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1. Introduction 

According to the British Petroleum Statistical Review of World Energy 2014, crude oil, natural 

gas, and coal reserves are sufficient for 53.3, 55.1 and 113 years respectively [1]. A 

transition of the energy sector necessitates technology that proves itself efficient in both 

environmental and economic terms. Only taking the sun’s semi-eternal power as fuel, 

photovoltaic is a key technology on this way, additionally granting groundbreaking new 

possibilities such as decentralizing and small scaling of energy infrastructure, paving the way 

into a new future. However, to arm solar power with economic competitiveness in its battle 

against conventional sources of energy, the optimization of every technical detail is 

mandatory. 

Most types of thin film solar cells need transparent conducting oxides (TCO) as a window 

layer to the cell and the current-collecting electrode. This means that the solar radiation has 

to pass through the TCO in order to reach the absorber where it can be converted into 

electricity. Thus, ideally the TCO has to be transparent in the range where the absorber is 

active. Furthermore, the electrical current needs to be transported to the collecting metal 

electrode through the TCO. Therefore, the main requirements for TCOs are a high optical 

transparency and electrical conductivity to minimize series resistance losses responsible for 

a decreasing open circuit voltage and fill factor. The deposition process has to be well 

controlled to produce such high quality TCO films, and reducing plasma damage is an 

important step towards better material properties, since plasma damage results in a higher 

sheet resistance under the target, decreasing the film’s conductivity. 

The aim of this work is to enhance the radio frequency (RF) magnetron sputtered hydrogen-

doped indium oxide films (which are known for their high Hall mobility) by reducing plasma 

damage in terms of the uniformity of electrical properties. Films deposited using ceramic 

magnetron sputtering suffer from plasma damage because oxygen is a part of the ceramic 

target. Such films are still a rather new topic, since work with them just began within the last 

decade, initiated by Koida [2]. In 2007, Yasui could mitigate this effect for aluminum-doped 

zinc oxide, using a negatively biased mesh electrode [3]. In this work, I tried to apply the 

same idea for hydrogen-doped indium oxide films, which are well known for their very high 

mobility. In a series of experiments conducted at the PVComB, part of the Helmholz Zentrum 

Berlin, in year 2014, I was able to mitigate the plasma damage effect under the target center, 

using a negatively biased mesh electrode. 

This thesis documents the outlined research. It is structured as follows: The subsequent 

chapter provides necessary basics from physics and material science by discussing the 
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different properties of TCOs, ways to evaluate them and the TCO’s overall quality, important 

types of TCOs, and deposition methods. Lastly, it also introduces the sputtering apparatus, 

the role of plasma damage and mesh grids, and a simulation technique used later. The third 

chapter focusses on the different methods and devices used for the analysis. The main part 

of this thesis can be found within the forth chapter, accounting for the experimental results for 

the samples and the simulation. Concluding, the last chapter summarizes the findings and 

gives an outlook for potential further research.   
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2. Basic Principles 

For providing the necessary basics and terminologies for the subsequent research, this 

chapter gives an overview of transparent conductive oxides and the sputtering methods used 

in this work,  

2.1 Transparent Conductive Oxides 

Transparent conductive oxides (TCOs) are used as transparent contact layers, e.g. in 

optoelectronic devices like photovoltaics and flat panel displays. They are used for most thin 

film solar cells as the current-collecting electrode on the sun-facing side of the cell [5]. 

Baedeker reported the first transparent conducting oxide in 1907. Transparent conductive 

oxides are transparent because they have a band gap greater than 3.1 eV (typically 3.2-3.8 

eV). Hence, visible light photons (between 2.1 eV and 3.1 eV) cannot excite valence band 

electrons to the conduction band. Transparent conductive oxides are made conductive by 

either impurity doping or by the introduction of intrinsic or extrinsic defects into the lattice. 

The term doping refers to the process of intentionally introducing impurities into an intrinsic 

semiconductor to change its electrical properties. Most TCOs are n-type, i.e. they have a 

larger electron concentration than hole concentration. This includes materials like SnO2, 

ZnO, In2O3. [4]  

Table 1 gives an overview of different types of sputtered TCOs to present the electrical 

properties of different materials. AZO was sputtered using the leybold inline sputtering 

system at the PVcomB, while ITO and IOH were sputtered using the “Roth und Rau 

sputtering system”, which is described in detail in Chapter 2.7.  

Sputtered TCO 
Ne µ rho 

cm
-3

 cm²/Vs Ohm*cm 

AZO (deposited @ 180 °C) 2.62E+20 32.7 728 

ITO (annealed 5min @ 200°C in air) 2.43E+20 54.5 472 

IOH (as-deposited @ 25°C) 3.86E+20 39.9 405 

IOH (annealed 1h @ 180°C in vacuum) 1.70E+20 126.6 290 

Table 1: Comparison between different sputtered TCOs 

2.2 Electrical Properties of TCOs 

As mentioned above, TCOs are wide-bandgap semiconductors. At room temperature, an 

intrinsic film is very resistive. Hence, it is doped to achieve a conducting film. Due to the free 

electrons in the film, which are achieved by doping, the film becomes electrically conductive.  
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According to Newton’s classical mechanics, the force is the rate of change of the momentum:  

𝐹 =  
𝑑𝑝

𝑑𝑡
= 𝑚

𝑑𝑣

𝑑𝑡
 (1) 

𝐹 Force 𝑝 Momentum 

𝑚 Mass 𝑣 Velocity  

 

As the electron mass is constant and does not depend on time, the effective mass will 

replace the electron mass to account for the lattice’s presence. Due to the electrical field, the 

electrons are subject to a force 𝐹 = 𝑒𝐸. Substituting this into (1) leads to:  

𝑒𝐸 = 𝑚𝑒
∗

𝑑𝑣

𝑑𝑡
 

 

(2) 

𝑒 Electron charge 𝑚𝑒
∗ Effective electron mass 

𝐸 Electric field 

 

The drift velocity in the direction of the force is proportional to the electric field and the 

average time between collisions between electrons and defects within the crystal (𝜏). Using 

the electron mobility 𝜇𝑒 = 𝑒𝜏/𝑚𝑒
∗. The current density 𝐽 is given by: 

𝐽 = 𝑛𝑒𝑣𝑑𝑒 = 𝜎𝐸 

 

(3) 

𝑛𝑒 Density of electrons 𝑣𝑑 Drift velocity 

𝜏 Time between collisions 

 

Using 𝑑𝑣 / 𝑑𝑡 = 𝑣𝑑/𝜏 and (3), the electrical conductivity 𝜎 takes the form: 

𝜎 = 𝑛𝑒𝜇𝑒𝑒 = 𝑛𝑒𝑒2
𝜏

𝑚𝑒
∗ 

 

(4) 

The linear dependency between conductivity and the electron concentration 𝑛𝑒 reveals that 

an increase in conductivity must be obtained by doping. However, heavy doping above a 

certain threshold level results in drawbacks: Ionized dopant atoms are scattering centers that 

reduce the electron mobility. Hence, if the impurity concentration exceeds the solubility limit, 

phase separation can occur. A high electron concentration results in light absorption at long 

wavelengths, the so-called free carrier absorption. 
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2.2.1 Scattering Mechanisms  

This section will briefly identify the four major mechanisms that control electron mobility as a 

central electrical property: ionized impurity scattering, lattice vibration scattering, grain 

boundary scattering, and neutral impurity scattering.  

2.2.1.1 Ionized Impurity Scattering 

A TCO film with a high free carrier concentration exhibits a large number of ionized impurities 

such as dopants, oxygen vacancies, or excess metal atoms [5]. They act as scattering 

centers for electrons. An expression for the electron mobility 𝜇𝑖 in degenerate 

semiconductors, considering scattering at a screened Coulomb potential, is given by the 

Brooks–Herring–Dingle model [6]. The free carrier gas around the ionized impurity causes a 

screening of the electric field around it. Using the following definitions and notations, (5) 

gives the mobility due to ionized impurity scattering. Note that for high carrier concentrations 

(above 2 × 1020 cm−3), ionized impurity scattering mobility dominates [5]. 𝜉 and 𝐹𝑖(𝜉) are used 

for simplifying the equation. 

𝜇𝑖 =
3 𝜀2 ℎ3 𝑛𝑒

𝑍2 𝑚𝑒
∗ 2 𝑒3 𝑛𝑖 𝐹𝑖(𝜉)

 

 

(5) 

𝜀 

𝜀0 

𝜀𝑟 

ℎ 

𝑍 

𝑛𝑖 

Absolute permittivity 

Permittivity of free space 

Relative static permittivity 

Planck’s constant 

Charge of impurities 

Concentration of impurities 

𝜀 = 𝜀0𝜀𝑟 
 

𝐹𝑖(𝜉) = ln(1 − 𝜉) −  
𝜉

1 + 𝜉
 

 

𝜉 =
(3𝜋2 𝑛𝑒)1/3 𝜀 ℎ2

𝑚𝑒
∗𝑒2

 

 

 

2.2.1.2 Lattice Vibration (Phonon) Scattering 

An increase of the temperature implies stronger lattice vibrations as well as deformation and 

a limitation of the electron mobility by acoustic phonon scattering. J. Bardeen and W. 

Shockley [7] found that the mobility 𝜇𝑙 arising from lattice scattering in nonpolar material can 

be expressed as: 

𝜇𝑙 =
2√2𝜋𝑒ℏ4𝐶𝑙

3𝑚𝑒
∗

5
2𝐸𝑑

2(𝑘𝑇)
3
2 

 

 

(6) 

𝐶 Longitudinal elastic constant ℏ = ℎ/2 𝜋 Reduced Plank’s constant 

𝐸𝑑 Deformation potential constant in eV 𝑘 Boltzmann’s constant  

𝑇 Absolute temperature of the semiconductor   
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2.2.1.3 Grain Boundary Scattering 

The grain boundaries of polycrystalline semiconductor films contain interface states. These 

interface states are able to trap charges. The latter form potential barriers, hindering the 

passage of electrons between neighboring grains, particularly in the case of a grain size that 

is comparable to the mean free path of the electrons [5]. A depletion region forms on both 

sides of the grain boundary. The current transport is described by thermionic emission over 

the barrier [8]. The Petritz model, developed in 1956 [9], describes the mobility due to grain 

boundary scattering (µ𝑔). It was extended in 1975 by Seto [10] and in 1978 by Baccarani et 

al. [11]. Accordingly, the mobility is given by:  

𝜇𝑔 =
𝐿 𝑒

√2𝜋𝑚𝑒
∗𝑘𝑇 

𝑒−
𝜙𝑏
𝑘𝑇 

 

(7) 

𝐿 Grain size 𝑤 Depletion width 

𝜑𝑏 =  𝑒2𝑁𝑤2/2𝜀𝜀0 Grain boundary potential 𝑁 Donor density 

𝜙𝑏  Barrier height   

    

2.2.1.4 Neutral Impurity Scattering 

Under the notation of 𝑛𝑁 as the density of neutral centers, the mobility for scattering by 

neutral atoms 𝜇𝑛 can be computed according to (8). [12][13] 

𝜇𝑛 =
𝑚𝑒

∗  𝑒3

20𝜀ℏ3𝑛𝑁 
 

 

(8) 

2.2.1.5 Computation of the Free Carrier Mobility 

Since other scattering mechanisms have negligible effects on TCOs (e.g. electron-electron 

scattering), the free carrier mobility (µe) can finally be calculated as: 

1

µ𝑒
=

1

µ𝑖
+

1

µ𝑙
+

1

µ𝑔
+

1

µ𝑛
 

 

(9) 

2.3 Optical Properties of TCOs 

As mentioned before, one of the main characteristics of a TCO is its transparency. Thus, the 

following part accounts for its optical properties [5]. The definition of the absorption 

coefficient 𝛼 is the fractional decrease in light intensity 𝐼 in the direction of propagation: 

𝛼 = −
1

𝐼

𝑑𝐼

𝑑𝑥
 

 

(10) 
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The absorption coefficient for direct (i.e. the electron momentum is conserved) electron 

transition across the energy gap from the valence band to the conduction band for 𝐸𝑃ℎ𝑜𝑡𝑜𝑛 >

𝐸𝐵𝑎𝑛𝑑𝑔𝑎𝑝 can be computed as follows: 

𝛼 =
𝐴

𝐸
√𝐸 − 𝐸𝑔 

 

(11) 

Here, 𝐴 is a fitting constant [13][14], and the conduction band is assumed to be unoccupied 

and parabolic. 

Due to a Coulomb interaction with ionized impurities, for doped films, the conduction and the 

valence band edges are perturbed, extending tails of states into the energy gap, and the 

optical absorption coefficient for transitions between the band tails follows Urbach’s rule [5], 

represented by (12). 

𝛼𝑈 = 𝐴𝑈𝑒−
𝜁

𝑘𝑇
(𝐸𝑔−𝐸)

 

 

(12) 

Note that 𝐴𝑈 is a fitting constant and 𝜁 is a parameter describing the steepness of the sub-

gap absorption edge. 

For heavily doped semiconductors, i.e. TCOs having a high carrier concentration, the Fermi 

level is in the conduction band, whose lowest states are occupied. Thus, the photons need 

more energy than the fundamental bandgap 𝐸𝑔0 for exciting the electron to transit from the 

valence band to the conduction band. This is depicted in Figure 1. 

 

Figure 1: [part (a)] The energy gap 𝑬𝒈𝟎 which separates conduction and the valence bands. [part (b)] 

Heavy doping fills the lowest states in the conduction band, such that the optical gap is widened by a 

Burstein-Moss shift. Redrawn after [15] 
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Due to the heavy doping, the optical gap is widened by an increment of energy ∆𝐸𝑔
𝐵𝑀 that is 

called the Burstein-Moss shift [16]: 

∆𝐸𝑔
𝐵𝑀 =

(ℏ𝐾𝑓)
2

2𝑚𝑣𝑐
∗ =

ℎ2

2𝑚𝑣𝑐
∗ (

3𝑛𝑒

8 𝜋
)

2/3

 

 

(13) 

𝐾𝑓 Fermi wavevector 𝑚𝑣𝑐
∗ −1 =  𝑚𝑣

∗ −1 + 𝑚𝑐
∗−1

 

𝑚𝑣
∗  Valence band density-of-states effective mass 

 𝑚𝑐
∗  Conduction band density-of-states effective mass 

 

Concerning the bandgap energy Eg, it holds: 

Eg = Eg0 + ∆𝐸𝑔
𝐵𝑀 

 

(14) 

At low frequencies, e.g. AC, the optical transmittance of the TCO film is determined by 

absorption and reflection of free carrier plasma. To model these effects, I use the Drude 

model [17], [18]. It explains the transport characteristics of electrons in materials by applying 

the kinetic theory. For an AC field, the model is given by equations (1), (3), and (15) to (23). 

 

 

 𝐸(𝑡) = 𝐸1𝑒−𝑖𝜔𝑡 (15) 𝑒𝐸(𝑡) = 𝑚𝑒
∗ �̈� +

𝑚𝑒
∗ �̇�

𝜏
 (16) 

𝑥 = −
𝑒𝐸1𝑒−𝑖𝜔𝑡

𝑚𝑒
∗(𝜔2 + 𝑖

𝜔
2)

 (17)  𝑣 = �̇� =
𝑖𝑒𝜔𝐸1𝑒−𝑖𝜔𝑡

𝑚𝑒
∗(𝜔2 + 𝑖

𝜔
2)

 (18) 

𝜎 =
𝑛𝑒𝑣

𝐸
=

𝑛𝑒𝑒2𝜏

𝑚𝑒
∗(1 − 𝜔𝜏)

= 𝜀0𝜀∞𝜔𝑝
2𝜏

1 + 𝑖𝜔𝜏

1 + 𝜔2𝜏2
 (19) 𝜔𝑝

2 =
𝑛𝑒𝑒2

𝑚𝑒
∗𝜀0𝜀∞

 (20) 

𝜀(𝜔) = 𝜀∞ − 𝑖
𝜎(𝜔)

𝜀0𝜔
= 𝜀𝑟(𝜔) − 𝑖𝜀𝑖(𝜔) (21) 𝜀𝑟 = 𝜀∞ (1 −

𝜔𝑝
2𝜏2

1 + 𝜔2𝜏2) (22) 

𝜀𝑖 =
𝜀∞𝜔𝑝

2𝜏

𝜔(1 + 𝜔2𝜏2)
 (23) 𝒏𝟐 = 𝜇 𝜀(𝜔) (24) 
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Under the assumption of 𝜇 = 1, (21) and (24) simplify to (25). Refractive and extinction 

indices then are as shown in (26) and (27) respectively: 

𝒏 = 𝑛 + 𝑖𝑘 = √𝜀𝑟 + 𝑖𝜀𝑖 (25) 
𝑛2 =

√𝜀𝑟
2 + 𝜀𝑖

2 + 𝜀𝑟

2
 

(26) 

𝑘2 =
√𝜀𝑟

2 + 𝜀𝑖
2 − 𝜀𝑟

2
 

(27)   

𝜔𝑝 Plasma frequency 𝒏 Complex refractive 

index 

𝑛 Refractive index 𝑘 Extinction index 

 

2.4 TCO Figure of Merit 

The subsequent chapter provides necessary criteria to compare and decide between two 

different TCOs. The quantity 𝜎/𝛼 is suggested as a figure of merit, where 𝛼 is the absorption 

coefficient and 𝜎 is the conductivity of the analyzed film, as mentioned beforehand. A 

computable expression is obtained as follows: As a starting point, the absorption of a thin film 

of thickness 𝑡 is evaluated, given by. 

𝐴 = 1 − 𝑒−𝛼𝑡 

 

(28) 

Since the basic relation between reflection, transmission, and absorption, 𝑇 + 𝑅 + 𝐴 = 1, has 

to hold, the absorption coefficient, as a part of (28), can be written as: 

𝛼 = −
ln (𝑇 + 𝑅)

𝑡
 (29) 

By definition, the sheet resistance suffices:  

𝜎 =
1

𝑅𝑠ℎ𝑡
 (30) 

Hence, the figure of merit can be finally written as: 

𝜎/𝛼 =
−1

𝑅𝑠ℎln (𝑇 + 𝑅)
 (31) 
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However, the result includes on the omission of an indirect effect of the thickness through 

grain size. Hence, the figure of merit does not depend on the thickness, although it might do 

in reality.  

Another way to express the figure of merit can be achieved by substituting (19), (22), and 

(23) for 𝜎 and deriving 𝛼 = 2𝜔𝑘/𝑐 = 4𝜋𝑘/𝜆, based on (10) and (15):  

𝜎

𝛼
= 4 𝜋2𝜀0𝜀∞

1/2 
𝑐3

𝜏2

𝜆2
= 𝜀0𝜀∞

1
2 𝑐3 (

2𝜋𝜇𝑚𝑒
∗

𝑒𝜆
)

2

 (32) 

𝑐 Speed of light 𝜔 Angular frequency 

𝜆 Wave length 𝑘 Extinction index 

 

From the definition of electron mobility, it holds that 𝜏 = 𝜇𝑚𝑒
∗/𝑒. Hence, the TCO figure of 

merit depends on the electron mobility. 

2.4.1 Numerical Example 

In following, the figure of merit developed before is exercised with a sheet resistance of 6.24 

Ω/□ at different electron concentrations and mobilities. Table 2 and Figure 2 show the data 

used and the results respectively.  

Film 𝒏𝒆 (1020cm-3) 𝝁 (cm2/V/s) Figure of Merit 

1 10 20 1 

2 5 40 4.2 

3 2 100 26 

Table 2: Data for the numerical example of the figure of merit with a sheet resistance of 6.24Ω/□ [5] 

 

Figure 2: Calculated transmittance and absorbance of three TCO films with a sheet resistance of 6.24 Ω/□ 
[5] 
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The results show that the decrease of concentration of carriers decreased absorption and 

that the mobility has a high influence on the figure of merit. This implies that if two TCO 

materials are compared, the material with the higher mobility will be preferred [5].  

As an important remark, it should be stated that the main advantage of hydrogen doped 

indium oxide is the high mobility. 

2.5 Classification and Important Types of TCOs 

Within the subsequent part, the different most-used types of TCOs are reviewed and 

compared. 

2.5.1 Fluorine-doped Tin Oxide 

The most extensively used TCO material is fluorine-doped tin oxide (SnO2:F) as a coating on 

architectural glass for heat-reflection and for thin film amorphous silicon (a-Si) and cadmium 

telluride (CdTe) solar cells as a transparent electrode. It is usually manufactured using 

atmospheric pressure chemical vapor deposition (APCVD) with a substrate temperature of 

650oC, which prohibits its use in temperature sensitive photovoltaic devices. [5] 

 

Figure 3: Tin oxide crystal structure [19] 

2.5.2 Indium Oxide 

The second most used material as TCO is tin-doped indium oxide (ITO), which is used in flat-

panel displays (FPD), high-definition TVs, touch screens, and many photovoltaic cell 

architectures, e.g. a-Si, copper indium gallium diselenide (CIGS), or a heterojunction with 

intrinsic thin layer (HIT). However, Indium is a rare and expensive material. Yet, thin films 

made from indium oxide have a high mobility compared to other materials. [5] 
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As shown in Figure 4, the hydrogen-doped indium oxide has a higher transmittance and a 

lower sheet resistance in comparison with tin-doped indium oxide for a TCO thickness of 240 

nm. 

 

Figure 4: Transmittance of ITO, IOH as deposited, and IOH annealed at 200
°
C [20] 

 

Figure 5: Indium oxide crystal structure [21] 

2.5.3 Hydrogen-Doped Indium Oxide (IOH) 

Based on the TCO Figure of Merit it is clear that mobility is the main criterion to choose 

between different TCO materials. In 2007, Koida et al. developed hydrogen-doped indium 

oxide films on glass using RF magnetron sputtering at room temperature followed by 

annealing at 200°C. This resulted in a high mobility (98–130 cm2/(Vs) at a carrier density of 
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1.4-1.8 * 1020 cm-3), caused by a suppression of grain boundary defects as well as multi-

charged and neutral impurities and high near-infrared (NIR) transparency. [2] 

 

Figure 6: Average crystallite size of the films, estimated from full width at half maximum values of 222 

diffractions [2] 

 

Figure 7: Resistivity, carrier density, and Hall mobility of H-doped In2O3 films as a function of partial 

pressure of water vapor (𝑷𝑯𝟐𝑶) [2] 

Figure 6 reveals that crystallization is highly depending on 𝑃𝐻2𝑂. Furthermore, it shows that 

the crystal size increases at an annealing temperature above 150°C. It also emphasizes that 

samples deposited at low water partial pressures (like lower than 10-5 Pa) as well as samples 

deposited at very high water partial pressures, such as 10-2 Pa, do not enhance the crystallite 

size during the annealing process.  

Figure 7 shows mobility, resistivity, and carrier density as a function of water partial pressure 

and at different annealing temperatures and as-deposited. For samples deposited with a 

water partial pressure less than 0.1 nbar, the annealing did have a big effect on their 

electrical properties. For samples deposited with a water partial pressure between 0.5 nbar 
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and 50 nbar, the annealing over 150°C increased the mobility with a parallel decrease in 

carrier density. However, mobility and carrier density are increasing with an increase of water 

partial pressure. For samples deposited with a water partial pressure higher than 100 nbar, 

mobility and carrier density decrease. Thus, resistivity increases [14]. 

 

Figure 8: Mobility and carrier density of as-deposited and post-annealed IOH films as a function of 

temperature [2] 

Figure 8 demonstrates that there is no dependency between carrier density and temperature, 

what indicates that the films are degenerate semiconductors. Mobility increases with the 

decrease of temperature. This indicates the dominance of phonon scattering.  

Thus, as-deposited IOH is concluded to be amorphous with a mobility of around 40 cm²/Vs. 

Annealing for about five minutes enhances crystallinity but does not affect mobility, which 

remains low due to oxygen vacancies. Annealing to around 45 minutes heals oxygen 

vacancies and increases mobility.  

2.5.4 Zinc Oxide 

Zinc Oxide (ZnO) is used as a contact layer in thin film Si, CIGS, and the next generation of 

a-Si/nc-Si photovoltaic technologies. ZnO is prepared by LPCVD, DC or RF magnetron 

sputtering. The traditional dopant for ZnO is Al. [5] 

One of the main advantages of aluminum-doped zinc oxide is its low cost related to the 

abundance of Zn and Al. 
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Figure 9: Wurtzite hexagonal crystal structure of zinc oxide [22] 

2.6 Deposition Methods 

The deposition method affects the thin film properties, i.e. optical, electrical and surface 

characteristics. Hence, the following part analyzes the dominant technologies for large-scale 

production, CVD and sputtering. [5] 

2.6.1 Magnetron Sputtering 

Magnetron sputtering is a physical deposition method discovered in 1852 and developed as 

a thin film deposition technique by Langmuir in 1920. As shown in Figure 10, the planar 

magnetron sputtering system consists of 

1 - magnets, 

2 - the target (cathode) source of the material to be used as a coating material, and 

3 - the substrate to be coated. 

 
Within the sputtering process, due to a glow discharge, a working gas (Ar) is ionized to Ar+ 

with the aim of bombarding the negatively biased cathode and ejecting atoms from target. As 

a result, the sputtered atoms condensate on the substrate. The sputtering process 

parameters are the cathode current density, discharge voltage, argon pressure, and SOD 

(stand up distance, i.e. the distance between target (cathode) and substrate (anode)). 

A comparison between magnetron and non-magnetron sputtering, as given in Table 3, 

clarifies the advantages of adding magnets to have magnetron sputtering instead of non-

magnetron sputtering as this leads to both lower discharge voltage and lower pressure. 
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Figure 10: Planar magnetron sputtering system [23] 

 Non-Magnetron Sputtering Magnetron Sputtering 

Cathode current density 
(current/cathode surface) 

1 mA/cm2 20 mA/cm2 

Discharge voltage (indicative 
value) 

3000 V 600-800 V 

Current 1 A 10-20 A 

Argon Pressure 6.5 Pa 0.13 Pa 

SOD 4 cm 20 cm 

Table 3: A comparison between magnetron and non-magnetron sputtering [24] 

RF Magnetron Sputtering is used when having a non-conducting target, since DC power 

supply usage will lead to charging and heat the target. The sputtering yield (sputtered atoms 

per ion) depends on the target species (atomic mass of the target), the impinging species 

(atomic mass of argon), the energy of impinging species, and the angle of incidence. Lower 

total pressure and high power lead to denser films with better crystallinity due to the higher 

particle energies on the substrate, but they also increase the plasma damage. Indeed, higher 

deposition temperatures lead to better crystallinity. However, sensitive substrates cannot be 

deposited at high temperatures. To increase the sputtering yield, there is a permanent 

magnetron fixed above the target, which also increases plasma density and lowers operating 

pressure.  

Magnetron sputtering is, for instance, applied in the manufacturing of AZO for a/Si and CIGS 

modules. Furthermore, oxide films such as In2O3 and ZnO are often deposited from a 

ceramic sputtering target. 
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2.6.2 Ceramic Sputtering 

Ceramic sputtering targets are compound targets produced by pressing and sintering oxide 

powders pre-mixed with doping elements or oxides in a certain weight ratio. A usual 

sputtering gas is argon with a small quantity of oxygen. Main disadvantages of the ceramic 

targets include their costs that exceed those of metallic ones, a shorter lifetime, plasma 

damage due to incorporated oxygen, and the impossibility to vary the film doping due to the 

target’s fixed composition. However, the main advantage of ceramic targets can be found in 

its easier process control: Oxygen is already present in the target material; hence, only little 

oxygen has to be added as reactive gas for reaching the desired stoichiometry. Therefore, 

there is no hysteresis behavior concerning oxygen flow and discharge voltage, implying an 

easier process control. Thus, the usage of ceramic sputtering is less complicated and often 

has a higher yield than the metallic target [5]. 

2.6.3 Metallic (Reactive) Sputtering 

Deposited film is formed by chemical reaction between the target material and a gas or a 

mixture of gasses (e.g. Ar + O2) introduced into the vacuum chamber, which will react with 

the target material, forming the coating of a different chemical composition. Argon is in most 

cases the main gas. Oxide and nitride films are often fabricated using reactive sputtering. 

The composition of the film can be controlled by varying the relative pressures of the inert 

and the reactive gases. Film stoichiometry is an important parameter for optimizing functional 

properties. Argon is in most cases the process gas and the amount of a reactive gas 

introduced into a process chamber is controlled to either achieve a certain amount of doping 

or to produce a fully reacted compound. Nowadays, reactive sputtering is widely used for 

industrial coatings of solar cells and flat panel displays, since it is cheaper than ceramic 

sputtering using DC and MF. Furthermore, the metallic targets have a longer life time than 

the ceramic targets [5]. 

However, compared to ceramic sputtering, reactive sputtering it is harder to control, because 

the stable state of the surface of the metallic target during the sputtering process is either 

metallic (identified by a high sputtering rate or dark films) or oxidized (characterized by a low 

sputtering rate and transparent films with high resistivity). There is a hysteresis when 

switching between these two modes. Films with desired characteristics can only be sputtered 

in transition mode. The latter is unstable and necessitates constant controlling and a 

changing of the process parameters. 
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2.7 Sputtering Apparatus 

The pages below describe the apparatus that was used for this thesis. The samples were 

deposited by a “Roth & Rau MicroSys 200 PVD”. This device consists of a loadlock, a 

coating chamber, and three 2-inch targets with magnetron and DC and RF power source. 

The targets are a ceramic ITO (90 wt% In2O3 doped with 10wt% SnO2), another ceramic 

intrinsic In2O3 which is capable of sputtering IOH (target with mesh grid), and a metal Zn:Al 

(Zn 98 wt% doped with 2 wt% Al). The system contains a substrate heater divided into an 

inner and an outer heater. Sputtering gases are argon and oxygen. Two containers provide 

them: one for argon and the other for argon and an oxygen mixture (the oxygen to argon 

ratio for this container equals 2.5% to 97.5%). Figure 11 shows a sketch of such a “Roth & 

Rau MicroSys 200 PVD”, including a mesh installed under the second target (In2O3). The 

mesh is mounted isolated from the chamber wall and is connected to a DC power source 

capable of producing a mesh bias voltage between 0 and 100 V. Figure 12 shows a photo of 

the three targets: The ITO target shutter is removed as well as target and shutter of the 

In2O3. The latter’s copper of the cathode is shown and, furthermore, the shutter is closing the 

Zn:Al target. 

 

Figure 11: Sketch of the Roth & Rau MicroSys 200 PVD magnetron sputtering system used to prepare 

samples in this work. After [25] 
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Figure 12: Photo of the of Roth & Rau MicroSys 200 PVD magnetron sputtering system with its three 

targets 

2.7.1 Plasma Damage 

The ceramic targets have the oxygen incorporated into them. Due to the discharge voltage 

and the existence of the negative oxygen ions at the surface of the ceramic target, the 

negative oxygen ions are accelerated towards the substrate by the discharge voltage 

perpendicular to the formed racetracks causing plasma damage and increasing the sheet 

resistance of the growing films because of the oxygen negative ions’ high energy. The higher 

the discharge voltage, the more energy oxygen negative ions will have reached several 

hundreds of electron volts (see Chapter 4). The optimal ion energy equals approximately 50 

eV to enable the particle to diffuse to an energetically favorable position and to form a high 

quality film. 100 eV exceeds the optimal energy, damaging the growing film. Plasma damage 

could be mitigated by using stronger magnets [26]. Figure 13 shows a two-dimensional 

sketch of the oxygen ions formed near the racetracks to hit the formed film. 

 

  

Discharge 
voltage 

 

 

substrate 

O- O- 

target 
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Figure 13: Oxygen energetic negative ions are accelerated towards the substrate by the discharge voltage 

2.7.2 Installing the Mesh to the Sputtering Utility 

 

Figure 14: Schematic diagram of a RF magnetron sputtering apparatus (used by Yasui et al.) with a mesh 

grid [3] 

In 2007, Yasui et al. improved the uniformity of crystallinity and electronic properties such as 

resistivity, carrier concentration, and Hall mobility, using RF magnetron sputtering with a 

negatively biased mesh electrode [3]. Due to the impingement of highly energetic particles on 

the substrate, growing AZO films had become damaged and had shown non-uniformity of 

crystallinity and electronic properties. Especially in the center under the target, growing films 

had had lower crystallinity and higher resistivity. To mitigate the effects of the impingement of 

charged particles, Yasui et al. inserted a DC negatively biased stainless steel mesh between 

the anode and the cathode of the sputtering apparatus shown in Figure 14. The grid had 

dimensions of 0.3mm in wire diameter and 20 mesh/in. It was coated with zinc to prevent the 

contamination of the films by the positive ion bombardment. Before coating the mesh with 6 

µm zinc, an iron content was detectable in the AZO films. 

Figure 15 shows that using the mesh enhanced the crystallinity of the target center. This 

implies that the mesh was able to deflect the highly energetic particles and to improve the 

film quality. Figure 17 shows that using a DC negatively biased (around 40 V) mesh 

increased conductivity, carrier concentration, and Hall mobility near the target center and 

made the electronic properties more uniform. 

To decrease the plasma damage effect on the growing films, I followed the idea of Yasui 

shown above. Therefore, I installed a mesh as shown in Figure 16. 
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Figure 15: Spectra of AZO films deposited (a) without grid mesh and (b) with mesh grid [3] 

 

 

 

 

Figure 16: The Roth & Rau MicroSys 200 PVD sputtering system with a mesh installed under the Gencoa 
2-inch cathode IOH target 
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Figure 17: Plots of (a) resistivity, (b) carrier concentration, and (c) Hall mobility of the AZO films as a 

function of the distance from the target center [3]. 

2.8 Setup of the Model Simulation 

To provide a better understanding of the effects of the newly installed mesh on both the 

plasma properties and the highly energetic particles, I use Particle-in-Cell Monte Carlo (PIC-

MC) simulations for the sputtering chamber. Using model simulations is fueled by the high 

costs of empirical methods and their complexity [27]. 
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Figure 18: Load on CPUs during the simulation 

The TFD Cluster consists of 96 CPUs for parallel simulation computations, divided into two 

nodes (48 CPUs each), located in a server room of the Berlin Institute of Technology (TUB). 

It uses the Scientific Linux Operating System and can be accessed via the network by 

several users at the same time using secure shell (SSH) and virtual network computing 

(VNC). Users can assign their calculations to a certain number of CPUs. Figure 18 shows the 

load on each node during our simulation. 

 

Figure 19: Schedule of the main loop in a PIC-MC computation [27]. 
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The simulation algorithm used, PIC-MC, accounts for all transport mechanisms of charged 

and neutral particles that occur in low-pressure deposition techniques [19] The simulation 

analyzes the movement of particles within a geometric space. For this reason, the PIC-MC 

simulation suffices our demands well, since it is possible to model the sputtering chamber as 

a geometric object. Subsequently, an initial spatial distribution of sample particles is entered 

into the simulation. The algorithm calculates movement and collisions separately in 

sufficiently small time intervals. To simulate the magnetron sputtering, initially, the magnetic 

field of the magnetron is determined. The actual plasma simulation is calculated within the x-

y space, while the z-direction captures periodic boundary conditions. Finally, the simulation 

allows a detailed accounting of the particle densities (e.g. negative oxygen ions and 

electrons) with respect to both time and space [28]. 

The algorithm shown in Figure 19 can be divided into two separate algorithms. The first one, 

located on the right, is used to calculate the gas flow using so called ‘Direct Simulation Monte 

Carlo’ (DSMC). The second one is used for simulating the discharge of the magnetron 

sputtering, working with the PIC-MC model.  

It is worth mentioning that DSMC and PIC-MC are separated simulations because they use 

different physical IDs for the boundary conditions as well as different orders of time steps 

(microseconds for the DSMC and picoseconds for the PIC-MC). This implies that running 

them simultaneously will slow the simulation time dramatically. The PIC-MC can run under 

the assumption of homogenous background gas pressure, meaning that it could possibly run 

without utilization of DSMC. However, the latter is applied for gas flow simulations to obtain a 

more realistic background. Figure 20 shows the workflow steps for the gas flow simulation. 

For the discharge of magnetron sputtering, more steps are necessary to determine the 

magnetic field before starting the PIC-MC simulation. Concerning a plasma simulation with 

the latter involving the magnetic field, the steps depicted in Figure 21 are followed. 
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Figure 20: Sketch of the workflow for a DSMC gas flow simulation. After [29] 

 

 

 

Figure 21: Sketch of the workflow of PIC-MC simulation 
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3. Analytics 

In this chapter, the measuring devices used in this work are discussed. This includes a Hall 

effect measurement setup to determine the Hall mobility, electron concentration, and 

resistivity, a contact profilometer for film thickness measurement, an ultraviolet-visible-near 

infrared spectroscope to measure transmittance and reflectance, an X-ray diffractometer to 

characterize the structural properties, and a four-point probe arrangement for determining the 

sheet resistance of the films.  

3.1 Hall Effect Measurement 

The Hall effect is used to analyze the electrical properties of the thin films deposited on glass 

and wafers. From the measured Hall voltage, the electrical parameters carrier density, 

mobility and resistivity can be determined. The Hall effect was discovered by Edwin Hall in 

1879 during his PhD research. According to his findings, a small transverse voltage is built 

up across a current-carrying thin metal strip in an applied magnetic field (Hall voltage). 

3.1.1 The Principle of Hall Measurements and the Van der Pauw Technique 

 

Figure 22: Hall voltage 𝑽𝑯 built across current-carrying thin metal strip in an applied magnetic field [30] 

The Lorentz force (𝐹) is given by:  

𝐹 =  −𝑞 ∗ (𝐸 + 𝑣 × 𝐵 ) 

 

(33) 

𝑞 Electron charge 𝐸 Electric field due to Hall voltage 

𝑣 Electron drift velocity 𝐵 Magnetic field 

 

When the current-carrying thin metal strip is static, according to (33), the Lorentz force 

equals zero. This situation is displayed in Figure 22. Consequently, the electric and the 

magnetic forces have to be equal in magnitude and opposite in direction: 
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|𝐸| = |𝑣| ∙ |𝐵| 

 

(34) 

In the case that 𝑣 and 𝐵 are perpendicular, 𝐸 can be expressed as:  

𝐸 = −∇𝑉 =
VH

𝑤
 

 

(35) 

𝑤 Width of current carrying thin metal strip  

 

From the definition of the surface current 𝐽, it holds: 

𝐽 =  
𝐼

𝐴
=

𝐼

𝑤 ∙ 𝑑
 

 

(36) 

𝑑 Depth of current carrying thin metal strip 

 

Combining (3), (34), (35), and (36) yields: 

VH

𝑤
=

𝐼

𝑤 ∗ 𝑑 ∗ 𝑛 ∗ 𝑞
∗ 𝐵 

 

(37) 

Using the sheet density 𝑛𝑠 = 𝑛 ∗ 𝑑, this leads to  

𝑛𝑠 =
𝐼 ∗ 𝐵

VH ∗ 𝑞
 

 

(38) 

To determine carrier density, mobility, and resistivity, a measurement of the Hall voltage is 

necessary. Therefore, the the van der Pauw technique is used as shown in Figure 23.  

 

Figure 23: Van der Pauw configuration used in the determination of the Hall voltage 𝑽𝑯. [30] 
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3.2 Contact Profilometer 

The contact profilometer measures small surface variations in vertical stylus displacement as 

a function of position, using a diamond stylus that moves vertically in contact with a sample 

and then moves laterally across the sample for a specified distance and a specified contact 

force [31]. In this work, I used the DektakXT profilometer from BRUKER. 

3.3 Ultraviolet–visible Spectroscopy 

Ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy or spectrophotometry is used to 

measure transmission and reflection for TCO coatings on glass for wavelengths between 250 

nm and 2450 nm. The first modern spectroscope was developed by Joseph von Fraunhofer 

in 1814 using a prism, a telescope, and a diffraction slit. The spectra are categorized as 

ultraviolet from 250 nm to 400 nm, visible from 400 nm to 700 nm, and near infrared from 

700 nm until 2450 nm.  

As sketched in Figure 24, the spectrophotometer uses two sources for light: one for 

ultraviolet light and one for visible light. From intensity measurements of a reference beam 

and the sample beam, the transmittance can be calculated as the ratio between sample 

beam intensity and reference beam intensity (𝐼/𝐼0). The absorbance can be calculated as 

𝐴 =  𝑙𝑜𝑔 (𝐼0/𝐼). 

 

Figure 24: Spectrophotometer [32] 
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3.4 X-ray Diffraction 

X-rays have wavelengths from 40 pm to 400 pm and were discovered in 1896 by W.C. 

Roentgen. X-ray crystallography is used to identify the structure of a crystal through the 

measurement of angles and intensities of diffracted beams. According to Bragg's Law, which 

gives the angles of scattering from a crystal lattice, the interference between the reflections 

of incident X-ray radiation off the various planes interferes constructively when 𝑛𝜆 =

2𝑑sin (𝜃), with 𝑛 being integer and 𝜆, 𝑑, and θ denoting the wavelength of incident wave, the 

spacing between the planes in the atomic lattice, and the angle between the incident ray and 

the scattering planes respectively. The powder X-Ray diffractometer sketched in Figure 25 is 

the Bragg-Brentano arrangement that was proposed in 1925 by Brentano. It consists of an X-

ray source (X-ray tube), a sample stage, a system to change the angle 𝜃, and a detector that 

measures the intensity against 2𝜃. 

 

Figure 25: Powder X-ray diffractometer [33] 
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3.5 Four-point probe method 

The four-point probe method, also known as Kelvin sensing, named after Lord Kelvin, is used 

to measure the sheet resistance of thin films. I use the four-point probe method because its 

separation of voltage and current electrodes decreases the impedance contribution of 

contacts and wires.  

Figure 26 shows the used arrangement. The voltmeter between point 2 and 3 measures the 

voltage, and the ammeter between point 1 and 4 measures the current. Hence, the 

resistance between point 2 and 3 can be computed as the ratio of voltmeter measurement 

and ammeter measurement. For thin films, the sheet resistance is measured in Ω/□, which is 

equal to the resistance between two electrodes on opposite sides of a theoretical square with 

any dimensions.  

 

Figure 26: Arrangement of four probes that measure voltage (V) and supply current (A) [34] 
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4. Experimental Results and Analysis 

4.1 Results for Samples Prepared by the Roth & Rau MicroSys 200 PVD 

Sputtering System 

In the Roth & Rau MicroSys 200 PVD magnetron sputtering system, three different targets 

can be used: Zn:Al, ITO, and In2O3. The Zn:Al target is doped with 2 wt% Al, the ITO target is 

doped with 10 wt% Sn, and the In2O3 target is not doped. Since the mesh grid should be 

installed to assist the target with the most plasma damage, static depositions of all three 

materials were evaluated to determine which material was most afflicted by plasma damage. 

4.1.1 Finding a set point for reactively sputtered Aluminum doped Zinc Oxide (AZO) 

Aiming at a static deposition with the Zn:Al target, I first had to find a set point concerning the 

oxygen partial pressure and the discharge voltage for this material. Finding the set point for 

reactive DC sputtering is usually done by increasing the oxygen flow rate at constant power, 

leading to a decrease in voltage, moving from the metallic mode to the oxidized (poisoned) 

mode. Then, a decrease in oxygen flow leads to an increase in voltage, and the transition 

mode is reached. This offers good material properties in terms of transparency and 

conductivity as well as high deposition rates. The dependence of the discharge voltage on 

the oxygen flow is shown in Figure 27. 

 

Figure 27: The dependence of the discharge voltage on the oxygen flow in a reactive sputter process [35] 
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Figure 28: The effect of power variation on the voltage-oxygen flow relation. After [35] 

Because the R&R sputtering system is equipped with a turbo-pump, which is large in 

comparison to the size of the sputtering chamber, hysteresis could be neglected while 

looking for a set point (see Figure 28). The process used to find a set point for AZO 

sputtering at our R&R system was established by Stefan Kämpfer [36]: voltage control with a 

decreasing voltage from 415 V to 360 V at a constant oxygen flow of 6 sccm until reaching a 

power low enough not to damage the target (lower than 90 W). The selected value of power 

was 79 W, as depicted in Figure 29, revealing that a power increase leads to an increase in 

the discharge voltage. The second step in finding a set point was to keep the discharge 

voltage constant while varying the oxygen flow until the film resistivity became as low as 

possible. The results of this step are illustrated in Figure 30, showing that an increasing 

oxygen flow increases the power at a discharge voltage of 360V. 

 

 

Figure 29: Power as a function of Voltage at 
Oxygen flow of 7sccm. 

Figure 30: Power as a function of Oxygen flow at 
360 V 
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Figure 31 sketches the top view of a glass sample laying on the system carrier and under the 

target. Note that the target center, and hence the position of the highest film thickness on the 

substrate, is not in the center of the substrate, due to the system geometry. 

 

Figure 31: A top view sketch of the R&R system’s three targets with a 10x10 cm² sample under one target 
on the carrier. 

4.1.2 Comparison of the Results for ITO, AZO and IOH 

This section presents the sheet resistance for samples of AZO, ITO, and IOH thin films 

statically deposited on 0.7 mm Corning glass 10x10 cm2 without using the mesh. For ITO, 

sheet resistance results in Ω/□ are as shown in Figure 32 and Figure 33. As expected, a 

longer deposition time yields a thicker film and a lower sheet resistance (𝑅𝑠ℎ = ρ / t). In 

addition, it is clear that there are no high resistive spots in the center of deposition as it will 

be shown later in the case of IOH. Table 4 summarizes the deposition conditions of the ITO 

sample. 

Note that the oxygen is part of an oxygen/argon mixture tank with a share of 2.5 %. The 

argon, therefore, originates from both a pure argon tank and the mixture tank. The rate of 

total oxygen to total argon can then be computed as: 

 

𝑇𝑜𝑡𝑎𝑙 𝑜𝑥𝑦𝑔𝑒𝑛 𝑡𝑜 𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑔𝑜𝑛 𝑟𝑎𝑡𝑖𝑜

=
𝐹𝑙𝑜𝑤 𝑜𝑓 𝑔𝑎𝑠 𝑜𝑓 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑡𝑎𝑛𝑘 ∗ 𝑂𝑥𝑦𝑔𝑒𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝐹𝑙𝑜𝑤 𝑜𝑓 𝑔𝑎𝑠 𝑜𝑓 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑡𝑎𝑛𝑘 ∗ 𝐴𝑟𝑔𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 + 𝐹𝑙𝑜𝑤 𝑜𝑓 𝑝𝑢𝑟𝑒 𝐴𝑟𝑔𝑜𝑛 𝑡𝑎𝑛𝑘
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Sputtering power 70W, RF sputtering at room temperature 

Discharge voltage 150 V 

Total pressure 6 µbar 

Base pressure 0.82 nbar 

Argon flow 36.8 sccm 

Mixture gas (mixture 97,5 % Ar + 2,5 % O2) flow 3.2 sccm 

Total oxygen to total argon ratio 0.20% 

Table 4: Deposition conditions for the ITO sample 

58400 25300 13400 7200 3010 1700 791 540 407 411 

75300 25000 8500 3800 1400 616 353 241 200 203 

42800 16200 5300 1800 700 340 200 141 125 124 

23700 7600 2970 963 391 212 136 100 91 93 

14300 4800 1700 600 266 150 104 83 77 82 

8700 3500 1200 450 201 123 90 74 73 79 

8200 3200 948 370 187 110 83 72 71 79 

7000 2900 905 354 174 112 80 71 70 77 

8600 3100 1100 391 178 114 84 72 70 76 

11000 4000 1300 473 207 127 91 76 72 73 
 

229 163 122 98 76 63 56 51 53 57 

202 142 104 84 65 54 46 44 44 50 

184 124 93 79 59 46 41 40 42 48 

172 120 93 69 54 43 39 39 41 46 

163 120 92 71 53 43 40 39 40 44 

174 121 93 72 54 45 39 38 39 42 

190 135 102 78 60 48 42 39 40 

 

198 150 112 87 68 56 47 44 

  

240 168 123 102 81 67 57 

   

301 212 154 118 

       

Figure 32: Sheet resistance in Ω/□ of a static deposition 
of ITO for 10 minutes 

Figure 33: Sheet resistance in Ω/□ of a static 
deposition of ITO for 15 minutes. A corner of 

the glass substrate has been cut off such that 
the sample could lie closer to the carrier edge 

without protruding over it. 

Figure 34 shows the sheet resistance results in (Ω/□) of the AZO sample. Its deposition 

conditions are given in Table 5. From the results, it seems that the sample does not have a 

plasma damage under the target center, possibly due to the high total pressure, which 

scatters the negative oxygen ions. 

Sputtering power 90 W 

Discharge voltage 360 V 

Total pressure 6 µbar 

Base pressure 0.3 nbar 

Argon Flow 39 sccm 

Mixture gas (mixture 97,5 % Ar + 2,5 % O2) flow 7 sccm 

Total oxygen to total argon ratio 0.38% 

Table 5: Deposition conditions for the AZO sample 
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300 196 148 99 77 56 44 37 32 31 

232 145 103 71 55 41 33 27 25 24 

168 120 79 58 40 30 24 22 20 19 

167 103 75 46 32 25 21 17 16 15 

140 86 61 39 28 20 17 15 14 14 

156 89 54 36 25 19 15 13 12 12 

140 85 55 35 24 18 15 12 11 11 

146 91 58 37 25 19 15 12 11 11 

153 102 60 42 30 21 16 14 12 12 

172 102 77 60 40 26 20 17 15 15 

Figure 34: Sheet resistance results of AZO 

Figure 35 shows the sheet resistance results in (Ω/□) of the IOH sample A prepared as 

summarized in Table 6. Furthermore, the film thickness in the area marked by the black 

rectangle was measured using the profilometer. The results are illustrated in Figure 36. 

As it is shown in Figure 35, the spots in the center under the target have a higher sheet 

resistance, even though the film thickness is highest there (see Figure 36). This means that 

the decrease in conductance in the center is not caused by a lower film thickness but 

probably by plasma damage. Note that the total pressure in the IOH process was lower than 

in the ITO process (1.3 µbar vs. 6 µbar). Due to this lower total pressure, the highly energetic 

oxygen ions have a lower probability of being scattered on their way to the substrate. So, 

they have a higher probability of reaching the substrate and causing plasma damage there. 

Based on these findings, the mesh was installed under the In2O3 target. 

Sputtering power 70W, RF sputtering at room temperature 

Discharge voltage 161 V 

Total pressure 1.23 µbar 

Base pressure 0.6 nbar 

Argon flow 18.1 sccm 

Mixture gas (Mixture 97,5 % Ar + 2,5 % O2) flow 2.5 sccm 

Total oxygen to total argon ratio 0.32% 

Water pressure 1.6 nbar 

Table 6: Deposition conditions for sample A without mesh 
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226 179 145 108 84 64 54 43 41 41 

193 147 110 143 62 46 38 30 27 28 

179 128 97 68 48 36 28 24 23 23 

151 118 82 59 41 30 24 21 21 22 

149 111 75 52 35 26 22 22 27 38 

138 100 70 50 32 25 22 25 40 64 

143 102 70 48 33 25 22 23 39 64 

141 100 75 50 36 26 22 21 28 38 

151 115 84 58 40 29 24 22 21 22 

162 133 95 67 48 36 29 25 22 22 

Figure 35: Sheet resistance of sample A deposited without mesh 

71 74 88 97 93 103 

84 83 109 114 121 128 

91 90 125 133 146 161 

110 106 143 149 170 174 

116 112 156 159 180 184 

118 116 161 162 186 192 

118 118 163 164 180 189 

116 115 149 151 173 176 

104 107 137 144 160 160 

99 105 123 128 141 141 

Figure 36: Profilometer measurement on the sample A -Thickness of the IOH thin film in (nm) for 60 cm
2
 

(the part under the target) 

4.1.3 IOH: Increasing total pressure effect on resistivity 

In this sample, the total deposition pressure was increased to 6 µbar to examine if the sheet 

resistance caused by plasma damage disappears. Figure 37 shows the correspondent sheet 

resistance mapping of the RF magnetron sputtered sample O3. As depicted, the highly 

resistive spot in the center under the target disappeared. This can be explained by an 

increased scattering of the highly energetic oxygen ions at higher total pressure. 
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  552 203 104 70 55 49 47 53 69 

1200 335 136 77 56 45 38 38 40 49 

977 260 108 67 48 39 34 33 35 42 

682 178 94 61 44 36 31 30 31 36 

600 165 86 56 41 33 30 28 30 34 

760 177 88 53 41 33 28 26 27 30 

782 205 90 56 42 33 28 26 26 28 

1200 277 117 65 47 37 30 27 27 27 

2000 478 154 82 55 42 35 30 28 29 

3400 817 228 125 68 53 42 37 35 34 

Figure 37: Sheet resistance result for static deposition of sample O3 (for 15 minutes at a process 
pressure of 6 µbar) 

4.1.4 Oxygen Partial Pressure and Opto-electrical Properties of Amorphous IOH Films 

The following series of depositions was RF sputtered at a power of 70W, a deposition time of 

15 minutes, room temperature, a base pressure of 0.6 nbar, a process pressure of 6 µbar, 

and a water pressure of 1.6 nbar as well as a change of the oxygen partial pressure with 

subsequent annealing for 1 hour at 180°C. Table 7 lists the series’ samples and their data. 

Sample Ar flow rate 
O2: (O2+Ar) flow 

rate 
Total oxygen to 
total argon ratio 

O1 38.4 sccm 1.6 sccm 0.1% 

O2 36.8 sccm 3.2 sccm 0.2% 

O3 35 sccm 5 sccm 0.32% 

O4 33.6 sccm 6.4 sccm 0.4% 

O5 32 sccm 8 sccm 0.5% 

Table 7: Partial pressure oxygen series data. 

Figure 38 to Figure 41 show the sheet resistance mappings of the sputtered IOH samples at 

different oxygen partial pressures. The sheet resistance increases with the increase of 

oxygen pressure due to the decrease of oxygen vacancies in the film. 
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137 107 82 54 40 34 34 

126 95 66 43 30 26 27 

120 85 56 36 26 23 24 

111 81 56 34 26 22 23 

115 89 56 37 27 25 22 

122 95 66 44 34 26 24 

127 105 80 58 43 35 32 
 

63 50 39 31 29 29 33 

57 43 34 27 25 25 28 

52 40 31 25 23 23 26 

51 39 29 24 22 22 25 

52 39 31 25 22 22 23 

53 42 33 27 23 22 22 

59 47 37 31 26 24 23 
 

Figure 38: Sheet resistance mapping of 
sputtered sample O1 at oxygen to argon ratio 

of 0.1% 

Figure 39: Sheet resistance mapping of 
sputtered sample O2 at oxygen to argon ratio 

of 0.2% 

67 48 39 34 33 35 42 

61 44 36 31 30 31 36 

56 41 33 30 28 30 34 

53 41 33 28 26 27 30 

56 42 33 28 26 26 28 

65 47 37 30 27 27 27 

82 55 42 35 30 28 29 
 

92 55 43 39 37 41 56 

83 49 42 35 35 38 49 

79 47 37 34 33 36 46 

77 46 37 33 33 34 40 

84 50 40 34 32 33 37 

100 58 43 36 34 33 34 

171 77 55 42 37 35 35 
 

Figure 37: Sheet resistance mapping of 
sputtered sample O3 at oxygen to argon ratio 

of 0.32% 

Figure 40: Sheet resistance mapping of 
sputtered sample O4 at oxygen to argon ratio 

of 0.4% 

250 125 69 55 53 60 79 

182 84 57 47 47 51 67 

148 75 51 44 44 50 60 

133 70 50 43 42 48 58 

140 70 51 43 42 46 56 

170 83 57 44 42 44 49 

251 107 63 48 43 43 45 
 

Figure 41: Sheet resistance mapping of sputtered sample O5 at oxygen to argon ratio of 0.5% 
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Figure 42: Transmittance as a function of wavelength at different oxygen to argon ratios. 

Figure 42 illustrates that the optical transmittance between 1600 nm and 2450 nm increases 

with the increase of oxygen partial pressure (for oxygen percentages between 0.1% and 

0.5%). This can be explained by the decrease in carrier density in the film, caused by the 

higher oxygen partial pressure: Due to the lower free carrier absorption, the NIR 

transparency increased. 

 

Figure 43: Reflection as a function of wavelength at different oxygen to argon ratios. 
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From Figure 44 it becomes clear that, at an oxygen to argon ratio of 0.32%, the sample has a 

high total transmittance to sheet resistance ratio. The increased noise in NIR is a result of the 

NIR lamp. Shifted positions of minima and maxima imply different film thicknesses of the 

samples, which is probably due to a shifted measuring position off the center. There is an 

abnormal peak for sample O2, which was deposited with an oxygen to argon ratio of 0.2 % in 

the blue spectrum. However, this is most likely a measurement artefact. 

 

Figure 44: Average total transmittance between 400 nm to 1100 nm and sheet resistance for samples O1, 
O2, O3, O4 and O5 

Figure 45, Figure 46 and Figure 47 show electrical properties of the samples O1, O2, O3, O4 

and O5 for the center and the edge under target before and after annealing for 1 hour at 

180°C. Figure 45 demonstrates that, for the as-deposited sample, the charge carrier density 

decreases with the increase of oxygen partial pressure. Figure 46 shows that annealing 

generally decreased resistivity and that, for an oxygen to argon ratio above 0.32%, resistivity 

increases with the increase of oxygen. Figure 47 clarifies the effect of annealing on mobility: 

In general, annealing increases mobility. Furthermore, for as-deposited samples the mobility 

usually increases with the increase of the oxygen to argon ratio. The set point of 0.32% 

oxygen shows a good transmittance to sheet resistance ratio. The films were measured at 

positions between 120 and 170 nm thickness. 
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Figure 45: Charge carrier density as a function of the oxygen to argon ratio 

 

 

Figure 46: Resistivity as a function of the oxygen to argon ratio 



42 
 

 

Figure 47: Mobility as a function of the oxygen to argon ratio 

4.1.5 Using a Negatively Biased Mesh to Mitigate the Plasma Damage in the Center of 

the Sample 

The mesh is used to improve the uniformity in the electronic properties of IOH films using RF 

magnetron sputtering. As mentioned before, Yasui et al. gave evidence that in films 

deposited by RF sputtering from ceramic targets, plasma damage can be mitigated by 

inserting a mesh with a negative bias voltage between target and sample. In our research, 

the influence of meshes with two different hole sizes was investigated. The mesh with bigger 

holes had similar dimensions compared to the mesh used by Yasui (1 mm holes and 0.2 mm 

wire diameter) and is henceforth called “big mesh”. The smaller mesh had 0.5 mm holes and 

a wire diameter of 0.3 mm. It will be referred to as “small mesh”. 

Recall Figure 35, which shows that the sheet resistance of sample A, deposited without 

mesh, changes from the center to the edge of the spot. The sheet resistance in the center of 

the spot is double the sheet resistance at the edge. This effect is caused by highly energetic 

negative ions, which I plan to divert by introducing the negatively biased mesh between 

target and substrate. Figure 48 shows the sheet resistance of the sample B sputtered with 

the big mesh. The deposition conditions are listed in Table 8.  
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Sample B C D 

Sputtering power 70W, RF sputtering at room temperature 

Discharge voltage 157 V 148 V 144 V 

Total pressure 1.23 µbar 1.23 µbar 1.23 µbar 

Base pressure 0.6 nbar 0.6 nbar 0.6 nbar 

Argon flow 18.1 sccm 18.1 sccm 18.1 sccm 

Mixture gas (Mixture 97,5 % Ar 
+ 2,5 % O2) flow 

2.5 sccm 2.5 sccm 2.5 sccm 

Total oxygen to total Argon ratio 0.32% 0.32% 0.32% 

Water pressure 1.6 nbar 1.6 nbar 1.6 nbar 

Mesh bias voltage -80V -80V -40V 

Mesh size Big Small Small 

Deposition time 15 minutes 30 minutes 30 minutes 

Annealing time 1 hour  1 hour 1 hour 

Annealing temperature 180°C 180°C 180°C 

Table 8: Deposition conditions of samples with the mesh 

 145 108 84 64 54 43 41 41 

110 143 62 46 38 30 27 28 

97 68 48 36 28 24 23 23 

82 59 41 30 24 21 21 22 

75 52 35 26 22 22 27 38 

70 50 32 25 22 25 40 64 

70 48 33 25 22 23 39 64 

75 50 36 26 22 21 28 38 

84 58 40 29 24 22 21 22 

95 67 48 36 29 25 22 22 
 

630 350 202 142 107 85 78 79 

391 218 136 93 74 64 58 57 

260 152 101 76 61 54 50 50 

208 118 81 64 53 51 52 55 

178 105 75 58 50 52 70 85 

174 97 71 57 49 57 86 119 

189 105 71 56 50 53 81 104 

205 113 77 59 50 48 59 71 

241 134 87 67 54 49 48 51 

381 195 111 80 64 56 53 54 
 

Figure 35: Sheet resistance of sample A, deposited 
without mesh 

Figure 48: Sheet resistance of B, deposited with 
the big mesh at -80 V 

The sheet resistance results do not show an enhancement in the electrical properties 

compared to sample A. The sheet resistance of both films is roughly doubled in the center of 

the spot in relation to the edge. This is probably because the wires of the big mesh are too 

distant from each other to have a repelling effect on the majority of the highly energetic 

particles. 
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At this point, it may be adequate to discuss the Debye length, defined as the length by which 

the potential decays 1/𝑒. Due to the potential difference, negatively and positively charged 

particles will be attracted by the positive and the negative electrode respectively. The 

charged particles then screen out the electric potential generated by the electrodes. This 

screening decays exponentially with the distance from the electrode. The Debye length 𝜆𝐷 is 

characterized by the following formula: 

𝜆𝐷 = √
𝜀0𝑘𝑇𝑒

𝑒2 𝑛𝑒
 

 

(39) 

𝑇𝑒 Electron temperature   𝑛𝑒 Density of electrons 

𝑘 Boltzmann constant 𝑒 Electron charge 

𝜀0 Permittivity of free space   

 

Hence, for an electron density in the order of 1016m-3 at an electron temperature of 2 eV, the 

Debye length is in the order of 12 µm. 

To increase the mesh’s probability of having a repelling effect on the highly energetic 

particles, I replaced the big mesh with the small mesh (0.5 mm holes). Figure 49 shows the 

updated results for the sheet resistance of sample C, which was deposited with the same 

deposition parameters but with the small mesh at -80 V. The deposition time was increased 

to 30 min due to the lower deposition rate caused by the small mesh. The result shows that 

the sheet resistance in the center of this sample is still slightly higher than at the edge. 

However, in this case the increase in sheet resistance from the edge to the center of the spot 

marks only 50%, while it was 100% in the case above for the sample deposited with the big 

mesh. It can be concluded that the small mesh has a beneficial effect on the homogeneity of 

the sheet resistance distribution. 

Figure 50 displays the sheet resistance of sample D, which was prepared using the same 

sputtering conditions as sample C but included the mesh bias -40 V. The increase in sheet 

resistance from the edge to the center of the spot for this sample reaches just 33% what 

suggests that biasing the small mesh at -40 V yields better film results than biasing it with -80 

V.  
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138 126 134 181 319 320 249 147 114 100 

116 110 123 175 256 197 129 89 77 77 

107 101 115 171 200 140 92 70 68 67 

99 94 108 160 174 114 76 67 67 68 

100 89 102 146 153 106 75 71 79 77 

88 85 97 139 150 111 76 87 97 87 

86 81 91 129 154 104 77 87 100 88 

87 79 86 116 158 124 86 75 84 78 

88 79 80 102 160 148 107 78 70 69 

93 83 82 94 133 185 153 109 84 78 

Figure 49: Sheet resistance of sample C 

146 129 139 192 380 646 558 276 188 168 

121 118 127 177 342 338 212 124 103 89 

112 106 125 191 275 190 120 85 73 71 

100 102 115 194 216 147 90 70 65 65 

93 94 113 198 189 118 80 66 67 64 

87 86 110 177 175 104 78 68 76 71 

84 85 104 166 178 111 77 75 85 79 

84 80 96 158 188 123 79 72 79 72 

82 79 92 123 201 159 96 72 69 73 

89 80 84 108 182 224 138 91 74 72 

Figure 50: Sheet resistance of sample D 

Electrical properties (carrier density, mobility, and resistivity) of the samples A, B, C, and D 

are visually summarized in Figure 51, Figure 52, and Figure 53 respectively. A major result 

from our research can be extracted. Namely, the highest mobility occurs with sample D, 

which was deposited using the mesh grid at a bias voltage of -40 V. Furthermore, concerning 

resistivity, the values at the center and the edge under the target reveal that sample D has 

the lowest resistivity compared to the other samples and also shows uniformity. 
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Figure 51: Carrier density of samples deposited without mesh grid, with the big mesh at bias voltage -80 
V, and with the small mesh at bias -80 V and -40V as a function of the position under the target. 

 

Figure 52: Mobility of samples deposited without mesh grid, with the big mesh at bias voltage -80 V, and 
with the small mesh at bias -80 V and -40V as a function of position under the target 
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Figure 53: Resistivity of samples deposited without mesh grid, with the big mesh at bias voltage -80 V, 
andwith the small mesh at bias -80 V and -40V as a function of position under the target 

Compared to dynamic deposition, the mobility of sample A (without mesh) is quite low, it 

should be around 100 cm2/(Vs). In the center it is very low due to the reduced crystallinity 

resulting from plasma damage. At the edge it exhibits slightly higher but still low values. 

Hence, there also seems to be plasma damage at the edge, though less than in the center. 

Sample C (small mesh at -80 V) was not able to crystallize, probably due to contaminations 

sputtered from the mesh because of the high voltage. Sample B (big mesh at -80 V) is better 

in the center; perhaps it did not crystallize at the edge due to some experimental error (e.g. 

this position was not lying correctly on the heater). 

X-ray diffraction (XRD) data for sample A confirms that the highly resistive spot in the center 

under the target is caused by plasma damage, as in the center of the target there is a lower 

peak that at its edge, what means a lower crystallinity. Figure 54 shows that the crystallinity 

at the edge is higher than it in the center under the target for the case of deposition without 

the small mesh. Deposition with the small mesh enhanced crystallinity. Note that the edge 

graphs for sputtering with the small mesh are shifted to ease a comparison with the XRD 

data for the center under the edge, since they are almost identical. 



48 
 

 

Figure 54: XRD results for samples deposited without a mesh grid, with the big mesh at bias voltage -80 
V, and with the small mesh at a bias of -80 V and a bias of -40 V, for the center under the target and the 

edge. 

 

Figure 55: XRD results at the edge of sample A 

For sample A and B, only the angle range for the 222 In2O3 peak is shown in order to provide 

a better visualization of the effect of plasma damage on crystallinity. When sputtering with 
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the small mesh, the 222 peak disappeared completely, and the favored crystal orientation 

changed to 400. Hence, I have shown the complete 2Θ-range, which exhibits almost no 

difference between the center and the edge. From Figure 54 and Figure 55, the peak at 400 

is a common in samples A, C and D 

Figure 56 and Figure 57 display the sheet resistance mapping of samples sputtered at a 

lower power (40 W): sample E (sputtered without mesh grid) and sample F (sputtered with 

mesh at -40 V). The power was lowered in order to decrease the electron density, to 

increase the Debye length in the plasma, and, hence, to increase the probability of the mesh 

having an effect on the highly energetic particles. The samples are deposited according to 

the conditions given in Table 9. 

The sheet resistance mapping in Figure 56 exposes that for depositions at 40 W the highly 

resistive spot in the center under the target is not present. This can be explained by the lower 

discharge voltage for this lower power set point (127 V at 40 W opposed to 157 V at 70 W), 

which decreases the energy of the highly energetic particles. Depositing with the mesh at 40 

W (see Figure 57) lowers deposition rate and crystallinity (compare the peaks for Figure 58 

to Figure 59). Thus, using mesh at low power sputtering has no beneficial effects. 

 

Sample E F 

Sputtering power 40 W RF sputtering 

Discharge voltage 127 V 100 V 

Total pressure 1.3 µbar 1.3 µbar 

Base pressure 0.45 nbar 0.45 nbar 

Argon flow 18 sccm 18 sccm 

Mixture gas (Mixture 97,5 
% Ar + 2,5 % O2) flow 

2.6 sccm 2.6 sccm 

Total oxygen to total 
Argon ratio 

0.32% 0.32% 

Water pressure 1.6 nbar 1.6 nbar 

Mesh bias voltage without mesh Small, -80V 

Deposition time 15 minutes 30 minutes 

Table 9: Deposition conditions at 40W 
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295 212 147 116 102 89 77 86 111 145 

238 165 111 87 78 68 61 61 69 94 

195 131 92 71 61 58 54 50 52 64 

166 120 82 61 50 45 47 43 46 51 

154 107 77 55 47 43 42 43 46 47 

148 103 72 53 46 43 44 47 50 50 

148 101 74 54 48 44 43 46 50 49 

135 108 77 57 49 45 43 45 47 47 

152 113 88 63 55 47 43 42 43 43 

177 121 103 79 64 55 47 45 43 45 

Figure 56: Sheet resistance of sample E 

 

 

558 835 888 1325 2511 2415 1235 735 515 415 

622 670 813 1768 1810 1030 629 405 317 291 

581 543 750 1358 1141 660 383 301 262 260 

460 436 645 1000 814 437 301 265 241 231 

381 386 577 861 678 347 255 254 245 232 

307 339 522 789 627 328 271 294 274 258 

330 324 493 769 697 356 318 312 300 276 

310 305 394 683 765 413 308 317 311 268 

356 290 355 565 871 572 321 254 250 236 

417 290 315 444 716 749 452 314 268 254 

Figure 57: Sheet resistance of sample F 
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Figure 58: XRD results at the center and the edge of sample E 

 

Figure 59: XRD results at the center and the edge of sample F 
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4.2 Simulation of the Roth & Rau MicroSys 200 PVD Sputtering System 

In the following part, the results of the simulation of the Roth & Rau MicroSys 200 PVD 

sputtering system introduced in Chapter 2.8 are presented. 

4.2.1 Creation of the Roth & Rau MicroSys 200 PVD Sputtering System Model 

 

Figure 60: Isometric drawing of the Roth & Rau MicroSys 200 PVD sputtering system with a Gencoa 2-
inch cathode and an In2O3 cathode with mesh grid. Red lines are sectioning lines. 

Figure 60 displays a three-dimensional drawing of the Roth & Rau MicroSys 200 PVD 

sputtering system including a Gencoa 2-inch cathode and a In2O3 cathode with the mesh 

electrode. Figure 61 shows a two-dimensional model of the system. Calculating the model in 

3D would have taken several weeks even at a low simulated power. Hence, I decided to 

create a 2D model of the section of the R&R system in which the In2O3 target is positioned 

(marked with a red line in Figure 60). I propose that the highly resistive spot in the center 

under the target is caused by negative oxygen ions, which are accelerated perpendicularly to 

the target surface. Since a cylindrical target is used, and erosion causes the racetracks to 

form on the target surface, the oxygen ions are focused by the tilted surface of the racetracks 

to the center under the target. This is why I included racetracks into the target of the 2D 

model. 

The 2D model was created by FreeCAD and then exported as a STEP file to GMSH. 

Subsequently, physical groups were defined in GMSH, i.e. sputtering gas, water inlet, pump, 

wall and target. Afterwards, an MSH file was created, and, using the command ‘ initpicmc 

“MSH file” ‘, a parameter file was generated. The latter allows the setting of global variables: 

time step, total simulation time, number of plots, the working mode ‘gas flow simulation’ or 

‘PCMC plasma simulation’. Furthermore, the parameter file allows for the definition of neutral 

and charge carrying species and their initial distribution. In addition to this, it enables the 
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definition of the simulation domain, the cell resolution in x,y and z direction, and the definition 

of the mesh files used. 

 

 

Figure 61: The two dimensional model of the Roth & Rau MicroSys 200 PVD sputtering system with a 

Gencoa 2-inch target cathode with mesh grid. Legend: 1: Pump, 2: Mesh grid, 3: Gas inlets, 4: Target with 
racetracks 

Figure 62 displays the magnet model as a three-dimensional object and visualizes its field 

distribution. The magnet is modeled in 3D, and the magnetic field is calculated in the plane 
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relevant to my 2D model. Figure 63 shows that the magnetic fields specified by the 

manufacturer are consistent with the modeled one. 

 

Figure 62: The magnet model and the magnetic field distribution 

 

Figure 63: Magnetic fields specified by the manufacturer and the one calculated for the model 
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The power for the two-dimensional model 𝑃2𝐷 was calculated as follows: 

𝑃2𝐷 = 𝑃3𝐷 ∗
𝐴2𝐷

𝐴3𝐷
 

 

(40) 

𝐴2𝐷 Area of two-dimensional model 𝐴3𝐷 Area of three-dimensional model 

𝑃3𝐷 Real power used for a real three dimensional target  

4.2.2 Results of the Simulation without the Negatively Biased Mesh 

Table 10 provides an overview of the data of the simulation run without a negatively biased 

mash. Figure 65 and Figure 64 are screenshots at 15.7 µs of the negative ion and the 

electron density respectively. 

 

ID of experiment 1 

Date Sep 4, 2014 

MSH file used rur2D_HS_140903.msh 

Magnet input rur_magnet_140717.msh 

Time step 2 ps 

Simulation time 20 µs 

Gas flow input 0.6 Pa (argon pressure) 

𝐴2𝐷 44 x 1 mm2 

𝐴3𝐷 π x 22² mm² 

𝑃3𝐷 300 mW 

𝑃2𝐷 according to (40) 27.3 mW 

Table 10: Data for the simulation without the negatively biased mash 
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Figure 64: Density of electrons in simulation 1 at 15.4.µs 

 

 

Figure 65: Density of oxygen ions in simulation 1 at 15.7 µs 

 

Figure 65 reveals that the oxygen density is near the substrate. Negative oxygen ions are 

created at the target surface and accelerated towards the substrate. Most negative oxygen 

ions occur at the racetracks, where the plasma density is the highest. They are accelerated 

in the plasma sheath perpendicular towards the surface so racetracks force them into a 

cone-like shape with a focus in the center under the target. Near the target, this cone-shape 

is observable. However, further down it dissolves due to scattering collisions of oxygen ions 
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with other gas atoms. Probably, a model calculated at a real power of 70 W is needed to 

observe oxygen ions impinge, concentrating on the center under the target. As furthermore 

depicted in Figure 64, the distribution of electrons is not symmetrical because the model 

used is two-dimensional. 

4.2.3 Results of the Simulation with the Negatively Biased Mesh 

Table 11 gives an overview of the simulation data that has been used to simulate the effect 

of the negatively bias mesh. Figure 66, Figure 67, and Figure 68 display screenshots during 

the simulation for the electron density, the oxygen density, and the energy of oxygen ions 

respectively.  

The figures show that the mesh decreases the density of negative oxygen ions and electrons 

near the substrate. In contrast to the latter simulation, the cone shape is less intensive 

because the negatively biased mesh is able to ripple the negative oxygen ions. Referring to 

the abovementioned, also this distribution of electrons does not exhibit symmetry because 

the model used is still two-dimensional. The energy of most of the oxygen ions striking the 

substrate seems to be below 100 eV. This indicates less plasma damage. 

 

 

 

ID of experiment 2 

Date Aug 28, 2014 

MSH file used rur2D_AH_140807 

Mesh bias voltage -40 V 

Magnet input rur_magnet_140717.msh 

Time step 2 ps 

Simulation time 20 µs 

Gas flow input folder 20140813 

𝐴2𝐷 44 x 1 mm2 

𝐴3𝐷 π x 22² mm² 

𝑃3𝐷 700 mW 

𝑃2𝐷 according to (40) 63.4 mW 

Table 11: Data for the simulation with the negatively biased mash 
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Figure 66: Density of electrons in simulation 2 at 16.7 µs 

 

  

Figure 67: Density of oxygen ions in simulation 2 at 15.8 µs 
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Figure 68: Energy of oxygen ions in simulation 2 at 16.2 µs 
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5. Conclusion 

In this thesis, I analyzed a possible mitigation strategy for plasma damage to improve RF 

magnetron-sputtered hydrogen-doped indium oxide films. Hydrogen-doped indium oxide 

shows a very high mobility, conductivity, and a high transparency for the photovoltaic 

absorber active-wavelength range. 

I used a series of experiments with different negatively biased mesh electrodes, and a 

simulation of the magnetron sputtering to assess the problem. Measurement was done using 

UV-VIS spectroscopy to determine total reflection and transmittance, the four-point probe 

method for an evaluation of the sheet resistance, and hall measurements to quantify 

resistivity, mobility, and electron density for selecting the set point for hydrogen-doped indium 

oxide sputtering conditions. One of the main problems TCOs face, namely plasma damage, 

occurs because the oxygen negative ions are formed mostly on the racetracks of ceramic 

targets. Oxygen ions accelerate towards the substrate at a high energy of more than 100 eV 

due to the discharge voltage. This effect can be mitigated on a “Roth & Rau MicroSys 200 

PVD” sputtering system, using a negatively biased mesh electrode at -40V. This was proven 

by the results of an XRD, sheet resistances, and Hall measurements. The effect of the mesh 

was also simulated using the PIC-MC method, working with a two-dimensional model of the 

sputtering chamber. This simulation verifies the result.  

However, there are several points where future research might continue. Usually, the 

substrate suffers from an iron contamination which results from the introduction of the mesh 

grid. This could result in a film with higher absorption and, consequently, a decrease of 

transparency. A possible solution would have been to plate the mesh grid with indium, what 

was not possible, because the sputtering chamber is used for annealing over 160°C what lies 

above the melting point of indium. However, the use of indium oxide might be a valid 

technique, as its melting point exceeds 1900 °C. I demonstrated the use of the mesh grid to 

decrease the plasma damage for IOH used in thin films. However, it might be possible to 

apply the used method also for the deposition of solar cells sensitive to plasma damage. 

Furthermore, the simulation used was subject to a number of constraints and assumptions. 

Further research might try to model the process including a three-dimensional model of the 

sputtering chamber and the real power. In addition, the algorithm used could be extended to 

simulate other sputtering systems.  

This work tried to contribute new results to the field of applied photovoltaic material science 

and, thereby, has a share in optimizing the technology that might change the entire energy 

sector.   
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Appendix 

I Parameter File for the PIC-MC Simulation without the Mesh Grid 

# Parameter file for the PICMC gas discharge and DSCM gas flow simulation 
 
# =============================================== 
# Global variables 
# =============================================== 
DT    = 2e-12;   # Time step 
TSIM   = 2e-5;   # Total simulation in seconds 
TAVG   = 1;    # Time averaging mode (0 = off, 1 = on) 
NPLOTS  = 200;    # Number of plots 
NDUMPS  = 1;    # Number of particle data dumps 
WORKMODE = 1;    # Work mode (0 = DSCM gasflow simuation, 1 = PICMC plasma 
simulation, 2 = SOR E-Field solver) 
T0    = 300;   # Initial particle and border temperature [K] 
#PSOLL  = 1;    # Aimed power dissipation in Watt (plasma simulation only) 
PSAMPLE = 1/13.56e6;   # Sampling time for power dissipation (plasma simulation 
only) 
VPMAX  = 500;   # Change this for specifying voltage limitation 
 
 
PI     = 4*atan(1); 
AREA_REAL = PI*(0.044/2)^2; 
AREA_MODEL = 0.044*0.001; 
 
PREAL   = 0.3;    # Power for real 3D target 
PSOLL   = PREAL*AREA_MODEL/AREA_REAL; # Calculated power for 2D model 
 
 
# Neutral species available: 
# "H", "He", "O", "Ne", "Cl", "Ar", "Kr", "Xe", "H2", "H3", "O2", "O2ex", "N2", 
"Na", "Mg", "Al", "Si", "P", "S", "K", "Ca", "Sc", "Ti", "V", "Cr", "Mn", "Fe", 
"Co", "Ni", "Cu", "Zn", "Ga", "Ge", "As", "Se", "Rb", "Sr", "Y", "Zr", "Nb", "Mo", 
"Tc", "Ru", "Rh", "Pd", "Ag", "Cd", "In", "Sn", "Sb", "Te", "Ta", "W", "NH3", 
"NH3ex", "SiH2", "SiH3", "SiH4", "Si2H5", "Si2H6", "Si3H8", "Si4H10", "ZnO", 
"HMDSO", "Alq3", 
 
# Charge carrying species available: 
# "e", "Hplus", "Hminus", "Oplus", "Ominus", "Neplus", "Clplus", "Clplusplus", 
"Arplus", "Krplus", "Xeplus", "H2plus", "H3plus", "O2plus", "O2minus", "N2plus", 
"Naplus", "Naplusplus", "Mgplus", "Mgplusplus", "Alplus", "Alplusplus", "Siplus", 
"Siplusplus", "Pplus", "Pplusplus", "Splus", "Splusplus", "Kplus", "Kplusplus", 
"Caplus", "Caplusplus", "Scplus", "Scplusplus", "Tiplus", "Tiplusplus", "Vplus", 
"Vplusplus", "Crplus", "Crplusplus", "Mnplus", "Mnplusplus", "Feplus", 
"Feplusplus", "Coplus", "Coplusplus", "Niplus", "Niplusplus", "Cuplus", 
"Cuplusplus", "Znplus", "Znplusplus", "Gaplus", "Gaplusplus", "Geplus", 
"Geplusplus", "Asplus", "Asplusplus", "Seplus", "Seplusplus", "SiH3plus", 
"SiH3minus", "Si2H4plus", "Si2H5minus", 
 
SPECIES = ["Ar", "Arplus", "O2","O2plus", "O2minus", "e", "O", "Oplus", 
"Ominus","In"];   # List of species strings 
 
NREAL_Ar   = 5e11;  # Default scale factor for Ar 
P0_Ar    = 0.6;  # Default pressure of initial Ar distribution [Pa] 
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# Comment/uncomment accordant to defined species: 
NREAL_Arplus = 1e5;  # Default scale factor for Arplus 
P0_Arplus  = 1e12;  # Default density of initial Arplus distribution [Number/m^3] 
 
NREAL_e   = 1e5;  # Default scale factor for e 
P0_e     = 1e12;  # Default density of initial e distribution [Number/m^3] 
 
NREAL_O2 = 5e11; 
P0_O2  = 0.01;  
 
NREAL_O2plus = 1e5; 
P0_O2plus = 1e5;  
 
NREAL_O2minus = 1e5; 
P0_O2minus = 1e5;  
 
NREAL_O = 1e12;   
P0_O   = 0.01; 
 
 
NREAL_Oplus = 1e5;   
P0_Oplus   = 1e5; 
 
NREAL_Ominus = 1e5;   
P0_Ominus   = 1e5; 
 
NREAL_In = 1e5;   
P0_In   = 0; 
 
 
# Comment/uncomment accordant to defined species: 
#NREAL_Arplus = 1e5;  # Default scale factor for Arplus 
#P0_Arplus  = 1e14;  # Default density of initial Arplus distribution [Number/m^3] 
#NREAL_e   = 1e5;  # Default scale factor for e 
#P0_e     = 1e14;  # Default density of initial e distribution [Number/m^3] 
 
# =============================================== 
# 3D data extraction: Fill in required species: 
# =============================================== 
NUMBER   = []; 
DENSITY   = ["e", "Ominus"]; 
PRESSURE  = []; 
TEMPERATURE = []; 
ENERGY   = []; 
VELOCITY  = []; 
ABSORPTION = []; 
 
# For COVERAGE and DEPOSITION fill in required surface materials: 
COVERAGE  = []; 
DEPOSITION = []; 
 
 
# =============================================== 
# Specify simulation domain 
# Bounding box BB = [x0, y0, z0, x1, y1, z1] 
# =============================================== 
UNIT = 0.001;     # Unit of mesh geometry (1.0 [m], 0.001 [mm], 0.0254 [inch], 
...) 
 



65 
 

BB  = [78, 131, 0, 267, 255, 1]; # Bounding box dimensions 
 
# Set bounding box subvolume segmentation and accordant cell resolution: 
DIV_X = [52, 85, 52]; 
NX  = [52, 170, 52];   # Cell resolution of subvolumes in x-direction 
DIV_Y = [40, 40, 26, 18]; 
NY  = [40, 40, 52, 18];   # Cell resolution of subvolumes in y-direction 
NZ  = [1];   # Cell resolution of subvolumes in z-direction 
 
# Set subvolume division manually 
#DIV_X = [lx1, lx2]; # Subvolume division lx1 + lx2 + ... must be bounding box x-
length 
#DIV_Y = [ly1, ly2]; # Subvolume division ly1 + ly2 + ... must be bounding box y-
length 
#DIV_Z = [lz1, lz2]; # Subvolume division lz1 + lz2 + ... must be bounding box z-
length 
 
 
# ================================================== 
# Specify simulation domain via alternative 
# multi bounding boxes method 
# Uncomment blocks MQUAD / MJOIN to use this feature 
# ================================================== 
 
#block MQUAD: { 
# block FirstBox: { 
#  DIV_X = [50, 50]; 
#  DIV_Y = [100]; 
#  DIV_Z = [20]; 
#  NX = [5, 5]; 
#  NY = [10]; 
#  NZ = [2]; 
#  X0 = 0; Y0 = 0; Z0 = 0; 
# }; 
# block SecondBox: { 
#  DIV_X = [50, 50]; 
#  DIV_Y = [100]; 
#  DIV_Z = [20]; 
#  NX = [5, 5]; 
#  NY = [10]; 
#  NZ = [2]; 
#  NREAL_SCALE_X = [0.5, 1.0]; 
# }; 
#}; 
 
#block MJOIN: { 
# FirstBox.join_rect(SecondBox, "x", 0, 0, 100, 20,    0, 0); 
#}; 
 
# Border types for bounding box sides x1, x2, y1, y2, z1, z2 
# Examples: 
#TYPE_x1 = "specular"; # Specular reflection, i.e. a symmetry plane for gas flow 
simulation (Neumann boundary condition) 
#TYPE_z1 = "periodic"; # Periodic interface between two opposite sides (here z1 
and z2) 
#TYPE_y1 = "outlet";  # Outlet with an absorption probability of 1.0 (Open 
boundary condition) 
TYPE_x1 = "outlet"; 
TYPE_x2 = "outlet"; 
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TYPE_y1 = "outlet"; 
TYPE_y2 = "outlet"; 
TYPE_z1 = "periodic"; 
TYPE_z2 = "periodic"; 
 
# ================================================== 
# Specify mesh files and boundary conditions 
# Available border types are: "wall" and "membrane" 
# ================================================== 
MESHFILE = "rur2D_HS_140903.msh"; # Name of mesh file for PICMC particle 
simulation 
BEMMESH = "rur_magnet_140717.msh"; # Name of mesh file for BEM b-Field solver 
 
 
# Codec definition: Comment/uncomment accordant to border type 
block BORDER_TYPES: { 
 Border wall = { 
  icodec   =  1;             # Codec number from meshfile 
  type    = "wall";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  vf     = 0; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
 
 Border target = { 
  icodec   =  2;             # Codec number from meshfile 
  type    = "wall";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
    add_plain_reaction("Arplus", 1, 1, ["Ar", "e", "Ominus", "In"], [1, 0.1, 
0.04, 5]); 
 set_emission_energy("e", 0, 5, 1);    # Electrons are emitted with energies 
between 0..5 eV and cos-distribution 
 set_emission_sputter("In", 7.39, 1.5);  # Nb is sputtered with Ub=7.39 eV 
and alpha=1.5 
 set_emission_energy("Ominus", 0, 1, 1); # Creation of negative oxygen ions 
between 0 and 1 eV with cos distribuion 
  }; 
 }; 
 
 Border inlets = { 
  icodec   =  3;             # Codec number from meshfile 
  type    = "membrane";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
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  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
  }; 
 }; 
}; 
 
 
# =============================================== 
# Additional switches 
# =============================================== 
 
# =============================================== 
# Uncomment to specify external magnetic field 
# =============================================== 
#EXTBFIELD = 1;  # Use external magnetic field (0 = off [default], 1 = on) 
#BFIELDFILE = ""; # Path to external magnetic field file relative to parameter 
file 
 
# =============================================== 
# Uncomment to specify multiple voltage control 
# =============================================== 
#P_SETPOINT = [0.5, 0.6]; 
#ELECTRODES = ["T1", "T2"]; 
 
# =============================================== 
# Specify additional particle initialization 
# The parameters are: ("species name", x, y, z, number of particles, temperature) 
# =============================================== 
#block Init_Particles: { 
# S.distribution_xyz("Ar", 172.5, 193, 0.5, 1, PAR.T0); 
#}; 
 
# =============================================== 
# User defined actions before start of simulation 
# =============================================== 
#block User_Block: { 
#}; 
 
# Uncomment if you want to adust single quads manually 
#block BB_Adjust: { 
# Q_X0Y0Z0.nreal_scale = 1.0; # Change chamber specific particle scaling 
#}; 
 
# Uncomment if you want to use an alternative cross section file 
#SIGMAFILE="my_sigma.r"; 
 
DEBUG    = 0;   # Show debug information (0 = off, 1 = on) 
NTESTCYCLES = 200;  # Number of test cycles for load measurement 
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II Parameter File for the DSCM Gas Flow Simulation with the Mesh Grid  

 
# =============================================== 
# Global variables 
# =============================================== 
DT    = 1e-6;   # Time step 
TSIM   = 1;   # Total simulation in seconds 
TAVG   = 1;    # Time averaging mode (0 = off, 1 = on) 
NPLOTS  = 10;    # Number of plots 
NDUMPS  = 1;    # Number of particle data dumps 
WORKMODE = 0;    # Work mode (0 = DSCM gasflow simuation, 1 = PICMC plasma 
simulation, 2 = SOR E-Field solver) 
T0    = 300;   # Initial particle and border temperature [K] 
#PSOLL  = 1;    # Aimed power dissipation in Watt (plasma simulation only) 
PSAMPLE = 1e-7;   # Sampling time for power dissipation (plasma simulation only) 
VPMAX  = 800;   # Change this for specifying voltage limitation 
 
PI     = 4*atan(1); 
AREA_REAL = PI*(0.044/2)^2; 
AREA_MODEL = 0.044*0.001; 
 
PREAL   = 70;    # Power for real 3D target 
PSOLL   = PREAL*AREA_MODEL/AREA_REAL; # Calculated power for 2D model 
 
# Neutral species available: 
# "H", "He", "O", "Ne", "Cl", "Ar", "Kr", "Xe", "H2", "H3", "O2", "O2ex", "N2", 
"Na", "Mg", "Al", "Si", "P", "S", "K", "Ca", "Sc", "Ti", "V", "Cr", "Mn", "Fe", 
"Co", "Ni", "Cu", "Zn", "Ga", "Ge", "As", "Se", "Rb", "Sr", "Y", "Zr", "Nb", "Mo", 
"Tc", "Ru", "Rh", "Pd", "Ag", "Cd", "In", "Sn", "Sb", "Te", "Ta", "W", "NH3", 
"NH3ex", "SiH2", "SiH3", "SiH4", "Si2H5", "Si2H6", "Si3H8", "Si4H10", "ZnO", 
"HMDSO", "Alq3", 
 
# Charge carrying species available: 
# "e", "Hplus", "Hminus", "Oplus", "Ominus", "Neplus", "Clplus", "Clplusplus", 
"Arplus", "Krplus", "Xeplus", "H2plus", "H3plus", "O2plus", "O2minus", "N2plus", 
"Naplus", "Naplusplus", "Mgplus", "Mgplusplus", "Alplus", "Alplusplus", "Siplus", 
"Siplusplus", "Pplus", "Pplusplus", "Splus", "Splusplus", "Kplus", "Kplusplus", 
"Caplus", "Caplusplus", "Scplus", "Scplusplus", "Tiplus", "Tiplusplus", "Vplus", 
"Vplusplus", "Crplus", "Crplusplus", "Mnplus", "Mnplusplus", "Feplus", 
"Feplusplus", "Coplus", "Coplusplus", "Niplus", "Niplusplus", "Cuplus", 
"Cuplusplus", "Znplus", "Znplusplus", "Gaplus", "Gaplusplus", "Geplus", 
"Geplusplus", "Asplus", "Asplusplus", "Seplus", "Seplusplus", "SiH3plus", 
"SiH3minus", "Si2H4plus", "Si2H5minus", 
 
SPECIES = ["Ar", "Arplus", "O2", "O2plus", "O2minus", "e","H","Hplus","H2plus", 
"H3plus","H2", "H3", "Hminus","O" "Oplus", "Ominus","In"];   # List of species 
strings 
 
NREAL_Ar   = 5e11;  # Default scale factor for Ar 
P0_Ar    = 0.5;  # Default pressure of initial Ar distribution [Pa] 
 
# Comment/uncomment accordant to defined species: 
NREAL_Arplus = 1e5;  # Default scale factor for Arplus 
P0_Arplus  = 1e12;  # Default density of initial Arplus distribution [Number/m^3] 
 
NREAL_e   = 1e5;  # Default scale factor for e 
P0_e     = 1e12;  # Default density of initial e distribution [Number/m^3] 
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NREAL_O2 = 5e11; 
P0_O2  = 0.5;  
 
NREAL_O2plus = 1e5; 
P0_O2plus = 1e5;  
 
NREAL_O2minus = 1e5; 
P0_O2minus = 1e5;  
 
NREAL_H   = 1e11;   
P0_H     = 0.1; 
 
NREAL_Hplus = 1e5;   
P0_Hplus   = 1e5; 
 
 
NREAL_H2plus = 1e5;   
P0_H2plus   = 1e5; 
 
 
NREAL_H3plus = 1e5;   
P0_H3plus   = 1e5; 
 
NREAL_H2 = 1e11;   
P0_H2   = 0.1; 
 
NREAL_H3 = 1e11;   
P0_H3   = 0.1; 
 
NREAL_Hminus = 1e5;   
P0_Hminus   = 1e5; 
 
NREAL_O = 1e12;   
P0_O   = 0.1; 
 
 
NREAL_Oplus = 1e5;   
P0_Oplus   = 1e5; 
 
NREAL_Ominus = 1e5;   
P0_Ominus   = 1e5; 
 
NREAL_In = 1e5;   
P0_In   = 0; 
 
 
 
# =============================================== 
# 3D data extraction: Fill in required species: 
# =============================================== 
NUMBER   = []; 
DENSITY   = ["e"]; 
PRESSURE  = ["Ar", "O2"]; 
TEMPERATURE = []; 
ENERGY   = []; 
VELOCITY  = []; 
ABSORPTION = []; 
 
# For COVERAGE and DEPOSITION fill in required surface materials: 
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COVERAGE  = []; 
DEPOSITION = []; 
 
 
# =============================================== 
# Specify simulation domain 
# Bounding box BB = [x0, y0, z0, x1, y1, z1] 
# =============================================== 
UNIT = 0.001;     # Unit of mesh geometry (1.0 [m], 0.001 [mm], 0.0254 [inch], 
...) 
 
BB  = [0, 0, 0, 350, 400, 1]; # Bounding box dimensions 
 
# Set bounding box subvolume segmentation and accordant cell resolution: 
DIV_X = [70, 70, 70, 70, 70]; 
NX  = [50, 70, 100, 70, 10];   # Cell resolution of subvolumes in x-direction 
 
DIV_Y = [100, 50, 50, 50, 50, 100]; 
NY  = [10, 50, 60, 60, 10, 10];   # Cell resolution of subvolumes in y-direction 
 
NZ  = [1];   # Cell resolution of subvolumes in z-direction 
 
# Set subvolume division manually 
#DIV_X = [lx1, lx2]; # Subvolume division lx1 + lx2 + ... must be bounding box x-
length 
#DIV_Y = [ly1, ly2]; # Subvolume division ly1 + ly2 + ... must be bounding box y-
length 
#DIV_Z = [lz1, lz2]; # Subvolume division lz1 + lz2 + ... must be bounding box z-
length 
 
 
# ================================================== 
# Specify simulation domain via alternative 
# multi bounding boxes method 
# Uncomment blocks MQUAD / MJOIN to use this feature 
# ================================================== 
 
#block MQUAD: { 
# block FirstBox: { 
#  DIV_X = [50, 50]; 
#  DIV_Y = [100]; 
#  DIV_Z = [20]; 
#  NX = [5, 5]; 
#  NY = [10]; 
#  NZ = [2]; 
#  X0 = 0; Y0 = 0; Z0 = 0; 
# }; 
# block SecondBox: { 
#  DIV_X = [50, 50]; 
#  DIV_Y = [100]; 
#  DIV_Z = [20]; 
#  NX = [5, 5]; 
#  NY = [10]; 
#  NZ = [2]; 
#  NREAL_SCALE_X = [0.5, 1.0]; 
# }; 
#}; 
 
#block MJOIN: { 
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# FirstBox.join_rect(SecondBox, "x", 0, 0, 100, 20,    0, 0); 
#}; 
 
# Border types for bounding box sides x1, x2, y1, y2, z1, z2 
# Examples: 
#TYPE_x1 = "specular"; # Specular reflection, i.e. a symmetry plane for gas flow 
simulation (Neumann boundary condition) 
#TYPE_z1 = "periodic"; # Periodic interface between two opposite sides (here z1 
and z2) 
#TYPE_y1 = "outlet";  # Outlet with an absorption probability of 1.0 (Open 
boundary condition) 
TYPE_x1 = "outlet"; 
TYPE_x2 = "outlet"; 
TYPE_y1 = "outlet"; 
TYPE_y2 = "outlet"; 
TYPE_z1 = "periodic"; 
TYPE_z2 = "periodic"; 
 
# ================================================== 
# Specify mesh files and boundary conditions 
# Available border types are: "wall" and "membrane" 
# ================================================== 
MESHFILE = "rur2D_AH_140807.msh"; # Name of mesh file for PICMC particle 
simulation 
BEMMESH = ""; # Name of mesh file for BEM b-Field solver 
 
 
# Codec definition: Comment/uncomment accordant to border type 
block BORDER_TYPES: { 
 Border meshgrid = { 
  icodec   =  2;             # Codec number from meshfile 
  type    = "wall";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
 
 Border wall = { 
  icodec   =  1;             # Codec number from meshfile 
  type    = "wall";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
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 Border target = { 
  icodec   =  3;             # Codec number from meshfile 
  type    = "wall";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
 
 Border pump = { 
  icodec   =  5;             # Codec number from meshfile 
  type    = "membrane";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
 add_absorption("Ar", 1); 
 add_absorption("O2", 1); 
 add_absorption("Hplus", 1); 
 add_absorption("Ominus", 1); 
  }; 
 }; 
 
 Border inlets_aro2 = { 
  icodec   =  4;             # Codec number from meshfile 
  type    = "membrane";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
 add_source("O2", 0.043, "sccm"); 
 add_source("Ar", 0.3, "sccm"); 
  }; 
 }; 
 
 Border inlet_h2o = { 
  icodec   =  6;             # Codec number from meshfile 
  type    = "membrane";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
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  reactions: { 
 add_source("H2", 0.011, "sccm");     
 add_source("O2", 0.006, "sccm"); 
  }; 
 }; 
}; 
 
 
# =============================================== 
# Additional switches 
# =============================================== 
 
# =============================================== 
# Uncomment to specify external magnetic field 
# =============================================== 
#EXTBFIELD = 1;  # Use external magnetic field (0 = off [default], 1 = on) 
#BFIELDFILE = ""; # Path to external magnetic field file relative to parameter 
file 
 
# =============================================== 
# Uncomment to specify multiple voltage control 
# =============================================== 
#P_SETPOINT = [0.5, 0.6]; 
#ELECTRODES = ["T1", "T2"]; 
 
# =============================================== 
# Specify additional particle initialization 
# The parameters are: ("species name", x, y, z, number of particles, temperature) 
# =============================================== 
#block Init_Particles: { 
# S.distribution_xyz("Ar", 175, 200, 0.5, 1, PAR.T0); 
#}; 
 
# =============================================== 
# User defined actions before start of simulation 
# =============================================== 
#block User_Block: { 
 
#if INITMODE==0 then { 
 #  out "** Reading gas distribution for Argon **\n"; 
 #  S.read_checkpoint("./Gas/20140805/particles_Ar.bin", "particles", "Ar"); 
 #  S.read_checkpoint("./Gas/20140805/averages_Ar.bin", "averages", "Ar");  
 #  S.read_checkpoint("./Gas/20140805/particles_O2.bin", "particles", "O2"); 
#  S.read_checkpoint("./Gas/20140805/averages_O2.bin", "averages", "O2");  
 #  S.read_checkpoint("./Gas/20140805/particles_Hplus.bin", "particles", "Hplus"); 
  #S.read_checkpoint("./Gas/20140805/averages_Hplus.bin", "averages", "Hplus"); 
  # S.read_checkpoint("./Gas/20140805/particles_Ominus.bin", "particles", 
"Ominus"); 
 # S.read_checkpoint("./Gas/20140805/averages_Ominus.bin", "averages", "Ominus");  
 
 #}; 
 
#}; 
 
# Uncomment if you want to adust single quads manually 
#block BB_Adjust: { 
# Q_X0Y0Z0.nreal_scale = 1.0; # Change chamber specific particle scaling 
#}; 
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# Uncomment if you want to use an alternative cross section file 
#SIGMAFILE="my_sigma.r"; 
 
DEBUG    = 0;   # Show debug information (0 = off, 1 = on) 
NTESTCYCLES = 200;  # Number of test cycles for load measurement  
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III Parameter File for the PIC-MC Simulation with the Mesh Grid 

# Parameter file for the PICMC gas discharge and DSCM gas flow simulation 
 
# =============================================== 
# Global variables 
# =============================================== 
DT    = 2e-12;   # Time step 
TSIM   = 20e-6;   # Total simulation in seconds 
TAVG   = 1;    # Time averaging mode (0 = off, 1 = on) 
NPLOTS  = 200;    # Number of plots 
NDUMPS  = 1;    # Number of particle data dumps 
WORKMODE = 1;    # Work mode (0 = DSCM gasflow simuation, 1 = PICMC plasma 
simulation, 2 = SOR E-Field solver) 
T0    = 300;   # Initial particle and border temperature [K] 
#PSOLL  = 1;    # Aimed power dissipation in Watt (plasma simulation only) 
PSAMPLE = 1e-7;   # Sampling time for power dissipation (plasma simulation only) 
VPMAX  = 500;   # Change this for specifying voltage limitation 
 
PI     = 4*atan(1); 
AREA_REAL = PI*(0.044/2)^2; 
AREA_MODEL = 0.044*0.001; 
 
PREAL   = 0.7;    # Power for real 3D target 
PSOLL   = PREAL*AREA_MODEL/AREA_REAL; # Calculated power for 2D model 
 
# Neutral species available: 
# "H", "He", "O", "Ne", "Cl", "Ar", "Kr", "Xe", "H2", "H3", "O2", "O2ex", "N2", 
"Na", "Mg", "Al", "Si", "P", "S", "K", "Ca", "Sc", "Ti", "V", "Cr", "Mn", "Fe", 
"Co", "Ni", "Cu", "Zn", "Ga", "Ge", "As", "Se", "Rb", "Sr", "Y", "Zr", "Nb", "Mo", 
"Tc", "Ru", "Rh", "Pd", "Ag", "Cd", "In", "Sn", "Sb", "Te", "Ta", "W", "NH3", 
"NH3ex", "SiH2", "SiH3", "SiH4", "Si2H5", "Si2H6", "Si3H8", "Si4H10", "ZnO", 
"HMDSO", "Alq3", 
 
# Charge carrying species available: 
# "e", "Hplus", "Hminus", "Oplus", "Ominus", "Neplus", "Clplus", "Clplusplus", 
"Arplus", "Krplus", "Xeplus", "H2plus", "H3plus", "O2plus", "O2minus", "N2plus", 
"Naplus", "Naplusplus", "Mgplus", "Mgplusplus", "Alplus", "Alplusplus", "Siplus", 
"Siplusplus", "Pplus", "Pplusplus", "Splus", "Splusplus", "Kplus", "Kplusplus", 
"Caplus", "Caplusplus", "Scplus", "Scplusplus", "Tiplus", "Tiplusplus", "Vplus", 
"Vplusplus", "Crplus", "Crplusplus", "Mnplus", "Mnplusplus", "Feplus", 
"Feplusplus", "Coplus", "Coplusplus", "Niplus", "Niplusplus", "Cuplus", 
"Cuplusplus", "Znplus", "Znplusplus", "Gaplus", "Gaplusplus", "Geplus", 
"Geplusplus", "Asplus", "Asplusplus", "Seplus", "Seplusplus", "SiH3plus", 
"SiH3minus", "Si2H4plus", "Si2H5minus", 
 
SPECIES = ["Ar", "Arplus", "O2", "O2plus", "O2minus", "e","H","Hplus","H2plus", 
"H3plus","H2", "H3", "Hminus","O" "Oplus", "Ominus","In"];   # List of species 
strings 
 
NREAL_Ar   = 5e11;  # Default scale factor for Ar 
P0_Ar    = 0.5;  # Default pressure of initial Ar distribution [Pa] 
 
# Comment/uncomment accordant to defined species: 
NREAL_Arplus = 1e5;  # Default scale factor for Arplus 
P0_Arplus  = 1e12;  # Default density of initial Arplus distribution [Number/m^3] 
 
NREAL_e   = 1e5;  # Default scale factor for e 
P0_e     = 1e12;  # Default density of initial e distribution [Number/m^3] 
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NREAL_O2 = 5e11; 
P0_O2  = 0.5;  
 
NREAL_O2plus = 1e5; 
P0_O2plus = 1e5;  
 
NREAL_O2minus = 1e5; 
P0_O2minus = 1e5;  
 
NREAL_H   = 1e11;   
P0_H     = 0.1; 
 
NREAL_Hplus = 1e5;   
P0_Hplus   = 1e5; 
 
 
NREAL_H2plus = 1e5;   
P0_H2plus   = 1e5; 
 
 
NREAL_H3plus = 1e5;   
P0_H3plus   = 1e5; 
 
NREAL_H2 = 1e11;   
P0_H2   = 0.1; 
 
NREAL_H3 = 1e11;   
P0_H3   = 0.1; 
 
NREAL_Hminus = 1e5;   
P0_Hminus   = 1e5; 
 
NREAL_O = 1e12;   
P0_O   = 0.1; 
 
 
NREAL_Oplus = 1e5;   
P0_Oplus   = 1e5; 
 
NREAL_Ominus = 1e5;   
P0_Ominus   = 1e5; 
 
NREAL_In = 1e5;   
P0_In   = 0; 
 
 
 
# =============================================== 
# 3D data extraction: Fill in required species: 
# =============================================== 
NUMBER   = []; 
DENSITY   = ["e", "Ominus"]; 
PRESSURE  = []; 
TEMPERATURE = []; 
ENERGY   = ["Ominus"]; 
VELOCITY  = []; 
ABSORPTION = []; 
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# For COVERAGE and DEPOSITION fill in required surface materials: 
COVERAGE  = []; 
DEPOSITION = []; 
 
 
# =============================================== 
# Specify simulation domain 
# Bounding box BB = [x0, y0, z0, x1, y1, z1] 
# =============================================== 
UNIT = 0.001;     # Unit of mesh geometry (1.0 [m], 0.001 [mm], 0.0254 [inch], 
...) 
 
BB  = [0, 0, 0, 350, 400, 1]; # Bounding box dimensions 
 
# Set bounding box subvolume segmentation and accordant cell resolution: 
DIV_X = [70, 70, 70, 70, 70]; 
NX  = [50, 70, 100, 70, 10];   # Cell resolution of subvolumes in x-direction 
 
DIV_Y = [100, 50, 50, 50, 50, 100]; 
NY  = [10, 50, 60, 60, 10, 10];   # Cell resolution of subvolumes in y-direction 
 
NZ  = [1];   # Cell resolution of subvolumes in z-direction 
 
# Set subvolume division manually 
#DIV_X = [lx1, lx2]; # Subvolume division lx1 + lx2 + ... must be bounding box x-
length 
#DIV_Y = [ly1, ly2]; # Subvolume division ly1 + ly2 + ... must be bounding box y-
length 
#DIV_Z = [lz1, lz2]; # Subvolume division lz1 + lz2 + ... must be bounding box z-
length 
 
 
# ================================================== 
# Specify simulation domain via alternative 
# multi bounding boxes method 
# Uncomment blocks MQUAD / MJOIN to use this feature 
# ================================================== 
 
#block MQUAD: { 
# block FirstBox: { 
#  DIV_X = [50, 50]; 
#  DIV_Y = [100]; 
#  DIV_Z = [20]; 
#  NX = [5, 5]; 
#  NY = [10]; 
#  NZ = [2]; 
#  X0 = 0; Y0 = 0; Z0 = 0; 
# }; 
# block SecondBox: { 
#  DIV_X = [50, 50]; 
#  DIV_Y = [100]; 
#  DIV_Z = [20]; 
#  NX = [5, 5]; 
#  NY = [10]; 
#  NZ = [2]; 
#  NREAL_SCALE_X = [0.5, 1.0]; 
# }; 
#}; 
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#block MJOIN: { 
# FirstBox.join_rect(SecondBox, "x", 0, 0, 100, 20,    0, 0); 
#}; 
 
# Border types for bounding box sides x1, x2, y1, y2, z1, z2 
# Examples: 
#TYPE_x1 = "specular"; # Specular reflection, i.e. a symmetry plane for gas flow 
simulation (Neumann boundary condition) 
#TYPE_z1 = "periodic"; # Periodic interface between two opposite sides (here z1 
and z2) 
#TYPE_y1 = "outlet";  # Outlet with an absorption probability of 1.0 (Open 
boundary condition) 
TYPE_x1 = "outlet"; 
TYPE_x2 = "outlet"; 
TYPE_y1 = "outlet"; 
TYPE_y2 = "outlet"; 
TYPE_z1 = "periodic"; 
TYPE_z2 = "periodic"; 
 
 
# ================================================== 
# Specify mesh files and boundary conditions 
# Available border types are: "wall" and "membrane" 
# ================================================== 
 
# ================================================== 
# Specify mesh files and boundary conditions 
# Available border types are: "wall" and "membrane" 
# ================================================== 
MESHFILE = "rur2D_AH_140807.msh"; # Name of mesh file for PICMC particle 
simulation 
BEMMESH = ""; # Name of mesh file for BEM b-Field solver 
 
 
# Codec definition: Comment/uncomment accordant to border type 
block BORDER_TYPES: { 
 Border meshgrid = { 
  icodec   =  2;             # Codec number from meshfile 
  type    = "wall";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  vf     = "-40"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
 
 Border wall = { 
  icodec   =  1;             # Codec number from meshfile 
  type    = "wall";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
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  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
 
 Border target = { 
  icodec   =  3;             # Codec number from meshfile 
  type    = "wall";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
    add_plain_reaction("Arplus", 1, 1, ["Ar", "e", "Ominus", "In"], [1, 0.1, 
0.04, 5]); 
 set_emission_energy("e", 0, 5, 1);    # Electrons are emitted with energies 
between 0..5 eV and cos-distribution 
 set_emission_sputter("In", 7.39, 1.5);  # Nb is sputtered with Ub=7.39 eV 
and alpha=1.5 
 set_emission_sputter("Ominus", 4.5, 1.5); # Creation of negative oxygen ions 
with a sputter distribution 
  }; 
 }; 
 
 Border pump = { 
  icodec   =  6;             # Codec number from meshfile 
  type    = "membrane";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
 
 Border inlets_aro2 = { 
  icodec   =  5;             # Codec number from meshfile 
  type    = "membrane";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
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 Border inlet_h2o = { 
  icodec   =  4;             # Codec number from meshfile 
  type    = "membrane";           # Alternative type: "membrane"  
  T      = PAR.T0;           # Wall temperature 
  #T_file   = "temp_filename";       # Specify wall temperature distribution by 
file 
  #epsr    = 1.0;             # Rel. dielectric permittivity (insulator only) 
  #vf     = "VP*cos(2*PI*13.56e6*TIME)"; # Voltage function (conductor only)  
  #vf_coupling = "";             # Border name of counter electrode for potential 
coupling 
  reactions: { 
   # Insert wall reactions and sources here 
  }; 
 }; 
}; 
 
 
 
# =============================================== 
# Additional switches 
# =============================================== 
 
# =============================================== 
# Uncomment to specify external magnetic field 
# =============================================== 
#EXTBFIELD = 1;  # Use external magnetic field (0 = off [default], 1 = on) 
#BFIELDFILE = ""; # Path to external magnetic field file relative to parameter 
file 
 
# =============================================== 
# Uncomment to specify multiple voltage control 
# =============================================== 
#P_SETPOINT = [0.5, 0.6]; 
#ELECTRODES = ["T1", "T2"]; 
 
# =============================================== 
# Specify additional particle initialization 
# The parameters are: ("species name", x, y, z, number of particles, temperature) 
# =============================================== 
#block Init_Particles: { 
# S.distribution_xyz("Ar", 175, 200, 0.5, 1, PAR.T0); 
#}; 
 
# =============================================== 
# User defined actions before start of simulation 
# =============================================== 
block User_Block: { 
 
if INITMODE==0 then { 
  out "** Reading gas distribution for Argon **\n"; 
  S.read_checkpoint("./Gas/20140813/particles_Ar.bin", "particles", "Ar"); 
  S.read_checkpoint("./Gas/20140813/averages_Ar.bin", "averages", "Ar");  
  S.read_checkpoint("./Gas/20140813/particles_O2.bin", "particles", "O2"); 
  S.read_checkpoint("./Gas/20140813/averages_O2.bin", "averages", "O2");  
  S.read_checkpoint("./Gas/20140813/particles_H2.bin", "particles", "H2"); 
  S.read_checkpoint("./Gas/20140813/averages_H2.bin", "averages", "H2"); 
 }; 
}; 
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# Uncomment if you want to adust single quads manually 
#block BB_Adjust: { 
# Q_X0Y0Z0.nreal_scale = 1.0; # Change chamber specific particle scaling 
#}; 
 
# Uncomment if you want to use an alternative cross section file 
#SIGMAFILE="my_sigma.r"; 
 
DEBUG    = 0;   # Show debug information (0 = off, 1 = on) 
NTESTCYCLES = 200;  # Number of test cycles for load measurement 


