the planes. A simplified scheme can be seen in Figure 3.1. To collect all
scattered X-ray intensities, the angle θ is changed continuously in a specific range (a scan is
performed). The intensities are measured with a detector, which is typically moving around the
sample. The maximum intensity of the reflected rays results when the reflected X-rays are in
phase for an specific angle θ (Bragg angle). The θ/2θ diffractometer is an often-used instrument
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to measure Bragg reflections. In this configuration the angles of the incoming and exiting beam
are continously varied, but remain equal throughout the whole scan (θin = θout). The exit angle is
2θ with respect to the extended incoming beam. The crystallographic lattice planes contributing
to the scattering of X-rays are all parallel to the substrate. In this thesis this measurement set-up
is referred as Bragg Brentano X-ray diffraction (BB-XRD). An other set-up used in this study is
grazing incidence X-ray diffraction (GI-XRD). In this configuration the angle of the incoming
beam is fixed, typically at very small angles and is referred as α, while the detecor is moving
along the 2θ circle. Due to this configuration the path of the x-rays within the thin film can
be maximized, leading to larger intensities than during θ/2θ scans. Further the lattice planes
that cause scattering of X-rays are not necessarily parallel to the substrate. Therefore a random
orientation of the crystallites, can be measured. However, due to the changed configuration
the Bragg reflections are slightly shifted compared to a symmetrically measured pattern. In
amorphous phases atoms are arranged in a random way and thus do not cause sharp Bragg peaks
but result in a broad feature [97]. Thus by fitting the crystalline part and/or the amorphous part
of XRD pattern the crystalline fraction XC of, here, In2O3:H films can be determined by [98]:

XC(In2O3 : H) =
AC(In2O3 : H)

AC(In2O3 : H) +AA
(3.4)

where AC(In2O3:H) is the sum of all integrated peaks of In2O3 that were observed in the XRD
pattern (here GI-XRD) and AA is the total area under the amorphous components in the XRD
pattern measurements, namely the broad feature.

Other evaluation procedures of X-ray diffraction patterns are summarized in the following.
Cu Kα (λ = 0.154 nm) radiation was used as the source of the X-rays. Evaluation of the
crystalline fraction and the texture coefficient was done based on measurements in GI-XRD
configuration. Calculation of structural parameters, i.e., the lattice constants of ZnO and
In2O3:H thin films, crystallites size and strain were conducted based on measurement in BB-XRD
configuration. Crystalline ZnO films exhibit a hexagonal wurtzite structure. The ZnO lattice
parameter c of the (002) reflex was calculated:

c = d · l = 2d (3.5)

with the corresponding Miller indices l = 2. Crystalline indium oxide has a body centered cubic
byxbite structure with lattice parameter a = 10.117 Å [52,53], thus the following relationship
applies:

dhkl =
a√

h2 + k2 + l2
(3.6)

The plot of dhkl against the reciprocal of
√
h2 + k2 + l2 is used to calculate the lattice constant

a of the crystallites. The slope of the linear fit represents the average value of a.
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The instrumental broadening was estimated by a LaB6 standard and the integral breadth β was
corrected using the relation [99]:

βLf = βLh − βLg (3.7)

for the Lorentian (L) component and

β2
Gf = β2

Gh − β2
Gg (3.8)

for the Gaussian (G) component of the Voigt profile. The denotations f,h and g represent the
components of the integral breadth of intrinsic profile, experimental profile and instrumental
profile. Assuming a Lorentzian size-broadened profile (βLf = βS), the volume-weighted crystallite
size 〈D〉V can be calculated as:

〈D〉V =
λ

βScosθ
(3.9)

The weighted average strain ε can be calculated as:

ε̃ =
1
4βDcotθ (3.10)

if a Gaussian strain-broadened profile (βGf = βD) is assumed [99]1.

Photoelectron Spectroscopy

In this study X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy
(UPS) measurements were conducted to obtain the band alignment of hydrogend doped indium
oxide and intrinsic zinc oxide. UPS/XPS measurements of gold were conducted for each sample
configuration and serve as reference for calibration. XPS spectra were corrected for background
and corrected corresponding to the Au core level 4f7/2 at 84 eV. XPS spectra were fitted using
a linear background and voigt functions. Valence band maximum VBM measured by UPS
(He I; 21.2 eV) were corrected corresponding to the Au fermi level EF , which was set to 0 eV,
for each sample configuration. The valence band maximum (VBM) EV BM was determined by
linear extrapolation of the leading edge towards the extended base line of the VB spectra [101],
measured at two positions of the sample.

Atomic Force Microscopy

The surface topography of sub-layers was found be be a key aspect for successful growth of high
mobility amorphous indium oxide based TCOs. The topography was evaluated by atomic force
microscopy (AFM) measurements. The sample is scanned with a nano-scaled tip, attached to
the end of a cantilever. The measurement signal is controlled by a laser beam, which is reflected
at the cantilever. Measurements conducted within this thesis were done using tapping mode

1Part of the calculations were adapted from mathematical derivations published in the manuscript and supportion
infromation of Erfurt et al. [100]
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AFM. Two systems were used: 1) Park Systems XE70 with the cantilever type PPP-NCHR;
2) SII NanoNavi E-Sweep with the cantilever type SI-DF40. Measurements were done with a
resolution of 512 pixel x 512 pixel, the image size varied, in dependene of the sample and required
information, from 2 µm x 2 µm to 40 µm x 40 µm. Data was evaluated with the software
Gwyddion [102]. The grain size was estimated by the watershed method. The median local slope
was assessed by applying the integral transformation "local slope".

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) was used to evaluate the amount of residual
water in spin coated GaxOy sol-gel layers. The layers were deposited on Si-wafers. Transmission
spectra were measured under nitrogen atmosphere at room temperature from 370 cm−1 to
7500 cm−1 using a Bruker Tensor 27. The measured spectra were evaluated using the software
OPUS 7 [103]. The following procedures were applied: correction for atmospheric absorption,
baseline correction and transformation of the transmission spectra to absorption spectra.

Accelerated Aging

The stability of the electrical properties of the TCOs was investigated by damp heat tests, where
the relative humidity was set to 85 % and the temperature to 85 °C. The electrical properties
were studied by hall effect measurements before and after 24 h, 48 h, 120 h, 288 h, 500 h and
1000 h of damp heat. This settings fulfill the requirements of the standard IEC 61646 (10.13).
The damp heat tests were carried out in the climate chamber WK 11 - 600/40 from Weiss
Umwelttechnik GmbH.

3.2.2 Device Characterization

Current-Voltage Characterization

The main characteristics of the solar cells (jsc, Voc, FF , η) are determined by current density -
voltage measurement (j-V ) under standard test conditions (AM1.5g spectrum [33], 1000 W/m2,
25 °C). To determine the diode quality factor, saturation current density, shunt and sheet
resistance the j-V curve of a cell was fitted with a two-diode model with the software IGOR
Pro [104] and the evaluation procedure PV-Evaluate, developed by Roland Mainz, HZB.
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Quantum Efficiency

The quantum efficiency (QE) of the solar cells was measured in the range of 300 nm to 1400 nm
using a homemade set-up with a monochromator. A LED-based white light (spectrum and
intensity close to AM1.5) generates normal operation conditions, the current is measured for
every wavelength. The EQE measurements were performed without applied bias voltage.

Capacitance Voltage Characterization

Capacitance-Voltage measurements were performed to evaluate the ionized acceptor concentration
profile of the cells. Two different setups were used: (i) a LCR meter (Agilent E4980) at a frequency
of 100 kHz with bias voltage from 0.6 to (-3.0) V; (ii) a homemade setup using an Agilent 4284A
LCR meter at a frequency of 100 kHz with voltages between 0.5 V and (-0.5) V.

35



CHAPTER 4

Sputtered Hydrogen doped Indium Oxide

Hydrogen doped indium oxide and other related compounds are promising materials due to
their high electron mobility and low absorption. However, the fabrication of e.g. hydrogen
doped indium oxide (IOH) is limited to a laboratory scale, yet. To transfer the fabrication
to the industry, a feasible process has to be demonstrated, thus e.g. by large scale inline DC
magneteron sputtering. In this chapter1 we therefore investigate IOH films which were deposited
by such a process, namely by in-line pulsed DC magnetron sputtering with a possible deposition
are of 30 cm x 60 cm, as described in section 3.1.1 on page 22. We present the film properties
after annealing in vacuum or ambient air for 30 min at a temperature of 220 ° C, respectively,
and compare both annealing procedures, as a post deposition thermal treatment is required to
initiate solid phase crystallization of the amorphous phase of the films and results in high electron
mobilities. If not mentioned otherwise, the films had a thickness of ≈ 200 nm. In particular we
investigate the structural properties in section 4.1, the electrical properties in section 4.2 and
the optical properties in section 4.3. Additionally we studied the stability of the annealed film,
as this is another critical key aspect for the successful transfer to the industry production. We
observed, that the air annealed films showed lower charge carrier densities than the films annealed
in vacuum while the optical absorption of the films were comparable. However, an annealing in
air might be more feasible for a large scale production line. We therefore developed a strategy to
improve the charge carrier density and therefore the conductivity of air annealed films without
adversely affect the electron mobility or optical absorption. The strategy is presented in section
4.5. Finally we summarize the findings in section 4.6.

1This chapter is based on the paper Darja Erfurt, Marc D. Heinemann, Stefan Körner, Bernd Szyszka,
Reiner Klenk, Rutger Schlatmann; Improved electrical properties of pulsed DC magnetron sputtered hydrogen
doped indium oxide after annealing in air ; Materials Science in Semiconductor Processing 89 (2019) 170–175;
doi: 10.1016/j.mssp.2018.09.012 [105], licensed under a Creative Commons Attribution 4.0 International License
(CC-BY)
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4.1 Structural Properties

The investigations presented in the following are based on preliminary studies for the evaluation
of an suitable working point. In the preliminary studies a wide range of combinations of the
deposition parameter water vapor and oxygen partial pressure were processed. Values for the total
pressure and the pulse parameter were adapted from an already established In2O3:Sn deposition
process. The deposition condition of the In2O3:H film, which showed the highest electron
mobilities after annealing, were defined as the suitable working point.In this point the water
vapor pressure was pH2O = 0.33x10−3 Pa and the oxygen partial pressure pO2 = 0.88x10−3 Pa.
In the following the structural, electrical and optical properties of films deposited around this
point are evaluated. In particular, two sets of samples were deposited: (i) the water vapor
pressure was varied while the oxygen partial pressure was held constant, (ii) the oxygen partial
pressure was varied while the water vapor pressure was held constant. Furthermore the influence
of the annealing atmosphere was studied. The detailed parameter are summarized in Table 4.1.
Furthermore an additional experiment was carried out, which will be shortly discussed later2.

Table 4.1: Deposition and annealing parameter of hydrogen doped indium oxide films, grown by a pusled
DC magnetron sputtering process on bare glass substrates

Parameter Variation
Temperature deposited without intentional heating
Power density 0.8 W/cm2

Total pressure 0.31 Pa
pH2O varied from 0.2x10−3 Pa to 0.68x10−3 Pa, constant pO2 = 0.88x10−3 Pa
pO2 varied from 0.64x10−3 Pa to 1.11x10−3 Pa, constant pH2O = 0.33x10−3 Pa

q(Ar & O2) 28 sccm to 48 sccm
annealing in vacuum or ambient air for 30 min at ≈ 220 ° C
pulse f = 40 kHz; τoff = 1 µs

4.1 Structural Properties

First the structure of as grown films, deposited at a constant pH2O = 0.33x10−3 Pa but varied
pO2 is presented in Figure 4.1 (a). The films all exhibit a mainly amorphous structure, indicated
by the broad feature in the range of 28° ≤ 2θ ≤ 35°. Only a small (222) peak at 2θ ≈ 30.5° can
be assumed, indicating the presence of a few small crystallites inside the amorphous matrix. No
change of the structure can be observed due to the change of oxygen partial pressure during

2Two films were deposited with varied water and oxygen supply: (i) very high pH2O of 20x10−3 Pa without
additional oxygen supply q(Ar & O2) = 0 sccm; (ii) pH2O of 3.7x10−3 at q(Ar & O2) = 25 sccm; note that the
films were deposited at a reduced total pressure of p = 0.26 Pa and changed configurations of the residual gas
analyzer for the quantification of pH2O, which probably resulted in an overestimation of the values
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deposition. However, the water vapor pressure is known to be the most crucial parameter during
sputtering for the deposition of an amorphous indium oxide film. During the deposition we varied
the water vapor pressure in the range of 0.2x10−3 Pa ≤ pH2O ≤ 0.68x10−3 Pa, the oxygen partial
pressure was constant at pO2 = 0.88x10−3 Pa. At pH2O = 0.2x10−3 Pa partial film crystallinity
was observed already after deposition by GI-XRD measurements, as shown in Figure 4.1 (b). In
contrast, high water vapor pressures in this range led already to fully amorphous films when
deposited by RF sputtering [65]. By increasing the water vapor pressure during pulsed DC
sputtering to pH2O ≥ 0.33x10−3 Pa the crystalline fraction can be decreased, leading to a mainly
amorphous structure of the film. The overall amourphous growth indicates the incorporation of
hydrogen during the deposition [46].

(a) pH2O = 0.33x10−3 Pa (b) pO2 = 0.88x10−3 Pa

Figure 4.1: X-ray diffraction patterns of hydrogen doped indium oxide films in the as grown state deposited
by pulsed DC magnetron sputtering with (a) constant pH2O and varied pO2 and (b) constant pO2 and
varied pH2O; the In2O3 reference pattern was taken from PDF 00-006-0416, patterns were shifted vertically
for improved clarity

A post deposition thermal treatment leads to solid phase crystallization of the amorphous films.
The crystallization process can be influenced by its temperature, duration and atmosphere but is
also dependent on the initial film structure. Annealing in both vacuum and air at 220 °C for
a duration of 30 min result in solid phase crystallization of the amorphous film. In Figure 4.2
X-ray diffraction patterns of the air and vacuum annealed films, which were deposited at pH2O

= 0.33x10−3 Pa and pO2 = 0.88x10−3 Pa, are shown as examples. The observed peaks can
be assigned to cubic bixbyite In2O3 structure. The peak intensity ratios of (222)/(400) and
(222)/(440) are 3.4 and 3.7 for the air annealed film and 3.4 and 3.4 for the vacuum annealed
film, respectively. The peak intensity ratio of (222)/(400) is close to the reference value of 3.3 for
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Figure 4.2: X-ray diffraction patterns of hydrogen doped indium oxide films annealed in vacuum or air for
30 min at 220 °C; the In2O3 reference pattern was taken from PDF 00-006-0416, patterns were shifted
vertically for improved clarity

both films while the peak intensity ratio of (222)/(440) is higher than the reference value of 2.9,
indicating slightly less crystal growth in (440) orientation.

Figure 4.3 shows EBSD images of air annealed samples sputtered at pH2O = 0.33x10−3 Pa and
(a) pO2 = 0.64x10−3 Pa and (b) pO2 = 1.11x10−3 Pa, respectively. A randomly oriented grain
structure can be observed for both films by EBSD. The domains of the film sputtered at lower
oxygen content reach sizes up to 600 nm and only a few small domains are located in between.
In contrast the air annealed film sputtered at higher pO2 shows a significantly higher amount of
small domains. Further pixelated areas can be observed, which have a share of almost half of the
total area.

The finding provides evidence that the film morphology of the pulsed DC magnetron films
depends strongly on the deposition parameters. As an amorphous growth could be observed
for films sputtered at pH2O ≥ 0.33x10−3 Pa, we assume that during deposition hydrogen is
incorporated in the film structure. A high oxygen flow during the deposition can lead to an
increased nano-crystallinity in sputtered IOH films [106]. The nuclei do not coalesce during
solid phase crystallization and thus prevent the formation of large grains. The pixelated areas
observed in the EBSD images can be caused by either amorphous regions or domains smaller
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(a) pO2 = 0.64x10−3 Pa (b) pO2 = 1.11x10−3 Pa

(c) inverse pole figure

Figure 4.3: EBSD measurements of air annealed IOH layers sputtered at constant pH2O = 0.33x10−3 Pa
and varied oxygen partial pressure (a) pO2 = 0.64x10−3 Pa and (b) pO2 = 1.11x10−3 Pa; (c) inverse pole
figure; adapted from Erfurt et al. [105]

than the resolution minimum of the measurement setup. If this were caused by an amorphous
structure, however, a clear difference between the films would have to be observed by GIXRD. In
fact the measurements showed an even higher amount of crystallinity for the film sputtered at
higher oxygen supply, as shown in Figure 4.4. No amorphous hump can be observed. Thus it
can be assumed that these areas are caused by nanocrystals and presumably defect rich areas,
which form during the solid phase crystallization.

The main findings can be summarized as follows:

• The process window for the deposition of amorphous In2O3:H seems to be more narrow for
pulsed DC magnetron sputtering than RF. magnetron sputtering, regarding the parameter
"water vapor pressure"
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Figure 4.4: GIXRD diffraction pattern for air annealed films deposited at pO2 = 0.64x10−3 Pa and
pO2 = 1.11x10−3 Pa, respectively; Reference diffraction pattern of In2O3 (Ref. 00-006-0416); adapted
from Erfurt et al. [105]

• Films sputtered at increased oxygen supply showed a more porous surface morphology
after the annealing in air than films deposited at low oxygen content.

4.2 Electrical Properties

In the following first the electrical properties of the sputtered films before annealing are discussed.
Based on this results the properties after annealing in vacuum or air are compared.

In Figure 4.5 the charge carrier density, the electron mobility and the resistivity of the as grown
films are shown in dependence of the oxygen partial pressure (a) and water vapor pressure (b).
With increasing oxygen supply the charge carrier density was found to decrease, presumably as
a higher amount of oxygen atoms is incorporated into the films. This consequently decreases
the amount of oxygen vacancies V++

O , which are known to act as doubly charged donors [62].
At the same time the electron mobility increases from 41 cm2/Vs up to 54 cm2/Vs due to the
reduced impurity scattering by doubly charged oxygen vacancies. These results are consistent
with results found in literature [106]. In combination, the dominating decrease of the charge
carrier density results in an increased resistivity with higher pO2.
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Figure 4.5: Development of the electrical properties of as grown In2O3:H films deposited at (a) constant
pH2O = 0.33x10−3 Pa and varied pO2 and (b) constant pO2 = 0.88x10−3 Pa and varied pH2O; samples
that were deposited at the same conditions are circled

With increasing pH2O from 0.26x10−3 Pa to 0.68x10−3 Pa a slight decrease of the charge carrier
density from 3.62x1020 cm−3 to 3.07x1020 cm−3 can be observed. In this range the films grow
amorphous. In contrast, the electron mobility was found to increase from 40 cm2/Vs to 50 cm2/Vs
with increase of the water vapor pressure. Consequently the resistivity reaches a minimum of
360 µΩcm at pH2O = 0.33x10−3 Pa.

The electrical properties of the crystallized films are strongly correlated with the film structure,
which can be influenced by the deposition parameters oxygen partial pressure and water vapor
pressure and the subsequent annealing. For all films the charge carrier density, electron mobility
and resistivity were investigated, the results are shown in Figure 4.6 (a) and (b), respectively.
With increasing Oxygen partial pressure (pO2) the carrier density decreases for both annealing
atmospheres, as already observed for the as deposited films, shown in Figure 4.5 (a). However the
charge carrier density of layers annealed in air is consistently lower than that of vacuum annealed
films and the spread increases from ∆ne = 0.12x1020 cm−3 to ∆ne = 0.58x1020 cm−3 when
increasing pO2 from 0.64x10−3 Pa to 1.11x10−3 Pa, respectively. In parallel to the decreasing
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Figure 4.6: Development of the electrical properties of In2O3:H films deposited at (a) constant
pH2O = 0.33x10−3 Pa and varied pO2 and (b) constant pO2 = 0.88x10−3 Pa and varied pH2O after
annealing in vacuum or air, respectively, at 220 °C for 30 min; samples that were deposited at the same
conditions are circled; adapted from Erfurt et al. [105]

carrier density the mobility of vacuum annealed films increases slightly up to 113 cm2/Vs. An
increase of the electron mobility with increasing pH2O was already observed for the as grown
films. For films annealed in air this could not be observed. Electron mobilities of 113 cm2/Vs
were determined only at pO2 = 0.88x10−3 Pa for an annealing duration of 30 min. Here, the
electron mobility of films sputtered at lower pO2 increased by a prolonged thermal treatment
while no improvement is observed for films sputtered at higher pO2 for shorter or longer annealing
durations, respectively. Additionally the electron mobility of all air annealed films dropped when
prolonging the annealing time further (not shown here).

As seen in Figure 4.6 (b), the film properties are also sensitive to the water partial pressure
within the pulsed DC sputtering process. Electron mobilities of more than 100 cm2/Vs could
only be achieved in the range of 0.25x10−3 Pa < pH2O < 0.45x10−3 Pa after annealing in vacuum
and only for pH2O = 0.33x10−3 Pa after annealing in air. For pH2O > 0.33x10−3 Pa the electron
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mobility starts to decrease, regardless of the annealing atmospheres but with a stronger decline
for the layers annealed in air. In analogy to the as deposited films the charge carrier density of
vacuum annealed films decreased slightly with increasing pH2O, but dropped drastically for air
annealed films.

The findings of the present study show that the electrical properties can be influenced by the
deposition parameter water vapor and oxygen partial pressure as well as the annealing atmosphere.
By increasing the water vapor pressure during deposition it is likely that a higher amount of
In-OH and In(OH)3 is incorporated in the film eliminating more doubly charged oxygen vacancies.
This can lead to the decreased charge carrier density, as observed in Figure 4.5 (b).

In fact an additional experiment showed that films sputtered with a very high pH2O ≈ 20x10−3 Pa
and without any additional oxygen supply (q(Ar/O2) = 0 sccm) had a reduced charge car-
rier density of ne = 3.1x1020 cm−3 in the as grown state. In contrast films deposited at
pH2O ≈ 3.7x10−3 Pa with additional oxygen supply (q(Ar/O2) = 25 sccm) showed an increased
charge carrier density of ne = 4.2x1020 cm−3. The electron mobility of both as grown films was
µe ≈ 43 cm2/Vs. Note that both films were sputtered at otherwise equal conditions, but still
different compared to the films further discussed in this chapter. This result indicates that during
deposition oxygen vacancies are eliminated and that the increased amount of hydrogen does not
necessarily act as donor. We assume that the increase of electron mobility in Figure 4.5 (b) can
be explained by the increasingly amorphous structure of the layers, as shown in Figure 4.1 (b),
as scattering at grain boundaries or at the interface of the crystalline and amorphous phase [22]
is reduced. Thus the low µe of films sputtered at pH2O = 0.2x10−3 Pa could be explained by the
films not being completely amorphous after the deposition and before annealing.

The results suggests that during the post deposition thermal treatment in air atmospheric species
like O2, H2O or CO2 can diffuse into the layer and act as charge carrier traps or bond the dopant
hydrogen [107] and thus lower the charge carrier density of air annealed films compared to films
annealed in vacuum. The stronger decrease of ne with increased oxygen partial pressure during
desposition is attributed to the differences in film morphology. The nanocrystalline structure of
layers sputtered at higher pO2 is assumed to provide a higher amount of percolation paths at
the grain boundaries. Consequently more atmospheric species may diffuse into the layer and
thus promote the decrease of the charge carrier density. The diffused atmospheric species may
also act as impurity scattering centers or lead to an increase of the electron barrier at the grain
boundaries due to chemical modifications [107]. Both effects may explain the decreased electron
mobility of air annealed films which were sputtered at higher pO2.

Furthermore a dependence of the electrical properties on the water vapor pressure during
deposition was observed. We assume that this can be correlated with the resulting film structure.
A higher amount of H or OH can be incorporated in the films when increasing pH2O [46]. During
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crystallization these species can diffuse to the grain boundaries, especially interstitial hydrogen
is highly mobile [108], forming a void rich structure, as shown by Koida et al [109], or an overall
reduced film crystallinity. This leads to increased impurity scattering and decreased electron
mobility. When annealing these films in air these structures provide diffusion paths for different
atmospheric species, as described before, leading to the lower mobility and carrier density. Also
Scherg-Kurmes et al [110] predicted that a porous film structure, which forms at sputter pressures
as high as 0.6 Pa, is harmful for the electrical properties of IOH after annealing in air.

The main findings can be summarized as follows:

• IOH films obtained lower charge carrier densities after annealing in air compared to films,
which were annealed in vacuum, presumably due to diffusion of atmospheric species during
annealing, acting as charge carrier traps.

• The films showed similar high electron mobilities after annealing in vacuum and air only
for a specific set of deposition parameters, otherwise electron mobilities of film annealed in
vacuum were typically higher than the ones of air annealed films.

4.3 Optical Properties

In this section we compare the optical properties of a film, which showed reasonable high electron
mobilites after annealing. First the transmittance, reflectance and absorption of the film before
and after annealing in vacuum or air are compared. Second the optical band gaps of the films
are estimated and the results discussed.

Figure 4.7 presents the reflectance, transmittance and absorption spectra of the as deposited,
air or vacuum annealed IOH films, which were deposited at an oxygen partial pressure of
pO2 = 0.88x10−3 Pa and a water vapor pressure of pH2O = 0.33x10−3 Pa, respectively. From this
data we can see, that the transmittance increases after annealing while the absorption decreases
over the whole wavelength range. The absorption of the vacuum annealed film is higher in the
NIR than that of the air annealed film. In the visible region no difference can be observed
between the samples. Additionally the graph shows the absorption spectra of an AZO thin film
with d = 550 nm, ne = 2.8x1020 cm−3, µe = 25 cm2/Vs and RSq = 16 Ω/Sq. The vacuum
annealed film showed a comparable sheet resistance of RSq = 14 Ω/Sq but had a much lower
film thickness of only d = 200nm. Due to its high electron mobility of µe = 112 cm2/Vs a lower
charge carrier density of only ne = 2.0x1020 cm−3 is sufficient to achieve a similar sheet resistance
at the decreased film thickness. This combination leads to the lower absorption of the vacuum
annealed IOH film compared to the AZO film over the whole spectra.
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Figure 4.8 illustrates the dependence between (αhν)2 and the photon energy hν of the air and
vacuum annealed films. The extrapolation of the linear part of the curves onto the energy axis
indicates the optical band gap of the vacuum annealed film to be 3.79 eV and 3.73 eV for the air
annealed sample. In contrast the as grown film had a optical band gap of only 3.47 eV.
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Figure 4.7: Reflection (R), transmittance (T) and absorption (A) spectra of IOH, deposited at
pO2 = 0.88x10−3 Pa and pH2O = 0.33x10−3 Pa, after annealing in vacuum or air; for comparison
the absorption spectra of an AZO film is shown

These findings highlight the beneficial aspect of the annealing on the optical properties. The
shift of the absorption edge towards lower wavelengths indicates the crystallization process. The
slightly higher absorption of the vacuum annealed films in the NIR can be related to the free
carrier absorption, as the charge carrier density of the vacuum annealed film is higher compared
to the air annealed film. The relationship of the optical band gap and the photon energy indicates
that the electronic transitions are direct transitions across the band gap of the films [111]. The
slightly higher optical band gap of the vacuum annealed (∆Eg = 0.06 eV) film can be explained
by the higher charge carrier concentration and filling of electronic states in the conduction band
(Burstein-Moss shift) [112, 113]. According to the Burstein Moss equation the difference was
estimated to be 0.07 eV, which is in good agreement with the measured value.

The main findings can be summarized as follows:

• Due to the lower charge carrier density of air annealed IOH films the parasitic absorption
in the NIR is lower than that of vacuum annealed films.

• Due to the lower charge carrier density of air annealed IOH films the optical band gap is
lower than that of vacuum annealed films, according to the Burstein-Moss-shift.
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Figure 4.8: Tauc plot of IOH film, deposited at pO2 = 0.88x10−3 Pa and pH2O = 0.33x10−3 Pa, after
annealing in vacuum or air

4.4 Stability

The implementation of high mobility TCOs in e.g. solar cells require a certain stability of their
properties over several years and can be estimated by accelerated aging during damp heat tests.
We investigated the stability of the electrical properties of vacuum and air annealed films, which
were sputtered at high and low water vapor pressures and high/low oxygen partial pressures,
respectively. The results are presented in the following.

The changes of the electrical properties over time can be found in Figure 4.9 (a) and (b),
respectively. After 1000 h of damp heat the resistivity of the vacuum and air annealed films
sputtered at pO2 = 0.64x10−3 Pa increased from 243 µΩcm to 280 µΩ cm (+ 15 %) and from
283 µΩcm to 358 µΩcm (+ 27 %), respectively. In contrast, the resistivity of the annealed films
sputtered at high oxygen partial pressure increased significantly by 223 % from 325 µΩcm to
1048 µΩ cm and by 345 % from 654 µΩcm to 2913 µΩcm, respectively. The main cause is the
strong decrease of the electron mobility. For films sputtered at pO2 = 1.11x10−3 Pa the decrease
was observed already after 24 h. In contrast, annealed films sputtered at pO2 = 0.64x10−3 Pa
were stable up to 500 h of damp heat, regardless of the annealing atmosphere. The charge
carrier density was overall stable and decreased only slightly for the air annealed film which was
sputtered at pO2 = 0.64x10−3 Pa.

This study indicates that the differences in the film morphology of air annealed films observed
in the EBSD images can explain the corresponding poor damp heat stability of films sputtered
at higher pO2. A higher amount of percolation paths would promote diffusion of atmospheric
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Figure 4.9: Change of the electrical properties during damp heat tests of films annealed in vacuum or air,
deposited at (a) constant pH2O = 0.33x10−3 Pa (adapted from Erfurt et al. [105]) and (b) constant pO2
= 0.88x10−3 Pa

species during the damp heat into the bulk. In contrast to the processes taking place during
air annealing, no further drop of the carrier density is observed. Nevertheless, these species can
bond hydrogen. Tohsophon et al [114] proposed the removal of H atoms at grain boundaries by
adsorbed OH-radicals which form H2O molecules. The formation and desorption of H2O would
lead to a loss of passivation at grain boundaries and to a drop of electron mobility [66, 114].
Atmospheric species which already diffused into the films during the annealing in air can accelerate
this process and therefore lead to a more pronounced loss of electron mobility, as observed here
for films annealed in air compared to the films annealed in vacuum.

Similarly, a more distinct µe decrease was also found for the annealed films which were deposited
at higher pH2O, as can be seen in Figure 4.9 (b). This is consistent with the finding of Jost et
al. [107] and Koida et al. [109]. It was shown that a porous grain boundary structure, which
forms when the films contain a high amount of H, accelerate the degradation of µe, as they would
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have indium hydroxide or weakly bonded structures incorporating large amounts of OH species
around the grain boundary [109]. However, this might not be the main cause for the different
degradation of films sputtered at low and high oxygen partial pressure, as here the water vapor
pressure was held constant during deposition. Thus the incorporated amount of hydrogen is
assumed to be equal.

To evaluate the stability of IOH films the results are compared to the stability of an AZO
film of ≈ 290 nm thickness. The initial electrical properties before the damp heat tests were
ne = 2.9x1020 cm−3 and µe = 18.5 cm2/Vs resulting in ρ = 1177 µΩcm. After 1000 h of damp
heat the charge carrier density and electron mobility decreased by 23 % and 21 % respectively,
resulting in an increase of resistivity of 65 % to 1944 µΩcm. The finding is consistent with
findings of past studies by Greiner et al [115], who also reported an increase in resistivity of 70 %
for 420 nm thin films, which is similar to the film thickness of the AZO film in this study. The
study of the IOH stability revealed that IOH thin films are more stable (ρ: + 15 %) if prepared at
low water vapor pressure and oxygen partial pressure, respectively and annealed in vacuum (here:
pH2O = 0.33x10−3 Pa and pO2 = 0.64x10−3 Pa) and still have a lower resistivity of ρ = 310 µΩcm
after 1000 h of damp heat than the investigated AZO film. All films were deposited on a smooth
glass substrate. However, it is known that the substrate roughness can influence the stability of
TCOs. As highlighted by Greiner et al [115, 116] an accelerated degradation of the conductivity
of AZO thin films was found when deposited on rough substrates. Similar to these findings, also
for IOH thin films such an influence could be observed. The results are discussed in section 5.3.

The main findings can be summarized as follows:

• Air annealed films were slightly less stable during damp heat tests than films annealed
in vacuum, presumably due to the presence of incorporated atmospheric already after
annealing.

• Annealed films deposited at respectively high water or oxygen partial pressured showed
pronounced degradation during damp heat tests, most likely due to a porous structure.
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4.5 Strategies to improve the electro-optical properties after an-
nealing in air

For successful transfer to an industrial production annealing in air may be advantageous compared
to annealing in vacuum. However, the sheet resistance of the air annealed films is higher compared
to vacuum annealed films at similar weighted optical absorption values (400 nm to 1100 nm), as
can be seen in Figure 4.10 (a). This is caused by the lower carrier density of air annealed films, as
discussed before. To increase the carrier density after annealing in air we developed a bi-layered
IOH film structure. The approx. 160 nm thick bulk-layer was sputtered at pH2O = 0.33x10−3 Pa
and pO2 = 0.88x10−3 Pa, as here the highest mobilities were achieved after 30 min of annealing
in air. At these conditions an amorphous growth can be realized, as seen in 4.1 (b). The approx.
30 nm thick cap-layer was deposited at a reduced water vapor pressure of pH2O = 0.2x10−3 Pa,
which led to a partly crystalline growth. The combined bi-layer film showed an amorphous
structure in XRD, as the influence of the partly crystalline thin cap-layer is very low compared
to the amorphous structure of the 160 nm thick bulk-layer underneath. In Figure 4.11 GI-XRD
measurements of the bi-layer film and 200 nm thick reference layers are shown. The X-ray
diffraction patterns of the reference layers were equal to the ones of the corresponding layers
from Figure 4.1.

(a) (b)

Figure 4.10: Weighted optical absorption in dependence of the sheet resistance of (a) IOH films annealed
in vacuum or air with varied oxygen supply during sputtering; (b) uncapped (solid symbols) and capped
(empty symbols) IOH films before and after annealing; the weighted optical absorption of the glass
substrate was calculated to 1.01; adapted from Erfurt et al. [105]
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Table 4.2: Electrical film properties and integral absorption (Aint,400nm−1100nm) of capped and uncapped
IOH before and after annealing in vacuum or air; partly adapted from Erfurt et al. [105]

Annealing Sample ne µe ρ RSq Aint,400nm−1100nm

(cm−3) (cm2/Vs) (µΩcm) (Ω/Sq) (a.u.)
as deposited reference 3.7x1020 47 362 18.5 3.95
as deposited bi-layer 3.6x1020 48 368 19.3 3.74

vacuum reference 2.0x1020 115 276 14.1 2.00
vacuum bi-layer 2.0x1020 113 281 14.7 2.06

air reference 1.4x1020 109 404 20.6 1.77
air bi-layer 1.8x1020 108 320 16.8 1.92

In Figure 4.10 (b) the integral optical absorption (400 nm to 1100 nm) and sheet resistance
of the approx. 190 nm bulk reference and the bi-layer sample before and after annealing are
shown, the electrical properties and weighted absorption values are summarized in Table 4.2.
Before annealing and after annealing in vacuum, the properties of capped and uncapped films,
respectively, are very similar. However, in case of air annealing, the bi-layer film shows an
increased charge carrier density of ne = 1.8x1020 cm−3 compared to the charge carrier density of
the bulk reference film with ne = 1.4x1020 cm−3. The electron mobilities were similar for the
bi-layer and the bulk reference film, around µe ≈ 108 cm2/Vs to 109 cm2/Vs. This leads to a
significant improvement of the sheet resistance of ∆RSq = 3.8 Ω/Sq for the capped film.
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The results suggest that interactions of the film with atmospheric species during the annealing
in air can be counteracted by a bi-layered film structure with a partly crystalline cap layer.
An amorphous structure (uncapped bulk reference) is rich in lattice defects, distortions and
vacancies, which can also act as percolation paths [107]. By growing a partly crystalline layer
on the sample surface we can reduce the amount of percolation paths and thus the diffusion of
atmospheric species into the bulk material already prior to and during annealing. Due to the
higher amount of crystalline nuclei in the cap layer the film surface can be fully crystallized more
easily during the annealing, while the bulk can still contain an increased amount of amorphous
phase. This may lead to the observed higher charge carrier density for the bi-layer sample. As
the partly crystalline cap layer does not harm the film quality significantly, electron mobilities
over 100 cm2/Vs can still be reached easily. The slightly increased weighted absorption is caused
by the increased free carrier absorption in the NIR. Due to the still low defect density in the
film, the absorption in the visible range does not increase significantly. As interactions with
atmospheric species are negligible before annealing and after annealing in vacuum, the properties
of capped and uncapped films, respectively, are very similar. Consequently, films crystallized in
air with an increased conductivity and similar absorption values were realized.

The main findings can be summarized as follows:

• The decreased charge carrier density of air annealed films results in higher sheet resistances
but comparable optical absorption with regard to vacuum annealed films.

• Due to implementation of a thin cap-layer with a higher crystalline fraction after deposition
the charge carrier density of air annealed films was improved without significant losses in
optical absorption or electron mobility.

4.6 Conclusion

In this chapter we showed how the deposition conditions water and oxygen partial pressure as well
as the annealing atmosphere influence the properties of hydrogen doped indium oxide films, which
were deposited by a pulsed DC magnetron sputtering process. We observed that the process
window for the deposition of amorphous IOH is more narrow than for a RF sputtering process.
For a water vapor pressure of pH2O = 0.2x10−3 Pa during deposition, already a pronounced
crystalline growth was observed within this study, while such water vapor pressures were shown
to result in mainly amorphous grown films, when deposited by RF sputtering [46]. When the
films were deposited at respectively high oxygen partial pressures, a more porous structure was
observed after annealing. We assume that this is similar for films deposited at high water vapor
pressures. The annealing in vacuum or air initiates solid phase crystallization. During annealing
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4.6 Conclusion

in air atmospheric species might diffuse into the films and act as charge carrier traps, thus
reducing the charge carrier density of air annealed films. These films showed reduced parasitic
absorption in the near infrared region and a reduced optical band gap due to the Burstein-Moss
effect. However, a porous structure after annealing and further the presence of incorporated
atmospheric species led both to accelerated degradation during damp heat, presumably due
to enhanced diffusion of -OH at grain boundaries. The charge carrier density of air annealed
films was improved by the implementation of a thin partly crystalline cap layer on a standard
bulk film. Such a cap layer presumably counteracts the diffusion of atmospheric species during
annealing in air, as a dense crystalline layer forms accelerated at the surface.
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CHAPTER 5

Substrate Influences on Growth Mechanism and Properties

As front contact in CIGS solar cells indium oxide based TCOs can be deposited on different
sublayers, dependent on the CIGS configuration. These layers as well as the topography of the
CIGS samples can influence the growth of indium oxide based TCOs. In this chapter these
influences are discussed separately. First the influence of layers such as sputtered Zn(O,S) and
intrinsic zinc oxide (i-ZnO) on planar glass substrates on the properties of IOH is identified
in section 5.1, as such layers are widely used in CIGS solar cells [117–119]. Alternatives to
these layers may be indium gallium oxide thin films [120]. In section 5.2 their influence on the
properties of IOH thin films is discussed when deposited on flat glass. Additionally the substrate
morphology and topography of the CIGS absorber influence the growth of the indium oxide based
TCOs. Therefore in section 5.3 influences of rough CIGS samples and textured glass substrates
are evaluated. A limitation of the electron mobility of indium oxide based TCOs was found
for several sub-layer conditions, mainly due to rough surfaces. Thus in section 5.4 strategies to
improve the electron mobility on CIGS samples are presented. Furthermore the stability of IOH
films on rough substrates is discussed in section 5.5. Lastly we summarize the findings in a chart,
see section 5.6.

5.1 Sputtered Zn(O,S) and ZnO films on glass

ZnO is a common material for the highly resistive layer in CIGS solar cells. In the last years also
alternative materials, such as Zn(O,S) or (Zn,Mg)O are getting more attention. These materials
can be applied as highly resistive or as the buffer layer. The zinc oxide based layers would the
the template for the deposition of hydrogen doped indium oxide based TCOs, when applied in
CIGS solar cells. Therefore it is important to study the combined layer stack and to identify
possible influences of the sub-layer on the TCO. As example we investigated how sputtered ZnO
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5.1 Sputtered Zn(O,S) and ZnO films on glass

and Zn(O,S) layers affect the growth of sputtered In2O3:H. To exclude any further effects, the
films were deposited on planar glass substrates. The roughness of CIGS is a further influence
factor, the combination of both effects will be considered, in section 5.3.1. First the crystalline
structure of the Zn(O,S) and several ZnO films is studied. Based on this we investigate the
crystalline structure of In2O3:H and correlate the findings with the electrical properties of the
films. Finally we discuss the obtained results1.

For the investigations 6 different films were deposited, one Zn(O,S) film and 5 ZnO films, deposited
at varied conditions, as shown in Table 5.1. The sample ID consists of the material and the
film thickness in nm for the ZnO films (40 nm, 130 nm or 200 nm). Additionally to the ZnO
thickness variation, 130 nm films were deposited with intentional substrate heating (marked with
"T"), or with a reduced total pressure (marked with "p"). The structure of the Zn(O,S) and ZnO
films was investigated by X-ray diffraction measurements in the θ - 2θ and grazing incidence
configuration. In Figure 5.1 GI-XRD measurements of In2O3:H on glass, Zn(O,S) and i-ZnO
are shown. For the Zn(O,S) film no assignable peak was observed, thus the film was assumed
to be amorphous. In contrast, the ZnO films were crystalline in the wurtzite type structure.
In particular, the ZnO (002) diffraction peak is much stronger than other ZnO corresponding
diffraction peaks, indicating oriented growth with the crystallographic c axis perpendicular to the
substrate surface. To evaluate the film structure of the ZnO films, the lattice parameters c and
the average domain sizes L were calculated, the results are shown in Table 5.1. The calculation
is explained in section 3.2.1 on page 31. Furthermore the lateral grain size was estimated by
AFM measurements (〈D〉AFM ). The calculated values are listed in Table 5.1.

Table 5.1: Deposition parameter and structural properties of sputtered Zn(O,S) and ZnO films; adapted
from Erfurt et al. [100]

Sample film thickness ptot Heating c 〈D〉V 〈D〉AFM ε̃

(nm) (Pa) (a.u.) (Å) (nm) (nm) (a.u.)
Zn(O,S) 60 0.5 no - - - -
ZnO40 40 0.8 no 5.2235 22.0 30.5 3.47 x10−3

ZnO130 130 0.8 no 5.2146 29.0 43 2.34 x10−3

ZnO200 200 0.8 no 5.2132 33.4 47 2.20 x10−3

ZnO130T 130 0.8 yes 5.2109 28.1 49 2.74 x10−3

ZnO130p 130 0.2 no 5.2307 21.7 33.4 3.66 x10−3

1Reproduced in part with permission from Darja Erfurt, Marc D. Heinemann, Sebastian S. Schmidt, Stefan
Körner, Bernd Szyszka, Reiner Klenk, Rutger Schlatmann; Substrate influence on the growth of hydrogen doped
indium oxide; ACS Appl. Energy Mater. 2018, 1, 5490-5499; doi: 10.1021/acsaem.8b01039, Copyright 2018
American Chemical Society.; https://pubs.acs.org/articlesonrequest/AOR-vSC6y2YnvNhDtSbYrpi3 [100], licensed
under a Creative Commons Attribution 4.0 International License (CC-BY)
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Substrate Influences on Growth Mechanism and Properties

Figure 5.1: X-ray diffraction patterns of as grown In2O3:H films grown on bare, Zn(O,S)-coated and
ZnO-coated planar glass substrates; Sample names and descriptions can be found in Table 5.1; Reference
pattern of In2O3 and ZnO were taken from PDF 00-006-0416 and PDF 01-070-8070, respectively; patterns
were shifted vertically for improved clarity; adapted from Erfurt et al. [100]

The increase in film thickness for samples ZnO40, ZnO130 and ZnO200 results in an increase of
the (002) volume-weighted crystallite size 〈D〉V and AFM grain size 〈D〉AFM and slight decrease
of the lattice parameter c and weighted average strain ε̃ respectively. When the substrate was
heated, the film (ZnO130T) exhibit smaller 〈D〉V and lattice constant, but a larger lateral grain
size 〈D〉AFM and strain ε̃. A decrease of the total pressure from 0.8 Pa to 0.2 Pa results in
decreased lateral and vertical grain size, but increased lattice constant and strain. These values
were furthermore the smallest/largest within this series. For all ZnO films the calculated lattice
parameter c is larger than the ZnO reference value c = 5.2066 Å [121]. The results suggest
the unit cell is elongated along the c axis and the films are presumably under uniform stress
with compressive components parallel to the substrate. This is in good agreement with other
reported values for sputtered ZnO films [122–125]. The lattice constant a could not be calculated
from the diffraction patterns, as the peak intensities of the corresponding peaks were too small
to be evaluated. An increase of the ZnO crystallite size perpendicular to the substrate (〈D〉V ,
obtained by BB-XRD) typically correlates with an increase of the lateral grain size at the surface
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5.1 Sputtered Zn(O,S) and ZnO films on glass

(〈D〉AFM , obtained by AFM). However, the lateral grain size is overall larger than the calculated
volume-weighted (vertical) crystallite size. For further investigations 〈D〉V is used, since 〈D〉AFM
does not contain information on the crystalline orientation of the films, which might be an
important parameter. The weighted average strain ε̃ was found to increase with decreased 〈D〉V .
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Figure 5.2: Dependence of crystallinity of as grown In2O3:H films on (a) ZnO (002) volume-weighted
crystallite size and (b) ZnO (002) weighted average strain; dashed line serves as a guide to the eye; adapted
from Erfurt et al. [100]

The GI-XRD measurements in Figure 5.1 revealed a mainly amorphous structure of In2O3:H
films grown on amorphous Zn(O,S) and glass substrates, indicated by the low In2O3 peak
intensities and the broad feature in the range 28° < 2θ < 36°. In contrast, films grown on
poly-crystalline ZnO showed significantly higher In2O3 peak intensities, indicating a higher
crystallinity. Furthermore changes in the preferred orientation were observed, which will be
discussed later. Note that the deposition conditions of the In2O3:H layers were identical and that
the sample were not annealed, yet. These results indicate that the crystalline structure of ZnO
promotes crystalline growth of In2O3:H. Generally, the formation of crystalline bonds during the
deposition of In2O3:H is suppressed by the incorporation of hydrogen, as suggested by Koida et
al. [46]. The crystalline fraction of as grown hydrogen doped indium oxide XC(In2O3 : H) was
estimated using equation (3.4), as described in section 3.2.1. As the amorphous components in
the GI-XRD measurements the broad feature in the range 28° < 2θ < 36° was considered. Here,
it is assumed that the ZnO films are fully crystalline and have no amorphous components. The
crystallinity of In2O3:H films was found to decrease with increasing ZnO (002) volume-weighted
crystallite size and weighted average strain, as can be seen in Figure 5.2 a) and b), respectively.
In2O3:H films grown on ZnO films with the smallest 〈D〉V ≈ 22 nm and ε̃ ≈ 3.6x10−3 respectively,
are almost fully crystalline as they show a crystalline fraction of approximately 90 %. The
crystalline fraction of In2O3:H was found to decrease to 50 % with increasing crystallite size of
the ZnO sub-layers. A similar trend was observed for the dependence of the crystalline fraction
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on the lateral grain size, as shown in Figure A.1 in the appendix. In contrast, the crystallinity of
In2O3:H films grown on amorphous Zn(O,S) was calculated to be only 10 %. A post deposition
thermal treatment led to solid phase crystallization, as shown in Figure A.2.
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Figure 5.3: Texture coefficient of In2O3:H (222), (400) and (440) planes in dependence of (a) ZnO (002)
volume-weighted crystallite size and (b) crystalline fraction of In2O3:H after deposition; dashed line serves
as a guide to the eye; adapted from Erfurt et al. [100]

The degree of the preferred orientation of In2O3:H films grown on different ZnO sub-layers was
estimated by calculating the texture coefficient for In2O3 planes (222), (400) and (440) by the
following equation [126]:

TC(hkl) =
I(hkl)/I0(hkl)

1/N [
∑
N I(hkl)/I0(hkl)]

(5.1)

where TC(hkl) is the texture coefficient of the plane specified by Miller Indices (hkl), I(hkl) is
the integrated measured peak intensity, I0(hkl) is the corresponding reference intensity of PDF
00-006-0416 (i.e., the measured peak intensities were normalized to the corresponding reference
peak intensity) and N is the number of diffraction peaks. For the calculations all observed peaks,
correlated to In2O3:H were taken into account. The texture coefficient was found to depend on
the ZnO (002) volume-weighted crystallite size, as shown in Figure 5.3 (a). A decreasing ZnO
(002) 〈D〉V results in a decreased texture coefficient of the (222) plane, but an increased texture
coefficient of the (400) plane. In fact, a change of the preferred orientation from (222) to (400)
was determined for the In2O3:H film grown on the ZnO film with the smallest 〈D〉V (≈ 22 nm).
No significant change of TC(440) was observed. A similar correlation was found in dependence
on the lateral grain size estimated by AFM, as shown in Figure A.3. Assuming that the ZnO
(002) volume-weighted crystallite size and grain size of the ZnO films increase equally, these
results suggest that the growth mechanism of In2O3:H differs on ZnO grain boundaries and
grains, as the amount of grain boundaries decreases with increased grain sizes. Furthermore the
change of the texture coefficient was correlated with the crystalline fraction of the as deposited
In2O3:H films, as shown in Figure 5.3 (b). The increase in crystallinity can be attributed to
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5.1 Sputtered Zn(O,S) and ZnO films on glass

pronounced (400) orientation of the In2O3:H crystallites, while films with lower crystallinity
show a pronounced (222) orientation. These results are consistent with the findings presented in
Figure 5.2 (a), where an increased crystalline fraction was correlated with the ZnO crystallite
size.

To evaluate the growth mechanism of indium oxide crystallites on ZnO films TEM measurements
of a cross section of sample ZnO200 (coated with In2O3:H, as deposited) were carried out. Figure
5.4 (a) presents an overview of the In2O3:H/ZnO interface. Additional images can be found in
Figure A.4 in the Supplementary. From this data we can see that ZnO grains have a columnar
structure while the In2O3:H film shows a strucutre with stacked grains, starting directly from
the ZnO surface. Figure 5.4 (b) shows two grains which are located in the In2O3:H film growing
on top of the ZnO surface at the interface of two ZnO grains, respectively. The marked area is
illustrated in Figure 5.4 (c).

The area on the lower left hand site of the image corresponds to the ZnO film and is marked
in red, the area on the upper right hand site corresponds to the In2O3:H film and is marked in
yellow, respectively. The colored boxes represent the area used for FFT analysis to determine the
inter-planar distances, which are labeled in white, respectively. The corresponding determined
lattice plane is written next to the box.

In the ZnO film inter-planar distances with d = (2.674 ± 0.107) Å and d = (2.608 ± 0.104) Å
were measured. This values are close to the reference value of the ZnO (002) lattice plane with
d = 2.6024 Å. The (002) planes are approximately parallel to the substrate and the film surface.
Thus, the observed grains exhibit (002) orientation. Additionally a lower inter-planar distance
d = (2.372 ± 0.095) Å was measured in an area located in the ZnO film. As the measured
area is close to the surface, additional measurement spots located deeper in the ZnO film were
evaluated. The images of the evaluated region can be found in Figure A.5 in the Supplementary.
The determined inter-planar distances were d = (2.378 ± 0.095) Å and d = (2.395 ± 0.096) Å
are in good correlation with the value determined close to the surface. Note that the inter-planar
distance increased with larger distance to the interface. This suggests that the determined value
close to the interface corresponds to the ZnO (101) lattice plane with d = 2.4751 Å as this is the
most reasonable ZnO reference value.

The large deviation of the measured and reference value, which increases towards the interface,
indicates that the lattice is highly strained. In the In2O3:H film two different inter-planar distances
were determined. In the lower region of the image an inter-planar distance of d = (2.950 ± 0.118) Å
was measured, which is close to the reference value of the In2O3:H (222) lattice plane with
d = 2.921 Å. Furthermore the (222) lattice planes are approximately parallel to the ZnO (002)
lattice planes and the glass substrate below. Accordingly, this grain exhibits (222) orientation.
The second determined inter-planar spacing in the In2O3:H film was d = (2.463 ± 0.099) Å. The
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most reasonable In2O3 reference value is d = 2.529 Å of the In2O3 (400) lattice plane. The large
deviation indicates that the lattice is strained. From Figure 5.4 (b) it becomes apparent, that the
corresponding crystallite is rather small and forms at the interface of the two ZnO (002) grains.
Additionally the grain seems to be overgrown by the indium oxide crystal with (222) orientation.

Crystalline indium oxide has a body centered cubic structure with lattice parameter a = 10.117 Å
[52,53]. The calculation of the lattice parameter for the presented samples is explained in section
3.2.1. For the as grown films, the lattice parameter is representative for the crystallites included in
the amorphous phase. Here only films deposited on ZnO were evaluated as the peak intensities of
films deposited on Zn(O,S) and glass were too low to be evaluated due to the mainly amorphous
structure. As the thermal treatment of the films led to solid phase crystallization of the amorphous
phase in In2O3:H, the lattice parameter of the annealed films was determined for In2O3:H films
deposited on ZnO, Zn(O,S) and bare glass due to the increased peak intensities observed for all
films. Figure 5.5 shows the dependence of the lattice constant a on the crystalline fraction of as
grown In2O3:H films. The determined lattice parameters of the as grown films are overall larger
than the reference value and larger for films with an increased crystalline fraction after deposition.
This indicates, that the lattice is more strained when the films exhibit a crystalline growth. The
post deposition thermal treatment led to relaxation of the lattice and to an overall reduction of
the lattice parameter. However, films with a higher crystalline fraction after deposition retained
an increased lattice parameter also after annealing. Here, the calculated lattice parameter is
lower than the reference value, indicating compressive stress.

The crystallinity of as grown In2O3:H films has a major influence on the electrical properties,
as can be seen in Figure 5.6. Here the charge carrier density (ne), electron mobility (µe) and
resistivity (ρ) of as grown as well as annealed In2O3:H films on bare glass, Zn(O,S) and ZnO
layers are shown in dependence on the corresponding In2O3:H crystallinity after deposition. The
increase of the crystalline fraction of as grown In2O3:H from 10 % to 90 % can be correlated
with a loss in charge carrier density from 4.7x1020 cm−3 to 1.7x1020 cm−3 and a loss in electron
mobility from 36 cm2/Vs to 24 cm2/Vs. Thus the specific resistivity increases fourfold. After the
annealing and solid phase crystallization the charge carrier density decreased while the electron
mobility increased. For the mainly amorphous films after deposition, the charge carrier density
was found to decrease to half of the initial value. In contrast, crystalline grown films showed a
less pronounced drop in charge carrier density after annealing. The electron mobilities of the
annealed films were in the range of 80 cm2/Vs to 90 cm2/Vs. Here, a dependence on the lattice
parameter of the annealed films was found. The results are shown in Figure 5.7. A higher (lower)
electron mobility results for films with lower (higher) lattice parameter.

First, the structure of the ZnO films is discussed. It was shown in literature that ZnO film growth
starts with a bottom layer of small grains. The grains coalesce at increased thicknesses, when
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Figure 5.4: TEM images of the In2O3:H /ZnO interface of sample ZnO200 in the as grown state;
(a) overview of the sample structure; (b) grains located in the In2O3:H film are observed on the surface of
ZnO grains; (c) zoom in of the white marked area in (b) with measured inter-planar distances and the
corresponding crystalline assignment, colored boxes represent the area taken for FFT analysis; the glass
substrate is indicated in white; adapted from Erfurt et al. [100]
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the surface temperature is high enough, leading to increased grain sizes (taperwise growth) [127].
Also for the films described in this study we observed an increase of the vertical and lateral grain
size with increased film thickness, indicating taperwise growth. The coalescence of grains seems
to results in a reduction of strain. An increase of the substrate temperature during deposition
improves the adatom diffusion at the surface. This might lead to enhanced coalescence at lower
thicknesses and thus larger lateral and smaller vertical grain sizes at the bottom of the film
towards the glass substrates, as 〈D〉V is an average value. In literature a lower sputter pressure
is predicted to result in denser films, since the arriving particles on the substrate have a higher
energy and thus a higher surface mobility with the possibility the form larger grains [128,129].
However, Bachari et al. [123] showed, that pressures as low as 0.25 Pa result in a decreased
grain size compared to films deposited at 1 Pa. The authors suggest, that at low total pressures,
combined with low oxygen pressure and high RF sputter power, the high energy particles produce
recoil implantation when arriving at the substrate surface, resulting in higher compressive stress.
These findings might explain the results observed for ZnO films sputtered at a reduced total
pressure of 0.2 Pa. Here a reduced lateral and vertical grain size was determined. At the same
time the films exhibit the highest compressive strain parallel to the substrate. The strain was
estimated from the lattice parameter c of the films, which was higher than the reference value. It
is unlikely that this difference is caused by a high error during the BB-XRD measurements, but
cannot be excluded completely.

Next, we will discuss the results of In2O3:H films grown on bare, Zn(O,S) and ZnO - coated
planar glass substrates, respectively. It is known that the amorphous growth of In2O3:H is based

62



5.1 Sputtered Zn(O,S) and ZnO films on glass

1600

1200

800

400

/ 
µ

W
c
m

100806040200

Crystalline fraction Xc of as deposited In2O3:H films / %

glass
Zn(O,S)
ZnO40
ZnO130
ZnO130T
ZnO130p
ZnO200

as deposited
annealed

100

80

60

40

20

0

µ
e

/ 
c
m

2
V

-1
s

-1

5.0x10
20

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0
n

e
/ 

c
m

-3

Figure 5.6: Electrical properties of as grown and annealed In2O3:H films in dependence on the crystalline
fraction after deposition; adapted from Erfurt et al. [100]

on the incorporation of hydrogen during the film deposition [46]. Koida et al. suggested that
oxygen-hydrogen bonds (O-H) disturb the formation of (O-In-O) bonds and thus the formation
of the crystalline network [61]. As a mainly amorphous growth was observed on substrates
with an amorphous structure like glass and Zn(O,S), the amount of hydrogen offered during the
deposition process was in principle sufficient to suppress crystalline growth on these substrates.
Furthermore the water vapor pressure is in good agreement with values found in literature
which resulted in a mainly amorphous growth of In2O3:H [5, 46]. Nevertheless, an increased
film crystallinity occured for as grown In2O3:H films deposited on poly-crystalline ZnO. Thus
the growth of In2O3:H films was influenced by the sub-layer. The findings highly indicate that
the ZnO structure determines the structure of In2O3:H. We assume, that no or only negligable
amounts of hydroged diffused through grain boundaries into the ZnO during In2O3:H deposition.
It was found that during In2O3:H deposition ZnO with (002) preferred orientation promotes the
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Figure 5.7: Influence of the lattice parameter a of annealed In2O3:H films on the resulting electron
mobility; adapted from Erfurt et al. [100]

growth of In2O3:H crystallites with a (222) preferred orientation, especially when the ZnO grain
size increases. Thus we suggest that the two structures intergrow along the hexagonal c-axis
direction, as proposed by Cannard and Tilley [130]. They showed that two {111} planes of the
cubic In2O3 structure form on {001} ZnO planes in ZnO-In2O3 systems. Each of the two {111}
planes would thus have a composition of InO1.5. The planes most densely packed with oxygen
atoms are parallel to (111)In2O3 and (001)ZnO and the average oxygen-oxygen distance weighted
by number/unit for (111)In2O3 was calculated to be 0.33534 nm while it was 0.32498 nm for
(001)ZnO, resulting in a misfit of 3 % [131].

Thus (002)-textured ZnO films can provide a suitable template for the growth of (222) oriented
In2O3 films. This finding was further confirmed by other research groups [132–134]. However,
we observed a change of the preferred orientation of as grown In2O3:H from (222) to (400) when
grown on ZnO with smaller crystallites and (002) preferred orientation. We assume that the
decreased crystallite size results from an increased density of ZnO grain boundaries. Grain
boundaries are regions which can be distorted, contain different coordination of atoms and a
higher density of lattice defects. This may lead to change in the average oxygen-oxygen distance
of (001)ZnO which may promote In2O3:H crystal growth in other orientations like (400), as
observed by GI-XRD. In literature a more pronounced (400) layer growth could be shown for
low oxygen conditions during deposition [134–137]. In contrast, Keller et al. [47] did not observe
a correlation of the oxygen content and texture of films deposited by ALD. Nevertheless an
increased (400) orientation was demonstrated for increased deposition temperatures. The authors
suggest that the films nucleate in (222) orientation, but that the orientation changes to (400)
with increased film thickness. This might occur, when the grains get in touch. In regard of the
observed findings in this work, such an effect could enhance the formation of (400) crystallites
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during In2O3:H deposition at increased thicknesses, if we assume that a higher amount of (222)
nuclei form at the interface to ZnO films with smaller grains, resulting in a higher density of
grains which get in touch and change the orientation. To overcome the crystalline growth of
In2O3:H on poly crystalline ZnO layers, the amount of hydrogen during the deposition must be
increased to facilitate the incorporation during the growth of the interlayer at the ZnO surface,
as observed in additional experiments (not shown here). Also an increased deposition rate may
be generally beneficial to prevent crystalline growth.

Hydrogen was proposed to act as a shallow donor in In2O3:H [62,63,138] and thus to increase
the carrier density compared with undoped films. Further, previous studies have suggested that
that the source of doping is attributed to interstitial hydrogen (H+

i ) or substitutional hydrogen
(H+

O) rather than to doubly charged oxygen vacancies (V++
O ) [63–65], as discussed in section 2.1.4.

Wu et al. [139] reported that in In2O3:H films that contained both, amorphous and crystalline
parts, a higher amount of hydrogen was incorporated in the amorphous region compared to the
crystalline region. We therefore assume that after deposition a lower amount of hydrogen is
incorporated in the crystalline grown In2O3:H films. The charge carrier density of these films
must consequently be lower compared to the amorphous grown film, if only H contributes to
doping and the doping efficiency remains unchanged. This is supported by the measurement
results of the charge carrier density, as shown in Figure 5.6. Furthermore, the electron mobility
of as grown and annealed In2O3:H films was found to decrease with increased crystalline fraction
of the In2O3:H films before annealing. In transparent conductive oxides, the electron mobility is
limited by scattering processes which can be induced by phonons, ionized or neutral impurities
and in polycrystalline material also by grain boundaries. In In2O3:H compounds that contain
both, amorphous and crystalline phases, the incoherent boundaries in-between can additionally
act as scattering centers [22]. When first crystallites form in a mainly amorphous phase, they can
act as scattering centers and thus lower the electron mobility. An increased amount of crystallites
will lead to further decrease of the electron mobility until the crystalline phase becomes the
dominating phase. The results presented within this thesis show that the electron mobility of as
grown In2O3:H decreases with increased crystallinity, similar to the model proposed by Buchholz
et al. [22]. However, a reduced electron mobility was still observed in films with crystallinity
as high as 90 %. The estimated lattice constant of these films was significantly higher than
for films with lower crystallinity after deposition and higher than the In2O3 reference value.
This suggests, that especially the crystalline grown films are strained and the crystals may
contain defects and impurities which serve as scattering centers resulting in a decreased electron
mobility [46,65]. Additional scattering may occur at the grain boundaries. In crystalline In2O3:H
films, hydrogen that does not contribute to doping is proposed to passivate grain boundaries
thus lowering the transport barrier for electrons [66] or passivating microscopic and macroscopic
defects, respectively [65]. Both effects result in general in an increased electron mobility. We
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assume that less hydrogen is incorporated in the crystalline grown In2O3:H films. In this case
the scattering at grain boundaries is most likely even more pronounced.

A thermal treatment led to solid phase crystallization of the amorphous phase in In2O3:H. The
determined lattice constant after annealing was found to be lower than that of the crystallites
present after deposition. Thus we assume that strain in the crystalline grown films could be
reduced during annealing, but is still higher than in amorphous grown films, as they exhibit a
larger lattice parameter a. This determines the electron mobility, which decreases with increased
lattice parameter. Therefore we assume that the remaining strain of the initially crystalline
grown films limits the electron mobility of annealed films. However, electron mobilities of over
80 cm2/Vs could still be achieved for films grown on ZnO. Nevertheless the reduced charge carrier
density of these films leads to a twofold increased resistivity.

These findings enhance our understanding of the growth of hydrogen doped indium oxide on
crystalline ZnO and amorphous Zn(O,S) layers. The results of this investigation indicate the
need of an amorphous layer underneath hydrogen doped indium oxide for improved electrical
properties.

The main findings can be summarized as follows:

• Poly-crystalline ZnO promotes crystalline growth of hydrogen doped indium oxide; in
contrast films grown on amorphous Zn(O,S) were mainly amorphous.

• The In2O3:H films had an higher crystalline fraction (up to 90 %) when grown on small
and strained ZnO grains.

• The preferred orientation of In2O3:H changed from (222) to (400) in films that were
deposited on small ZnO grains.

• Crystalline grown In2O3:H films were strained and showed poor electrical properties before
and after annealing compared to the mainly amorphous grown films.

• The crystalline growth can be suppressed by an increased hydrogen supply during the
deposition of the first In2O3:H layers at the ZnO interface.
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5.2 Sol-Gel Indium - and Gallium Oxide Layers on glass

As alternative to the high resistant intrinsic ZnO layer, sol-gel indium and gallium oxide layers
were studied. Researchers showed that such layers can be used as buffer layers in CIGS solar cells.
Koida et al. [120] analyzed CIGS solar cells in substrate coordination with sputtered amorphous
indium gallium oxide (a-In2−2xGa2xO3) as buffer layer. The solar cells with x = 0.9 and x = 1
exhibited Voc values comparable with that of a reference cell with standard i-ZnO/CdS layer stack.
In addition, Heinemann et al. [140] showed that low temperature deposited amorphous GaxOy

and alloys with amorphous InxOy were suitable buffer layer materials for CIGS solar cells in
superstrate coordination. Related to this thesis, these amorphous materials could give a suitable
template to achieve amorphous grown IOH thin films with high mobilities after post-annealing.
Additionally the materials exhibit a higher band gap than the conventional i-ZnO or CdS layer,
thus showing a high potential for reduced parasitic absorption when applied in the window layer
of solar cells. It was shown, that a raise of the short circuit current density could be achieved
when substituting a low band gap material (e.g. CdS) with a higher band gap material (e.g.
Zn(O,S)) [141]. Therefore in this section we investigate the properties of pulsed DC magnetron
sputtered IOH films grown on indium oxide and gallium oxide layers which were deposited by a
sol-gel spin coating process, as described in section 3.1.2 on page 27. As discussed in section 5.4
such a deposition process can be beneficial for the electron mobility of IOH on CIGS samples.
For an improved understanding the sol-gel layers were first investigated in dependence of the
spin coat deposition conditions on planar glass substrates. In this case 15 repetitions of the spin
coat process were done. Based on this studies IOH thin films were deposited on several sol-gel
layers and their structure and electrical properties were investigated before and after annealing.

The structure of the spin coated sol-gel films could be highly influenced by the annealing
temperature during the deposition routine. In Figure 5.8 X-ray diffraction patterns are shown
for sol-gel indium oxide (left) and gallium oxide (right) layers which were annealed at different
temperatures, respectively. From this data we can see that the crystallinity of the indium
oxide films increases with higher annealing temperatures. At 300 °C the films were found to
be crystalline in the bcc InxOy bixbyte structure. The films which were annealed at 200 °C
and 250 °C, respectively, showed a hump in the range of 27° ≤ 2θ ≤ 37°, indicating increased
nano-crystallinity. In contrast no peak was observed for sol-gel gallium oxide films. Thus these
films were amorphous regardless of the annealing temperature. The broad peak in the range
around 15° ≤ 2θ ≤ 30° is assumed to be caused by the quartz glass substrate.

Due to the sol-gel deposition procedure water is incorporated into the indium and gallium oxide
layers. During annealing H2O desorbs, leading to a reduced film thickness. This process can be
accelerated by higher temperature. To investigate the residual amount of water in the sol-gel
layers FTIR measurements were done on sol-gel GaxOy layers, which were deopsited on a Si-wafer
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(a) (b)

Figure 5.8: X-ray diffraction patterns of indium oxide (a) and gallium oxide (b) layers deposited by a
sol-gel procedure and annealed at different temperatures; the InxOy reference pattern was taken from
PDF 00-006-0416; patterns were shifted for improved differentiation

(5 repetitions of the spin coat process) and annealed at 150 °C and 250 °C, respectively. A bare
Si-wafer served as reference. The results are shown in Figure 5.9. The insert represents a close
up of the marked area. In the range 3200 cm−1 to 3650 cm−1 a broad peak can be observed for
the GaxOy layers. The peak intensity is significantly higher for the film which was annealed at
150 °C than for the film annealed at 250 °C. This peak can be correlated to stretching modes of
hydrogen bonded OH groups [142]. In contrast in the mentioned region no peak was observed
for the bare silicon wafer. Consequently the sol-gel layers contain residual water and the amount
decreases with increase in annealing temperature.

The purpose of this study was to evaluate a suitable sol-gel layer as a template for an amorphous
grown IOH film with reasonable electrical properties. Therefore the growth of ≈ 370 nm thick
sputtered IOH films was investigated by X-ray diffraction, as shown in Figure 5.10. The films
were deposited on sol-gel gallium oxide and indium oxide layers (5 repetitions of the spin coat
process), which were annealed at 150 °C and 200 °C, respectively. For these sol-gel deposition
conditions a mainly amorphous film structure was found. Additionally an IOH reference layer
was deposited on quartz glass. While the IOH films grown on gallium oxide and quartz glass
were overall amorphous in XRD, an increased crystallinity was observed for IOH films grown on
sol-gel indium oxide layers. The crystalline fraction of IOH increased with annealing temperature
of the indium oxide sol-gel layers.

Figure 5.11 presents the change of the charge carrier density and electron mobility of IOH films
before and after 1 h and 2 h of annealing at 160 °C in vacuum, respectively. The IOH layers were
deposited on glass substrates, sol-gel GaxOy and InxOy layers, which were annealed at 150 °C
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Figure 5.9: FTIR spectra of sol-gel GaxOy layers which were annealed at 150 °C and 200 °C, respectively
and a reference Si-wafer; the insert represents a close up of the marked area

and 200 °C, respectively. Before annealing (t = 0 h) the charge carrier density was in the range of
3.0x1020 cm−3 to 3.3x1020 cm−3, except for the sample deposited on InxOy - 200 °C. Here a lower
charge carrier density of ne = 2.2x1020 cm−3 was observed. A similar trend was found for the
electron mobility. It was 32.9 cm2/Vs for the IOH layer deposited on InxOy - 200 °C, significantly
lower than for the other IOH layers with 40 cm2/Vs ≤ µe ≤ 44.5 cm2/Vs. During annealing the
charge carrier density decreases for all samples. After 2 h of annealing the charge carrier density
of IOH films deposited on both sol-gel InxOy layers and on GaxOy - 150 °C was in the order of
magnitude of 1019 cm−3. In contrast the IOH films deposited on GaxOy - 200 °C and bare glass
substrate had higher charge carrier densities of ne = 1.5x1020 cm−3 and ne = 2.4x1020 cm−3,
respectively. Here, a similar trend can be observed for the electron mobility. A significant drop
to values of 3 cm2/Vs to 9 cm2/Vs was found after 2 h of annealing for IOH films deposited on
both sol-gel InxOy layers and on GaxOy - 150 °C. In contrast, the electron mobility of IOH films
deposited on GaxOy - 200 °C and bare glass substrate was found to increase to 78 cm2/Vs and
85 cm2/Vs, respectively.

The discussion of the results starts with the structure of the sol-gel layers. According to the
XRD measurements shown in Figure 5.8, we assume that crystalline nuclei form in the indium
oxide sol-gel layers already at temperatures as low as 150 °C and 200 °C and that their growth
is accelerated by an increased annealing temperature. When depositing IOH onto these films,
the nuclei seem to induce crystalline growth, leading to increased IOH crystallinity as shown in
Figure 5.10. The increased crystallinity after deposition results in a lower charge carrier density
and electron mobility, as observed in Figure 5.11 and as already discussed in general in sections
4.2 and 5.1. The drop in charge carrier density and electron mobility of IOH films deposited on
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Figure 5.10: X-ray diffraction patterns of as grown IOH films deposited on quartz glass, indium oxide and
gallium oxide sol-gel layers which were annealed at 150 °C and 200 °C, respectively; the In2O3 reference
pattern was taken from PDF 00-006-0416; patterns were shifted for improved differentiation

the sol-gel layers which were annealed at 150 °C may be explained by the structure of these films.
As observed by FTIR measurements, GaxOy - 150 °C sol-gel layers still contain a high amount of
water which decreases with higher annealing temperatures during the sol-gel deposition process.
This can also be assumed for sol-gel InxOy layers. It is possible that H2O or -OH molecules
from the sol-gel layers diffuse into the IOH layers during deposition or even through the IOH
film to the surface during annealing. Both effects might lead to deteriorated film structures and
electrical properties. Similarly, such a significant decrease of charge carrier density and electron
mobility after annealing could be observed for IOH films which were deposited at high water
vapor pressures, as discussed in section 4.2.

This study has found that generally sol-gel layers can be suitable templates for the growth of
IOH thin films, but certain conditions must be fulfilled. The sol-gel layers must be amorphous
and free of crystalline nuclei after the deposition process, as they otherwise might support a
crystalline growth of IOH films. Furthermore a high amount of residual water in the sol-gel
layers is a disadvantage as it limits the electrical properties of IOH films after annealing. These
findings will serve as a base for future studies within this thesis.

The main findings can be summarized as follows:
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Figure 5.11: Change of the charge carrier density and electron mobility of IOH films during annealing at
160 °C in vacuum; IOH films were deposited on glass substrates, sol-gel GaxOy and InxOy layers, which
were annealed at 150 °C and 200 °C, respectively

• Amorphous spin coated GaxOy layers are suitable templates for the deposition of In2O3:H
layers, when the amount of residual water is reasonable low.

• Spin coated sol-gel InxOy layers induce crystalline growth of In2O3:H during deposition,
resulting in poor electrical properties.

• Similar electrical properties of as grown and annealed In2O3:H are were reached on glass
and GaxOy layers, which were annealed at 200 °C.

5.3 Polycrystalline CIGS and textured glass

The aim to implement IOH as front contact in CIGS modules requires a sheet resistance
RSq < 10 Ω/Sq for a CIGS module cell width of approx. 5 mm cell width to avoid increase of
the module series resistance and a low fill factor. Thus, the electrical properties of the TCO
grown on CIGS samples are decisive. In this section we show how a CIGS sub-layer affect the
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growth and the resulting properties. For this, the electrical properties of films deposited at varied
conditions, before and after annealing, and the film structure were investigated.

In this study a significant detrimental effect of the CIGS topography on the electrical properties,
eminently the electron mobility of amorphous indium oxide based TCOs was observed. As
example serve hydrogen and tungsten co-doped indium oxide (In2O3:H,W) (or IWO:H) thin films
deposited by RPD (see section 3.1.1 on page 23) on planar soda lime glass substrates and CIGS
samples (IGZO/CdS/CIGS/Mo/glass), respectively. The CIGS samples are expected to have a
RMS roughness value of 80 nm to 90 nm due to the deposition method. For the deposition of
In2O3:H,W the oxygen supply was varied between 30 ml/min and 60 ml/min at "high" (≈ 1x10−3

Pa) and "low" (≈ 1x10−4 Pa) water vapor pressures. Figure 5.12 shows the corresponding charge
carrier density, electron mobility and resistivity of the deposited IWO:H thin films. While the
charge carrier density is similar for films on SLG and CIGS, the electron mobility of the IWO:H
films is overall lower for the films deposited on CIGS. Furthermore the electron mobility of
IWO:H/CIGS does not exceed the value of 30 cm2/Vs while the electron mobility of IWO:H/SLG
increases from 29.8 cm2/Vs to 42.4 cm2/Vs and from 37.0 cm2/Vs to 49.5 cm2/Vs with increased
oxygen flow for films deposited at "low" and "high" water vapor pressures, respectively. The
decreased electron mobility results in a higher resistivity of the IOH/CIGS samples with an
increased spread for oxygen rich deposition conditions. An additional experiment (not shown)
revealed, that no beneficial effect on the electron mobility resulted from an increased deposition
rate, realized by an increased DC current during deposition.

Figure 5.13 shows as example an SEM cross section image of an IWO:H layer in the as deposited
state grown on IGZO/CdS/CIGS. In the middle of the SEM image disconnected parts of the
IWO:H layer film were observed. On the right side the cross section shows a smooth IWO:H film
structure. In contrast on the left side specific structures occur. These structures are found to be
present over the whole cross section towards the interface of the sub-layers.

A post deposition thermal treatment in nitrogen atmosphere at p = 7x104 Pa of samples deposited
at q(O2) = 60 ml/min led to solid phase crystallization resulting in a decrease of the charge
carrier density and an increase of the electron mobility. In Figure 5.14 the charge carrier density
and electron mobility of IWO:H thin films grown on SLG or CIGS samples and deposited at
(a) "high" (pH2O ≈ 1x10−3 Pa) and (a) "low" ((pH2O ≈ 0.7-4x10−4 Pa) water vapor pressure are
shown as a function of the annealing temperature. The corresponding hall measurements were
done after 30 min of annealing of each of the temperatures. In general an increased pH2O leads
to a highly amorphous film structure and only few crystalline nuclei. Films that were deposited
at reduced pH2O are known to have a higher density of crystalline nuclei, which results in a
decreased crystallization temperature, as shown by Koida et al [5]. This also applies for films
presented in this study. Thus the change of the electrical properties due to crystallization can be
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Figure 5.12: Comparison of the electrical properties of IWO:H thin films on flat soda lime glass and rough
CIGS samples in dependence of their deposition conditions

observed at 220 °C to 230 °C and 150 °C to 160 °C for films deposited at "high" and "low" pH2O,
respectively. In fact, IWO:H-CIGS samples deposited at "high" pH2O showed a decrease in ne
and increase in µe at lower temperatures in comparison to the corresponding film on SLG. Thus
additional crystalline IWO:H nuclei may form at the interface to the CIGS sample, promoting
the solid phase crystallization of the film. Although also the electron mobility of IWO:H films
deposited on CIGS samples increased due to the solid phase crystallization, the values remain
significantly lower than that of the film on SLG. In fact, the spread ∆µe = µe(IWO : H − SLG)
- µe(IWO : H −CIGS) increases from ∆µe = 14.9 cm2/Vs to ∆µe = 28.3 cm2/Vs and from
∆µe = 20.8 cm2/Vs to ∆µe = 29.4 cm2/Vs after annealing up to 250 °C for samples deposited at
"high" and "low" pH2O, respectively.

The results show that the electrical properties of indium oxide based TCOs, here IWO:H, change
dramatically when grown on CIGS samples instead of planar glass. The conductivity is limited
by the electron mobility, independent of the deposition condition when the films are deposited by
RPD. The SEM image in Figure 5.13 shows disconnected parts in the films, as observed in the
middle of the image. On the left side the cross section film appearance is cauliflowers-like. Such
a structure is usually observed at the surface of films deposited by sputtering or other deposition
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Figure 5.13: SEM image of an IWO:H layer on IGZO/CdS/CIGS

techniques [143–145]. This indicates, that prior to the measurement the sample broke along such
a disconnected part, which becomes visible in the cross section view. The appearance of the
IWO:H structure on the right side of the SEM is smooth and indicates breakage through the
bulk of the amorphous film. We assume that the disconnected parts, such as cracks or voids, are
the origin of the limited electron mobility. Research by Keller et al. [68] also points towards the
formation of cracks and voids as the origin of the increased sheet resistance in, here, sputtered
IOH films on CIGS samples. As the electron mobility of the films is still low after crystallization,
we assume that the cracks do not coalesce during the thermal treatment. Thus, to achieve
high electron mobilities in indium oxide based TCOs on CIGS samples it is required to further
investigate the limiting effects. The electron mobility of the films grown on rough CIGS samples
has to be improved already in the as deposited state, since solid phase crystallization did not
lead to sufficient improvement, compared to films deposited on planar glass substrates.

The main findings can be summarized as follows:

• Regardless of the deposition conditions significantly low electron mobilities evolved, as
demonstrated with In2O3:H,W films, which were grown on rough CIGS samples compared
to films grown on planar glass substrates.

• No sufficient improvement of the electron mobiliy occurred after annealing.
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Figure 5.14: Dependence of the electronic properties of IWO:H films grown on planar SLG and rough
CIGS samples on the annealing conditions; the IWO:H films were deposited with q(O2) = 60 ml/min at
high (a) and low (b) water vapor pressures; Hall measurements were done after 30 min of annealing, each

• Indium oxide based TCOs deposited on CIGS samples have much higher resistances.

5.3.1 Detrimental effects on the electron mobility

CIGS samples are known to show a specific roughness which is usually described by the root
mean square (RMS) roughness value [146–149] and can be influenced by growth conditions
and treatments after deposition. In this section2 we therefore investigate the influence of the
surface morphology on the electrical properties, i.e., the electron mobility, of In2O3:H and
In2O3:H,W films. The investigations were conducted twofold. First (i) we study the morphology

2Reproduced in part with permission from Darja Erfurt, Marc D. Heinemann, Sebastian S. Schmidt, Stefan
Körner, Bernd Szyszka, Reiner Klenk, Rutger Schlatmann; Substrate influence on the growth of hydrogen doped
indium oxide; ACS Appl. Energy Mater. 2018, 1, 5490-5499; doi: 10.1021/acsaem.8b01039, Copyright 2018
American Chemical Society.; https://pubs.acs.org/articlesonrequest/AOR-vSC6y2YnvNhDtSbYrpi3 [100], licensed
under a Creative Commons Attribution 4.0 International License (CC-BY)
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of CIGS samples, grown by multi-source evaporation with different deposition durations by AFM
measurements. The films showed different roughness, but the main structure type remained the
same. After this we correlate the structure and electrical properties of In2O3:H in dependence
on different topographic values. Second (ii) we compare the morphology of multi-source CIGS
samples, grown using different recipes and study the impact on the structure and electron
mobilities of In2O3:H and In2O3:H,W films, deposited by either sputtering or RPD. Finally we
discuss the obtained results.

The roughness of CIGS absorber, deposited by multi-source-evaporation at HZB, was adjusted
by varying the process duration, resulting in changes of the absorber thickness on bare and
Mo-coated glass substrates. Additionally smooth and textured glass substrates were used for
investigations of the influence of the substrate roughness on the electrical properties of indium
oxide based TCOs. The samples were coated with 60 nm Zn(O,S) or 60 nm Zn(O,S) and 130 nm
i-ZnO, respectively, prior to the IOH deposition by pulsed dc magnetron sputtering. The IOH
films had a thickness of ≈ 300 nm. Figure 5.15 illustrates the rise of the RMS roughness of
CIGS/Zn(O,S)/i-ZnO samples in dependence of the CIGS process time. The figure showed that
the RMS roughness increases more significantly when the films were deposited on Mo-coated
glass substrates. The main cause for the increased RMS values is an increase of the CIGS grain
size, which was determined by AFM measurements and the Watershed method of the program
Gwyddion [102] (see Figure A.6 on page 146 in the appendix). For comparison AZO thin films
were deposited on bare and i-ZnO coated flat glass and on i-ZnO/Zn(O,S) coated CIGS samples.
The total sample assignment can be found in Table A.1 in the appendix.
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Figure 5.15: Change of the RMS roughness of CIGS/Zn(O,S)/i-ZnO samples deposited on bare and
Mo-coated glass substrates in dependence of the CIGS process duration

In Figure 5.16 the profile height, local slope and AFM topography images with the corresponding
measurement line as example of 3 different sample types. Figure 5.16 (left) shows a rather
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Figure 5.16: Profile height, local slope and corresponding AFM topography images with profile line of
(left) a rather smooth CIGS sample (ID 4-3998-4-2), (middle) a rather rough CIGS sample (ID 4-3995-1-2)
and (right) a textured glass sample (ID 5-15-2-83) before IOH deposition; the sample configuration can be
found in Table A.1 in the appendix

smooth CIGS sample (glass/CIGS-46 min/Zn(O,S)/ZnO) with RMS = 40 nm; (middle) a rather
rough CIGS sample (Mo/CIGS/Zn(O,S)/ZnO) with RMS = 118 nm; (right) a textured glass
sample (textured glass/Zn(O,S)/ZnO) with RMS = 174 nm. The samples will be addressed as
smooth CIGS sample, rough CIGS sample and textured glass sample, respectively, from now on.
Values of the RMS roughness and median local slope (MLS) were added to the Figures. The
rough CIGS sample shows significantly larger grains, higher profile heights and local slopes than
the smooth CIGS sample. In contrast the textured glass sample shows even larger structures
and an increased RMS roughness, but a median local slope (MLS = 0.276) comparable to the
one of the smooth CIGS sample (MLS = 0.261). Both the profile height and local slope of the
textured glass sample show less fluctuation over the measured range than both CIGS samples.
Within one sample the relatively highest slopes were found at the edges of grains on the CIGS
samples or structures on the textured glass sample. Thus not only the median local slope, but
also its frequency has to be taken into account. Therefore we calculated the median local slope
per grain/structure size (MLS/GS), determining the grain size by AFM measurements using
the Watershed method. It was found, that the textured glass sample had a lower MLS/GS value
(MLS/GS = 0.29x10−3 nm−1) than the smooth CIGS sample (MLS/GS = 0.75x10−3 nm−1)
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or the rough CIGS sample (MLS/GS = 1.24x10−3 nm−1), due to the low median local slope
but large structures of the textured glass sample

The samples mentioned in Table A.1 were coated with IOH within the same deposition run
as the samples discussed in section 5.1, where a pronounced crystalline growth of IOH was
observed when deposited on ZnO layers. Similar to these results also on rough samples a more
pronounced crystalline growth occurred when the films were deposited on ZnO-coated samples.
IOH films which were deposited on Zn(O,S)-coated samples were mainly amorphous, similar to
the results in section 5.1. In Figure 5.17 (a) GI-XRD measurements of glass/CIGS/Zn(O,S)/IOH
and glass/CIGS/Zn(O,S)/ZnO/IOH in the as deposited state are shown, the RMS value of the
samples before IOH deposition was approx. 65 nm. Intensities of the In2O3 peaks were clearly
higher for the films which were deposited directly on ZnO than on Zn(O,S). In Figure 5.17 (b)
patterns of GI-XRD measurements of IOH/ZnO/Zn(O,S)-coated samples with different roughness
are shown. For all samples an increased In2O3 peak intensity can be observed, independent from
the RMS roughness value. Thus, no influence of the CIGS roughness on the crystalline structure
of IOH can be observed, when the growth conditions are determined by the IOH sub-layers, as
here ZnO and Zn(O,S).
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Figure 5.17: X-ray diffraction patterns of (a) IOH grown on ZnO/Zn(O,S)- and Zn(O,S)-coated CIGS
samples with RMS = 65 nm (adapted from Erfurt et al. [100]) and (b) IOH grown on ZnO/Zn(O,S)-coated
CIGS and glass samples with different RMS roughness values

Figure 5.18 shows the change of the IOH and AZO sheet resistance over the RMS roughness
of the samples described in Table A.1 in the as deposited state. For the AZO coated samples
no influence of the roughness on the sheet resistance can be observed, it remains unchanged at
≈ 8.2 Ω/Sq on smooth glass and rough CIGS samples. In contrast the IOH sheet resistance
increases linearly when deposited on rough CIGS samples. In fact, the slope is more than 3 times
larger for the crystalline grown IOH films, which were deposited on ZnO/Zn(O,S)-coated CIGS
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5.3 Polycrystalline CIGS and textured glass

Figure 5.18: Comparison of the change of the sheet resistance of IOH and AZO when grown on different
substrates and layers

samples compared to IOH films which were grown on Zn(O,S)-coated CIGS samples, as they
showed a mainly amorphous structure. However, no or only a slight RSq increase was observed
when the films were grown on Zn(O,S)- and ZnO/Zn(O,S)-coated textured glass substrates,
although a significantly higher RMS value was measured. From this we conclude that the RMS
roughness value is not a sufficiently meaningful value to describe the substrate surface topography
and the cause of the increase in sheet resistance of IOH if the morphology of the samples changes
significantly. Within one structure type, as here CIGS, the RMS value gives an adequately good
characterization value. For quantitative comparison a linear expression is used to empirically
describe the sheet resistance increase in this and similar graphs.

The increased sheet resistance can be caused by a decreased charge carrier density and/or a
decreased electron mobility of the IOH films. In Figure 5.19 the dependence of these values on the
RMS roughness (left), the median local slope (middle) and median local slope per grain/structure
size (right) is shown. The charge carrier density and electron mobility were determined by Hall
effect measurements for IOH films grown on ZnO/Zn(O,S)- and Zn(O,S)-coated smooth and
textured glass substrates and glass/CIGS samples, respectively. No dependence of the charge
carrier density can be observed for IOH films grown on Zn(O,S) on the surface morphology in
general and for IOH films grown on ZnO/Zn(O,S)/textured glass. In contrast for IOH films
grown on ZnO/Zn(O,S)/CIGS the charge carrier density decreases with increased RMS, median
local slope and median local slope per grain size. In total IOH films grown on ZnO have a lower
charge carrier density than IOH films grown on Zn(O,S). This offset can be explained by the
crystalline growth of IOH on ZnO, as discussed in section 5.1. This also applies to the electron
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Figure 5.19: Comparison of the impact of the RMS roughness, median local slope and median local slope
per grain/structure size of the substrate/sub-layers on the charge carrier density and electron mobility of
sputtered IOH films deposited on ZnO/Zn(O,S)- and Zn(O,S)-coated samples; for the linear fits the films
on the textured glass sample were only taken into account for the fit on the dependence on the median
local slope per grain size

mobility of IOH films grown on Zn(O,S) and ZnO layers. The electron mobility of IOH films
decreased linearly with increased RMS value when the films were grown on CIGS samples. The
slope of the decrease is similar for amorphous grown IOH films on Zn(O,S) and partly crystalline
grown IOH films on ZnO. In spite of the high RMS value of the textured glass sample, the
IOH electron mobility is significantly higher than that of films grown on CIGS samples with
lower RMS value. In comparison the strongest dependence of the IOH electron mobility was
observed on the median local slope per grain size. Here a linear decrease of µe(IOH) can be
observed for IOH films grown on textured glass as well as CIGS samples. A similar dependence
was observed after annealing, as shown in Figure A.7 in the appendix. However, the slope of the
linear regression was higher compared to the fit before annealing. In fact, the slope increased
1.3 times for the mainly amorphous grown films on Zn(O,S)/CIGS, while it increased 2.3 times
for the pronounced crystalline grown films on i-ZnO/Zn(O,S)/CIGS. These rises apply for the
dependence on the RMS, the median local slope as well as the median local slope / grain size.

In general we can say, that the increase of the IOH sheet resistance grown on rough CIGS samples
is mainly caused by a decreased electron mobility. The more pronounced increase of RSq for
films grown on ZnO can be explained by additional decrease of the charge carrier density due to
a more pronounced crystalline structure after deposition.
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5.3 Polycrystalline CIGS and textured glass

Figure 5.20: SEM images of samples a) 5-15-2-83 (IOH/ZnO/Zn(O,S)/textured glass), b) 4-3995-1-2
(IOH/ZnO/Zn(O,S)/CIGS/Mo/glass), c) 4-3998-2-2 (IOH/ZnO/Zn(O,S)/CIGS/glass) and d) 4-3998-4-2
(IOH/ZnO/Zn(O,S)/CIGS/glass)

Figure 5.20 shows SEM cross section images of the coated textured glass sample (a), and
coated CIGS samples with different thicknesses (b) - (d). All samples were coated with an
IOH/ZnO/Zn(O,S) window layer. As already observed by AFM measurements the textured
glass substrate shows large but smooth structures. In contrast the CIGS layer consists of smaller
grains and has an increased surface height fluctuation. This value increases for thicker CIGS
absorber (Figure 5.20b). The CIGS surface becomes smoother with decreased CIGS thickness
(Figure 5.20(c) and (d). The IOH layer which was deposited on the textured glass sample seems
to be closed and to cover the whole sample without void formation. In contrast darker areas
are observed inside the IOH layers which were deposited on CIGS samples. The dark areas
are assumed to be voids which separate the material. Similar findings were shown by Jäger et
al. [150]. The amount and size of the voids inside the IOH layer increase with increased CIGS
thickness, surface roughness and height fluctuation. From the images it seems that the voids
mainly appear above CIGS grain boundaries.

These findings are consistent with the following study of In2O3:H and In2O3:H,W films, deposited
by Reactive Plasma Deposition and In2O3:H films, deposited by pulsed DC magnetron sputtering.
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Koida et al. [5] studied the material properties of the RPD - indium oxide based TCOs on flat
glass, the results served as basis for this study. The CIGS layers were fabricated by co-evaporation
by two different recipes and institutes, HZB in Berlin, Germany and AIST, Tsukuba, Japan,
resulting in different CIGS morphologies. In Figure 5.21 SEM top view images of both CIGS types
after CdS deposition are shown. The presented samples were produced without a post deposition
treatment (PDT). The HZB sample has sharper edges, rather triangle shaped grains and seems
rougher than the sample fabricated at AIST. Here the surface shows flatter, rounder shaped
grains. AFM measurements confirmed the rougher structure of the HZB sample (RMS = 85 nm)
in comparison to the AIST sample (RMS = 39 nm). The corresponding topography images can
be found in Figure 5.22.

Note that a CIGS PDT can influence the surface topography of the absorber and lead to diffusion
of alkali metals into the TCO layer. In fact, GDOES measurements confirmed that sodium,
supplied by a NaF PDT, diffused into the used IOH layer. However, no correlation between the
sodium amount in the TCO layer and the electron mobility was observed. Additional information
can be found in the Appendix A.3. To evaluate the electronic properties of the indium oxide
based TCOs the films were deposited on four types of CIGS samples, 2 fabricated by each
institute with and without a PDT. An overview of the the topographic values of the CdS coated
CIGS samples can be found in Table 5.2. The values were calculated from 10 µm x 10 µm AFM
topography images.

(a) HZB (b) AIST

Figure 5.21: SEM top view images of CdS coated CIGS samples fabricated at (a) HZB and (b) AIST

Table 5.3 summarizes the electronic properties of the three TCO films on flat soda lime glass
and the four rough CIGS samples. The data shows that the charge carrier density of the TCO
layers does not change systematically when deposited on samples with different topographies,
similar to the results presented in Figure 5.19 on page 80. Another similarity is the decrease of

82



5.3 Polycrystalline CIGS and textured glass

(a) HZB (b) AIST

Figure 5.22: AFM topographic images of CdS coated CIGS samples fabricated at (a) HZB and (b) AIST

Table 5.2: Overview of the topographic values rout mean square (RMS) roughness, median local slope
(MLS) and median local slope per grain size (MLS/GS) of four types of CIGS samples

Sample PDT RMS MLS MLS/GS
(nm) (arb. units) (nm−1)

flat SLG 0.3 - -
HZB-1 none 84.9 0.62 3.41x10−3

HZB-2 NaF 81.2 0.66 4.52x10−3

AIST-1 NaF, KF 55.7 0.47 2.83x10−3

AIST-2 none 39 0.39 2.35x10−3

Table 5.3: Overview of the electrical properties charge carrier density (ne) and electron mobility (µe) of
IWO:H, IOH thin films grown by RPD and sputtered IOH which were deposited on four types of CIGS
samples

Film IWO:H - RPD IOH - RPD IOH - sputtered
Property ne µe ne µe ne µe

(cm−3) (cm2/Vs) (cm−3) (cm2/Vs) (cm−3) (cm2/Vs)
flat SLG 3.70x1020 37.0 3.80x1020 43.5 3.56x1020 39.6
HZB-1 3.10x1020 27.1 3.64x1020 28.9 3.21x1020 16.2
HZB-2 3.24x1020 28.5 3.64x1020 30.9 3.18x1020 18.8
AIST-1 3.25x1020 33.9 3.55x1020 37.3 3.26x1020 26.6
AIST-2 3.04x1020 35.0 3.67x1020 40.8 3.28x1020 27.9
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Figure 5.23: Dependence of the electron mobility of In2O3:H, In2O3:H,W, deposited by RPD and sputtered
In2O3:H on the substrate’s RMS roughness value; The films were grown on samples described in Table 5.2

the electron mobility of all three TCO layers with increased RMS roughness. The drop of the
electron mobility can be described by a linear fit as well. The strongest decline was observed for
the sputtered IOH films. Note that the slope is approximately the same as for the films grown
on CIGS samples with different thicknesses, as shown in Figure 5.19. The lowest decline was
found for the hydrogen and tungsten co-doped indium oxide layer grown by RPD. Compared to
the sputtered hydrogen doped indium oxide films, it becomes apparent that the layers deposited
by RPD show higher electron mobilities and a 34 % lower drop of µe with increased RMS.

The drop in electron mobility can be correlated with the appearance of voids in the TCO layer.
The structure of the as grown sputtered In2O3:H film, which was deposited on a CIGS sample
with RMS ≈ 85 nm, was investigated by STEM measurements. Images of two significant regions
of the sample In2O3:H/i-ZnO/CdS/CIGS are shown in Figure 5.24(a) and (b). Red arrows point
towards the voids in the In2O3:H. In Figure 5.24(a) two voids in the In2O3:H layer with a width
of ≈ 15 nm can be clearly observed. Figure 5.24(b) presents another void with a width of ≈ 5 nm.
In Figures A.12 and A.13 in the appendix further examples are shown. The voids start in the
In2O3:H layer, close to the ZnO interface. From Figure 5.24(b) it is apparent, that the void
forms after ≈ 16 nm of In2O3:H were deposited. This value is lower than the estimated deposited
amount during one path of the in-line sputtering process, which is ≈ 25 nm. This results indicate,
that the cracks are formed due to geometry effects. The TEM measurements revealed that the
CdS lattice follows the lattice of CIGS with many twins and defects. Furthermore some coherent
lattice relationship between ZnO and CdS was observed. In contrast, no such relationship was
found for In2O3:H and i-ZnO, thus the formation of crystalline nuclei on the surface of ZnO
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must have been successfully suppressed by the increased water vapor supply and consequently
hydrogen supply during deposition3. The results indicate that the voids form not due to change
of the atomic structure across CIGS grain boundaries, but rather due to a geometry effect.
Furthermore it can be seen that the voids form at triangle shaped regressions, which can be
considered as a sharp transition. Figure A.11 presents images of the elemental compositions of
the region showed in Figure 5.24(a), measured by EELS. The measurements confirm, that in the
area of the voids no indium or other material was detected. In general it was found, that the
majority of the voids could be aligned with CIGS grain boundaries.

CIGS
ZnO/

CdS
In O :H

2 3

Pt/C

(a)

CIGS

CdS/i-ZnO

In O :H
2 3

(b)

Figure 5.24: STEM measurements of as grown sputtered In2O3:H grown on i-ZnO/CdS/CIGS; Voids are
clearly visible in the In2O3:H layer (dark areas) and are indicated by red arrows

In the following the obtained findings are discussed. The results show how the electron mobility
of indium oxide based TCOs is influenced when the films are grown on rough samples. The
topography of the CIGS samples can be described in a first approximation by the root mean
square (RMS) roughness, if it can be assumed, that the CIGS topography type is similar. We
found by two independently taken studies that the electron mobility of indium oxide based TCOs
such as IWO:H and IOH decreases with increased RMS of the sub-layer. This applies for films
deposited by sputtering as well as RPD. The good electron mobility on textured glass, which
showed smooth transitions on the surface, and STEM measurements confirmed that high local
slopes and sharp transitions are detrimental. Such structures mainly appear along the grains, at

3here PH2O = 5.5x10−3 Pa; for the experiment shown in section 5.1 and corresponding films grown on CIGS
samples as shown in Figure 5.17 on page 78: PH2O ≈ 2x10−4 Pa
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grain boundaries. The topographic structure of CIGS has therefore a high impact on the electrical
properties of indium oxide based TCOs, as it was shown for In2O3:H and In2O3:H,W. Thus we
conclude, that a specific amount of sharp transitions resuls in a defined amount of voids in the
TCO layer. This also explains the limited mobility of ≈ 30 cm2/Vs for In2O3:H,W films on CIGS
samples, regardless of the improving electron mobility of the films deposited on glass substrates
with increased oxygen supply during deposition, as observed in Figure 5.12. We conclude that
the film quality in general improves also in the film deposited on CIGS. However, the amount
of voids is assumed to be approximately the same in all of the films grown on CIGS. Therefore
the fixed amount limits the electron mobility to ≈ 30 cm2/Vs in general for all films, although
the quality of the material itself may differ. Also after a thermal treatment the amount of voids
most likely does not change significantly, resulting in a similar effect also for the crystallized
films. Moreover the voids might promote effusion of hydrogen due to the increased surface area.
This could explain the more pronounced decrease of mobility with increased RMS values after
annealing, as mentioned on page 80 (compare Figure 5.19 and Figure A.7). The dependency of
electron mobility of the as grown films on the RMS of the sub-layer was described by a linear
progression with coefficients of determination higher than 0.87. However, the observed linear
dependency can not be valid for very high RMS values, as the electron mobility can not drop
below zero. It was found that the decline of µe of In2O3:H,W and In2O3:H films deposited by
RPD is not as strong as for sputtered In2O3:H films. As a significant difference between the two
deposition techniques the energy of the deposition particles is suggested. In RPD it is less than
40 eV during ITO deposition. In contrast in sputtering methods particles such as backscattered
argon and negative oxygen ions are considered to have high energies above 100 eV. The lower
energies and higher ionization rates of the depositing particles are considered to be the origins of
higher quality ITO films grown by RPD [151] . In this study the In2O3 : H films grown by RPD
also are of higher quality than the sputtered films. The lowest drop in electron mobility was
found for tungsten and hydrogen co-doped indium oxide. Therefore we assume that tungsten
reduces the formation of voids/cracks or promote their coalesce by changing the surface energy
of the films.

In contrast to the indium oxide based TCOs the sheet resistance of aluminum doped zinc oxide
films did not increase, as shown in Figure 5.18. Sputtered AZO thin films are known to grow
crystalline [152–155]. In contrast the deposited indium oxide films are mainly amorphous, or can
contain both, crystalline and amorphous fractions when ZnO is used as sub-layer. We assume that
the crystalline AZO films, even though some voids might form, coalesce at very low thicknesses.
We assume the origin in the preferred (002) columnar structure and the (partly) tilted growth on
rough samples. In contrast the amorphous fractions of the indium oxide based films might lower
the merging effect of separated film parts. Moreover we observed that the substrate roughness
has no significant impact on the crystalline growth of the indium oxide based films, here IOH, as
it is highly dependent on its sub-layer and in general the deposition conditions. The crystalline
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structure of the as deposited IOH films was quite similar for films deposited on flat and rough
substrates onto the sub-layers ZnO (pronounced crystallinity of IOH) and on Zn(O,S) (mainly
amorphous IOH).

The surface of the sub-layers was also described by the median local slope and median local slope
per grain size, which correlate the MLS and the structure or grain size estimated by the watershed
method. A linear dependence of the decreased electron mobility on these values was detected as
well. Comparing the MLS/GS values from Figure 5.19 and Table 5.2 it becomes apparent that
the values show large differences, however, the indium oxide layers had similar electron mobilities.
The origin of the differences lies in the estimated grain and structure size. For the samples
described in Figure 5.19 AFM topography images of 40 µm x 40µm were obtained, in contrast
for the samples described in Table 5.2 10 µm x 10 µm AFM topography images were taken.
Consequently more details are taken into account by the calculation routine of the grain size
using the watershed method for the latter samples. Thus, the determined grain/structure size is
lower than the one calculated for the CIGS samples with varying thicknesses from 40 µm x 40 µm
images. The calculated MLS/GS value is consequently larger. Thus, this routine and the followed
evaluation by MLS/GS can only be applied for topographic images of the same size.

In the following strategies for improved electron mobility of indium oxide based TCOs in the as
deposited state grown on CIGS samples are presented. This is considered a key requirement to
achieve high mobility after crystallization on CIGS.

The main findings can be summarized as follows:

• Formation of voids/cracks in the indium oxide layer when the films were deposited on
rough CIGS samples.

• Voids/cracks mainly are located at sharp structures (e.g. cliffs at CIGS grain boundaries,
sharp regressions).

• Voids and cracks in the indium oxide layers are the main cause for limited electron mobility;
deficit is more pronounced for annealed films.

• In films grown on CIGS samples the electron mobility seems to decrease linearly with
increase of the RMS roughness value.

• No difference for mainly amorphous grown and pronounced crystalline grown films was
observed.

• No limitation of electrical properties in poly-crystalline AZO films grown on rough CIGS
samples observed.
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5.4 Strategies to improve the electron mobility of hydrogen
doped indium oxide based TCOs on CIGS

As described in section 5.3 rough CIGS samples with sharp edges are the main cause of the
increase of electron mobiliy of indium oxide based TCOs when the films contain amorphous
regions. This section presents strategies which can be implemented in an already existing CIGS
solar cell process line to improve the electron mobility of In2O3:H,W and hydrogen doped indium
oxide (In2O3:H) thin films. One possibility is to smooth the CIGS surface by the deposition
of a spin-coated sol-gel layer or by etching. Furthermore the impact of the TCO thickness is
discussed.

5.4.1 Spin Coated Sol-Gel Layers

As presented in section 5.2 spin coated gallium oxide sol-gel layers can serve as sub-layers for IOH
thin films without deterioration of the electrical properties before and after annealing. Based on
these results GaxOy sol-gel layers were spin coated on CdS-coated CIGS samples prior to the
IOH sputter deposition. The deposition process is described in section 3.1.2 on page 27. For this
study the deposition routine was processed 1, 3 and 6 times, respectively. Figure 5.25 shows AFM
topography images of the CIGS/CdS samples after 1, 3 and 6 GaxOy sol-gel depositions. The
RMS value of the samples can be reduced significantly from 76 nm to 50 nm after 6 depositions.
Here, the structure of the CIGS grains is still present, but the grains have a rounder shape.
Table 5.4 summarizes the RMS value of the samples prior to IOH deposition and the resulting
electrical properties of the IOH layers. Additionally a flat SLG sample was processed as reference.
While the charge carrier density of the film remains unchanged, the electron mobility increases
with increased deposition amount, as the surface becomes smoother. Note that after 6 GaxOy

depositions the electron mobility is equal, even slighly higher than the electron mobility on SLG,
even though the CIGS sample has a RMS value of 50 nm.

Table 5.4: Influence of spin coated sol-gel layers on the CIGS sample RMS roughness and the electrical
properties of sputtered In2O3:H thin films

Sample RMS ne µe ρ

(nm) (cm−3) (cm2/Vs) (µΩcm)
Glass 0.3 2.23x1020 42.3 662

1xGaxOy 76 2.23x1020 24.8 1130
3xGaxOy 59 2.44x1020 35.9 712
6xGaxOy 50 2.37x1020 43.7 602
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Figure 5.25: AFM topography images of CdS/CIGS samples which were coated with sol-gel GaxOy layers;
the amount of deposition repetitions and the determined RMS value are added

Figure 5.26 illustrates the change in µe over RMS. For comparison data of the sputtered IOH
film on different CIGS absorber types, as shown in Figure 5.23, is added to the graph. The
graph shows a linear dependency of the electron mobility on the RMS value also for the films
deposited on GaxOy/CdS/CIGS. The CIGS samples with RMS values of around 80 nm were
deposited following the same recipe as the CIGS absorber for the GaxOy depositions. Prolonging
the linear fit also leads to good agreement for these CIGS samples, which were fabricated with
an i-ZnO layer instead of the GaxOy layer. Thus, already one spin coating deposition led to a
lower RMS value compared to the samples with i-ZnO. Further, it becomes apparent that the
modification of the surface with spin-coated sol-gel layers is much more beneficial on the IOH
electron mobility than the chance of the CIGS absorber type.

The data shows that the spin coated GaxOy layers smoothed the CIGS samples with increased
deposition amount. We assume that the spin coating process round sharp grain structures and
thus leads to smoother transitions between the CIGS grains on the CIGS surface. Note that the
measured RMS value after 6 GaxOy depositions was 50 nm. High local slopes, as they appear at
sharp grain edges, were found to be detrimental, as discussed in section 5.3. Thus, the impact
of the surface becomes similar to the one of the textured glass as described in section 5.3. On
the textured glass sample high IOH electron mobilities were achieved although the textured
glass substrate had a RMS roughness of approx. 170 nm. When the surface showed smooth
transitions, void formation in the IOH layer can be avoided and mobilites as high as on flat SLG
are reached. These results serve as the basis for further annealing treatments to crystallize the
amorphous IOH films. Despite of the improved electron mobility the implementation of such a
deposition process might be challenging for an industry-like CIGS solar cell fabrication, as spin
coating is not well scalable.
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Figure 5.26: Electron mobility of sputtered In2O3:H in dependence of the substrate RMS roughness of
CIGS samples of different process types and after GaxOy spin coat deposition; values at RMS ≈ 0 nm are
referred as flat SLG references

The main findings can be summarized as follows:

• Smoothing of CIGS samples by deposition of spin coated GaxOy layers possible; reduction
of sharp structures at the surface.

• Restored electron mobility in IOH films deposited on smoothed CIGS samples with thick
spin coated GaxOy layer (RMS = 50 nm).

5.4.2 Etching of the CIGS Surface

Another possibility to smooth the CIGS surface is etching in an acid bromine solution [146,147].
By etching with HBr solution CIGS is removed leading to thinner and smoother samples. In
this study a set of four CIGS samples was prepared. The samples were etched for 0 s, 15 s,
30 s and 60 s in an acid bromine solution, the etching rate was estimated to 10 nm/min. The
sample which is referred with an etch duration of 0 s was not etched with HBr and serves as a
reference sample. During etching the solution was homogenized by a magnetic stirrers. Prior to
the etching a previously deposited CdS layer was removed from all four samples in a 5 mol%
HCl solution. After etching the CIGS samples in the HBr solution, a KCN treatment was done
followed by the CdS and i-ZnO deposition.
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Figure 5.27 illustrates the topographic images taken by AFM of the non-etched reference sample
and samples after 15 s and 60 s of etching, respectively. The images were taken after CdS
deposition. After 15 s of etching it can be observed, that the grain size does not change
significantly, furthermore the RMS valule is equal to the one of the non-etched reference sample,
but that the surface of the grains was smoothed, less small particles are visible. The 60 s etched
sample has an approx. 20 nm lower RMS value of 46 nm. The grains become rounder shaped.
Figure 5.28 shows SEM cross section images of the surface near region of the CIGS samples.
The results confirm the smoothing and rounding effect of the etching. After 60 s of etching the
surface shows less structures with sharp slopes compared to the non-etched sample.

Figure 5.27: AFM topography images of etched CIGS sample after CdS deposition; the etch duration and
the determined RMS value are insert; etch duration of 0 s represents the non-etched reference sample

Figure 5.28: AFM topography images of etched CIGS sample after CdS deposition; the etch duration and
the determined RMS value are insert; etch duration of 0 s represents the non-etched reference sample

Table 5.5 summarizes the RMS roughness of the CIGS samples in dependence of the etching
duration and the electrical properties of RPD - In2O3:H thin films. Additionally a flat SLG
sample was processed as reference. The data shows that the RMS value decreases with increased
etching duration. Moreover, it becomes apparent that the charge carrier density of the films on
CIGS samples is slighlty lower than on the SLG reference and slightly increases with increased
etch duration. As the calculation of the charge carrier density is dependent on the estimated
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film thickness, it can not be excluded that this effect is due to uncertainties of the film thickness.
With increased etching duration the electron mobility of the In2O3:H films increases. This effect
is first determined after 15s of etching, although the RMS value remains unchanged. After 30s of
etching the electron mobility does not further increase significantly.

Table 5.5: Influence of the CIGS etching on the roughness and electrical properties of RPD - In2O3:H
thin films

Sample RMS ne µe ρ

(nm) (cm−3) (cm2/Vs) (µΩcm)
Glass 0.3 3.37x1020 50.0 370
0 s 66 3.13x1020 36.2 551
15 s 67 3.15x1020 41.2 480
30 s 55 3.20x1020 44.1 443
60 s 46 3.24x1020 44.4 433
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Figure 5.29: Electron mobility of RPD - In2O3:H in dependence of the substrate RMS roughness of CIGS
samples of different process types and of etched CIGS samples; values at RMS ≈ 0 nm are referred as flat
SLG references

Figure 5.29 shows the dependency of the electron mobility on the substrate RMS roughness of
etched CIGS samples and of CIGS samples of different process types, taken from Figure 5.23
as comparison. Additionally the values of the SLG reference samples are added. It becomes
apparent that the electron mobility increases with decreased RMS value. The slope was found to
be equal to the slope of the films deposited on different types of CIGS. The electron mobility of
the non-etched reference can be described by the µe - RMS dependency as found for the films
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deposited on different CIGS types, although the electron mobility of the SLG "etch" - reference
film is higher. After 15s of etching the electron mobility increases while the RMS value remains
unchanged. Further etching smooths the CIGS surface and leads to a decrease of the RMS value.
The electron mobility increases according to the observed µe - RMS dependency. However, the
electron mobility does not reach the SLG reference value.

Etching in an acid bromine solution was carried out to smooth the CIGS surface and to reduce
the amount of sharp structures by rounding the CIGS grains. These modifications led to an
improved electron mobility. We assume that due to the smoother structure with more round
grains less voids form in the In2O3:H layers. This reduced amount is beneficial for the electron
mobility. As the used etching rate of 10 nm/min is quite low, the CIGS absorber were not
reduced in thickness significantly, as the expected typical absorber thickness is in the range of
1.5 µm to 2 µm. Nevertheless, implementing this etching procedure into the CIGS solar cell
fabrication might be unfavorable, as an additional wet chemical process is required.

The main findings can be summarized as follows:

• Etching of CIGS with acid bromine solution results in a smoothed surface with less sharp
structures.

• Improved electron mobility of IOH films on etched, smoothed CIGS samples.

5.4.3 Influence of TCO thickness

It is known for AZO thin films, that an increased film thickness can have a beneficial effect on the
electrical properties such as the electron mobility [36, 156]. This effect is caused by the increased
crystallite size for increased thicknesses. Although an amorphous growth of the indium oxide
based TCOs described in this study is required, the film thickness was found to also have an
influence on the electron mobility of the films deposited on CIGS samples.

Figure 5.30 illustrates the charge carrier density and electron mobility of RPD - In2O3:H,W,
In2O3:H and sputtered In2O3:H films on soda lime glass and CIGS samples with different
RMS roughness values, respectively, in dependence on the film thickness. While the charge
carrier density of RPD - In2O3:H,W films is overall stable in the range of ≈ 3x1020 cm−3 to
4x1020 cm−3 on SLG and CIGS samples, a decrease for increased film thickness was observed
for RPD - In2O3:H and sputtered In2O3:H thin films on both SLG and CIGS samples. In case
of In2O3:H film deposited by RPD the overall lowest charge carrier density of ≈ 1.1x1020 cm−3

to 1.4x1020 cm−3 was observed for a film thickness of around 525 nm. The electron mobility of
the indium oxide films deposited by RPD increased for increased film thickness when grown on
CIGS samples. While the electron mobility of In2O3:H,W grown on CIGS with RMS = 85 nm
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Figure 5.30: Charge carrier density and electron mobility of as-grown In2O3:H,W, In2O3:H deposited
by RPD and as-grown sputtered In2O3:H with different thicknesses grown on soda lime glass and CIGS
samples with different RMS roughness values

rise up to 91 % of the µe value of the SLG reference at a TCO film thickness of around 621 nm,
the electron mobility of the In2O3:H film even exceeds the value on SLG at around 525 nm.

The results show that the electron mobility of films deposited on CIGS samples with RMS = 85 nm
by RPD increases with increased film thickness and that consequently the difference between the
values on SLG and CIGS samples is reduced. This indicates that the isolated film parts merge at
increased film thickness, similar to crystalline AZO films. In contrast to the films deposited by
RPD the electron mobility of the sputtered In2O3:H drops with increased film thickness. This
applies for films grown on SLG and CIGS samples with two different RMS roughness values.
If coalescence of isolated film parts at increased film thicknesses is the origin of improvement
of the electron mobility on CIGS samples, it can be assumed that this does not occur during
the deposition by pulsed DC sputtering. It is possible that the unfavorable conditions during
sputtering, as described on page 86, obstruct the coalescence of the films grown on CIGS samples.
This effect seems to be less pronounced in the RPD layers.

For the RPD - In2O3:H layer a strong decrease of the carrier density at increased thicknesses
was observed. This might be caused by irregularities during the film deposition or an increased
film crystallinity in the as grown state, as also for the sputtered In2O3:H film a decreased carrier
density at higher thicknesses was observed. As only the tungsten doped sample does not show
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such a decrease, we assume that the tungsten prevents the formation of crystalline nuclei at
increased thicknesses.

A disadvantage of thick indium oxide layers might be the consequently increased optical absorption
and increased costs. Thus the beneficial effect of high mobility indium oxide based TCOs can be
reduced or even eliminated compared to cheap zinc oxide based TCOs such as AZO.

The main findings can be summarized as follows:

• Improved electron mobility with higher film thicknesses possible (here, for films deposited
by RPD).

• Material might merge at increased thicknesses, leading to a less voids/cracks.

5.5 Stability of IOH thin films

As already mentioned in section 4.4, the substrate morphology also influences the stability of
IOH thin films. For evaluation IOH thin films with thicknesses of 270 nm were deposited on
glass substrates with different morphologies and roughnesses, determined by AFM measurements
with a measurement area of 40 µm x 40µm. The corresponding topography images can be found
in Figure 5.31. The textures of the glasses were produced by etching. The RMS roughness values
of the glasses A, B and C were 1 nm, 76 nm and 122 nm, respectively. Thus, glassA can be
considered to be smooth. GlassB showed a fine-meshed structure while glassC showed larger
structures, but with similar heights as glassB. These two glasses are considered as rough.

(a) glassA (b) glassB (c) glassC

Figure 5.31: AFM topography images of glass substrates with different morphologies used for stability
tests; left: glassA, RMS = 1 nm; middle: glassB , RMS = 76 nm; right: glassC , RMS = 122 nm; note that
the scale of glassA differs from glassB and glassC

The results of the IOH stability tests carried out on these substrates are presented in Figure
5.32. Here, the change of the charge carrier density, electron mobility and resistivity of vacuum
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Figure 5.32: Change of the electrical properties of annealed IOH films during damp heat in dependence of
the glass substrate RMS roughness

annealed IOH films during damp heat is shown. In the initial state the electrical properties of all
samples were quite similar. It becomes apparent that IOH films degrade faster when deposited
on rough glass. Here, after 1000 h of damp heat the resistivity of IOH deposited on glassB and
glassC was found to increase by 74 % and 66 %, respectively. In contrast for the IOH film on
glassA only an increase of 28 % was observed. Thus the degradation is more than two times
faster on rough than on smooth glass substrates. Interestingly no large difference was found
between the two rough glass substrates. According to the measured RMS roughness value a more
pronounced degradation process was expected for the film deposited on glassC . The main cause
for the accelerated degradation is the larger decrease in electron mobility. No differences in the
change of charge carrier density were observed between the samples.

Additionally the stability of an approx. 340 nm thin IOH film on a CIGS sample was evaluated by
changes of the sheet resistance, measured by 4 point probe. The architecture of the CIGS sample
was glass/Mo/CIGS/InS/i-ZnO/IOH, after IOH deposition the sample was annealed in vacuum.
The RMS roughness was calculated to be 123 nm. Note, that in this case the AFM measurement
was conducted after IOH deposition with a reduced measurement area of 20 µm x 20 µm. The
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Figure 5.33: AFM topography image of the sample glass/Mo/CIGS/InS/i-ZnO/IOH before damp heat

corresponding AFM topography image is shown in Figure 5.33. As a reference an annealed IOH
film of the same deposition run grown on a smooth glass substrate was evaluated. The results are
shown in Figure 5.34. For comparison the change of RSq of the 270 nm thin IOH films deposited
on glassA and glassB are added to the graph. The sheet resistance of IOH films deposited on
glass substrates was calculated from the Hall data. The results show that the sheet resistance of
IOH which was deposited on the CIGS sample increases more pronounced (+ 111 %) than that of
the reference IOH thin film deposited on a smooth glass substrate ( + 29 %). Although the RMS
value of the CIGS sample is comparable to the one of glassC , a significantly lower RSq increase of
the IOH film on the rough glass substrate (+ 66 %) was found. No significant difference in the
degradation of RSq was observed between the two IOH films which were deposited on smooth
glass substrates.

The findings suggest that the morphology of the substrate has a large influence on the IOH
stability. Similar results can be found in literature for AZO. While studies from Greiner et
al. [115] suggested that grain boundaries are as such not strongly affected by damp heat for
AZO thin films grown on smooth substrates, the accelerated degradation of conductivity of AZO
grown on rough glass substrates was explained by the presence of local perturbations (extended
grain boundaries (eGB)). These do not merely increase the penetration of water vapor into the
film, but themselves block the current transport in the degraded state after damp heat. It is
conceivable that this model can also be applied to IOH layers grown on rough substrates. The
results suggest that the amount of eGB varies due to the substrate morphology and does not
necessarily rely on the substrate roughness but on the specific morphology and structures. Thus,
the resistivity of IOH thin films deposited on glassC , which had a high RMS, but showed rather
large structures, decreased approximately as fast as that of IOH films deposited on glassB , which
had a lower RMS, but a fine-meshed structure. We assume that eGB may be induced at rather
sharp edges. As discussed before, IOH thin films which were deposited on CIGS samples showed
presumably a high density of voids and cracks. This could additionally accelerate diffusion of
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Figure 5.34: Comparison of the change of the sheet resistance of annealed IOH thin films during damp
heat when deposited on smooth and rough glass substrates and a CIGS sample

water vapor into the films and enhance the degradation of IOH films. Therefore the pronounced
RSq increase during damp heat of the IOH film grown on CIGS samples is probably caused by
both effects.

The main findings can be summarized as follows:

• Accelerated degradation of electrical properties of IOH grown on rough substrates during
damp heat tests.

• Morphology of the substrate and thus the resulting void density in the IOH film is crucial.

5.6 Conclusion

The findings obtained in this chapter are summarized in the chart diagram (Figure 5.35). In
this study the influences of the substrate and sub-layers on the growth and properties of indium
oxide based TCOs, i.e., In2O3:H and In2O3:H,W were investigated and grouped in two aspects:
(i) the structure and (ii) the roughness of the substrate/sub-layer. Two structural aspects of
the sub-layers were studied. In the first case the sub-layer contained residual water, due to the
deposition process. This led to degradation of the IOH films during annealing, as water from the
sub-layer might interfere the crystallization process and diffuse into the IOH layer. Consequently
the films exhibit poor electrical properties after annealing. In the second case the sub-layers
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were poly-crystalline (ZnO). This promoted a crystalline growth of the deposited IOH layers
and result to poor electrical properties before and after annealing. In additional experiments
the hydrogen supply during the deposition of the first IOH layers at the ZnO interface were
increased, resulting in a decreased crystalline fraction of the IOH films and improved electrical
properties. The second main aspect was the roughness, i.e., the topography of the sub-layers or
of the substrate. In a first approximation the topography can be categorized in two structures:
(i) rounder shapes and grains on the surface with smooth transitions and (ii) sharp edged grains,
sharp transitions and sinks. When the surface showed rather smooth transitions the deposition of
a closed IOH films was possible. No adverse effect could be observed on the electrical properties,
as these were similar to films deposited on planar glass substrates. In contrast in films that were
deposited on sub-layers with sharp structures at the surface (in particular CIGS films) formation
of voids and cracks was observed. The voids were located mainly at CIGS boundaries, as here
the highest local slopes were observed. As the type of the topography was similar within the
CIGS samples, the surface could be well described by the RMS roughness value. However, no
significant influence of the deposition conditions or the crystalline fraction of the IOH films on
the void formation was found. The disrupted film structure resulted in accelerated degradation
of the electrical properties during damp heat and overall poor electron mobilities after deposition.
This applied for In2O3:H deposited by sputtering or RPD and for In2O3:H,W films deposited by
RPD. No sufficient improvement could be observed after annealing and solid phase crystallization
of the indium oxide films. To improve the electron mobility of the indium oxide based TCOs on
rough CIGS samples three different strategies were presented: (i) Sharp structures on the CIGS
surface were etched in an acid bromine solution. This resulted in rounder shaped grains. Thus
the deposited IOH films shows less voids and consequently higher electron mobilities. (ii) By spin
coating GaxOy sol-gel layers sharp edged grains and sinks on the surface of the CIGS sample
were smoothed. The rounder shaped structures again led to formation of less voids and improved
electron mobilities. (iii) Furthermore it was observed, that films with increased thicknesses
also exhibit higher electron mobilities on rough CIGS samples. Therefore we assume, that the
material might coalesce at increased thicknesses and thus led to the sealing of voids.

The findings show, that the substrate/sub-layers of the indium oxide based TCOs have a major
effect on the growth and properties of the TCO films. Thus the application of such films in
photovoltaic applications in not straightforward. The different effects need to be considered to
achieve high-mobility indium oxide films.
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Figure 5.35: Main findings concerning the influence of the substrate and sub-layers on the growth and
properties of indium oxide based TCO (i.e., In2O3:H, In2O3:H,W)
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CHAPTER 6

Application of Indium Oxide based TCOs in CIGS solar cells

Due to their low optical absorption and high conductivity, as described in chapter 4, indium
oxides doped with hydrogen or metals (such as W) are promising candidates as front contacts in
solar cells. In chapter 5 influences of the sub-layers on the growth and properties of indium oxide
based TCOs were identified. When applying the films as front contact in CIGS cells or modules,
these influences have to be taken into account. In this we investigate indium oxide based TCO as
front contact. Some basic requirements need to be fulfilled for a successful implementation. These
are addressed in section 6.1. One requirement is a suitable band line up between the TCO and
the rest of the device, such as the highly resistive layer. A large ’cliff’ (negative conduction band
offset) or ’spike’ (positive conduction band offset) at the interface highly resistive layer/TCO
would result in deterioration of the solar cell parameters, here, the fill factor. Similar effects were
shown for the absorber/buffer interface [157,158]. The band line up of crystalline hydrogen doped
indium oxide and intrinsic zinc oxide (as the typical highly resistive layer between the buffer and
TCO, as explained in section 2.2) is therefore studied in section 6.1.1. Another basic requirement
is the thermal stability of the CIGS solar cells during the thermal treatment to induce solid phase
crystallization of the amorphous phase of the indium oxide based films. Here, temperatures
above 150 °C are applied. In section 6.1.2 the effect of thermal treatments of up to ≈ 210 °C on
the solar cell performance of CdS buffered CIGS solar cells is studied. Additionally, alternative
configurations are suggested to avoid or reduce an adverse effect. Only when these requirements
are fulfilled, successful implementation of indium oxide based TCOs as front contact in CIGS
solar modules might be achieved. However, additionally, loss-free current transport through the
TCO on larger lateral distances than in a solar cell is required. Increased sheet resistance of TCO
layers on CIGS samples will therefore limit the module characteristics. Thus, the implementation
of hydrogen doped indium oxide as front contact in CIGS modules is discussed in section 6.2. In
section 5.4 strategies for improved TCO sheet resistances on CIGS samples were suggested. The
applicability of these approaches is tested in section 6.3. Note that the CIGS films presented
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in this chapter were deposited at different points in time, by different techniques and recipes,
resulting in CIGS absorbers with different properties and solar cell efficiency, as described in
section 3.1.2. Therefore, only the experiments within one series can be compared directly.

6.1 Basic Requirements for the Application as Front Contact

The successful application of indium oxide based TCOs, as described in this thesis, depends on
several requirements. One of two key aspects is a suitable band alignment of the front contact and
the highly resistive layer, e.g. intrinsic zinc oxide. In the following section we therefore investigate
the band line up of annealed hydrogen-doped indium oxide and intrinsic zinc oxide, the most
common highly resistive layer. The second key aspect is the thermal stability of the solar cells,
as temperatures above 150 °C are required for the initiation of the solid phase crystallization,
depending on the TCO deposition conditions. The influence of the annealing treatment on the
solar cell performance is therefore studied in section 6.1.2.

6.1.1 Band alignment IOH/ZnO

The band line up of the IOH/ZnO heterostructure can affect the solar cell properties, e.g. the fill
factor. Kaspar et al. [159] investigated the band line-up of ZnO and ITO (In2O3:Sn), determining
a conduction band offset (CBO) ∆ECBM = 0.6 eV (ZnO conduction band minimum (CBM)
above ITO VBM). For the calculations an indium oxide band gap of 2.9 eV was assumed, the
valence band offset (VBO) was determined to 0.05 eV to 0.25 eV (ZnO VBM above the ITO
VBM). Such a large CBO of ZnO/IOH would lead to a significant deterioration of the FF in
CIGS solar cells. We numerically calculated the FF for standard CIGS/CdS/i-ZnO/IOH solar
cells for different CBOs. The results are shown in Figure 6.1 (a). For a fixed charge carrier
density of i-ZnO (here ne(i−ZnO) = 1x1016 cm−3) the FF drops with increased conduction
band offset. For a conduction band offset ≥ 0.4 eV a more pronounced FF loss was calculated for
decreased ZnO charge carrier density. The calculated band diagram of CIGS/CdS/i-ZnO/IOH
with ∆ECBM = 0.5 eV and ne(i−ZnO) = 1x1016 cm−3 is shown in Figure 6.1 (b). To investigate
the conduction band offset of ZnO/IOH we determined the band line-up of ZnO/annealed IOH
by UPS and XPS measurements. For practical reasons the layer sequence was inverse to the one
in solar cells and it is assumed here that this does not change the band line-up. We evaluated a
bare annealed IOH film, IOH/ZnO heterostructures (ZnO was sputtered on annealed IOH in
total for about 1 s, 2 s, 3 s) and a thick ZnO films (sputtered for 79 s).

Figure 6.2 shown the core levels Zn 2p (left), In 3d (middle), In 4d and Zn 3d (right) for different
ZnO sputter duration. With increase of the sputter time the intensity of the In core peaks
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Figure 6.1: (a) Calculated FF (by SCAPS [160]) in dependence on the conduction band offset i-ZnO/TCO;
(b) band diagram of CIGS/CdS/i-ZnO/TCO; ECBM and EV BM (black solid lines) are the conduction
band minimum and valence band maximum, respectively, EFn and EFp (red dashed line) represent the
quasi fermi levels of electrons and holes [76], the negative conduction band offset at the i-ZnO/TCO
interface indicate a ’cliff’

decreases while the Zn core peaks becomes more intense, indicating an increase of the ZnO film
thickness. After 79 s of sputtering only the Zn core peaks are measurable, indicating that a
sufficiently thick ZnO film was deposited. Measurements at the IOH/ZnO interface (1 s, 2 s, 3 s
of ZnO sputtering) revealed that In core levels In 4d as well as In 3d 5/2 shifted towards lower
binding energies compared to the uncoated film. The core level shifts are assumed to be due to
band bending (rather than chemical shift) and are therefore used in the calculation of the band
edges (see below). In contrast the Zn core levels Zn 2p and Zn 3d of the thin ZnO films (1 s,
2 s, 3 s) showed higher binding energies compared to the thick ZnO film. The measured valence
band of the samples is shown in Figure 6.3. The determined average VBM EV BM and binding
energies of the core levels In 4d, In 3d 5/2, Zn 2p and Zn 3d are presented in Table 6.1, the error
was calculated with the standard deviation of the linear regression.

The valence band maximum of the bare annealed In2O3:H film was observed at ≈ 2.89 eV below
EF , consistent with values found in literature for In2O3 [161, 162]. For bulk ZnO a valence
band maximum of EZnOV BM ≈ 3.35 eV below EF was obtained, which is also consistent with
literature [163–165]. The valence band offset ∆EV BM was determined according to the method
developed by Kraut et al. [166], which is well established [121,167–170]:

∆EV BM = (EZnOCL −EZnOV BM )− (EIOHCL −EIOHV BM )− ∆ECL (6.1)
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Figure 6.2: Core levels Zn2p (left), In3d (middle) and In4d & Zn3d (right) in dependence of the layer
configuration with increasing ZnO thickness

Table 6.1: Valence band maximum EV BM and binding energies of the core levels In 4d, In 3d 5/2, Zn 2p
and Zn 3d measured by UPS and XPS, respectively, for different IOH/i-ZnO film configurations and ZnO
sputter durations

Sample EV BM Error ECL(In4d) ECL(In3d5/2) ECL(Zn2p) ECL(Zn3d)
(eV) (eV) (eV) (eV)

IOH 2.887 0.006 18.22 444.79 - -
IOH + 1s ZnO 3.204 0.010 18.11 444.68 1022.2 10.803
IOH + 2s ZnO 3.333 0.008 18.13 444.69 1022.2 10.879
IOH + 3s ZnO 3.341 0.003 18.12 444.66 1022.3 10.902
IOH + 79s ZnO 3.351 0.006 - - 1022.1 10.570

∆ECL = EZnOCL (i)−EIOHCL (i) (6.2)

where EZnOCL and EIOHCL are the binding energies of the core level of thick ZnO and bare IOH,
respectively, (i) indicates values at the interface. EZnOV BM and EIOHV BM represent the corresponding
valence band maximum of thick ZnO and bare IOH, respectively. Calculations were conducted
with the average EV BM of the materials, as shown in Table 6.1. For better statistics, the average
values of the core levels at the interface (1 s, 2 s, 3 s) were determined for EZnOCL (i) and EIOHCL (i),
respectively. The ∆EV BM was calculated for all 4 combinations of both In and Zn core levels. The
resulting valence band offset was determined to ∆EV BM = (-0.784 ± 0.057) eV . The conduction
band offset ∆ECBM can be estimated with the following equation:

∆ECBM = ∆EV BM +EZnOg −EIOHg (6.3)
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Figure 6.3: Valence band of bare and ZnO coated IOH after different ZnO sputter duration

with EZnOg and EIOHg as the band gaps of ZnO and In2O3:H. The band gap of ZnO is well known
as EZnOg = 3.3 eV [171]. Previous studies have reported that In2O3 has a fundamental band
gap of 2.6 eV - 2.9 eV [54–58], Walsh et al. [59] determined the upper limit of the fundamental
band gap to 2.9 eV. Therefore we assumed EIOHg = 2.75 ± 0.15) eV. We calculated the CBO
for IOH/ZnO to ∆ECBM = (-0.234 ± 0.207) eV (CBM of In2O3:H below the CBM of ZnO).
The large error is due to the large inaccuracy of the assumed indium oxide band gap. However,
within this range we expect no adverse effect on the FF, as shown in Figure 6.1 (a).

These results contradict those of Kaspar et al. [159] who considered a cliff between the ZnO
CBM and In2O3:Sn CBM. This can be attributed to the different (opposed) determined valence
band offsets, as the authors concluded that the ZnO VBM is above the In2O3:Sn VBM. Similar
findings were obtained by Kamiya et al. [172] by ultraviolet and inverse photoemission spectra.
In contrast we observed the ZnO VBM below the In2O3:H VBM and the ZnO CBM below the
In2O3:H CBM. These results are supported by the findings of Song et al. [173], who also reported
a ZnO VBM below the In2O3:H VBM (∆EV BM = 0.49 ± 0.11) eV). Assuming EZnOg = 3.37 eV
and EIn2O3

g = 2.93 eV a conduction band offset of (-0.05 ± 0.26) eV was calculated.

We investigated the band line up by depositing ZnO on annealed IOH films. However, conventional
CIGS solar cells are fabricated in the substrate configuration. In this case, IOH is deposited
onto ZnO. Furthermore, the as grown IOH film is considered to be amorphous after growth and
crystalline after the annealing. Therefore the band line up of ZnO/IOH might slightly differ
when the materials are applied in CIGS solar cells. However, we found no evidence for an adverse
effect on the fill factor by the band line up of ZnO/IOH.
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The main findings can be summarized as follows:

• The conduction band offset of crystallized In2O3:H (EIOHg = 2.75 ± 0.15) eV) and intrinsic
ZnO (EZnOg = 3.3 eV) was measured to be ECBM = (-0.234 ± 0.207) eV. For this offset,
no adverse effect on the fill factor is expected. We therefore conclude that In2O3:H and
i-ZnO have a suitable band line up.

6.1.2 Effect of Post Deposition Thermal Treatment on CIGS Solar Cells

As determined in the previous section the band alignment of crystalline In2O3:H and intrinsic
ZnO is considered suitable for the application of In2O3:H as front contact in CIGS solar cells.
Therefore one of the key requirements, as listed on page 102 is satisfied. A further key aspect is
the thermal stability of the solar cells which will be investigated in this section.

Several groups studied the usability of hydrogen doped indium oxide films as front contact in
CIGS solar cells [68,71,90,91,150,174,175]. Koida et al. [90] studied the impact of IOH front
contacts in combination with different highly resistive layers on the performance of CIGS solar
cells in relaxed and metastable states. Witte et al. [175] compared the cell performance for
different window layer configurations. Similar or higher efficiencies were demonstrated with
an as grown IOH front contact compared to an AZO front contact when a Zn(O,S) buffer was
used. The CdS buffer cells showed in contrast lower efficiency due to reduced jsc and FF .
However, Keller et al. [68] showed that the short circuit current density of CdS buffered CIGS
cells improved due to implementation of an annealed RF sputtered IOH front contract by ≈
3 mA/cm2. The AZO reference cell had a jsc ≈ 31 mA/cm2, the cell with annealed IOH an
improved jsc of ≈ 34 mA/cm2. Additionally an improved open circuit voltage but decreased fill
factor were observed. In total, the cell with the annealed sputtered IOH front contact showed a
higher average efficiency of ≈ 15.4 % than the reference with AZO with η ≈ 14.7 %.

However, we observed that the implementation of an annealed IOH layer into a standard CIGS
sample with CdS/i-ZnO window is not straightforward. Solid phase crystallization of amorphous
grown hydrogen doped indium oxide films requires temperatures of 150 °C to 220 °C, depending
on the deposition conditions [5]. When applied as a front contact, the annealing procedure will
also affect the CIGS cell. We therefore investigated the properties of CIGS solar cells with IOH
front contact before and after annealing. A set of CIGS samples, fabricated by a sequential
process, were coated with CdS buffer, i-ZnO as highly resistive layer and sputtered IOH front
contact. The samples were annealed for 10 min, 20 min, 30 min and 60 min in vacuum with
infrared heaters. The obtained average temperatures and electrical properties of the reference
IOH films grown on glass substrates are shown in Table 6.2. The results indicate the initiation
of solid phase crystallization already after 10 min of annealing at 157 °C, as a slight decrease in

106



6.1 Basic Requirements for the Application as Front Contact

ne and increase in µe was measurable. However, only after 60 min and temperatures of 211 °C
an electron mobility over 100 cm2/Vs was achieved.

Table 6.2: Electrical properties of reference IOH films deposited on glass substrates after annealing under
varied conditions; for annealing different specimens of one glass substrate were used

t T ne µe ρ

(min) (°C) (cm−3) (cm2/Vs) (µΩcm)
0 23 ± 0 3.9x1020 43.2 374
10 157 ± 4 3.7x1020 47.1 362
20 179 ± 2 3.3x1020 53.3 358
30 190 ± 2 2.8x1020 60.6 368
60 211 ± 1 2.1x1020 106.1 283
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Figure 6.4: Box plots of jsc, Voc, FF and η of CIGS solar cells (60 cells each) with AZO or IOH front
contact; the AZO baseline (BL) film was sputtered at ≈ 165 °C, RT: deposited at room temperature
without intentional heating; numbers indicate the duration of annealing in minutes

The j-V characteristics of the corresponding CIGS solar cells (60 cells per sample) are shown in
Figure 6.4. Further CIGS cells with AZO front contact were prepared in three configuration:
1) sputtered at a substrate temperature of ≈ 165 °C, 1.5 wt.% Al2O3; 2) sputtered without
intentional heating, 1.0 wt.% Al2O3; 3) sputtered without intentional heating with subsequent
annealing for 60 min, 1.0 wt.% Al2O3. The j-V characteristics were added to Figure 6.4 for
comparison. In the following the average values of the cells serve for evaluation. For all cells the
shunt resistance was found to be in the range of 1 k Ωcm2 or higher, thus can be excluded to
adversely affect the fill factor. Compared to the reference AZO BL sample, the non-annealed cells
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with AZO and IOH front contact, sputtered without intentional heating, showed higher jsc and
Voc, but a decreased fill factor by ≈ 5 % to 8 % absolute. After 10 min of annealing the IOH-cell
showed a slightly improved fill factor, while the Voc dropped in average by 25 mV. No significant
change was observed for jsc. However, further annealing up to 30 min results in an jsc loss of
almost 6 mA/cm2, steadily decreased Voc and fill factor by ≈ 20 mV and 1.6 %, respectively.
Note, that despite of the observed losses, no significant change of series resistance, ideality factor
or saturation current density was determined. Nevertheless, after 60 min of annealing all three
values increased significantly, indicating changes of the charge carrier recombination mechanism.
Additionally the Voc and FF decreased further. In contrast an improvement in jsc by 3 mA/cm2

could be observed, still the determined value was in average 2.6 mA/cm2 lower than for the non
annealed IOH sample. A similar effect was assessed for the cells with AZO front contact before
and after annealing. Also here degradation of the jsc, Voc and FF occurred after annealing, even
more pronounced than for the cells with IOH. The samples which were annealed for 60 min both
showed similar series resistances, ideality factors and saturation current densities. The j-V curves
showed no kink effect.

Table 6.3: Average j-V characteristics of CIGS solar cells with different front contacts (AZO and IOH); the
AZO baseline (BL) film was sputtered at ≈ 165 °C, RT: deposited at room temperature without intentional
heating; numbers indicate the duration of annealing in minutes; series resistance, shunt resistance, ideality
factor and saturation current density were determined by fits of the dark curves (2 diode model) of cells
with j-V characteristics close to the average values

.

sample jsc Voc FF η RS RSh A J0

(mA/cm2) (V) (%) (%) (Ωcm2) (kΩcm2) - (mA/cm2)
AZO BL 37.5 0.492 69.2 12.8 0.45 3.01 1.4 4.9x10−8

AZO RT 39.1 0.503 61.6 12.1 0.92 1.94 2.1 1.5x10−6

AZO 60 28.6 0.405 24.9 2.9 1.02 2.67 2.4 2.9x10−6

IOH RT 38.1 0.511 64.6 12.6 0.91 1.82 1.9 8.0x10−7

IOH 10 38.3 0.486 66.7 12.4 0.47 3.24 1.5 7.6x10−8

IOH 20 32.6 0.473 65.9 10.2 0.40 0.97 1.4 5.6x10−8

IOH 30 32.5 0.466 65.1 9.9 0.44 1.37 1.4 4.3x10−8

IOH 60 35.5 0.457 51.5 8.4 1.06 1.21 2.2 2.0x10−6

Furthermore EQE of the AZO baseline and the IOH cells was evaluated. The results are shown
in Figure 6.5 (a). It is apparent, that the EQE of cells with AZO and as-grown IOH are very
similar, for these cells no benefit due to the IOH layer can be observed. The sample annealed for
10 min shows an increased EQE in the near infrared region, indicating an increased transmittance
due to decreased charge carrier density or improved electron mobility. However, in the short
wavelength region the EQE decreased, resulting in a similar jsc,EQE as the non-annealed IOH
cell. For prolonged annealing duration the EQE drops over the whole, but more pronounced in
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the short wavelength region. Similar to the results obtained by j-V measurements the EQE of
the sample annealed for 60 min revealed a higher EQE and thus a higher jsc,EQE compared to
the samples annealed for 20 min or 30 min. However, for the short wavelength region still a loss
was observed. Figure 6.5 (b) illustrates the doping profile of the CIGS samples with IOH front
contact before and after several annealing durations, as determined by C-V measurements. The
data revealed a decrease charge carrier density and a shift towards higher depletion widths with
increased annealing time. After 60 min of annealing NC decreased from ≈ 2.5x1015 cm−3 to
values as low as ≈ 7.0x1014 cm−3 at the minimum.
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Figure 6.5: (a) External quantum efficiency of CIGS samples with baseline-AZO front contact (AZO
BL), sputtered at ≈ 165 °C or IOH front contact, deposited without intentional heating (IOH RT) and
after several annealing durations, indicated by numbers; (b) Charge carrier densities in dependence of
the depleation width of CIGS solar cells with IOH front contact in the as-grown state and after several
annealing durations, determined by C-V measurements; values at V = 0 V are marked with diamonds;
corresponding temperatures can be found in Table 6.2

The results demonstrate degradation of the CIGS solar cells at increased temperatures, induced
for the solid phase crystallization of the amorphous phase in IOH layers, applied as the front
contact. With increased annealing temperature a steady drop of the Voc from 0.511 V to 0.457 V
was observed, which most likely results by the steady decrease of the charge carrier denisity, as
determined by C-V measurements. The observed drop correlates well with calculated Voc losses1.

1

4VOC =
AkT

q
ln(

N1
N2

) (6.4)

with A as diode quality factor, k as the Boltzmann constant, T as the temperature, q as elemental charge and N1,
N2 as the charge carrier concentration of the absorber before and after annealing
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The annealed cells showed an inclined EQE at small wavelengths, already after 10 min. Such
an incline in combination with the observed decreased charge carrier density indicate Shockley-
Read-Hall (SRH) bulk recombination, at least for the samples annealed up to 30 min. With
decreased charge carrier density and increased space charge region (SCR) the SCR recombination
area shift towards the CIGS bulk, resulting in a higher amount of recombined electrons and holes
close the the window layer. As in this region mainly photons with higher energies are absorbed,
the loss in photo-current is more pronounced at small wavelengths. The overall low EQE of
the films annealed for 20 and 30 min, respectively, indicates bulk recombination over the whole
absorber region. After 60 min of annealing (211 °C) the recombination mechanism seems to
change significantly. Surprisingly the jsc increased by 3 mA/cm2. Furthermore the FF dropped
drastically while the ideality factor increased to values > 2, thus exceeding the limiting value for
SRH recombination of 2.0. This also applies for cells with AZO front contact, which showed a
similar drop of the Voc and FF . As the j-V characteristics after 60 min of annealing were similar
to the ones obtained for samples with IOH front contact, similar recombination mechanism are
suggested. However, in order to confirm this surprising recovery of the jsc in cells with IOH front
contact the experiments must be reproduced.

These results are supported by the findings of Wi et al. [176] who reported degradation of CdS
buffered CIS solar cells after annealing at temperatures above 200 °C. The authors attributed
the degradation to Cd diffusion from the CdS buffer into the CIS absorber. Additionally it
was demonstrated that CIS cells with Zn(O,S) buffer showed a better thermal stability (up to
300 °C). It was shown, that after annealing Zn atoms diffused not as far as Cd atoms into the
CIGS absorber. The findings are consistent with the work of Park et al. [177] who reported Cd
diffusion from the CdS buffer layer towards the CIGS absorber after annealing at 200 °C. Here
the CIGS/CdS/ZnO interface was monitored in situ during annealing using TEM apparatus
equipped with an in situ heating stage. Similar results were obtained by Kijima et al [178],
but for temperatures above 360 °C. However, also in this study the ZnS(O,OH) showed a
better thermal stability for temperatures up to 400 °C. Based on these findings we suggest
that Cd diffusion might initiate the observed degradation of the solar cells annealed at higher
temperatures, i.e., above 180 °C (20 min annealing). Furthermore the degradation might be
due to additional processes, such as sodium diffusion. However, to study the degradation and
recombination mechanism in more detail, further investigation, such as temperature dependent
j-V measurements are necessary.

The findings show that the thermal treatment required for the solid phase crystallization of
amorphous grown hydrogen doped indium oxide lead to degradation of the CdS buffered CIGS
solar cells. The results are contrary to the findings reported by Keller et al. [68], where no
degradation of the CdS buffered CIGS solar cell occurred after annealing in vacuum at 200 °C
for 1 h. We therefore assume that the degradation mechanism highly depends on the condition
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of the CdS/CIGS interface. To prevent cell degradation the interface must therefore be improved.
Other approaches, such as the change of the TCO deposition conditions and change of the buffer
layer are discussed in the following.

Stategies for Improved Cell Performance After Annealing

As shown in the previous section degradation of the solar cell performance might occur after
annealing of CIGS solar cells with CdS buffer and i-ZnO/IOH window. Notwithstanding possible
improvement of the CdS/CIGS interface, which is not subject of this thesis, we suggest two
approaches to prevent CIGS solar cell degradation caused by the post-deposition thermal
treatment required to initialize solid phase crystallization of hydrogen doped indium oxide:

1. Change of the deposition conditions of IOH thin films to increase the nucleation
density in the amorphous matrix of as grown films. This will lead to reduction of the
required crystallization temperature [5] and the related heating of the CIGS solar
cell. This will consequently minimize degradation.

2. Change of the applied buffer layer for improved thermal stability, e.g. Zn(O,S),
as reported in literature [176,178]. Steigert et al. [71] reported that solar cells with
sputtered Zn(O,S) buffer layer and IOH front contact showed a slightly improved
efficiency after annealing (180 °C, 10 min in ambient air) due to an improved jsc

by 0.3 cm2/Vs. However, still a slight decrease of the Voc by 8 mV was observed.
Overall the efficiencies of the cells with IOH were similar to the one with AZO as
front contact.

Both approaches are briefly presented in the following.

Change of the TCO deposition conditions

Reduction of the water partial pressure during deposition of amorphous indium oxide based
TCOs will result in an increased nucleation density in the amorphous matrix and thus reduce
the crystallization temperature, as shown by Koida et al. [5]. However, a too low water partial
pressure can cause crystalline grown, strained films and therefore lead to poor electrical properties
(see section 4.2). This has to be considered for the application in CIGS. Following the work
of Koida et al. [5] we deposited indium oxide films co-doped with hydrogen and tungsten by
reactive plasma deposition on (multi-source) CIGS/CdS/IGZO (indium gallium zinc oxide)2 at
low (pH2O ≈ 1x10−5 Pa) and high (pH2O ≈ 1x10−4 Pa) water vapor pressures, the oxygen flow

2The IGZO in this case serves as an amorphous highly resistive layer replacing the standard i-ZnO
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Figure 6.6: Box plots of jsc, Voc, FF and η of CIGS solar cells (8 cells each) with different window layers

was set to 60 ml/min. The experiments were carried out at AIST, where among other things
IGZO is used as the highly resistive layer. The annealing conditions were optimized (as shown in
section 5.3, i.e. in Figure 5.14) and set for low pH2O to 150 °C for 60 min and for high pH2O

to 220 °C for 30 min in N2 atmosphere at a pressure of 7x104 Pa. The main results obtained
by j-V measurements are shown in Figure 6.6 and reported in the following. Cells annealed at
low temperatures (150 ° C) showed improved jsc, Voc and FF after annealing. Consequently the
efficiency improved in average from 14.7 % to 15.9 %. In contrast, cells that were annealed at
higher temperatures (220 °C) degraded after annealing, although the jsc improved in average by
0.5 mA/cm2. The Voc and FF decreased causing an efficiency drop from 16.1 % to 14.8 %. The
high Voc of the sample before annealing might resulted from inhomogeneities of the absorber.

Change of the buffer layer

As discussed above Zn(O,S) might be a suitable substitutional buffer layer in CIGS solar cell, as
it is suggested to be thermally more stable and therefore the more suitable buffer layer in CIGS
solar cells with annealed indium oxide based TCOs. We therefore investigated the performance of
(sequentially processed) CIGS solar cells with IOH front contact in combination with a Zn(O,S)
buffer layer before and after an annealing in vacuum at 180 °C for 1 h. Note that at such
temperatures a degradation of the CdS buffered solar cells was observed. We studied the impact
of 280 nm thick AZO, as-grown and annealed IOH (120 nm) as well as the impact of the Zn(O,S)
buffer layer, deposited by ALD. Although the IOH films are approx. half as thick as the AZO
film, a sheet resistance of less than 30 Ω/Sq on glass was achieved in the as grown state. The
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Figure 6.7: Box plots of jsc, Voc, FF and η of CIGS solar cells (60 cells each) with different window layers

AZO film was deposited in the sputtering tool VISS300 following the baseline recipe. These
layers typically show sheet resistances of ≈ 38 Ω/Sq on glass. Figure 6.7 presents the results
of jsc, Voc, FF and η of CIGS solar cells with different window layer configurations in box
plots, obtained from j-V measurements. For each configuration 60 solar cells were processed.
Table 6.4 summarizes the median solar cell parameters. By substituting the CdS layer with
Zn(O,S) an increase in the short circuit current density of 4.4 mA/cm2 is observed. Merdes et
al. [141] predicted that the exchange of the CdS buffer with Zn(O,S) can result in an improved
jsc of 1.2 mA/cm2, due to the wider band gap of Zn(O,S) compared to CdS. Consequently the
optical absorption loss in the short wavelength region decrease [71,179]. The large increase in
jsc observed here can therefore not be attributed exclusively to the exchanged buffer layer, but
might result also from more favorable interference fringes in the external quantum efficiency. The
open circuit voltage and fill factor were found to decrease, which led to a lower median efficiency
of the cells with Zn(O,S)/AZO. Replacing AZO with as grown IOH led to further improvement
of the jsc by 0.9 mA/cm2, but also to additional losses in Voc, FF and efficiency. Note, that the
AZO layer was deposited at ≈ 165 °C, while the IOH layer was deposited without intentional
heating. The heat during AZO deposition might have improved the CIGS/Zn(O,S) interface
quality. The annealed IOH sample showed improved Voc, FF as well as jsc. Consequently the
efficiency of the annealed IOH sample was in median higher compared to the cells with as grown
IOH. Also compared to the cells with AZO front contact the median efficiency improved by 0.8 %
for Zn(O,S) and by 0.3 % for CdS buffered samples. The results show that no adverse effect can
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be observed for the thermal treatment carried out at 150 °C, as even the solar cell parameters
Voc and FF improved. However, already in the as grown state the cells with IOH front contact
had in average an improved jsc comprated to the cells with AZO front contact. The findings
demonstrate, that the thin (≈ 120 nm) IOH layer was sufficient for current collection and that
in average a similar fill factors as for the cells with AZO front contact can be achieved.

In Figure 6.8 the internal quantum efficiencies of the best cells with Zn(O,S) buffer and AZO or
annealed IOH front contact, respectively, are shown. The IQE spectra illustrates the beneficial
effect of the IOH front contact over the whole wavelength region of the solar cell, especially in
the near infrared region (800 nm to 1200 nm) compared to the standard AZO front contact. This
results from the lower free carrier absorption of the IOH layer. It is further apparent, that the
IQE is close to 1 in the range of approx. 500 nm to 900 nm. This result suggest that the current
gain would be even higher than the obtained jsc, when combining the sample stack with an anti
reflective coating, such as MgF. However, already without an anti reflective coating the efficiency
was improved in average by 0.8 % by replacing AZO with annealed IOH.

Table 6.4: Median parameters of CIGS solar cells with different window layers (60 cells per sample)

buffer HR-layer TCO jsc Voc FF η

(mA/cm2) (V) (%) (%)
CdS i-ZnO AZO 33.9 0.484 66.6 10.8

Zn(O,S) i-ZnO AZO 38.3 0.440 62.3 10.3
Zn(O,S) i-ZnO IOH as grown 39.2 0.434 58.0 9.9
Zn(O,S) i-ZnO IOH annealed 39.3 0.460 62.2 11.1
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Figure 6.8: Internal quantum efficiency (IQE) of CIGS solar cells with Zn(O,S)/i-ZnO/AZO and Zn(O,S)/i-
ZnO/IOH (annealed) window layers, respectively
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Additional studies (not shown here) confirmed the thermal stability of CIGS cells with Zn(O,S)
buffer (deposited by sputtering or ALD) and IOH front contact compared to CdS buffered Cells.
For the same annealing conditions a degradation of the jsc, Voc and FF was determined for the
CdS buffered cells. In contrast, cells with the Zn(O,S) buffer layer improved in average in all j-V
parameter after annealing. Consequently the efficiency could be improved by 1 % with stack
ALD-Zn(O,S)/i-ZnO/IOH annealed compared to a reference CdS/i-ZnO/AZO stacked sample.
Furthermore the results confirmed the beneficial effect of IOH as front contact in CIGS solar
cells.

The main findings can be summarized as follows:

• The post deposition thermal treatment (T above ≈ 160 °C) can degrade CdS buffered solar
cells when the absorber/buffer interface is of poor quality.

• Change of the In2O3:X deposition conditions for increased nuclei density in the amorphous
matrix results in reduction of the crystallization temperature and thermal impact on the
solar cell. Degradation can be avoided. However, this might lead to increased TCO sheet
resistances.

• By substitution of the CdS buffer by a thermally more stable buffer layer (e.g. Zn(O,S))
degradation of the solar cells can be avoided.

6.2 Challenges in the Application as Front Contact in CIGS
Modules

As shown in the previous section the basic requirements for the application of a high mobility
indium based TCO, a suitable band line up and thermal stability can be satisfied. Therefore in
this chapter we investigate the applicability of In2O3:H as front contact in CIGS modules (CIGS
deposition by a sequential process). We study the structure and electrical properties of In2O3:H
films before and after annealing, when deposited on the coated CIGS samples. Additionally we
determine the module characteristics by j-V measurements and correlate them with the properties
of the TCO layers.

Implementing In2O3:H or related high-mobility indium based TCOs as front contact in CIGS
modules is not straightforward. As discussed in section 5.3 an increase of the sheet resistance was
observed when the films were grown on rough CIGS samples. This holds for mainly amorphous as
well as for pronounced crystalline growth. TCO film resistance is, however, a decisive parameter.
In CIGS modules a sheet resistance of approx. 10 Ω/Sq or less is required to avoid fill factor
losses caused by an increased series resistance. To evaluate the impact of an (≈ 300 nm) IOH
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front contact compared to AZO (≈ 865 nm), CIGS modules with several buffer layers were
fabricated. The overview of the samples is shown in Table 6.5.

Table 6.5: Sample assignment of CIGS modules with different buffer and TCO layers; Ab,a: annealing
before/after TCO deposition, respectively, conducted in vacuum at ≈ 180 °C for 1 h

ID buffer HR-layer Ab TCO Aa

M1 CBD CdS sputter i-ZnO - AZO -
M2 CBD CdS sputter i-ZnO - IOH -
M3 sputter Zn(O,S) sputter i-ZnO - IOH -
M4 sputter Zn(O,S) sputter i-ZnO - IOH +
M5 ALD Zn(O,S) ALD i-ZnO - IOH -
M6 ALD Zn(O,S) ALD i-ZnO - IOH +
M7 ALD Zn(O,S) ALD i-ZnO + IOH -
M8 ALD Zn(O,S) ALD i-ZnO + IOH +
M9 soda lime glass - IOH -
M10 soda lime glass - IOH +

The crystalline structure of the samples was evaluated by GI-XRD measurements. The different
deposition techniques of the Zn(O,S)/i-ZnO layers result in ZnO films with different orientation.
The ALD deposited ZnO films showed preferential orientation of crystallites in (100) and (101)
direction of the surface normal while the sputtered ZnO films only show (002) peaks. The
measurements also revealed a higher crystalline fraction of the as grown IOH film deposited on
sputtered i-ZnO than the film on glass, in accordance to the findings described in sections 5.1 and
5.3. The corresponding X-ray diffraction patterns are shown in Figure 6.9 (a). The crystalline
fraction of IOH was lower when the films were grown on i-ZnO layers deposited by ALD and
decreased further when the ALD layers were annealed prior the IOH deposition. Annealing the
samples in vacuum at 180 °C to 200 °C for 70 min led to solid phase crystallization of the IOH
film, as revealed by X-ray diffraction measurements, shown in Figure 6.9 (b).

The sheet resistance of the TCO layers, as shown in Table 6.6, was determined by transmission
line (TLM) and 4-point measurements. The determined values showed the same trend, though
the values measured by TLM were slightly higher in average than the values determined by
4-point measurement, as illustrated in Figure 6.10. This systematic error might result from the
different measurement set up, as for the 4 point measurements it is assumed, that the sample
size is significantly larger than the distance of the probes.

Table 6.6 presents the module parameters jsc, Voc, FF and η, determined by j-V measurements
as cell equivalent and the series and shunt resistance of the module, estimated by fits of the dark
curves. Modules M1 and M2 were produced with a AZO and IOH (as grown) front contact,
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(a) (b)

Figure 6.9: X-ray diffraction patterns of CIGS module samples with different window layer before (a)
and after (b) annealing of the IOH films; IOH/glass is used as reference; reference patterns of In2O3 were
taken from PDF 00-006-0416, of ZnO from PDF 01-070-8070; patterns were shifted vertically for improved
differentiation

Figure 6.10: Correlation of the TCO sheet resistance on CIGS samples determined by transmisstion line
(TLM) and by 4-point measurements

respectively, in otherwise the same layer configuration. By applying the as grown IOH, a gain
of almost 3 mA/cm2 in jsc was achieved while the open circuit voltage was not influenced. A
major disadvantage of the modules with IOH was the significantly lower FF and high series
resistance which was affecting the efficiency. As described in section 2.2, the series resistance
depends on the TCO sheet resistance. Following the work of Hoppe et al. [180] we defined an
effective TCO sheet resistance Reff,TCO, which determines the contribution of the TCO sheet
resistance RSheet,TCO to the total series resistance:

Reff,TCO =
RSheet,TCO · l

3w (6.5)
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Table 6.6: Overview over the module properties determined by j-V measurements; series resistance of the
module was determined by fits of the dark curves (2 diode model) and the sheet resistance of the samples,
determined by TLM and 4 point measurements

Sample jsc Voc FF η RS,Module RSq,TLM RSq,4−point

(mA/cm2) (V/cell) (%) (%) (Ω) (Ω/Sq) (Ω/Sq)
M1 32.7 0.492 59.5 9.6 8.6 8.8 8.5
M2 35.5 0.490 35.2 6.1 29.4 - -
M3 24.4 0.299 27.9 2.0 50.2 57 46
M4 34.4 0.466 33.2 5.3 30.1 79 70
M5 37.1 0.435 42.3 6.8 12.4 53 37
M6 36.1 0.405 33.3 4.9 17.9 47 42
M7 38.4 0.495 44.7 8.5 12.3 36 28
M8 31.9 0.459 42.2 6.2 17.0 32 47
M9 - - - - - - 12
M10 - - - - - - 10

where l is the cell length and w the cell width. To calculate the total contribution of the TCO
RS,TCO to the series resistance in a module RS,Module the effective sheet resistance Reff is
multiplied by the amount of cells connected in series Ns:

RS,TCO = Ns ·Reff,TCO (6.6)

Figure 6.11 (a) presents the change of the modules series resistance RS,Module over the determined
contribution of the TCO RS,TCO for modules with IOH and AZO front contact. For this
calculation the sheet resistance determined by TLM was used. The dashed line represents equal
values of RS,Module and RS,TCO for improved visualization. The lowest RS,TCO and RS,Module

were determined for the AZO reference module. The results indicate, that the increased RS,Module

results almost exclusively from the increased RS,TCO. An exception occurs for module M3 (non-
annealed IOH with sputtered Zn(O,S) buffer), here a significantly higher RS,Module is observed.
Therefore an additional major contribution to RS,Module is assumed for this module. Additionally
a significantly low open circuit voltage and short circuit current density were measured for this
module. Note that other contributions to the module series resistance, e.g. contact resistance,
Mo-resistivity, have to be taken into account. Therefore, the real module series resistance is > 0
even for negligible TCO sheet resistance (RS,TCO = 0). The fill factor FF is known to depend on
the series resistance, as described in equation (2.34) in section 2.2. Thus, with increased RS,TCO
also a drop of the fill factor occurs, as presented in Figure 6.11 (b). The dashed line estimates
the calculated FF loss caused by the TCO resistance, according to equations (2.34) and (2.35).
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The AZO module was taken as reference. It is apparent, that the experimental FF values are
lower than the calculated values. Thus additional losses can be assumed, i.e., in the modules
with the ID M3, M6 and M8 (see Table 6.5 and 6.6). The contact resistance, determined by
TLM measurements, of modules with IOH and AZO were quite similar. The shunt resistance
of the modules with IOH were approx. in the same range as the shunt resistance of the AZO
module. Thus the IOH front contact had no influence on the shunt resistance.

(a) (b)

Figure 6.11: Correlation of the measured module series resistance (a) and fill factor (b) with the contribution
of the TCO sheet resistance to the total module series resistance; the dashed line in (b) indicates the
calculated FF loss caused by increased RS,TCO

The results support the findings discussed in sections 5.1 and 5.3, as again a dependency of
the crystalline fraction of as grown IOH on the sublayer, here ZnO, was found. The IOH film
grown on sputtered ZnO showed a higher crystalline fraction than the film on bare glass. The
crystalline fraction of IOH films decreased when the films were deposited on ALD - ZnO. We
assume that this is due to the different structure of the ZnO films, as the deposition technique
of the ZnO layer influences its growth, structure and preferred orientation. Surprisingly, the
crystalline fraction of IOH further decreased, when deposited on a pre annealed ALD - ZnO
sample. We assume that the annealing may improve the grain quality of the ZnO films and
lead to an increase of the grain size on the film surface. For the deposition by ALD H2O is
used a the precursor for the oxygen component. Therefore it is likely, that hydrogen or water
molecules are incorporated in the films. The annealing may mobilize hydrogen and lead to its
diffusion on the film surface, where it supports amorphous growth of the IOH film. Also in other
experiments a lower crystalline fraction of as grown IOH and a consequently lower resistivity
was found for IOH films which were grown on annealed ALD ZnO films compared to films grown
on non-annealed ALD ZnO films. However, to fully understand this effect, further investigations
are needed. The increased crystallinity of the as grown IOH films resulted in an increased sheet
resistance, confirmed by both TLM and 4-point measurements. By the 4-point probe method
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the resistance of the whole multilayer compound is measured, therefore an influence of the IOH
sub-layers can not be excluded. However, as the conductivity of the IOH thin film is significantly
higher than that of intrinsic ZnO or other sub-layers, we assume that the current mainly flows
through the TCO layer rather than the sub-layers. Therefore we assume that the effect of the
sub-layers during 4 point probe measurements is negligible. This is supported by the fact, that
the determined values are similar to those measured by TLM. The increased sheet resistance
resulted in an increased module series resistance and decreased fill factor. Although a mainly
amorphous structure of the as grown IOH was found for module M7, the IOH sheet resistance
was still higher than that on glass, which showed a comparable mainly amorphous structure. This
raise in sheet resistance can be likely explained by the formation of voids/cracks, as described in
section 5.3. Annealing of the samples after IOH deposition led to solid phase crystallization and
to changes of the electronic properties of the IOH thin films. According to the 4-point probe
measurements the IOH sheet resistance was higher after annealing when the films were deposited
on CIGS samples. In contrast, a lower sheet resistance was determined when the films were
deposited on glass substrates. Measurements by TLM revealed contrary results. Here a decrease
of the sheet resistance after annealing was found for the IOH films which were deposited on
ALD ZnO layers. However, the improvement was not sufficient, the poor efficiency was still
determined by the low fill factor caused by the increased series resistance due to the high IOH
sheet resistance.

Furthermore, the corrspondingly low performance of module M3 can not only be attributed to
a high TCO sheet resistance. For this module additionally to the low FF a major drop in jsc
and Voc occurs. We relate this to a high acceptor defect density at the CIGS/Zn(O,S) interface,
which might be caused by sputter damage [181]. Annealing of the sample after TCO deposition
seems to reduce the acceptor defect density at the interface, resulting in a improved module
performance.

The module efficiency was limited mainly be the high IOH sheet resistance, caused by an
pronounced crystalline growth and/or presumably crack formation in the IOH layer. As discussed
in section 5.3 voids or cracks in the IOH layer result in a poor electron mobility and thus a high
sheet resistance. Therefore, to increase the IOH module efficiency, the electrical properties of
the IOH layer, especially the electron mobility need to be improved. In section 5.4 strategies for
improved IOH electron mobility on CIGS samples are presented. In the following these strategies
are applied in CIGS solar cells and modules to evaluate their usability.

The main findings can be summarized as follows:

• A high In2O3:H sheet resistance limits the fill factor and therefore the efficiency of CIGS
solar modules. The increased sheet resistance was caused by pronounced crystalline growth
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on poly-crystalline ZnO sub-layers as well as by a high void/crack density when grown on
CIGS with sharp structures.

6.3 Application of strategies for improved TCO electron mobil-
ity in CIGS solar cells

The last section pointed out, that unfavorable growing conditions of In2O3:H directly on the CIGS
samples can result in high sheet resistances, high series resistances and therefore in limitation of
the fill factor and module efficiency. The main goal is consequently to improve the sheet resistance
of the TCO when grown on the CIGS samples. In section 5.4 three possibilities were presented,
i.e., deposition of a spin coated sub-layer, etching of the CIGS absorber and significant increase
of the film thickness. In this section we now investigate the applicability of these strategies into
working devices.

6.3.1 Spin Coated Sol-Gel Layer

A spin coated sol-gel layer deposited on CdS buffered CIGS samples results in a smoother
surface and an improved IOH electron mobility, as described in section 5.4.1. However, this
procedure is only reasonable, if it does not adversely affect the solar cell properties. Figure 6.12
shows box plots of the characteristic j-V values of 8 CIGS solar cells (CIGS by multi-source
process), each with different highly resistive layers: i-ZnO as reference or spin coated GaxOy

layers, deposited multiple times, as described in section 3.1.2. The j-V curves of the best cells
are presented in Figure 6.13, the corresponding solar cell parameters are summarized in Table
6.7. The GaxOy/CdS/CIGS samples are identical to the ones described in section 6.3.1. For all
samples as-grown IOH (approx. 500 nm thick) was used as front contact. The observed trend
of the cell properties is the same for the best cell and the average value, thus the properties
of the best cells are discussed. The highest efficiency was achieved with the i-ZnO reference
sample. Note that the CIGS deposition process is slightly inhomogeneous, the sample taken
from the central position was found to show the highest Voc and efficiency. The i-ZnO reference
CIGS sample was fabricated on such a position. Replacing the i-ZnO layer with GaxOy leads
to deterioration of the solar cells with increasing amount of GaxOy depositions and GaxOy

thickness, respectively, as a decrease in jsc, Voc and FF was observed. With increased GaxOy

amount the series resistance increases significantly, while the parallel resistance drops. The j-V
curve of the sample "6xGaxOy" revealed a roll over effect, indicating a barrier for the diode
current [76], caused by acceptor states or a positive conduction band offset at buffer/window
interface, respectively. However, the sample processed with 1xGaxOy showed properties similar
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to the reference cell. It can not be excluded, that the improved performance of the i-ZnO cell is
due to the most favorable position during CIGS deposition.
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Figure 6.12: Box plots of characteristic properties of solar cells with different highly resistive layers: spin
coated GaxOy, deposited several times and i-ZnO in combination with as grown IOH as front contact on
CdS buffered CIGS samples; 8 solar cells each
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Figure 6.13: j-V curves of solar cells with spin coated GaxOy, deposited several times and i-ZnO as highly
resistive (HR) layers

Based on these results CIGS modules with CdS/1xGaxOy/IOH were produced and compared with
a CdS/i-ZnO/AZO reference module, before and after 2 h of light soaking. The ≈ 580 nm thick
IOH film was deposited without intentional heating, after deposition the module was annealed
in vacuum at ≈ 180 °C for 1 h. The ≈ 865 nm AZO film was deposited at ≈ 165 °C substrate
temperature. The j-V curves of the modules are shown in Figure 6.14, the characteristic values
of the modules as cell equivalent are summarized in Table 6.8.
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Table 6.7: Parameters of the best CIGS solar cell with spin coated GaxOy, deposited several times and
i-ZnO as highly resistive (HR) layers and IOH as front contact; fits were conducted for dark curves with a
two diode model (see section 2.2.2)

HR-layer TCO jsc Voc FF η Rs Rp

(mA/cm2) (V) (%) (%) (Ωcm2) (kΩcm2)
i-ZnO IOH 37.6 0.649 74.3 18.1 0.46 11.0

1xGaxOy IOH 37.0 0.639 74.1 17.5 0.53 32.1
3xGaxOy IOH 33.2 0.620 64.5 13.3 15.9 73.4
6xGaxOy IOH 33.2 0.602 28.0 5.6 6998 133.0

By implementing GaxOy/IOH instead of i-ZnO/AZO as window layer, a gain in jsc of ≈ 2 mA/cm2

was realized. In addition, the sample exhibits a 23 mV higher open circuit voltage befor light
soak. After light soak3 the voltage of the i-ZnO/AZO module dropped surprisingly by 43 mV
while the Voc of the GaxOy/IOH module decreases only by 4 mV. Also the FF of the i-ZnO/AZO
module decreased after light soaking, while it increased in the GaxOy/IOH module. The short
circuit current density, however, slightly dropped in both modules after light soak. Nevertheless,
these effects result in a higher efficiency of the module with GaxOy/IOH of ∆η = 1.1 % before
light soak and ∆ η = 2.7 % after light soak. Note that the series resistance of the i-ZnO/AZO
is 2.3 Ω before and after LS while the series resistance of the GaxOy/IOH module decreased
from 4.4 Ω to 2.7 Ω. Thus after LS similar series resistances for both module configurations
were achieved.
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Figure 6.14: j-V curves of modules with CdS/i-ZnO/AZO and CdS/GaxOy/IOH window, respectively,
before and after 2 h light soak (average values per cell)

3as mentioned in section 3.1.2 light soaking was is a common procedure for CIGS devices and was performed
for several modules within this thesis
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Table 6.8: j-V parameter of modules with CdS/i-ZnO/AZO and CdS/GaxOy/IOH window, respectively,
before and after 2 h light soak; Rs was fitted with a 2 diode model for the dark curves

LS HR-layer/TCO jsc Voc FF η Rs

(mA/cm2 ) (V/cell) (%) (%) (Ω)
before i-ZnO/AZO 32.0 0.591 58.7 11.1 2.3
after i-ZnO/AZO 31.9 0.548 55.7 9.7 2.3
before GaxOy/IOH 34.1 0.614 58.1 12.2 4.4
after GaxOy/IOH 33.7 0.610 60.2 12.4 2.7

The results show that application of a thin GaxOy film (1 spin coat deposition) as the highly
resistive layer leads to working solar cells and modules. Thicker GaxOy layers smoothen the
surface and gradually improve the electron mobility of IOH as reported in section 5.4.1, but lead
to the formation of a barrier in the solar cells, which could be reduced after light soaking. We
assume that the light soak did not affect the IOH layer or i-ZnO/AZO layers, as here no effect on
the series resistance due to light soak was observed. Gallium oxide has a high optical band gap
over 4 eV, depending on the O/Ga ratio [120,182]. This is higher than the band gap of 3.3 eV
for ZnO. Thus the GaxOy layer has furthermore the potential to transmitt more photons with
higher energies to the absorber layer and consequently to reduce parasitic absorption in the blue
optical region. Heinemann et al. [182] reported, that oxygen vacancy VO donor states in GaxOy

cause defect bands below the conduction band maximum. Thus, a low (high) oxygen deficiency
resulted in a high (low) optical band gap, correlated with a low (high) electron affinity. A low
electron affinity can lead to a high barrier in the conduction band maximum at the GaxOy/CdS
interface. We assume that the deposited GaxOy films have a low amount of VO, as the films
exhibit a very low conductivity, presumably resulting from a low charge carrier density. Moreover
we assume that if a high density of VO were present in the film, the charge carrier density and
thus the conductivity would be higher. Additionally no optical band gap in the range below 5 eV
was observed in spin coated GaxOy films deposited on quartz glass (not shown). We assume
that the 1xGaxOy layer is thin enough to allow tunneling or that the CIGS sample is not fully
covered, yet. With increased deposition amount the layer thickness increases, resulting in a
barrier for the passing current and the observed increase of the series resistance. By choosing a
more conductive material with a suitable electron affinity or by induce VO deep donor bands
in GaxOy the barrier might be reduced leading to working solar cells even with thicker spin
coated sol-gel layers and without a the need of a light soak. However, the CIGS absorber might
be damaged by the annealing process in air (200 degreeC) of the sol-gel deposition procedure.
Nevertheless, the combination of a thin (1 deposition) GaxOy layer, which slightly smoothed the
CIGS sample surface, and a thick (500 nm) annealed IOH layer resulted in a working module with
an efficiency higher than that of the i-ZnO/AZO reference module. We assume that the increased
IOH thickness was beneficial, since voids might coalesce at higher thicknesses, as discussed in
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section 5.4.3. Therefore a respectively low series resistance and high fill factor was achieved with
GaxOy/IOH. A further approach might be the modification of the sol-gel layer, as described
above, to realize working solar cells with thicker sol-gel layers, which additionally provide a
smooth sample surface. This configuration allows the deposition of IOH with reasonable electron
mobilities, without the formation of voids and cracks in the layer, as discussed in section 5.4.1.
This further improvement of the IOH layer might enable a reduction of the film thickness to
achieve reasonable sheet resistances < 10 Ω/Sq of IOH films on CIGS samples.

The main findings can be summarized as follows:

• Working devices can be realized with thin spin coated sol-gel GaxOy layers. For the
In2O3:H/GaxOy configuration an improved CIGS module efficiency compared to the
standard i-ZnO/AZO configuration was achieved.

6.3.2 Etched CIGS

As described in section 5.4.2 the CIGS surface can be smoothed by etching in a acid bromine
solution which results in an improved electron mobility of hydrogen doped indium oxide grown
on i-ZnO/CdS/etched CIGS. However, the etching in acid bromine solution followed by a KCN
treatment changes the surface properties of the CIGS film. This might lead to poor solar cell
performance. Therefore we investigate the potential of the etched CIGS samples described in
section 5.4.2 as solar cells (CIGS deposited by multi-source process).

Figure 6.15 shows the j-V curves (a) and the external quantum efficiency (b) of the samples.
Table 6.9 summarizes the determined solar cell parameters. The improved electrical properties of
the In2O3:H layer with increased etching duration (see section 5.4.2) result in a decreased series
resistance, estimated by a two-diode fit of the dark j-V curve. The current - voltage measurements
revealed further that the short circuit current density slightly decreases from 32.6 cm2/Vs to
31.1 cm2/Vs with increased etch duration. This was confirmed by EQE measurements where
the overall values were slightly lower. The loss occurs mainly in the range of around 700 nm to
1000 nm. The open circuit voltage was found to increase with increased etching duration. After
15 s of etching an increase of almost 30 mV could be observed. For a prolonged etch duration up
to 60 s the Voc increased only slightly by another 10 mV. Also the fill factor was found to improve
from 73 % to 75 % after 60 s of etching. As a result the efficiency improved from 14.9 % for the
non-etched reference up to 15.7 % for all etched samples. Due to the compensation of decreased
jsc but increased Voc for increased etch duration the efficiency within the etched samples did not
change.
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We studied this unexpected effect of etching on cell performance, in particular on the Voc, in
more detail using CV to evaluate the doping profile of the etched samples. Figure 6.16 shows the
doping profile of the etched samples after CdS deposition. The carrier concentration at V = 0 V
of the non etched reference is approx. 8.0x1014 cm−3. After 15 s of etching a decrease down to
5.8x1014 cm−3 occurs. However, a longer etching time improves the carrier concentration up to
1.7x1015 cm−3.
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Figure 6.15: j-V (a) and EQE (b) curves of the etched CIGS samples with CdS/i-ZnO/IOH window layer
in the as grown state

Table 6.9: Solar cell parameters of etched CIGS samples with as-grown IOH front contact; Rs and Rp
were fitted with a 2 diode model for the dark curves

Etch jsc Voc FF η Rs Rp

(s) (mA/cm2) (V) (%) (%) (Ωcm2) (kΩcm2)
0 32.6 0.628 73 14.9 1.03 25.660
15 32.3 0.656 74 15.7 0.62 18.99
30 31.8 0.660 75 15.7 0.42 12.31
60 31.1 0.668 75 15.7 0.36 9.06

The data shows that the solar cell performance was improved by the etching procedure, mainly
by an increase of the Voc up to 40 mV. It is known from literature that increased net acceptor
density in polycrystalline Cu(In,Ga)Se2 can improve the open circuit voltage [183]. However,
the large increase of ≈ 30 mV after 15 s of etching can not be explained by this, as the carrier
concentration was found to slightly decrease. According to the CIGS 3-stage deposition process
the top layer, which forms in the 3rd stage, might be of poor quality compared the the film,
which forms in the second stage. Here the film re-crystallizes, resulting in reduced stress and
crystallographic disorder (see section 3.1.2). By etching the CIGS absorber in a bromine solution
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Figure 6.16: Doping profile (charge carrier concentration NC versus depletion width x) as calculated form
CV-measurements from the etched CIGS samples

the low quality layer might be removed, resulting in an improved interface. This might be the
cause of the improved open circuit voltage. The observed decreased short circuit current density
of the bromine etched samples is likely due to reflection losses caused by smoothing of the surface,
similar to the findings by Deprédurand et al. [149]. The actual reflection could not measured,
because the cell area was too small.

The results of this investigation show that by etching CIGS samples in an acid bromine solution
in combination with a KCN treatment a capping layer with poor quality, according to the 3-stage
deposition procedure, can be removed, which improved the solar cell performance of the samples.
Additionally in section 5.4.2 it is shown that this process smoothed the surface and results in an
improved electron mobility of the hydrogen doped indium oxide layer which were deposited on
the ZnO-coated CdS/CIGS samples. However, no improvement of the jsc was obtained due to
the CIGS etching.

The main findings can be summarized as follows:

• Etching of CIGS absorber with an acid bromine solution improved the solar cell efficiency.
This results most likely by the removal of absorber material of poor quality from the
absorber surface.

• Improved electrical properties of In2O3:H on etched samples (see section 5.4.2) led to
improved series resistances in the solar cells.
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6.3.3 Increase of TCO thickness

An increased thickness of the IOH film can improve its electron mobility on CIGS samples as
shown in section 5.4.3. However, an increased film thickness results in an increase of parasitic
optical absorption and can decrease the short circuit current density in solar cells. We investigated
therefore the usability of IOH front contacts with thicknesses in the range of approx. 450 nm to
750 nm in CIGS modules with Zn(O,S) as buffer layer and highly resistive layer and compared
them to modules with AZO front contact. The CIGS absorber layer was deposited by a sequential
process at AVANCIS. After IOH deposition the modules were annealed in vacuum at ≈ 180 °C
for 1 h. As a reference one non-annealed module with 550 nm IOH was fabricated. Based
on the results presented in section 5.4.3 we assumed an improvement of the series resistance
with increased IOH thickness. However, CIGS samples with the present configuration and
roughness were not studied before and can therefore result in unexpected results, as for this
CIGS absorber a rather round-shaped grain structure with smooth surfaces is assumed. In fact,
for this configuration an IOH thickness of 450 nm was sufficient to achieve series resistances as
low as 1.1 Ωcm2. Figure 6.17 presents the characteristic module parameters of the samples as
cell equivalents, before and after light soaking. In the following the results are discussed in more
detail.

After light soak the short circuit current density of the annealed IOH module is ≈ 1.4 mA/cm2

higher than the non-annealed reference module, indicating solid phase crystallization due to
the annealing. Within the annealed IOH modules no trend in jsc was observed. However, the
jsc after light soaking improved by ≈ 0.5 mA/cm2 when annealed IOH was applied as front
contact instead of AZO. Modules with the annealed IOH showed average fill factors of ≈ 67.7 %,
higher than the best FF of the AZO module with 64.8 %. The high FF results from the low
series resistance of ≈ 1 Ωcm2 for the modules with annealed IOH, regardless of the IOH film
thickness. No dependence was found between the shunt resistance and the variation of the front
contact. However, a drop in Voc was observed in the modules which were fabricated with IOH
front contact, more pronounced in the annealed IOH modules after light soak. The efficiency of
the best AZO reference module after light soak was 14.5 %. The best IOH modules after light
soak (750 nm) had an efficiency of 14.3 % and before light soak (650 nm) 14.5 %.

The results show again that an IOH front contact can improve the short circuit current density in
CIGS modules compared to an AZO reference. No adverse effect in jsc was found with increased
IOH thickness due to parasitic optical absorption. We assume that this effect results from a shift
of the interference fringes to more favorable wavelengths, which counteracts absorption losses of
the reflection spectra due to changes of the film thickness. This might result in a configuration
most favorable for the module with 750 nm IOH, although the highest parasitic absorption and
thus the lowest jsc is expected. In the IOH modules the fill factor was not significantly limited
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Figure 6.17: J-V parameter as cell equivalent of CIGS modules with different TCO configurations before
(black) and after (red) light soaking

by the series resistance, as it is the case in the AZO reference modules. However, no dependence
of the series resistance on the IOH film thickness was found, thus we assume that the TCO sheet
resistance was similar for the annealed IOH films, although a low sheet resistance is expected for
thicker films. This can be caused by the following: during deposition films are heated by plasma
irradiation, which can induce crystalline nuclei in the films. With continued film deposition, these
nuclei induce a crystalline phase in the newly deposited material, leading to an total increased
crystalline fraction and to strain in the films. This deteriorates the electrical properties, limiting
improvement of the sheet resistance at high film thicknesses [184].

The drop in Voc was observed for the annealed as well as the non-annealed IOH modules, thus it
can not be explained by deterioration of the absorber during annealing. We assume that the
Zn(O,S) buffer layer might react with -OH or -H in the plasma during deposition of the first IOH
layers. This could lead to changes in the Zn(O,S) composition and the formation of Zn(O,S,OH).
Changes in composition can lead to unfavorable band alignments and recombination currents at
the interface [185] lowering the open circuit voltage, similar to the observed results. However, no
Voc drop was observed by Steigert et al. [71] in CIGS cells with Zn(O,S)/IOH window.
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The main findings can be summarized as follows:

• Thick In2O3:H did not reduce the short circuit current density in CIGS modules, probably
due to shifts of reflection fringes.

• For this configuration a low series resistance and reasonable fill factor was achieved with
annealed In2O3:H, also at film thicknesses of 450 nm.

• Similar module efficiencies could be achieved with In2O3:H and ZnO:Al front contact.

6.4 Conclusion

The findings obtained in this chapter are summarized in the following Chart diagram (Figure
6.18).

In this section the applicability of indium oxide based TCOs as front contact in CIGS cells and
modules was studied. For the successful implementation as a front contact several requirements
have to be fulfilled. Two basic requirements are (i) a suitable band line-up between the TCO
(here annealed IOH) and the highly-resistive layer (here i-ZnO) and (ii) the thermal stability
of the cell due to annealing of the TCO films. In this study the band line-up of annealed,
crystallized IOH and i-ZnO was measured. The conduction band offset was calculated to be
∆ECBM = (-0.234 ± 0.2) eV. The large error results from the large uncertainty of the assumed
In2O3 band gap. However, numerical simulations revealed no adverse effect on the solar cell
parameter for such conduction band offset. Thus we conclude that the band alignment of these
two materials is suitable for photovoltaic applications. Annealing of IOH layers, which were
deposited on CdS buffered CIGS samples resulted in degradation of the solar cell parameter.
We assumed that this was due to a poor CIGS/CdS interface quality. To improve the thermal
stability of the cells, we suggested two different strategies beside the improvement of the interface:
(i) The deposition parameter of the indium oxide based TCOs has to be modified in such a
way, that low crystallization temperatures can be realized. Annealing of such TCO layers and
corresponding CdS buffered CIGS solar cells at 150 °C revealed no adverse effect. In fact, the
solar cell properties improved. (ii) Substitution of the CdS buffer to thermally more stable buffers
(e.g. Zn(O,S)) results in an increased temperature process window during annealing. In fact, no
degradation of Zn(O,S) buffered solar cells could be observed after annealing at 180 °C.

As the mentioned requirements were satisfied, the IOH films were applied as front contacts in
CIGS modules. Indeed a gain of the jsc (up to 2.8 mA/cm2) was observed for modules with IOH
front contact in comparison to a module with AZO front contact. However, the fill factor was
limited due to a high series resistance. It was shown, that the increase of the series resistance
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results from an increased TCO sheet resistance, caused by void formation in the layer and partly
also by pronounced crystalline growth. To improve the series resistance in modules therefore the
electrical properties, i.e., the electron mobility of the indium oxide based TCOs has to improve.
Thus the strategies for an improved TCO electorn mobility on CIGS samples presented in section
5.4 were evaluated for ther applicability: (i) The deposition of spin coated Ga2O3 sol gel layers
as highly resistive layers resulted in a barrier with increased Ga2O3 thickness. However, modules
with a thin layer showed reduced series resistances and improved fill factors and even higher
efficiencies than a reference module with standard i-ZnO/AZO window. This demonstrated the
potential of the application of spin coated amorphous layers as template for IOH deposition.
(ii) Etching of the CIGS absorber led beside of the improved electron mobility of the IOH films
also to an improved Voc by up to 40 mV compared to an non-etched reference. The etched solar
cells showed an overall improved efficiency by ≈ 0.8 %. Additionally the series resistance of the
cell was found to decrease while the fill factor increased. Thus, also this strategy is suitable for
the application in CIGS solar cells. (iii) No beneficial effect was observed in modules when thick
IOH films were deposited as front contact (450 nm to 750 nm). For the used CIGS absorber type
(rather smooth/rounder shaped surface) already a thickness of 450 nm was sufficient to achieve
series resistances of ≈ 1 Ωcm2. The fill factor was also reasonable high. However, for the applied
layer configurations a reduced Voc was observed. In total, similar high module efficiencies could
be achieved with IOH front contacts.

We can conclude, that IOH films have a high potential as front contact in modules, as gain in
the short circuit density with reasonable fill factors was demonstrated. However, specific CIGS
layer configuration and surface topography is required to for full beneficial effects.
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Basic Requirements
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Figure 6.18: Main findings concerning the applicability of indium oxide based TCOs (i.e., In2O3:H,
In2O3:H,W) as front contact in CIGS solar cells and modules
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CHAPTER 7

Conclusions and Outlook

The topic of this thesis were new high-mobility transparent conductive oxides (TCOs) for the
application as front contact in Cu(In,Ga)(S,Se)2 (CIGS) devices. For this hydrogen doped (and
tungsten co-doped) indium oxide (In2O3:H, In2O3:H,W) thin films were investigated. The aim
was to take advantage of the combined high transparency and low resistivity of these materials
and to implement them as the front contact in CIGS solar cells and modules. The target was to
improve the current collection and efficiency in CIGS modules and thus to reduce the relative
losses with regard to CIGS solar cells. Moreover a successful implementation in modules requires
a homogeneous large-scale process, which was developed in this thesis.

We successfully transferred the deposition process of In2O3:H to an in-line pulsed DC magnetron
sputtering tool for thin film deposition on 30 x 30 cm2 substrates. We achieved a homogeneous
deposition with thickness variations of 2.1 %. The effect of the deposition parameter water
vapor and oxygen partial pressure on the film properties was investigated. We observed, that
compared to an RF sputtering process, the process window, depending on the pulse parameter
during pulsed DC sputtering, might be more narrow for the water vapor supply when aiming for
amorphous In2O3:H thin films. For a duty cycle of 96 % a pronounced crystalline growth was
observed at pH2O = 0.2x10−3 Pa. Increased oxygen supply correlated well with reduction of the
charge carrier density of the films, as oxygen vacancies are known to act as donors.

Furthermore the influences of the annealing atmospheres vacuum and air (220 °C 30 min) on the
In2O3:H film properties were studied. We observed that both thermal treatments led to solid
phase crystallization of the amorphous phase. Presumably due to diffusion of atmospheric species
during annealing in air the charge carrier densities of those films was lower compared to films
annealed in vacuum, resulting in an increased resistivity, a lower free carrier absorption in the near
infrared region and a reduced Burstein-Moss shift of the optical band gap. A pronounced porous
structure evolved after annealing of films deposited in high oxygen partial pressures, similar to
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films deposited at high water vapor pressures. This resulted in an accelerated degradation of
the electrical properties, i.e., the electron mobility, of the crystallized films in damp heat. To
improve the charge carrier density and thus the conductivity of films after the annealing in air,
we developed a bi-layered In2O3:H film with a thin (about 30 nm) partly crystalline cap layer,
compared to the mainly amorphous bulk (about 160 nm). The cap-layer presumably counteracted
diffusion of atmospheric species into the film during annealing in air and thus improved the
charge carrier density of the films without significantly affecting the electron mobility or optical
absorption of the films.

Implementation of the indium oxide based TCOs in CIGS devices requires their deposition on
different sub-layers, which can affect the growth and properties of the TCOs. The poly-crystalline
structure of i-ZnO was observed to promote crystalline growth of In2O3:H films, as revealed
by X-ray diffraction measurements. This effect was observed on planar as well as on textured
substrates, i.e., rough CIGS. The crystalline fraction of as-grown In2O3:H films increased with
decreased ZnO grain size. Furthermore the preferred orientation of the films, as indicated by the
texture coefficient, changed from (222) to (400) with increased crystallinity. The results indicate
formation of crystalline nuclei especially at ZnO grain boundaries, presumably preferred in (400)
orientation. In contrast, In2O3:H, deposited within the same deposition run on amorphous
Zn(O,S) layers exhibit a mainly amorphous growth. The increased crystallinity after growth
induced strain in the films and led to decreased charge carrier densities and mobilities, before, as
well as after annealing. To suppress the crystalline growth of In2O3:H on poly-crystalline ZnO,
the hydrogen supply during the growth of the first layers at the ZnO interface must be increased
to facilitate the incorporation of hydrogen into the indium oxide film. However, this effect results
in narrowing of the possible process window.

Residual water in sub-layers of In2O3:H affects the electrical properties of the TCO after annealing,
presumably due to enhanced diffusion into the indium oxide layer and thus interference with the
crystallization process. This effect was demonstrated with spin coated InxOy and GaxOy sol-gel
layers. Furthermore small crystallites within the spin-coated InxOy films promote crystalline
growth of sputtered InxOx:H films, which were deposited on top, leading to poor electrical
properties already after deposition. However, spin-coated GaxOy films, which were pre-annealed
at 200 °C provide a suitable template for the growth of amorphous InxOx:H films, which exhibit
high electron mobility after annealing.

Furthermore the specific roughness of CIGS affects the growth and electrical properties of the
indium oxide based TCOs In2O3:H and In2O3:H,W. Mainly amorphous In2O3:H films, grown on
Zn(O,S)-coated CIGS samples, showed a reduced mobility with increased roughness. In2O3:H
films that were grown on i-ZnO-coated Zn(O,S)/CIGS samples were partly crystalline and showed
in addition to the decreased mobility also a reduced charge carrier density. The loss in electron
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mobility was caused by the formation of voids inside the TCO film. As revealed by STEM and
SEM measurements, the location of most of such voids could be correlated with CIGS grain
boundaries. Spiky grain edges and sharp regressions induced void formation. The loss of the
electron mobility could be correlated empirically with an increase of the RMS roughness by an
linear regression. When compared to substrates with significantly changed topography, the loss
of the electron mobility could be described more accurately by the ratio of the median local slope
and the estimated grain size, as determined by the AFM measurement.

The slope of the linear regression was approximately equal for mainly amorphous grown and
pronounced crystalline grown In2O3:H films, indicating that the increased crystalline fraction
does not influence these observed losses or the formation of voids significantly. Solid phase
crystallization did not lead to sufficient improvement of the electron mobility. In fact, the deficit
in electron mobility was found to increase compared to reference films deposited on planar glass
substrates. Thus we can conclude, that to achieve high-mobility indium oxide films on CIGS
samples, the electron mobility has to be improved already in the as-grown state. No influence
of the deposition parameters water vapor pressure and oxygen partial pressure as well as of
the deposition rate on the limitation of the electron mobility by voids was observed. This was
demonstrated for In2O3:H,W films, deposited by reactive plasma deposition and for In2O3:H
films deposited by reactive plasma deposition and sputtering. However, the electron mobility of
tungsten doped indium oxide films was found to be less affected when the films were grown on
rough CIGS samples.

The degraded electrical properties of the TCOs on CIGS samples led to an increased sheet
resistance and thus to an increased series resistance in CIGS modules, limiting the fill factor and
efficiency.

Three strategies to minimize the observed losses in electron mobility in indium oxide films grown
on CIGS samples were developed and applied to CIGS devices:

• Deposition of spin coated GaxOy as the highly resistive layer smoothed the CIGS sample
surface by covering spiky and sharp structures. This consequently improved the electron
mobility to values equal to reference films deposited on planar glass substrates, although the
CIGS samples showed still a RMS roughness of 50 nm. We demonstated that by applying a
thin GaxOy layer as the highly resistive layer in CIGS modules in combination with In2O3:H
front contact an improved jsc by more than 2 mA/cm2 and overall improved efficiency
by more than 1 % can be achieved compared to a reference module with i-ZnO/ZnO:Al
window. A potential barrier, induced by the GaxOy layer was reduced significantly by light
soaking.
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• Etching of the CIGS surface with an acid bromine solution preferentially removes spiky
structures. Consequently the electron mobility of In2O3:H deposited on the etched CIGS
samples improved compared to films deposited on a non-etched reference. Corresponding
solar cells with etched CIGS absorbers showed an improved Voc and overall efficiency. Thus,
etching of CIGS absorbers is an effective process for the improvement of the elctron mobility
of indium oxide TCOs on CIGS.

• At higher film thicknesses the grains may coalesce, thus leading to a less porous film.
The electron mobility was observed to increase with higher thickness of the TCOs. The
effect was more pronounced for films deposited by reactive plasma deposition than for the
sputtered films. However, on rather smooth CIGS samples In2O3:H films with 450 nm
thickness were sufficient to achieve a reasonable series resistance and fill factor in the
respective CIGS module. Furthermore the jsc of modules with In2O3:H front contact was
higher than in the reference modules with ZnO:Al front contact.

Additionally the band alignment of crystallized In2O3:H and ZnO was evaluated by XPS/UPS
measurements. We determined a valence band offset of ∆EV BM = (-0.78 ± 0.06) eV and a
conduction band offset of ∆ECBM = (-0.23 ± 0.21) eV. Thus the conduction band of In2O3:H is
energetically below the conduction band of ZnO. The large error resulted from the uncertainty
of the assumed band gap of indium oxide. According to numerical calculations, such an offset
has no negative influence on the solar cell properties, i.e. the fill factor.

The thermal treatment, which is required to initiate solid phase crystallization in the amorphous
phase of indium oxide films can affect the properties of a corresponding solar cell. In particular
CdS buffered solar cells were found to degrade due to annealing at temperatures above approx.
160 °C. With increased temperature the Voc decreased due to reduction of the doping concentration
of the CIGS absorber and the corresponding broadening of the depletion zone. However, we
demonstrated that reduction of the required crystallization temperature to 150 °C did not lead to
degradation of the CIGS solar cells with In2O3:H front contact. In fact, the solar cell parameters
improved.

Substitution of the CdS buffer to a thermally more stable buffer, i.e., Zn(O,S) led to more
stable solar cells with In2O3:H front contact, no degradation of the solar cell parameter was
observed after annealing at 180 °C. In fact, the efficiency improved. Moreover, an increased jsc
was demonstrated already prior to the annealing compared to a reference cell with ZnO:Al front
contact.

The results show that by implementing high mobility indium oxide films as front contact in CIGS
solar cells or modules, improved short circuit current densities and similar or even improved
efficiencies compared to the corresponding reference samples can be achieved. To realize a
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reasonable series resistance in CIGS modules, formation of voids in the amorphous grown TCOs
needs to be avoided, e.g. by specific CIGS layer configurations.

Outlook

Topics of future reasearch might be the development of additional stratagies for improved electron
mobilities in indium oxide based TCOs grown on rough CIGS samples. Additionally sol-gel layers
with improved conductivity might be beneficial for the application as highly resistive or buffer
layers in CIGS solar cells in order to avoid the formation of a barrier while smoothing the CIGS
sample surface.

Another topic might be detailed investigations of the stability of the pulsed DC magnetron
sputtering process. Moreover the influence of the pulse parameters on the process stability and
film properties needs to be analyzed.
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A.1 General description of standard characterization methods

In this section the standard methods, which were used to characterize the samples are described
briefly.

Material characterization

Spectral Ellipsometry (SE)

With spectral ellipsometry the change of the optical polarization state of a electromagnetic wave
can be described after linearly polarized light is reflected from a thin film sample. The change
is determined by the ellipsometric angles Ψ and ∆, which are related to the complex Fresnel
reflection coefficients according to

ρ =
rP
rs

= tanΨei∆ (A.1)

where rp and rS are the Fresnel-reflection coefficients parallel and perpendicular to the plane of
incidence. tanΨ represents the amplitude ratio between the parallel and vertical component, ∆
described the change in phase difference. By fitting the obtained data to a model, representing
the sample, many film properties, such as the film thickness, optical constants and surface
roughness can be determined.
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4 point probe

The simplest way to measure the sheet resistance of a thin film is by 4 point measurements. 4
linearly aligned needles in equidistant distance are used. It is required that the distance between
the needles is much smaller than the sample size, which is assumed to be infinite for simplicity.
Current is applied through the two outer needles, the voltage is measured by the two inner
needles. The sheet resistance is calculated by [19]

RSq =
π

ln(2)
U

I
(A.2)

Hall effect measurements

The film resistivity, charge carrier density and mobility can be extracted by measurements in the
van der Pauw geometry. Four contact needles are set on the outer corner of the sample surface,
the contacts must be small compared to the sample size. It is required that all sides of the sample
are equal. For resistivity measurements current (I) is applied at two contacts while voltage is
measured via the two other contacts. This procedure is repeated in different sequences. From the
followed Hall effect measurements the charge carrier density and mobility can be assessed. The
basic principle is that a permanent magnetic field (B) is applied perpendicular to the sample
surface. Due to the Lorenz force moving charge carriers are forced transversely to the direction
of movement, causing Hall voltage VH . This procedure is repeated with altered polarity of the
magnetic field. As a result the sheet carrier density (ns) can be calculated with

ns =
IxBy
eVH

(A.3)

where e is the carrier charge. With knowledge of the film thickness (d) the charge carrier density
can be assessed:

n =
ns
d

(A.4)

The Hall mobility (µH) can be calculated with

µH =
1

ensRSq
(A.5)

A detailed description of the measurement procedure can be found elsewhere [20,186]. To obtain
accurate results, the film must be homogeneous and without cracks. In multi-layered films all
layers contribute to the measurements [187].
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Glow Discharge Optical Emission Spectroscopy (GDOES)

Glow Discharge Optical Emission Spectroscopy (GDOES) is a spectroscopic method for qualitative
and quantitative analysis of the composition of materials. The cathode (sample) is set in an
noble-gas environment and is bombarded by positive noble gas ions and atoms generated by
an electrical discharge. Material of the sample is sputtered, partly ionized and excited to emit
photons corresponding to characteristic spectral lines [95].

Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) provides information on the structural properties
on the nano and atomic scale. For such measurements uniformly thin samples are required to
allow transmission of electrons. Lamellas of the specimen are typically prepared by conventional
methods, such as mechanical dimpling and FIB. Thinning of the sample can induce damage or
change the surface conditions.

Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) was used to image the sample with high magnifications.
A focused electron beam scans the sample surface in high vacuum. To enable focusing of the
beam, the sample surface must be conductive. The electrons are accelerated through an electric
field towards the sample surface, where electrons are back-scattered or secondary electrons are
released due to elastic and inelastic scattering. The electrons are imaged by detectors, therefore
a high magnification of the sample surface can be realized. Images were taken in top view or
cross section layout.

Electron Backscatter Diffraction (EBSD)

Electron backscatter diffraction is a special form of electron microscopy. When an electron
beam impinges a crystal located at the samples surface (which is tilted), backscattered electrons
incident on lattice planes and are diffracted. The diffraction patterns (Kikuchi or EBSD pattern)
provide information about the crystal orientation.

Photoelectron Spectroscopy

XPS is a widely used surface analysis method based on the photoelectric effect and provides
information of the surface composition. When X-rays with a defined energy hν (>1 keV) impinge
the sample surface, core electrons are exited and released from the atom. The kinetic energy
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Ekin of the electrons is measured by an electron detector. The electron binding energy EB can
be calculated as

EB = Ehν −Ekin −Φspec (A.6)

with Φspec as the work function of the spectrometer. The electron binding energy depends on
the specific element, electron orbital and chemical environment of the atom.

UPS is used to evaluate the valence band region. In contrast to XPS, ionizing radiation of a few
eV is used to induce the photoelectric effect. Typically ultraviolet photons are produced by a gas
discharge lamp filled with helium, resulting in energies of 21.2 eV (He I) (used in this study) and
40.8 eV (He II). More details concerning the methods can be found elsewhere [95,121,188].

Atomic Force Microscopy

Atomic force microscopy was used to evaluate the topography of the samples. In general either
the height of the tip or the distance of tip/surface is held constant. The distance between the
tip and the surface determines the predominate force and results by the measurement type. In
contact mode the total van der Waals force becomes positive (repulsive), as the atoms are in
contact. An advantage of this mode is the good resolution, but however, the surface of the
sample easily gets damaged due to the contact with the tip. In true non contact mode the total
van der Waals force is negative (attractive). The cantilever vibrates in free space in the vicinity
of the resonant frequency. A change of the tip/sample distance results in a shift of the resonant
frequency and change of the topographic information. The advantage of this method prevention
of tip damage, but typically results in weak tip-surface interaction. A compromise between these
tow operation modes is the tapping or intermittent mode (Dynamic Force Microscope (DFM)).
Similar to the non-contact mode the tip is vibrating in the free space, but repeatedly taps the
surface, resulting in contact of the tip and surface, similar to the contact mode. This yields good
resolution and low damage of the tip or surface [18,189].
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A.2 Additional information concerning investigations of IOH
layers on ZnO
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Figure A.1: Dependence of the crystalline fraction of as grown In2O3:H on the lateral grain size, adapted
from Erfurt et al. (Supporting Information) [100]
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Figure A.2: X-ray diffraction patterns of annealed In2O3:H films grown on glass, Zn(O,S) and ZnO
layers; Reference patterns of In2O3 and ZnO were taken from PDF 00-006-0416 and PDF 01-070-8070,
respectively; patterns were shifted for improved differentiation, adapted from Erfurt et al. (Supporting
Information) [100]
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Figure A.3: Dependence of the texture coefficient of as grown In2O3:H on the lateral grain size, adapted
from Erfurt et al. (Supporting Information) [100]
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Figure A.4: TEM images of the interface of ZnO and In2O3 : H, adapted from Erfurt et al. (Supporting
Information) [100]

Figure A.5: TEM images of ZnO/In2O3:H with additional measurement spots in the ZnO film with
measured inter-planar distances and the corresponding crystalline assignment, colored boxes represent the
area taken for FFT analysis, adapted from Erfurt et al. (Supporting Information) [100]
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A.3 Additional information concerning investigations of the low
TCO electron mobility on CIGS samples

Table A.1: Sample assignment; the thickness of the Zn(O,S), ZnO and IOH layers is 60 nm, 130 nm and
330 nm, respectively; note that samples 4-3998-15-0 and 4-4041-12-4 were prepared without a Zn(O,S)
layer

Substrate CIGS process time ID .../Zn(O,S)/i-ZnO ID .../Zn(O,S) TCO RMS
Mo/CIGS 107 min 4-3995-1-2 4-3995-1-4 IOH 118 nm
Mo/CIGS 71 min 4-3995-11-2 4-3995-11-4 IOH 89 nm
Mo/CIGS 46 min 4-3995-6-2 4-3995-6-4 IOH 27 nm
glass/CIGS 107 min 4-3998-2-2 4-3998-2-4 IOH 65 nm
glass/CIGS 71 min 4-3998-6-2 4-3998-6-4 IOH 55 nm
glass/CIGS 46 min 4-3998-4-2 4-3998-4-4 IOH 40 nm

glass - 4-3998-15-0 4-3998-13-0 IOH 0.4 nm
glass - 5-15-2-83 5-15-2-81 IOH 170 nm

Mo/CIGS 107 min 4-3996-18-4 - AZO 113 nm
glass/CIGS 107 min 4-3998-11-4 - AZO 59 nm

glass - 4-4041-12-4 - AZO 0.4 nm

As PDT the HZB-CIGS absorber were treated with NaF after deposition, the AIST-CIGS
absorber with NaF/KF. In case of the PDT carried out at HZB two different deposition duration
of 4 min and 8 min were done. GDOES measurements ware carried out of AIST samples with
and without a PDT and of HZB samples with 8 min and without PDT, each for a layer stack
with and without an intrinsic ZnO layer. As no standard reference sample was measured, the
intensities are only relative. The total relative intensities of the HZB samples without ZnO layers
are overall higher, as these were measured with different Ar pressure than the other samples.
No correlation between the relative sodium amount in the TCO layer and the electron mobility
could be observed.
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Figure A.6: Correlation of the CIGS sample RMS roughness and the determined AFM grain size using
the Watershed method
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Figure A.9: GDOES measurements of (a) IOH/ZnO/CdS/CIGS/Mo and (b) IOH/CdS/CIGS/Mo,
respectively with and without a NaF PDT; the CIGS absorber and PDT was deposited at HZB
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Figure A.10: GDOES measurements of (a) IOH/ZnO/CdS/CIGS/Mo and (b) IOH/CdS/CIGS/Mo,
respectively with and without a NaF/KF PDT; the CIGS absorber and PDT was deposited at AIST

Figure A.11: Elemental composition the sample sputtered-In2O3:H/i-ZnO/CdS/CIGS; indium was not
detected within the cracks
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Figure A.12: Overview of as grown sputtered-In2O3:H grown on i-ZnO/CdS/CIGS, measured by STEM;
Voids are clearly visible in the In2O3:H layer
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Figure A.13: Additional STEM measurements of as grown sputtered In2O3:H grown on i-ZnO/CdS/CIGS;
Voids are clearly visible in the In2O3:H layer
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Symbols and Acronyms

pO2 Oxygen partial pressure

IOH Hydrogen doped indium oxide

NIR Near infrared

TCO Transparent conductive oxide

ALD Atomic Layer Deposition

RPD Reactive Plasma Deposition

DC direct current

RF radio frequency

i-ZnO intrinsic zinc oxide

GI-XRD grazing incidence X-ray diffraction

BB-XRD Bragg Brentano X-ray diffraction

FFT Fast Fourier Transformation

DFM Dynamic Force Microscope

TEM Transmission Electron Microscopy

STEM Scanning Transmission Electron Microscopy

a-In2−2xGa2xO3 amorphous indium gallium oxide

FTIR Fourier-transform infrared spectroscopy

eGB extended grain boundaries

RMS root mean square
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Symbols and Acronyms

MLS median local slope

RGA residual gas analyzer

HZB Helmholtz-Zentrum Berlin für Materialien und Energie

AIST National Institute of Advanced Industrial Science and Technology

PDT post deposition treatment

IGZO Indium Gallium Zinc Oxide

CIGS Cu(In,Ga)(S,Se)2

In2O3:H,W hydrogen and tungsten co-doped indium oxide

In2O3:H hydrogen doped indium oxide

CBO conduction band offset

VBO valence band offset

UPS ultraviolet photoelectron spectroscopy

XPS X-ray photoelectron spectroscopy

VBM valence band maximum

CBM conduction band minimum

EQE external quantum efficiency

IQE internal quantum efficiency

SRH Shockley–Read–Hall

CBD chemical bath deposition

HR highly resistive

AFM atomic force microscopy

FIB focused ion beam

TCO transparent conductive oxide
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