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Abstract

The objective of this study is the spatial atomic layer deposition of conductive and non-
conductive gas diffusion barriers as promising high performance encapsulation layers
in flexible electronic devices. Aluminum oxide and tin oxide are deposited in spatial
ALD with TMA and TDMASn. Water, ozone and an Ar/O2 plasma are used as oxi-
dants. Water vapor transmission rates in the range of 10-5-10-6 gm-2d-1 are achieved
at deposition temperatures between 80-150◦C. In addition, the deposited tin oxide thin
layers provide electrical conductivities in the range of 50-100 (Ωcm)-1. Both material
systems show high optical transmittance as well as reasonable mechanical flexibility at
substrate velocities up to 4.5m/min. Tin oxide layers are used exemplarily as barrier lay-
ers in perovskite solar cells, providing long-term (heat and moisture) stable perovskite
solar cells with power conversion efficiencies around 13%. All in all, the deposition of
gas diffusion barriers in a roll-to-roll compatible spatial ALD is demonstrated, enabling
large-scale continuous encapsulation of flexible electronic devices.
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1
Introduction

With the increasing demand for thin film technologies and their miniaturization to-
wards smaller, flexible or even transparent electronic devices, gas diffusion barriers
(GDBs) are mandatory to protect the (photo)active materials. The integrity of those sen-
sitive thin layers is essential for the lifetime of the devices. In a wide field of electronics,
gas diffusion barriers are applied as an encapsulation against attacks by environmental
gases, e.g. moisture and oxygen.5–7 In another scenario, barrier layers are desired to
prevent the diffusion of species orginating from constituents inside the device. In this
case, these layers are aimed to shield the rest of the device from ambient gases and si-
multaneously to prevent corrosive constituents to migrate through the device, e.g. in a
perovskite solar cell (PSC) or an organic light emitting diode (OLED).
In the late 2000s, glass could be seen as gold-standard in terms of gas diffusion barriers
for the top-encapsulation.8 Linked to this glass encapsulation, there are several draw-
backs like the rigidity of the devices and the incompatibility of the fabrication process
with low-cost, continuous manufacturing. Here, the economic viability of a commercial
nanotechnology such as the fabrication of solar cells mainly depends on its products
value and its production capacity.9 To this end, roll-to-roll processes lower the cost and
simultaneously increase the throughput in the manufacturing of these devices. Fur-
thermore, in roll-to-roll processes, it is desired to use flexible and light weight polymer
foils as substrates, which also reduce the overall weight of the devices. Due to the typi-
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1. Introduction

cally high water permeability of those plastic materials, it is essential to add appropriate
thin film gas permeation barriers onto the plastic substrate. As a result, high perfor-
mance gas diffusion barriers with ultralow water vapor transmission rates (WVTRs)
are required, enabling the deposition onto foils in a roll-to-roll compatible process. For
OLEDs, barriers which transmit < 10-5 gm-2d-1 of water are required,10, 11 dramatically
exceeding the requirement for the barrier performance for specialized food or medical
packaging (10-2 gm-2d-1).11

Atomic layer deposition (ALD) is well known for its controlled self-limiting growth,
resulting in dense conformal thin films even at relatively low growth temperatures on
the order of 50-100◦C.12–14 Barrier films deposited via ALD have shown very low gas
permeability with WVTRs on the order of 10-6 gm-2d-113–15 and therefore fullfilled the
barrier requirements for e.g. OLED encapsulation.10 Conventional ALD is a chemical
deposition process which is based on the sequential exposure of the surface to be coated
by two different chemicals, also known as precursors, which react with their respective
counterpart but not with themselves in a surface monolayer reaction. The ALD devel-
opment dates back to the 1970s.16 Since then, its principle has been used to deposit a
variety of materials, not only metal oxides, but also metals, fluorides and nitrides17 for
a wide field of applications. In general, metal oxide layers prepared by atomic layer
deposition provide the most promising avenue to realize functional protection layers.
Originally, ALD is a vacuum and batch based deposition process, where precursors are
dosed in a dedicated time sequence of pulses and purges. In terms of the roll-to-roll
processing spatial ALD (SALD) at atmospheric pressure has been proposed by Levy et
al. in 2008.18, 19 In spatial ALD the time separated pulsing is transfered to a spatially
separated injection of the precursor/pulse sequence. In the laboratory, an oscillating or
rotating substrate movement between the different precursor regimes is used instead of
a continuously moving web. As such, this concept is sheet-to-sheet, but also roll-to-roll
compatible. The realization of those concepts have already shown growth rates in the
order of nm/s and thus the industrial throughput requirements of approximately 3600
wafers/h could be achieved.20, 21 It is therefore not surprising that spatial ALD has been
implemented into industry in the last years.22, 23 Nevertheless, the typical oxidant used
in spatial ALD is water. Here, plasma assisted processes have been considered to over-
come limitations associated with the use of water as oxidant in low temperature ALD
processing (e.g., low vapor pressure, high sticking coefficient to wall surfaces).21, 24

In this thesis, spatial plasma enhanced ALD of conductive tin oxide based and non-
conductive aluminum oxide based gas diffusion barriers is presented. Aluminum ox-
ide (Al2O3) thin layers (10-200 nm) were deposited by trimethylaluminium (TMA) and
different oxidants (Ar/O2 plasma, H2O and ozone) at moderate process temperatures
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(75-150◦C). All barriers were deposited in a home-built plasma-enhanced spatial ALD
setup at atmospheric pressure specifically designed for this study. The use of dielectric
barrier discharge plasma sources enable the oxidization step of the TMA molecules at
atmospheric pressure. The resulting barriers were the first reported ones, deposited by
spatial plasma ALD at atmospheric pressures (APP ALD), providing WVTRs on the or-
der of 10-5-10-6 gm-2d-1.
In addition, first spatial ALD based conductive gas diffusion barriers based on tin ox-
ide (SnOx) are reported. Their electrical conductivity and high optical transmittance
allowed to integrate them as functional charge transport layer into the device stack
of a perovskite solar cell. Over the past few years those hybrid halide perovskite so-
lar cells have seen an unprecedented progress as power conversion efficiencies (PCEs)
have reached a level beyond 20%,25–27 aiming for the efficiencies of conventional Si-
based solar cells. In 2018, the actual record in efficiency for PSCs reached 22.7%.28

Nevertheless, a serious concern about stability is associated with all perovskite-based
solar cells, as the photoactive perovskites tend to decompose upon exposure to mois-
ture and/or elevated temperatures.5, 29–32 In addition, halide-containing species result-
ing from the decomposition of the perovskite can corrode metal electrodes used in the
cells and thereby compromise the device stability.33, 34 Organic, metal oxide, and even
modified two-dimensional perovskite capping layers have been proposed to mitigate
these stability issues and to enhance the stability of PSCs.35–42 Although all these con-
cepts achieve some kind of stability improvement, the reported PSCs still face notable
long-term degradation, especially when exposed to elevated temperatures. This could
be directly related to limited barrier properties of the layer proposed in those studies.
Here, conductive gas diffusion barrier layers by ALD come into account. The use of
insulating layers inside a device stack is limited to at best a few monolayers through
which carriers can still tunnel. In this work, PSCs based on spatial ALD SnOx with
power conversion efficiencies (PCEs) around 13% with excellent long-term stability be-
yond 1000 h in ambient air and over 3000 h at 60◦C are demonstrated.
Furthermore the role of substrate velocity in spatial ALD is investigated. The depen-
dence of the coverage on substrate speed is validated experimentally, but also by gas
flow simulations. For both metal oxides (Al2O3 and SnOx) a constant saturation regime
in the growth per cycle (GPC) could be found up to substrate velocities up to 40-60 mm/s.
The decay in GPC for higher substrate velocities could be directly reasoned by an insuf-
ficient precursor supply.
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1. Introduction

Notation: This thesis is divided into six chapters and based on four scientific
journal publications. The physical and chemical fundamentals necessary for the
spatial ALD are detailed in the second chapter. Here, the principle of permeation
through gas diffusion barriers as well as the thin film growth of ALD is described
in detail, creating a basis for the understanding of the experimental observations.
In addition, the concept of perovskite solar cells is presented. The spatial ALD
system as well the dielectric plasma sources used in this work are discussed in
chapter three. In addition, the most dominant measurement techniques are pro-
vided: The optical Ca test, Rutherford backscattering Spectrometry (RBS) and
Nuclear reaction analysis (NRA). The fourth chapter is about aluminium oxide
based gas diffusion barriers deposited by batch-based and spatial ALD at atmo-
spheric pressure as reported in Ref.1, 2 The fifth chapter deals with transparent
and conductive SnOx encapsulation layers grown by spatial ALD and their use
as barrier layer in perovskite solar cells (see Ref 3, 4). Chapter six puts special
emphasis on the role of substrate speed for the growth of both oxide layers men-
tioned above, while chapter seven draws a conclusion and gives prospects for
future development.
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2
Physical fundamentals

In the following, the physical fundamentals for the work done in this thesis will be
explained. The chemical fundamentals of conventional and spatially separated atomic
layer deposition will be discussed. The concepts provided in this chapter are essential
for understanding the functionality and the growth of barrier layers deposited via batch-
based and spatial ALD. Gas diffusion barriers will be classified as well as the respective
gas permeation mechanisms. As the barrier layers are used, for example, in perovskite
solar cells, their functionality will be presented.

2.1 Spatial atomic layer deposition

In this section the physical and chemical basics of (spatial) ALD are presented. First
reports on ALD date back to the 1970s in Finland by Suntola et al.,17, 43, 44 originally
known as ALE, Atomic Layer Epitaxy, a term also used today for atomic layer etching.
At the same time, there were reports on molecular layering in 1965 in the Soviet Union
by Aleskovskii et al.16 As Suntola et al. used this technique for electroluminescent flat
panel displays, in the 1990s ALD attracted increasing interest due to its conformal, well-
controlled growth in the field of microelectronics. As with increasing miniaturization
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2. Physical fundamentals

and enlargement of application areas of electronic devices the need for high-throughput
on flexible substrates arose, spatial ALD was proposed in 2008.18, 19 Nowadays, ALD is
famous for its well-controlled film thickness in the nanometer-scale, its homogeneous
coating even in large-scales as well as the capability to conformally coat high-aspect-
ratio patterned substrates.17 For barrier layers, ALD is known to lead to thin films which
differ from other thin film deposition techniques by their amorphous, dense character,
providing outstanding barrier properties.45, 46 In the following, the fundamentals of
conventional ALD and the physical fundamentals of the spatial ALD related parts (es-
pecially the gas dynamics inside the ALD reactor and the dielectric barrier discharge
plasma source) will be discussed.

Figure 2.1.: Converting batch-based ALD into spatial ALD means converting the time sepa-
rated process (a) into an spatially separated (b) one. In the conventional (batch-
based) ALD the substrate (black line) is exposed to the different fabrication steps
chronologically. In the concept of spatial ALD, this chronology is achieved by the
spatial separation of the different precursor and the spatial movement of the sub-
strate. Inspired by Ref.21

ALD is the physical process of the binary alternating sequences in which two surface re-
actions from different precursors take place separated by a purge step. Both precursors
can not react by themselves but with the available (finite) surface sites of the other, re-
spectively. Therefore, the process is self-limiting and able to deposit a film with atomic
layer level of control. The precursor and purge sequence could be achieved by a time
separation or by a separation in space. Separation in space is achieved by the spatial
substrate movement with respect to the precursor and purge zones. This concept is il-
lustrated in Figure 2.1. Here, the black line represents the substrate, which is, in case
of the conventional batch-based ALD, fixed in space but exposed to the respective ALD
step by the alternating purge/precursor dosage. In the case of the spatial ALD, the
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2.1. Spatial atomic layer deposition

purge/precursor zones are fixed in time, but with respect to the substrate not in space.
Most commonly, the substrate moves between the different exposure zones. Never-
theless, also a moving precursor head and a simultaneously fixed substrate fulfills the
concept of spatial ALD.

2.1.1 Conventional atomic layer deposition

The fundamentals of spatial ALD are based on the chemical reactions which take place
also during the conventional (batch-based) atomic layer deposition. Therefore, the ALD
reaction is commonly based on a chemical reaction between two precursors. Most com-
monly, ALD is used to deposit metal oxides, but also nitrides, chalcogenides and even
metals are applicable.45 In terms of the ALD of metal oxides, a metal oxide precursor
and its oxidant is used, which provides the exchange of the metal ligands. As ALD is a
type of chemical vapor deposition, both reactants are gaseous, commonly achieved by
exploiting the vapor pressure of liquid or solid precursors. Due to this, metal-organic or
metal-halide compounds which fullfill the mentioned demands are suited as precursors.
Basically those precursors differ in their ligands, or in other words, which molecules are
bonded covalently to the respective central metal atom. Here, akyles (like trimethyl
aluminium or diethyl zinc) are probably the most common precursors. In akyles the
metal compound is bonded to ligands such as -CH3. Another widely disseminated
precursor group is the akyl amides (like TDMATi or TMDASn). Generally, both pre-
cursor groups enable the deposition of nitrides, oxides and even sulfids.47 But also cy-
clopentadienyls or β-diketonates permit the deposition of a variety of metal based ALD
films.48, 49 Choosing the suitable precursor/co-reactant system is always a trade-off be-
tween chemical reactivity, vapor pressure, thermal stability, toxicity but also price and
resulting film properties. The latter could be strongly dependent on the precursor/co-
reactant system e.g. tetrakis dimethylamido titanium (TDMATi), titanium isopropoxide
(TTIP) and titanium chloride (TiCl4) as precursor for TiO2 films.50

In the following, the ALD principle should be explained by the most common precursor
system, TMA and water, whose deposition is also demonstrated experimentally in this
thesis. A schematic of this chemical process is shown in Figure 2.2. Steps 1 to 4 are com-
posited and called one cycle of ALD. At the beginning of this cycle the TMA molecules,
which consist of one aluminum atom (Al) and three methyl groups (CH3), are dosed
into the reaction chamber (or in terms of spatial ALD onto the substrate) and react with
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2. Physical fundamentals

Figure 2.2.: Schematic depiction of the chemistry of the TMA/water ALD reaction. The ALD
chemistry can be divided into four parts: Exposure of precursor A (TMA) (1) Inert
gas purge step (2,4), Exposure of precursor B (H2O) (3). Both precursor exposure
steps are self-limiting and thus limited to the reacting surface sites underneath.
The chemical reactions are represented in Equation 2.1-Equation 2.3, respectively.
Note that the deposition takes place on an substrate with an -OH-based surface.

the surface as described in Equation 2.1.

Al−OH∗ + Al(CH3)3 −−→ AlO−Al(CH3) ∗2 + CH4 . (2.1)

The *-mark refers to surface-bound species. The free methyl group reacts with the hy-
drogen of the hydroxyl group to methane (CH4). Ideally, this reaction takes place until
all free OH-bonds have reacted. Then, no further TMA molecule can be bound to the
surface. Therefore, the reaction is called self-limited. In the second part the surface is
purged with an inert gas (e.g. N2 or Ar). All residual gas molecules (e.g. CH4) are
removed from the deposition zone. In the third step, the surface gets exposed to the
second precursor (H2O). One hydrogen atom of the respective water molecule reacts
with the methyl group, orginally bonded to the aluminum atom, leaving AlOH at the
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2.1. Spatial atomic layer deposition

surface, as well as a free gaseous methane molecule:

AlCH ∗
3 + H2O −−→ AlOH∗ + CH4 . (2.2)

The OH-compound bonded to the aluminum atom reacts again with nearby methyl
group leaving Al-O. If all free methyl groups were hydrolyzed by the water molecule,
self-limitation is given. No further reaction can take place. All residual byproducts are
purged again in step four. Both reaction equations can be summed up to:

2Al(CH3)3 + 3H2O −−→ Al2O3 + 6CH4 . (2.3)

Equation 2.3 describes the overall reaction for the TMA/water-based ALD. Other sys-
tems could be characterized analogously, e.g. the reaction of TDMASn with H2O. The
corresponding chemical reaction equations are51, 191

(OH) ∗x + Sn(DMA)4 −−→ (O)xSn(DMA)∗4−x + xHDMA (2.4)

(O)xSn(DMA)∗4−x + 2H2O −−→ (OH)∗x + SnO2 + (4−x)HDMA . (2.5)

Here, DMA represents the dimethylamino ligand while the HDMA compound is called
the dimethylamine, which is released to the gas phase (analogous to CH4 molecules in
the TMA/H2O reaction). The x represents the number of ligands released during the
TDMASn pulse. Commonly, on average x = 2.5 is reported for H2O as co-reactant,51

while other co-reactants (as H2O2, or O3) lead to a somewhat higher x value, strongly
dependent on the temperature.

Generally, growth could only take place when a surface site is accessible to the pre-
cursors of the subsequent cycle. The resulting surface coverage (e.g. the film growth)
could be described after the so-called Langmuir adsorption model.52 The Langmuir ad-
sorption model is based on a finite number of surface site applicable for film growth.
The resulting coverage of surface sites with a precursor or molecule Q in dependency
on a precursor partial pressure p could be expressed as:

Q = k1 · p
k2 + k3 · p

. (2.6)

This term is normally called the langmuir adsorption isotherm. k1 - k3 are coefficients
containing the surface concentration of the respective molecule as well as the concen-
tration of bare sites. Especially, k2 = 1 is called the Redlich-Peterson isotherm.53
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2. Physical fundamentals

In general, the growth rates measured for ALD processes are lower than expected for
optimal surface saturation. On the one hand, this is reasoned by a lower number of
surface bonding sites as required for the maximum ligand coverage. As a consequence,
free space remains on the surface even when the reaction is self-terminated. The sec-
ond factor for lower growth rates is called the steric hindrance, shown in Figure 2.3.
Steric hindrance describes the physical blocking of reaction sites by overlaying ligands,
attached to their neighboring sites, respectively.54 As the CH3 ligands block part of the
surface which would be accessible for the reactants, the surface could be considered
occupied or saturated.

Figure 2.3.: Schematic illustration of the principle of the steric hindrance in ALD film growth
(represented by the TMA molecule). Groups of methyl ligands block the reaction
sites physically, which are no longer accessible for the respective reactants.

Generally, this chemical description of the ideal ALD growth is valid in a certain tem-
perature regime. Here, the concept of the ALD window is the common description of
the temperature-dependent growth rate, illustrated in Figure 2.4. It provides a temper-
ature regime (the ALD window) in which ALD type of growth takes place and in which
both half reactions are prevented from condensation, decomposition or desorption of
the respective chemical compound. Towards lower process temperatures the necessary
reaction (activation) energy (given by the process temperature) could not be guaran-
teed, leading to slow or even incomplete precursor reactions with lower growth rates.
An increased growth rate at low temperatures can be explained by the condensation of
precursor material on a too cold substrate surface, not corresponding to the principle of
self-saturated ALD. At higher deposition temperatures the surface species can desorb
(and lead to lower growth rates) or decompose leading to additional CVD reaction in
the gas phase.17 Inside the ALD window, the growth rate is almost constant, strongly
dependent on the precursor and oxidant used in the process.
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2.1. Spatial atomic layer deposition

Figure 2.4.: The tpyical ALD window for metal oxide chemistry. Dependency of the deposition
temperature on the growth rate. Condensation, desorption, decomposition or slow
(or even incomplete) reactions are possible processes outside the ALD window
(towards higher or lower deposition temperatures). Inspired by Ref.55

For most metal oxide systems, temperature regimes typically span from 80-100◦C to
400◦C, where the growth rate slightly decreases with increasing temperature, exem-
plified by the gradual loss of surface groups with increasing substrate temperatures.56

Therefore, a change in growth rate does not always indicate whether the thin film
growth shows ALD characteristics or not. On the other hand, some precursor systems
do not show an ALD window at all or the corresponding ALD windows starts at tem-
peratures exceeding the limits of other compartments e.g. in heat-sensitive organic solar
cells or perovskite solar cells. A method to widen the ALD window is the use of other
oxygen sources than water, e.g. ozone or plasma. The concept of plasma enhanced ALD
is described in the following section.

2.1.2 Plasma enhanced atomic layer deposition

In plasma enhanced ALD (PE ALD) plasma is used to generate the desired radical or
reactive species necessary for the second half-reaction in the ALD cycle. This technique
was first reported in 1991. Kejser et al. deposited gallium arsenide with the use of atomic
hydrogen (H+) generated by a plasma.57 In general, the plasma species does not neces-
sarily need to become part of the deposited layer, but it may as well serve as reducing
agent, e.g. in ALD of pure metals like silver or copper.58, 59 Here, species as H can re-
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2. Physical fundamentals

duce the surface ligands and lead to the formation of pure metal thin films. Plasma ALD
is considered favorable in literature due to the high reactivity of the plasma species on
the deposition surface. Thus, plasma ALD provides more freedom in processing condi-
tions and a wider range of material properties than achieved with conventional thermal
ALD.60 In addition, plasma enhanced ALD enables the deposition at lower substrate
temperatures and therefore the enlargement of the ALD window, as illustrated in Fig-
ure 2.4. For most cases, the GPCs for plasma enhanced ALD are reported to be higher
compared to those resulting from conventional ALD,55, 61, 62 due to the high reactivity
of the plasma and a higher density of reactive surface sites. Exemplary, the reaction of
plasma generated species with TMA can be described by:60

AlCH ∗
3 + 4 O −−→ AlOH∗ + CO2 + H2O . (2.7)

In plasma ALD, the substrate is either located directly inside the plasma discharge or
close to it. Those approaches are labeled with different notations in literature. When the
substrate position is located near, or even inside, the plasma, the process is called the
direct plasma ALD or just plasma enhanced ALD (PE ALD). When the plasma is spatially
separated from the substrate, the terms radical enhanced ALD or remote plasma ALD are
used to label the process conditions. In linear flow reactors the remote position is also
called the downstream position.60 The latter is distinguished from radical enhanced ALD
by the influence of the electron and ion densities, which have not decreased to zero on
the surface of the substrate.63, 64 For this reason, the distance between the plasma dis-
charge and the substrate is of special importance, resulting in different radical fluxes.
The interaction of these plasma-based species and the surface can be seen is the major
advantage of PE ALD.55 With the use of plasma, highly reactive ions, metastable states
or UV photons are generated and enabled to reach the substrate surface. This bombard-
ment can also provide additional energy necessary for the ligand-reactant reaction or
to enhance the mobility of single ligands resulting in improved film forming reactions.
In the radical enhanced plasma ALD, the bombardment of (highly) energetic ions and
electrons on the substrate is eliminated due to the larger distance and low lifetimes of
those particles. In terms of atmospheric plasma ALD this elimination is increased as the
increased pressure favors particles collision linked with shorter (ion) lifetimes.
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2.1. Spatial atomic layer deposition

2.1.3 Gas kinetics

Gas kinetics plays an important role for the precursor distribution below the ALD head.
Even if the ALD head is designed without any knowlegde of computational simula-
tions, the latter helps to understand and to classify the experimental results. Generally
speaking, two parameters define the nature of the gas kinetics under the ALD head:
The Reynolds number and the the Knudsen number. To evaluate if the gas kinetics in the
ALD head are of turbulent or laminar nature, the Reynolds number is crucial. To esti-
mate if the pathway of the gas can be simulated by a continious mass flow rather than
discrete particles, the so-called Knudsen number comes into account. In the following,
both parameters were calculated considering typical SALD dimensions. The Reynolds
numberRe, already presented by Arnold Sommerfeld in 1908, is defined by the product
of the gas density ρ, its velocity v and the characteristic length d devided by its dynamic
viscosity η:65

Re = ρvd

η
= vd

ν
. (2.8)

This equation is valid, since the dynamic viscosity η is the quotient of the kinetic viscos-
ity ν divided by the density ρ. In the case of spatial ALD used in this work the 1 mm
wide pipes are a typical system length. As such, the Reynolds number results in:

Re = ρvd

η
=

1.165 kg
m3 · 0.2m

s · 1mm

1.76 · 10−5 kg

ms

= 13.6 (2.9)

Here, d is the width of the entrance of the gas flow and set to 1 mm and v to 0.2m
s due

to the 1000 sccm (typical point of operation for the flow rate) passing the precursor or
purge slits. The dynamic viscosity µ is set to 1.76 kg m-1s-1.66 As the resulting value
is more than two orders of magnitude lower than the critical value Re,crit = 2300 (or
Re,crit = 2000 originally proposed by Reynolds65), the gas kinects could be seen as lami-
nar.67, 68 Even for the gas flow in the gap between substrate table and ALD head (which
is roughly 300µm high) the gas kinetics can be seen as laminar as the corresponding
Reynolds number could be calculated analogous to Re = 6.82.
Furthermore, the gas particle collision must be prefered over the collision of the gas par-
ticle and the wall (of the domain). Therefore, the Knudsen number is expressed by the
mean free path of the particles (λ) divided by the physical (characteristic) length.69 The
mean free path is defined as:

λ = RT√
2 ·NA · σ · p

. (2.10)
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2. Physical fundamentals

Here, R expresses the universal gas constant (R = 8.314 J(Kmol)−1), NA is the Avagadro
number and σ = 0.43 ·10−18m2 the collision cross section of N2.70 The mean free path of
the particles equals:

λ = 8.134 J(Kmol)−1 · 293K√
2 · 6.022 · 1023mol1 · 0.43 · 10−18m2 · 105Pa

(2.11)

= 65nm . (2.12)

Considering the height h of the gap between ALD head and substrate table to be 200µm,
the Knudsen number can be calculated:

Kn = λ

h
= 65nm

200um = 3.2 · 10−3 . (2.13)

As the Knudsen number is smaller than 0.01, the flow is considered to be a continuum
flow71 and the Navier-Stokes equations with conventional no-slip boundary conditions
could be applied. In addition it becomes obvious that bigger dimensions (e.g. the 1 mm
wide gas slits) lead to even smaller Knudsen numbers. As the gap between ALD head
and substrate table is the smallest dimension in this domain, the flow dynamic could be
seen (and simulated) as continuous flow in all parts of the ALD system. If the charac-
teristic length in the range of the the mean free path, Knudsen flow must be considered
(also called slipflow regime), which is the transition regime to molecular flow. At atmo-
spheric pressure this is in the range of 50-100 nm, but low pressure ALD would enlarge
the Knudsen number towards the molecular kind of flow. Beyond Kn = 0.1, alternative
simulation techniques (e.g. Monte Carlo simulations) must be considered.71 All in all,
the use at atmospheric pressure provides for the gas kinetics at all points throughout
the simplified domain a laminar (continuous) viscous gas flow.
Furthermore, it is notable that convection is not able to transport the precursor mole-
cules or their carrier gas directly onto the solid surfaces, especially to their reacting
counterparts on the substrate. The streamlines never come in contact with surfaces
which is why the convective surface flux is zero, so to say: Convection does not lead
to any kind of deposition.72 In contrast, diffusion does enable the mass transport onto
surfaces an enables the ALD growth as described in the following. The tangential veloc-
ity of the viscous flow is always zero at the boundary or at least equal to the respective
wall velocity (in case of a static wall = 0). The gas is brought to rest by the shear stress
τ at the boundary. Orthogonal to that boundary, the velocity increases up to the max-
imum value in the main stream of the flow. The distance between the boundary and
the maximum value is called the thickness of the boundary layer δ. This profile of the
boundary layer of a 2-D surface and in a 2-D pipe is depicted in Figure 2.5.
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2.1. Spatial atomic layer deposition

Figure 2.5.: Formation of the boundary layer (with the thickness δ) of viscous flow over a static
wall (a) and in a 2-D pipe with the height L (b). The velocity profiles are depicted
with blue arrows. τ represents the shear stress at the boundary, LH defines the
end of the hydrodynamic entrance region.

In case of the 2-D pipe which represents the gas conditions in the spatial ALD assembly,
both boundary layers (formed by the shear stress at the bottom and the top of the assem-
bly) merge at the end of the so-called hydrodynamic entrance region at the distance LH .73

At this point, the flow is fully developed and the boundary layer thickness is equal to
the half of the channel height. The mass transport (e.g. of precursor molecules) through
those boundary layers is always driven by diffusion. The latter is based on Fick’s law as
introduced for the permeation mechanisms in the following (subsection 2.2.1).
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2.2 Gas diffusion barriers

Gas diffusion barriers (GDBs) currently play a decisive role for opto- and microelec-
tronic devices. With the continuous miniaturization of electronic devices, the containing
components get smaller and smaller, in the range of several nanometers. In these dimen-
sions, physical effects on the scale of a few nanometers can dominate the functionality.
Single molecules (of water or oxygen) can have a big influence on the physical pro-
cesses in those devices, e.g. water can lead to decomposition mechanisms in perovskite
solar cells74 or harm the organic functional layers inside organic light emitting diodes.75

Gas diffusion barriers prevent the infiltration of those molecules into the electronic de-
vices, prolonging their lifetimes to 10.000 hours and beyond.10 Even in the early 90s,
the need for those barriers for example for preventing degradation of OLEDs has been
reported. Here, barrier layers by glass encapsulation could extend the lifetime dramat-
ically.8 This glass encapsulation are stuck to the devices with epoxy glue, compare Fig-
ure 2.6a. This method was the gold-standard in the early 2000s and even now. With the
request for all-in-line processes on flexible substrates, the demand for alternative tech-
niques providing comparable barrier properties comes into account. Al2O3, fabricated
by reactive sputtering showed very promising barrier properties already in 2008.76 As
ALD was known to lead to dense, amorphous films those sputtering processes were
replaced by ALD. The deposition via ALD of comparable thin films leads to WVTRs in
the range of 10-6 gm-2d-1.77 With the upcoming industrialization of spatial ALD systems
those barriers could be deposited in an in-line roll-to-roll process.
In the following, the different encapsulation techniques are discussed in more detail,
also illustrated by Figure 2.6. Here, the choice of substrate is of special importance.
While glass substrates serve as a sufficient barrier against environmental influences
from below, flexible foils as substrates require an additional gas diffusion barrier un-
derneath the device. The top encapsulation can be achieved by a glued glass, as al-
ready described, or by the use of an additional gas diffusion barrier (for example depo-
sition via ALD). In the traditional glass encapsulation, additional getter material (e.g.
calcium) also could absorb chemically H2O diffusing through the epoxy glue.13, 77, 79

Here, an ALD coating directly on the device could exclude the permeation of moisture
through the epoxy glue, but requires (in most instances) moderate process temperature
of≤ 100◦C. If both of the above-mentioned top encapsulation possibilities on the device
are not possible e.g. due to temperature limitations and the need of a flexible encapsu-
lation, it is also possible to adhere an additional foil, which is already coated with a gas
diffusion barrier, to the component (see Figure 2.6 d).
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2.2. Gas diffusion barriers

Figure 2.6.: Methods of encapsulation in thin film electronics on glass (a,b) and on flexible foils
(c,d). The device (e.g. a perovskite solar cell or an organic light emitting diode)
could be encapsulated with a glass which is glued on the substrate underneath
or with an encapsulating deposition technique like ALD or PVD. Alternatively, a
flexible barrier foil could be glued on top of the device. For all foil-based substrates
a barrier layer underneath the device has be provided. Inspired by.78

Note that all top encapsulation layers could be glued with edge sealing or in a full
area glue avoiding additional getter material. All in all, the encapsulation technique is
strongly dependent on the physical demands of the device and on the requirements of
the final product. Nowadays, different techniques are employed in the industry to pro-
vide stable roll-to-roll optoelectronics, e.g. the cold or hot lamination of barrier foils by
pressure sensitive adhesives.80

2.2.1 Permeation

In the following, the physical process of permeation is described in detail as the need
for gas diffusion barriers is strongly linked to its nature. In addition, understanding the
different permeation mechanisms helps to improve the encapsulation methods. Here,
permeation describes the physical process of the mass transport of a gas or a liquid
through a solid. This process can be basically separated into three steps: The adsorp-
tion of the permeate at the surface of the solid, the diffusion of the permeating molecule
through the solid in a random-walk and the desorption of the permeate from the solid
surface into the gas phase. The process of the diffusion of the permeate at a given con-
centration c(x, t) and a given diffusion coefficient D is called the (one-dimensional) flux
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Jx. Generally, the concentration c(x, t) is strongly dependent on its place x and the time
t. The overall flux can be described by Fick’s first law:72

Jx = −D∂c(x, t)
∂x

(2.14)

= −Dc1(t)− c2(t)
d

(2.15)

= ∆N
∆t ·

1
∆A (2.16)

Here, the partial fraction could be replaced by the difference in concentration at the
bottom and the top of the thin film, divided by its total thickness (in the x-direction)
d. Note that only the perpendicular concentration gradient is taken into account. In
addition, the particle current density Jx depicts the amount of substance ∆N diffusing
in a certain time ∆t through a given area ∆A.81 Furthermore, the concentration c could
be described as81

c = p · S(c, p). (2.17)

Here, p represents the partial pressure of the adsorbed gas over the surface A. S is
the sorption coefficient of the gas, which can either adsorb physically on the surface by
dipole-dipole-bonds (i.e weak van-der-Waals forces) or by covalent or even ionic bonds.
As a result of the different nature of the bonding, it could be devided into physisorp-
tion (= physical adsorption) and chemisorption (= chemical adsorption).82 However, the
sorption coefficient S(c, p) could be described in different models, assuming different
dependencies.83 S(c, p) = S for example is called Henry’s law and assumes a constant
sorption coefficient, mostly applicable for low partial pressures and low concentrations
of adsorbed gases at a wide surface.84 Henry’s law considers the physical situation
where there is no competition for adsorption sites an adsorbed molecules nor adsorbed
molecules could interact.85 Another mode is called the langmuir sorption model, which
considers monolayer adsorption with a limited space on the surface. Here, the sorp-
tion coefficient is strongly dependent on the partial pressure of the permeate at the sur-
face.85 Comparable langmuir models take place in terms of the surface coverage of ALD
growth. For further details see subsection 2.1.1. Taking this sorption theory into account
the flux could be described as:

Jx = −D · p1(t) · S1(c, p1)− p2(t) · S2(c, p2)
d

. (2.18)
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Considering Henry’s law (i.e. S1=S2) and the permeability P = D·S, the flux could be
written as:

Jx = −P · p1 − p2
d

. (2.19)

For most barriers, the diffusion coefficient but also the permeability could be seen as
constant within the material. As of that, the permeation in the steady-state mode (with
c independent of x and t) can be assumed to be inverse proportional to the diffusion path
inside the material e.g. to the layer thickness. In the following, for all barriers it has to be
separated between the ideal diffusion (described by Fick) or the diffusion through the
defects. For example, the permeation through a glass encapsulation can be described by
Fick’s diffusion law as described above.86 The permeation through metal oxide based
thin films often provides higher permeation rates as expected from the Fickian model
(based on bulk material) as these layers contain many defects promoting the overall
diffusion of gases through this encapsulations.86 Further details will be discussed in
subsection 2.2.5.

2.2.2 Temperature-dependent permeation

In general, the diffusion of gas molecules through a solid can be considered as a tem-
perature activated process878889.90 The permeation can be described with the Arrhenius
equation:

P (T ) = P0 · exp
(
− EA

kBT

)
. (2.20)

kB is the Boltzmann constant and P0 could be understood as proportionality factor. EA

is called the activation energy, given in kJ/mol, strongly dependent on the film proper-
ties and those of the permeate. This exponential behavior dominates the small tempera-
ture ranges, assuming otherwise unchanged film properties in the temperature regime.
For example, for polymers but also metal oxides (which react with moisture at higher
temperatures), the structure is not constant at elevated temperatures.84 In addition, the
concentration of gas molecules on the surface can change with increasing temperature,
leading to a deviation from the Arrhenius-like behavior in Equation 2.20.
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2.2.3 Time-dependent permeation

In the following, the time dependent permeation for ideal barriers is depicted, based on
Fick’s law. Taken the continuous equation leads to chronological change of concentra-
tion:91

∂c

∂t
+ Jx

∂x
= 0 (2.21)

∂c

∂t
= D

∂2c

∂x2 (2.22)

Note that in this case, only the x-direction with a diffusion coefficient not dependent on
concentration and place is taken into account. To solve this (second order) differential
equation, the expression has to be integrated over time.92 For more information about
the solution of those differential equations see Ref.93, 94 However, the time and space-
dependent concentration is given by93

c(x, t) = c1

(
1− x

d

)
− 2c1

π

∞∑
n=1

1
n

(
nπx

d

)
exp

(
−Dn2π2t

d2

)
, (2.23)

where c1 is the concentration on the upstream side of the layer (with thickness d). The
concentration of the permeate at the downstream position is set to zero. To calculate
the overall amount of permeated substance, the flux Jx has to be integrated (compare
Equation 2.16). For the time-dependent permeated amount of substance N could be
applied:

N(t) = Dtc1
d
− dc1

6 −
2dc1
π2

∞∑
n=1

(−1)n

n2 exp
(
−Dπ

2n2t

d2

)
. (2.24)

For an equilibrium state (t > tlag) this expression can be simplified to:

N(t→∞) = Dc1
d

(
t− d2

6D

)
. (2.25)

This solution represents a linear increase of the amount of permeated particles after a
certain time, called lag-time tlag, which is the time, the system needs to form the sta-
tionary steady-state. This dependency is demonstrated in Figure 2.7. Obviously, the
lag-time tlag = d2(6D)-1 is directly proportional to the barrier thickness d as well as to
the inverse of the diffusion coefficientD. Knowing the lag-time, the diffusion coefficient
could be estimated.
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2.2. Gas diffusion barriers

Figure 2.7.: Illustration of the time-dependent permeation. A thin film is exposed to a con-
stant concentration c at t = 0. The permeate diffuses through the sample until
the steady-state mode is occured, leading to a linear increase of diffused particles
over time. Inspired by.87

Note that in practice for multilayer structures (e.g. the diffusion of water through a
PET/Ca stack), the actual (apparent) lag-time can exceed the lag-time based on Fick’s
law due to the initial diffusion of the permeate through the structure above or under-
neath the test barrier.

2.2.4 Definition: Water vapor transmission rate

In practice, two different figures of merit for the diffusion properties of barrier layers
and their the characterization have been established. These include the WV TR (water
vapor transmission rate) and the OTR (oxygen transmission rate), i.e. the amount of
water and oxygen molecules to diffuse through a certain (barrier) layer (per time and
per area). For the WVTR the following equation applies:95

WV TR = MH2O · J(t→∞) . (2.26)

Here, J(t→∞) represents the flux in the steady state mode. As the most of the barrier
layers are evaluated by calcium tests, the diffusion of water molecules towards calcium
sensors will be investigated in the following. Taken the expression for the flux into
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account (compare Equation 2.16), the expression of the WV TR can be simplified to:

WV TR = MH2O ·
∆N
∆t ·

1
∆A (2.27)

=
MH2O

MCa(OH)2

· ∆m
∆V∆t ·∆d . (2.28)

Here, the reaction Substituting the density ρ = ∆m/∆V and ∆d = ∆dCa(OH)2
leads to:

WV TR = 2 ·
MH2O

MCa(OH)2

· ρCa(OH)2
·

∆dCa(OH)2

∆t . (2.29)

The factor ’2’ comes into account as a reason for the amount of water molecules leading
to oxidation of one calcium atom, assuming the simple equation

Ca + 2 H2O(g) −−→ Ca(OH)2 + H2(g).

This reaction is reported as most dominant for the oxidation of calcium.84, 96, 97 In ad-
dition Carcia et al. reported just a 3% difference in WVTR, assuming the reaction to
calcium oxide97

Ca + H2O(g) −−→ CaO + H2(g).

With the molar masses of water (MH2O = 18.02 gmol−1) and calcium hydroxide (MCa(OH)2

= 74.09 gmol−1), and a fixed calcium density, the amount of corroded calcium and there-
fore the required amount of water for the corrosion process can be determined. As the
WVTR specifies the amount of water, diffusing through a certain area of the barrier in
a certain time, its unit is commonly given by gm-2d-1. For multilayers the permeation
rate through the entire stack could be calculated by the summation of the reciprocal of
the permeation rates of every single film (WV TRn) included:93

1
WV TRtot

= 1
WV TR1

+ 1
WV TR2

+ ..+ 1
WV TRn

. (2.30)

Obviously, the total water vapour transmission rate is dominated by those films which
show superior intrinsic barrier properties while the permeation through inferior barriers
like polymer foils (due to the reciprocal character) gets negligible. The same behavior
also applies for the diffusion coefficient. Here, also the respective coefficient of each sin-
gle layer could summed up reciprocally.98 Further details on the WVTR are discussed
in section 3.5, presenting the optical Ca test and its mode of operation.
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2.2.5 Permeation through defects

In the field of thin film gas diffusion barriers, the deposited layers (e.g. metal oxides) al-
ways include defects, such as pinholes. Besides the intrinsic water diffusion through the
ideal barrier (as described above), gas diffusion through these defects takes place. In lit-
erature, it is well known that the overall water vapor transmission rates are dominated
by this defect-related diffusion, which typically renders the WVTR to be much larger
than the intrinsic WVTR of the ideal defect-free material.86, 99–101 The defects which are
promoting the diffusion are a result of dust particles on the substrate or residuals em-
bedded during the fabrication process. Furthermore thin films can form growth defects
during their deposition shown in Figure 2.8. Those defects can be basically classified
into lattice defects, nano-defects and macro-defects.100

Figure 2.8.: (a) Oxford classification of the mechanism of permeation in thin films: lattice in-
terstices, Permeation through nano and macro defects. (b) principle of multilayer
encapsulation: Enlargement of the diffusion paths for water and oxygen molecules
(c) Scheme of the permeation through an ideal barrier with thickness d. Adapted
from100.78

In this classification, macro-defects are those defects where no interaction between gas
molecules and the barrier material takes place. The macro-defect is typically three to
four times larger than a typical permeate molecule (0.2 – 0.3 nm).100 In this case, e.g.
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water molecules diffuse unimpeded through the barrier. The respective activation en-
ergy for this kind of diffusion is the same order as the diffusion through a bare substrate
without barrier.84 Defects in the size of 0.1 - 0.3 nm are referred to the interstices in the
(amorphous) grain boundaries. As both water and oxygen molecules are too large to
pass these interstices, the activation energy for this kind of diffusion is very high and its
contribution to an overall integral diffusion is negligible.84, 86 The common understand-
ing is that the dominant part in diffusion is the permeation through nano-defects,100 as
the number of defects in a typical thin oxide barrier layer is up to four orders of mag-
nitude higher than the number of the bigger macro-defects.102 In addition, a chemical
interaction of water vapor and the material itself (e.g. at a nano-defect) can lead to an
enhanced diffusion at this defect.86 Due to this model of permeation through defect
states, multilayer encapsulation are proposed.13, 98, 103 Here two different layers with
different defect densities are stacked on top of each other. This bilayer is also called
a dyad. Often, a multilayer encapsulation is based on a pair of one inorganic barrier
layer and one polymer top coating.86 Multilayer encapsulation provides several advan-
tages: Tortuous diffusion paths by different defects densities (as depicted schematically
in Figure 2.8b), mechanical and chemical protection of the barrier underneath (e.g. the
inorganic barrier layer) or the improvement of mechanical flexibility in terms of flexible
GDBs.104 For more information about multilayer encapsulation see ref.86
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2.3. Solar cells

2.3 Solar cells

The energy conversion in solar cells is based on the creation of electron-hole pairs in the
active material, which is typically a semiconductor. Semiconductors are characterized
by their forbidden band gap between valence band (VB) and conduction band (CB). In
this gap, there are no energy levels that can be occupied by electrons. Nevertheless,
electrical conductivity by carrier generation can take place when an electron is excited
from the valence into the conduction band. This excitation can be empowered by heat
or, in the case of solar cells, by photons. The photon transfers its energy to an electron in
the valence band, exciting it to the conduction band. The respective generated electrons
and electron holes travel through the cell until they reach an electrode or recombine. As
the number of generated electron-hole pairs are directly proportional to the number of
photons exciting the respective electrons, i.e. the amount of incoming light, the resulting
current is directly proportional to the light absorbed in the semiconductor. The light
absorption in the band gap is dominated by its design, e.g. the electrical and structural
properties of the active material.105

2.3.1 Perovskite solar cells

Originally, perovskites are minerals of calcium titanium oxide (CaTiO3), named after
Lev Perovski (1792–1856), a Russian mineralogist. In the late 1990s, materials with per-
ovskite structure (i.e materials which crystalize in ABX3-Structure) became of interest,
showing promising optical and magnetic properties.106, 107 First reports on solar cells
based on perovskite materials are from 2009, reporting solar cell efficiencies around
3.8%,108 but even 6.5% in 2011.109 Models even predict the efficiency limit of perovskite
cells to 31%, reasoned by the Shockley-Queisser limit, which is known to be the upper
limit for the efficiency of not-focused sunlight110 and strongly dependent on the respec-
tive (perovskite) band gap. Actually, in 2013 the perovskite solar cell technology was
selected as one of the biggest scientific breakthroughs by the editors of Science and Na-
ture.111 In 2017 perovskite solar cells (PSCs) are able to achieve efficiencies above 20%
(22.1-22.7%26, 28), competing with conventional silicon-based solar cells. In addition to
these high PCEs reported, perovskite solar cells combine many of the advantages of or-
ganic solar cells or dye-sensitized solar cells compared to silicon based solar cells. As
such, perovskite solar cells offer low material costs, low fabrication temperatures and
the possibility for the deposition on flexible roll-to-roll compatible substrates.
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Figure 2.9.: ABX3 perovskite structure: In the BX6 octahedral structure the cubo-octahedral
site is occupied by the larger A cation. Adapted from Ref.111

An conventional perovskite crystal structure is formed by an ABX3-structure, where B
represents the cation from a metal e.g lead (Pb) and X is the respective anion, see Fig-
ure 2.9. In the BX6 octahedra B is located at the center of the octahedra and X lies in the
corner, typically consisting of halides like chlorine, bromine or iodine. The BX6 octahe-
dra form an extended three-dimensional lattice all-corner-connected type.
For the use of perovskites in photovoltaics, CH3NH3PbI3 is the most common one.106, 112

In those solar cells, the methyl ammonium ion (CH3NH3) is used as the organic part of
the perovskite. In contrast to e.g. organic semiconductors, perovskites form a homoge-
neous lattice which enables carrier transport. The band gap of e.g. CH3NH3PbI3 can be
determined to be 1.55 eV.113

2.3.2 Solar cell characteristics

Generally, the Shockley diode equation is used to describe the electronic behavior of a
diode,114 i.e. the dependency of the current on the voltage utilized. In principle, the
solar cell functions as a diode including an additional photo current Jph caused by the
light absorption. In addition, a series (Rs) and a parallel (Rp) resistance account for
parasitic effects in a realistic device. Thus, the current density through the solar cell J
(in the area A) can be written as:115

J = 1
1 +Rs/Rp

(
JS

(
exp

(
V − JRsA

npnkBT/e

)
− 1

)
−
(
IP h −

V

RpA

))
. (2.31)
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Here, JS represents the reverse (bias) dark saturation current density, while V is the volt-
age across the solar cell. npn depicts the ideality factor describing the deviation from an
ideal diode. The ideal JV curve of a non-illuminated and an illuminated solar cell as
well as the characteristic parameters are shown in Figure 2.10. As depicted, a charac-
teristic curve of the non-illuminated solar cell equals that of a simple p-n-junction. In
forward direction after the depletion zone becomes thin enough that the built-in elec-
tric field cannot counteract charge carrier motion across the p–n junction, resulting in a
substantial electric current. In reverse direction, the barrier potential between the p side
and the n side is increased. Here, a very little current will flow, also called the reverse
leakage current, until the diode break down.
The characteristic curve of a solar cell differs from the one of a normal p-n-junction in
the additional photo current density Jph when the solar cell is illuminated. This illu-
mination leads to an current offset in the Shockley equation, depicted in Figure 2.10.
Obviously the maximum power achieved in a solar cell is the product of the current
density J and the voltage V . As of this, maximizing the power output equals maximiz-
ing the area confined in the third quadrant by the Shockley equation.

Figure 2.10.: Depicted is the characteristic JV-Curve of an illuminated solar cell. The maximum
power P = - J · V is defined by the area stretched underneath the curve. The
intersections with x- and y-axis represent the short circuit current density JSC and
the open circuit voltage VOC .

To evaluate the solar cell characteristics, the short circuit current density JSC and the
open circuit voltage VOC are denoted. The short circuit current is the current density
through the solar cell when the voltage across the solar cell is equal to zero (i.e., V = 0,
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when the solar cell is short circuited). Analogously, the open circuit voltage represents
the difference in electrical potential when the solar cell is disconnected i.e. connected
as an open circuit (J = 0). Furthermore, the decive fill factor (FF ) is a measurement of
the solar cell design quality, as the voltage and current density at the device maximum
power is taken into account:84

FF = JMMP · VMMP

VOC · JSC
. (2.32)

The fill factor describes the interplay of the effects introduced by device resistances (i.e.
Rs and Rp), associated with underlying physical processes in the device.116 Most im-
portantly, the power conversion efficiency (PCE) of the solar cell is defined as the ratio
of the extracted power at the maximum power point (MMP ) and the incoming light
power Pin:

PCE = Pout

Pin
= JMMP · VMMP

Pin
= FF · JSC · VOC

Pin
. (2.33)
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3
Atomic layer deposition systems

and barrier characterization methods

In the following, the home-built batch and spatial atmospheric pressure ALD systems
will be described and compared to other spatial ALD concepts. In addition, different
versions of the dielectric barrier discharge (DBD) plasma source and their ozone gen-
eration are introduced. Furthermore, since the reports on the optical Ca test are still
limited, its measuring principle determining the amount of water permeating through
a gas diffusion barrier is introduced. At the end, the measuring principle of RBS and
NRA is explained in short.

3.1 State of the Art: Atmospheric pressure spatial ALD systems

Spatial ALD was first reported in 2008 by Levy at al.1819 Since then, the annual num-
ber of reports on spatial ALD has been continuously increasing. Linked with this fact,
there were several different concepts, realizing a spatially separated ALD.117 Most of
the spatial ALD setups were used for the deposition of metal oxides in thin film tran-
sistors (TFTs ),18, 118, 119 but SALD is also used in the field of photovoltaics, mostly for
solar cell passivation,120–122 and as a deposition tool for charge extraction layers123, 124
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and barrier layers125 in solar cells. The (original) design by Levy et al. is based on an

Figure 3.1.: Concepts of spatial ALD: While Levy at al. introduced spatial ALD with a oscial-
liting substrate under a fixed ALD head,18 other groups expands this concept to
contrary spinning roles,12621 or even roll-to-roll processes with bigger precursor
gas regimes in a serpentine chamber presented by Dickey at al.127,128

oscillating substrate underneath a fixed ALD head (depicted in Figure 3.1a), also called
an in-line (SALD) process. Basically, this setup is sheet-to-sheet, and also roll-to-roll
compatible, enabling the thin film deposition on single rigid substrates or flexible foils.
Their alternate precursor A-B scheme is interrupted by an inert gas purge, respectively.
The original setup is working at 177◦C and in a relative small coating area (width =
50 mm).18 Another concept provides the roll-to-roll deposition, (e.g. Poodt et al.,12621)
using spinning circular substrates, partially even with a ALD precursor delivery sys-
tem rotating in an opposite direction, compare Figure 3.1b and Figure 3.1c. The latter
concepts take advantage from the continuous deposition process avoiding acceleration
and braking times, but suffers from the limited choice of substrates. Another roll-to-roll
concept is presented by Lotus Applied Technology (USA), see Figure 3.1d. Here, a roll-
to-roll serpentine configuration is placed inside a chamber, which is divided into three
parts: The precursor A zone and the precursor B zone are separated by the purge zone.
This concept enables several coating steps in the same precursor zone, but is based on
large volumes and high amounts of precursors, which require especially at atmospheric
pressure high amounts of purge gas to afford ALD characteristics. Similar concepts are
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taken into account in the topic of powder ALD coating,129, 130 where the powder is trans-
ported on a fluidized bed through the different (large scale) gas regimes.131 In principle,
in sharp contrast to the design of Levy et al., the rotary design as well as the roll-to-roll
design could work at low pressure (typically 1 mbar) as well as atmospheric pressure.
For low pressure-based spatial ALD, a closed reactor zone is required, which even could
be realized for roll-to-roll deposition by special floodgate techniques.
In addition, the use of plasma as oxidizing but also as reducing agent (e.g. with a H2

plasma132) can also be realized in spatial ALD setups.132, 133 Parallel to those develop-
ments in spatial ALD, several batch ALD processes in a flow-tube reactor at atmospheric
pressure have been presented.134–136 As those concepts resemble the setups of conven-
tional low pressure ALD, they will not addressed in more detail, here. Basically, those
concepts provide the insight that ALD at atmospheric pressure could be realized, but
also needs special adaption of process parameters. Here, Mousa et al. for example
found similar film properties in aluminum oxide films deposited at atmospheric pres-
sure compared to their low pressure analogues, but put special emphasis on the amount
of purge gas needed to reduce the physisorbed water that remains on the oxide surface
after the water precursor pulse.137

In general, a variety of material systems could be realized in spatial ALD. The most com-
mon one is Al2O3,20, 53, 122, 125, 138–142 but among others, ZnO,18, 123, 124, 143, 144 SiO2,133, 145

TiO2,146–148 ZrO2
149 or even Ag thin films were also deposited by SALD.132 Thereby, the

substrate velocities used to deposit the thin films vary between 1 mm/s and few hun-
dred mm/s (or up to 100-600 rpm in a rotary setup20, 150) which results in deposition
rates of 1.2 nm/s.20 Note that the overall growth rate per minute strongly depends on
the precursor supply. As most of the setups shown above are just for scientific research,
their design is probably not pushed to its limits of fabrication speed.

3.2 Atmospheric pressure plasma batch ALD system

The so-called batch-based ALD system is determined by an inline batch ALD setup
with a clear conventional inlet-reactor-outlet structure. A photographic image as well
as a schematic of the of the related home-built ALD reactor (with a volume of approx.
100 cm3) used for the deposition of the Al2O3 thin films is shown in Figure 3.2a and
in Figure 3.2b. As the ALD setup works at atmospheric pressure as well as with an
Ar/O2 plasma as oxidant, the term APP ALD (atmospheric pressure plasma ALD) is used
to specify the process parameters. Four separate pipes are used to introduce the working
gas into the reactor, controlled via mass flow controllers (MFCs) and separate valves,
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respectively. Afterwards, the four lines merge into a single gas inlet pipe. This gas
pipe, where the mixture of gases (e.g. the TMA carrier gas and the O2) takes place, is
heated up slightly below the reactor temperature. The reactor is heated by a temperature
controlled heat plate. The substrate temperature is set to 80◦C for all experiments. Pure
argon with a residual water level of less than 20 ppb is used as purge gas as well as
carrier gas for TMA. The gas purity is guaranteed by the use of an external purification
systems (Hydrosorb by Spectromol). The argon flow through the TMA bubbler is kept at
100 sccm with an overall gas flow through the reactor of 2 slm (thus 1900 sccm purge).
Note even when there is no TMA pulse, 100 sccm are delivered through the so-called
bypass to keep the overall gas flow constant. The Ar/O2 plasma operates with 2 slm
total flow and an oxygen content of 1%. The plasma is ignited 5 s after starting the O2

gas flow (100 sccm) in order to completely fill the reactor with the Ar/O2 mixture before
plasma ignition, compare Figure 3.2c. Here, a typical ALD cycle is shown, consisting out

Figure 3.2.: Batch-based APP ALD system: Picture (a) and schematic (b) of the batch-based
APP ALD reactor. The setup mirrors the conventional low-pressure ALD setup
with a clear inlet-reactor-outlet structure. The substrate position directly below the
plasma source is called the direct position. Here, the substrate is displayed in the
remote position. (c) Typical ALD cycle times used the deposit Al2O2 thin films in
the batch-based ALD.

of a 2 s TMA/ 15 s purge/5 s O2/7 s O2/plasma/15 s purge sequence. The TMA bubbler
was kept at room temperature, since the vapor pressure of TMA is sufficient for ALD
deposition (approx. 16 mbar at 20◦C151). The dependency of the TMA vapor pressure on
temperature as well as a schematic of the precursor bubbler used in this work are shown
in Figure 3.3. The inlet line purges the amount of N2 gas inside the bubbler. The gas flux
streams above the liquid precursor, leaving the bubbler afterwards through the outline
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Figure 3.3.: Schematic of the precursor bubbler. Inside the precursor bubbler a liquid precursor
(e.g. TMA) is stored. Argon or nitrogen is chosen as carrier gas.

line. The saturation of precursor in the carrier gas takes place strongly depending on the
vapor pressure of the respective precursor used (e.g TMA). Assuming a fully precursor
saturated N2 flow, the actual yield of the precursor amount could be calculated via:

Y = vapor pressure (TMA)
process pressure

= 12 torr
760 torr = 1.6% . (3.1)

Note that the actual yield could vary depending on the time scale, in which the precur-
sor molecules achieving its vapor phase and could saturate the carrier gas. Therefore
1.6% could be estimated as a maximum yield of precursor. For 100 sccm N2 through the
TMA bubbler, this value corresponds to 1.6 sccm of pure TMA gas.
As second precursor a mixture of Ar/O2 is used to generate the oxidizing species for the
deposition of Al2O3 thin films. Therefore a dielectric surface barrier discharge plasma
source with two copper electrodes separated by a 0.2 mm thin epoxy-glass fiber (FR-
4) is used to generate an Ar/O2 plasma. The required electric signals for the plasma
pulses are generated by a plasma generator and transformed into HV-signals with a
transformer. The pulses created by the generator can be controlled by the voltage of
the intermediate circuit. Through the inductance of the transformer and the capacity of
the cables as well as of the plasma source an oscillating circuit gets stimulated. Further
details on the plasma sources are given in section 3.4.
For the ALD process, the substrate position inside the reactor could be divided roughly
into two regimes. The direct position is located directly below the plasma source, while
the remote position is the one, when the substrate is laterally offset to the right side.
This regime is also called the downstream position (see ref.60). The plasma ignition was
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monitored with a CCD camera. Note that in the case of this batch-based ALD setup the
plasma source gets coated during the ALD process. Therefore its ignition characteristics
could slightly vary throughout one ALD run, shifting its point of operation. Less volt-
age can lead to no further ignition after several coating cycles, to high voltages could
destroy the thin epoxy-glass fiber thermally.

3.3 Atmospheric pressure spatial ALD system

In principle, the home-built spatial ALD system used in this work is based on the orig-
inal design by Levy et. al. but expanded by a plasma source, whose design is de-
scribed in more detail in section 3.4. The system is based on a substrate table oscillating
back and forth with respect to the ALD coating head. A schematic as well as a photo-
graph are shown in Figure 3.4. The setup is placed in a glove box which is filled with
N2 (H2O < 1 ppm, O2 < 1 ppm). As in the batch-based ALD setup, the gas flows are
controlled by external (solenoid) valves combined with mass flow controllers to guar-
antee fixed precursor and purge flow rates. Precursor bubbler as already described in
the batch-based ALD setup are utilized to provide the precursor gas. In the ALD setup,
three precursor slots are supplied, divided by purge slots. Once more, a gas outlet is
provided between every purge and precursor zone. External heating for the precur-
sor bubbler as well as its pipes (towards the ALD head) is included to avoid precursor
condensation inside the pipes. For precursors (like TMA or TDMASn) kept at ambi-
ent temperature (i.e. the glove box conditions), no heating is necessary. Especially, in
the central precursor slot a plasma source can be mounted. The plasma inlet is made
from transparent plexi glas, mounting the plasma source in a remote position roughly
2 cm above the substrate table and enabling the direct visual control of the plasma. Ob-
viously, the ALD head serves as a gas distribution unit and transports the respective
gases through its respective slits to the substrate. It could be externally heated up to
moderate temperatures (60-80◦C) and is composed of three different parts: The upper
part, including the gas pipe connection, the middle part, which is basically a spacer, and
the lower part, including the gas purge slits and the distribution of the gas outlet. Each
slit is 2 mm wide and provides a 20 mm wide regime to the next (5 mm wide) gas ex-
haust in direction of substrate movement. In contrast, the plasma gas slit is surrounded
by a 45 mm wide regime due to the enlarged geometry of the plasma inlet. In total the
width of the ALD head is 335 mm. The gas exhausts are located at the outer walls of
the ALD head (see black hoses in Figure 3.4a), transporting the process gas out of the
reactive zone. The latter is mounted (roughly) 200-300µm above the substrate table.
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Figure 3.4.: Setup of the home-made spatial ALD. The ALD head is mounted roughly 200-
300µm above the oscillating substrate and and supplies precursor and purges
gases alternately. a) Schematic of the spatial APP-ALD with close up of the DBD-
plasma source slot. b) Geometry of the lower part which serves as a gas distri-
bution unit showing precursor and purge regimes. The gas outlet is shifted and
orthogonal to the flow direction of the streaming gas. c) Photography of the com-
plete system and the Plasma source (d)

Its tilt is aligned with three micrometer screws, while its distance to the substrate is reg-
ulated by a fine tuning heavy duty tripod. The substrate is placed in a special substrate
holder, which could be heated up to 160 - 170◦C and is recessed in the oscillating sub-
strate table, so that the substrate surface is on the same level as the table surface. All
working gases (N2, Ar, O2) were purified to lower the H2O concentration to less than
20 ppb to avoid its parasitic chemical reaction with the precursors. In addition all mate-
rials made out of plastic (e.g. precursor lines) were pre-baked to evaporate residual wa-
ter inside the material. The velocity of the substrate table is controlled via PC and could
be varied between 1 and 255 mm/s (0.06 to 15 m/min). Before each deposition process,
the ALD system is purged with N2 for at least 2 min followed by 10 s of process-like
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precursor delivery without any substrate movement to guarantee an deposition process
in steady state (in terms of the surface coverage of the reactor walls etc.).

3.3.1 Simulation of the temperature distribution

Since the setup does not provide external heating of the gas lines, the injected gas tem-
perature may influence the substrate and vice versa. Figure 3.5 shows the evolution
of the temperature distribution as a function of the volumentric flow through the gas
inlets. The data is based on simulation using OpenFoam, solving the differential equa-
tions of the mass transport. Further information of the implementation are shown in
section A.4 and in ref.152 Note that the substrate temperature was fixed to 80◦C (by a
zero gradient boundary condition) and could not be influenced by the injected gas by
definition.

Figure 3.5.: Simulation of the temperature distribution for different purge flow rates. The
temperature fields represent the equilibrium temperature distribution. Parameters
were set to: substrate velocity v = 30 mm/s, gap height h = 300µm , substrate
temperature = 353 K, temperature of the injected gas = 293 K. Note that the steady
state of the temperature distribution is achieved after 0.4 s.

Generally speaking, higher flow rates lead to wider regime of gas colder than the actual
process temperature, depicted visually by the dotted lines in Figure 3.5. This situation
is less favorable as a homogeneous process is preferred. At high carrier gas flows the
nitrogen travels a greater distance before it is heated up to the substrate temperature.
For further evaluation, the distance in which the precursor gas reaches 98% of the sub-
strate temperature is calculated, see Figure 3.6. Here, the distance is normalized to the
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one centimeter channel length (from one gas inlet to another). It is obvious that the
relation between this considered distance and the gas flow rate is linear. Furthermore,
even for high flow rates (4000 sccm) the temperature is nearly achieved (98%) in half the
distance to the next gas inlet. This is most likely strongly influenced by the small gap
between the ALD head and substrate table (300µm) as the latter is the source of heat in
this domain. Note that the ALD head temperature was set to room temperature in the
computational simulations.

Figure 3.6.: Simulation of the temperature distribution of the carrier gas in dependence of the
flow rates (a) (gap height h = 300µm )and the gap height (flow rate = 1200 sccm
(b). Maximum distance in which the carrier gas reaches 98% of the substrate
temperature normalized to the channel length. For both cases parameters were
set to: Substrate velocity v = 30 mm/s, substrate temperature = 353 K and the
temperature of the injected gas = 293 K.

Similar evalution is done for the dependence of the temperature distribution on the
gap height. A fixed flow rate of 1200 sccm was chosen, but the gap height varied. The
observed normalized distance is linearly proportional to the gap height, but even gap
heights of 1 mm result in temperature distribution exhibiting the substrate temperature
after 50% of the channel length. All in all, low flow rates and low gap heights are desir-
able to afford the most homogeneous temperature distribution. Due to these findings,
the gap height was adjusted to its minimal possible value (approx. 200-300µm). For fur-
ther experiments, it has to be taken into account that the amount of flow gas is strongly
linked to a sufficient amount of ALD purge gas. As of that, the choice of the amount
of purge gas can be seen as trade-off between a sufficient amount of ALD purge gas to
purge all precursor residuals from the surface and a narrow regime of a different gas
temperature.
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3.3.2 Simulation of the spatial precursor separation

A crucial parameter for the characteristics of ALD growth is the spatial precursor dis-
tribution and in particular the precursor separation. Avoiding the cross-talk of the pre-
cursors is the prerequisite to avoid parasitic CVD growth and to afford ALD-like layer
deposition. To this end, a series of simulations have been conducted in dependence of
the substrate velocity, the gap height and the purge gas flow. Factors as precursor con-

Figure 3.7.: Precursor concentration in dependence of the substrate velocity. Depicted are
two precursor inlet, two purge inlets and two gas exhausts. Simulation results
are taken in the steady mode (after 0.4 s). Further parameters were set to: Gap
height 300µm, injected gas flow = 1000 sccm, substrate temperature 350 K. Note
that only the left-to-right-movement is simulated. The carrier gas is transported
towards purge zone at a substrate speed of 700 mm/s, shown in more detail in the
magnified view.

centration and carrier gas flow rate seem to have a negligible impact on the precursor
distribution. This can be concluded from simulation results, in which the purge gas
flow and the substrate velocity were set to zero (not shown here). In this case, there
is no precursor transport into the purge gas zone (by convection), independent of the

38



3.4. Dielectric barrier discharge plasma sources

precursor concentration and gas carrier gas flow rate. Figure 3.7 shows the results for
the precursor distribution for different substrate velocities, up to 1000 mm/s. Note that
only the one cycle of the ALD is simulated corresponding to the left-to-right movement
of the substrate table. Purge and precursor gas inlets are supplied with 1000 sccm, re-
spectively. It could be observed that the precursor gas is distributed asymmetrically
due to movement of the substrate (left to right). The precursor gas gets carried to the
gas outlet. This procedure of the complete exhaust of the precursor gas is valid to sub-
strate velocities of 700 mm/s. By further increasing the substrate velocity, the injected
precursor does not reach the left side of the deposition zone. Simultaneously, the carrier
gas is transported beyond the gas outlet region towards the purge zone at the right side.
At this point, intermixing with the other precursor species could not be ruled out in
the other half cycle of the ALD process (as the substrate table moves to the left). Here,
CVD like gas phase reactions become inevitable as soon as the precursor A, which is
transported into the purge zone, reacts with precursor B, which is diffused into this re-
gion in the previous ALD cycle. The critical substrate velocity (for the shown domain)
is reached at approximately 700 mm/s. Here, increasing the purge flow shifts the criti-
cal point towards higher substrate velocities linearly (not shown here). Decreasing the
gap height also leads to an greater distance between the gas inlet and the intermixing
point. All in all, these 2-D simulation results indicate that the precursor separation is
practically guaranteed for the velocities used in this thesis (between 10-200 mm/s) and
gas flow rates between 1000 sccm and 2000 sccm (with gap height of roughly 300µm).

3.4 Dielectric barrier discharge plasma sources

The so-called dielectric barrier discharge (DBD) is the electric discharge between two
electrodes, where at least one is separated from the outer gaseous atmosphere by a
dielectric. The discharge takes place due to high field intensities in the process gas
triggered by an AC voltage. This theory of operation could be realized in different
arrangements, strongly dependent on the interplay between dielectric and discharge
region. In principle, the discharge could take place in different arrangements: Started
from a design similar to a capacitor, with a dielectric-gas-space between the electrodes,
to embedded electrodes in a dielectric, leading to a surface dielectric barrier discharge
(S-DBD).
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Figure 3.8.: Theory of operation of the DBD plasma source (schematic on top) the and different
generation of DBD plasma sources used in the APP ALD sytems during this work
made out of FR-4 (2013 and 2014) and ceramic material (2015 and 2016).

For the discharge operation of a DBD plasma source the presence of one or more dielec-
tric layers (typically glass, quartz or ceramics) in the current path through the discharge
gap is essential.153 At atmospheric pressure the discharge takes place in very thin fil-
aments with very short lifetimes, the so-called micro discharges.154 By supplying an
external voltage, the electrons are accelerated towards the anode while the respective
ions remains fixed due to their high mass (compared to that of the electron). Because
the electrons can not be transported through the dielectric, the charges are collected
at its surface, forming an electric field in opposite direction compared to the one cre-
ated by the external voltage. As of that, the microdischarges are rapidly quenched by a
growing counter-field and the resulting attenuation of the electric field limits the over-
all discharge. The electric field strength breaks down to a value lower than needed for
retention of the ionization, but leaves a low ionized plasma channel which favors the
next plasma streamer.
The plasma sources used in this thesis are based on the surface dielectric discharge. All
generations of plasma sources used are based on a two copper electrodes, separated by
a dielectric material. While one of the electrodes is textured (as shown in Figure 3.8) its
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counterpart is a continuous copper plate. The dielectric material used in this thesis was
made out of FR-4 in the original design in 2013. FR-4 is a based on epoxy resin and fiber
glass reinforcement. In 2013, these plasma sources were used to deposit TiOx electron-
extraction interlayers in inverted organic solar cells from titanium isopropoxide and an
Ar/O2 plasma.136 Further designs of plasma sources were based on different ceramic
materials to improve its stability and also the generation of plasma species. Compared
to its design in 2013 (see Figure 3.8), the size of the plasma source (more precisely the
design of the copper electrodes) was enlarged in the second generation in 2014 to en-
able bigger substrates. This plasma source with FR-4 dielectrics was basically used in
the pulsed batch-based APP ALD. In continuous operation those plasma sources break
down thermally due to surface erosion phenomena (triggered by accelerated oxygen
radicals). On account of this, the next generation of DBD plasma sources were fabricated
by thermally stable ceramic plates which were sintered together with the FR-4 dielectric
(Generation 2015). These plasma sources enable the continuous operation in the spatial
ALD setup. Note that the thickness of the outer ceramic layer had a strong influence
on the plasma yield and therefore also on the thin film deposition. Here, a tradeoff be-
tween plasma yield and thermal stability had to be accepted. Since the outer ceramic
could be too thin and (the thermally instable) FR-4 is still used as dielectric, the long-
term stability of those plasma sources could be estimated to two to three months. For
further improvement, full-ceramic plasma sources were sintered in a one-step process,
guaranteeing massive thermal stability with lifetimes beyond one year and a sufficient
plasma yield with a wide range in plasma power (Generation 2016).

3.4.1 Ozone concentration generated by the Ar/O2 plasma

To quantify the number of oxidizing species generated per unit time by the Ar/O2

plasma, the ozone concentration was measured directly behind the plasma inlet. There-
fore an OZONE ANALYZER BMT 964 by BMT MESSTECHNIK GMBH was used, which
was mounted with gas tube to a single plasma inlet. It is important to note that the ab-
solute quantity in ozone concentration is strongly dependent on the distance between
plasma source and measuring sensor, since the maximum lifetime of ozone and other
oxidizing species are limited to a few µm due to a limited lifetime. In addition, all ozone
concentrations were measured in the equilibrium mode (after 20-30 s) and with a plasma
source based on the 2015 generation. Figure 3.9a shows the dependency of the ozone
concentration on the O2 flow through the plasma source.
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Figure 3.9.: Ozone concentration generated by the Ar/O2 plasma in dependency on the O2 flow
through the plasma source (additonal to 1000 sccm argon). The mark represents a
pure O2-plasma (without additional argon purge). Additionally, the supplied voltage
was increased from 60 V to 80 V). All plasmas were ignited with a external supply
voltage with f = 13.4 kHz

The concentration increases rapidly for an O2 flow smaller than 400 sccm at simultane-
ously constant plasma voltage and argon flow. 23 pmm of ozone are generated at an O2

flow through the plasma source of 20 sccm, and up to ozone concentrations of 1120 pmm
at 400 sccm. For higher oxygen flows a plateau of constant concentration forms. It can
be assumed that at this point no more ozone could be generated by the plasma source
due to its finite dimensions. By the operating a pure O2 plasma, the ozone concentra-
tions gets doubled. The ozone concentration generated by this pure oxygen plasma can
be also enhanced by increasing the plasma voltage. As Figure 3.9b reveals, there is an
maximum in the voltage, strongly dependent on the argon-to-oxygen-ratio used to ig-
nite the plasma. While the flow of 20 sccm O2 does not reveal a clear maximum in ozone
concentration, higher oxygen flow rates (60 sccm and 100 sccm in 1000 sccm argon) re-
veal that the ozone yield peaked at voltages of 67 V and 75 V, respectively. As higher
voltages can lead so single local plasma streams with high plasma intensities, the over-
all ozone formation could be lower. In addition, the continuous long-term operation
with higher voltages (60 - 70 V) can not be guaranteed due to the development of heat,
which either leads to thermal instabilities inside the plasma source material (especially
in FR-4 based plasma sources) or the melting of the soldering.
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3.5 Optical Ca test

The optical Ca test is a well-established method for determining the permeation rate of
water (WVTR) through a barrier layer.15, 155, 156 In practice, the optical Ca test is used
to measure ultra-low WVTRs in the range of 10-6 gm-2d-1 due to its higher sensitivity
than commercially available instruments.97 A WVTR of 10-6 gm-2d-1 corresponds to the
diffusion of 5 drops of water per day through an area as big as an american football
field. To detect these small amounts of water, a highly accurate measuring method is
necessary. The measuring principle of the Ca test is based on the degradation of calcium
with water and oxygen, forming calcium oxide or calcium hydroxide. Despite the fact
that the reaction of calcium with water is energetically preferred,157 the reactions can be
described roughly by the following three reaction equations:158

Ca + H2O −−→ CaO + H2 (3.2)

2Ca + O2 −−→ 2CaO (3.3)

CaO + 2 H2O −−→ Ca(OH)2 + H2 (3.4)

The optical Ca test is based on the fact that calcium is opaque as metal while calcium
hydroxide is transparent. Thus, the optical transmission can be used to determine the
amount of oxidized calcium and thus the water permeated through the barrier layer.
Alternatively, the electrical calcium test exploits the fact that with increasing oxidation
(or hydroxylation) the electrical conductivity of calcium decreases.158–161 Further mea-
surement methods are, for example, the Cavity ring-down spectroscopy162 and the laser
absorption spectroscopy. Both techniques are based on the principle that the quantity
of water permeated through the barrier is detectable by laser absorption. Alternatively,
permeated water molecules can also be detected with a mass spectrometer or with elec-
trical sensors made of phosphorus pentoxide (also called the MOCON test163). Nisato
et al. compare the different measurement methods and show the comparability of these
tests, justifying the measuring principle of the optical Ca test.155

In addition, a distinction must be made between an intrinsic and an integral WVTR for all
measurement methods of the water permeation. All measuring techniques mentioned
above, except for the optical calcium test (without gas volume), measure an integral
WVTR. The integral WVTR represents the amount of water permeation through the en-
tire surface of the barrier (for example, a sensor). This measurement area includes macro
defects due to dust particles etc. which, as described in subsection 2.2.1, lead to a sig-
nificantly higher WVTR than the intrinsic WVTR, i.e. the minimum possible WVTR for
this barrier in absence of macro defects.84 The latter can be studied by minimizing the
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measurement area, i.e. the sensor size.

Figure 3.10.: a) Principle of the optical calcium test to determine the WVTR. A CCD kamera
detects the optical transmission of (blue) light through the substrate/calcium/barrier
stack. b) Optical Transmission vs. thickness of the calcium sensor: Ca thickness
could be determined using optical simulation based on a transfer-matrix algorithm
(Setfos). Other approaches are the exponential decay based on Lambert-Beer
(absorption coefficient α = 0.05 by ref.84) or linear approximation.

Figure 3.10 shows the optical Ca test. 50-100 nm thick Ca sensors (2 mm diameter) are
evaporated on a substrate and are encapsulated by the barrier film to be tested. A LED-
Panel serves as a spectral (polychromic) light source with a main peak at 464 nm wave-
lenght. The optical simulation (via transfer-matrix algorithm) for the glass-Ca-Ca(OH)2-
Al2O3 stack was conducted for this wavelength. The barrier film as well as the thickness
of the Ca-Ca(OH)2-stack were simulated to be 100 nm, respectively. The change in the
optical transmission in dependence on the calcium sensor thickness is shown in Fig-
ure 3.10b. In addition, the exponential trend according to the law of Lambert-Beer and
the linear approach was taken into account as an upper and lower limit to approach the
WVTR. The light transmittance through a calcium layer of homogeneous thickness d is
described by the Lambert-Beer law as follows:84

IL = IL,0 · exp(−α · d) (3.5)

Here, IL,0 is the light intensity of the light panel and IL represents the light intensity
passing the barrier layer. Note, that the optical transmission based on Lambert-Beer
(as shown in Figure 3.10) neglects optical reflection. In contrast, the optical simulation
considers optical reflection. A CCD-Kamera serves as a optical detector, measuring the
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incoming light with high spatial resolution. The light intensity is digitally decoded into
a grey value. Here ’0’ represents no incoming light. ’255’ is the maximum intensity.
The change in the grey value is transferred to the according change in transmission ∆T ,
which could be directly assigned to a change in the thickness of the calcium sensor ∆d.
The latter is used to determine the WVTR, via Equation 2.29.
In addition, the WVTR at different storage temperatures can be used to obtain the acti-
vation energy, as already discussed in subsection 2.2.2, and to extrapolate the theoretical
barrier properties at room temperature. In parallel to the different methods of measur-
ing the WVTR, storage conditions as reported in literature differ dramatically. Testing
of barriers at 25◦C / 60% r.H. (room temperature conditions) and 38◦C / 90% r.H. (tropical
conditions) seem to be quite dominant in literature, but even the highly performing gas
diffusion barrier are measured under damp heat conditions (85◦C / 85% r.H.).

Figure 3.11.: Storage conditions for barrier performance tests: a) Climate conditions for barrier
performance tests in literature b,c) Histograms on the frequency of the respective
temperature or relative humidity.

Figure 3.11 depicts the storage conditions for barrier performance tests in literature.
Clearly, there is no common consensus in the field of barrier tests, as emphasized by
Nisato et al.155 Despite the two standards for barrier tests as mentioned above, in this
work, storage conditions of 60◦C and 60% r.H. were chosen. Note that the measuring
signal of the barrier measuring technique correlates strongly with the storage conditions
of the sample. The choice of the storage conditions are a trade-off between sufficient
measuring signal (i.e. sufficient calcium degradation), measuring time and a sufficient
lifetime of the respective calcium sensor. On the one hand, high storage temperatures
can lead to the short-term destruction of the calcium sensors due to the exponential ac-
tivation of permeation, as already discussed in subsection 2.2.1). On the other hand,
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at low storage temperatures permeation is slowed down, leading to minor amounts of
calcium corroding to calcium hydroxide and an (apparent) negligible change in optical
transmission in the optical Ca-test. For a sufficient signal-to-noise ratio, measurement
times could exceed several weeks. To compare barrier quality at different storage con-
ditions, it is necessary to determine the activation energy and to calculate the WVTR at
RT.

3.6 Rutherford Backscattering Spectrometry / Nuclear reaction anal-
ysis

Rutherford Backscattering Spectrometry (RBS) is an non-destructive analysis technique
using the scattering characteristics of high-energy ions to determine the thin film struc-
ture (e.g. the depth distribution) and its composition. Even if its idea goes back to
Ernest Rutherford, who investigated the scattering patterns of 4He+-ions with gold foil
in 1911164(and proved the existence of the proton), its use as analysis tool has been first
reported by Rubin et al. in 1957.165

Figure 3.12.: Basic principles of Rutherford backscattering analysis. The RBS spectra of two
different elements (e.g. Sn and O) are depicted in different depth. The incoming
beam is scattered by different atoms in different depth, leading to different signals
in the energy spectra. Inspired by ref.166
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The heavy ionized particles with short range in solid matter (approximately 100 nm to
several micrometer), typically helium or hydrogen ions, are accelerated towards the
sample. A variety of the nuclear interactions can be used for evaluation of elemental
composition and depth profiling of individual elements. In Figure 3.12 the basic prin-
ciple of RBS as well as a typical spectra is shown. The incoming beam (e.g. 4He+ ions)
is accelerated towards the substrate. While some ions are scattered elastically by sur-
face atoms, others lose energy and are backscattered at various depths. As of that, the
number of backscattered particles as a function their energy is measured revealing the
information on the nature of the various elements present in the target sample and their
depth distribution.166 A narrow shape of the respective peak (e.g. EB in Figure 3.12)
reveals a clear depth distribution, while a wider shaped peak represents the measuring
signal of target atoms in various depths (e.g. in the target film as well as in the substrate).
In practice, the measuring signal for E < EA is reasoned by the scattering of the sub-
strate, e.g. of silicon atoms of a SiO2 substrate.
For RBS the energy of the elastically scattered ion is measured with a detector in a cer-
tain angle, depending on the energy of the incoming beam (E), the mass of the scattered
atom (represented by the atomic numbers Z1 or Z2) and the angle (e.g. θ).167 Taking this
into account, the general cross section for elastic scattering of ions can be calculated as
follows:165, 167

dσ

dΩ =

 Z1Z2e
2

4Esin2(θ2)


2

(3.6)

As of that, the Rutherford scattering cross-section represents the probabilty of a scat-
tering event to occur. Note that this general cross section (and therefore the sensitivity
of RBS) increases with increasing Z1 and Z2 and decreases with the energy E. That is
why, RBS is sensitive for heavy elements, but less sensitive for light elements. For light
elements such as lithium, carbon, nitrogen or oxygen NRA (nuclear reaction analysis)
provides an opportunity. Commonly the target is irradiated with a deuteron beam (D-
NRA) to induce nuclear reactions. These nuclear reactions generate alpha- and gamma
radiation, which can be measured. Depending on the respective nuclear reaction, this
radiation has a sharp energy peak, following the cross section for the non-elastic scatter-
ing. Analogous to RBS, the energies of detected particles are characteristic of the target
element specific nuclear reaction and therefore of the element in the sample.
For the measurements in this work, Rutherford backscattering (RBS) and nuclear re-
action analysis (NRA) were performed at a 4 MV tandem accelerator of the RUBION
facility at University of Bochum (Germany). For RBS a 2 MeV 4He+ ion beam in com-
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bination with a silicon surface barrier detector at an angle of 160◦ was used. The beam
current was set to 20-40 nA. For a higher sensitivity (as mentioned above) to atoms with
low atomic numbers, i.e. C, N and O, the complementary NRA measurements were
performed with (a lower energy) 1 MeV 2H+ beam with a beam current of 40-80 nA.
A silicon surface barrier detector was placed at an angle of 135◦. An additional 6 mi-
crometer thin (nickel) foil was placed right in front of the detector to eliminate scattered
(undesired) particles.
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Al2O3-based gas diffusion barriers

by atmospheric pressure ALD

In this chapter, the growth of Al2O3 thin films as transparent gas diffusion barriers at at-
mospheric pressure is investigated. Therefore, the metal oxide layers were deposited in
a home-built batch based plasma enhanced ALD system. Moreover, barrier films were
deposited in a spatial ALD with different oxidants (plasma, ozone, water). All Al2O3

films were fabricated with TMA as metal precursor. The respective ALD reactions are
already described in subsection 2.1.1. The resulting Al2O3 films show ultralow WVTRs
on the order of 10-6 gm-2d-1 comparable to those prepared by conventional vacuum
based ALD.

4.1 Batch-based plasma ALD at atmospheric pressure

In the following, the Al2O3 growth in the batch-based APP ALD reactor at a substrate
temperature of 80◦C will be discussed. The setup as well as the typical pulse sequence
and the gas flows are described in section 3.2. Trimethylaluminium (TMA) was chosen
as the metal precursor. As co-reactant, an Ar/O2 plasma was used for all processes.
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Unless otherwise noted, the Al2O3 growth is analyzed in a remote, downstream position
of the substrate.

4.1.1 Direct and remote position

First experiments in the batch-based ALD system reveal two different regimes of thin
film deposition, depicted in Figure 4.1a and Figure 4.1b. Here, 400 cycles of an alternat-

Figure 4.1.: Direct and remote position in the batch-based APP ALD reactor: (a) Distribution
of the film growth is measured on silicon substrate. (b) 400 cycles of TMA/plasma
reveal a homogeneous downstream film growth, the so-called remote position (in
y-direction) starts at 75 mm. Picture of the enlighted plasma source from top (c)
as well as from underneath (d).

ing TMA/purge/Ar/O2-plasma/purge-sequence were performed on silicon substrates,
revealing inhomogeneous growth in the regime located directly underneath the plasma
source at the gas inlet of the reactor. This regime with a high GPC is strongly affected by
the electrode structure of the plasma source, basically the outer edges of the copper elec-
trode. In Figure 4.1c and Figure 4.1d the light emission of the plasma is shown. These
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pictures reveal that the strongest plasma luminescence is found at these outer edges
of the structure. Due to the inhomogeneous high field strengths of the surface dielec-
tric barrier discharge, nonuniform film growth (comparable to CVD kind of growth) is
observed in the direct position. Here, CVD growth defines not self saturated growth,
which has to be clearly distinguish from ALD kind of growth. It can be assumed that
the plasma and the resulting high temperatures lead to decomposition of the precursor
species and to an additional CVD reaction inside the gas phase, comparable to the criti-
cal high temperature regime in the ALD window compare Figure 2.4. In addition to this
inhomogeneous film growth, occasional arcing from the plasma source to the samples
is observed. For ITO coated PET substrates, the latter even leads to the destruction of
the substrates. In the (70 × 70 mm2 wide) remote position, (roughly 75 mm away from
the gas inlet) homogeneous film growth is observed with a GPC between 0.16 nm and
0.18 nm. In addition, slightly higher GPCs are observed near the border of the reac-
tor, probably due to not ideal fluid dynamics inside the reactor. Additionally, colder
reactor walls also could lead to higher GPCs, as growth of metal oxides has a strong
temperature dependency. For most metal oxides (like Al2O3, TiO2 or SnOx) film growth
per cycle is increasing with towards lower deposition temperatures (in this temperature
regime). Due to the inhomogeneity and the destruction of the foil substrates in the di-
rect position, all following experiments in the batch-based ALD setup are carried out in
the remote position.

4.1.2 ALD film growth

To verify the ALD characteristics of the thin film growth, it is required to depict the self-
limitation of the precursor adsorption resulting in a saturated GPC. The self-limitation
of the ALD process is verified by varying the precursor doses, i.e. the pulse length of
TMA and the plasma sequence. Saturation is reached when increasing the amount of
precursor does no longer lead to higher FPC. The results of the corresponding study are
shown in Figure 4.2. The error bars result from the standard deviation of more than three
measurements. The dotted lines are fits to the data, expressing a Langmuir-isotherme
behavior for the coverage of the sorption sites, as already discussed in subsection 2.1.1.
Here, the precursor partial pressure p is substituted with the precursor dose time. The
surface coverage in the langmuir-isotherm model is expressed by the GPC. To distin-
guish between the unsaturated and the saturated part in the chemical reaction, the fol-
lowing experiments are carried out with one precursor in saturated dose, respectively.
For the variation in the amount of TMA a plasma time of 10 s is chosen (with 150 ALD
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cycles). For the variation in plasma time a TMA pulse length of 2 s is chosen (with 150
ALD cycles). Under these saturated conditions, a GPC of (0.18 ± 0.02) nm on silicon is
observed.

Figure 4.2.: Self-limitation of Al2O3 in the batch-based APP ALD: GPC vs. TMA pulse time (a)
and plasma pulse time (b). All films were deposited at 80◦C substrate temperature.
Based on ref.1

The effect of parasitic CVD due to residual moisture in the reactor has been determined
by a reference run without plasma, leading to a GPC of less than 0.03 nm/cycle. Obvi-
ously, saturation is reached after enhancing the TMA pulse times to more than 2 s and
the plasma time to more than 7 s. Note that extending the purge time from 15 to 90
s does not change the GPC (see Figure 4.3b). The observed GPC values are roughly
the same as those reported for low-pressure plasma enhanced ALD of Al2O3 at low
temperatures (0.18 nm at 70◦C,168 0.178 nm at 25◦C24 and 0.16 nm at 50◦C56). The GPC
values reported for plasma-based ALD are generally higher than the GPC values of ther-
mal ALD with TMA/water at comparable temperatures, which is around 0.12nm (our
own measurements at 80◦C and Groner et al.163, 169). Aside from a potentially lower
mass density, other explanations for this phenomenon have been presented by Heil et
al.168 Surface reactions of the plasma with the methyl groups of the adsorbed TMA
on the substrate surface could lead to secondary thermal reactions of TMA with H2O
molecules. Additionally, it is reported that the plasma can create a larger number of
active surface sites for TMA adsorption than the thermal oxidation by water at the same
temperature.168 This underlines the general argument of a not fully saturated oxidation
by using H2O as oxidant at low temperature (80◦C). For atmospheric pressure thermal
ALD from TMA/water a GPC of 0.20 nm at 100◦C has been reported.134 The higher
GPC for atmospheric pressure thermal ALD compared to low pressure thermal ALD
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4.1. Batch-based plasma ALD at atmospheric pressure

has been explained by an excess of adsorbed water, leading to an additional CVD type
of growth. For spatial ALD of TMA/water at atmospheric pressure, GPC values roughly
between 0.1 and 0.2 nm have been reported depending strongly on water partial pres-
sure, substrate temperature, and substrate speed, where the latter is corresponding to
the precursor exposure times21.170

Taking a 2/15/5/10/15 s ALD sequence into account (compare Figure 3.2), this growth
results in 0.2 nm/min, obviously strongly dependent on the choice of purge time which
is of crucial importance for ALD processes at atmospheric pressure.135 Compared to a
typical 0.3/10/2/10 s sequence in a TMA/plasma-based process in a commercial setup
at 1 mbar process pressure, which lead to approximately 0.5 nm/min, the batch based
atmospheric pressure process needs twice as long as the low pressure analogue. In
principle, those cycle times, especially the purge times, are strongly dependent on the
reactor volume and the dose of metal precursor (i.e. TMA). An increase in the dose of
metal precursor would require higher purge times.

Figure 4.3.: a) Linearity of ALD growth of Al2O3 in the batch-based APP ALD on silicon and
(pre-heated) flexible ITO coated PET substrate. All films were deposited at 80◦C
in remote position. b) GPC vs. ALD purge time (measured on silicon). Based on
ref.1

In addition to the precursor saturation, a linear film growth can be observed with a
growth per cycle (GPC) of (0.19±0.02) nm on silicon and (0.18±0.02) nm on the PET-ITO
foil (130 nm ITO on 125µm thick PET), see Figure 4.3a. No significant difference con-
cerning the growth behavior could be observed for the different substrates. Especially,
no delay in film growth is observed on the foil substrate due to its ITO top-coating. In
general, the growth behavior of ALD on polymers is strongly depend on the precur-
sor being used as well as the detailed process conditions, observing either clean surface
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growth or substantial sub-surface diffusion of the precursor molecules inside the poly-
mer surface.171 Note that all polymer substrates used in this work are pre-baked before
the deposition process in an oven at 80◦C for at least 12 h to reduce the amount of resid-
ual water in the foils. For all shown deposition processes, both precursors doses are set
to the respective saturation regime (tT MA = 2 s, tP lasma = 10 s).

4.1.3 Barrier properties

Barrier properties of the Al2O3 thin films are investigated via the optical Ca test, in-
troduced in section 3.5. The encapsulation of the evaporated calcium sensors require
continuous inert gas atmosphere due to the oxidation of the Ca in presence of water
(and oxygen). This inert atmosphere could not be guaranteed after the deposition in
the batch-based ALD system as the system is not placed inside a glove box. This is
why an inverse optical Ca test is performed. Therefore, Al2O3 is deposited on a highly
water-diffusive substrate like PET-ITO foil in a first step.

Figure 4.4.: Stack used for optical Ca test of Al2O3 deposited via batch-based APP-ALD. The
top encapsulation is based on an low pressure ALD Al2O3/TiO2 nanolaminate (a),
exemplary picture of the Ca-sensors directly after depositon as well as after seven
days at enhanced climate conditions (50◦C/60% rH) (b).
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4.1. Batch-based plasma ALD at atmospheric pressure

Afterwards, calcium is evaporated and transferred in inert atmospheric conditions to
the low-pressure ALD which is equipped with a load lock, enabling the encapsulation
with a top encapsulation layer directly on the calcium sensors. For the top encapsula-
tion layer it has to be assumed that it functions as ’perfect’ barrier with a permeation rate
substantially smaller than that of the layer under investigation. Actually, barriers simi-
lar to those used as of the top-encapsulation have shown a WVTR orders of magnitude
lower than the WVTR expected for the investigated thin film e.g. 5 × 10-7 gm-2d-1 even
under damp heat conditions (70◦C/70% rH).172–174 On the other hand, the WVTR of the
PET foil is almost negligible if the WTVR is significantly higher than those of the investi-
gated barrier film (in the orders of magnitude). PET shows a WVTR of 2× 10-1 gm-2d-1,
the ITO coated PET (as used typically in this work) a WVTR of 4 × 10-2 gm-2d-1 as well
as the PEN a WVTR of 6 × 10-2 gm-2d-1 at RT. The actual WVTR of the Al2O3 could be
calculated using the Equation 2.30. The overall deposition sequence, necessary for the
inverse optical Ca test is shown in Figure 4.4a. PET-ITO foil is used as substrate. 100 nm
of Al2O3 were deposited via APP-ALD. Calcium sensors (typically 15x15) are evapo-
rated (see Figure 4.4b) and encapsulated with a low-pressure ALD based Al2O3/TiO2

nanolaminate without exposure to ambient air. Figure 4.5a shows the optical transmis-
sion of a (representative) array of calcium sensors depending on the storage time (stored
at 50◦C and 60% rH). The optical transmission rises from 14.1% up to 14.8% in the first
150 hours. This change in optical transmission corresponds to a decrease in calcium
thickness from 58.1 to 57.2 nm. Thus, 0.9 nm of the calcium layer is corroded to calcium
hydroxide due to the water vapor transfer through the thin film. From this data, the
WVTR can be calculated to 1.9 × 10-4 gm-2d-1 (at 50◦C/60% rH). Since the water per-
meation is a thermally activated process (activation energy EA = 58 kJ/mole15689), the
corresponding WVTR at room temperature can be estimated to 3.1 × 10-5 gm-2d-1.

Figure 4.5d reveals that the WVTR is roughly constant for the deposited Al2O3 layers
with a thickness in the range of 30–100 nm. The average WVTR is 5 × 10-5 gm-2d-1.
These values for the WVTR are typically averaged for five calcium sensors and could
be understood as a representative intrinsic WVTR. As some sensors degrade already
within the first few hours, the overall (integral) WVTR is higher, but also strongly de-
pendent on the fabrication process and the presence of dust particles. The (inverse)
optical Ca tests on polymer substrates show remarkable more statistical sensor failure,
than those performed on rigid glass substrates. However, for comparison, 100 nm Al2O3

deposited at 80◦C by thermal (low pressure) ALD show a WVTR of 1.1 × 10-5 gm-2d-1.
Carcia et al. reported 6 × 10-6 gm-2d-1 for 25 nm thick films deposited by low pressure
thermal ALD at 125◦C.156 On the other hand, a WVTR of 5× 10-3 gm-2d-1 is reported for
20 nm thick films deposited by low pressure plasma ALD at room temperature.175 The
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Figure 4.5.: Optical Ca test of Al2O3 deposited via batch-based APP-ALD: a) Linear approx-
imation of the optical transmission (λ = 464nm) through a 100nm Al2O3 film as
a function of time (stored in a climate cabinet at 50◦C/60% relative humidity). b)
Dependence of the WVTR on the Al2O3 layer thickness. The WVTR values were
extrapolated to RT conditions as described above. The mean WVTR (represented
by the black line) is 5 × 10-5 gm-2d-1(d). Based on ref.1

somewhat higher WVTR for thin films deposited at atmospheric pressure (plasma en-
hanced) and low pressure ALD could be explained by different film properties, shown
in Table 4.1.

Table 4.1.: Film properties of APP ALD and low pressure thermal ALD: GPC, refractive index
n (at 632 nm), density (measurend by XRR) and WVTR

100 nm Al2O3 APP ALD LP ALD

GPC (nm) 0.18 0.12
n 1.56 1.61
density (ρcm-3) 2.3 2.6

WVTR (gm-2d-1) 4.1 × 10-4 1.0 × 10-4

(at 60◦C/60% rH)

WVTR (gm-2d-1) 4.2 × 10-5 1.1 × 10-5

extrapolated to RT

The refractive index n, which for otherwise similar materials is known to be indicative
for the mass density, has been measured for Al2O3 layers with a thickness of 100 nm.
APP ALD-based Al2O3 shows a refractive index (n=1.56) lower than that of the low
pressure analogues, but slightly higher than those reported by Poodt et al. for Al2O3

layers deposited by thermal ALD at atmospheric pressures.176 Low pressure ALD leads
to refractive indices of n = 1.61, which is an agreement with literature177.178 The dif-
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4.1. Batch-based plasma ALD at atmospheric pressure

ference in film density can be confirmed by XRR. Here, APP ALD-based Al2O3 has a
density of 2.3 gcm-3 whereas the low pressure analogues films show film densities of
2.6 gcm-3. On the grounds of that, the WVTR varies between the low pressure thermal
and the atmospheric pressure plasma-based Al2O3 thin films.

4.1.4 Optical and mechanical properties

As long as the Al2O3 barrier is not directly deposited on an opaque electrode of the
organic or perovskite solar cells, it has to show high optical transmission. In addition,
roll-to-roll production as well as the demand for flexible devices require a high mechan-
ical flexibility.

Figure 4.6.: Mechanical properties of Al2O3-based on Batch APP ALD: a) Optical Ca-test under
mechanical stress. A 70 nm thick Al2O3 encapsulation (stored at 50◦C/60% rH)
were bended with a bending radius of 5 cm and 2 cm, respectively. b) Cracking of
Al2O3 on PET-ITO substrate at different mechanical stress investigated by optical
microscopy. c) Optical properties (absorption, transmission, reflection) of 100 nm
thick Al2O3 on PET-ITO substrate.
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Therefore, the optical Ca-test were performed under mechanical stress at moderate
bending radii, shown in Figure 4.6a. Obviously, the slope in the optical transmission
vs. time stays unchanged even under higher mechanical stress, linked with a constant
WVTR of 9 × 10-4 gm-2d-1 at (stored at 50◦C/60% rH). Therefore, the intrinsic barrier
properties remain unchanged. The crack formation is examined in Figure 4.6b. No crack
formation could be observed for bending radii larger than 10 mm. Cracks starts to form
at 5 mm bending radius, corresponding to a mechanical strain ε = 1.2%. At this point, it
can be assumed that the barrier properties will be severely deteriorated. Note that the
crack formation could not be unambiguously attributed to the Al2O3 layer because of
crack formation in the ITO layers at increasing strain levels, respectively. Here, fluores-
cent tags are needed to visualize defects in Al2O3 thin films.179

Nevertheless, these findings are in good agreement with the mechanical properties of
other metal-oxide thin films for which critical strain levels for the onset of crack forma-
tion in the order of 1.3% have been reported.180, 181 In addition, optical properties of
50 nm and 100 nm thick Al2O3 coated PET-ITO is investigated and shown Figure 4.6c.
The combined Al2O3/PET-ITO stack show an optical transmission above 80% in the vis-
ible spectral region and low absorption below 10%. A slight Fabry-Perot effect could be
observed for wavelengths larger than 450 nm.
All in all, mechanical and optical properties verify batch-based APP ALD Al2O3 to be
the use for high performance barrier layers in flexible electrical devices.
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4.2 Spatial atmospheric pressure ALD

In section 4.1, plasma enhanced atomic layer deposition at atmospheric pressure has
been presented in a batch-based APP ALD system. With the experience from atmo-
spheric DBD plasmas taken from the batch APP ALD system, the concept is transfered
to a spatial ALD setup. Here again, the self-limiting ALD growth of the process has to
be provided. The resulting film quality of the deposited thin films (in terms of density,
barrier properties etc.) only could be accomplished by the self-limiting surface reactions
as basis for the ALD process. In addition, the spatial separation of precursors has to be
ascertained to avoid uncontrolled CVD.
In this chapter, all barrier thin films were deposited by trimethyaluminium and an
Ar/O2 plasma, water or ozone as oxidant, respectively. First, the influence of the pre-
cursor flows and the process temperature on the film growth is studied. Furthermore,
film properties as WVTR or density are assessed. The discussion of substrate speed is
excluded and is given seperate attention chapter 6. All samples are grown with a with
a substrate speed v = 17 mm/s, which guaranties saturated growth with the respective
gas flows.

4.2.1 ALD film growth

The saturation of the GPC of the ALD process is shown in Figure 4.7 for TMA/plasma
and TMA/H2O processes. Therefore, the amount of the carrier gas through one of the
ALD precursor bubblers was varied while the flow of its counterpart is kept constant.
The deposition temperature was set to 75◦C. The amount of precursor is controlled by
the amount of N2 flowing through the respective precursor bubbler. The dose of oxi-
dizing species generated by the Ar/O2 plasma is represented by the amount of O2 flow
through the plasma source. The suitability of this kind of assumption is discussed in
more detail in subsection 3.4.1. The saturation in the GPC could be found with a N2

flow bigger than 5 sccm through the TMA bubbler and 10 sccm O2 flow through the
plasma source (in 2000 sccm argon). The GPC saturates at (0.16±0.02) nm. In both ex-
periments the respective other precursor was chosen in an over-saturated level, so that
the lower GPC in the none-saturated regime can clearly be attributed to the respective
precursor under study.
In contrast to the plasma-based analogues water-based processes do not show satura-
tion at 75◦C deposition temperature. Here, increasing the amount of N2 flow through
the water bubbler lead to a linear increase in GPC. Saturation could be observed for
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water-based processes deposited at a temperature above 100◦C with a saturated GPC
of (0.12 ± 0.02) nm. Note, the saturation in GPC in Figure 4.7c is achieved by choosing
4 sccm N2 through the water bubbler. The not self-limiting growth in Figure 4.7d can
be explained by multilayer adsorption of water at the surface of the substrate due to
its high sticking coefficient at low temperatures53.150 This water adsorption contradicts
the ALD characteristics in the respective process. Generally speaking, the observed val-
ues for the GPC are comparable to those of Al2O3 films grown by atmospheric pressure
batch ALD (GPC = 0.18 nm, see section 4.1) and to those grown by low-pressure plasma
ALD (GPC = 0.16 nm at 70◦C,182 0.17 nm at 25◦C62).

Figure 4.7.: Saturation of spatial ALD of TMA/plasma (a,b) and TMA/H2O (c,d) processes und
at 75◦C und 100◦C deposition temperature. O2 was chosen as dimension repre-
senting the amount of oxidizing species generated by the plasma. All processes
were deposited at a substrate speed of v = 17 mm/s. Based on ref.2

With saturated precursors flows, the distribution of the film growth within the spatial
ALD reactor could be estimated. Therefore, a TMA/plasma process is performed at

60



4.2. Spatial atmospheric pressure ALD

75◦C on a 70×70 mm2 glas substrate. Figure 4.8 shows the distribution of the Al2O3 film
thickness. Here, the x-direction represents the direction of movement. The average GPC
can be estimated to (0.16±0.01) nm.

Figure 4.8.: Distribution of the Al2O3 film thickness in the 70×70 mm2 substrate inlet spatial
ALD. Depicted is a TMA/plasma process deposited at 75◦C at a substrate speed
of v = 17 mm/s on glas.

Actually, the root mean square deviation is smaller than 0.01 nm. Indeed, a slight de-
crease in film thickness could be observed in x-direction, but the deviation still fall be-
low the error of measurement in a mechanical profilometer. Higher GPCs also could
be explained by the proximity to waiter-containing environment of the glovebox since
the substrate inlet gets close to left edge of the ALD head in the right-to-left movement
in the ALD cycle. Here, experiments have shown that the glove box atmosphere even
with a water content of less than 1 ppm provides enough residual water to lead to full
surface coverage in an (secondary) parasitic TMA/H2O reaction, shown in Figure 4.9.
Here the regime of substrate movement is chosen to be between the TMA inlet and the
glove box environment, schematically depicted in Figure 4.9b. Thus a TMA/water re-
action takes place when the substrate is leaving the inner part of the ALD head. Note,
this is not a fundamental limitation of spatial ALD, but it rather is a specific limitation of
the spatial ALD system used in this work, that needs to be taken into account. Assum-
ing an Al2O3 density of 2.6 gcm−3 (see Table 4.2) and a cubic volume, there is 140 ng in
one cubicnanometer of Al2O3. Taken the reaction equation for 1 mol Al2O3 (72 g TMA
+ 54 g H2O = 102 g Al2O3), it could be assumed that 0.7 g is necessary to deposit one
nanometer of Al2O3 on a area of 1 cm3. This corresponds to 3.9 nmol and 87 nl H2O,
considering the ideal gas volume (1 mol = 22.4 l). These values can be present in the gas
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Figure 4.9.: Secondary (parasitic) TMA/H2O reaction caused by the glove box atmosphere:
Depicted is the (linear) dependency of ALD cycles and Al2O3 film thickness. The
process is operated with TMA and a extended substrate regime, moving the sub-
strate (speed v= 17 mm/s) between TMA and the glove box environment. The
water-containing atmoshphere lead to a H2O caused oxidation step of the TMA
saturated surface.

volume above the substrate table even if the water concentration is below 1 ppm, which
is the lower detection limit of the water sensor, monitoring the environment of the glove
box. Therefore, the contact between the glove box environment and the substrate has to
be ruled out to avoid this (secondary) parasitic TMA/H2O reaction. Due to this, in all
further investigation the substrate movement was limited to the region underneath the
substrate head. To this end the bottom side of the ALD head has been redesigned and
the left/right side of the head has been extended appropriately.

The linearity of the ALD process as well as its dependency on temperature is shown in
Figure 4.10. The plasma-based process shows a linear increase of the film thickness vs.
number of cycles with a constant GPC of (0.17±0.02) nm at 75◦C deposition tempera-
ture. For water-based processes a similar dependence could be found with the choice
of 4 sccm N2 through the water bubbler. In addition, temperature dependence is shown
in Figure 4.10b. Here, it could be shown that the higher the deposition temperature, the
lower the (saturated) GPC. At 150◦C substrate temperature the film growth saturates at
a GPC of (0.11±0.02) nm. A similar trend could be observed for the low pressure plasma
(batch-based) ALD process. Here, the GPC decreases from 0.18 nm at 75◦C to 0.10 nm at
150◦C. The general decrease of the GPC towards higher depositon temperatures can be
explained by the increase in film density with higher deposition temperature. The den-
sity of APP ALD-based Al2O3 increase from 2.5 gcm−3 at 75◦C to 2.8 gcm−3 at 150◦C. In
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Figure 4.10.: Al2O3 growth in the spatial AP-ALD: Linearity of the film thickness in dependency
of the numbers of cycles for plasma (v = 17 mm/s) and water-based (v = 34 mm/s,
N2(H2O) = 4 sccm) processes (a) and the temperature dependency of the TMA/-
plasma process, also compared to the low pressure ALD process (LP)(b). Based
on ref.2

the same manner, the amount amount of impurities as carbon decrease towards higher
deposition temperatures, as also reported for low pressure processes.62 Both phenom-
ena also could be seen in Table 4.2 and are discussed in more detail in the following
paragraph.

4.2.2 Barrier properties

In Figure 4.11 Al2O3 barrier properties are presented. Figure 4.11a and Figure 4.11b
shows the optical transmission and the WVTR vs. storage temperature of 100 nm Al2O3

deposited in a TMA/plasma process at 75◦C deposition temperature. The relative hu-
midity was kept constant at 60%r.H. during the experiment. The time-dependent op-
tical transmission reveals that enhancing the storage temperature leads to an elevated
diffusion of water molecules, resulting in an increase of the reaction speed of calcium to
calcium hydroxide and therefore to an increase change in optical transmission as already
discussed in subsection 2.2.2. Nevertheless, at 60◦C/60% rH, a WVTR of
7 × 10-4 gm-2d-1 is determined. By re-plotting the resulting WVTR in dependency on
the storage temperature, the exponential (Arrhenius) behaviour becomes obvious (rep-
resented by the linear increase on the logarithmic scale). From the data shown in Fig-
ure 4.11b an activation energy EA = (62 ± 10) kJ/mol could be derived.
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Figure 4.11.: Barrier properties of plasma-based Al2O3 deposited via SALD (grown at 75◦C
deposition temperature): a) Optical transmission vs. time. b) WVTR of in de-
pendency of its storage conditions. WVTR (c) and film density as well as the
concentration of carbon impurities (d) vs. ALD deposition temperature. Based on
ref.2

Similiar values are found for the water-based analogues, which are on the same order as
typically reported for alumina barrier layers deposited by low pressure ALD.14, 156 Since
there is strong correlation of WVTR and layer density,53 the WVTR was measured for
layers grown at different substrate temperatures in a water- and plasma-based process
(see Figure 4.11c). The WVTR is dominated by the intrinsic diffusion of water molecules
through the material and the diffusion via defect states or impurities.
Table 4.2 summarizes the film properties for plasma- and water-based Al2O3. With in-
creasing the deposition temperature film density and refractive index increase from n =
1.56-1.57 (75◦C) to 1.64 (150◦C), for both oxidants used. In the temperature regime APP
ALD-based Al2O3 show densities between 2.5 - 2.8 gcm-3. Note that the mass density of
pure sapphire is reported to be 3.9 gcm-3.183 The increase of the mass density towards
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higher deposition temperatures could also be found for low pressure analogues (2.7 -
3.1 gcm-3 between RT and 200◦C184, 185). In the same way, a similar amount of carbon
impurities could be found in Al2O3 based on APP ALD and low pressure processes (e.g.
[C] 1-6%184).

Table 4.2.: Film properties of Al2O3 deposited via spatial AP ALD: Oxygen-to-aluminium-ratio,
carbon impurities, film density ρ (all measured by RBS), refractive index n (at
632 nm) and WVTR (measured at 60◦C/60%r.H.)

T (◦C) [O]/[Al] [C] (%) n ρ (gcm-3)) WVTR (gm-2d-1)

Ar/O2-Plasma 75 1.4 8 1.57 2.5 ± 0.3 7 × 10-4

100 1.7 7 1.58 2.6 ± 0.3 2 × 10-4

150 1.6 4 1.64 2.8 ± 0.3 5 × 10-5

H2O 75 1.5 1 1.56 2.5 ± 0.3 6 × 10-3

150 1.6 1 1.64 2.9 ± 0.3 8 × 10-5

The stochiometry of [O]/[Al] indentifies the deposited aluminium oxide as Al2O3, with
slighly higher amount of oxygen at higher deposition temperatures. Concluding all film
properties, a strong correlation between the WVTR and the intrinsic density as well as
the concentration of carbon impurities can be found. Due to carbonates and -HCOO
groups along with the -OH groups as dominating reactive surface species in plasma-
based ALD processes,182, 186 there is still 4% of carbon in the Al2O3 thin films even at 150
°C deposition temperature. Even with this amount of carbon and a density of 2.8 gcm−3

for plasma-based Al2O3 a WVTR of 5 × 10-5 gm-2d-1 could be observed at 60◦C and
60% r.H. Similar WVTR could be found for the water-based analogues at high depo-
sition temperature (8 × 10-5 gm-2d-1 at 150◦). As the H2O + TMA process is based on
-OH surface groups this process is known to lead to almost carbon-free alumina films
(1%),186, 187 indicating that the amount of carbon impurities has negligible influence on
the barrier properties of those films. Low temperature water-based Al2O3 only show
6 × 10-3 gm-2d-1. This can be explained by the fact that the water-based TMA process at
75◦C did not fulfill ALD characteristics. Even when the density in water-based alumina
films is similar to their plasma equivalents (compare Table 4.2), it could be assumed that
not-saturated film growth results in the formation of a increasing number of diffusion
paths.
These values measured for spatial ALD based Al2O3 are comparable to those, deposited
in the batch ALD system as discussed in section 4.1 as well as to those, reported in
literature.175 Using the activation energy of EA = (62 ± 10) kJ/mol (as determined
above), the WVTR for plasma-based high temperature Al2O3 could be calculated to be
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4× 10-6 gm-2d-1 at room temperature. Furthermore, spatial ALD based Al2O3 is used in
polymer/metal oxide multilayer encapsulations, heavily improving the integral WVTR,
see section A.2.

Summary: In this chapter, batch-based and spatial plasma ALD of Al2O3 thin
films at atmospheric pressure is achieved, leading to gas diffusion barriers with
WVTRs in the range of 10-5-10-6 gm-2d-1 similar to layers deposited by vac-
uum based ALD. In addition, the high sticking coefficient of water as oxidant in
atmospheric pressure low temperature ALD processes could be highlighted. In
sharp contrast, plasma as oxidant enables the continuous deposition of GBDs at
atmospheric pressure and low temperatures
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by spatial atmospheric pressure ALD

In general, SnOx thin films could be deposited using different systems of precursors.
Most common Sn-precursors are tin chloride (SnCl4)188189 or tin iodide (SnI4),190 but
also Tetrakis(dimethylamino)tin (TDMASn), Acetylacetonate tin (Sn(acac)2) or Dibutyl-
tindiacetate (DBTA) are frequently used to deposited tin oxide191 via ALD. In this work,
tin oxide thin films were fabricated using Tetrakis(dimethylamino)tin (99.99%, Strem
Chemicals) and different oxidants (water, Ar/O2 plasma and ozone). In the Tetrakis-
(dimethylamino)tin molecule the central tin atom is coordinated by four dimethylamine
groups.
In this chapter, the growth of tin oxide as transparent electrically conductive gas dif-
fusion barrier is investigated and the resulting film properties are compared to those of
low-pressure ALD based SnOx. The dependence of GPC and layer properties on growth
temperature are analyzed. Afterwards the electrical conductivity as well as its barrier
properties are presented in more detail. Finally, its use in perovskite solar cells as con-
ductive gas diffusion barrier is demonstrated. Once again, it has to be mentioned, that
the discussion on substrate speed is excluded and presented individually in chapter 6.
Unless otherwise stated, all SnOx thin films presented in this chapter were grown with
a with a moderate substrate speed v = 20 mm/s.
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5.1 SnOx growth

In order to confirm ALD growth, the self-limiting nature of the process has to be ver-
ified. Figure 5.1 shows the saturation of each precursor for different TDMASn ALD
processes. The TDMASn precursor was kept in a precursor bubbler in the glove box
without external heating. Note that precursor temperature is influenced by the ambient
conditions e.g. the glove box temperature which is strongly dependent on the heat loss
of the ALD system (at higher deposition temperatures). The bubbler temperature could
be estimated between 25◦C and 40◦C.
Figure 5.1a and Figure 5.1b demonstrate the plasma-based process, while Figure 5.1c
and Figure 5.1d depict the water-based and the ozone-based ALD saturation behavior
for 100◦C and 150◦C deposition temperature, respectively.

Figure 5.1.: Saturation behaviour of the TDMASn-based ALD processes for different oxidants:
Plasma (a,b), H2O (c) and ozone (d) at 100◦C and 150◦C deposition temperature.
Plasma and ozone dose are represented by the amount of O2 used in the process.
The respective other precursor is chosen in its saturation regime. Based on ref.3
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Self-limiting characteristics for all oxidants are found for both 100◦C and 150◦C depo-
sition temperature. In the plasma- and ozone-based process an average GPC of (0.15
± 0.02) nm at 100◦C and (0.11 ± 0.02) nm at 150◦C could be found. Here, a flow of
150 sccm of N2 through the TDMASn bubbler provides full surface coverage leading to
a saturated GPC. On the other hand, a flow of 20 sccm of O2 in the Ar plasma is sufficient
for the saturated GPC. Note that the amount of ozone generated in Figure 5.1d relates to
an ozone concentration between 102-103 ppm. For more details on the generated ozone
concentration see subsection 3.4.1.
Water-based ALD shows similar GPC at 100◦C, but lower GPC at 150◦C (0.07± 0.02) nm.
As already seen for Al2O3 thin films, even a tiny flow of N2 through the water bubbler is
already sufficient to afford full surface coverage (5 sccm of N2 for both deposition tem-
peratures). The substantially smaller GPC of the water-based process at higher deposi-
tion temperature can be attributed to the lower reactivity of H2O compared to oxidants
like ozone etc. at higher temperatures, already reported in literature.51, 192 For example,
a GPC of 0.06 nm at 175◦C is reported for TDMASn/water ALD.193 In addition higher
GPCs of tin oxide for H2O2 as oxidant are demonstrated, attributed to e.g. a higher
concentration of surface hydroxyl groups for H2O2 as oxidant.193

Figure 5.2.: Dependency on ALD cylces (a) and deposition temperature (b) of TDMASn-based
S-ALD processes for plasma, H2O and ozone as oxidants (at v = 20mm/s).Based
on ref.3

In general, the observed GPCs for plasma-, ozone- and water-based processes are in the
same range as those reported for low pressure ALD, e.g. for low-pressure plasma based
ALD SnOx at 100◦C (GPC = 0.17 nm194) and for ozone-based SnOx at 150◦C (GPC =
0.08 nm195). As already seen for the TMA/water process at atmospheric pressure, there
is also a difference in GPC for the water-based process e.g. for 80◦C a GPC 0.15 nm at
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atmoshperic pressure vs. 0.11 nm at low-pressure (approx. 1 mbar). The higher GPCs
of atmospheric pressure ALD at low temperature vs. classical vacuum based ALD have
been found before for other precursor systems, e.g. Al2O3

134 (see section 4.11 and sec-
tion 4.22). The phenomenon of higher GPCs has been attributed, on the one hand, to
a lower mass density of metal oxides deposited at atmospheric pressure ALD and, on
the other hand, to the excess of adsorbed water, leading to an additional CVD type of
growth.134 Linear dependency of SnOx film thickness on the number of ALD cycles is
demonstrated in Figure 5.2a with the GPC values already mentioned above for plasma,
ozone and water as precursor. Linked with the saturation shown above, all ALD charac-
teristics for the TMDASn precursor system are given. The temperature dependency of
the GPC is shown in Figure 5.2b. In general, a linear decrease in GPC could be observed
for all oxidants used in the temperature regime between 80◦C and 150◦C deposition
temperature. Nevertheless, while plasma- and ozone-based SnOx have similiar GPCs at
all investigated temperatures, water-based GPC dramatically decrease towards higher
deposition temperature due to the reasons already mentioned above. This difference
in growth behavior also has huge effects on its thin film properties, addressed in the
following paragraph.

5.2 SnOx film properties

Tin oxide deposited by S-ALD at atmospheric pressure shows remarkably similar film
properties as its low-pressure analogues. Here, tin oxide from TDMASn and water at
80◦C deposition temperature is taken as an example, see Table 5.1. The low-pressure
equivalents are deposited in a commercial batch-based ALD system at 1 mbar process
pressure (Beneq TFS 200).

Table 5.1.: Film properties of SnOx from TDMASn + H2O processes by spatial atmospheric
pressure ALD compared to the low-pressure (batch-based) counterparts de-
posited in a commercial batch-based reactor. Deposition temperature 80◦C (v
= 20 mm/s)

S-AP-ALD B-LP-ALD

GPC (nm) 0.15 0.11

n 1.88 1.89

Optical bandgap (eV) 3.8 3.8

Electrical conductivity (Scm-1) 10-4 10-4

WVTR (gm-2d-1) 2 × 10-4 4 × 10-4
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As already discussed above, spatial ALD (at atmospheric pressure) yields a somewhat
higher GPC compared to conventional batch ALD. From RBS measurements a mass den-
sity for S-ALD based SnOx could be estimated to
(4.9± 0.3) gcm-3 (at 100◦C deposition temperature), while its low-pressure counterparts
show a density of 5.4 gcm-3 (at 100◦C deposition temperature). These findings underline
the hypothesis that the slightly higher GPC resulting in atmospheric pressure processes
are due to a to lower mass density. Surprisingly, this difference in mass density has only
a slight impact on the refractive index (n = 1.88 vs. 1.89) and on the barrier properties
(2 × 10-4 vs. 4 × 10-4 gm-2d-1), which will be discussed in more details in subsec-
tion 5.2.2. Both processes lead to similar electrical conductivity (10-4 Scm-1) as well as
optical band gap.

Figure 5.3.: Optical absorption spectra (a) and the respective tauc plots (b) of 20 nm thin
films of SnOx deposited by spatial atmospheric pressure and ALD (solid lines)
and batch-based low pressure ALD (dashed lines) at varied process temperature.
Based on ref.3

The optical band-gap is determined from the respective Tauc-plots, assuming an di-
rect optical transition for the determination of the band gap. The absorption coefficient
was determined via α = 4 πk/λ, with the extinction coefficient k (measured via MIR
ellipsometry) and the wavelength λ.51, 201 A band gap of 3.8 eV was derived for SnOx

deposited by both S-ALD and B-ALD at 80◦C, see Figure 5.3. With increasing depo-
sition temperature the band gap is decreasing to 3.5 eV, 3.3 eV and 3.2 eV and 100◦C,
120◦C and 150◦C, respectively. In addition, a notable sub-band-gap absorption could be
found. A similar trend has already been found for low pressure SnOx layers in batch-
based ALD.192 The decreasing bad-gap has been attributed to an increased density of
subgap defects related to oxygen deficiency. In the same way, the density and the re-
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fractive index of tin oxide thin films increase with increasing deposition temperature,
shown in Figure 5.4 and compared to those values reported in literature (192, 193, 195, 196).

Figure 5.4.: Density (a) and refractive index (b) of SnOx thin films vs. ALD deposition tem-
perature for different oxidants. Our data is compared to this reported in the lit-
erature which are all based on low pressure ALD processes. Data taken from
ref.4,192,193,195,196

Good agreement can be found for plasma- and ozone based films for film density as
well as refractive index, independently on the ALD process pressure. On the other
hand water based spatial ALD based SnOx thin films tend to higher refractive indices
as their low-pressure analogues (which even exceeds those of bulk SnO2), attributed to
the formation of tin monoxide (SnO).

Figure 5.5.: AFM Measurement of 300 cycles of SnOx deposited by plasma enhanced spatial
ALD at 100◦C (thickness: 34nm) (a) , RMS = 0.35 nm and at 150◦C (thickness:
42nm), RMS = 0.21 nm (b). Based on ref.3
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In addition, atomic force microscopy reveals (Figure 5.5) a similar surface morphology
for 100◦C and 150◦C deposition temperature, respectively.

5.2.1 Electrical conductivity

The electrical properties of SnOx deposited from TDMASn and different oxidants at a
varied growth temperature are shown in Figure 5.6.

Figure 5.6.: Electrical conductivity of SnOx thin films in depedence of deposition temperature
for different co-reactants (a) and different film thicknesses (b). Based on ref.3

Obviously, for the plasma-based films, the electrical conductivity starts to increase sig-
nificantly from 10-1 (Ωcm)-1 (at 135◦C) up to 100 (Ωcm)-1 at higher deposition temper-
atures (165◦C). A similar trend could be found for ozone based SnOx (70 (Ωcm)-1 for
160◦C). For water-based processes an average conductivity of 2.3 × 10−3 (Ωcm)-1 was
found, that did not show a strong temperature dependence. Note that the error bars for
the conductivity of water-based SnOx are on the order of 10-3 (Ω cm)-1 due to low maxi-
mum currents at low electrical conductivities. These findings on the strong dependency
on oxidants are in agreement with our earlier results of SnOx prepared by vacuum-
based batch ALD.195 The increased electrical conductivity of SnOx has been attributed
to the incorporation of hydrogen in the tin oxide.197, 198 The interstitial hydrogen in the
form of OH-species acts as a shallow donor and causes n-type conductivity199 which is
as direct result strongly dependent on this oxygen-hydrogen bond. However, a lower
amount of oxygen inside the tin oxide film (e.g. [O]/[Sn] < 2) only leads to very low
electrical conductivities represented by the missing O-H bond. Furthermore, the in-
crease of the electron mobility towards higher deposition temperatures causes higher
electrical conductivities.78 However, the electron mobility of water-based SnOx could
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not be determined due to the low electrical conductivity. The low [O]/[Sn] ratio for
water-based SnOx also becomes evident in the optical properties of SnOx, by evaluating
the respective Tauc-plots (see inset in Figure 5.7).

Figure 5.7.: Extinction coefficient k in the IR spectral range measured by MIR ellipsometry.
Atmospheric pressure SnOx grown with plasma and water based processes at
100 and 150◦C are depicted, respectively. The band-gap energy (Eg) has been
determined from the respective Tauc plots (inset). A characteristic signal related to
C-O stretch vibrations can be found (at 1650 cm-1) for plasma based SnOx. Based
on ref.3

Here the sub-gap absorption and the relatively small band gap (3.0 - 3.3 eV) hints to the
presence of SnO instead of SnO2.200 The energy gap for plasma-based SnOx could be
estimated to 4.1 eV for thin films deposited at 150◦C process temperature and 4.4 eV for
100◦C. Therefore, the energy gap decreases with increasing deposition temperature for
plasma- and H2O-based spatial ALD, as found in literature for vacuum-based ALD of
SnOx thin films.51, 195, 201 Even if this phenomenon is not fully understood yet, it has
been attributed to possible quantum confinement effects in SnOx grains with a size be-
low 3 nm, depending on growth temperature.51 However, these grain sizes (with lateral
dimensions in this range) are too small to be detected in our x-ray diffraction setup (via
XRD).
In addition to the low [O]/[Sn], impurities like carbon or nitrogen can hinder the elec-
tron transport by forming e.g. carbon-oxygen bonds.202 While water-based ALD-SnOx

show [O]/[Sn] < 2 at all deposition temperatures, plasma- and ozone-based SnOx (de-
posited at 100◦C) reveal [O]/[Sn] ratios of 2.1 - 2.2. In addition, SnOx films deposited
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by plasma- or ozone-based processes show high amounts of carbon and nitrogen (4-
12%) (as residuals of the tin oxide precursor). The presence of carbon also gets depicted
by the characteristic signal (at 1650 cm-1) in the MIR absorption spectra shown in Fig-
ure 5.7, which could be related to a C-O stretch vibration. With increasing deposition
temperature the concentration of impurities is reduced, enabling the formation of elec-
trical charge transport, see Table 5.2.

Table 5.2.: Film properties of 100 nm thick SnOx deposited by Spatial ALD: Oxygen-to-tin-ratio,
carbon and nitrogen , refractive index n (measured at 632 nm) and density ρ). *-
marked sample thickness: 20 nm

T (◦C) [O]/[Sn] [C] (%) [N] (%) n ρ (gcm-3))

Ar/O2-Plasma 75 2.1 12 12 1.65 3.3 ± 0.3
100 2.2 8 11 1.70 3.6 ± 0.3
150 2.2 6 6 1.88 4.8 ± 0.3

O3 150 2.2 4 4 1.88 5.5 ± 0.3

H2O* 80 2.0 20 5 1.89 4.6 ± 0.3

H2O 150 1.7 2 0 2.09 4.5 ± 0.3

For plasma-based tin oxide the amount of carbon decreases from 12% to 6% by increas-
ing the deposition temperature from 75◦C to 150◦C. A similar trend could be observed
for the nitrogen impurities (12% to 6% in the respective temperature regime). Water-
based SnOx contains comparable (or even more) number of carbon atoms at low de-
position temperature. Its amounts decreases analogous with increasing ALD process
temperature. Nevertheless, the formation of electrical charge transport can still not be
accomplished reasoned by the missing incorporation of hydrogen, represented the low
[O]/[Sn] at 150◦C deposition temperature.

5.2.2 Barrier properties

In the following, the barrier properties of tin oxide by spatial ALD with different sources
of oxygen are investigated. Therefore, optical Ca-tests were performed with 100 nm
thick tin oxide, respectively. Exemplary, Figure 5.6a) shows the optical transmission
vs. time measured during the optical Ca-test for a plasma-based tin oxide barrier. Due
to the change in the optical transmission (from 9.2 to 10.2% in 90 hours), 100 nm SnOx

based on Ar/O2 plasma show a WVTR of 7 × 10-4 gm-2d--1 at 60◦C/60% rH. Compara-
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ble tin oxide films were used to measure the electrical conductivity, see Figure 5.6b). The
electrical conductivity remains essentially unaltered even after 8000 h under damp heat
conditions (also at 60◦C / 60% rH). Indeed, the carrier density increases slightly from
1.1 to 3.1 × 1020 cm−3 while the electron mobility decreases from 4.7 to 2.8 cm2V-1s-1.
It could be assumed that under elevated humidity OH-bonds are formed in the tin
oxide layers, which act as shallow dopands and thereby increase the carrier density.
The somewhat lower electron mobility could be explained by the slight degradation
of material quality. However, plasma-based SnOx shows sufficient barrier properties
(WVTR ≈ 10-4 gm-2d-1) as well as stable electrical conductivity, even at damp heat con-
ditions. Furthermore, barrier properties of SnOx deposited with different oxidants will
be discussed.

Figure 5.8.: (a) Optical transmission of a 100 nm thick calcium sensor encapsulated with
100 nm plasma-based SnOx over time (stored at 60◦C/60% rH). (b) Dependency
of the electrical properties of plasma-based tin oxide over time at 60◦C/60% rH.
Deposition temperature was set to 150◦C for both measurements shown. Based
on ref.3

While Figure 5.8 shows the stability of SnOx deposited by (spatial) plasma ALD, Fig-
ure 5.9 summarizes the barrier properties of SnOx deposited not only with plasma but
also with water- and ozone-based spatial ALD. Obviously, like already seen for Al2O3

barriers, the WVTR decreases with increasing deposition temperatures due to an in-
creasing film density and a lowered amount of residuals (compare Table 5.2).

Water-based SnOx deposited at 80◦C (by spatial ALD) shows a WVTR of 2× 10-4 gm-2d-1

at 60◦C/60% rH. A deposition temperature of 150◦C leads to SnOx with a WVTR of 1
× 10-5 gm-2d-1 at 60◦C/60% rH, similar to those for SnOx deposited by low pressure
ALD (3 × 10-5 gm-2d-1 at 70◦C/70% rH.195). In addition, water-based SnOx reveals
significantly lower WVTR than their plasma- and ozone equivalents. The WVTR of
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Figure 5.9.: Comparision of the WVTR (at 60◦C/60% rH) of tin oxide based on plasma, water
and ozone as co-reactant. All data were measured via the optical Ca-test. Data,
marked with the dotted line, were measured at 40◦C/60% rH.

plasma-based SnOx deposited at 150◦C remains at 7 × 10-4 gm-2d-1 (at 60◦C/60% rH).
100◦C deposition temperature for plasma-based thin films also leads to an increase of
the WVTR (2× 10-3 gm-2d-1 (at 40◦C/60% rH)). The ozone-based process lead to compa-
rable WVTR (1× 10-3 gm-2d-1 at 40◦C/60% rH) with 150◦C deposition temperature. The
different storage conditions were chosen due to the destruction of the calcium sensor
at the standard testing conditions in this work (60◦C/60% rH). Generally, the WVTRs
of those films are even higher at standard testing conditions (60◦C/60% rH) than at
40◦C/60% rH.
All in all, these findings underline similar growth behaviour of plasma- and ozone-
based SnOx. Plasma- and ozone-based ALD lead to WVTRs which are roughly one
order of magnitude higher than that of their water-based analogues. The difference in
film stoichiometry and the residuals left in the films suggest that those are reasons for
the higher WVTR values. On contrast, water-based low temperature SnOx show surpris-
ingly good barrier properties despite a high amount of carbon impurities. Therefore, a
higher oxygen-to-tin ratio seems to lead to inferior barriers, as the -OH groups could
work as diffusion paths for water molecules. The WVTRs reported for water-based spa-
tial ALD SnOx thin films are even comparable to those reported for ALD grown Al2O3.
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5.3 Application of electrically conductive barriers in perovskite so-
lar cells

In the following, the use of SnOx as electron extraction layer as well as gas diffusion
barrier in perovskite solar cells will be discussed. Brinkmann et al. had already shown
the principal functionality of ALD grown SnOx in perovskite solar cells, but were still
restricted by the use of low pressure batch ALD.74 Here, the use of tin oxide by spa-
tial ALD at atmospheric pressure in perovskite solar cells will be shown, enabling the
roll-to-roll fabrication of long-term (heat and moisture) stable perovskite solar cells. As
water-based SnOx shows superior barrier properties along with sufficient electrical con-
ductivity (in vertical direction through e.g. 20 nm SnOx), it is used in all systems shown
in this chapter. In addition, the functionality of tin oxide and its dependence on its pre-
cursor system in low-pressure ALD is already shown by Brinkmann et al. and Hu et
al. (see Ref.74, 203). Nevertheless, this work concentrates on single SnOx-based diffusion
barriers deposited by spatial ALD for inverted PSCs. The damage of plasma species on
the perovskite material is strongly dependent on the perovskite stability, which is not
studied in this thesis.

5.3.1 Fabrication of perovskite solar cells

The inverted perovskite solar cells (p-i-n PSCs) are based on a glass/ITO/PEDOT:PSS/
CH3NH3PbI3/PCBM/AZO/SnOx/Ag sequence (see Figure 5.10a). Here, PEDOT:PSS
serves as an hole transport material while CH3NH3PbI3 is the active perovskite mate-
rial. PCBM and a layer of AZO nano particles with a particle size of 12-18 nm function
as electron extraction layer which is encapsulated by the SnOx layer. The AZO layer
was spin coated at 60 s at 8000 rpm, 2.5 wt% in isopropanol (prod. no. 8045, Avantama
AG, Switzerland)(layer thickness = 100 nm). ITO as well as the Ag serve as electrode,
respectively. With the commercial CH3NH3PbI3-Ink (Ossilla) solar cells with efficien-
cies around 11-13% are possible. Here, the efficiencies are not limited by use extraction
layer. For example, LiF/Ag (as commonly used low workfunction extraction layer) on
the commercial CH3NH3PbI3 lead to similar (low) PCE, but its efficiencies degraded to
<50% of the initial value within less than a day in ambient air.74 The perovskite solar
cells were encapsulated with 20 nm SnOx from TDMASn and water at 80◦C with a mod-
erate (standard) substrate speed of v = 20 mm/s. The saturation behavior of the spatial
ALD growth process is shown in Figure 5.10b and Figure 5.10c.
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Figure 5.10.: Perovskite solar cell stack based on a glass/ITO/PEDOT:PSS/
CH3NH3PbI3/PCBM/AZO/SnOx/Ag sequence (a) and SnOx growth at 80◦C
for the encapsulation of perovskite solar cells: b) Variation of the N2 flow trough
the H2O bubbler (N2(TDMASn) = 150 sccm). c) GPC vs. N2 flow trough the
TDMASn bubbler (N2(H2O) = 8 sccm). Based on ref.4

5.3.2 Characterization of perovskite solar cells

Perovskite solar cells were fabricated as described above. Resulting J/V-characteri-
zation, the power conversion efficiency at the maximum power point and solar cell
stability (air and heat) is shown in Figure 5.11. Here, solar cells based on the spatial
(atmospheric pressure) ALD-SnOx are compared to those incorporating the batch-based
(low-pressure) ALD-SnOx (Beneq TF 200). Both sets of samples show a remarkable sim-
ilarity in their cell (J/V-) characteristics. The corresponding PCE, FF, VOC and JSC are
listed in Table 5.3. Note that all shown solar cells values are averaged over 15-18 so-
lar cells. The statistical data is shown in section A.3. Both tin oxides afford PSCs with
efficiencies around 11.2 - 12.7%. All absolute PCEs shown in this section are corrected
to their external quantum efficiency (EQE), shown in Figure 5.12. The EQE is the ratio
of the amount of charge carriers collected by the solar cell to the number of incident
photons.
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Figure 5.11.: Comparison of perovskite solar cells with SnOx barrier layer grown by S-ALD and
B-ALD at 80◦C deposition temperature. S-ALD SnOx was deposited at a moderate
substrate velocity of 20 mm/s. J/V characteristics are depicted in Fig.(a) and sta-
bilized power output in Fig. (b). All related current density data were derived from
EQE measurements (see Figure 5.12). Mono stress tests are shown in (c) (PCE
vs. time of storage in ambient air (25◦C, 60% r.H.)) and (d) at elevated temperature
(60◦C, inert atmosphere). Based on ref.4

Remarkably, 20 nm of the ALD based SnOx encapsulation lead to a sufficient barrier
against mono-stress conditions. While the efficiency of not-encapsulated perovskite so-
lar cells would break down (<50% of the normalized PCE) in the first 100 h under am-
bient conditions (25◦C / 60% r.H.) and within 200 h at elevated temperature (60◦C, inert
atmosphere) (see Ref.74), excellent long-term stability of PSCs based on SnOx grown by
S-ALD is afforded under ambient air (25◦C / 60% r.H.) and under elevated temperatures
(60◦C, inert atmosphere). The normalized PCEs show 92% of its initial value after more
than 1000 h under ambient air, but remain unchanged for 3000 h at elevated temperature
in inert atmosphere, see Figure 5.11b and Figure 5.11c.
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Table 5.3.: Perovskite solar cell characteristics corresponding to the representative J/V curves
shown in Figure 5.11a for PSCs with a SnOx barrier layer grown by B-LP-ALD
and S-AP-ALD, respectively. The current density data has been derived from EQE
measurements (see Figure 5.12).)

forward

PCE (%) FF (%) VOC (V) JSC (mAcm−2)

S-AP-ALD 12.7 77.7 0.88 18.6
B-LP-ALD 12.6 75.6 0.89 18.8

backward

PCE (%) FF (%) VOC (V) JSC (mAcm−2)

S-AP-ALD 11.2 71.6 0.86 18.2
B-LP-ALD 11.2 69.9 0.87 18.5

The degradation of not-encapsulated PSCs is based the thermally activated decomposi-
tion of the perovskite material upon heating.29 Additionally, an additional barrier layer
prevents the ingress of moisture (from outside the device) into the active material.74

It could be shown that the SnOx barrier layer hinders the PbI2-based decomposition
products (as MAI, HI orI2) to diffuse out of the stack (and destroys e.g. the metal top-
electrode) and at the same time protects the perovskite material against moisture. As
can be seen in Figure 5.12, the batch-based low-pressure ALD based and the spatial
ALD based encapsulated solar cells show similar short circuit current. The variation in
the shape of the EQE could be be directly referred to the difference in the perovskite
absorption spectra in dependency on their perovskite thicknesses. Slight variations of
the perovskite layer in the range of 40 nm (which could not be excluded during the
spin coating process) result in a different optical absorbance for wavelengths between
500 and 750 nm. These thickness variations fall within the process fluctuation and only
result in minor changes in the Jsc.
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Figure 5.12.: EQE spectra and integrated photocurrent of perovskite solar cells based on spa-
tial atmospheric pressure and batch low-pressure ALD (a). The optical absorbance
of the perovskite layer in the shown PSC stack is simulated for tpyical layer thick-
nesses between (190 nm - 250 nm) (b). Due to the different perovskite layer thick-
ness the resulting photocurrent of the solar cells could vary, simulated in Fig. (c).
All optical simulations have been carried out using SETFOS. Based on ref.4

5.3.3 Dependence of deposition temperature on encapsulation

As mentioned above, the process temperature has a strong influence on the barrier prop-
erties, i.e. the WVTR. It already could be shown above that enhancing the ALD process
temperature leads to thin films with higher film densities, higher electrical conductivi-
ties and generally a lower amount of precursor residues, not just in atmospheric pres-
sure but also in the low-pressure processes.193, 195 An decreasing WVTR is observed to-
wards higher deposition temperatures, depicted in Figure 5.13a. The WVTR decreases
by about an order of magnitude from 1 × 10-4 gm-2d-1 to 1 × 10-5 gm-2d-1 at 60◦C/60%
rH. Concomitantly, RBS studies were performed, indicating that the amount of Sn atoms
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Figure 5.13.: Impact of deposition temperature on SnOx as well as on SnOx based PSCs.
Water vapor transmission rate of SnOx thin films (thickness 100 nm)) and tin atom
density (measured by Rutherford Backscattering) for neat S-ALD SnOx layers of
each 20 nm thickness (a). RBS spectra of Sn measured on AZO (60 nm)/SnOx
hybrid layers with increasing deposition temperature (b). The corresponding partial
growth of SnOx inside the pores of the AZO layer is schematically shown in (c).
PCE of the corresponding PSCs based on SnOx grown at various temperatures
(d). The substrate speed was 20 mm/s in this set of experiments. Based on ref.4

per area is increasing from 3.5×1016 to 3.8×1016 cm-1 in the temperature regime. Inter-
estingly, the deposition temperature critically affects the depth of penetration of the
SnOx layer into the porous AZO layer, see Figure 5.13b. Performing RBS studies on
AZO NP/SnOx samples revealed the intermixing of those materials. The Sn-peak in the
RBS spectra unravels that the higher the ALD process temperature is choosen the more
Sn-atoms diffuse into the AZO pores, represented by the area underneath the character-
istic shoulder in the RBS peak. For SnOx grown on a flat, non-porous substrates (e.g. a
Si-wafer) the Sn-related RBS spectrum is fully symmetric, regardless of substrate speed
or precursor dose. For higher substrate temperatures, the Sn-atoms penetrate deeper
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into the AZO pores, which is reflected by the shoulder in the RBS spectrum which ex-
tends further towards lower channel numbers. The filling of the AZO pores by the
ALD grown SnOx is depicted schematically in Figure 5.13c. For further imrovement,
higher deposition temperatures appear favorable, due to an increased mass density,
lower WVTR, and better pore filling. Unfortunately, the PSCs encapsulated at 120◦C
and 150◦C ALD deposition temperature show substantially deteriorated solar cell char-
acteristics (Figure 5.13d). The dependency of fill factor, UOC and ISC is depicted in
section A.3. It is important to note that the perovskite layers are post-annealed at 100◦C.
Therefore, the encapsulation with 100◦C does not deteriorate the solar cells. For higher
temperature, it has been shown, that the perovskite layer (MAPbI3) degrades within
minutes.204, 205 As ALD always requires at least some exposure-time of the perovskite
layer to the deposition temperature before barrier growth, the observed deterioration at
ALD deposition temperature > 100◦C is likely related to the thermal instability of those
perovskite materials. Nevertheless, the use of high temperature ALD layers could be
a promising approach for encapsulation layers underneath the perovskite (in an non-
inverted solar cell) or in a setup, in which the encapsulation layer is laminated on top of
the perovskite. Inverted perovskite solar cells, as used in this work, would require more
temperature stable perovskite materials to benefit from the improved film properties at
higher deposition temperatures in the ALD process.

Summary: The thin film growth of SnOx via spatial ALD has been demonstrated
for the first time. SnOx based on atmospheric pressure processes show remarkable
similarity in film quality (WVTR, density etc.) to their analogues grown by
low pressure ALD. The introduction of SnOx as a diffusion barrier inside the
perovskite solar cell stack affords devices with substantially improved long term
stability upon exposure to moisture and elevated temperatures.
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6
On the deposition speed of spatial ALD

The deposition speed is a major key parameter for the justification of spatial ALD. As-
suming that high deposition velocities linked with extremely low process times would
still allow for ALD-like deposition, spatial ALD would be acceptable for continuous
high-throughput industrial applications. As a consequence, the growth properties vs.
substrate velocity are investigated in the following chapter. Al2O3 as well as SnOx de-
position processes are performed with different oxidants and different substrate veloc-
ities. To evaluate the experimental data, fluid dynamics based computer simulations
were carried out and compared to the experimentally determinded results.

6.1 Experimental Data

In case of spatial ALD, Poodt et al. propose the description of surface coverage for ALD
growth by the following equation:170

GPC = GPCsat

(
1−

∑
α · exp (−f(p, T, t))

)
(6.1)

As of that, the GPC can be described by a fixed GPCsat and the deviation from this
saturated GPC f(p, T, t), which is a function depending on the growth temperature T ,
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the precursor partial pressure p and the residence time t. Furthermore it is proposed to
simplify this equation to:

GPC = GPCsat · (1− exp(a(T ) · tq)) (6.2)

a(T ) is a temperature dependent prefactor, described by an Arrhenius relation,170 and
proportional to the diffusion coefficient and the inverse of the diffusion length. Re-
garding the t-dependency an exponential behavior is proposed, with q = 1/2 for ALD
processes in which the GPC is either limited by the laminar boundary,206 which thick-
ness is proportional to

√
t, or by the time-dependent concentration gradient in the dif-

fusion process.170 If the process is not limited by these factors, q could differ from this
√
t-dependency. q = 1 equals the predicted t-dependency by the classical reaction equa-

tions, as et = (1 + t) could be approximated for small t. Here, GPC/GPCsat ∝ 1 − t
applies. The longer the precursor is utilized (for GPC < GPCsat), the thicker is the
resulting film. Even if a q > 1-behavior is not fully understood yet, it can be hardly
distinguished from GPCs limited by the boundary layer or diffusion.

6.1.1 Influence of the substrate velocity on the ALD growth of Al2O3

In the following GPC vs. substrate velocity is investigated for plasma- and ozone-based
Al2O3 processes. First experiments were carried out with a 10 sccm N2 flow through
the TMA bubbler and 60 sccm of O2 through the plasma source. Figure 6.1a and Fig-
ure 6.1b show the resulting data. The residence time t is calculated from the width of
the precursor zone via:

t = 2w
v

(6.3)

In the setup used in this work w equals 2 mm. The prefactor ’2’ considers that the mov-
ing substrate is exposed to the TMA precursor twice during its back and forward oscil-
lation in each cycle. Obviously, a saturated regime in which a constant GPC (= 0.17 nm)
linked with a constant refractive index (n = 1.60) is obtained for substrate velocities
up to 34 mm/s. This velocity corresponds to residence times of 0.1 s. For lower resi-
dence times e.g. higher deposition speeds, the GPC decreases to 0.05 nm at 120 mm/s
(at 80◦C). In parallel, the refractive index decreases towards higher substrate speeds to
n = 1.35 at 100 mm/s, as also reported by Shin et al.207
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Figure 6.1.: Investigation on film growth vs. substrate velocity for Al2O3 by spatial ALD: a)
Dependence of the GPC and the refractive index n on the velocity v for plasma
based Al2O3 processes at 75◦C and different precursor flows. b) Shown is the
approximation of film growth by surface coverage theory with 1- exp(-atq). The
residence time is calculated based on a width of the precursor zone of 2 mm and
the respective substrate velocity. c,d) Ozone based Al2O3 vs. substrate velocity
and the power of the ozone generator. q = 0.86 (black), q = 0.96 (blue), q = 0.78
(red). The saturation of the GPC in d) is fitted with a Langmuir isotherm behavior.

Increasing the TMA dose (by enhancing the flow of N2 through the TMA bubbler) does
not extend the regime of constant GPC towards higher substrate velocities. This is very
likely due to a lack of oxidizing species that limits the film growth at higher deposition
velocities. A more unlikely reason can be that an increase of N2 flow through the pre-
cursor bubbler does no longer increase the amount of TMA delivered to the substrate.
However, Figure 6.1b shows that a fitting parameter q = 1 (based on classical reaction
equations) achieve a better fit to the results compared to q = 1/2. Actually, best fit re-
sults are achieved with q = 1.36. This indicates that the reaction in this velocity regime
is not limited by the diffusion or the boundary layer theory but by the amount of pre-
cursor. This precursor can be identified to be the oxidizing species created in the remote
Ar/O2 plasma, as higher amounts of ozone or water lead to higher GPCs at higher sub-
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strate velocities, compare Figure 6.1c and Figure 6.1d. The growth studies with ozone
show that in principle saturated GPCs at higher deposition velocities are achievable. At
100◦C a GPC of 0.13 nm is obtained at 80 mm/s substrate velocity. As already depicted
by the plasma based experiments, the GPC also slightly decreases with constant precur-
sor flow towards higher speeds (GPC = 0.11 nm at 200 mm/s). The fitting parameters (q
= 0.78 - 0.96) also indicate that the growth is not limited by a boundary layer, but by the
precursor supply. A saturation curve for ozone based Al2O3 at 200 mm/s is depicted
in Figure 6.1d. The GPC saturates at 0.11 nm at roughly 60% of the maximum ozone
power of the ozone supplier. Note, the ozone concentration levels at approximatly
4.5 × 104 ppm with generator power of 60%. Increasing the power does not lead to
a higher amounts of ozone molecules, available for the surface reaction (not shown
here). Thus, the GPCs at 200 mm/s are still limited by the supply of oxidizing species.
As shown in subsection 3.4.1 the ozone concentration generated by the DBD plasma
sources in this work is in the range of 5× 103 ppm, which is approximately one order of
magnitude lower compared to the concentration generated with the commercial ozone
generator. As the fitting factor q is becoming smaller with increasing precursor dose,
i.e. the ozone supply, the hypothesis can be made that the alumina growth approaches
the regime in which the growth is limited by the diffusion through the boundary layer
(
√
t-type mode).

The GPCs of water-based Al2O3 films deposited at different substrate velocities are de-
picted in Figure 6.2. In principle, those layers show similar GPC for low precursor
doses. 10 sccm of N2 through the water- and through the TMA bubbler lead to ALD
like growth up to substrates velocities of 34 mm/s. This upper limit of saturation was
already found for the plasma- and ozone-based ones. In the water-based processes,
q = 1 can be obtained for low H2O doses (flow rates). With higher doses this regime ex-
tends towards higher substrate velocities but also leads to higher GPCs for low substrate
velocities. Here, long residence times effect the substantial onset of parasitic CVD-like
growth. Indeed, ALD is also a special type of CVD, here, CVD is synonym for not self-
limited growth based on gas phase reactions of the precursors. This CVD onset can be
reasoned, on the one hand, by the high sticking coefficient of water21, 24 or, on the other
hand, by an intermixing below the ALD head. It even held true at higher substrate tem-
peratures (100◦C). Extending the purge flows to 4000 sccm N2 per slot does not reduce
this onset. As CVD is a time-dependent process, its presence gets more dominant for
longer process times which are directly the result of low substrate velocities. As such, in-
homogeneous growth rates for Al2O3 are obtained, see Figure 6.2c. ALD type of growth
reveals homogeneous thin film growth (Figure 6.2d). Note that the marked stripes are
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the result of a lift-off process for measuring the film thickness.

Figure 6.2.: Dependence of the GPC on substrate velocity in spatial ALD Al2O3 + H2O pro-
cesses revealing an CVD and an ALD regime, strongly dependent on the precur-
sor doses. a) GPC vs. substrate velocity for different amounts of precursor dose.
The resulting difference in film quality can be observed by eye (b,d). Figure c
exemplified the CVD-onset on the ALD growth.

Generally, a 1/v - behavior can be assumed for the GPC of CVD kind of growth as the
process is not self-saturated. In this kind of CVD growth, doubling the residence time
of a precursor would lead to doubling the film thickness. More specifically, the CVD
growth is direct proportional to the number of cycles (N ) and the width of the precursor
zone w as well as the the inverse of the substrate velocity v. Taking the saturated ALD
growth rate into account the resulting film thickness d in a mixture of ALD and CVD
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can be described with:

d = dALD + dCV D (6.4)

As ALD growth represents the self-saturated process, which is, when the substrate sur-
face is once fully saturated, independent of time or any spatial length. Here the film
thickness is linear dependent on the number of cycles N , as already verified for Al2O3

and SnOx layers. Further on, the film thickness can be written as:

d = ∆d
∆N |ALD ·∆N + dd

dt
|CV D ·

2N∆w
v

(6.5)

The term ’2’ is added due to the back- and forward moment of the ALD table, passing
each precursor zone twice in one cycle. As the GPC is the film thickness d divided by
the number of cycles N , it resulting overall GPC can be expressed as:

GPC = d

N
= GPCALD + dd

dt
|CV D ·

2∆w
v

(6.6)

Therefore, an additional growth of CVD has to be added to the ALD growth, illustrated
in Figure 6.2c. The green dotted line represents the ALD type of growth which is sat-
urated till a certain substrate velocity to its GPCsat (e.g. 70 mm/s). Towards higher
substrate velocities, the unsaturated regime is also represented with a v−q with q =
1 behavior. This exponent q could vary due to the growth limiting factors as men-
tioned above. Additional CVD growth on the overall saturated ALD growth is rep-
resented by the red hyperbola. Taking both types of growth into account, the overall
actual observed growth behavior in Figure 6.2a can be explained reasonable well. Ex-
emplary the CVD growth of the TMA/H2O process at 100◦C deposition temperature
(N2(TMA) = 10 sccm, N2(H2O) = 50 sccm) is fitted as additional term to a saturated ALD-
based GPC of 0.15 nm, resulting a additional CVD-related term of (0.33±0.03) nm/v.
Considering the residence time t (compare Equation 6.3) and the 2 mm wide precursor
zone, a CVD growth rate can be calculated to (0.08±0.01) nm/s. Note that this value
is based on the assumption, that CVD growth only takes place inside the (2 mm wide)
precursor zone. As it is more likely, that CVD takes place over the complete width of the
substrate movement (approximatively 120 mm), a CVD growth rate of 2.8×10-3 nm/s is
a more realistic estimate.
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6.1.2 Influence of the substrate velocity on the ALD growth of SnOx

The SnOx growth per cycle vs. substrate velocity is depicted in Figure 6.3. All ex-
periments were performed with a N2 flow of 150 sccm through the TDMASn-bubbler,
which is kept at ambient conditions of the glove box without intentional heating. Sim-
ilar growth behavior for water and the Ar/O2-plasma-based processes is observed.
For 100◦C deposition temperature a decay in GPC for substrate velocities higher than
30mm/s is found.

Figure 6.3.: GPC vs. substrate velocity for plasma- and water based SnOx processes at 100◦C
(a) and 150◦C (b). The dashed lines are the result of fitting to the experimental data
as mentioned above (with q ranging between 1 and 2). (c,d) show the dependency
of the GPC on the precursor dose at a relatively high substrate velocity of v =
75mm/s at T =100◦C. Here, the dashed lines are guides to the eye.

As already seen for the influence of the substrate velocity on the ALD growth of Al2O3,
the growth of the metal oxide (SnOx) is not limited by the diffusion of the precursors
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through the boundary layer, indicated by q = 1 for plasma-based and
q = 2 for water-based ALD, but rather by the precursor supply. In parallel to the previ-
ous observation, the regime in which GPC equals GPCsat, can be extended to higher v
by an increased amount of the oxidizing precursor delivered to the precursor exposure
zone. Here, increasing the amount of oxygen in the plasma increases the GPC at higher
substrate velocities (e.g from 0.08 nm to 0.11 nm), but also leads to higher GPCs for sub-
strate velocities < 10 mm/s. Again the increased GPC (of 0.27 nm) can be explained by
parasitic CVD growth as discussed earlier (compare Figure 6.2c). The additional CVD
growth rate can estimated to 4.5×10-3 nm/s in analogous way as already shown for the
water-based Al2O3 layers.
Higher deposition temperatures (150◦C) lead to a saturation behavior of the GPC as seen
in the low temperature processes. Note that the GPC of water-based SnOx dramatically
decreases with increasing temperature, as already discussed earlier. For high velocities
of 75 mm/s, saturation in the GPC can be achieved for a flow more than 100 sccm of
oxygen used in the Ar/O2 plasma (Figure 6.3c). The corresponding saturation in the
tin precursor dose is shown for a the high oxygen-to-argon ratio of 1:3 with 500 sccm of
O2(Figure 6.3d).
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6.1.3 Dependence of deposition speed on barrier properties

In the following the dependence of the deposition speed on the encapsulation layer of
actual perovskite solar cells is investigated. Here, the perovskite solar cell setup is used
as already presented in section 5.3. Therefore, the typical GPC vs. substrate velocity
behavior is observed for a TDMASn/H2O process at 80◦C deposition temperature.

Figure 6.4.: Dependence of deposition speed on AZO/SnOx encapsulation layer: GPC and
refractive index of SnOx vs. substrate velocity at 80◦C deposition temperature (a).
Normalized RBS signal of tin deposited on AZO at varied substrate velocities. a
AZO/SnOx hybrid layer structures is reveals by the characteristic shoulder in the
RBS signal (b). Schematic of the diffusion of SnOx (yellow) inside the AZO NP-
layer (c). Lifetime of a PSC (Normalized PCE vs. time of storage) in ambient
air (25◦C, 60% r.H.) for solar cells with SnOx layer grown at 20 mm/s (saturated
regime) and 80 mm/s (unsaturated regime), respectively (d).

The characteristic decrease in GPC after a certain saturation regime (here approximately
60 mm/s) is depicted in Figure 6.4. As already discussed above the refractive index is
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decreasing in almost the same manner i.e. from 1.88 at 20 mm/s to 1.80 at 160 mm/s,
indicating not fully-saturated ALD film growth and a lower film density. Aside from
this, it has to be noted that the substrate velocity may have an additional effect on the
encapsulation layer in the perovskite solar cell. As the Al:ZnO layer underneath the
SnOx layer is a porous structure, formed from a dispersion of nanoparticles, the Sn pre-
cursor is able to diffuse inside this porous structure. This diffusion directly depends on
the substrate velocity, as illustrated in Figure 6.4c. The functionality of the AZO/SnOx

hybrid layer as a permeation barrier and protection layer relies critically on the pen-
etration of ALD precursors i.e. the TDMASn into the pores of the AZO layer and on
the concomitant growth of SnOx inside these pores.74 In Figure 6.4b single 20 nm of
SnOx is deposited on the AZO layer at different substrate velocities. As the character-
istic shoulder in the RBS peak of tin shifts to lower energies (i.e to lower channels) tin
is penetrating deeper into the AZO, revealing the formation of the AZO/SnOx hybrid
layer. At higher substrate speeds of 80 mm/s no diffusion can be observed any more,
represented by the symmetric shape of the tin-peak in the RBS spectra. As direct result
from the absence of tin-diffusion into the AZO pores, the barrier properties of the re-
sulting hybrid layers are substantially inferior compared to those where the SnOx can
contribute to the pore filling (i.e at lower substrate velocities). In addition, the WVTR
of single SnOx layers grown at 80 mm/s show inferior permeation barrier properties
(WVTR = 4 × 10-3 gm-2d-1) compared to their analogue grown in the saturation regime
(v = 1 - 60 mm/s). This can be reasoned by the overall deterioration of layer density at
elevated substrate speed, which is represented by observed drop of the refractive index
as discussed above. As result of the discussion, the lifetime of the PSCs is strongly de-
pendent on the choice of substrate speed. At ambient air (25◦C / 60% r.H.) the PCE of
those cells encapsulated with 80 mm/s in the spatial ALD decreases dramatically within
the first 300 h due to an insufficient encapsulation layer. On the contrary, PSCs encap-
sulated at saturated conditions at 20 mm/s only slightly decrease even after more than
1000 h, see Figure 6.4d.
The observed drop in GPC at substrate velocities of 34 - 60 mm/s corresponds to pre-
cursor residence times between 70 and 120 ms. These critical substratet velocities are on
the same order as reported for other spatial ALD setups at atmospheric pressure (ZnO:
3.5 m/min = 58 mm/s19 and 3 m/min = 50 mm/s,18 Al2O3: 1.57 m/min = 26 mm/s53).
Indeed, there are also reports who observe extended CVD growth for web velocities
higher than 7 mm/s,140 but the common understanding is that residence times (i.e. ex-
posure times of the precursors) can be reduced while still guaranteeing surface sat-
uration.170 As reported for TMA/H2O processes, corresponding exposure times in
the range of milliseconds already provide half of the saturated GPC, as a 15-27 ms
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TMA/H2O exposure time provides fully saturated growth.170 Linked with those short
exposure times, very high velocities can be achieved taking an adequate width in which
the substrate is exposed to the precursor. For the setup used in this work, exposure
times of 20 ms correspond to a maximum substrate velocity of 200 mm/s with a width
of the precursor zone of 2 mm (the width of the precursor slit). Taking the width of the
gas outlets into account, as already discussed in section 3.3, the exposure times neces-
sary for saturated deposition increase to 2000 ms. Generally, Poodt et al. claim a limiting
√
t-dependency which indicates at diffusion limited mass transport of the precursor to

the substrate.170 In sharp contrast, the surface coverage of the thin film deposition in
the spatial ALD in the investigated substrate velocities (1 - 200 mm/s) is dominated by
a limited supply of precursor mass.
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6.2 Simulation of ALD growth

To obtain better insight into the gas flow dynamics in the spatial ALD process, theoreti-
cal simulations are conducted. More specifically, these theoretical simulations of the gas
flow dynamics in the spatial ALD were calculated, evaluating the limits of ALD growth
in terms of substrate velocity. The simulations are carried out using the OpenFoam soft-
ware platform, a solver for the relevant diffusion equations. In addition the OpenFoam li-
brary enables the inclusion of chemical reactions and the evaluating of a time-depending
process. Also, compressible fluids can be calculated based on non-constant gas densi-
ties. Inside the structure the solver reactingFoam is used to solve the differential form of
the species transport equation. Further details on the the implementation of the physical
fundamentals can be found in section A.4.

6.2.1 Simulating the surface coverage

For all simulations a simulation grid, as depicted in Figure 6.5 has to be defined, framing
the actual deposition design. With the help of boundary conditions (e.g. change in
velocities equals zero), walls, but also surface sites are taken into account. The grid
consists out of different cells which can be seen as smallest physic space of a single
physical state.

Figure 6.5.: Simplified two dimensional computational mesh for surface coverage simulation
in spatial ALD. The mesh is adapted to the real distance of the ALD head. For
surface coverage simulations this grid as to be modified in time and space. Dif-
ferent resolutions are chosen due to the desire of reducing the overall computing
time. The lower edge of the grid can be understood as substrate sample in terms
of evaluating the time-depending surface sites.
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Note that the resolution chosen in the critical regimes (i.e edges, small gaps) is always
a trade-off between accuracy and computing time. As of that, a resolution of 17 cells is
chosen for all following simulations. With this, velocity profiles, temperature distribu-
tions or gas separation can be simulated. In the following, the increase of the surface
coverage as representative for the deposition rate is calculated. Therefore, the simula-
tion grid gets modified in time and space. The modification in space means for example
that the grid, which is usually a fixed environment for the gas flows, is shifted to the left
or the right depending on the direction of the substrate movement.

6.2.2 Model and assumption

For the follwing part the simulation is modified so that the surface reaction of injected
precursor molecules can be estimated. Therefore, the physical boundary condition be-
tween the gap above the ALD table at the table itself has be changed, as illustrated in
Figure 6.6. If no chemical reaction take place, the boundary was simulated as a wall with
zero velocity gradient perpendicular to this wall. If the reaction of precursor molecules
with the surface is desired, the diffusion of molecules on the surface (i.e through the
’wall’) has to be considered. The concentration at the boundary cell face is initialized
with a value of zero at the t = 0 s. The precursor gas concentration at the boundary cell
center is taken from the results of the previous time step of iteration. Now, a mass flux
can be obtained if the concentration at the boundary cell face is smaller than in the center
of the cell. This diffusive flux can be calculated as follows (see Fick’s law, Equation 2.14)

Jdiff = −D · dc
dx

(6.7)

Jdiff = −Deff ·
ρ · (cCC − cBF )

hcell
2

(6.8)

Here, the concentration gradient is represented by the difference between the concen-
tration at the boundary cell center (cCC) and the boundary cell face (cBF ) devided by the
respective lenght, the half of the unit cell (hcell

2 ). Also µeff is replacing the diffusion coef-
ficient of the mixture as the Schmidt number equals 1. The Schmidt number represents
the relation between momentum diffusivity and mass diffusivity, characterizing fluid
flows.72 For gaseous media the Schmidt number (normally) equals 1.208 To calculate the
increase of the surface coverage the diffusive mass flux has to consider the amount of
the precursor. Here, TMA is taken as precursor system. The diffusive mass flux den-
sity is converted into a particle flux density (∆Q) by respecting the Avogadro number
and the molecular weight of TMA (72.09 g/mol). Afterwards, the flux is divided by
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Figure 6.6.: Computational mesh for simulating the surface coverage: The reactive surface of
the is represented by the cells which share a cell with the boundary. The boundary
face of the lowermost cell is representing the substrate surface.

the sorption site density of the Al2O3 surface to calculate the increase of coverage. As
this procedure is time-dependent the flux has to be multiplied by the duration of the
previous interation ∆t.

∆Q = Jdiff ·NA

2 ·Mmol,T MA · Cs
·∆t (6.9)

Cs represents the sorption site density on an Al2O3 surface. The sorption site density can
be calculated, assuming the number of constituent particles (i.e. the Avogadro number)
in a cubic volume of aluminum oxide Al2O3 which can be mathematically converted
into a surface value (by using the exponent 2/3). Assuming the density of bulk Al2O3

(ρAl2O3
= 3.95 - 3.98 gcm−3209)and the molecular weight, Cs can be estimated as follows:

Cs =
(
NA · ρAl2O3

Mmol,Al2O3

) 2
3

(6.10)

With this assumption the surface coverage can be calculated by the summation of the
coverage Q in each respective time step. Here, the surface coverage is just based on
Fick’s law. Due to this the value Q could naturally exceed the value one, as diffusion is
not limited. As Q > 1 is physically impossible in terms of ALD growth, in this case the
value of Q is automatically reduced to one, representing a fully saturated, chemically
inert surface. Also, the new precursor gas concentration at the boundary (YBF ) is subse-
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quently set equal to the concentration at the cell center (YCC), multiplied by the surface
coverage Q. The precursor concentration gradient at the boundary now gets modified
dynamically:

YBF = YCC ·Q. (6.11)

Here, simulation cells with zero surface coverage result in the largest possible concentra-
tion gradient, implying a perfectly absorbing surface, and vice versa. Finally, to achieve
the spatial character in the simulation, the motion of substrate in the Spatial ALD system
is considered. Therefore, the surface coverage values of each boundary cell face (YBF )
are shifted to their respective neighbour, strongly dependent on the substrate velocity.
The latter defines the certain simulation time considering the respective cell length. All
in all, this simulation is able to estimate surface coverage in dependency on the sub-
strate velocity of the Spatial ALD. It is important to note that several assumptions were
made in this model, for example just one precursor (especially the mass of TMA) is
considered.

6.2.3 Analysis of the substrate coverage

Taking the model as described above, the surface coverage could be simulated for differ-
ent precursor concentration in dependency of substrate velocity. The results are shown
in Figure 6.7. Every data point represents the result of the simulation of the surface
coverage. The data is fitted by the function Qfit. The parameter A represents a fitting
coefficient, which is proportional to the injected precursor concentration (A ∝ Yin).

Qfit =
{

1, if A
v ≥ 1

A
v , otherwise

(6.12)

This sectionwise defined function considers the fact that surface coverage can generally
be divided into two regions: The saturated and the unsaturated regime, where the sur-
face sites are not fully reacted with its co-reactors. The equilibrium surface coverage
starts to decrease (from a fully saturated to a non-saturated value) after a critical sub-
strate velocity. Obviously this is based on the fact that with increasing substrate velocity
the exposure time of the substrate to the precursor is decreasing. In addition, the criti-
cal substrate velocity is strongly dependent on the precursor concentration. This result
shows a linear proportionality between the surface converages and the precursor con-
centration (represented by the black arrows in Figure 6.7). For GPCs < GPCSat injecting
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the triple of the precursor concentration (e.g. TMA) leads to a triple in surface coverage.
This is in direct agreement with the classical reaction equations and the theory of Fick’s
law which provides the linear increase in diffusive mass transport per time as a result
of an increasing species concentration.

Figure 6.7.: Simulation of the surface coverage vs. substrate velocity for different TMA precur-
sor concentration and with a constant volumetric flow. The fit is done by an com-
posed function, assuming an 1/v behavior for the unsaturated precursor regime.

As the surface coverage is directly proportional to the substrate velocity and therefore to
the exposure time, needed for fully covered surfaces, this behavior can be plotted in Fig-
ure 6.8b. Obviously, the critical velocity is reached when A/v is equal to one, or in other
words: When the substrate velocity matches the fitting factor A. In addition, these sim-
ulations demonstrate that the deposition process under non-saturated conditions (e.g.
at high substrate velocities) in not evenly distributed throughout the deposition zone.
All in all, assuming that the injected number of precursor molecules is not sufficient
for surface saturation, the limited extension of the deposition zone leads to a poten-
tially limited supply of the amount of precuror. This implies that the more precursor is
injected, the further the critical velocity shifts towards higher numbers.
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6.2.4 Validation of simulation and experiment

For further investigation, the experimental data can be directly compared with the data
resulting from the simulation. Figure 6.8a shows the experimental data of an Al2O3 ALD
process deposited with TMA and an Ar/O2 plasma at 75◦C deposition temperature as
well as the corresponding simulation results. In the simulation the flow of TMA is var-
ied from 0.5 sccm to 0.16 sccm. 0.16 sccm of pure TMA gas corresponds to the maximum
yield if 10 sccm of N2 gas is purged through the TMA bubbler and fully saturated with
TMA considering the TMA vapor pressure (see Equation 3.1). In the experiment 10 sccm
N2 was used for the carrier flow through the TMA precursor. In addition, the simula-
tions are based on the assumption that the substrate passes the precursor regimes just
once. For further comparison, two way passing has to be considered as the substrate
moves back and forward under the ALD head. This basically leads to doubling the
width of the precursor zone. To convert the GPC measurements into an surface cov-
erage Q per cycle, the following approach is used, based on the work of Puurunen et
al:49

Q/cycle = GPC ·
ρAl2O3

·NA

Cs ·MAl2O3

(6.13)

In this equation, NA is Avogadro’s number (mol−1) and MAl2O3
is the molar mass of

Al2O3. Cs represents the number of the available surface sites. The model above only
considers the resulting surface coverage per cycle by the TMA half reaction. The actual
system is a result of the completion of both half reactions (TMA + Ar/O2 plasma). As
the growth characteristics is most likely defined by only one of the precursors (while
the counterpart is saturated), this does not compromise the model. Taken the process
data from the experiments (ρAl2O3

= 2.5 gcm−3, GPC = 0.179 nm (compare section 4.2))
and assuming the boundary condition Qsat = 0.5 due to the steric hindrance of the lig-
ands as discussed in subsection 2.1.1, a density of the adsorbed TMA can be calculated
to be 5.3 nm−2, strongly agreeing earlier reports for TMA/water processes in conven-
tional vacuum-based ALD systems. There, the adsorbed TMA molecules ranged from
approximately 3.6 nm−2 to 5.2 nm−2, depending on the hydroxyl surface concentrations
as well as the surface temperature.49, 210, 211 The assumption of the steric hindrance (with
Qsat = 0.5) is calcuted as follows:

Y = YCC
Q

Qsat
(6.14)
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Note that the critical velocity would shift towards higher values, depending on the
severity of the steric hindrance. Here, a higher steric hindrance (i.e a lower Qsat) would
shift the critical velocity towards higher numbers. The final comparison of the experi-
mental data and the simulation is shown in Figure 6.8b.

Figure 6.8.: Simulation of the surface coverage vs. substrate velocity for different TMA pre-
cursor concentration and with a constant volumetric flow. a) The fit is done using
a composed function, assuming an 1/v behavior for the unsaturated precursor
regime. Further parameter for both plots are: substrate temperature = 353 K, gap
height between ALD table and ALD head = 300µm, gas flow = 1200 sccm. Note
that simulations in figure a) only consider one-way passing of the precursor regime,
while simulations in b) take the back- and forward movement of the substrate table
as well as the steric hindrance into account.

Interestingly, the simulations results (with TMA 0.05 sccm) show an excellent agreement
with the experimental data despite the use of the simplified model. However, this obser-
vation may suggest an TMA flow of 0.05 sccm as actual yield of the precursor bubbler.
On the other hand, previous experiments (see discussion to Figure 6.1) have shown
that the process showed above is not limited by the TMA delivery but by the supply
of oxidizing species. Note that assuming the maximum precursor yield of TMA would
enhance the critical velocity by a factor of 3. In addition higher amounts of precursor
gases would also extend the saturation regime towards an elevated substrate velocity.
The projected theoretical improvement of this process by increasing the precursor flow
rates is depicted in Figure 6.9. Here, the precursor flow for saturated growth is depicted
in dependence of the critical exposure time and critical substrate velocity. Obviously,
the currently attainable throughput is limited in the TMA/plasma process due to the al-
ready mentioned reasons. For ozone based processes higher throughputs are observed.
Note that higher velocities entail concomitantly lower exposure times. Here, one has
to further investigate on the expansion of the actual precursor regime. Thereby, two
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Figure 6.9.: Critical substrate velocity, related to the onset of the decreasing surface coverage
and the critical exposure time as function of the precursor flow. For calculations,
the carrier flow gas were set to 2000 sccm and the gap height to 300µm. The
actual regime achieved in the experiments are marked with the red and blue area.

different exposure times could be calculated, based on the width of the deposition zone
(2 mm), or the width between the gas outlets, defining an even wider deposition zone.
All in all, the theoretical investigation reveals that the amount of precursor is the dom-
inating parameter for saturated ALD growth at high velocities, and therefore for high
throughput ALD. Remarkable accordance of experimental and simulated data could be
found in terms of the TMA/plasma process and the unsaturated regime. With the help
of the simulation, a prediction of the preecursor yield at lower substrate velocities or the
limitations towards higher substrate velocities could be made.

Summary: The deposition of Al2O3 and SnOx thin films via spatial ALD with
substrate speeds up to 75 mm/s have been achieved. The experimental depen-
dence of film growth on substrate speed has been theoretically simulated with an
excellent agreement. It has been shown that the supply of precursor critically
governs the maximum (critical) velocity in the spatial ALD process.
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7
Conclusion

With the increasing demand of (opto)electronic devices, large-scale roll-to-roll fabrica-
tion is elementary to fulfill the industrial throughput requirements. The deposition of
those devices on roll-to-roll compatible substrates simultaneously enables the possibil-
ity of mechanical flexible devices. As OLEDs, PSCs etc. need barrier layers to protect
the sensitive active material inside the devices against ambient influences, in terms of
flexibility glass could not serves as encapsulation. Here, flexible, transparent gas diffu-
sion barriers are required. More precisely, also conductive gas diffusion barriers have
to be provided if the barrier is placed inside an (electrically) functional device (e.g. be-
tween the active material and the electrode of a solar cell). Generally, those GDBs have
to posses a thickness larger than 20-30 nm to provide a sufficiently low intrinsic WVTR
on the order of 10-5-10-6 gm-2d-1.
In this work, conductive and non-conductive gas diffusion barriers were deposited in a
spatial ALD system at atmospheric pressure, which show the intrinsic WVTR required
to encapsulate OLEDs or to suppress the decomposition mechanism in PSCs. At first,
Al2O3 thin films were deposited in batch-based plasma ALD system at atmospheric
pressure. The saturation in the aluminium precursor dose and plasma duration was
evidenced, resulting in a growth per cycle of (0.18±0.02) nm at 80◦C. Those thin films
deposited on flexible PET-ITO substrates show a WVTR as low as 7×10-5 gm-2d-1. These
excellent barrier properties even persist under mechanical strain. The concept of atmo-
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spheric pressure ALD could be transfered to a spatially separated delivery of the ALD
precursor sequence. Here, Al2O3 gas diffusion barriers prepared by spatial ALD using
TMA and an Ar/O2 plasma show a low WVTR in the range of 10-6 gm-2d-1 at room
temperature. The saturation in TMA dose and plasma exposure has been verified with
a constant growth per cycle of (0.17±0.02) nm at a low temperature of 75◦C, resulting in
smooth, dense alumina films (2.5 gcm−3). For water-based processes, ALD type growth
could only be shown for deposition temperatures of 100 °C and above. Along with an
increase of layer density, the WVTR decreased from 7×10-4 gm-2d-1 (at 60 °C and 60%
rH) at a deposition temperature of 75◦C down to 5×10-5 gm-2d-1 (at 60 °C and 60% rH) at
elevated growth temperatures of 150◦C. Using the activation energy of 62 kJ/mol for the
temperature dependence of the water permeation process, a WVTR of 4×10-6 gm-2d-1

at RT has been extrapolated.
Furthermore, the growth of tin oxide thin films via spatial ALD at atmospheric pres-
sure using TDMASn and various oxidants (Ar/O2 plasma, ozone, water) at a process
temperature between 80 and 165◦C is reported. The self-limited ALD growth charac-
teristics are verified with respect to TDMASn and the Ar/O2 plasma (or ozone) dose
resulting in a GPC of 0.16 and 0.11 nm for 80 and 150◦C, respectively. In sharp contrast
to processes based on plasma or ozone as oxidant, water-based SnOx layers exhibit only
very low electrical conductivity (10-3 (Ωcm)-1). Atmospheric pressure oxygen plasma
or ozone are shown to afford layers with an electrical conductivity up to 102 (Ωcm)-1

(carrier mobility: 4.7 cm2V-1s-1, carrier density: 2×1020 cm-3). At the same time these
layers provide water vapor transmission rates as low as 7×10-4 gm-2d-1 (at 60◦C and
60% rH). Water-based SnOx even show a WVTR of 1×10-5 gm-2d-1 (at 60◦C and 60%
rH), which makes SnOx grown by atmospheric pressure spatial ALD a serious competi-
tor to Al2O3, which is still the most famous metal oxide in terms of barrier properties.
As such, SnOx is used to form an excellent hybrid AZO/SnOx electron extraction layer
and permeation barrier that limits the ingress of moisture into the perovskite solar cells.
Most significantly, the ALD-based SnOx layer simultaneously forms a shield that pro-
tects constituents of the cell against corrosive halide-containing perovskite decomposi-
tion products. The resulting perovskite solar cells based on the roll-to-roll compatible
ALD layer show stable characteristics beyond 1000 h in ambient air and over 3000 h at
elevated temperatures (60◦C).
The influence of the deposition speed on the thin film growth in spatial ALD is inves-
tigated. Experimentally, saturated ALD growth has been shown at a substrate velocity
up to 75mm/s (i.e. 4.5m/min), strongly depend on the dose of the precursors used, re-
spectively. Gas flow simulations reveal, that the growth in spatial ALD is not limited by
development of a boundary layer above the substrate, but by the amount of precursor
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supplied to the repective precursor delivery zone. The introduction of spatial ALD at at-
mospheric pressure paves the way to the future roll-to-roll manufacturing of electronic
devices like stable perovskite solar cells. In addition spatial plasma assisted ALD is ren-
dered as an excellent candidate for the continuous manufacturing of transparent and
conductive gas permeations barriers based on SnOx. The use of plasma ALD instead of
water-based ALD enables the deposition of thin films with electrical conductivities five
orders of magnitude higher (for SnOx) as well as with enhanced barrier properties (one
order of magnitude in WVTR) at low deposition temperatures (Al2O3).

Future prospects

This work reports on conductive and non-conductive barrier layers which could com-
pete with their low-pressure ALD analogous. The development done in this work is in
parallel with those in science and industry. As a matter of that, spatial ALD approaches
industrial fabrication as roll-to-roll processing comes into the market in future applica-
tions. In addition, spatial ALD does not only allow for the deposition of metal oxides,
but also of metals (e.g. Ar or Cu).132 First reports on metal ALD date back to 2011.212, 213

Its principle is strongly connected to the use of reducing plasmas, which enable the re-
moval of ligands from the metal precursor molecules, leaving pure metal atoms at the
surface. This reaction could also be described in a self-limiting ALD process. Most com-
mon candidates for metal ALD are silver and an copper, which deposition in spatial
ALD would broaden the roll-to-roll of electrical devices dramatically. First attempts of
metal ALD were also done in the course this work, revealing that the percolation of the
metal film i.e. the growth of continuous thin films instead of single cluster-like island is
of special importance.214

Beyond the additional character of ALD growth, spatial atomic layer etching is pro-
posed.215, 216 In parallel to an expanded pool of material systems, the possibility to etch
thin films in closed roll-to-roll processing would fundamentally shorten the process-
ing times and probably lower the cost of the final devices. As reports on ALE are still
very limited, an exponential growth in scientific and technological output like ALD wit-
nessed in mid-1990s, could be possible.217 Several parallels are drawn with the more
mature technology of ALD from which lessons and concepts are extracted to the field
of ALE. As a matter of that, the development of ALD and its challenges in the last
years, could be be beneficial for advancing the field of atomic layer etching.218 There-
for, this thesis could draw possible lessons also for the roll-to-roll realization of ALE at
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atmospheric pressure. Actually, first combined etching and deposition processing in a
all-spatial concept including is already proposed in 2015.219

Notation: The author gratefully acknowledges the financial support by the Ger-
man Federal Ministry for Education and Research BMBF (Grant No. 13N12889)
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Appendix

A.1 Double-coating in water-based spatial ALD

Water-based ALD at low temperature shows special characteristics, mainly dependent
on the high sticking coefficient of water. In spatial ALD this phenomenon either leads
to no observable saturation (e.g. for the TMA/H2O process) or to a special kind of
double-coating. In this case, double-coating expresses the physical deposition of two ALD
cycles instead of just one, even though only one cycle as been conducted intetionally.
Double-coating was found for the TMDASn/H2O process at low deposition in the spatial
ALD. Saturation behavior in the TMDASn/H2O process at 80◦ deposition temperature
are shown in Figure A.1a. Obviously, the GPC does not saturate at the expected value
of 0.15-0.16 nm for a simple TDMASn/H2O arrangement in the ALD head. Instead,
a saturation in GPC at 0.30 nm can be found, linked with a fixed refractive index of
1.88, comparable to these found in single coated Al2O3. Note that at a fixed water dose
(8 sccm N2 flow through the water bubbler) the saturated GPC does not shift when
increasing the TDMASn dose (i.e. the flow of N2 through the TDMASn bubbler), see
Figure A.1b.
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Figure A.1.: Saturation behavior in the TMDASn/H2O process at 80◦C deposition temperature.
a) Enhancement of the water dose. b) Enhancement of the TDMASn dose

Due to the observation that the GPC is extended (or even doubled) predominantly at
the left side of the substrate, it has to be assumed, that there is a second (artificial) water
cycle present at the left side of the ALD head (directly after the TDMASn slot). As this
double-coating is observed at high water flow rates, it is believed that the water inlet
is the water source for the second oxidation step instead of the outer ambient air in the
glove box.

This water reservoir can be understood by the high sticking coefficient of water at low
temperatures53150 or the a water remaining in the exhaust system of the lower ALD
head, leading to the additional ALD cycle. This mechanism is depicted schematically
in Figure A.2. Furthermore, this scenario can be simulated by changing the precursor
arrangement to H2O/TDMASn/H2O. Here, the second oxidation step is added inten-
tionally. As a matter of fact, this setup provides two ALD cycles by the back and forth
movement of the table. As shown in Figure A.1a the GPC saturates at 0.15 nm. Note that
doubling the amount of purge does not reduce the effect of double coating dramatically.
All in all, this phenomenon is strictly linked with low deposition temperatures and high
amounts of precursors, typically water. Plasma based process did not show any kind of
double coating, even at 80◦C.
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Figure A.2.: Schematic principle of double coating in the TMDASn/H2O process. a) Residual
water from the outside or from the inside of the ALD head lead to increased growth
at the left side of the substrates. b) The second water cycle is added intentionally
by changing the precursor arrangement. The black arrow represents the total width
of the substrate movement.

A.2 Al2O3/Bectron multilayer barrier films

3 In fact, metal oxide thin films provide high-quality barriers with an intrinsic WVTR
in the range of 10-4 gm-2d-1 but they suffer from local degradation due to moisture and
oxygen trough single macroscopic defects. Additional sealing by organic interlayers
promises not only high intrinsic, but also high integral barrier properties. Integral en-
capsulation is used in terms of the enhancement of the area of encapsulation. Therefore,
the barrier properties are not only provided in a small (2×2mm2 wide) region, but in
dimension of several cm2. Alternating inorganic/organic multilayers lead to very long
diffusion pathways by sealing defects which span the entire thickness of a single inor-
ganic layer (e.g. Al2O3).220, 221 Very low WVTR are achieved with metal oxide nanolami-
nates (e.g Al2O3/ZrO2). The overall barrier properties of these nanolaminates are based
on the same phenomena.14 Organic interlayers were deposited by spin coating Bectron
DP8441 VP (by ELANTAS). Bectron DP8441 VP is an acrylate, whose viscosity was de-
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signed to be 600 mPas. As the organic Bectron films were still wet after spin-coating, an
additional drying process is necessary. Wetting could be achieved by UV-exposure or
the heating in an oven. 20 min at 150◦C lead to wet organic films, which do not show
any damage after scratching the sample intentionally. Figure A.3a shows the film thick-
ness of Bectron vs. spin coating roration speed on glass and on metal oxide surfaces.
Resulting film thicknesses were measured to be between 4000 and 5000 nm. As the re-
sulting film thickness is not only depended on the spin coating rotation speed, but also
on the viscosity of the feed material, a further dilution with isopropanol or ethanol was
required to achieve thin films with film thickness less than one micrometer. Thereby,
Bectron films with a thickness of 20 nm were realized.

Figure A.3.: Bectron spin coating on ALD-Al2O3 and glas (a) and ALD growth on Bectron films
and silicon(b). The Al2O3 is deposited in a spatial based APP ALD process at
100◦C with a substrate speed of v = 20 mm/s.

To fabricate Al2O3/Bectron multilayers the respective growth on its counterpart has to
be studied. The film thickness of spin coated Bectron on ALD layers as well as film thick-
ness of Al2O3 films on the organic is shown in Figure A.3. Here, no difference could
be found between an ALD film and a glass as substrate for the spin coating process.
The other way round, Al2O3 on Bectron show somewhat higher growth rate (0.16 nm)
compared to its growth on silicon substrates (0.11 nm). Additional growth could be
explained by the presence of residual water in the Bectron film, which is diffusing to its
surface during the ALD process. Probably further optimization of the wetting process is
necessary to bring both growth rates into line. To evaluate the barrier properties of the
Al2O3/ Bectron multilayers different film designs were deposited and its WVTR mea-
sured via the optical Ca-test. As the deposition of Bectron is based on a liquid solution
process, its deposition could not take place on the calcium sensors. Instead, the mul-
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tilayers were deposited on polymer substrates on which Ca-sensors were evaporated
and encapsulation with a Al2O3/TiO2 nano laminates (with low-pressure batch ALD),
compare subsection 4.1.3. Multilayers with one and two Bectron interlayers were fabri-
cated. Accordingly, two and three layers of Al2O3 (TMA and water at 100◦C in spatial
atmospheric pressure ALD) were applied. For comparison, the sum of the thickness of
all metal oxide sub layers was set to 100 nm.

Figure A.4.: The number of calcium sensors vs. time represents the enhancement of the
integral WVTR achieved by additional organic-inorganic multilayers. Different
Al2O3/Bectron multilayer were deposited on PET and its WVTR were measured
via the optical Ca-Test. Depicted are the numbers of calcium sensors which show
are fully-degraded. Top-encapsulation layer (NL) was deposited by low pressure
ALD (Al2O3/TiO2 nanolaminate). The Bectron thickness could be estimated to be
2.4µm.

Figure A.4 shows the number of faultless calcium sensors vs. time stored at 60◦C and
60% r.H. For all barriers an intrinsic WVTR of 1× 10-6gm-2d-1 was determined. There-
fore, the intrinsic barrier properties are not influenced by the organic interlayers. But,
the integral WVTR (represented by the number of intact calcium sensors) is strongly
depended on the number of interlayers. While the number of Ca sensors with a single
100 nm Al2O3 encapsulation (on PET) degrades in the first 20 h to 5% of its initial state,
the integration of one organic interlayer (together with two 50 nm thick Al2O3layers)
leads to the conservation 20% of the Ca sensors after 60 h. Two Bectron interlayers even
lead to 60% of failure-free Ca sensors after 60 h. Note that the intrinsic WVTR of a single
layer of Bectron can not be estimated due to its incompatibility with calcium. Never-
theless, it can be assumed that its intrinsic WVTR is significantly higher than that of
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Al2O3 layers as its multiple insertion into the stack does not change the overall intrinsic
WVTR. As of that, the overall intrinsic WVTR is still dominated by the metal oxide bar-
rier. The improvement of the integral WVTR could be explained by the encapsulation
of particle or pinhole defects inside the multilayer system. Note that the overall high
failure rate is a result of fabrication on (flexible) PET substrate. On the other head, the
integral WVTR of the top-encapsulation layer cannot be optimized by the number of
organic layers underneath. Futhermore, three organic interlayers would minimize the
Al2O3 sub-layer thickness. Here, at least 20-30 nm are necessary to guarantee sufficient
barrier quality (WVTR = 1 × 10-6gm-2d-1).1, 222
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A.3 Further details on perovskite solar cells

The statistics of perovskite solar cell based SnOx deposited by spatial ALD at atmo-
spheric pressure and batch-based low pressure ALD are shown in Figure A.5. 15 and 11
devices are measured, respectively.
Figure A.6 shows the Perovskite solar cell characteristics at elevated temperature (60◦C
/ N2 atmosphere). Figure A.7 depicts the solar cell characteristics vs. ALD deposition
temperature for spatial atmospheric pressure ALD and batch-based low pressure ALD.

Figure A.5.: Statistical PSC characteristics comparing PSCs built with Spatial atmospheric
pressure ALD (S-AP-ALD) (15 devices) and a low pressure batch ALD (B-LP-ALD)
(11 devices). All current density values have been derived from EQE measure-
ments.
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Figure A.6.: Perovksite solar cell characteristics at elevated temperature (60◦C / N2 atmo-
sphere, 5 devices): a) PCE, b) filling factor, c) open circuit voltage, d) short circuit
current) vs. time of storage.
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Figure A.7.: Perovskite solar cell characteristics for PSCs with SnOx from spatial and low
pressure batch-based ALD at different deposition temperatures.
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A.4 Implementation of the simulations

In this section the implementation of differential equations in OpenFOAM and the react-
ingFoam solver are roughly discussed. Further information about the implementation
and the source code of the simulations used in this work are shown in Ref.152 OpenFoam
is a C++ library, which is used to build solvers like the reactingFoam solver for different
types of numerical problems. OpenFOAM is based on the finite volume method. The
physical equations are coded in differential form, as seen below in Listing A.1, which is
depicting the standard transport equation of mass.

fvSca larMatr ix YiEqn
(
[ 1 . ] fvm : : ddt ( rho , Yi )
[ 2 . ] + mvConvection−>fvmDiv ( phi , Yi )
[ 3 . ] − fvm : : l a p l a c i a n ( turbulence−>muEff ( ) , Yi )
==
[ 4 . ] reac t ion−>R( Yi )
[ 5 . ] + fvOptions ( rho , Yi )
) ;

Listing A.1: Code of the transport of mass equation defined in OpenFoam. [1]: time derivation
of the concentration of species [2] Term of convection of mass [3] Diffusive term
in the transport equation [4] Generation of species [5] Additional term (often set to
zero).

The convection term of the transport equation is further defined as shown in Listing A.2.

tmp<fv : : convectionScheme < s c a l a r > > mvConvection
(
fv : : convectionScheme < s c a l a r > : :New
(
mesh ,
f i e l d s ,
phi ,
mesh . divScheme ( " div ( phi , Yi_hs ) " )
)
) ;

Listing A.2: Convection term of the transport equation defined in OpenFoam

type codedMixed ;
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refValue uniform0 ;
re fGradient uniform0 ;
va lueFrac t ion uniform1 ;
redirec tType c a t a l y t i c S u r f a c e ;//BC−Name

code
#{

//thesevaluesneedtobeadapted :

const intnumberCel ls =1360;
constdoublesubstrateLength =13e−2;//[m]
constdoublemoleculesPerMol =6.022 e23 ;//[1/mol ]
constdoublemolWeight =72.09 e−3;//[kg/mol ]
cons tdoublesorpt ionS ights =8.16 e18 ;//[ r e a c t i o n s i g h t s /m^2]

//L oo ku pp at ch f i e ld sd i r ec t l y :

const fvPatch&boundaryPatch=patch ( ) ;
c o n s t v e c t o r F i e l d&u=
t h i s−>patch ( ) . lookupPatchField <volVectorFie ld , s c a l a r >( "U" ) ;
c o n s t s c a l a r F i e l d&gasPatch=
t h i s−>patch ( ) . lookupPatchField < v o l S c a l a r F i e l d , s c a l a r >( " gasD " ) ;
c o n s t s c a l a r F i e l d&muEff=
t h i s−>patch ( ) . lookupPatchField < v o l S c a l a r F i e l d , s c a l a r > \\
( " thermo :mu" ) ;
c o n s t s c a l a r F i e l d&densityMix=
t h i s−>patch ( ) . lookupPatchField < v o l S c a l a r F i e l d , s c a l a r >( " rho " ) ;

// I n i t i a l i z i n g B u f f e r s :

stat icdoublesumMolecules [ numberCells ] = { } ;
s t a t i c d o u b l e s u r f a c e C o n z e n t r a t i o n =0;
s t a t i c d o u b l e j =0 ;
stat icdoublemassPerDepth =0;
stat icdoublemodulo =0;
stat icdoublemodulo2 =0;
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s t a t i c i n t i =0 ;
s t a t i c i n t p l a t z h a l t e r =0;
s t a t i c i n t p l a t z h a l t e r 2 =0;
p l a t z h a l t e r = t h i s−>db ( ) . time ( ) . value ( ) / ( ( substrateLength/ \\
numberCells )
/u [ 0 ] [ 0 ] ) ;
modulo= t h i s−>db ( ) . time ( ) . value ()−\\
( p l a t z h a l t e r * ( ( substrateLength/numberCells )
/u [ 0 ] [ 0 ] ) ) ;

p l a t z h a l t e r 2 = t h i s−>db ( ) . time ( ) . value ( ) / 1 e−3;
modulo2= t h i s−>db ( ) . time ( ) . value ()− p l a t z h a l t e r 2 *1 e−3;

Info <<"TIME:" < < t h i s−>db ( ) . time ( ) . value () < < nl ;
f o r A l l ( gasPatch , f a c e I )
{
sur faceConzentrat ion=gasPatch [ f a c e I ] ;
i f ( surfaceConzentrat ion <1&&surfaceConzentrat ion < t h i s−>
p a t c h I n t e r n a l F i e l d ( ) ( ) [ f a c e I ]
&&(sumMolecules [ f a c e I ] ) / ( s o r p t i o n S i g h t s ) <1)
{
j =muEff [ f a c e I ]

* ( t h i s−>p a t c h I n t e r n a l F i e l d ( ) ( ) [ f a c e I ]− surfaceConzentrat ion ) * 0 . 5

* t h i s−>patch ( ) . d e l t a C o e f f s ( ) [ f a c e I ] ; / / [ kg/m^2s ]
massPerDepth=
j * t h i s−>db ( ) . time ( ) . deltaTValue ( ) ; / / [ kg/m^2]

sumMolecules [ f a c e I ]+=
massPerDepth * moleculesPerMol/molWeight ;//[1/m^2]
surfaceConzentrat ion=
( sumMolecules [ f a c e I ] ) / ( s o r p t i o n S i g h t s ) ; / / [ 1 ]

i f ( surfaceConzentrat ion <1)
{
t h i s−>refValue ( ) [ f a c e I ]=
t h i s−>p a t c h I n t e r n a l F i e l d ( ) ( ) [ f a c e I ] * surfaceConzentrat ion ;
i f ( modulo2< t h i s−>db ( ) . time ( ) . deltaTValue ( ) )
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{
Info <<" f a c e "<< f a c e I <<"="<< surfaceConzentrat ion <<nl ;
}
}
e l s e
{
t h i s−>refValue ( ) [ f a c e I ]= t h i s−>p a t c h I n t e r n a l F i e l d ( ) ( ) [ f a c e I ] ;
i f ( modulo2< t h i s−>db ( ) . time ( ) . deltaTValue ( ) )
{
Info <<" f a c e "<< f a c e I <<"="<< surfaceConzentrat ion <<nl ;
}
}
}
e l s e
{
t h i s−>refValue ( ) [ f a c e I ]= t h i s−>p a t c h I n t e r n a l F i e l d ( ) ( ) [ f a c e I ] ;
i f ( modulo2< t h i s−>db ( ) . time ( ) . deltaTValue ( ) )
{
Info <<" f a c e *"<< f a c e I <<"="<< surfaceConzentrat ion <<nl ;
}
}
}

Listing A.3: Source code for the simulation of surface sites in OpenFoam

/*−−−−−−−−−−−−−−−−−−−−−−−−−−−−−*−C++−*−−−−−−−−−−−−−−−−−−*\
|========= | |
|\\ / F i e l d |OpenFOAM: TOSCFDT |
| \\ / O perat ion |Version : 3 . 0 . 1 |
| \\ / A nd |Web:www.OpenFOAM. org |
| \\/ M anipula t ion | |
\*−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−*/
FoamFile
{
vers ion2 . 0 ;
f o r m a t a s c i i ;
c l a s s d i c t i o n a r y ;
l o c a t i o n " system " ;
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objectfvSchemes ;
}
/ / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / /
ddtSchemes
{
d e f a u l t E u l e r ;
}
gradSchemes
{
d e f a u l t G a u s s l i n e a r ;
}
divSchemes
{
defaultnone ;
div ( phi ,U) GausslimitedLinearV1 ;
div ( phi , Yi_h ) G a u s s m u l t i v a r i a t e S e l e c t i o n
{
gasAlimitedLinear011 ;
gasBl imitedLinear011 ;
gasClimitedLinear011 ;
gasDlimitedLinear011 ;
gasEl imitedLinear011 ;
gasFl imitedLinear011 ;
gasGlimitedLinear011 ;
h l imi tedLinear1 ;
} ;
div ( phi ,K) Gaussl imitedLinear1 ;
div ( phid , p ) Gaussl imitedLinear1 ;
div ( phi , eps i lon ) Gaussl imitedLinear1 ;
div ( phi , k ) Gaussl imitedLinear1 ;
div ( ( ( rho * nuEff ) * dev2 ( T ( grad (U ) ) ) ) ) Gaussl inear ;
}
laplacianSchemes
{
defaul tGauss l inearor thogonal ;
}
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in terpolat ionSchemes
{
d e f a u l t l i n e a r ;
}
snGradSchemes
{
defaul tor thogonal ;
} / / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * / /

Listing A.4: Discretization schemes used in OpenFoam for defining the boundary conditions
in the Spatial ALD.
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