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Abstract 
This research is dedicated to the development of a cost-effective 

laboratory-scale reactor and method for the atmospheric pressure chemical 
vapor deposition (APCVD) of SiO2-x films by means of the hydrolysis of SiCl4 
at room temperature. The focus for utilization is for photovoltaic (PV) 
applications, especially crystalline silicon solar cells, where the reduction of 
fabrication expenses is of high demand. This approach reduces the costs of 
SiO2-x film deposition as opposed to the well-known chemical vapor 
deposition techniques. Avoidance of gas-phase reactions, simple reactor 
design, a wide range of deposition rates, reliable material quality, low safety 
measures and maintenance times, and stability for the PV applications are the 
main goals of this work. These goals are achieved.  

A novel APCVD reactor made of polycarbonate and thermoplastic 
materials, is designated to synthesize the SiO2-x films heterogeneously upon 
the substrate surface with the elimination of the gas-phase reactions. The 
deposition rate is investigated in accordance with the concentration of the 
reactant precursors within the media. Thanks to the development of a new 
evaporation configuration, the reactant concentrations are adjusted precisely 
before intermixing in an associated injector.  The key factors of controlling 
these concentrations are the temperatures and the flow rates of the reactant 
gases between the evaporation configuration and the injector. 

The SiO2-x films are intended to uniformly coat a substrate area of 6 × 
6 in2, which is standard for solar cell applications. For this purpose, an 
APCVD injector design is studied by means of computational fluid dynamics. 
ANSYS software is used for the relevant simulations. These design 
investigations are directed towards creating motionless parts, which are 
sufficient for intermixing the gas precursors homogeneously. The ultimately 
appropriate design is made of thermoplastic materials using fused deposition 
modeling technology. The reduction of the gas-phase reactions near the 
substrate is attempted with a careful design of the injector exhaust and the 
molar ratio between the reactants. The condensation of reactant precursors 
and the parasitic oxide deposition upon the APCVD injector’s inner surfaces 
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are successfully eliminated without the need for curtain gases common in 
inline APCVD injectors. 

The resultant APCVD SiO2-x films are extensively characterized – in 
terms of chemical and optical properties – so as to judge their quality and 
compatibility with PV and other potential applications. The chemical nature 
and stoichiometry of the films are first investigated with three characterization 
methods (for verification purposes). The films are shown to be near-
stoichiometric and therefore hold the naming SiO2-x instead of SiO2. The film 
deposition rate is varied as a function of the operation boundary conditions 
(flow rate, substrate temperature, and reactant molar-ratio). Variation of the 
reactant molar-ratio and the substrate temperature (around the room 
temperature) leads to a wide range of deposition rates and material properties. 
The hydroxyl contents in the SiO2-x films are detected at various deposition 
boundary conditions. The calcination for 1 min at relatively low temperatures 
(< 300 °C) is demonstrated to reasonably remedy the as-deposited films from 
the hydroxyl groups. The drawbacks of post-deposition calcination at high 
temperatures (> 500°C) are inspected, as well. A compromise between the 
reactant molar ratio, substrate temperature, and calcination temperature and 
duration is investigated to optimize the integrity of the APCVD SiO2-x films, 
so that they are suitable for various PV applications. 

Different approaches, characterized by inexpensive process sequences, 
are introduced for the fabrication of crystalline silicon solar cells with the 
assistance of the APCVD SiO2-x films. The APCVD SiO2-x is proposed, after 
1 min of calcination, to protect the Si wafer surface from alkaline and acidic 
solutions, by which a single-side texturing of the Si wafers is obtained. 
Electroplated metallization schemes of the front side of heterojunction solar 
cells are tackled with the use of the APCVD SiO2-x as a masking layer where 
no finger lines are intended. Before the oxide coating, two process sequences 
for Cu plating are examined. The first process includes seeding with a thin 
layer of Ag paste to stimulate subsequent plating of the Cu fingers. The 
second process includes screen printing of a polymer paste in the shape of the 
later grid electrode. After coating with the APCVD SiO2-x mask, the polymer 
fingers are striped and electroplating takes place in the resultant openings, 
directly on the transparent conductive oxide layer. In the last group of 
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applications, the APCVD SiO2-x film performance is investigated for 
eliminating the parasitic plating on the front side of passivated emitter rear 
contact solar cells as well as on the rear side of standard multi-crystalline 
bifacial solar cells.  
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Zusammenfassung  
In dieser Arbeit wurden ein kostengünstiges Verfahren und eine Anlage 

zur chemischen Gasphasenabscheidung von SiO2-x-Schichten bei 
Atmosphärendruck (atmospheric pressure chemical vapor deposition, 
APCVD) im Labormaßstab entwickelt. Dabei kommt die Hydrolyse von 
SiCl4 bei Raumtemperatur zum Einsatz. Der Anwendungsschwerpunkt für die 
SiO2-x-Schichten liegt im Bereich Photovoltaik (PV), speziell kristalline 
Siliziumsolarzellen. Dort ist die Reduzierung der Herstellungskosten von 
großer Bedeutung. Im Vergleich zu den bekannten Verfahren für die 
chemische Gasphasenabscheidung senkt der gewählte Ansatz die Kosten für 
die SiO2-x-Schichtabscheidung deutlich. Hauptziele der Entwicklungsarbeit 
waren einfaches Reaktordesign, geringe Sicherheitsmaßnahmen und 
Wartungszeiten, die Vermeidung von Gasphasenreaktionen und 
Staubbildung, eine für PV-Anwendungen geeignete Schichtqualität sowie die 
Möglichkeit, die Abscheideraten in einem weiten Bereich zu variieren. Diese 
Ziele wurden erreicht. 

Es wurde ein neuartiger APCVD-Reaktor aus Polycarbonat und 
thermoplastischen Materialien aufgebaut, mit dem die SiO2-x-Schichten 
heterogen auf der Substratoberfläche unter Eliminierung von 
Gasphasenreaktionen synthetisiert werden können. Die Abscheiderate wurde 
in Abhängigkeit von der Konzentration der Reaktanden im Trägergas 
untersucht. Dank der Entwicklung geeigneter Verdampferkonfigurationen für 
die Reaktenden SiCl4 und H2O können deren Konzentrationen in den inerten 
Trägergasen vor der Durchmischung in einem Injektor genau eingestellt 
werden. Die Schlüsselfaktoren für die Kontrolle und Steuerung dieser 
Konzentrationen sind die Temperaturen und die Volumenströme der 
Reaktandengase in den Verdampfern und im Injektor. 

Das APCVD-Injektordesign wurde mit Hilfe numerischer 
Strömungsmechanik optimiert. Für die Simulationen wurde die Software 
ANSYS verwendet. Als Ergebnis der Optimierung können die SiO2-x-
Schichten auf einer Substratfläche von 156 × 156 mm2 gleichmäßig 
abgeschieden werden. Das ist die derzeitige Standardgröße industriell 
hergestellter kristalliner Siliziumsolarzellen. Die Design-Studien hatten auch 
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das Ziel, einen Injektor zu entwickeln, der ohne bewegte Teile für eine 
homogene Durchmischung der Gase sorgt. Das letztendlich geeignete Design 
wurde aus thermoplastischen Werkstoffen mit Hilfe von 3D-Druck im 
Schmelzschichtungsverfahren hergestellt. Ferner wurde die Reduzierung der 
Gasphasenreaktion in der Nähe des Substrats durch Einstellung des 
Molverhältnisses der Reaktanden und eine geeignete Führung der 
Injektorabgase erreicht. Die Kondensation von Reaktanden und die parasitäre 
Oxidabscheidung auf den Innenflächen des APCVD-Injektors wurden 
erfolgreich vermieden, ohne dass ein bei Inline-APCVD-Injektoren üblicher 
Gasvorhang erforderlich ist. 

Die resultierenden APCVD- SiO2-x-Schichten wurden hinsichtlich ihrer 
chemischen und optischen Eigenschaften sowie ihrer Zusammensetzung 
umfassend charakterisiert, um ihre Qualität und Kompatibilität mit PV- und 
anderen potenziellen Anwendungen zu beurteilen. Dabei zeigte sich, dass die 
Schichten nahezu stöchiometrisch sind. Deswegen wurde die Bezeichnung 
SiO2-x anstelle von SiO2 gewählt. 

Die Abscheiderate wurde in Abhängigkeit von den Volumenströmen, 
der Substrattemperatur und dem Molverhältnis der Reaktanden untersucht. 
Die Variation der Substrattemperatur nahe der Raumtemperatur und des 
Molverhältnisses der Reaktanden führt zu einer großen Bandbreite von 
Abscheideraten und Materialeigenschaften. Die Hydroxylgehalte in den SiO2-

x-Schichten wurden bei verschiedenen Abscheidebedingungen bestimmt. Es 
wurde gefunden, dass die Kalzinierung für 1 min bei relativ niedrigen 
Temperaturen kleiner 300 °C die Hydroxylgruppen in den abgeschiedenen 
Filmen deutlich reduziert. Die Nachteile der Kalzinierung bei hohen 
Temperaturen über 500 °C nach der Schichtabscheidung wurden ebenfalls 
untersucht. Optimierte Werte für das Molverhältnis der Reaktanden, der 
Substrattemperatur sowie der Kalzinierungstemperatur und -dauer wurden 
gefunden, um APCVD-SiO2-x-Schichten ohne mikroskopisch kleine Löcher 
und Risse zu erhalten, so dass sie für die verschiedenen PV-Anwendungen 
geeignet sind. 

Verschiedene kostengünstige Prozesse für die Herstellung von kristallinen 
Silizium-Solarzellen unter Verwendung der APCVD SiO2-x-Schichten 
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wurden entwickelt. So konnten nach einseitiger SiO2-x-Beschichtung und 
einer 1-minütigen Kalzinierung einkristalline Si-Wafer mit alkalischer 
Ätzlösung einseitig texturiert werden. Eine weitere Anwendung ist die 
Verwendung von APCVD SiO2-x als Maske für die lokale galvanische 
Abscheidung des Vorderseiten-Metallkontakts auf Solarzellen mit 
Heteroübergang. Dabei wurde eine Ag-Paste in Form eines linienförmigen 
Kontakts mittels Siebdruck auf das transparente leitfähige Oxid (transparent 
conducting oxide, TCO) der Solarzellen dünn aufgebracht und nach einer 
ganzflächigen APCVD SiO2-x-Beschichtung der Solarzell-Vorderseite mit Cu 
galvanisch verstärkt. In einer anderen Prozesssequenz wurde eine 
Polymerpaste in Form des späteren linienförmigen Metallkontakts mittels 
Siebdruck auf das Vorderseiten-TCO der Solarzellen aufgebracht und nach 
der ganzflächigen Beschichtung mit APCVD-SiO2-x mit Lösungsmittel 
wieder entfernt. In die entstandenen lokalen Öffnungen der SiO2-x-Maske 
erfolgte die lokale galvanische Metallabscheidung direkt auf dem TCO. In der 
letzten untersuchten Anwendung wurden APCVD-SiO2-x-Schichten als 
Schutz vor parasitärer galvanischer Metallabscheidung auf der Vorderseite 
von einkristallinen pn-Solarzellen sowie auf der Rückseite von 
multikristallinen bifazialen pn-Solarzellen untersucht.  
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1 Introduction 

1.1 Motivation and aim of this research 

Chemical vapor deposition (CVD) and atomic layer deposition (ALD) 
of optical and dielectric/conductive films such as SiO2, TiO2, Al2O3, Si3N4, 
ZnO, SnOx etc. are known to possess two main drawbacks – high tool and 
operation costs and toxic chemical precursors [1–6]. The major tool expense 
is invested for the vacuum pumps required to obtain low pressure, which is 
significant for the efficient interaction between the reactant molecules in the 
deposition chambers. Additionally, the high operation costs are attributed to 
the need for: i) high thermal energy for the reaction activation, ii) plasma 
enhancement/electrical frequency generation for the reactant ionizations, iii) 
ozone production from oxygen, iv) catalysis engagement, v) substrate-surface 
modification, vi) careful exhaust-gas treatment, and vii) regular tool 
maintenance and cleaning. The deposition of the mentioned film materials, 
more specifically, the SiO2 films utilizes hazardous chemical precursors such 
as hydrosilane and organosilane products. These products are characterized 
by high flammability and explosion degrees, leading to high safety measures 
and hence complex tool architectures.  As a result, further costs are added to 
the tool and operation costs, besides the risks arose on the operating humans. 

Deposition of the SiO2 films on various substrate materials under 
atmospheric conditions seems to be cost-effective, since no vacuum tools are 
employed. However, the needed thigh deposition temperatures (around 300 – 
600 °C) and the utilized flammable precursors [7,8] are still a serious 
drawback to be addressed in such a coating industry today. ALD technology 
utilizes the non-flammable and extremely low-cost chemical precursors H2O 
and SiCl4 as an option to prepare stoichiometric SiO2 films at relatively high 
temperatures (300 – 500 °C) [9]. The hydrolysis of SiCl4 under atmospheric 
pressure occurs in a short time of a few milliseconds. This hydrolysis results 
in intermediate and final reaction product in the gas phase, thus impedes the 
reaction between the gas species and the substrate surface (known as surface 
reaction).  As a result, oxide particles are generated in the gas medium near 
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the substrate, which fall onto the substrate surface causing an inferior film 
quality. Figure 1.1 elucidates an inferior silicon oxide film deposited non-
uniformly on a shiny etched Si wafer using a linear injector under atmospheric 
conditions. That is why ALD is a suitable technique when SiCl4 and H2O 
reactants are used since it prevents the gas-phase reactions and allows for the 
reactions between the substrate surface and the two reactants, separately. 

  Figure 1.1: Left: Photograph taken for a shiny etched 6-inch large Si wafer after coating 
with a SiOx film using a SiCl4/H2O injector under atmospheric conditions without 

preventing the gas-phase impact. Parasitic oxide dust, insufficiently coated area, and 
inferior thickness uniformity are demonstrated. Right: Scanning electron microscopy 

image taken for a random spot on the top surface of the sample shown in the left photo. It 
depicts embedded SiOx particles in the deposited film, flakes repelled from the top 

surface, and cracks propagated all along. 

However, despite its high-quality products, ALD technique is known for its 
extremely low deposition rates as well as its high investigation. That is 
because of the alternative introduction-purging of reactant gases and the 
employment of vacuum pumps needed to generate low pressures of e.g. a few 
millitorrs. The biggest challenge of this research is to utilize SiCl4 and H2O 
vapors for depositing functional SiO2 films uniformly at room temperature 
using atmospheric-pressure injectors without generating parasitic oxide 
particles upon the substrate surface. The development of a reliable system 
enables reducing the deposition costs of SiO2 films featuring physical and 
chemical properties aliening those of ALD and other vacuum-based CVDs. 

  5.0kV   5.1mm   103X   SE2        100 µm 
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The aimed deposition system should require low safety measures and simple 
reactor design without the need for kinetic parts or a high electric power. In 
order to stand out from other CVDs, the maintenance and cleaning times 
should be reduced, as well. 

The reduction of solar cell manufacturing-costs, besides the increase of 
their energy conversion efficiency, is of great interest in the current time. For 
this purpose, several approaches are optimized to shorten the relevant 
fabrication steps and to continuously make them cheaper. By way of example, 
replacing the conventional Si wafer texturization with a single-side 
texturization [10]. Such texturing process requires protecting the rear side of 
Si wafers with an anti-texturing layer of, e.g. SiO2 material. Thermally grown 
by Si surface oxidization, a 10 - 25 nm thick SiO2 layer is capable of shielding 
the wafer’s rear side from texturing solutions and subsequent phosphorous 
diffusion. However, growing the protective SiO2 requires a high thermal 
budget as well as, in most cases, ultra-low pressure, thus additional costs add 
up to the overall solar cell fabrication. Another cost reduction example is the 
replacement of standard grid electrode metallization with cost-effective 
electroplating schemes [11]. Cu electroplating is proposed as an alternative 
technology for screen-printing of the expensive Ag pastes. Outstanding 
conversion efficiency of 26.7 % is achieved by Kaneka cooperation using Cu-
electroplated metallization of the bifacial silicon heterojunction solar cells 
[12]. The new metallization approaches require coating the top surface of the 
solar cell precursor with dielectric layers for masking the area between the 
metal finger lines during electroplating. These layers are usually applied 
utilizing conventional CVD and physical vapor deposition techniques, 
therefore they necessitate the use of vacuum pumps and high operating 
temperatures. In this work, new approaches are attempted for the single side 
texturing of Si wafer and for reducing the costs of electroplated metallization 
schemes on various kinds of solar cells. For that matter, the newly developed 
silicon oxide films are to be investigated as a potential candidate for shielding 
one side of the Si wafers against alkaline/acidic texturing solutions after the 
shiny etching and cleaning steps. Moreover, the silicon oxide films are to be 
investigated for selectively insulating the front or/and back sides of different 
solar cells against the electroplating currents applied for the grid electrode 
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metallization. Consequently, a significant decrease in costs of electroplated 
metallization is expected to enhance its role as an alternative for screen-
printing technology, thus to save costs of Ag consumption on industrial scale 
level. 

1.2 Fundamentals of solar cells 

This section reviews the main physics behind solar cells, namely the 
constructing semiconductors, the recombination of excess carriers, the 
operation principle, and the parameters of the current-voltage 
characteristics. Most represented principles are based on the perspectives 
taken from the textbooks of Würfel et al. [13,14]. This approach states that 
the solar cell structure is represented by an absorbing semiconductor, 
wherein the solar radiation is converted to a chemical energy, which is 
eventually converted to an electrical energy. This absorber features two semi-
permeable membranes that transmit electrons and suppress holes at one 
terminal, whereas at the second terminal, transmit holes and suppress 
electrons. The selective transport of electrons and holes to the two separate 
terminals is ascribed to gradients of quasi-Fermi energies. It is shown that 
the illuminated semiconductor experiences driving the two charge carriers 
towards both terminals simultaneously. However, the necessary charge 
carrier selectivity is obtained by differences in the conductivities at the 
different terminals of the semiconductor. This phenomenon allows e.g. 
electrons to transport to one contact, whereas they are blocked at the other 
contact. For detailed reading about solar cell structures and their work 
principle, it is referred to the textbooks and publications [13 – 21]. 

1.2.1 Semiconductors and generation of electron-hole pairs 

Semiconductors are materials characterized by excitation energy levels 
interrupted by an energy gap of the width (εG). See Figure 1.2. This 
interruption results in two energy levels, below and above the energy gap. The 
energy level below the gap is known as the valence band and is virtually 
completely occupied with electrons before excitation. On the other hand, the 
energy level above the gap is known as the conduction band and is virtually 
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empty. For an electron in the valence band to be excited by an absorbed 
photon, the latter must possess an energy ℏω ≥ εG. Photons with lower energy 
than εG are unable to excite electrons and instead are either transmitted 
through or reflected by the semiconductor surface similarly to those reflected 
at metals, wherein the two energy bands are overlapped.  

 
Figure 1.2: A schematic showing excitation of an electron from the valence band into 

the conduction band of a semiconductor as a result of the absorption of a photon 
featuring energy ℏω ≥ εG. From [13].  

In order to create an electron-hole pair, a minimum energy of at least 
εG must be introduced to the semiconductor. Seen in Figure 1.2, promotion of 
an electron from the valence band to the conduction band after absorption of 
a photon, which transmits its energy (ℏω = εγ) and momentum (Pγ) to the 
semiconductor. This process is realized by the so-called impact ionization, by 
which an electron or hole possesses a kinetic energy enough to transition out 
of its bound state in the valance band to an energy state in the conduction 
band. For that to take place, excitation of the semiconductor network should 
be provided, e.g. by means of absorbing a photon or inducing a lattice 
vibration. Photon absorption is controlled by two factors, namely photon 
energy ℏω and absorption coefficient α(ℏω). The latter is a material dependent 
property independent of the relevant geometry. 

As the electrons are excited into the conduction band, they start losing 
their gained energy. This loss takes place by gradient generation of phonons, 
which is insignificant to cross the gap energy back to the valence band. This 
is due to the fact that electrons gain or lose energy ℏω as a single state equal 
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to or higher than the εG. The only possible way for an excited electron to lose 
energy is to emit a photon or generate a high number of phonons at once, 
which are less probable to take place. Alternatively, the electron moves in 
various states of the conduction band for a relatively long time of 10-3 s, which 
is sufficient for the collection and transport of electrons at the terminals and 
their conversion into electrical current. 

1.2.2 Recombination of electrons and holes 

The process opposite to electron-hole generation is the recombination, 
in which the electrons and holes are annihilated. In conformance to the 
conservation of energy, the annihilation process is accompanied with 
production of either phonons or photons or of both simultaneously. There are 
three simultaneous mechanisms of electron-hole recombination, namely 
radiative band-to-band recombination, Auger recombination, and impurity 
recombination. The three recombination mechanisms are distinguished by 
their relevant carrier lifetime (τ). The charge carrier lifetime is the average 
residence duration of excess carriers in the conduction and valance bands 
prior to the recombination reaction. This lifetime is defined by the ratio 
between the charge carrier density (Δn) and the net recombination rate (R) as 
follows [20]: 

𝜏𝜏 =
  𝛥𝛥𝛥𝛥
𝑅𝑅                                                     (1.1) 

The carrier lifetime is affected by all three mechanisms as they occur 
simultaneously during the recombination process. Therefore, it is evaluated 
as the average effective lifetime (τeff) as well as its inverse value is defined as 
the inverse summation of every individual lifetime (τi) [20]: 

  1
𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒

= �
1
𝜏𝜏𝑖𝑖

                                               (1.2)
𝑖𝑖

 

1.2.2.1 Radiative band-to-band recombination 

The radiative recombination process represents the reverse of the 
photon absorption in the semiconductor. This process includes a spontaneous 
transition of an electron, temporarily present in the conduction band, to an 
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unoccupied energy state in the valence band. For that, the energy of the 
electron-hole pair recombination is transformed into a photon which is 
emitted. The rate of this recombination (Rrad) is therefore proportional to the 
density of free electrons and holes in their relevant states as follows [20]: 

𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐵𝐵 (ℎ · 𝑒𝑒 − ℎ0 · 𝑒𝑒0) = 𝐵𝐵 (ℎ · 𝑒𝑒 − 𝑛𝑛𝑖𝑖)                    (1.3) 

where ℎ · 𝑒𝑒 = (ℎ0 + 𝛥𝛥𝛥𝛥) · (𝑒𝑒0 + 𝛥𝛥𝛥𝛥) 

with B being the radiative recombination coefficient, h and e are the density 
of the holes and electrons in the thermal equilibrium, respectively, and ni is 
the intrinsic carrier density. This recombination is, therefore, controlled by 
the deviation between the density of the actual carriers and the equilibrium 
ones. The corresponding carrier lifetime is, thus, defined as follows [20]: 

𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟 =
 1

𝐵𝐵(ℎ0 + 𝑒𝑒0) + 𝐵𝐵 · 𝛥𝛥𝛥𝛥                                  (1.4) 

In case the injection of the minority charge carriers is low, wherein the 
density of these carriers is below the equilibrium carrier density (usually 
identified by the concentration of the ionized dopants into the semiconductor), 
τrad is, according to equation (1.4), controlled by the quantity of B (h0 + e0). 
This translates into Δn ˂˂ h0 + e0 ≈ Ndop, and thus, the higher the dopant 
concentration in the semiconductor, the lower the τrad. On the other hand, in 
the case of high injection of the minority charge carriers, by which their 
density is higher than that of the equilibrium carrier density, τrad is controlled 
by the quantity of Δn. This translates into Δn ˃˃ h0 + e0 ≈ Ndop. As the value 
of B is a material dependent, it is large for direct semiconductors and small 
for the indirect ones. With crystalline Si being an indirect semiconductor, a 
phonon or a lattice vibration is involved and, therefore, τrad is quite large and 
less likely to be driven by the injection value. Contrary, with GaAs being a 
direct semiconductor, τrad possesses a large impact on the charge carrier 
recombination process.     

1.2.2.2 Band-to-band Auger recombination 

Auger recombination is an inverse process to the impact ionization, 
wherein the electron/hole energy is spent to knock an electron from its bond 
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and thus create a new charge carrier. Contrary to the radiative recombination, 
in Auger one the kinetic energy of the electron-hole pair is not transferred to 
a photon (no photon emission induced) but rather to an electron or a hole. 
Therefore, the electron raises to a higher energy state in the conduction band 
or the hole drops to a lower energy state in the valence band. The gained 
energy is ultimately spent in the lattice or on collision with phonons. Auger 
recombination includes interaction between three particles, either one 
electron with two holes or one hole with two electrons. If the kinetic energy 
is absorbed by an electron, a set of two electrons and one hole interact during 
the recombination. The recombination rate (RAug,e) is, in this case, quantified 
as follows [13]: 

𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴,𝑒𝑒 = 𝐶𝐶𝑒𝑒 · 𝑒𝑒2 · ℎ                                          (1.5) 

If the kinetic energy is absorbed by a hole, a set of two holes and one electron 
interact during the recombination. The recombination rate (RAug,h) is, in this 
case, quantified as follows [13]: 

𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴,ℎ = 𝐶𝐶ℎ · ℎ2 · 𝑒𝑒                                          (1.6) 

The net Auger recombination rate (RAug) is, therefore, the sum of both 
mentioned rates, which are proportional to the charge carrier densities and are 
quantified as follows [13]: 

𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑒𝑒 · ℎ (𝐶𝐶𝑒𝑒 · 𝑒𝑒 + 𝐶𝐶ℎ · ℎ)                                (1.7) 

 where Ce and Ch are the Auger coefficients.   

Since the interaction between three particles is essential for Auger 
recombination, the phenomenon is more dominant in semiconductors with 
high carrier densities. By way of examples, it takes place in highly doped 
semiconductors or at high injection conditions, and so relies Auger lifetime. 
(RAug,e) is, for instance, large for n-doped Si, while is (RAug,h) large for p-doped 
Si.  

Auger lifetime for, e.g. n-doped Si and low injection conditions (τAug,low) is 
given as follows [20]: 

𝜏𝜏𝐴𝐴𝐴𝐴𝐴𝐴,𝑙𝑙𝑙𝑙𝑙𝑙 =
 1

𝐶𝐶𝑒𝑒 · 𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑2                                          (1.8) 
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On the other hand, Auger lifetime for high injection conditions (τAug,high) is 
given as follows [20]: 

𝜏𝜏𝐴𝐴𝐴𝐴𝐴𝐴,ℎ𝑖𝑖𝑖𝑖ℎ =
 1

(𝐶𝐶𝑒𝑒 + 𝐶𝐶ℎ) ∆𝑛𝑛2                                    (1.9) 

It is deduced that at a low injection of the minority carriers, (τAug) is 
governed by the doping concentration, whereas at a high injection it is 
governed by the excess carrier density. 

Auger recombination is consequently an unavoidable reaction that 
leads to an energy conversion loss in p-n junctions made of p/n-doped Si and 
is, thus, considered the key limitation factor in the Si solar cell efficiency. 

1.2.2.3 Defect recombination in the bulk 

Bulk-defect recombination is induced by two mechanisms – via 
impurities that cause defects in various states within the band gap and via 
lattice defects. Shockley et al. [21] presented a model for quantifying the net 
recombination in the bulk (RSRH) (measured in cm-3 · s-1), which considers 
both impurities and lattice defects as follows: 

𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆 =
ℎ ∙ 𝑒𝑒 − 𝑛𝑛𝑖𝑖2

𝜏𝜏ℎ0 �ℎ + ℎ1,𝑆𝑆𝑆𝑆𝑆𝑆� + 𝜏𝜏𝑒𝑒0 �𝑒𝑒 + 𝑒𝑒1,𝑆𝑆𝑆𝑆𝑆𝑆�
               (1.10) 

where τe0 and τh0 are the characteristic lifetimes for the electrons and holes, 
respectively, which are calculated as follows: 

𝜏𝜏𝑒𝑒0 =
1

𝜈𝜈𝑡𝑡ℎ ∙ 𝜎𝜎𝑒𝑒,𝑆𝑆𝑆𝑆𝑆𝑆 ∙ 𝑁𝑁𝑡𝑡𝑡𝑡
 and 𝜏𝜏ℎ0 =

1
𝜈𝜈𝑡𝑡ℎ ∙ 𝜎𝜎ℎ,𝑆𝑆𝑆𝑆𝑆𝑆 ∙ 𝑁𝑁𝑡𝑡𝑡𝑡

         (1.11) 

where νth is the thermal velocity, σe,SRH and σh,SRH are the capture cross section 
of the electrons and holes respectively, and Ntr is the density of bulk defects 
(or so-called traps). 

Also, e1,SRH and h1,SRH are quantities considering the occupation of trap levels 
as follows: 

𝑒𝑒1,𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁𝐶𝐶 exp
(𝐸𝐸𝑡𝑡𝑡𝑡 − 𝐸𝐸𝐶𝐶)
𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇

 and ℎ1,𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑁𝑁𝑉𝑉 exp
(𝐸𝐸𝑉𝑉 − 𝐸𝐸𝑡𝑡𝑡𝑡)
𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇

  (1.12) 



24 

where Etr is energy level of the trap. 

EV and EC are the energies of the valence and conduction bands, respectively. 

NV and NC are the state densities in the valence and conduction band, 
respectively. 

kB is the Boltzmann constant, and T is the device temperature  

The lifetime due to bulk recombination (τSRH), therefore, calculates as follows: 

𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆 =
𝜏𝜏𝑒𝑒0�ℎ0 + ℎ1,𝑆𝑆𝑆𝑆𝑆𝑆 + ∆𝑛𝑛� + 𝜏𝜏ℎ0(𝑒𝑒0 + 𝑒𝑒1,𝑆𝑆𝑆𝑆𝑆𝑆 + ∆𝑛𝑛)

ℎ0 + 𝑒𝑒0 + ∆𝑛𝑛      (1.13) 

After compensating in equation (1.2) the effective lifetime due to bulk 
recombination calculates as follows: 

  1
𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

=
1
𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟

+
1

𝜏𝜏𝐴𝐴𝐴𝐴𝐴𝐴
+

1
𝜏𝜏𝑆𝑆𝑆𝑆𝑆𝑆

                            (1.14) 

To assess the effect of eliminating either excess charge carriers by induced or 
diffused junction at the near-surface in comparison with those in the bulk 
(∆nbulk), effective surface recombination (Seff) is considered. Seff expresses the 
recombination velocity at the edge of the junction region (also called 
depletion region or space charge layer) rather than at the top surface. 

The ultimately effective lifetime of standard c-Si solar cells, therefore, 
calculates as follows: 

1
𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒

=
1

𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
+

1
𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒,𝑆𝑆

=
1

𝜏𝜏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
+

2 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒
𝑊𝑊                      (1.15) 

Where τeff,s is the effective carrier lifetime at the surface and W is the thickness 
of the c-Si wafer. 

1.2.3 Working principle of silicon solar cells 

There are two thermodynamic losses induced in the course of the 
photovoltaic energy conversion – the loss due to generating electron-hole 
pairs at the forbidden gap edges and the one induced by entropy generation. 
See figure 1.4. The entropy generation is governed by three processes, namely 
the excess carrier generation, their annihilation due to recombination, and the 
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extraction of the remaining excess carriers after recombination. The mean 
energy of this system is usually defined by the splitting of quasi Fermi-levels 
of the two distinguishable excess carriers, electrons and holes. The quantity 
of the Fermi energy splitting is expressed by the so-called implied voltage 
(iV) as follows [20]: 

 𝐸𝐸𝑓𝑓,𝑒𝑒 − 𝐸𝐸𝑓𝑓,ℎ =
𝑖𝑖𝑖𝑖
𝑞𝑞 =

𝑘𝑘𝐵𝐵 · 𝑇𝑇
𝑞𝑞 ln�

(ℎ0 − ∆ℎ) + (𝑒𝑒0 − ∆𝑒𝑒)
𝑛𝑛𝑖𝑖2

�       (1.16) 

where Ef,e and Ef,h are the quasi Fermi-levels of electrons and holes, 
respectively. 

∆e and ∆h are the excess electron and hole densities, respectively. q is the 
elementary charge. 

e0 and h0 are the equilibrium electron and hole densities, respectively. 

Therefore, splitting the Ef,e and Ef,h explains the difference between excess 
carrier densities and the equilibrium carrier densities as a consequence of 
charge carrier generation, their recombination, and extraction of the 
remaining excess carriers. The higher the splitting of quasi Fermi-levels, the 
higher the implied voltage resulted, thus a high solar cell output. 

Splitting of the quasi Fermi-levels, thus the excess electron and hole 
densities can be maximized to a further extent by increasing the excess carrier 
generation, decreasing their recombination, and minimizing the extraction of 
the remaining excess carriers through external contacts. Consequently, the iV 
is increased to its maximum. The quantity of implied voltage differs according 
to the circuit conditions. For open-circuit conditions no excess carriers are 
extracted from the absorber through the circuit terminals. Therefore, the 
excess carrier density, thus the implied open-circuit voltage (iVOC), is defined 
according to the quantification of carrier generation and their recombination, 
expressed in equation (1.16). However, since no excess carriers are extracted 
by the open circuit terminals, no electric power is generated, and thus no 
current flows through. Contrary, under short-circuit conditions, wherein the 
electrical resistance is nearly zero, the excess carriers are entirely transferred 
from the electron contact region to the hole contact region through the 
external circuit. Consequently, no splitting of the quasi Fermi-levels takes 
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place, neither does the voltage generation. For maximum power point 
conditions the excess carriers are extracted through the external circuit. 
However, the maximum voltage (Vmpp) generated is lower than iV. 

 
Figure 1.4: a) An energy diagram representing the thermodynamic losses during the 

photovoltaic process. a) ideally selective contacts of the electrons and holes Fermi-levels 
resulting in external voltage equals to the implied one. b) non-ideal hole contact resulting 

in external voltage below the implied one. After [20].  

In ideal contacts shown in Figure 1.4,a) an extraction takes place for 
the entire quasi Fermi-levels of electrons via its relevant contact and the entire 
quasi Fermi-levels of the holes via its relevant contact. This ideal energy 
splitting leads to extracting the iV as a whole from the absorber. However, in 
real cases the contacts at the absorber terminals are non-ideal and experience 
energy losses. Shown in Figure 1.4,b), a gradient in the quasi Fermi-level of 
the hole in its relevant contact occurs. This, subsequently, leads to an 
extracted voltage value below the iV developed in the absorber. Complete 
splitting of quasi Fermi-levels of the opposed charge carriers is determined 
by the selective conductivity of either carrier in its relevant contact region. 
For instance, if electrons are intended to flow, their local conductivity at their 
contact region should be significantly high. This eliminates the gradient in the 
electron quasi Fermi-level and allows the electron current to flow via its 
terminal contact. Simultaneously, at the same contact region, the local 
conductivity of the holes (intended to be blocked) should be eliminated to a 
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minimum extent, thus the holes are kept from flowing in the same direction 
of the electrons. Likewise, the same mechanism applies when it comes to 
holes flowing via their relevant contact region. The hole local conductivity 
should be as high as possible whereas the electron conductivity at the same 
contact region should be eliminated. Consequently, an asymmetry of the local 
conductivities of electrons and holes is obtained during solar cell operation, 
hence a strong splitting of quasi Fermi-levels of electrons and holes. As a 
result, the total current at the electron contact region is a product of flowing 
electrons in absence of flowing hole in the same direction, and vice versa, the 
total current at the hole contact region is a product of flowing holes in absence 
of flowing electrons in the same direction. This is expressed by the following 
equation [13]:   

𝑗𝑗𝑡𝑡𝑡𝑡𝑡𝑡 =  𝑗𝑗𝑒𝑒 + 𝑗𝑗ℎ =
𝜎𝜎𝑒𝑒
𝑞𝑞 ∙

𝑑𝑑𝑑𝑑𝑓𝑓,𝑒𝑒

𝑑𝑑𝑑𝑑 +
𝜎𝜎ℎ
𝑞𝑞 ∙

𝑑𝑑𝑑𝑑𝑓𝑓,ℎ

𝑑𝑑𝑑𝑑                      (1.17) 

with je and jh being the current of electrons and holes, respectively. 

Such an asymmetry is enhanced by high doping or an induced junction, even 
during equilibrium (when the solar cell is not operated), hence high excess 
carrier density in the contact region. However, doping and induced junction 
of one contact region should provide a high density of one kind of charge 
carriers (e.g. holes) during operation when additional minority carriers of the 
other kind (electrons) are generated or injected. 

The asymmetry in electron and hole conductivity requires low-injection 
of minority charge carriers (e.g. electrons) in a contact region. Consequently, 
the density of the injected/generated minority carriers can be lower than that 
of the majority carriers (holes in this example) in the same contact region. 
This, in turn, leads to electron conductivity being lower than the hole 
conductivity in the hole contact region. Therefore, the electron and hole 
Fermi-levels are maintained at the two respective terminals. In addition to this 
maintenance, generating a high voltage at the contact terminals requires a high 
splitting of the quasi Fermi-levels within the absorber. That is why the contact 
regions should be as transparent as possible to photons, by which generation 
of excess charge carriers is extended to its maximum, and subsequently, the 
recombination of these excess carriers is diminished to its minimum. 
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Based on what is previously understood, the high extractable voltage 
from the absorber, thus the high solar cell efficiency, is a trade-off between 
the asymmetry in carrier conductivity, which is obtained by perfect doping 
and induced junctions, and the elimination of carrier recombination losses. 
This is what advanced fabrication of today’s solar cells tries to address. 

For further reading about the structure and operation principle of solar 
cells, it is referred to the text books of Würfel et al. [13,14] – chapter 6, and 
the corresponding publication [15]. 

1.2.4 Current-voltage characteristics 

The current-voltage (I-V) characteristics are usually determined in order to 
assess the performance of the solar cell when taken into operation. For that 
matter, the I-V data of the solar cell under illumination are measured and 
plotted. From the curved I-V data the solar cell parameters can be calculated 
to find: the open circuit voltage (VOC), short circuit current density (jSC), 
maximum power point (mpp), corresponding current and voltage at the 
maximum power point (jmpp) and (Vmpp), respectively, fill factor (FF), and the 
solar cell conversion-efficiency (η). Figure 1.5 illustrates an I-V graph of an 
illuminated standard mono-crystalline silicon solar cell. It shows the I-V curve 
and the power density (p) curve. The non-linear I-V characteristics are 
attributed to the rectifying (non-ohmic) behaviour of the electric current 
flowing through the p-n junction. The VOC and JSC are defined from the 
intersection of the I-V curve with the voltage and current density axes, 
respectively. The maximum power density of the solar cell mpp corresponds 
to the obtained Jmpp and Vmpp. The I-V curve measurements are conducted at 
the standard test conditions: 

- The total irradiance on the unit area of solar cells (Φ) is 1000 W/m2. 
- The spectrum of the incident light corresponds to the air mass AM1.5 

global (the sum of direct and indirect radiations)  
- The temperature of the solar cell is maintained at room temperature.      
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Figure 1.5: I-V curve of an illuminated standard mono-crystalline silicon solar cell. 

From [20].  

The FF of the solar cell refers to the amount of electrical energy current at the 
maximum power point (jmmp-Vmmp) delivered form the maximum chemical 
energy current per electron-hole pairs (jSC-VOC). It is calculated from the 
equation [16]: 

 𝐹𝐹𝐹𝐹 =
𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 .  𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

𝐽𝐽𝑆𝑆𝑆𝑆  .  𝑉𝑉𝑂𝑂𝑂𝑂
                                       (1.18) 

FF represents the maximum possible area underneath the I-V characteristic 
filled by the rectangle jmmp-Vmmp versus the rectangle JSC-VOC. In practice, FF 
ranges from 0.75 to 0.85.  

The maximum possible value of FF obtained by a solar cell is called pseudo 
fill factor (PFF). It is determined by measuring the I-V characteristic in the 
absence of external series resistance. The series resistance of a solar cell can 
be, therefore, calculated with the accounts of both FF and PFF using the 
equation: 

𝐹𝐹𝐹𝐹 =  𝑃𝑃𝑃𝑃𝑃𝑃 �1 – 
𝑗𝑗𝑆𝑆𝑆𝑆  .𝑅𝑅𝑆𝑆
𝑉𝑉𝑂𝑂𝑂𝑂

�                                  (1.19) 

The parameters determined form the I-V measurements are used to calculate 
the energy conversion efficiency of the solar cell as follows:  

 𝜂𝜂 =  
𝑗𝑗𝑚𝑚𝑚𝑚𝑝𝑝 .  𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

Φ  =  
𝐹𝐹𝐹𝐹 .  𝑗𝑗𝑆𝑆𝑆𝑆  .𝑉𝑉𝑂𝑂𝑂𝑂  

Φ                        (1.20) 
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It prompts the ratio of the electric power generated form the photovoltaic 
effect to the total luminous received by the solar cell. 

1.2.5 The two-diode model 

The two-diode model is a simple way for theoretically describing the I-
V curve of solar cells considered as a large diode. This model is used to 
investigate the recombination in different regions of the solar cell structure, 
hence the exponential correlation between voltage and current density at low 
output voltage up to 0.5 V. The first diode is assumed to express the 
recombination currents in the emitter and p-type base of the cell (direct 
recombination). The second diode is assumed to express the recombination 
currents in the depletion region (impurity recombination), or so-called the 
space charge region. Figure 1.6 illustrates the equivalent circuit diagram for 
the solar cell [13]. The two-diode model reads: 

 𝑗𝑗(𝑉𝑉) =  𝑗𝑗01  �𝑒𝑒�
𝑞𝑞 .(𝑉𝑉 – 𝑗𝑗 𝑅𝑅𝑆𝑆
𝑛𝑛1 𝑘𝑘 𝑇𝑇𝑠𝑠𝑠𝑠

� –  1�  +  𝑗𝑗02  �𝑒𝑒�
𝑞𝑞 .(𝑉𝑉 – 𝑗𝑗 𝑅𝑅𝑆𝑆
𝑛𝑛2 𝑘𝑘 𝑇𝑇𝑠𝑠𝑠𝑠

� –  1�

+ 
𝑉𝑉 –  𝐽𝐽 𝑅𝑅𝑆𝑆
𝑅𝑅𝑃𝑃
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where:  

(j01) and (j02) are the saturation current densities describing the recombination 
in emitter/base and in the depletion region, respectively. 

(n1) and (n2) are the ideality factors, which describe the quality of the first and 
second diodes, respectively. Theoretically, they are n1 = 1 and n2 = 2. 

(RP) is the parallel resistance describing the ohmic losses induced by the 
current exchange between the electron-hole pairs.  

Also, (q) is the elementary charge, (V) is the applied voltage, (k) is the 
Boltzmann constant, and (Tsc) is the solar cell temperature. 
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Figure 1.6: Equivalent circuit diagram for a solar cell. It consists of diode D1 

representing the direct recombination, diodes D2 representing the impurity 
recombination, current source ISC, parallel resistance RP, and series resistance RS. 

From [13].  

1.3 SiO2 material preparation-technologies  

Mainly, five conventional techniques are employed to chemically 
prepare SiO2 layers or particles such as ALD, low pressure chemical vapor 
deposition (LPCVD), plasma enhanced chemical vapor deposition (PECVD), 
atmospheric pressure chemical vapor deposition (APCVD), and spray 
pyrolysis (SP) technique. In this section a brief review of these techniques and 
their associated reactants are presented. For further reading about SiO2 
structure, properties and preparation technologies, it is referred to the 
quotations [6,22–26].    

ALD of SiO2 films is performed in ultra-vacuum chambers (10 m Torr) 
and at deposition temperatures in the range 300 – 527 ºC so as to activate the 
heterogeneous reaction between the reactants and the substrate surface [27]. 
An initial step is implemented to modify the substrate surface by means of 
bombarding with Ar beams. The ALD technique implies two half reactions of 
at least two components for a single deposition cycle. In the first half, one of 
the reactants is deposited upon the substrate surface, whereas the other 
reactant is deposited in the second half reaction, at which it interacts with both 
the firstly deposited reactant and the substrate surface. Subsequently, a 
nanoscale layer is formed. The deposition cycles are repeated continuously 
until obtaining the desired film thickness. After every half reaction step, an 
inert-gas purge of the individual reactant is performed. This causes a wastage 
of the chemicals since only a fraction of the entire gas volume engages in the 
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deposition. The common chemical precursors used in this technology are H2O 
and SiCl4 vapors and the reaction equation is as follows:    

SiCl4 + 2 H2O → SiO2 + 4 HCl                           (1.22) 

In optimized deposition processes, catalysts such as NH3 or pyridine 
are included in the reaction in order to avoid high temperatures necessary for 
the reactants’ dissociation [9,28]. Consequently, more tool investments are 
required and undesired by-products are present. The ALD techniques are 
known to yield extremely low film deposition rates which is unsuitable for 
high throughput processes. This disadvantage makes it inappropriate for 
applications including polymer materials or requiring low temperatures. This 
is due to the fact that polymer may be irritated by the vacuum, bombarding 
beam, catalysts, and the high temperature. The ineffective cost of the SiO2 
ALD is another significant drawback to search for more costly effective 
deposition technology.  

LPCVD of SiO2 films is performed in a tube furnace under a low 
pressure of about 0.3 – 0.9 Torr, which is obtained by vacuum pumps. A 
chemical precursor of diacetoxy-ditertiary-butyl-silane (DADBS) can be 
utilized at high temperatures ranging from 410 – 600 ºC [29]. The SiO2 layers 
can also be deposited by reacting the silane SiH4 and oxygen O2 at a 
temperature of 450 °C and 0.1 Torr based on one of the equations [30]: 

SiH4 + O2→ SiO2 + 2 H2                                (1.23) 

SiH4 + 2 O2 → SiO2 + 2 H2O                            (1.24) 

The oxide layers are also LPCVD at a high temperature of 900 ºC by reacting 
dichlorosilane (SiH2Cl2) or silane (SiH4) with the nitrous oxide (N2O) gas as 
follows [31]: 

SiH2Cl2 + N2O → SiO2 + 2 N2 + 2 HCl                     (1.25) 

SiH4 + 2 N2O → SiO2 + 2 N2 + H2                         (1.26) 

LPCVD SiO2 is characterized by high deposition rate of 100 nm/min, 
conformal step coverage, and free-void layer. Nevertheless, this technology 
is costly ineffective because of the used vacuum pumps and the high 
deposition temperatures, which demand complex furnace configuration and 
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high electric power consumption. This induces shortage of the applications, 
e.g. the ones requiring temperatures lower than 200 ºC (when intrinsic a-Si:H 
is used as passivation for solar cells) or the ones including polymer or metal 
pastes. This is due to the fact that the diluting solvents essential for subsequent 
processes would evaporate from the pastes or, even worse, the polymers could 
burn at the high deposition temperatures. As the LPCVD is molecular 
diffusion controlled and as the concentration of the reactant precursors 
decreases during the LPCVD operation, the probability of parasitic dust 
formation is high and the film deposition rate is inconstant throughout the 
furnace. The utilization of hydrosilane compounds gives rise to a potential 
hydrogen-integration in the deposited films, in which structural 
tensions/stresses are built-up. Since it is flammable and explosive at room 
temperature once it gets in contact with moisture or air, the hydrosilane 
compounds causes an instant fire into the exhaust or in the piping prior to the 
furnace tube. This in turn, increases the safety and maintenance measures 
adding up to the overall LPCVD expenses. 

PECVD is a widely used technique for the deposition of SiO2 layers. 
Owing to the presence of plasma, PECVD stands out from other techniques 
that require high temperatures.  The plasma is utilized to dissociate the 
chemical bonds of the reactants, promoting a completion of the reaction, 
hence chemically stoichiometric material. The plasma is generated by a high 
radio frequency (RF) created by voltage application between two electrodes, 
where one of them is the substrate or the deposition chuck. The reactant 
precursor molecules charged into the space between the anode and the cathode 
are ionized and the plasma of the reactants is subsequently generated [31–34]. 
This is made possible by obtaining either a single high frequency of 13.56 
MHz, by which the chuck is earthed, or mixed high and low frequencies of 
13.56 MHz on the upper electrode and 100-360 kHz on the chuck, 
respectively. This is known as double-frequency PECVD. The excitation 
power needed for such reactors is up to 10 kW. PECVD SiO2 operates at 
relatively low temperatures ranging from 25 to 600 ºC while the most efficient 
temperature to deposit pure and stable films is higher than 380 ºC. This 
technique requires an evacuated chamber, wherein the deposition takes place 
under a pressure of 10-7 to 2 Torr. For this purpose, powerful vacuum pumps 
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are needed. Similar to the gas precursors used in the LPCVD technique, 
hydrosilane compounds are exploited to prepare the PECVD SiO2. 

Based on the above, many drawbacks are present in the PECVD of SiO2 
films. PECVD process is more complex than any other CVD techniques 
because of the equipment operated to generate different frequencies, by which 
only the energetic electrons are permitted compared to the ions. The 
generation of plasma consumes relatively high electric power as it demands 
many hundreds of watts. However, the most inefficient cost is caused by the 
vacuum pumps that provide the essential low pressure. Although the 
temperatures adjusted in this process are relatively low, heating tools are still 
required, thus more expenses add up to the overall cost. The resulting plasma 
gas stimulates a potential danger of creating mechanical stress/tension in the 
deposited layers because of the particle bombardment. The hydrogen 
contents, may be used in the reactions, cause an integration of Si-H bonds into 
the films, hence additional built-in tension. As a result, remarkable impurity 
and porosity concentrations are characterized in the deposited films. The 
integrated Si-H bonds affect the electrical properties of the SiO2 films and 
their absorption of the ultra-violate wavelength (UV), as well. The waste 
materials through the exhaust and the toxicity and flammability of the 
hydrosilane compounds increase the safety precautions and hence the overall 
costs of SiO2 PECVD technique. 

SP deposition of SiO2 layers is a solution-based technique conducted 
under the atmospheric pressure either in ambient air [35] or in high-
temperature flame (≥ 1600 °C), which is known as the flame spray pyrolysis 
(FSP) [36]. In the first approach a solution of SiCl4 and pentane-2, 3-dione 
(C5H7O2) is mixed for 3 hours. The resulting solution aerosol is then sprayed 
onto a substrate heated at a moderated chuck temperature of 350 ºC. This 
process is not continuous, yet is pulsed for 20 sec with a time interval of 30s. 
The reaction takes place based on the equation: 

SiCl4 + 2 C5H7O2 + 2 H2O → SiO2 + 4 HCl + 2 H5C8O2       (1.27) 

In the second approach TEOS-based solution is sprayed in a premixed 
methane-air or in n-hexane C6H14 flame. 
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Numerous disadvantages are induced in the SP deposition technique 
such as i) low deposition rate due to the pulse manner, ii) non-uniform films 
due to uncontrollable droplet size, affecting the oxide film quality, iii) large 
amount of waste solution precursors in the outward stream to the exhaust, iv) 
relatively high temperature process, v) hazardous, expensive, and flammable 
materials are used, which requires high safety preparations prior to and in the 
course of the deposition, vi) oxide dust is expected to be formed as a 
consequence of the molecular diffusion reaction, which can limit the quality 
of the deposited films and contaminate the SP apparatus, and vii) essentially 
regular cleaning/maintenance of the cluttered spray-nozzles and the other 
parts of the setup. 

APCVD is the oldest inexpensive method among CVD technologies. 
It can be employed for the preparation of SiO2 films and nanoparticles 
utilizing various chemical precursors. For instance, SiH4 and TEOS with 
oxidants like N2O, O3 and O2 at temperatures range from 125 to 450 °C. 
APCVD is known to be molecular diffusion controlled, which causes 
limitations of the relevant applications. This deposition method is overviewed 
in details in the next chapter.  

In additions to the aforementioned deposition techniques, SiO2 films 
are prepared by means of i) thermal oxidation of Si wafer surfaces at 
temperatures of 800 – 1200 °C [37,38], ii) combustion chemical vapor 
deposition (C-CVD) at temperatures of 1000 – 1300 °C [39,40], and iii) sol-
gel deposition (SGD) which exploits liquid precursors at temperatures lower 
than 100 °C [41,42]. Despite being operated under atmospheric pressure, 
theses deposition techniques are inadequate for obtaining dense oxide films 
with reliable stability and properties. Moreover, burning the chemical 
precursors in C-CVD at such high temperatures induces elevation of the 
overall costs, besides the probability to develop thermal tensions in the 
deposited films. In the next chapters, cost-effective method and apparatus are 
proposed to functions under atmospheric conditions for the preparation of 
silicon oxide films, which are proven to be stable and reliable for photovoltaic 
applications. 
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2 Overview of the APCVD SiO2 technologies 

2.1 Introduction 

Chemical vapor deposition (CVD) under atmospheric pressure 
(APCVD) is one of the most common gas-phase chemical processes to date, 
and the primarily predominant technique to grow SiO2 films [1]. 
Chronologically, APCVD is the first CVD technology developed in the (the 
1880s) to generate carbon fibers initiating from a carbon filament through 
thermal activation in an organic solution [2]. Since APCVD systems operate 
under atmospheric pressure (independent of vacuum systems) and at 
temperatures below 1000 ºC (practically in the range of 25 – 500 ºC for the 
majority of them), they are classified among the lowest cost-investment as 
well as simplest CVD technologies [3–5]. APCVD is characterized by high 
throughput, high deposition rates up to 500 nm/min, and satisfactory film 
uniformity and step-coverage conformity [1,3]. In contrast to thin solid films 
prepared at high-temperatures, ranging from 700 to 1300 ºC such as in low 
pressure CVD (LPCVD) and thermal oxidation, no thermal stress or 
deflection is induced in low-temperature APCVD films/substrates [6,7]. 
Thanks to the ability of deposition at low temperatures, this advantage is 
elucidated by the absence of residual stress when cooling the deposited 
substrates to room temperature. 

The extensive utilities of the APCVD system, in industry and 
researches, make it of great interest, as do various materials deposited this 
way e.g. metallic, organic or inorganic material-based films. The deposited 
matters can be sorted to oxide and non-oxide films, as well. By way of 
examples on non-oxide materials, APCVD technology is employed to coat 
cutting inserts, e.g. cemented carbide-based tools, with hard-wear and 
anticorrosion layers of TiC, TiN, Cr7C3, FeB, Fe2B SiC or Si3N4 (thickness 
can be a few micrometers) [8]. Since this coating is performed upon thick 
substrates of metallic-constructed objects and since their edges are 
shaped/sharpened, high depositing temperatures of 800-1000 ºC are not 
detrimental to their structure. It is also possible to exploit APCVD technology 
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for growing epitaxial Si and Si/Ge films for semiconductor applications [9]. 
The deposition temperature can be brought down to 550 ºC and the film 
thickness of up to 3 µm can be realized. Since it is conducted under ambient 
conditions, oxidation at the Si-growth interface and carbon contamination are 
impeded by subjecting to the hydrogen environment, despite using ultra-clean 
chambers. In addition to the grown epitaxial Si, it is possible to dope it, using 
the same APCVD system, with phosphorous and boron to form n-type and p-
type doped layers, respectively [9]. Si thin layers of 35 – 178 nm are proven 
to be APCVD formed upon flat glass ribbons during manufacturing, while 
still being at high temperatures (below the melting point) [10]. Such 
functional layers are utilized for preventing the infrared (IR) spectrum, 
preferably of the wavelength λ = 10 µm, from being transmitted through glass 
windows. This layer, embedded in a stack of double silver layers and an anti-
reflection coating, permits the visible and near-IR spectrum through the glass 
while reflecting the mid-IR spectra back, hence passive house heating. Si3N4 
compounds, to be used as a passivation layer for glass and integrated optical 
devices, are often synthesized by APCVD utilizing a mixture of SiH4 and NH3 
[11,12]. 

APCVD technology is also significantly employed for the preparation 
of oxide thin films to be exploited in numerous disciplines. These films are 
mainly divided into transparent conducting oxides (TCOs) and dielectric 
oxides. APCVD TCO films have been shown to be made of different 
materials; so far instances: zinc oxide (ZnO) [13], tin oxide (SnO2) [14], 
fluorine-doped tin oxide (FTO) (SnO2:F), tin-doped indium oxide (ITO), 
tin/fluorine-doped indium oxide (ITO:F) (In2O3·SnO2:F) [15], and fluorine-
doped zinc oxide (FZO) (ZnO:F) [16]. Such TCO films have been shown to 
deliver high performance when designated for glass-based thermoelectric 
(TE) devices [16], liquid crystalline displays (LCDs) [17], and Si/glass-based 
solar cells [18]. FTO films have been proven to efficiently form pyramidal 
texture, directly in the course of modified APCVD upon glass and Si 
substrates [19–21]. Microcrystalline or amorphous Si tandem solar cells, 
textured this way, demonstrate high light trapping, hence high cell conversion 
efficiency. Dielectric oxide films can be effectively prepared with APCVD 
systems for numerous functions, as well. For instance, AlOx films, deposited 
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this way, can function as a surface passivation layer for silicon solar cells [22]. 
APCVD TiOx films have been investigated to play an adequate anti-reflection 
coating (ARC) role for Si solar cells [23,24]. SiOx/SiO2 featuring wide-range 
physical properties is the most predominant material when it comes to 
APCVD utilization. By way of examples, but not limitation, SiOx/SiO2 was 
shown to compose, under atmospheric pressure, in the form of nanoparticles 
that act as e.g. support for metal catalysts, an agent in thermal insulators, an 
H2O absorber in humidity sensor, etc. [25]. Fehlner, et. al [26] proved the 
compatible employment of APCVD SiO2 films in LCD productions. Other 
authors have demonstrated the advantageous utility of APCVD SiO2 films in 
fiber optics and optoelectronic integrated circuits, as well as, in ARC 
structuring upon glass panels and solar cells [27–30]. Thanks to their high 
electrical resistivity (ρ = 1021 μΩ.cm for the thermal kind [1]) and excellent 
planarization, APCVD SiO2 films have been employed in semiconductors and 
solid-state devices as e.g. i) a gap-filling insulator for inter/pre-metal 
dielectric films ii) a borophosphosilicate glass (BPSG) interlayer dielectric 
film iii) and a passivation layer for poly-Si thin-film transistors (TFTs) [31–
33]. Both surface passivation of Si precursors and boron or phosphorus-doped 
SiO2 layers generated employing APCVD is of increasingly great interest for 
PV applications [34,35]. This transformation from vacuum-based CVD to 
APCVD tools is a promising approach for the preparation of such functional 
SiO2 films, particularly for reducing costs of solar cell manufacturing, which 
is our main area of focus for the current time. However, searching new 
chemicals, minimizing the required safety measures, and simplifying 
conventional SiO2 APCVD configurations, are of continuously growing 
demand. Ultimately, further reduction of APCVD overall costs with 
maintaining sufficient film quality is to be obtained for solar cell applications.  

The aforementioned APCVD SiO2 films, particularly the ones utilized 
for solar cell applications, are mainly based on either hydrosilane compounds 
such as SiH4 or organic sources such as tetra-ethyl-ortho-silicate, or known as 
tetra-ethoxy-silane (TEOS) (Si(OC2H5)4). These chemicals produce SiO2 in 
the presence of ozone (O3) or O2 at elevated temperatures up to 500 ºC 
[34,35]. Although named low-temperature process, films deposited utilizing 
these chemicals still necessitate high thermal budget and, even worse, 
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sophisticated safety measures since the chemicals used are extremely 
flammable and hazardous. Additionally, their relevant reactors are complex 
to design and maintain, particularly when the multiple-injector system is 
adopted, and they require periodical cleaning contributing to the ultimate 
process costs [1,5]. Due to the simultaneous exhaustion of the reaction by-
products and possible particles, to impede their embedment upon the film, 
high precursor wastage is expected [1]. The prerequisite deposition 
temperature adversely affects the polymer-processed or metal paste-coated 
substrates, which are essential for recently developed PV applications e.g. 
plating metallization of solar cells [36,37]. Furthermore, oxide particle/dust 
generation, hence, film contamination is one of the major drawbacks and 
require additional measures to overcome [38,39].   

2.2 APCVD SiO2 precursors and methods 

 This section summarizes the most common deposition methods for the 
formation of APCVD SiO2 films. There are currently numerous atmospheric 
reaction dynamics for the preparation of SiO2 films with different chemical 
precursors, reaction parameters, and reactor arrangements, which prompt 
various product properties. 

 Silane gas, due to its pyrophoric property, abruptly reacts with oxygen 
forming SiO2 [1,4]. In order to minimize the gas-phase reaction implications, 
the gas precursors are therefore injected separately to the reaction zone of the 
apparatus. The equation characterizing this reaction is as follows:  

SiH4 + O2 → SiO2 + 2 H2 ↑                                (2.1) 

SiH4 is widely utilized to form amorphous SiO2 films to be used as a 
dielectric interlayer e.g. in the fabrication of dynamic random-access memory 
(DRAM) and logic devices when low moisture content is induced in the 
deposited film. However, when abundant O2 is dosed to the reactor, H2O 
content is present in the SiO2 films as follows:  

SiH4 + 2 O2 → SiO2 + 2 H2O ↑                             (2.2) 

The reactions in equations (2.1) and (2.2) are exothermic while the 
substrate temperature required to initiate the reactions is in the range of 300-
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500 °C which results in deposition rates of 200-300 nm /min. The higher the 
substrate temperature set, the higher the resulting deposition rate. The higher 
substrate temperature also results in lower thickness uniformity and step 
coverage conformity induced when filling high-aspect-ratio gaps. To address 
this trade-off, particularly appearing at film thickness of 0.5 to 1 µm, the 
deposition temperature is usually set at 400 °C and the film is subsequently 
subjected to a calcination treatment at elevated temperature of 700 °C. This 
process permits outgassing the H2 and OH impurities and thus densifying the 
deposited SiO2 films. For instance, H2 content (in the form Si-H) of such films 
is in the range of 1-2 %. Deposition rate and thickness uniformity of the 
silane-based SiO2 films are sensitive to other parameters such as gas reactants’ 
flow and exhaust flow. The deposition rate is proportional to the flow rate of 
both SiH4 and O2 gases whereas it is less sensitive to the exhaust flow. In 
contrast, the film thickness uniformity is reversely proportional to the reactant 
flow rates and is quite sensitive to the exhaust flow, e.g. non-uniform flow of 
the gases over the entire substrate surface is induced at high-speed exhaust. 
At balanced reactant flow-rates and exhaust flow the thickness uniformity is 
±3 % at a thickness range of 100-1000 nm. Besides its limited filling of high 
aspect-ratio gaps (of > 1:1), SiOx particles are incorporated into the deposited 
film as a consequence of the gas-phase reaction characterizing the APCVD 
technique. Rough-surface films are therefore obtained and particle 
contaminants are accumulated upon the reactor and exhaust inner walls. Films 
prepared this way feature a refractive index of 1.45 and a dielectric strength 
of 6-7 MV/cm. 

Nitrous oxide is another oxidizing reagent for silane -- when reacting 
together SiO2 films can be deposited under atmospheric pressure at substrate 
temperatures ranging from 495 to 690 °C, higher than that when O2 is used 
[1,40]. N2O was found to be a good alternative to avoid dust formation 
resulted by the highly reactive O2. The relevant reaction takes place according 
to the following equation: 

SiH4 + 2 N2O → SiO2 + 2 H2 + 2 N2 ↑                       (2.3) 

Figure 2.1 shows the SiO2 deposition rate as a function of substrate 
temperature for silane chemistry with different oxidants [1]. While 
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maintaining the reactor walls relatively cold it is proven that the higher the 
reaction temperature, the higher the deposition rate for the reactant mixture of 
SiH4 and N2O. When ozone is used as an oxidant the temperature required for 
dissociating molecules and thus initiating the reaction is quite low in 
comparison with the other oxidants and the increase in the SiO2 deposition 
rate is linear. Despite the high amount of thermal energy provided to 
disassociate SiH4/N2O molecules, an H2 impurity level higher than that of 
SiH4/O2 is present in the SiO2 film. 

 
Figure 2.1: A graph showing the deposition rate of SiO2 films as a function of the 
substrate temperature when SiH4 chemistry is used with three different oxidants. 

(From [1]) 

TEOS Si(OC2H5), apart from being inexpensive, is a way more safer 
precursor for the formation of SiO2 in comparison with SiH4 chemistry [4]. It 
is a stable, non-pyrophoric, and non-corrosive liquid and its toxicity and 
flammability are the same as those of alcohols.  The first way to produce SiO2 
films under ambient pressure is to react with O2 according to the following 
equation [4]:  

Si(OC2H5)4 + 12 O2 → SiO2 + 10 H2O + 8 CO2                 (2.4) 

However, because the reactivity of O2 is relatively low at pressure of 1 
atm, decomposition of TEOS is extremely slow and therefore requires 
deposition temperatures in excess of 750 °C. TEOS is a liquid at room 
temperature and its vapor pressure is sensitive to the temperature. 
Consequently, it is dosed through an insulated evaporator with precisely 
controlled flow rates. Deposition rate of TEOS/O2 films increases linearly 
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with increasing the substrate temperature (seen in Figure 2.2). The SiO2 films 
deposited this way feature an excellent step coverage conformity and gap 
filing. This is due to the fact that a little gas-phase reaction takes place prior 
to the substrate surface, which in turn results in smoother film surface than 
deposited by SiH4 chemistry. Thanks to high deposition temperatures, 
densification of the films occurs simultaneously during the process and 
thereby the H2/OH contents are negligible. Nevertheless, limited film 
utilization is disadvantageously induced e.g. when films are to be deposited 
on metal or other temperature-sensitive substances. 

As an alternative oxidant for TEOS, ozone has been employed so as to 
reduce the thermal budget required for increasing O2 reactivity at atmospheric 
pressure [1,4]. Since O3 is a triatomic molecule its unstable characteristic 
allows for dissociation of TEOS more efficiently than O2 at lower 
temperatures of 400 °C. An example on the reaction between ozone and 
TEOS is the attack of the alkyl group (CnH2n-1) with e.g. silanol (Si-OH) as 
represented in the following equation: 

Si-O-CH2CH3 + O3 → Si-O-H + CH3CHO + O2               (2.5) 

As such SiO2 films are used in the production of DRAMs and poly-
silicon TFTs due to in-situ planarization as well as dielectric and passivation 
properties [4,33]. The deposition rate of these films increases directly 
proportional to the increase in the deposition temperatures. Figure 2.2 depicts 
the relationship between deposition temperature and resultant deposition rate 
of TEOS/O3 system is obtained is 380 ° C, which is in the range of 100-200 
nm/min, whereas increasing the temperature beyond 400 °C causes decrease 
in the deposition rate. This is due to the fact that ozone concentration in the 
TEOS/O3 system decreases at temperatures higher than 400 °C. 

The deposition rate of the SiO2 films, on the other hand, is proportional to 
TEOS/O3 flow rates as well as to the exhaust flow. The film thickness-
uniformity decreases at elevated deposition temperatures above 700 °C and is 
extremely sensitive to the exhaust flow. Nevertheless, at precisely adjusted 
deposition temperature (400 °C) the variation of thickness uniformity is ±3 % 
for 100-1000 nm thick films. The sufficient surface mobility of the mentioned 
reactant species allows for excellent step coverage conformity and gap filling. 



48 

A disadvantage to the TEOS/O3 system is the high presence of H2 impurity in 
the deposited films (9 to 12 at %) in the form of Si-OH and H2O groups. This 
is due to both in-situ formed silanol groups in TEOS and relatively lower 
deposition temperatures (compared to those set for TEOS/O2 system), which 
provides insufficient energy to outgas the excessive species. However, this 
drawback can be addressed by densification at elevated temperatures of 500-
700 °C for 1 min [4], [33]. The refractive index and the dielectric strength of 
TEOS/O3 films are measured to be 1.44 and 5-6 MV/cm, respectively. 

 
Figure 2.2: A graph showing the deposition rate of SiO2 films as a function of the 
substrate temperature when TEOS chemistry is used in different systems. Note that 

TMOP stands for trimethylphosphate. (From [1]) 

Other reactant precursors used to prepare SiO2 films by APCVD 
technology are SiCl4 and O2. The oxidization of SiCl4 requires high 
temperatures in the range of 1200-1400 °C [41] following the reaction: 

SiCl4 + O2 → SiO2 + 2 Cl2                                                                      (2.6) 

However, the relevant deposition rate increases gradually with the 
substrate temperature to reach the maximum of about 1nm/min at 
temperatures between 1227 °C and 1327 °C, higher than which the rate 
decreases. This effect is because at temperatures lower than this range the 
deposition is dominated by SiO2 monomers formation, by which high quality 
films (smooth surface, conformality and purity) are obtained. On the other 
hand, at higher temperatures SiO2 particle formation is dominated, 
particularly closer to the reactant introduction-outlets leading to thinner films 
and, even worse, particle contamination upon the deposited surface. Similar 
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to the other deposition methods, film thickness uniformity is governed by the 
precise control of uniform temperature profile all over the substrate area. 

2.3 Drawbacks of the conventional APCVD methods of 
SiO2 films  

There are often encountered impediments to the conventional SiOx 
APCVD systems and methods, which are summarized as follows: 

1- Demand of thermal energy necessitated (at atmospheric pressure) for 
decomposing the reactant molecules (TEOS, SiH4, N2O and O2) and 
increasing their mobility/diffusion, thus activating the resultant chemical 
reaction [1]. For instance, the activation energy required for silane-based 
reactions is in the range of 10 eV.  

2- High-temperature depositions prevent processing heat-sensitive 
materials like polymers, metal coatings and interlayers, passivation 
layers such as hydrogenated-amorphous Si e.g. used in SHJ solar cells, 
and different low-temperature evaporated/melted substances [4][42]. 

3- As for relatively low-temperature formation (in the range of 250-400 °C) 
of SiO2 films or micro/nano-sized particles, a calcination temperature up 
to 700 ºC and a treatment time up to several hours are essentially 
prompted. This is to eliminate the parasitic impurities, e.g. H2O 
molecules and OH groups, in the final product and to improve its 
structural density and electrical properties [25][33]. 

4- Hazardous and explosive substances are employed such as N2O and 
SiH4, thus high safety measures and APCVD system complexity are 
essential [1,5]. 

5- A complex post-process handling of the reaction by-products and non-
reacted precursors is required to prevent fire/explosion in the exhaust 
and toxification of the environment. Various hazards combined with 
venting and treating the SiH4 gas, as well as, solutions to safe disposal 
thereof are reviewed by VanOmmeren et al. [43].    

6- Dust formation common in conventional APCVD technology which is 
addressed by inefficient reactor arrangements e.g. i) temperature 
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variation between the substrate and reactor walls to prevent parasitic 
deposition in the reactor interior, ii) curtain flows between and around 
the reactant gases to restrict the reaction upon the substrate surface, iii) 
or high flow velocities of the reactant gases allowing for short-term 
residence in the reaction zone [1,5]. 

7- Expected high wastage of reactant precursors released through the 
exhaust on account of the measures taken to eliminate dust formation 
and particle contamination of the deposited films.  

8- Due to high temperatures used, most of the well-known APCVD tools 
are manufactured of metal components [1,5]. This gives rise to the risk 
of metal particle-contamination and hence degradation when it comes to 
processing Si-based devices such as solar cells, microchips, transistors, 
etc.      

Based on the above, effective costs of the overall SiO2 deposition 
process are increased because of the complexity of APCVD tools, high 
wastage of the expensive reactant precursors, high thermal budget needed for 
activating the reaction and densifying the final products, and short-interval 
maintenance and cleaning of the related chambers. 
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3 Novel approach to SiO2-x APCVD system 

3.1 Introduction 

 This chapter focuses on establishing a new method of APCVD SiO2-x 
films suitable for solar cell applications. Further tackling of this method on 
other film materials e.g. TiO2 and applications are still an option. A brief 
review of well-known gas precursors and deposition conditions to prepare 
SiO2 films under atmospheric pressure are given. New gas precursors to 
replace the widely used ones are introduced for the first time in APCVD  
SiO2-x utilized solar cells. After summarizing their properties, the precursors’ 
reaction-kinetics and their relevant deposition mechanism are explained, 
theoretically. To overcome the drawbacks of conventional APCVD SiO2 
films mentioned in chapter 2, a newly developed reactor configuration, 
characterized by low cost and thermal budget, is demonstrated. The stability 
of system operation and reproducibility of products are attempted. Detailed 
characterization of the material quality is studied in chapter 5. 

3.2 Newly developed SiO2-x APCVD system by the 
hydrolysis of SiCl4 

In this section new reactant precursors are researched so as to save costs 
and simplify the SiO2/SiOx deposition process, whereby fewer safety 
precautions and pre-preparation steps are required opposing the state-of-the-
art APCVD methods [1–4]. The major disadvantages of conventional SiO2 
APCVD technologies to overcome with the new method were the complexity 
of the deposition systems, the use of flammable reactant precursors, and the 
high thermal budget required for reactants dissociation and oxidation. The 
more sensitive APCVD downside – the dust formation due to mass transfer 
reaction, also known as gas-phase or molecular-diffusion reaction, was 
addressed to decrease the periodic cleaning and maintenance of the apparatus 
and prevent particle precipitation upon the deposited films. Elimination of 
impurity concentrations trapped in the deposited films as well as advances in 
the dielectric and chemical characteristics are studied in chapter 5.  
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The chemical precursors researched in this study are essentially silicon 
tetrachloride and water vapors. Excluding for PV applications the reaction 
between H2O and SiCl4 vapors, under atmospheric pressure, is often 
employed for other state-of-the-art applications, e.g. to generate silica 
nanoparticles at a high temperature of 1800 °C [5]. SiCl4 vapor hydrolysis is 
also possible at 150 °C to form oxychloride particles, which are then 
converted to nearly monodisperse silica spheres through a further hydrolysis 
at 1000 °C. Si-O/Si-OH nanoparticles are usually synthesized as illustrated in 
the following sequential reactions [6]:  

SiCl4 + H2O → SiCl3OH + HCl                            (3.1) 

SiCl3OH + H2O → SiCl2(OH)2 + HCl                       (3.2) 

SiCl2(OH)2 + H2O → SiCl(OH)3 + HCl                      (3.3) 

SiCl(OH)3 + H2O → Si(OH)4 + HCl                         (3.4) 

Si(OH)4 + Si(OH)4 → (OH)3 Si–O–Si(OH)3 + H2O             (3.5) 

Si(OH)3–O–Si(OH)3 + Si(OH)4 → Si(OH)3–O–Si(OH)2–O–Si(OH)3 + H2O  (3.6) 

APCVD SiO4/SiOx by means of SiCl4 hydrolysis at room temperature 
is formed as a porous-rough underlayer mainly applied to glass substrates for 
the purpose of supporting later deposition of antireflection or hydrophobic 
coatings [7]. APCVD SiO2 layers made of SiCl4/H2O can be executed at room 
temperature to increase the mechanical stability and optical properties of 
colloidal crystal lattices made of mono-disperse micro-spheres of silica, 
wherein their pore-size are controlled, hence their connectivity [8]. APCVD 
SiOx, prepared this way, are applied as anti-humidity dual coating, together 
with TiOx films, to act as encapsulation of phosphorous particles used in 
electroluminescence devices [9]. These coatings are attempted for the 
prolongation of the light emission life-span of the phosphorus particles under 
aggressive circumferential conditions (40°C, 90% humidity). 

Our new APCVD method was developed to primarily deposit SiO2-x/ 
SiOx for PV applications as well as other optical applications by means of the 
hydrolysis of SiCl4 vapor under atmospheric conditions. Detailed information 
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is to be published elsewhere. The equation governing this exothermic reaction 
is as follows: 

SiCl4 + 2 H2O → SiO2 + 4 HCl                             (3.7) 

3.2.1 SiO2-x APCVD system configuration  

The newly developed SiO2-x APCVD setup configuration illustrated in 
Figure 3.1 is constituted as follows: 

1) Two evaporators made of plastic or glass containers with a volume of 
1-2 liters used to vaporize the reactant precursors – the volatile SiCl4 
and H2O, respectively. The evaporators are tightly connected to an inert 
gas source (utilized as a carrier gas) such as dry N2 and to APCVD 
injector inlets; either directly for the SiCl4 line or through another 
container, utilized as a humidity mixer, for the H2O line.   

2) A tight humidity mixer, which is the most important component, made 
of plastic or glass container with a volume of 1 – 2 liters, wherein an 
admixed dry N2 is utilized to dilute the humid stream driven from the 
H2O evaporator. This arrangement should remain at a constant 
temperature, for which a thermal insulation could be used. 

3) A thermostat equipped with de-ionized (DI) water tank and a dual 
cooling/heating system for controlling and retaining the H2O 
evaporator’s temperature during the APCVD system operation. 
Another thermostat is optionally operated to control the temperature of 
the deposition chuck, between them an adjusted-temperature DI water 
stream is circulated. More details about the design of deposition chuck 
and the control of its temperature are elucidated in the next chapter.  

4) A sealed chamber made of transparent polycarbonate (PC) plastic for 
laboratory scale-levels, wherein the relevant APCVD injector and SiCl4 
evaporator are mounted. It is supplied with an adjustable exhaust 
opening as well as adapted openings used to attach multiple pipe lines 
and electronics. An external transfer room made of the transparent PC 
plastic is attached to the chamber to enable placing and replacing 
processed samples and any equipment needed during the experiments. 
It is supplied with two sealed doors opened alternatively and thus 
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protect from escaping the aggressive gases from the chamber. In order 
to assure safe operation, two rubber gloves are fixed tightly to the front 
side of the chamber, which is in turn placed in a fume-hood used when 
cleaning the equipment for better security. 

 
Figure 3.1: A diagram of the newly developed SiO2-x APCVD system layout employed 

for PV applications  

5) An APCVD injector made of thermoplastic materials by means of fused 
deposition modeling, or so-called three-dimensional (3D) printing 
technology. The employed 3D printing, utilizing polylactic acid (PLA) 
and acrylonitrile-butadiene-styrene (ABS) materials, enables 
customizing various injectors suitable for different utilities and variable 
substrate surface-areas. The injector’s outlet is connected to the 
chamber’s exhaust through an adapter featuring an adjustable opening. 
The detailed design of the APCVD apparatus and its relevant operating 
conditions are studied in the next chapter.   

6) Pipelines insulated with Thermofoam or other variants so as to maintain 
a constant gas temperature throughout the system. They are employed 
to deliver the reactant gases between the sources and the injector inlets. 
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A lateral pipeline is installed to purge the APCVD chamber interior 
with dray N2 gas prior to the deposition process.    

7) Mass flow controllers (MFCs) used to precisely adjust and measure the 
flow rate of the gas stream in every pipeline – of the water bubbler, the 
humidity mixer, the SiCl4 vaporizer and the purge stream. 

8) Valves of 90° switch type installed at every gas stream and the main N2 
gas source (that is supplied with a pressure regulator) to open and close 
the pipelines when a quick control is needed as well as to calibrate the 
MFCs. These valves are beneficial for security purposes, as well e.g. if 
by unexpected occasion a shortcoming occurred, the relevant or main 
gas stream can be closed immediately. 

9) Built-in humidity/temperature sensors of the kinds DHT11 and DHT22 
(illustrated later in Figure 3.5) installed into the following positions: i) 
the water bubbler, ii) the humidity mixer, iii) the deposition chuck 
inside the injector, iv) the chamber volume, v) and the area surrounding 
the APCVD setup. Since the DHT11 sensor kind is unaffected by 
aggressive gases like HCl, known to be released in high amounts during 
the reaction, it is used inside the chamber and the injector. DHT22 
sensors are sensitive to HCl so that, in order to avoid measurement 
interference, they are installed in the other setup components. 

10) An Arduino microcontroller is employed to process the information 
coming from the built-in sensors and translate them to meaningful 
values –humidity and temperature of the interesting positions. Its 
terminals are connected on one side to the sensors through cables and 
on the other side to a computer, by which the relevant values are 
displayed. The microcontroller is programmed by means of the “C++” 
language. The code is written in such as way as to record the measured 
relative humidity (RH) and temperature (T) as well as the calculated 
absolute humidity (AH) and dew point (Tdp) of the media, with an 
interval of 5 seconds.  

11) An endoscope camera, of the universal-serial-bus (USB) port kind, 
installed in the injector interior for counter-the-clock monitoring of i) 
film deposition progress, ii) accidental contamination, iii) and 
shortcoming such as deposition stop due to a precursor draining in the 
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evaporator. This is made possible by connecting the endoscope to a 
computer, with a suitable software a live display and even recorded 
video and captured pictures can be acquired for documentation.      

12) A computer and its monitor utilized to operate the microcontroller and 
the endoscope camera. This allows for judging the deposition quality 
and controlling the operating conditions and parameters, by which 
customizing the SiO2-x film properties and their deposition rates are 
facilitated. 

It is worth noting that the tightly sealed APCVD chamber, in 
combination with by-products’ exhaustion, are significantly the essential 
measures taken for safe usage of the newly developed SiO2-x APCVD system. 
Therefore, its surrounding atmosphere is protected from any hazard or 
damage. Moreover, in order to prevent from corrosion (used to occur to metal 
components) with the by-product HCl gas, the whole system configuration is 
made of plastic materials, as well as with rubber and silicone sealing and caps. 
The APCVD setup can be upgraded to enable neutralizing the HCl gas when 
it is not available in the main exhaust of the laboratory. 

3.2.2 SiCl4/H2O deposition process  

The operation of the newly developed SiO2-x APCVD system includes, 
prior to the deposition process, simple pre-preparation steps as follows:  

1) Purging of the APCVD chamber from humid air by dry N2 gas, setting up 
maximum exhaust power, for about 20 min. This duration was found to 
reduce the RH inside the chamber volume to ~1 %, which is a prerequisite 
condition to prevent SiO2-x formation in the chamber medium and 
deposition onto its inner walls. For a quick purging the dry N2 gas is 
streamed at a pressure of 2-4 bars.  After drying the chamber volume the 
exhaust is slowed down (by readjusting its relevant valve) and the pressure 
of N2 purge is decreased to 1.5 bar, hence maintaining a slight under-
pressure inside the chamber. For safety precautions, this prevents the 
aggressive gases (SiCl4 and HCl) from getting into the laboratory’s 
atmosphere. The under-pressure in the chamber can be readily indicated, 
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before and during the deposition, if the tightened gloves are sucked into its 
interior. 

2) Adjusting the temperature of the deposition chuck, hence of the later 
mounted substrate. In most cases the deposition takes place at room 
temperature, thus the chuck temperature is maintained the same thereof. 
In special cases e.g. when SiO2-x film characteristic is to be changed to 
porous structure (so called SiOx), cooling of the deposition chuck is carried 
out. Heating of the deposition chuck is possible with the same cooling 
arrangement, as well. 

3) Fine-tuning of the carrier gas flow-rate (Q) within the lines of humidity 
mixer, H2O vaporizer, and SiCl4 vaporizer. The flow rate, found to be 
adequate for cost-effective deposition, is in the range 0.5-2.5 l/min.  

4) Fine-tuning the H2O vaporizer’s temperature, on the other hand, is 
performed after stabilizing its relevant flow rate by means of setting the 
thermostat temperature as required. The effective temperature needed 
during experiments was found to be in the range 20-29 °C. The 
temperature inside the SiCl4 vaporizer and the humidity mixer, where the 
room-temperature N2 stream collides with the humid N2 stream driven 
from the H2O vaporizer, are kept without any change (usually they are the 
same as the temperature of the APCVD chamber). This temperature profile 
is essential to avoid water condensation in the pipelines as well as upon 
the substrate surface, thus obstructing deficient oxide films characterized 
by bread-loafing and stiff structure. 

5) Filling the two evaporators with DI-H2O and the fluidized SiCl4 99.9%, 
after the set temperatures and flow rates are stabilized. The amount of 
SiCl4 liquid dosed into the related evaporator is determined by many 
factors such as substrates’ size and number, desired SiO2-x film thickness, 
and flow rate of the N2 carrier gas, hence resultant film deposition rate. 
After this step the substrate is loaded to the apparatus so that the deposition 
process starts.  

The operation of the SiO2-x APCVD system as well as the deposition 
process take place as follows: the DI-H2O is evaporated due to the flowing N2 
carrier gas into the related evaporator, by which the gas stream is saturated 
with the water vapor. The humidified N2 stream is then directed into the 
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humidity mixer, wherein a precise AH value is calibrated thanks to the 
diluting N2 flow introduced from the lateral stream line. It is worth noting that 
in this newly developed system AH is used as a measurement of the H2O 
concentration in contrast with the so-far methods, where RH is the driving 
parameter [7–9]. The calibration of the humidity into the mixer is conducted 
by adjusting the flow rate of the two stream lines – humid N2 driven from the 
water evaporator and admixed dry N2. Subsequently, resultant humid mixture 
flows to its relevant APCVD injector inlet. Simultaneously, the SiCl4 solution 
is vaporized and premixed with N2 carrier gas into the related evaporator, 
wherein a precise SiCl4 moiety concentration is tuned according to the N2 
flow rate passed through. Subsequently, the SiCl4-premixed N2 stream flows 
to its relevant APCVD injector inlet. The formulas and investigations to 
calculate all mentioned flow rates and other operating boundary conditions 
are explained later in this chapter. The two vapor streams collide within the 
APCVD injector and premix thoroughly until obtaining a uniform reactants’ 
mixture prior to the substrate surface. The uniform mixture then continuously 
strikes and reacts with the substrate surface forming the SiO2-x layer. After a 
deposition cycle is completed the chamber exhaust is opened to discharge the 
by-product HCl gas. Neutralizing the HCl gas can be executed by directing 
the exhaust line into a lateral water container prior to the disposal throughout 
the exhaust of the fume-hood. At first glance, one would assume inner wall 
contamination with SiO2-x dust as a consequence of the well-known abrupt 
nature of reaction between SiCl4 and H2O. A novel solution to suppress the 
side effect of beforehand reactants’ mixing is investigated in the next chapter.  

The SiO2-x films prepared with the newly developed APCVD system 
can be deposited upon plenty of substrate materials; by way of examples: all 
kinds of Si wafers, passivated metals, optic fibers, polymers, plastics, glass, 
etc. They can be applied onto numerous coating materials as well, e.g. SiNx, 
AlOx, a:Si, a:Si:H, TCO, etc. 

3.3 Reactant properties and deposition boundary conditions  

Silicon tetrachloride, also known as tetrachlorosilane, and water are 
inorganic compounds liquids (SiCl4 is a volatile one), each of which, 

https://en.wikipedia.org/wiki/Inorganic_compound
https://en.wikipedia.org/wiki/Liquid
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however, vaporizes under different conditions. The physical and chemical 
properties of these two species are prerequisite parameters for the prediction 
of their evaporation mechanism and hence their subsequent deposition 
process. This knowledge assists process information such as boundary 
conditions of the APCVD system operation (flow patterns and temperature 
profiles), reactant volume needed to replenish the vaporizers, and estimated 
film deposition rates. The reactant properties required to realize this 
information are e.g. vapor pressure or known as saturated vapor pressure (Pν), 
density (ρ), boiling point (Tb), heat of vaporization (ΔHv), and molar mass 
(M). Table 3.1 depicts the value of these properties for both SiCl4 and H2O in 
the liquid phase [10,11]. 

Table 3.1: Physical and chemical properties of the liquid SiCl4 and H2O reactants. The 
Pν and ρ are measured at room temperature (25°C). The Tb and ΔHν are measured at 1 

atm [10,11]. 

Reactant Pν  

(mmHg) 
ρ  

(g.cm-3) 
Tb  

(°C) 
ΔHν  

(kJ.mol-1) 
M  

(g.mol-1) 

SiCl4 236 1.483 57.65 30.40 169.90 

H2O 23.8 0.997 99.98 40.65 18.015 

 

3.3.1 Saturation vapor pressures  

Since the evaporation of H2O and SiCl4 is a preeminent step of the 
SiO2-x APCVD, its mechanism can be clarified by the relationship between 
their saturated vapor pressure and their temperature and intermolecular force. 

Saturation vapor pressure is, by definition, the pressure of a vapor, 
which is in thermodynamic equilibrium with its liquid (or solid) when 
measured in a sealed container, wherein the substance exists in both liquid (or 
solid) and vapor phases [12]. Note that when the substance of interest is solid, 
this phenomenon is called sublimation instead of evaporation. However, the 
liquid vaporization takes place since some of its surface molecules are 
characterized by high kinetic energy enough to escape to the liquid headspace. 
Owing to the bouncing of escaped molecules in vapor phase, they collide with 
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the liquid and reengage into its surface through a process known as 
condensation. Simultaneously, other high-energy molecules evaporate from 
the surface keeping the headspace occupied with actively bouncing 
molecules, known as saturation with vapor phase substance, hence a certain 
pressure exerted above the liquid surface. When the number of evaporated 
molecules is equal to that of the condensed ones, the equilibrium pressure is 
reached. This equilibrium pressure expresses the vapor pressure of the 
investigated liquid. 

Two factors governing the saturation vapor pressure of a liquid are the 
intermolecular force between its surface molecules and the temperature. The 
stronger the intermolecular force, the lower the vapor pressure, and vice versa, 
the weaker this force, the higher the vapor pressure [13]. On the other hand, 
the higher the liquid temperature, the higher its vapor pressure. This 
relationship is expressed by various equations – the most common ones are: 

Clapeyron-Clausius equation [12]: 

𝑙𝑙𝑙𝑙𝑙𝑙 𝑃𝑃𝜈𝜈 =  
∆𝐻𝐻𝜈𝜈

(2.3)𝑅𝑅 .𝑇𝑇 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                              (3.8) 

where: 

Pν is the vapor pressure (Pa). 

ΔHν is the heat of vaporization (J.mol-1).  

R is the universal gas constant (R =8.314 J.mol-1K-1). 

T is the temperature (K). 

and Antoine equation [14]: 

𝑙𝑙𝑙𝑙 𝑃𝑃𝜈𝜈 = 𝐴𝐴 −
𝐵𝐵

𝑇𝑇 + 𝐶𝐶                                           (3.9) 

where:  

Pν is the vapor pressure (mmHg). 

T is the temperature (K). 

A, B, C are the Antoine coefficients, defined by the investigated studied 
liquid. In this study they are summarized in Table 3.2 [10,11]. 
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Table 3.2: Antoine coefficients for SiCl4 and H2O liquids [10,11] 

Reactant 
A 

(mm Hg) 

B  

(mm Hg / K) 

C  

(K) 

SiCl4 4.09777 1200 37 

H2O 8.140191 1810.94 244.485 

 

Based on the above it is recommended to maintain the reactant 
evaporators employed in the new APCVD system at constant temperatures, 
e.g. using thermostats and insulations. This is to prevent variation in the 
subsequent evaporation rate on account of temperature change.   

3.3.2 Evaporation rate 

Evaporation rate of a liquid is the rate of its transformation to the vapor 
phase. It is also known as a mass or a volume that vaporizes from a liquid 
surface per unit time. 

In practice the evaporation rate of a pure liquid subjected to an external 
flow of e.g. a carrier gas (the case of our evaporators) is influenced by many 
factors. Namely, these factors are: physical and chemical properties (Pν, ρ, Tb 
and ΔHν), volatility, temperature, peripheral pressure, and surface area 
(exposed to the carrier gas) of the vaporizing reactant as well as velocity, 
temperature, and liquid-molecule concentration into the carrier-gas flow. 
Accordingly, prediction of the evaporation rate is possible with multiple 
expressions based on fundamental heat and mass transfer equations [14]. The 
expressions are disputed as to numerous aspects such as the carrier-gas 
material, and its humidity and flow characteristic (laminar or turbulent), hence 
planarity of the liquid surface. It is also necessary to know if the carrier gas is 
a pure material or a mixture of many gases. One of the expressions of the 
specific evaporation rate has been presented accordingly by Van den Bosch 
and Weterings, 2005 [15], as follows: 

𝐸́𝐸 = 𝐾𝐾𝑚𝑚
𝑃𝑃𝜈𝜈 .𝑇𝑇𝑖𝑖  .𝑀𝑀𝑀𝑀

𝑅𝑅 .𝑇𝑇𝑖𝑖
                                      (3.10) 
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where: 

𝐸́𝐸 is the specific evaporation rate (g/m2s).  

Km is the mass transfer coefficient (m/s). 

Pν is the vapor pressure of the liquid chemical at its temperature (atm). 

Ti is the temperature of the interface between the liquid chemical and the 
above gas flow (K). 

MW is the molecular weight (or so called the molar mass) of the chemical 
(g/kmol). 

R is the ideal gas constant (R = 8.205 m3·atm/kmol.K).  

Another simple expression to predict the specific evaporation rate, 
considering the carrier-gas velocity characterized by laminar flow above a flat 
liquid surface, was used by EPA, 1999, based on investigation by et. al 
Mackay [16], as follows: 

𝐸́𝐸 =
2.2 . 10−4 .𝑣𝑣𝑐𝑐𝑐𝑐0.78.𝑀𝑀𝑀𝑀0.667.𝑃𝑃𝑣𝑣

𝑇𝑇𝑖𝑖
                         (3.11) 

where: 

vcg is carrier-gas speed above the liquid surface (cm/s). 

MW is liquid molecular weight (unitless in this equation).  

When considering the surface area of the vaporized chemical precursor, the 
resulting evaporation rate is measured in (g/s) and calculated as follows: 

𝐸𝐸 =
 2.2 . 10−4 .𝑉𝑉𝑐𝑐𝑐𝑐0.78.𝑀𝑀𝑀𝑀0.667.𝐴𝐴𝑝𝑝 .𝑃𝑃𝑣𝑣

𝑇𝑇𝑖𝑖
                    (3.12) 

where: 

E is the evaporation rate measured in (g/s). 

Ap is liquid surface area (cm2). 

Based on the equations and theory mentioned above, it is intuited that 
the evaporation rate of a liquid increases with the increase of its temperature. 
This is due to the fact that the elevated temperature of a substance induces an 
increase of its relevant vapor pressure and hence vaporized volume per unit 
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time. This is therefore consistent with the influence of the liquid substance, 
as though the greater the saturated pressure characterizing the liquid, the 
greater its volatility and hence the higher its rate of evaporation. The equation 
(3.11) reveals that the evaporation rate increases with the increase of gas 
velocity flowing upon the liquid surface. This holds true when the flow rate 
of the carrier gas is considered instead of the velocity. Due to its continuous 
flow, the carrier-gas stream is impeded from being saturated with the 
evaporated molecules, thus the equilibrium between the carrier gas and the 
liquid surface is prevented. Consequently, more volume of the liquid is 
permitted to evaporate. When the carrier-gas velocity (or flow rate) increases, 
its content of evaporated molecules per unit volume decreases, yet the 
ultimate rate of evaporation increases and vice versa. These causes and effects 
conform with the necessity of introducing a completely dry carrier gas so as 
to precisely control the evaporation rate of the intended liquid. The equation 
(3.12) depicts that the evaporation rate increases with the surface area of the 
liquid exposed to the external gas stream. This is due to the fact that the liquid 
spread on a wider area provides larger number of surface molecules 
characterized by high kinetic energy, hence higher evaporated volume of the 
liquid. 

3.3.3 Evaporation study of SiCl4  

Since SiCl4 evaporation is quite sensitive (due to its high vapor 
pressure) compared to the H2O, our focus was on investigating the 
evaporation rates and reactant concentration resulted from a self-made SiCl4 
evaporator. SiCl4 evaporation rates and mass concentration into the carrier gas 
were studied. Process stability over time was investigated so as to obtain a 
reproducible operating condition, hence subsequently reproducible film 
deposition process. The self-made SiCl4 evaporator of wick kind [17] was 
constituted in such as way as to ensure stable evaporation rates, where the 
evaporated volume is constant all along the APCVD-system operation. For 
that, the aforementioned boundary conditions (Pν, Ti, Vcg, and A) were 
stabilized. A diagram of this evaporator is illustrated in Figure 3.2. The SiCl4 
evaporator comprises a glass or a plastic container, into which four glass 
beakers with a size of 10 ml are installed. The beakers featuring a diameter of 
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20 mm are loaded with cotton wool. The dense cotton wool with an arranged 
weight of 200 mg forms the so-called wick structure, owing to which a 
capillary action, also known as wicking, is promoted to the dosed SiCl4 
solution and therefore a continuous evaporation is attained. Additionally, 
since the wicking allows a constant liquid volume to reside upon the beaker-
opening level, the saturation vapor pressure remains constant and hence a 
stable evaporation rate (when the other mentioned conditions are considered).  

 

 

 

 

 

 

Figure 3.2: Diagram illustrates the SiCl4 evaporator which includes 4 beaker containers 
loaded with cotton wool, porous object at the top to mix the resultant vapor uniformly, 

and two openings to insert and exert the carrier and working gases, respectively. 

In order to transfer the evaporated volume to the APCVD injector, a 
sealed nozzle furnished with two openings (inlet and outlet) was fixed to the 
container. The inlet opening is attached to a porous object (e.g. porous stone 
or 3D-printed polymer sponge) spaced above the beaker openings, as though 
a uniform N2 flow is distributed all over the container upper-portion. The 
evaporated SiCl4 is therefore premixed with the N2 carrier-gas 
homogeneously. This arrangement is an essential prerequisite for the uniform 
evaporation among the 4 beakers, simultaneously. The reason behind using 
multiple beakers featuring a relatively large length and small opening 
diameter is to precisely control the evaporation rate, as the smaller the 
exposed liquid surface, the lower the resultant evaporation rate. 
Consequently, it is possible to exploit the beakers individually when lower 
evaporation rate is necessitated. The outlet opening is, in turn, connected to 

N2 
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the working gas line so that to transfer the N2-SiCl4 mixture to the relevant 
injector inlet.  

A simplified experimental way was used in this study to measure the 
evaporation rate of a previously defined-mass/defined-volume liquid. It is to 
subtract the liquid mass or volume after evaporation from the original one and 
divide the difference, which refers to the vaporized amount, by the measured 
time. The calculation equation is as follows: 

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4 =  �
∆𝜈𝜈𝑛𝑛(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4)

∆𝑡𝑡𝐸𝐸
=
∆𝜈𝜈𝑛𝑛(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4) .  𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4

∆𝑡𝑡𝐸𝐸

∞

𝑛𝑛=1

                (3.13) 

Another expression of this equation is: 

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4 =
𝜈𝜈1 − 𝜈𝜈2
∆𝑡𝑡𝐸𝐸

=  
𝑚𝑚1 −𝑚𝑚2

∆𝑡𝑡𝐸𝐸
                             (3.14) 

where: 

ESiCl4 is the evaporation rate from the SiCl4 vaporizer (mg/s) or (ml/s). It refers 
to the mass flow of SiCl4 reactant through the relevant line, as well.  

Δνn(SiCl4) is the difference in the reactant volume within the vaporizer (ml). 

ρ SiCl4 is the respective density of the evaporated SiCl4 reactant (g/ml). 

ν1 and ν2 are the reactant volumes measured before and after evaporation, 
respectively (ml). 

m1 and m2 are the reactant masses measured before and after evaporation, 
respectively (mg). 

ΔtE is the measured evaporation period (s). 

In order to determine the appropriate flow rate required for delivering 
the exact concentration of SiCl4 molecules, at which a stoichiometric reaction 
is realized with the H2O molecules, it is necessary to making use of the 
measured SiCl4 evaporation rate. The following equation, which is concluded 
according to equation (3.12), shows the correlation between these operation 
parameters: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4 =
𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4

𝐾𝐾𝐾𝐾 (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4)
                                        (3.15) 
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where: 

QSiCl4 is the prerequisite flow rate of the carrier gas into the SiCl4 evaporator 
(l/s). 

ESiCl4 is the resultant evaporation rate from the SiCl4 evaporator (SiCl4 mass 
flow) (mg/s). 

Kc (SiCl4) is a calculated mass concentration of SiCl4 molecules into the carrier-
gas stream based on the desired SiCl4-to-H2O molar ratio (mg/m3). 

Experimental investigations were performed to fine-tune the SiCl4 
evaporation rate into the self-made evaporator, by which no excessive 
chemicals are introduced to the APCVD injector, hence cost-effective 
operation of the deposition system and ultimately reliable film quality. The 
evaporation characteristics were tackled to be as follows: i) the carrier gas is 
as dry and pure as N4.0 which equals 99.99 % purity, ii) the liquid vaporized 
is an individual material of pure SiCl4 (99.9 % purity), iii) the SiCl4 liquid 
top-surface is, due to the wicking, of a constant level and the interface with 
the upper flow is of a constant temperature of 25 °C, hence a constant vapor 
pressure, iv) and the flow of the N2 carrier gas is laminar where its rate is in 
the range 0.02 – 2.4 l/min. 

The four wick beakers of the evaporator were dosed, each with 2 ml 
SiCl4, after scaling the evaporator empty. The evaporator was then mounted 
into the APCVD chamber set under a constant temperature of 25 °C. This was 
made possible by means of directing a halogen-light beam with a 
predetermined distance toward the APCVD chamber. Three flow rates of the 
N2 carrier gas, to be examined, were setup as such to assure a laminar flow 
into the evaporator. To measure the evaporation rate, the reduction in the 
SiCl4 mass released from the evaporator was measured every 2 minutes using 
a highly sensitive scale. The standard deviation of the measured evaporation 
rates was calculated so as to assess the stability of the evaporation versus time. 
The equation to calculate the standard deviation is as follows: 

𝜎𝜎 =  �
1
𝑁𝑁

 �𝑥𝑥𝑛𝑛2
𝑁𝑁

𝑛𝑛=1

− 𝑥̅𝑥2                                      (3.16) 
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where: 

xn is the measured evaporation rate every 2 minutes. 

x� is the average rate. 

N is the number of measured rates during the whole period of time. 

The experiments were repeated numerous times with various SiCl4 volumes 
to rest assured the reproducibility. The time periods of draining SiCl4 volumes 
from the evaporator is possible to predict by means of using the equation 
(3.13) or (3.14). 

The measured mass reduction of the SiCl4 amount was consistent, for longer 
than 35 min, at 0. 730, 1.24 and 1.36 g/s at the flow rates 0.14, 0.35 and 0.78 
l/min, respectively. The interpolation fit of the plots was linear as shown in 
Figure 3.3 which indicates the stable evaporation rate versus time. The 
calculation of standard deviation resulted in 0.049 evidencing a quite low 
change in the evaporation rates during the chosen period of time. It is, as well, 
seen that the slope of the linear plots increased gradually with the increased 
flow rates to be 0.78, 1.24, and 1.37, at 0.14, 0.35 and 0.78 l/min, respectively. 
Practically, this proves the proportional relationship between the evaporation 
rate and the set flow rate of the carrier gas.   

 
Figure 3.3: A graph showing the evaporated mass of SiCl4 as a function of time at three 

gradual flow rates and a constant temperature of 25 °C. The linear fit of the plots shows a 
partially stable evaporation rate for longer than 2000 s. The time axis starts at 120 s as 

from which the linear plot fitting can be applied. 
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When it comes to SiCl4 reactant, the governing parameter to a precise 
control of the SiO2-x deposition rate and reaction stoichiometry was found to 
be its concentration in the N2 stream. For that, investigations of the resultant 
SiCl4 concentration into the N2 stream were performed at gradual N2 flow rats. 
Three sets of experiments were repeated under the same boundary conditions 
so as to prove the reproducibility as well as the self-made evaporator 
reliability. The constant parameters were evaporator temperature of 25°C and 
one-time dosed SiCl4 volume of 2.5 ml in each wick beaker. For each set of 
experiments, laminar flows of the N2 carrier gas were adjusted ranging from 
0.21 to 2.0 l/min. the evaporation rates were measured using the previous 
manner. Consequently, the mass concentration of the SiCl4 flowed into the N2 
stream was calculated using the equation (3.15) and the results were plotted 
in comparison with the corresponding evaporation rate. As depicted in Figure 
3.4, apart from the additional evidence on the proportional relationship 
between Q and ESiCl4, the results were reproducible, among the three 
experiment sets, to a further extent with a low margin of error. Consequently, 
the determination of SiCl4 mass concentration driven to the injector is 
precisely realizable. It is worth noting that the increase of ESiCl4 is not linear 
with the Q which complies with the equations (3.11) and (3.12). 
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Figure 3.4: A graph showing the SiCl4 evaporation rate and its concentration within the 

N2 stream as a function of N2 flow rate passed through the respective evaporator. The 
values represent three-time measurements at a constant evaporator temperature of 25° C. 



73 

3.3.4 Evaporation study of H2O 

In this section the evaporation mechanism of the DI-water produced to 
interact with SiCl4 is investigated. An outstanding approach was established 
to accurately control the H2O vapor concentration into the N2 stream as well 
as its evaporation rate. Calculation of the parameters influencing H2O 
evaporation were briefly introduced. An experimental investigation of the 
H2O evaporation rate and mass concentration were performed according to 
the evaporator temperature and the carrier-gas flow rate. 

The DI-water vaporizer is a bubbler arrangement comprising a 
bubbling object of e.g. porous stone completely submersed in the filled DI-
water volume. The bubbling object is attached to an inlet opening imbedded 
into the bubbler nozzle, which is in turn attached to a dry N2 flow-line. When 
the dry N2 flows through the bubbling object it is distributed all across the 
water volume, thus the H2O vapor is produced copiously. Multiple bubblers 
are optionally used for improved evaporation. The vapor-saturated media 
usually features an RH of 100% and is transferred through an outlet opening 
into the vaporizer nozzle. A vapor-saturated line is designated to deliver the 
H2O vapor to the humidity mixer. The humidity mixer is a container without 
an incorporated porous object or liquid H2O. However, it is an essential unit 
to adjust the AH, is to be introduced to the APCVD injector, as it is infeasible 
in the vaporizer itself. The humidity mixer is supplied with multiple inlets as 
well as a single outlet imbedded into the respective nozzle. One inlet is 
designated for the dry N2 stream responsible for adjusting an accurate AH. 
The other inlets are designated for the moist media driven from the vaporizer 
to be diluted in the dry N2. The N2-H2O premix is performed sufficiently 
owing to the injection position of the fresh gases at the bottom of the mixer 
unit. A so-called working vapor line is attached to the mixer outlet-opening 
so as to deliver the preadjusted AH stream to the relevant inlet of the APCVD 
injector. Figure 3.5 illustrates a diagram of this evaporation arrangement. In 
order to sufficiently obtain an accurate control of the H2O vaporization it is 
beneficial to investigate the humidity conversion influences and formulae. For 
that, a clarification is required about the relative humidity, the dewpoint, and 
the absolute humidity [18]. Relative humidity is known to be a way to 
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measure the presence of water vapor based on pressure. By definition it is the 
ratio of the partial water vapor pressure to its saturation vapor pressure at the 
holding gas temperature and pressure. It expresses the actual amount of water 
vapor, present in a defined gas volume, in comparison with the maximum 
amount that is possible to be present in this volume at the same temperature. 
Therefore, it reaches 100% when the actual amount of water vapor is equal to 
the maximum amount possible, wherein the holding gas is saturated with 
water vapor.   

 
 
 

 

Figure 3.5: Diagram demonstrates the H2O evaporation arrangement incorporating a DI-
water vaporizer (left) and a humidity mixer (right). Built-in humidity/temperature 

sensors of the DHT22 kind are installed at the top of the two containers. 

The relative humidity is expressed using the following equation:   

𝑅𝑅𝑅𝑅 =
𝑃𝑃𝑤𝑤
𝑃𝑃𝑤𝑤𝑤𝑤

 100                                            (3.17) 

where: 

RH is the relative humidity (%). 

Pw is the partial water vapor pressure (Pa). 

Pws = Pν is the saturation vapor pressure of water (Pa).  

 As mentioned previously, the saturation vapor pressure Pν is 
temperature dependent. This, therefore, holds true for the relative humidity as 
well. The higher the holding medium temperature, the higher the saturation 
water vapor pressure, and hence the lower the relative humidity considering 

RH =  
100 % 

N2 

N2 + 100 % H2O  N2 

RH =  
40 % 

Humidity mixer  

DI-water 

N2 + 40 % H2O  

Porous object 

Vaporizer 

DHT22 
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that the partial pressure of the water vapor is unchangeable (the vapor amount 
is constant). 

Another way to measure the presence of water vapor in a medium is by 
the dewpoint temperature. It is the temperature at which condensation of the 
water vapor, present in 100% RH medium, begins to occur. This takes place 
either by cooling down the medium featuring RH of 100% or by introducing 
more water vapor to the saturated medium (e.g. in the water bubbler), wherein 
the actual medium temperature is identical to the dewpoint one. The dewpoint 
temperature is calculated in correlation with RH from the following equation: 

𝑇𝑇𝑑𝑑𝑑𝑑 =
𝑇𝑇𝑛𝑛

� 𝑚𝑚
𝑙𝑙𝑙𝑙𝑙𝑙10(𝑃𝑃𝑤𝑤𝐴𝐴 )

− 1�

                                   (3.18) 

where:  

Tdp is the dewpoint temperature (°C). 

Tn, m, and A are constants of water taken from Table 3.3. 

Table 3.3: Constants for the calculation of Pw and Tdp of water. From [18]. 

A 
(Pa) 

m 
(Unitless) 

Tn   
(°C) 

Max error 
(%) 

Temperature-
range (°C) 

6.116441 7.591386 240.7263 0.083 -20...+50 

6.004918 7.337936 229.3975 0.017 +50...+100 

5.856548 7.27731 225.1033 0.003 +100...+150 

6.002859 7.290361 227.1704 0.007 +150...+200 

9.980622 7.388931 263.1239 0.395 +200...+350 

6.089613 7.33502 230.3921 0.368 0...+200 

 

The operation of the newly developed SiO2-x APCVD system is 
sensitive to condensation throughout the H2O vapor line as well as upon the 
substrate surface. Condensation of the H2O vapor and precipitation onto the 
inner walls of the transferring pipes reduce the molecules’ number essential 
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for a stoichiometric reaction, thus the SiCl4 are excessive and unexploitable. 
Even worse, if the H2O molecules condensate upon the substrate surface, it 
was found that the deposited SiO2-x film is extremely cracked, hence 
unreliable film functionality (more details are demonstrated in chapter 5). 
This gives rise to the precise control of the temperature of both H2O flow lines 
and substrate surface, by which Tdp is avoided all along.    

In practice, it is realizable to increase the actual amount of water vapor 
produced in the bubbler by means of increasing the specific volume of the 
holding gas. This is, in turn, made possible by means of increasing the bubbler 
temperature at a constant RH of 100%. The mass of water vapor held in a 
defined volume of a dry gas is known as the absolute humidity (also known 
as the water concentration), which refers to the actual amount of water vapor. 
The absolute humidity into the gas volume is calculated using one of the 
following equations:  

𝐴𝐴𝐴𝐴 =  
𝑚𝑚𝐻𝐻2𝑂𝑂

𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚
                                             (3.19) 

𝐴𝐴𝐴𝐴 = 𝐷𝐷 
𝑃𝑃𝑤𝑤
𝑇𝑇𝑏𝑏

                                              (3.20) 

where: 

AH is the absolute humidity or so called the water vapor concentration into a 
unit volume of dry gas (g/m3). 

mH2O is the weight of the water vapor held in the volume of dry gas (g). 

νmix is the volume of the mixture of water vapor and its holding gas (m3). 

D is a constant = 2.16679 (gK/J). 

Tb is the temperature of the bubbler including the water vapor (K). 

Pw can be derived from the equation (3.18), considering that the Tb equals Tdp 
as the relative humidity in the bubbler (RHb) is 100%, as follows:   

𝑚𝑚

𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝑃𝑃𝑤𝑤
𝐴𝐴 �

− 1 =  
𝑇𝑇𝑛𝑛
𝑇𝑇𝑏𝑏
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𝑙𝑙𝑜𝑜𝑔𝑔10 �
𝑃𝑃𝑤𝑤
𝐴𝐴 �

=   
𝑚𝑚

 1 + 𝑇𝑇𝑛𝑛𝑇𝑇𝑏𝑏

 

𝑃𝑃𝑤𝑤
𝐴𝐴 = 10^( 𝑚𝑚 .𝑇𝑇𝑇𝑇

𝑇𝑇𝑇𝑇+𝑇𝑇𝑇𝑇) . 100                                     (3.21) 

Theses humidity parameters can be extracted from the psychrometric chart 
shown in Figure 3.6, as well. 

 
Figure 3.6: A simplified psychrometric chart at the ambient pressure. Note that the 

enthalpy lines are overlapped with the wet bulb temperature ones. From [19].  

Based on the above, when it comes to our H2O evaporation arrangement, RH 
at the outlet of the humidity mixer can be derived as follows: 

𝑅𝑅𝑅𝑅𝑚𝑚 =
𝐴𝐴𝐴𝐴𝑚𝑚
𝐴𝐴𝐴𝐴𝑏𝑏

 100                                         (3.22) 

where: 
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RHm is the alternative humidity at the outlet of the humidity mixer (%). 

AHm and AHb are the H2O vapor concentration into the humidity mixer and 
the water bubbler, respectively (g/m3). 

RHm can be calculated based on the flow rates into the water bubbler and the 
humidity mixer, as well. The expressive equation is:  

𝑅𝑅𝑅𝑅𝑚𝑚 =
𝑄𝑄𝑏𝑏

𝑄𝑄𝑏𝑏 + 𝑄𝑄𝑚𝑚
 100                                     (3.23) 

where: 

Qb is the flow rate of the N2+H2O mixture flowing through the water bubbler 
(l/min).  

Qm is the flow rate of the dry N2 flowing through the humidity mixer (l/min). 

A comparative investigation between the RH of humidity mixer 
measured by the DHT22 sensors and the one calculated using equation (3.23) 
was performed for two different flow rates (0.35 and 1.06 l/min) of dry N2 
into the mixer. The experiments were carried out at gradual flow rates from 
0.02 to 2.35 l/min into the water bubbler. The measured temperatures in the 
bubbler and the mixer were constant at 22 and 24.5 °C, respectively. An 
advantage of this investigation was to verify the accuracy of the utilized 
DHT22 sensors and hence the correspondence with the calculated values. The 
relationship between the flow rate into the H2O bubbler and the relative 
humidity into the humidity mixer was investigated, as well. The results were 
consequently plotted as shown in Figure 3.7.  

The interpolated plots in Figure 3.7 (left) show a reasonable match 
between calculated and measured RHm irrespective of the Qm or Qb set values. 
It was therefore deduced that the DHT22-measured RHm values are reliable 
enough to subsequently conclude the H2O concentration and evaporation rates 
into the working gas stream (N2+H2O mixture). RHm was shown in Figure 3.7 
(right) to increase non-linearly with the increase of Qb at constant bubbler and 
mixer temperatures. Because of the increase in Qb the Pw into the bubbler 
increases towards the value Pws (the vapor maximum pressure at the studied 
temperature), by which RHb is elevated as clarified in equation (3.17), hence 
higher RHm. On the other hand, it was shown that the lower the Qm, the higher 
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the resultant RHm. This is ascribed to the less admixed dry N2 volume in the 
mixer, due to which less dilution of the humidity is induced, thus high H2O 
content into the N2 gas is obtained. 
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Figure 3.7: Left: A graph showing nearly linear relation between calculated and 
measured RH in the humidity mixer at a gradual flow rates into the bubbler for two 
different flow rates of dry N2 into the humidity mixer. Right: A graph showing a 

polynomial change of the RH in the humidity mixer as a function of the flow rate into the 
H2O bubbler at two different N2 flow rates in the humidity mixer.  

Since it is temperature dependent, RH is insufficient for gauging the 
actual H2O amount necessitated for designing a stoichiometric reactants’ 
mixture. Consequently, it is, instead, beneficial to consider the AH when 
studying the evaporation with the aforementioned vaporizer arrangement. AH 
is, in this case, calculated with the assistance of equations (3.22) and (3.23). 
Unlike the SiCl4 evaporation, the term “evaporation rate” will be replaced by 
the term “mass flow” when it comes to H2O evaporation study. In order to 
determine the total flow rate of the N2+H2O mixture at the humidity mixer 
outlet the H2O vapor concentration and its mass flow are considered similar 
to equation (3.15) as follows: 

𝑄𝑄(𝑏𝑏+𝑚𝑚) =
𝑈𝑈𝑚𝑚
𝐴𝐴𝐴𝐴𝑚𝑚

=
𝑈𝑈𝑏𝑏
𝐴𝐴𝐴𝐴𝑚𝑚

                                   (3.24) 

where: 

Q(b+m) is the total flow rate at the humidity mixer outlet (l/min). 
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Ub and Um are the mass flow of the H2O vapor through the bubbler and the 
mixer, respectively (mg/s). They will be proved to be equal in a later 
inspection.  

Another expression correlating with the flow rates is as follows:  

𝑄𝑄(𝑏𝑏+𝑚𝑚) = 𝑄𝑄𝑏𝑏 + 𝑄𝑄𝑚𝑚                                        (3.25) 

The flow rate into the bubbler can be estimated from the equation: 

𝑄𝑄𝑏𝑏 =
𝑈𝑈𝑏𝑏
𝐴𝐴𝐴𝐴𝑏𝑏

=
𝑈𝑈𝑚𝑚
𝐴𝐴𝐴𝐴𝑏𝑏

                                        (3.26) 

The flow rate of dry N2 through the humidity mixer is therefore calculated 
using equation (3.24). 

An experimental investigation of the Qb and Qm impacts on the AHm, 
introduced to the APCVD injector, was executed so that a precise adjustment 
of H2O mass concentrations is to be obtained when operating the SiO2-x 
APCVD system. Cardinally, RH and T were measured in the water bubbler 
and the humidity mixer with the DHT22 sensors, whereby three Qm values of 
0.35, 1.06 and 1.80 l/min were setup. For each Qm the RH and T were 
measured at elevated Qb values from 0 to 2.5 l/min. The temperatures were 
retained at 22.5 and 24 °C in the bubbler and the mixer, respectively. With 
the assistance of the computing system, incorporating Arduino 
microcontroller and provided C-programmed code, the AH measurements 
were processed and displayed using an accompanying computer. The results 
were plotted as shown in Figure 3.8. The AHm was found to increase 
polynomially with the Qb at the same Qm and temperature. This is due to the 
increase of RHb as illustrated in Figure 3.7 (right). The reason behind this 
curve behavior is that at the same temperature AH value is unincreasable after 
the one corresponds with RH = 100 %, regardless of higher N2 flow rates. 
This occurs because no more H2O can be incorporated in a unit volume of dry 
N2. On the other hand, due to dilution in the dry N2 within the humidity mixer, 
this H2O concentration diminishes along with the increase of the respective 
N2 flow rate. This effect of the humidity mixer was found to be significant 
when fine tuning of AHm values (of e.g. 0.1 g/m3) are to be set since it was 



81 

found impossible to precisely adjust the H2O concentration right into the 
water bubbler.  
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Figure 3.8: A graph depicting the measured H2O concentration at the mixer outlet as a 
function of N2 flow into the bubbler at three different flow rates of dry N2 and constant 

temperatures of the bubbler and mixer of 22.5 and 24 °C, respectively  

Numerous experiments were carried out to investigate the impact of 
temperature and flow rates upon the H2O mass flow measured at the humidity-
mixer outlet, whereby the flow of N2+H2O mixture is controlled prior to the 
SiO2-xAPCVD injector. The MFCs were first calibrated so as toassure 
accurate measurements. The humidity mixer was maintained at a constant 
temperature in order to simulate the usual operation conditions of the SiO2-x 
APCVD system. T, RH, AH and U were measured/calculated in the bubbler 
and the humidity mixer every 5 seconds. In one experiment set a variation of 
Qb at various Tb ranges was conducted to inspect their influence on the Ub and 
Um. The Qb was set at0.58, 0.81, 1.8 and 2.43 l/min, sequentially. At every Qb 
the Tb was changed with a random gradient (between 20 and 28 °C). Qm was 
set to zero, thus the flow rate at the mixer outlet Q(b+m) was equal to Qb. Ub 
and Um were subsequently calculated considering AHb and AHm measured 
values. In another experiment set the change of U was measured at the mixer 
outlet at gradual Qb values and constant temperatures of 22 and 24.5 °C in the 
water bubbler and the humidity mixer, respectively. This was to investigate 
the stability of U values throughout the whole water evaporation arrangement. 
These experiments were performed for two different Qm values. Ultimately, 
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the results obtained by the aforementioned computing system were plotted as 
shown in Figure 3.9.  
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Figure 3.9: Graphs demonstrating (left) the H2O mass flow (into the bubbler and the 
mixer) as a function of the water-bubbler temperature without a dry N2 flow into the 

mixer, and (right) the H2O mass flow relation with the N2 flow rate into the humidity 
mixer at elevated N2 flow rates into the water bubbler and constant Tb and Tm  

At Qm = 0, the AH was measured to be constant into both the water 
bubbler and humidity mixer at the same Tb. The H2O mass flow was, 
therefore, shown to be identical at the water bubbler and the humidity mixer 
outlets. Figure 3.9 (left) revealed that the higher the Tb, the higher the Ub and 
Um. This is interpreted by the increase of H2O concentration within a unit 
volume (AH) of dry N2. See equations (3.20) and (3.21). Consequently, the 
water evaporation rate increases for the same N2 flow rate. U value was shown 
to increase gradually with Qb all along the evaporation arrangement (Figure 
3.9 left and right), as well. This is attributed to the increase of RHb at higher 
Pw as previously proven, by which higher AHb is induced. However, this holds 
true only up to RHb = 100%. At higher Qb values than that correspond to 100% 
RHb the AHb remains at the maximum value at the investigated temperature 
(see clarification of Figure 3.8). Nevertheless, U continues to increase due to 
the increased N2 volume flowing into the water bubble per unit time. The 
investigation of Qm influence upon the U value indicated that it is constant in 
both the water bubbler and humidity mixer at the same Tb and Qb, irrespective 
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of the Tm and Qm. See Figure 3.9 (right). This is due to the fact that no 
additional water vapor is introduced to the mixer by further evaporation. 

3.3.5 SiCl4-to-H2O molar ratio   

A complete reaction between SiCl4 and H2O molecules is essential for 
saving material, predicting deposition rate, and obtaining a reliable quality of 
the deposited oxide film (will be proven in chapter 5). For that to be achieved, 
care should be taken about the exact molecule concentration into the 
reactants’ mixture. This is made possible by acquiring the suitable 
stoichiometry of the compounds during the reaction. Stoichiometric reactant 
media can be engineered with a precise calculation of the reactants’ mole 
number using, for our case of study, equation (3.7). This is measured by what 
is called “molar ratio”. Therefore, the mass/molecule concentration of each 
reactant into its relevant stream is possible to predict prior to the SiO2-x 
APCVD system operation. 

From the equation (3.7) we deduce that for each mole of SiCl4 
molecules two moles of H2O molecules are required to complete the reaction 
and obtain one mole of SiO2-x molecules, besides the four moles of the by-
product HCl gas. Consequently, for fulfilling the desired stoichiometric 
reaction the SiCl4-to-H2O molar ratio is supposed to be 0.5. According to this 
value, the mass/molecule concentration of the reactants and operating 
boundary conditions are precisely defined using the flowing equations: 

𝑀𝑀𝑀𝑀 =  
𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4
𝑁𝑁𝐻𝐻2𝑂𝑂

                                            (3.27) 

where: 

MR is the SiCl4-to-H2O molar ratio. 

NSiCl4 and NH2O are the mole number of SiCl4 and H2O molecules, respectively 
(mol). This expresses the mole concentration within the investigated volume 
of the vapor stream. 

This can be converted to mass ratio, or so called the weight ratio, as follows: 

𝑊𝑊𝑊𝑊 =  
𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4 .𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4
𝑀𝑀𝐻𝐻2𝑂𝑂 .𝑁𝑁𝐻𝐻2𝑂𝑂

 =  
𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4

𝑀𝑀𝐻𝐻2𝑂𝑂   𝑀𝑀𝑀𝑀                        (3.28) 
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where: 

WR is the SiCl4-to-H2O mass ratio. 

MSiCl4 and MH2O are the molar weight of SiCl4 and H2O molecules, 
respectively (g/mole). 

Therefore, other expressions to calculate the desired mass concentration of 
both SiCl4 and H2O molecules flowing to the APCVD injector are: 

𝐾𝐾𝐶𝐶(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4) = 𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4 .𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4                                  (3.29) 

𝐴𝐴𝐴𝐴𝑚𝑚 = 𝑀𝑀𝐻𝐻2𝑂𝑂 .𝑁𝑁𝐻𝐻2𝑂𝑂                                        (3.30) 

The mass ratio can be, consequently, calculated using the reactant 
concentrations as follows: 

𝑊𝑊𝑊𝑊 =  
𝐾𝐾𝐶𝐶(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4)

𝐴𝐴𝐴𝐴𝑚𝑚
=
𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4
𝑈𝑈𝑚𝑚

                                 (3.31) 

Based on the above the equation to calculate the flow rates of the reactants’ 
carrier gas are: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆4 =  
𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4

𝑊𝑊𝑊𝑊.𝐴𝐴𝐴𝐴𝑚𝑚
                                        (3.32) 

𝑄𝑄(𝑏𝑏+𝑚𝑚) =  
𝑈𝑈𝑚𝑚

𝐾𝐾𝐶𝐶(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4)
 𝑊𝑊𝑊𝑊                                   (3.33) 

If the oxide film deposition was restricted only upon the substrate top surface, 
we could estimate its thickness by the equation: 

𝑡𝑡𝑆𝑆𝑆𝑆𝑆𝑆2−𝑥𝑥 =
𝐴𝐴𝑆𝑆

𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆2−𝑥𝑥
107                                     (3.34) 

Where: 

tSiO2-x is the thickness of the SiO2-x film (nm). 

As is the surface area of the substrate (cm2).  

ρSiO2-x is the measured density of the deposited SiO2-x film (g/cm3). 
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3.4 Advantages of the newly developed SiO2-x APCVD 
system 

The following list of advantages of this novel approach shows the 
benefits which outweigh the conventional methods: 

1) Cost-effective deposition method indicated by the absence of vacuum 
pumps, catalysts and plasma generators, inexpensive chemical 
precursors, simple tool engineering and low-cost manufacturing 
materials. 

2) Because the deposition process is performed at or below the room 
temperature, no need for additional thermal budget for heating up the 
mounting chuck, reactant media or reactor walls to high temperatures 
as in traditional APCVD, LPCVD, PECVD or ALD. Eventually, low 
thermal budget leads to additional drop in the overall costs. 

3) Low danger of hazards due to both the SiCl4 evaporation inside a tight 
apparatus and the release of inflammable precursors and by-products 
through the outward stream. Consequently, lower number of security 
measures and tool complexity provide safe and sufficient performance. 

4) Less periodic cleaning of the APCVD apparatus than that practiced for 
conventional ones, thereby less effort, energy and operation 
interruptions, thereby adding a further drop in the overall costs.  

5) Humidity mixer is a new approach, which enables a periodically precise 
adjustment of the absolute humidity into the relevant vapor stream. 
Additionally, the wick-kind vaporizer allows for suitable SiCl4 
evaporation rates necessitated for stable APCVD operating conditions. 
Consequently, maintenance of constant concentration of injected 
reactants is ensured, hence consistent deposition rates is guaranteed all 
along the APCVD system operation.  

6) Thanks to the accurate control of reactant concentrations within the 
reactant media, wide range of the deposition rates can be obtained, 
according to the desired degree of stoichiometry, density, and other 
properties of the oxide film. 
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7) The new SiO2-x APCVD is well-suited technique for numerous room-
temperature applications such as those utilizing partially wet polymer 
layers, low melting-temperature metal layers, polymer substrates, 
microelectronics, and solar cell precursors. 

8) Since the new SiO2-x APCVD technique is contact free (no objects can 
get in contact with the substrates), metal contaminant free (because the 
whole setup is made of plastic), oxide particles free (no oxide dust is 
produced or embedded on the deposited films), and low temperature 
(no substrate deflection), substrates’ yield is expected to be as high as 
99 %. 

9) Due to the fact that SiCl4 and HCl vapors do not react with plastic 
materials, the constituting parts of the APCVD reactor are stable 
against corrosion and damage during operation.  

10) It is feasible to handle the by-products as it is HCl gas which can be 
readily neutralized be means of dilution in water. 

11) Virtually complete absence of material wastage since most of the 
reactants are deposited onto the substrate surface prior to opening the 
exhaust. 

3.5 Summary 

In the space of experimental research, an APCVD method was 
established for the deposition of SiO2-x films, uniquely employed for solar cell 
applications. A novel utilization of the inexpensive substance precursors SiCl4 
and H2O under atmospheric conditions was proposed for the first time in this 
research. This APCVD tool was constituted of polycarbonate and 3D printed 
thermoplastic to be adopted as a cost-effective, yet robust approach currently 
for laboratory exploitation. The tool comprises, most importantly, an APCVD 
apparatus including a sealed vapor injector and reactant-liquid vaporizers 
operated at constant temperatures. Purely dry N2 gas stream was used as a 
carrier gas of the two chemical vapors. SiCl4 vaporizer was self-built utilizing 
wicking principle, by which, besides its continuous evaporation, the SiCl4 
liquid level remains constant over the course of tool operation.  Consequently, 
the relevant saturation vapor pressure remains constant and hence an 
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essentially consistent SiCl4 evaporation rate. H2O evaporation arrangement 
was self-built comprising a DI-water bubbler attached to a humidity mixer 
utilizing two N2 gas lines. The bubbler is responsible for producing 100% RH 
gas stream, while the mixer is installed to adjust the ultimate AH into the 
N2+H2O gas mixture prior to the introduction to the APCVD injector. It was 
found that a precise determination of H2O content into the working stream 
was successfully possible by the adjustment of AH, or so-called H2O 
molecule concentration, at the outlet of humidity mixer. Boundary conditions 
of the two mentioned vaporizers were investigated as to their relevant 
operating stability. Temperature and flow rates set for the vaporizers were 
found to widely influence the reactant concentrations introduced to the 
injector. It was concluded that the higher the temperature and flow rate into 
the SiCl4 vaporizer, the higher the evaporation rate and the lower the SiCl4 
mass concentration produced. On the other hand, the higher the flow rate into 
the water bubbler the higher the both H2O mass flow and AH. This conclusion 
holds true only at RH into the bubbler lower than 100 %. At RH of 100 % it 
was found that the higher the flow rate the higher the evaporation rate, yet the 
same the AH into the bubbler. However, the higher the bubbler temperature, 
the higher the H2O mass flow and concentration into the relevant stream. It is 
noteworthy that the operating boundary conditions (e.g. Q and T) should be 
first estimated based on the calculation of molar ratio between SiCl4 and H2O 
molecules. When stoichiometric SiOx film is intended, the SiCl4-to-H2O 
molar ratio was shown to be 0.5. Subsequently, the SiCl4-to-H2O ratio of mass 
concentration was 4.7. 
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4 APCVD injector architecture and CFD study 

4.1 Introduction 

Uniform thickness and uniform stoichiometry are the two main 
prerequisites to be considered when it comes to chemical vapor deposition 
(CVD) of thin solid films. The homogeneous suspension of the reactive 
species distributed equally all over the substrate surface leads to consistent 
films with a satisfactory thickness uniformity. This homogeneous mixture is 
realized by carefully tuning the mean free path length of the reactant 
ions/molecules and the activation energy necessary for boosting the chemical 
reaction rate. Besides, the reaction time is another aspect to be considered, 
which assures the chemical stoichiometry, material purity, and uniform 
distribution in the deposited film. Larger mean free path lengths of the 
reactant ions leads to a more uniform reactant mixture, more stoichiometric 
product, and thicker film. However, at atmospheric pressure the mean free 
path length of the reactant species is generally lower than 1 µm and hence this 
parameter is not suited for improving the film properties and the uniformity 
of the deposition. On the other hand, a higher reaction activation-energy leads 
to greater mobility and collision frequency of the ions/molecules, and hence 
a higher concentration of dissociated reactant species. These causes and 
effects stimulate a complete reaction between the reactants, hence high 
deposition rates and consistently composed products without impurities. 

In conventional CVD techniques, especially those employed to prepare 
SiO2 films, the activation energy for the reaction is provided by setting high 
deposition temperatures in the range of 400 – 2300 ºC [1,2][3]. For relatively 
low-temperature deposition systems, in the range of 25 – 150 °C, dissociating 
the reactant precursors is promoted either by plasma assistance adopted in 
plasma-enhanced CVD (PECVD) and few atmospheric pressure CVD 
(APCVD) systems [4–7] or by reaction catalysis utilized in e.g. atomic layer 
deposition (ALD) [8,9]. The efficient ion mobility, due to the bigger mean 
path way, is usually promoted by adjusting ultra-low chamber pressure (< 1 
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millitorrs) as for ALD, low-pressure CVD (LPCVD), and numerous PECVD 
techniques [8,10,11]. 

Currently, there are two ways of introducing and intermixing the gas 
precursors into the reaction chambers, depending on the used CVD technique. 
In PECVD and LPCVD tools, two or more gas streams are driven 
simultaneously to the chamber, whereby the flowing gases disperse 
adequately with one another because of the low pressure and relatively large 
chamber volume, which enables larger mean path of the reactant species [12–
14]. As for APCVD tools, two or more reactive vapors carried by an inert gas 
(Ar or N2) are introduced into an injector positioned above the substrates [15]. 
Intermixing of the reactive gases occurs directly above the substrate surface 
and the reactant product is deposited in situ, creating the desired film. The 
reaction by-products are out-streamed through the associated exhaust 
chamber, facilitating continuous recharging of the reaction chamber with 
fresh gases. The main drawback of LPCVD and PECVD techniques, besides 
their structural complexity, is the reduced reactant concentrations within the 
flowing media, which induces inconsistent deposition rate within the 
chamber. Moreover, in the case of hot-wall reactors, there is a higher 
probability of forming parasitic dust, which agglomerates from the gas 
precursors and condenses onto the chamber inner walls. Consequently, the 
dust agglomerants could fall on the substrates causing the deterioration of the 
deposited film properties, besides the high wastage of the gas precursors. 
Similarly, the APCVD injectors cause parasitic dust formation as a 
consequence of the abrupt gas-phase reaction between the molecules and the 
immediate conversion from intermediate to ultimate products (due to low 
mean pathway under atmospheric pressure). The occurrence of the gas-phase 
reaction far from the substrate surface and the exhaust location close to the 
injector outlet-openings lead to much more vapor precursor wastage than that 
of the LPCVD and PECVD techniques. Numerous approaches to overcome 
the effects of the substrate’s geometries are summarized in the next section. 

In the newly developed APCVD method for the preparation of silicon 
oxide films utilizing SiCl4 and H2O vapors, there are two significant 
challenges to obtaining chemically homogeneous mixture and uniform films. 
Firstly, the deposition under atmospheric conditions (1 atm and 25 °C or 
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below) induces the following: i) the mean pathway of the reactant molecules 
is much shorter than that of the evacuated techniques, and ii) the energy of 
the reaction initiation and completion is much lower than that of thermal 
deposition techniques. Secondly, the abrupt nature of the reaction between 
SiCl4 and H2O (occurs in few milliseconds) causes instant oxide dust 
formation on the injector inner walls, which may contaminate the substrate 
surface. These effects obstruct the possibility to intermix the two reactants at 
the substrate surface and realize the uniform distribution of the mixture over 
a wide substrate area. These mentioned obstacles give rise to the development 
of a new APCVD injector/apparatus that enables efficient interaction between 
the reactant molecules, thus resulting in a complete reaction without wall 
contamination with the oxide dust. Furthermore, a reasonable deposition 
thickness-uniformity over 6-inch wide substrates is realized.  

In this chapter, a novel APCVD injector made of three-dimensional 
(3D)-printed thermoplastic is introduced for the preparation of SiO2-x films at 
room temperature utilizing vaporized SiCl4 and H2O precursors. Vigorous 
mixing of the two reactants before striking the substrate surface and uniform 
distribution of the gas mixture over a relatively large substrate area are 
attempted. A computational fluid dynamics (CFD) study of the gases flowing 
into the APCVD injector portions is performed after an introduction about the 
fluid mechanic concepts and equations needed for this study. At first glance 
premixing the H2O and SiCl4 vapors might seem to induce a gas-phase 
reaction and hence film deficiency. A solution to minimize the impact of 
abrupt gas-phase reaction within the apparatus volume is investigated. For 
this purpose, a trade-off relation is adjusted between the precursors/product 
concentration, pressure, exhaust flow, and film deposition rate. A novel 
solution to eliminate the parasitic deposition of oxide particles onto the 
reactor inner walls is briefly introduced, as well. Suppression of the presence 
of one reactant upon the reactor inner walls is effectively investigated to 
prevent the heterogeneous reaction with unintended surfaces.  
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4.2 A brief review of APCVD injectors 

The most common APCVD injectors for preparing silicon oxide films 
utilizing different chemical substances are demonstrated in [16–18], where 
different approaches are adopted to overcome the homogeneous reaction 
influence. In [16] a linear-type injector of TEOS and ozone is employed to 
introduce individual reactants to the substrate surface via tightly spaced outlet 
slits. As a result, two spaced streams of various gas precursors are obtained. 
The gas streams feature a high flow velocity, by which the reactant mixing is 
avoided before reaching the substrate surface. Consequently, the diffusion of 
the reactants across the recirculation regions on either side of the injector slits 
occurs in a time longer than that of the residence time of the freely flowing 
gases. Thanks to the linear motion of the substrate, the other reactant diffuses 
and then reacts with the previously adhered one upon the substrate surface. 
Subsequently, the desired film is deposited, and the by-products are desorbed 
and driven to the exhaust together with non-reacted precursors. 

The approach used in the industrial APCVD injector from Schmid 
group [17] is to inject various gas precursors separately through multiple 
inlets so as to react after passing the injector outlet openings. The substrates 
are mounted few millimeters below the injector openings, thus the reaction 
between the precursors takes place as close as possible to the substrate 
surface. In addition, curtain flows of an inert gas such as N2 are used to 
segregate the various gas streams in the small gap between the injector outlets 
and the substrates surface. Therefore, no molecular-diffusion takes place 
across the recirculation regions. The lateral exhaust is responsible for the 
immediate release of the by-products so as to prevent forming undesired 
particles/contaminants. In reference [18], a premix of TEOS and O2 
containing lower concentration of O3 (0.1 – 1 %) is prepared in a mixer 
located away from the respective APCVD injector so as to catalyze the 
subsequent reaction. The lower-concentrated O3/TEOS mixture is then driven 
to the injector to be mixed vigorously at the outlet with another gas stream 
containing higher concentration of O3 (1 – 10 %). The injector comprises 
series of slit-type channels that convey the two aforementioned streams as 
close as possible to the substrate surface. However, this approach is 
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insufficient for completely impeding the impact of the gas-phase reaction and 
parasitic deposition. This is due to the fact that the low O3 concentration, 
contained in the O2 stream, premixes with TEOS in the delivering pipes 
leading to a light oxide deposition in these pipes and in the injector nozzles. 
There are other chemicals alternatively utilized to deposit the SiO2 films using 
this injector design. An organo-silicate compound vapor is premixed mildly 
with an extremely low concentrated vapor comprising H2O and H2O2, apart 
from the injector. The light mixture is then injected through the linear injector 
to actively get in contact with the third vapor (triethoxyfluorosilane, silicon 
tetrafluoride, or silicon tetrachloride) driven from another injector. 
Subsequently, the SiO2 film is deposited on the substrate surface. 

4.3 Fundamentals of fluid dynamics 

The study of fluid dynamics is based on three fundamental laws, the 
conservations of mass, momentum and energy. In the study of the APCVD 
injector the gases are considered incompressible (as they are in continuous 
motion and feature a constant density), as well as, their flow is inviscid and 
adiabatic. For that matter, theses conservation laws are described by Euler 
equations [19] which can be considered as a particular expression of Navier-
Stokes equations with viscosity and thermal conductivity equal to zero. The 
derivations given in the following sections are obtained by applying the 
conservation equations to a fixed volume in space, also known as the control 
volume (V), where the corresponding surface boundary is called the control 
surface (A).  

4.3.1 Law of Conservation of Mass and the Continuity Equation 

This law considers that the mass of a fluid passing a fixed volume in space 
(the flow rate of the mass flow) is unchangeable. Mathematically, this 
translates to the statement that the derivation of the fluid mass with respect to 
time is zero, expressed by [19]: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 0                                                     (4.1) 

where (m) is the fluid mass and (t) is the time. 
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This is also called the continuity equation for the mass of a control volume. 
This can be stated in an integral form as follows [20]: 

 
𝑑𝑑
𝑑𝑑𝑑𝑑� 𝜌𝜌 𝑑𝑑𝑑𝑑 = �

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑑𝑑𝑑𝑑𝑉𝑉

 
𝑉𝑉

                                     (4.2) 

where (ρ) is the material density, and (V) is the fixed volume.  

It is to be noted that in this equation the time derivative is taken inside the 
right-side integral due to the fact that in a control volume the surface boundary 
A is fixed and thus its velocity (uA) is equal to zero. Therefore, the integration 
limit (the control volume V) is independent of time. 

On the other hand, the rate of fluid mass flowing outwards (denoted by 
minus) of the fixed surface surrounding a control volume is the surface 
integral given by [20]: 

−�𝜌𝜌 𝑢𝑢 𝑛𝑛�⃗  .𝑑𝑑𝑑𝑑
 

𝐴𝐴
=  −�𝜌𝜌 𝑢𝑢 · 𝑑𝑑𝑑𝑑

 

𝐴𝐴
                               (4.3) 

where (u) is the velocity vector of fluid mass crossing the surface boundary 
(A) and (n) is the unit outward-pointed normal vector to the surface boundary 
(the vector is perpendicular to the surface), which is equal to one. 

Complying with the mass conservation law, we can deduce the following: 

�
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑑𝑑𝑑𝑑𝑉𝑉

=  −�𝜌𝜌 𝑢𝑢 · 𝑑𝑑𝑑𝑑
 

𝐴𝐴
                                    (4.4) 

Therefore  

�
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑑𝑑𝑑𝑑𝑉𝑉

+ �𝜌𝜌 𝑢𝑢 · 𝑑𝑑𝑑𝑑
 

𝐴𝐴
= 0                                   (4.5) 

The surface integral of the mass flow rate can be transformed to a volume 
integral by means of applying the divergence theorem and vector calculus 
applied for three-dimensional flow. The equation thus becomes: 

� [
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝑑𝑑𝑑𝑑𝑉𝑉

+  ∇ · (𝜌𝜌 𝑢𝑢)] 𝑑𝑑𝑑𝑑 =  0                                (4.6) 

When the flow is steady, the partial derivative with respect to time equals 
zero. Therefore, the final continuity equation becomes: 
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�∇ · (𝜌𝜌 𝑢𝑢) 𝑑𝑑𝑑𝑑
𝑉𝑉

 = 0 

𝛻𝛻 · (𝜌𝜌 𝑢𝑢)  =  0                                               (4.7) 

Since ∇ is a vector operator, this equation can be expressed according to 
Cartesian Coordinates as follows: 

 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌 𝑢𝑢𝑥𝑥)𝚤𝚤  +  
𝜕𝜕
𝜕𝜕𝜕𝜕 �𝜌𝜌 𝑢𝑢𝑦𝑦�𝚥𝚥 + 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌 𝑢𝑢𝑧𝑧)𝑘𝑘�⃗  =  0                   (4.8) 

If the steady flow is studied in one-dimension the mass continuity equation 
can be expressed as follows [19]: 

�𝑚̇𝑚 = �𝜌𝜌 𝑢𝑢 𝐴𝐴 =  0                                     (4.9) 

where (𝑚𝑚) ̇ is the mass flow rate of the fluid (kg/s). 

When the flowing fluid is incompressible (ρ = constant), the mass continuity 
equation simplifies to the volume continuity equation: 

𝛻𝛻 · 𝑢𝑢 =  0 

�𝑉̇𝑉 = �𝑢𝑢 · 𝐴𝐴 =  0                                    (4.10) 

Where (𝑉𝑉) ̇ is the volume flow rate of the fluid (m3/s). 

4.3.2 Law of Conservation of Momentum 

The second governing law to describe the fluid dynamics is the law of 
conservation of momentum, which is derived from the Newton’s second law 
of motion. This law states that the change in the momentum of an object, e.g. 
a fluid quantity in a control volume, during time is proportional to the applied 
net force, which is expressed for linear cases by the vector equation [19]: 

�𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒  =  
1
𝑔𝑔𝑐𝑐

 
𝑑𝑑𝑑𝑑������⃗
𝑑𝑑𝑑𝑑                                        (4.11) 

where (M) is the momentum of fluid inside a control volume, (ΣFext) is the 
summation of all external forces acting on the fluid in the control volume, and 
(gc) is the proportionality factor which is given as: 
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𝑔𝑔𝑐𝑐 =  1  
𝐾𝐾𝐾𝐾 .  𝑚𝑚
𝑁𝑁 · 𝑠𝑠2  

The external forces acting on a fluid mass that is present within a control 
volume are gravitational forces (mass), surface forces (pressure, 
friction/viscosity), and reaction/anchoring forces, also known as molecular 
momentum transport-forces [20,21]. The equation of linear momentum 
conservation is derived by means of applying the Reynolds transform theorem 
[19] to the equation (4.11).  Accordingly, the transformation of this equation 
yields in: 

�𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒,𝑉𝑉����������⃗  =  
1
𝑔𝑔𝑐𝑐

 
𝜕𝜕
𝜕𝜕𝜕𝜕 �𝜌𝜌 𝑢𝑢�⃗  𝑑𝑑𝑑𝑑 + 

 

𝑉𝑉

1
𝑔𝑔𝑐𝑐
�𝜌𝜌 𝑢𝑢�⃗   (𝑢𝑢�⃗ · 𝑛𝑛�⃗ ) 𝑑𝑑𝑑𝑑

 

𝐴𝐴

        (4.12) 

In this vector equation it is enough to consider one component, e.g. the x one, 
thus it simplifies to: 

�𝐹𝐹𝑥𝑥,𝑒𝑒𝑒𝑒𝑒𝑒  =  
1
𝑔𝑔𝑐𝑐

 
𝜕𝜕
𝜕𝜕𝜕𝜕 �𝜌𝜌 𝑢𝑢𝑥𝑥 𝑑𝑑𝑑𝑑 + 

 

𝑉𝑉

1
𝑔𝑔𝑐𝑐
�𝜌𝜌 𝑢𝑢𝑥𝑥 (𝑢𝑢𝑥𝑥 · 𝑛𝑛�⃗ ) 𝑑𝑑𝑑𝑑

 

𝐴𝐴

     (4.13) 

Under steady state conditions the first integral in this equation is equal to zero. 
Incompressible flow in one dimension normal to the surface (A) leads to 
constant values of (ρ) and (u) across any studied cross section of the flow. 
Therefore, the equation becomes:  

�𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒  =  𝜌𝜌 𝑢𝑢 · 𝑢𝑢 �  𝑑𝑑𝑑𝑑
 

𝐴𝐴

                                  (4.14) 

Solving the integral equation leads to the linear momentum equation: 

�𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒  =  �𝑚̇𝑚 · 𝑢𝑢                                      (4.15) 

4.3.3 Law of Conservation of Energy 

It is necessary to evaluate the energy required for a process to take place 
or the energy harvested from a device during operation. By way of example, 
the energy required for the SiCl4/H2O gas mixture to flow and distribute all 
across the APCVD injector can be approximately estimated by applying the 
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law of conservation of energy. The conservation of energy for a control 
volume is a statement of the first law of thermodynamics for an open system. 
It states that the change of a system’s energy with respect to time is equal to 
both heat exchange (due to temperature differences) and work exchange (due 
to boundary movement and flow of mass through the control volume) 
between the system and its surrounding. This can be expressed by the 
following equation [19]: 

𝛿𝛿𝛿𝛿
𝑑𝑑𝑑𝑑  =  

𝛿𝛿𝛿𝛿
𝑑𝑑𝑑𝑑  +  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑                                         (4.16) 

where:  

δQ/dt and δW/dt are the rates of heat and work transfer into the open system 
(or to the control volume) at any instant of time, respectively.  

dE/dt is the system’s energy derivative.     

Applying the Reynolds transform theorem [19] to the system’s energy 
derivative leads to the equation: 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  =  

𝜕𝜕
𝜕𝜕𝜕𝜕  �𝜌𝜌 𝑒𝑒 𝑑𝑑𝑑𝑑

 

𝑉𝑉

 +  �𝜌𝜌 𝑒𝑒 (𝑢𝑢�⃗ · 𝑛𝑛�⃗ ) 𝑑𝑑𝑑𝑑
 

𝐴𝐴

                   (4.17) 

where (E) is the system’s total energy and (e) is the specific energy (the total 
energy per unit mass). The latter can be expressed, considering that the total 
energy of an open system is the summation of internal, kinetics (work) and 
gravitational/potential energies, as follows [19]: 

 𝑒𝑒 =  𝜏𝜏 + 
1
2𝑢𝑢

2 +  𝑔𝑔𝑔𝑔   

where (𝜏𝜏) is the specific internal energy, (u) is the flow velocity, (g) is the 
gravitational acceleration, and (z) is the elevation. 

For steady flow the equation (4.17) becomes: 

𝛿𝛿𝛿𝛿
𝑑𝑑𝑑𝑑

=  
𝛿𝛿𝛿𝛿
𝑑𝑑𝑑𝑑  + �𝜌𝜌 ( 𝜏𝜏 +  

1
2𝑢𝑢

2 +  𝑔𝑔𝑔𝑔 ) (𝑢𝑢�⃗ · 𝑛𝑛�⃗ ) 𝑑𝑑𝑑𝑑
 

𝐴𝐴

             (4.18) 
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For one-dimensional flow (e, ρ, and u) are constant over any cross section and 
(u) is normal to the surface (A). Therefore, the energy equation for a control 
volume is shortened to: 

𝛿𝛿𝛿𝛿
𝑑𝑑𝑑𝑑 =  

𝛿𝛿𝛿𝛿
𝑑𝑑𝑑𝑑  +  �𝑚̇𝑚 ( 𝜏𝜏 +  

1
2𝑢𝑢

2 +  𝑔𝑔𝑔𝑔)                     (4.19) 

4.3.4 Bernoulli principle  

This principle expresses the inverse relationship between the pressure, 
and the velocity and elevation of any point of a single fluid flow. It states that 
as the fluid flows in a certain direction and a change has occurred either in its 
velocity between two regions, e.g. due to change in its cross-sectional 
diameter, or in its elevation, an inverse change in its relevant pressure will 
occur simultaneously between the two inspected regions. The pressure 
explained in this principle is the static pressure of the fluid which is an internal 
pressure exerted by the neighboring fluid particles on one another, as well as, 
by the particles at the outermost flow in the outward direction applied on the 
surrounding walls (when the flow is inside a duct).     

 Bernoulli equation is important to study fluid flows that experience changes 
in their velocity (kinetic energy), pressure (external work) or elevation 
(gravitational potential energy). It can be derived from Euler equation or the 
conservation equations for inviscid flows [19–21]. Bernoulli equation can be 
described by the derivative form: 

 
𝑑𝑑
𝑑𝑑𝑑𝑑 �

1
2𝑢𝑢

2� + 
1
𝜌𝜌
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  +  𝑔𝑔 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  =  0                           (4.20) 

Where (d/ds) is the distance derivative along a streamline, (dp/ds) is the 
pressure derivative along the streamline, (g) is the gravitational acceleration, 
and (dz/ds) is the elevation derivative along the streamline.  

Integrating of the equation along the streamline leads to: 
1
2�𝑢𝑢2  +  �

1
𝜌𝜌 𝑑𝑑𝑑𝑑 +  𝑔𝑔�𝑧𝑧  =  0                         (4.21) 

which simplifies to: 
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𝑝𝑝
𝜌𝜌  +  

1
2𝑢𝑢

2 +  𝑔𝑔 𝑧𝑧 =  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐                             (4.22) 

4.3.5 Reynolds number 

Reynolds number is a nondimensional parameter used for 
characterizing the flow pattern of Newtonian and incompressible fluids [21]. 
It fundamentally describes the ratio of inertial forces to viscous forces for such 
fluids. The inertial forces arise between fluid particles experiencing both 
nonuniformly distributed pressure and in-between molecular friction inducing 
fluid movement. This can be evaluated by the acceleration of a fluid particle 
given by [22]: 

|(𝑢𝑢 · 𝛻𝛻) 𝑢𝑢|  ≈  
𝑢𝑢2

𝐿𝐿  

whereas, the viscos forces arise from the cohesion and attractive forces 
between adjacent fluid particles resisting their relevant flow. the value of the 
viscous force is evaluated by: 

 |𝜈𝜈 𝛻𝛻2 𝑢𝑢|  ≈  
𝜗𝜗 𝑢𝑢 
𝐿𝐿2  

Therefore, Reynolds number is calculated in a linear form by the equation 
[20–22]: 

 𝑅𝑅𝑅𝑅 =  
𝑢𝑢 𝐿𝐿
𝜈𝜈  =  

𝜌𝜌 𝑢𝑢 𝐿𝐿
𝜇𝜇                                       (4.23) 

where (ρ) is the fluid density, (u) is the fluid velocity-magnitude, (L) is the 
characteristic dimension of the studied field, (υ) is the viscosity coefficient 
(or kinematic viscosity) of the fluid, and (µ) is the dynamic or absolute 
viscosity of the fluid.  

Incompressible flows tend to change their characteristics according to 
Re change as follows: i) when Re is less than 2000 – 2300, the flow is 
characterized by laminar, ii) when Re is between 2000 and 4000, the flow is 
considered transitional, and iii) when Re increases more than 4000, the flow 
is considered turbulent. In some references the Re ≥ 2300 refers to turbulent 
flow and the transitional flow is omitted. It is worth noting that when Re ≫ 1 
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the fluid viscosity can be neglected, whereas the acceleration term of a fluid 
particle can be ignored when Re ≪ 1.  

4.3.6 Laminar and turbulent flows 

Laminar flow is by definition a smooth flow wherein the fluid layers 
flow straightly parallel to each other without macroscopic mixing and it 
occurs at low velocities (or low Re). Turbulent flow is, on the other hand, a 
flow wherein irregular motions and spread fluid streams are present 
developing macroscopic mixing motions perpendicularly to the flow 
direction. It occurs at flow velocities (or Re values) way much higher than 
those of the laminar flow [20,21]. 

Both the two flow manners should be studied when the flow is fully 
developed. It is to consider that when the flow is fully developed, at which 
the velocity is represented as e.g. the x-directed instantaneous velocity, the 
flow is defined as follows: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑  =  0 

This, in turn, indicates that the fully developed phase is reached when the 
velocity profile no longer changes along the flow path. 

If we assume a laminar steady flow of an incompressible Newtonian 
fluid through a cylindrical duct, the velocity profile of the fully developed 
flow is a parabolic as shown in Figure 4.1. The flow velocity at any cross 
section is given by the equation [19]: 

 𝑢𝑢 =  𝑈𝑈𝑚𝑚𝑎𝑎𝑥𝑥  �1 −  (
𝑟𝑟
𝑟𝑟0

)2�                                    (4.24) 

where (Umax) is the mean velocity occurring at the centerline of the flow, 
which is the largest among the whole cross-sectional flow. (r0 and r) are the 
radius of the duct cross section and the radius of the cross-sectional flow at 
the point of interest.  
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Figure. 4.1: A schematic illustration of a cross section of a cylindrical duct showing the 

velocity profile of the fully developed laminar flow. After [19].  

If we consider a turbulent steady flow of an incompressible Newtonian 
fluid through the cylindrical duct, the velocity profile of the fully developed 
flow is relatively flat as shown in Figure 4.2. It is worth noting that in this 
flow manner the fluid particles present in one section feature nearly the same 
velocity, streamwise distribution and turbulence intensity, which closely align 
one-dimensional flow. The flow velocity is given by the equation [23]: 

𝑢𝑢 =  𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚  �1 −  (
𝑟𝑟
𝑟𝑟0

)1/7�                                  (4.25) 

  
Figure. 4.2: A schematic illustration of a cross section of a cylindrical duct showing the 

velocity profile of the fully developed turbulent flow. After [19].  

4.3.7 Pressure drop and fluid total energy 

In order for a fluid to flow between two points, a reduction in its total 
energy must occur. The total energy reduction is induced because of friction 
forces and change in the fluid momentum. This corresponds with the fact that 
fluids flow from high-total-energy points to low-total-energy points. Back to 
Bernoulli’s equation of the fluids characterized by an adiabatic system and 
flowing between two points, the total energy drop, or so-called head loss, 
should be added to the associated energy of the fluid (the summation of 
pressure, kinetic and potential energies). The head loss of a flow through a 
pipeline is a function of numerous parameters: the inside diameter of the pipe, 

 ro 
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 u 

 Umax 

 r 
 dr  x 

 ro 

 x 
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its length, the roughness elements of the pipe inner walls, the average flow 
velocity, and the fluid density and viscosity [20]. The head loss (HL)is given 
by the so-called Darcy-Weisbach equation [21] as follows: 

𝐻𝐻𝐿𝐿 =  𝑓𝑓 
𝐿𝐿 𝑢𝑢2

𝐷𝐷 2𝑔𝑔                                             (4.26) 

with (f) being the Darcy-Weisbach friction factor, (L) the flow distance or the 
pipe length, (D) the pipe inside diameter, (u) is the average flow velocity 
(obtained from the continuity equation), and (g) the gravitational acceleration. 
(f) is approximated by Haaland equation [21] for cylindrical duct shape as 
follows: 

𝑓𝑓 =  �−0.782 𝑙𝑙𝑛𝑛 �
6.9
𝑅𝑅𝑅𝑅  +  �

𝜀𝜀
3.7𝐷𝐷�

1.11
��
−2

                   (4.27) 

with (ε) being the roughness of the pipe material and (Re) is Reynolds number 
of the flow. 

The modified Bernoulli’s equation between two points becomes: 

 
𝑃𝑃1
𝜌𝜌  +  

1
2 𝑢𝑢12  +  𝑔𝑔 𝑧𝑧1 =  

𝑃𝑃2
𝜌𝜌  +  

1
2 𝑢𝑢22 +  𝑔𝑔 𝑧𝑧2 +  𝑓𝑓 

𝐿𝐿 𝑢𝑢2

𝐷𝐷 2𝑔𝑔        (4.28) 

Consequently, it can be deduced that the static pressure drop of a fluid flow 
occurs because of three components: increase in flow velocity (or flow rate), 
increase in elevation, and, most importantly, head losses, e.g. the friction loss 
which is subsequently translated to heat loss. 

It is to conclude that the head loss reduces the total static pressure of a flowing 
fluid irrespective of the flow velocity and elevation. 

4.4 Newly developed SiO2-x APCVD injector arrangement 

A newly-developed SiO2-x APCVD injector was manufactured using 3D 
printing technology, also known as fused deposition modeling. Since it 
operates at room temperature, it was made of polycarbonate and thermoplastic 
materials such as polylactic acid and acrylonitrile-butadiene-styrene. The 
injector was designed to be positioned vertically over the substrates, by which 
the gases flow from the top inlet-cap through two openings, each for one gas 
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precursor. The SiO2-x APCVD injector layout, shown in Figure 4.3, comprises 
four compact components connected as follows:  

1) A Kenics-type static gas mixer attached to an inlet cap on top. 

2) Venturi nozzle attached to the lower opening of the static mixer. 

3) A hyperbolic or divergent distributor attached to the lower opening of 
the Venturi nozzle.  

4) A deposition chuck, upon which the substrates are mounted and the 
later three-component arrangement is placed nearly tightly. See more 
details in section 4.4.3.   

Detailed information about this design are available elsewhere.    

 

Figure 4.3: A schematic drawing of the SiO2-x APCVD injector layout showing inlet 
openings, Kenics static mixer, Venturi nozzle, and gas distributor positioned on top of a 

deposition chuck  

4.4.1 Investigation of the static mixer 

A Kenics-type static mixer was employed to intermix the two gas streams 
H2O and SiCl4, which are characterized by a laminar flow. As illustrated in 
Figure 4.4 the mixer layout consists of 8 segments inserted into a transparent 
polycarbonate-plastic tube with an inner diameter of 33 mm. The successive 
segments are twisted opposing to one another; 180° clockwise and 180° 

Kenics mixer 

Inlet cap 

Distributor 

Venturi nozzle 

Chuck 

33 mm 
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counter-clockwise. The segments are arranged, as such they are rotated by 90 
°to one another. The length of each segment is 1.5 times its width. In the 
current design the dimensions are set to 32 × 48 mm. The chosen segment 
number and twist angle are justified later in this section. 

  

Figure 4.4: Left: A schematic picture for the Kenics-static mixer showing an assembly 
of 8 opposed segments inserted tightly into a tube attached to an inlet cap at the top and 
to Venturi nozzle at the bottom. Right: 180° twisted plate with dimensions of 32 × 48 

mm forming a single segment.  

The static mixer enables sufficient mixing of two fluids at the outlet by 
motionless portion assembly simulating the dynamic blending of fluids. The 
mixing mechanism is explained in detail in [24,25] for laminar flows. For that, 
two concepts are used, flow division and radial mixing. The flow division 
starts at the front edge of the first segment splitting the flow into two streams. 
At each succeeding segment, the streams are further split, resulting in an 
exponential growth of the flow layering as illustrated in Figure 4.5 [25]. The 
number of the resulting channels can be readily calculated as (N = 2n) with n 
being the designated number of the segments. In the radial mixing each 
divided stream flows radially towards the tube walls and then flows back to 
the tube center. This induces an alternatively rotational motion of the divided 
streams as a consequence of the alternative difference of the twisted segment-
direction.  

32
 m

m
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Figure 4.5: Cross-sectional profiles simulated for two initially segregated components 
characterized by identical volume after (1): 6 mixer segments and (2): 10 mixer segments 

at 6 twist angles – (a) 30°, (b) 60°, (c) 90°, (d) 120°, (e) 150°, and (f) 210°. A uniform 
mixture is evident after 10 segments at the twist angles 120 – 210° represented by (d) – 

(f) sections, respectively. From [25]. 

  

(1) 

(2) 
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The advantage of using such mixer is that it eliminates radial gradients 
of the temperature, flow velocity and substance compositions. The energy 
required for the mixing is obtained from the pressure loss in every element as 
the fluids flow through the static mixer. If we ignore the energy gain from the 
gravitational head, the head loss in equation (4.28) possesses a considerable 
value, which is enough to obtain a homogeneous mixture with maintaining a 
high momentum transfer, hence the ability to flow. It is proven that the mixing 
quality is a trade-off between segment number and twist angle [24,25]. It is, 
for instance, shown that after 60 segments twisted at angles between 30 and 
90°, the mixture is inhomogeneous as well as after 6 segments twisted at a 
bigger angle of 210°, seen in Figure 4.5 (1). On the other hand, after 10 
segments twisted at angles between 120 and 210°, the mixture is significantly 
homogeneous, seen in Figure 4.5 (2). That is to say, the bigger the twist angle 
of the mixer segment, the less the segment number required to obtain a 
sufficiently homogeneous mixture, yet a significant segment number is 
required. Accordingly, it was suggested to use 8 mixer segments twisted at 
180° for the Kenics mixer utilized in the newly-developed APCVD injector. 

A test was performed to assess the quality of mixing into the self-
manufactured and vertically positioned static mixer using two different 
colored liquids. Two beakers with blue- and yellow-colored water were 
poured at once into the mixer. The test was captured by a high-resolution 
camera. As shown in Figure 4.6, the blue and yellow water volumes are 
dispersed progressively along the mixer so that they exit its outlet sufficiently 
mixed, which is indicated by the resulting green liquid. Consequently, the 
design of the self-manufactured Kenics mixer was found to be robust. 
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Figure 4.6: Photos taken continuously when blue and yellow-colored water volumes 
were simultaneously poured into a self-made static mixer of the Kenics type featuring an 

inner diameter of 33 mm. A uniform mixture is obtained, which is indicated by the 
green-colored water at the outlet. The photos from left to right show the mixing progress 

from the start to the end, respectively. 

The static mixer was, ultimately, taken into operation in the APCVD setup so 
as to assess its mixing performance when depositing SiO2-x films. The 
samples to be coated were 4-inch wide as-sawn and mechanically polished Si 
wafers. The N2-carried gas precursors SiCl4 and H2O flowed into the mixer at 
1.5 l/min, each. The deposited films were compared with APCVD SiO2-x films 
prepared without efficient mixing – readily performed by loading the two gas 
precursors via two inlets to a tube of 33 mm in diameter, without inner twisted 
segments. Figure 4.7 (left) demonstrates a non-uniform SiO2-x film after using 
the simple tube. This is attributed to the laminar flow of the two gases through 
the tube, wherein each gas stream flows consistently on one side and the 
interaction takes place only in the originated stream interface.  The thicker 
layer on the Si-wafer upper-right side is attributed to the reaction taken place 
at the H2O injected side, whereas the absence of H2O vapor at the bottom left 
side of the Si wafer resulted in an extremely low deposition rate. The 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
33 mm 



110 

thickness of the deposited film is low in comparison with the volume of 
injected precursors. The static mixer, on the other hand, enabled obtaining a 
significantly thick film as shown in Figure 4.7 (right).  

 

  

Figure 4.7: a) A sketch illustrating the insufficient mixing of SiCl4 and H2O gases 
during flowing through a simple tube without twisted plates. On the right side, photos of 
SiO2-x films deposited onto 4-in2 wide substrates placed 20 cm under the outlet of two 

different tubes: b) without inserted segments (as illustrated in Figure a) showing a non-
uniform film with low thickness upon an as-sawn Si wafer, owing to insufficiently mixed 
gas precursors, and c) with inserted segments showing a thicker SiO2-x film and improved 

layout upon a mechanically polished Si wafer, thanks to well-mixed precursors at the 
mixer outlet. The different contrast between b) and c) is attributed to the different surface 
finishing of the used Si wafers. The square imprint (marked in yellow dashed line) on the 
wafer seen in Figure b) is because of a paper sheet (with an area smaller than the wafer’s 
one) used to protect the wafer surface from any contamination during storage, which was 

removed before the deposition.  

Despite the film being non-uniform, it is symmetric and fairly thick, 
particularly in the center, which is not seen in the film deposited by the simple 
tube. Therefore, this design of the static mixer was proven to homogeneously 
mix the SiCl4 and H2O vapors at its outlet. The thick center and circular 
outline of the deposited film are attributed to extrusion of the mixture to an 
area as narrow as the mixer outlet-area. Moreover, since the flow at the 
mixer’s outlet is still laminar as it features a low Reynolds’ number, the 
boundary layer at the inner walls is slower than the rest medium. See Figure 
4.1. Consequently, the stream of the mixture expands insignificantly to the 

H2O injection side 

4 
in

 

SiCl4 H2O 

Si wafer 

SiCl4 injection side 

a) b) c) 
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sides, all along the 20-cm distance between the mixer’s outlet and the 
substrate. Furthermore, the central flow possesses a velocity higher than that 
of the outermost flow, thus it reaches the substrate surface faster. These 
impacts lead to inconsistent distribution of the gas mixture over an area wider 
than that of the mixer cross-section, hence non-uniform films. These findings 
necessitate the creating of turbulences and vortices in the gas mixture before 
striking the substrate surface, by which the mixture distributes equally over a 
wider area promoting a uniform film thickness. A solution to obtain such a 
characteristic mixture was to integrate a Venturi nozzle in the injector 
arrangement. The relevant design and performance are explained in the next 
section. 

4.4.2 Numerical study of the Venturi nozzle 

Since moving parts are unfavorable in the newly developed APCVD 
injector, the way to create turbulences above the substrate surface was to 
cause a deflection in the gas flow when injected from the static mixer [25]. 
This was made possible according to the flow characteristics obtained with 
Venturi nozzles at low Re [26]. CFD simulations were performed with 
ANSYS software to investigate the dimensions, at which the Venturi nozzle 
develops a flow deflection at the outlet for given flow boundary-conditions. 
The turbulences were calculated by using the two standard k – ε equations 
model [26,27]: 

 
𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕  +  

𝜕𝜕(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖)
𝜕𝜕𝜕𝜕  +  

𝜕𝜕(𝜌𝜌𝜌𝜌𝑢𝑢𝑗𝑗)
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𝜕𝜕(𝜌𝜌𝜌𝜌𝑢𝑢𝑘𝑘)
𝜕𝜕𝜕𝜕
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𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

 �
𝜕𝜕2𝑘𝑘
𝜕𝜕𝜕𝜕2  +  

𝜕𝜕2𝑘𝑘
𝜕𝜕𝜕𝜕2  +

𝜕𝜕2𝑘𝑘
𝜕𝜕𝜕𝜕2  � + 2𝜇𝜇𝑡𝑡 . 𝑆𝑆𝑖𝑖𝑖𝑖  .𝑆𝑆𝑖𝑖𝑖𝑖 −  𝜌𝜌𝜌𝜌           (4.29) 

𝜕𝜕(𝜌𝜌𝜌𝜌)
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𝜕𝜕(𝜌𝜌𝜌𝜌𝑢𝑢𝑖𝑖)
𝜕𝜕𝜕𝜕 +

𝜕𝜕(𝜌𝜌𝜌𝜌𝑢𝑢𝑗𝑗)
𝜕𝜕𝜕𝜕 +

𝜕𝜕(𝜌𝜌𝜌𝜌𝑢𝑢𝑘𝑘)
𝜕𝜕𝜕𝜕

=  
𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀
�
𝜕𝜕2𝜀𝜀
𝜕𝜕𝜕𝜕2  +  

𝜕𝜕2𝜀𝜀
𝜕𝜕𝜕𝜕2  +

𝜕𝜕2𝜀𝜀
𝜕𝜕𝜕𝜕2 �+ 𝐶𝐶1𝜀𝜀

𝜀𝜀
𝑘𝑘 −  𝜌𝜌𝜌𝜌2𝜇𝜇𝑡𝑡. 𝑆𝑆𝑖𝑖𝑖𝑖  . 𝑆𝑆𝑖𝑖𝑖𝑖

− 𝐶𝐶2𝜀𝜀
𝜀𝜀2

𝑘𝑘                                                                                       (4.30)  
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with (k) being the turbulent kinetic energy, (ε) the dissipation of the turbulent 
kinetic energy, and Sij is the rate of deformation of the flow. 

The constants are as follows: σk = 1.00, σε = 1.30, C1ε = 1.44, and C2ε = 1.92. 
(µt) is the eddy viscosity, given by the equation: 

𝜇𝜇𝑡𝑡 =  𝜌𝜌 𝐶𝐶𝜇𝜇  
𝑘𝑘2

𝜀𝜀                                             (4.31) 

where the constant Cμ = 0.09. 

The way Venturi nozzle was designed is to convert the flow from laminar to 
turbulent at the outlet by means of careful determination of its dimensions. 
Since it is extensively studied in the state-of-the-art literature, variation of 
nozzle dimensions was excluded from investigating in this research, and 
instead, ultimate designs were adopted as to the desired nozzle function. 
Based on the prior art, the nozzle dimensions were proposed, as though the 
contraction ratio and the diffusion angle are as small as possible. This, 
consequently, results in asymmetric distribution of the stream velocities in the 
divergent portion at Re ≥ 3700, hence turbulences at the nozzle outlet. For 
further detailed insights, the reader is referred to e.g. [26,28]. The functional 
dimensions of the used nozzle were as follows:  

- Inlet internal diameter is 33 mm. 

- Throat internal diameter is 2 – 3.3 mm.  

- Contraction ratio is ~ 10. 

- Diffusion angle of the divergent section is 10˚.  

- Ratio of the divergent–to-convergent length is 3. 

Moreover, the total flow rate inside the injector was 4.5 l/min and the static 
pressure at the outlet was set to 1 atm. Subsequently, the ultimate design was 
3D printed and put into real operation, where the Venturi nozzle was tightly 
attached to the outlet of the static mixer. The deposition experiments were 
performed using 4 in2 wide as-sawn Si wafers.  

The simulation results demonstrated that as the gas mixture passes 
through the throat section, the static pressure decreases in the divergent part, 
according to the Bernoulli equation (4.22). See Figure 4.8. With neglecting 
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the small temperature drop, this pressure difference causes the gas flow to 
deflect towards the walls, thus turbulences are generated after the nozzle 
outlet, which is known to occur at Re ≥ 2000, contraction ratios higher than 
7, and an angle of the divergent section lower than 22.5° [26]. In this example, 
the maximum flow velocity was increased from 2 mm/s at the nozzle inlet to 
30 mm/s at its outlet. 

     

Figure 4.8: Right: ANSYS simulation chart of a cross sectional area showing the 
velocity contour of the gas mixture along the designed Venturi nozzle. Left: A graph 
showing the calculated velocity all over one half of the cross-sectional area. The gas 

stream is shown to be split into two halves increasing the velocity at the outlet compared 
to that at the inlet and initiating a wide distribution in the subsequent volume. 

Operating the arrangement comprised of the kenics-static mixer and 
Venturi nozzle led to wide and uniform distribution of the gas mixture above 
the Si substrates. At a 15 cm-distance between the nozzle outlet and the 
substrate, a 1.25 in2-wide stream at the Venturi outlet was expanded by a 
factor of 7 times. In comparison with the case of using only a static mixer, we 
eventually were able to coat a large area of about 3×3 in2 nearly uniformly 
with the desired film, as demonstrated in Figure 4.9. However, this area is 
insufficient for coating 6-inch solar cells, thus further vortices in the injected 
gas mixture are required for wider distribution over the substrate surface. 
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Figure 4.9: Photo taken for an APCVD SiO2-x film prepared by using an arrangement of 
the static mixer shown in Figure 4.6 and the designed Venturi nozzle. The film deposited 

onto a 4 × 4 in2 wide as-sawn Si wafer provides a coverage area of 3 × 3 in2, nearly 
uniformly. 

4.4.3 Numerical study of the gas distributor 

This part of the injector was designed to constitute a divergent 
apparatus, wherein the gas mixture distributes extensively over a wide 
substrate area of 6 × 6 in² and the reactant molecules collide further. For that, 
a hyperbolic-shaped distributor was 3D printed after CFD analysis of the 
injector setup using ANSYS simulation software. The flow was modelled by 
the two-standard k – ε equations (4.29, 30). The distributor dimensions were 
chosen as follows: 160 mm in height and 220 mm in diameter of the outlet 
opening. See Figure 4.10 (left). The inlet of the distributor was ultimately 
connected to the outlet of the Venturi nozzle featuring an identically inner 
diameter. An essential measure was inspected to obtain the highest 
performance of this distributor by means of obstructing the gas flow at the 
outlet during the deposition run. For that matter, the arrangement of the static 
mixer-Venturi nozzle-distributor was closed by the deposition chuck in such 
a way as to create a virtually sealed volume with maintaining a small gap of 
100 µm. This arrangement is usually opened after the end of the deposition 
run in order to discharge the by-products through the exhaust. The 
performance of this arrangement was investigated by means of performing 
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two simulation runs for comparison purposes, i) with an open distributor 
outlet, ii) and with partially closed distributor outlet. The flow boundary 
conditions, set in section 4.4.2, were the same in both the simulation runs. 

 
Figure 4.10: Left: A schematic picture of the hyperbolic distributor used for the APCVD 

injector configuration. Right: ANSYS simulation chart of a cross-sectional area of the 
Venturi nozzle-distributor arrangement featuring an open outlet to the ambient. It shows 

a mild flow deflection at the Venturi section and a jet flow all along the distributor 
without vortices. 

The first simulation results depict that when there is no obstruction at 
the distributor outlet, a jet flow is developed all along the symmetry axis of 
the arrangement. Flow deflection takes place at the Venturi nozzle, yet for a 
short distance, after which the flow deflects back to the middle without 
uniform distribution all across the distributor volume. No vortices or 
turbulences are developed in the distributor volume indicating insufficient gas 
mixing above the substrates. Moreover, high-velocity flows, located closer to 
the outlet center, exit the distributor virtually linearly indicating a short 
residence time of the reactant gases before reaching the substrate surface. 

On the other hand, when the distributor outlet was partially closed, 
deflection on both sides of the Venturi nozzle was obtained. Furthermore, 
vortices were formed and diffused in the distributor, by which the gas mixture 
expands all across the volume suggesting that the reactant molecules further 
collided, seen in Figure 4.11.  

Jet flow 

33 mm 

0.100 (m) 0.0  
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Figure 4.11: ANSYS simulation chart of a cross-sectional area of the Venturi nozzle-

distributor arrangement after partially clogging its outlet showing deflections at the 
Venturi nozzle outlet and vortices all across the hyperbolic distributor. Decrease in the 
gas flow velocity takes place closer to the substrate surface promoting uniform film and 

high deposition rate. 

The vorticity generation is well explained in [28]. In this case, the 
reasons behind the vortices are the turbulent characteristic of the fluid flow 
and the obstruction of the flow by the deposition chuck. Since the flow in the 
investigated volume is turbulent, the internal friction between the fluid 
particles is lower than their inertia. On the other hand, at the inner walls the 
internal friction of the fluid, also identified by fluid viscosity, is higher than 
the inertia. The difference between the shear stress applied on the fluid 
between these two regions causes dragging forces with gradual magnitude 
acting on the fluid from two different directions, the inner walls and the flow 
free region. This, in turn, leads to vortex generation in the fluid that is 
characterized by turbulent flow. The same effect also takes place when the 
fluid strikes the walls or the deposition chuck (including the mounting 
substrate). The fluid particles in the turbulent flow, due to the conservation of 
momentum, bounce back from the obstacle forming vortices. The simulation 
also demonstrated an increase in the flow velocity from 30 – 40 mm/s at the 
Venturi nozzle outlet to 80 – 100 mm/s in the middle of the distributor. The 
gas velocity was shown to decrease again to 60 – 70 mm/s above the substrate 

0.100 (m) 0.0  
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surface stimulating high deposition rates. This is due to the fact that the 
residence time of the reactants upon the substrate surface is relatively long. 

Shiny etched Czochralski (CZ) Si wafers with 6-inch large area were 
coated with the APCVD SiO2-x films using the partially closed injector 
arrangement. The flow rate of the SiCl4 and H2O was consistent at 2.25 l/min. 
Thickness mapping was performed automatically so as to assess the film 
thickness-uniformity by spectral ellipsometry measurement using Woollam 
M-2000 tool at 3 angles angle of (65°, 70° and 75°) and a wavelength range 
from 250 to 1000 nm. 9 observation points were chosen regularly on different 
positions of the coated wafer surface ensuring that the middle area and edges 
were included.  

 
Figure 4.12: A Photo taken for a 6-inch shiny etched CZ Si wafer after coating with 

SiO2-x film using the newly developed APCVD injector showing that 97 % of the surface 
area is coated nearly uniformly without thick outermost edges. The wafer corners are 

insufficiently coated with the oxide film.  

Figure 4.12 shows a 6-inch shiny etched CZ Si wafer coated with the 
APCVD SiO2-x film. It is exhibited that about 97 % large area of the wafer 
surface is coated uniformly with the SiO2-x film, whereas only an area of 3 %, 
located at the corners, was coated insufficiently. The measured SiO2-x 

thickness average was 176 ±14 nm, which corresponds to a variation value of 
± 8 %. This covered area might be enough for coating round-edge Si wafers. 
However, further investigations are required to obtain a larger area of 
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coverage with the APCVD SiO2-x films and to flatten the curve of the 
thickness variation between the middle and the edges of the substrate. The 
uniform film at the wafer edges is obtained thanks to the optimization 
demonstrated in the next section, wherein the wafer is protected from thicker 
coating at the edges, comparative to the rest area. 

As opposed to continuous/pulsed draining of reaction by-products, 
which is performed in every existing CVD/ALD technique, extremely 
minimized exhaustion is implemented during the deposition with the new 
APCVD injector. This is because of the virtually tight substrate 
circumference, by which only a minor volume of the out-streamed gases is 
permitted during deposition. This approach suggests a relatively long-term 
residence of the circulating gases onto the substrate surface, hence a 
maximum usage of the reactant portions prior to the release of by-products 
and a high deposition rate. The minimized gas exhaustion could be obtained 
by inserting 100 µm thick distance pieces between the apparatus outlet and 
the deposition chuck. 

If the APCVD apparatus outlet is partially closed and a minor volume 
of the products is discharged through the exhaust, it was found that the film 
deposition rate is higher than that obtained when the apparatus outlet is open 
to the exhaust. In this case, the gas-phase diffusion in the medium was 
observed to decrease to a minimum extent. The evidences of that are the 
absolute absence of oxide particles embedded to the top surface of the 
deposited films, and the resulting smooth film surface. In contrast, the gas-
phase diffusion increased rapidly and unintended oxide nanoparticle 
generation was induced when the apparatus outlet was open over the course 
of the deposition process. Figure 4.13 demonstrates a comparison between 
SiO2-x films deposited onto shiny etched Float Zone Si wafers using the 
APCVD apparatus with the open and closed outlet arrangement. 

Since hydrogen chloride (HCl) gas is produced by the SiCl4/H2O 
reaction, it catalyzes the decomposition of the first intermediate products, 
namely the silanols, and their dehydration during the heterogeneous 
interaction with the substrate surface [29]. This effect takes place from the 
early stage of the APCVD process and is enhanced when fairly mildly gas 
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exhaustion is permitted because of enough HCl molecules in the reactive 
media. No etching consequences by the HCl gas were observed on the 
deposited film surfaces as depicted in Figure 4.13, c. For further information, 
detailed investigations in accordance with the film material-quality are 
provided in chapter 5.  

          Figure 4.13: SEM images taken for APCVD SiO2-x films deposited on shiny etched Float 
Zone Si wafers showing a) an inferior film structure characterized by SiO2-x 

nanoparticles embedded to the surface after using an open-outlet apparatus, b) a 
magnification of the image a) showing a SiO2-x particle, and c) a smooth SiO2-x film 

adhered firmly to the Si surface without embedded particles after using a closed-outlet 
apparatus.  

4.5 Elimination of the thick film edges  

When the flowing gases inside the APCVD injector strike the substrate, 
irrespective of its thickness, it was observed that a narrow, yet considerably 
thick layer of SiO2-x is prompted at the substrate edges, seen in Figure 4.14. 
Moreover, a wrap-around SiO2-x layer is resulted at the back edges of the 
substrate which is unfavored when single side coating is required. These two 
effects are attributed to the turbulences originated at the step between the 
substrate and the deposition chuck and to the spikes of the gases underneath 
the substrate when the substrate-chuck arrangement is released. 
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Figure 4.14: A photo taken for a 6-inch large as-sawn CZ Si wafer coated with a non-
uniform APCVD SiO2-x film without using a protective frame above the substrate. A 

narrow and thick layer is shown at the edges.   

 

 

 

 

 

Figure 4.15: A schematic drawing of the front and horizontal projections of the 
deposition chuck and the protective frame on top 

In order to eliminate the wrap-around layer at the substrate back edges 
and the thick outermost layer at the substrate front edges, the local gas 
turbulences and the gap between the substrate and the deposition chuck 
should be eliminated. For this purpose, protective frame was 3D printed and 
mounted above the substrates during the deposition, seen in Figure 4.15. The 
frame features a square shaped form and its cross-section forms a step with 

SiO2-x thick 
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the substrate surface, on the internal side, and with the deposition chuck on 
the external side. The frame was designed in such a way as to shade less than 
1 mm of the substrate edges with maintaining an upper gap of 0.5 – 1 mm. 

Meanwhile, its vertical walls allow for a tolerance of 0.5 – 1 mm around 
the substrate so that a contact-free arrangement between the substrate and the 
protective frame was obtained, hence ensuring no damaged sample. It can be 
argumented that the frame enabled reflecting the turbulences locally at the 
substrate edges with maintaining large size eddies to distribute the gas 
mixture all over the unprotected substrate area. Consequently, coating with 
SiO2-x films was achieved without thick rims at the outermost edges seen in 
Figure 4.12. To address the wrap-around influence, the deposition chuck was 
made of a round-shaped polycarbonate plate featuring an extremely smooth 
surface. Therefore, the gap between its upper surface and the substrate’s 
bottom surface was eliminated to a further extent. This way the reactive gases 
could not spike underneath the substrate, hence suppressing the deposition on 
the substrate’s back side/edges. The chuck diameter and thickness are 260 
mm and 20 – 25 mm, respectively.  Further details about the investigation of 
wrap-around elimination are available in chapter 6. 

4.6 Dust formation and novel dust-proof walls 

Apart from the gas-phase reaction that was proved to deteriorate within 
the injector volume, the surface reaction was permitted so that the APCVD 
SiO2-x film is obtained upon the substrate surface. However, this reaction 
leads to undesired SiO2-x particle generation upon the inner walls of the 
Venturi nozzle, distributor apparatus, deposition chuck, and the static mixer 
and its associated segments. The oxide particles were shown to fall off causing 
numerous defects in the films deposited upon the substrates. By way of 
examples, cracks, voids, porosity, low step coverage conformity, and inferior 
uniformity. The reader is referred to read more in chapter 5. 

A novel approach was developed to prevent the SiO2-x particle/dust 
formation and thus increase the film deposition rate upon the substrate 
surface. For this purpose, termination of one of the reactant molecules, such 
as H2O, was on the unintended surface was realized. This was made possible 
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by means of applying a hydrophobic coating to the unintended surface, 
thereby the hydrolysis of SiCl4 molecules can be selectively eliminated, hence 
ensuring no parasitic SiO2-x dust formation. Moreover, a reduction in the 
required reactant precursors is expected. This approach, the utilized materials, 
and the coating method are explained elsewhere. A proof of concept was 
investigated through an experimental compression between two empty tubes 
made of polycarbonate plastic. One tube was coated with a hydrophobic layer 
whereas the other tube was without coating. Both tubes were connected to 
two reactant sources, H2O and SiCl4 vapors, so that they intermix throughout 
the tube length and form SiO2-x under atmospheric conditions.  The operating 
boundary conditions were as follows: i) the average of SiCl4 and H2O 
evaporation rates were about 1 mg/s and 0.34 mg/s, respectively, ii) the SiCl4-
to-H2O molar ratio was 0.313, iii) the relative humidity and temperature into 
the humidity mixer were 44.9 % and 23.1 °C, respectively, and iv) the flow 
rates of the SiCl4 and N2+H2O streams were 2.18 and 1.51 l/m, respectively. 
To assess the effect of the hydrophobic coating, the tube weights were 
measured and compared before and after gas injection for 50 min in each tube 
using a highly sensitive scale. An endoscope camera was employed to 
visualize the change in the tube interiors after the injection experiments. 

It was found that the weight of the tube without a hydrophobic coating 
increased by 370 mg after 50-min gas injection as a consequence of 
developing SiO2-x deposits onto the inner wall. As for the tube with a 
hydrophobic coating, absolutely no change in the weight was measured after 
50-min gas injection. Figure 4.16 (left) reveals oxide flakes developed onto 
the tube inner walls. This is due to the fact that the inner wall surface was 
continuously covered with condensed H2O molecules, which in turn induces 
hydrolysis of the SiCl4 flowing on top and hence forming intensive SiO2-x 

deposits. Figure 4.16 (right), on the other hand, depicts an entire absence of 
SiO2-x deposits on the tube inner walls. This is explained by the dehydration 
of the tube inner walls due to the hydrophobic coating, which suppresses the 
presence of OH species. Consequently, the SiCl4 hydrolysis is eliminated on 
the wall surface and no heterogeneous reaction occurs between the 
intermediate products and the wall surface. This approach enabled restricting 
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the SiO2-x APCVD on the intended surfaces without the risk of parasitic 
deposition. 

  
Figure 4.16: Photos taken perpendicularly to the cross section of two tubes made of 

polycarbonate plastic with an internal diameter of 33 mm after 50 min injection of the 
SiCl4-H2O mixture under atmospheric conditions, (left) without a hydrophobic coating 

onto the inner walls showing abundant SiO2-x flakes and (right) with a hydrophobic 
coating showing an absence of SiO2-x flakes onto the inner walls. 

4.7 Advantages of the new APCVD apparatus design 

1) Ability to intermix the reactant gases up to 20 cm far from the substrate 
without the risk of gas-phase reaction within the reactor volume.   

2) Possibility to obtain a homogeneous gas mixture in front of the 
substrate surface with motionless blending parts. 

3) Eliminated SiO2-x dust formation upon the unintended surfaces such as 
the inner walls of the APCVD reactor. 

4) Reduced periodical maintenance (cleaning) of the APCVD reactor, 
hence fewer operation pauses and higher operation throughout.  

5) No need for a curtain flow to prevent the gas-phase reaction, as well as, 
for a linear substrate movement to coat the entire surface. 

6) Maximized consumption of the injected reactant portions, hence high 
deposition rates and low wastage of freshly dosed reactants. 

7) Cost-effective and ability to obtain tailored designs as the setup is made 
of thermoplastic materials using 3D printing technology. 

33 mm 

Tube wall 
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8) The precise control of reactant concentrations in the gas-flow ensures 
constant deposition rates with no degradation in performance 

9) Smooth SiO2-x films without parasitic particles embedded or laying on 
the top surface. 

10) Reasonable coverage and film thickness-uniformity exhibited all over 
a surface area of 6 × 6 in2.  

4.8 Summary  

A SiO2-x APCVD injector to operate at room temperature was designed 
and 3D printed out of thermoplastic materials. The injector was constituted of 
Kenics static mixer, Venturi nozzle, hyperbolic gas distributor, and deposition 
chuck. The Kenics static mixer which comprises 8 mixing elements was 
employed to intermix the two gas precursors SiCl4 and H2O sufficiently 
before introduction to the substrate surface. The Venturi nozzle was first 
investigated numerically using ANSYS CFD simulation software. A suitable 
design of the Venturi nozzle was found to develop deflections and 
backstreams in the flowing gases at the outlet. The hyperbolic distributor was 
first simulated by ANSYS software and the ultimate design was subsequently 
3D printed. The simulation demonstrated vortex generation in the flowing gas 
mixture within the distributor volume. These vortices were found to perfectly 
homogenize and uniformly distribute the gas mixture over a 6 × 6 in2 large 
substrate area. This was made possible because of the partial clogging of the 
distributor volume by the deposition chuck, by which the product exhaustion 
was minimized to a further extent and the residence time of the reactive gases 
was elongated. Because of the turbulences and obstruction by the deposition 
chuck and distributor walls, eddies were generated into the gas mixture 
circulating within the distributor. Consequently, the gas mixture was 
distributed over an area of less than 6 × 6 in2 and the deposited films were 
relatively uniform with an average thickness variation of 8 %. The SiO2-x 
films deposited with the newly developed APCVD apparatus were shown to 
feature a smooth surface without embedded particles. Moreover, the gas-
phase transformation which is common in conventional APCVD injectors 
was declined to a further extent, hence reliable film quality. To protect from 
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the effect of turbulences at the substrate edges, a frame made of 3D printed 
thermoplastic was installed over the substrates. This frame enabled the 
elimination of the thick narrow films at the substrate edges. A novel solution 
to avoid oxide dust formation onto the apparatus’s inner walls was 
demonstrated, as well. A hydrophobic coating was applied onto the inner 
walls, by which the unintended oxide particle generation was prevented 
successfully. 
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5 Analytical study of the APCVD SiO2-x film 
quality 

5.1 Introduction 

Functional chemical vapor deposited (CVD) SiOx/SiO2 films have 
found numerous applications in different disciplines worldwide. By way of 
examples, as waveguides in integrated optics [1], as interlayer dielectrics and 
gate oxides in microelectronic industry such as transistor and integrated 
circuit manufacturing [2,3], as anti-reflection coatings, plated metallization 
masks, and dopant source for Si (when adding B or P) in solar cell fabrication 
[4–6], etc. This is mainly due to the ability of fine tuning the physical and 
chemical properties from inferior to virtually identical to the thermally formed 
SiO2 films e.g. by Si oxidation. For instance, wide bandgap (BG = 8.9 eV), 
high dielectric strength (DS = 107 V/cm), high thermal stability and low 
thermal conductivity (TC = 3.2×10-3 W/cm·K), variable density (ρ = 2.09 – 
2.49 g/cm3), and refractive index (n = 1.11 – 1.48) suitable for multiple 
waveguiding structures. The chemical precursors often exploited to deposit 
such characteristic films are hydrosilane compounds and organics like 
trimethylchlorosilane (TEOS). The most common CVD techniques are 
plasma enhanced CVD (PECVD), low pressure CVD (LPCVD), atmospheric 
pressure CVD (APCVD), and combustion CVD (C-CVD), as well as, atomic 
layer deposition (ALD). PECVD stands out from other techniques when 
substrate temperatures required are relatively low (down to room 
temperature) and the deposition rates are high, whereas so does LPCVD when 
conformal step coverage is essential e.g. for microelectronic devices. SiOx 
APCVD, on the other hand, is favorable when inexpensive SiOx films are 
desired with similar quality and deposition rate to the PECVD films. 
However, for quality restrictions, the utilization of pure APCVD SiOx films 
is still limited when it comes to solar cell fabrication. 

Despite the fact that there has been limited information about the 
resilience of thus-far-available APCVD SiOx films for photovoltaic (PV) 
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applications, inferior quality has been often reported for other applications as 
follows: 

1- Incorporated impurities such as hydrogen bonded groups and H2O 
molecules in the films [7]. 

2- SiOx particles adhered upon the film surface inducing rough surface 
morphology and poor step coverage conformity [8,9]. 

3- High void concentration and pin-holes are developed, hence low mass 
density, low refractive index, high etch rate, and poor electrical 
properties [7–10]. 

4- In spite of the fact that they are desired for particular applications, non-
stoichiometric films are yielded when low deposition temperatures 
(down to 400 °C) and low reactant flow rates are setup [8–10]. 

5- Residual stress (200 MPa) is induced at deposition temperatures lower 
than 300°C in the TEOS/O2/O3 regime, while thermal stress is 
developed at deposition temperature of 700 °C in the SiH4/O2 regime 
[11–14]. 

Post-treatment of the CVD SiOx films is often executed for remediation 
or functionalization purposes. This is made possible by processes such as 
annealed densification, gettering, reflow, planarization, and surface 
modification (e.g. by Si-H dangling bond introduction, graphite or 
boron/phosphor doping). For that high temperatures between 700 and 1200 
ºC are used adding up to the overall thermal budget of the APCVD process 
[7]. 

As can be noted, the properties and quality of CVD/APCVD SiOx films 
strongly depend on the deposition boundary conditions and reactant materials. 
Since it was initiated for the first time in this research, no information has 
been provided about properties of the SiO2-x films synthesized by the 
hydrolysis of SiCl4 under atmospheric conditions. It is, therefore, necessary to 
investigate the deposition characteristics so that functional oxide films can be 
produced to serve various PV applications, even wider applications e.g. optics 
and microelectronics. The aim of this investigation is to obtain variable film 
properties with the newly-developed SiO2-x APCVD system, hence multiple 
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applications. More importantly, to obtain an SiO2-x film quality aligning with 
that of thermally prepared ones e.g. prepared with other deposition 
technologies. For that, a fine tuning of the deposition boundary conditions is 
to be performed, which is quite possible for this new APCVD system, as it 
was shown in chapter 3. Films with high deposition rates and moderately high 
etch rates are, for instance, favorable when the precursor substrate is 
endurable to high annealing temperatures, while the film density can be 
tolerable and treatable (note that densities are reversely proportional to 
deposition rates). This is suitable for etchant mask applications, wherein the 
film should enable reliable protection and, on the other hand, fast etching 
process. In contrast, films formed at low deposition rates, regardless of their 
thickness, are favorable when processed samples are sensitive to high 
annealing temperatures. For that the film density should be efficiently high. 
This is suitable for electroplating mask (e.g. in SHJ solar cells) and intermetal 
dielectric applications. 

In this chapter an analytical study is carried out to trace the impacts on 
the SiO2-x film properties, namely the deposition parameters (gas flow rate, 
reactant concentration and molar ratio, and substrate temperature), as well as, 
the post-deposition treatment. Furthermore, the significance of adjusting the 
deposition parameters is exhibited for both film quality and functions. First, 
the nature of the deposited oxide film was inspected so as to assure the 
interaction yield between H2O and SiCl4 reactants. Second, the influence of 
the deposition parameters on the film deposition rate was investigated. Third, 
structural defects were traced at various film thickness and substrate surface 
topographies, by which compatibility with PV application. Forth, effects of 
variable deposition parameters on the chemical properties of the oxide film 
such as purity, atomic stoichiometry and etch rate. Fifth, influence of variable 
deposition parameters on the film optical constants such as index of 
refraction, extinction attenuation coefficient, surface roughness, and 
reflectance/ transmittance. Sixth, investigating annealing treatment impacts 
on film structure and durability, thickness, chemical properties, and optical 
properties. The wide range of deposition conditions and provides variety of 
oxide film characteristics. The calcination experiments demonstrate a 
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thorough effect on the film integrity and stoichiometry, by which it can 
withstand harsh environments such as acidic solutions. 

5.2 Inspection of the film-nature 

As an essential inspection, identification of the chemical nature of the 
SiCl4/H2O films was carried out. For that, two sets of 2×2 cm² wide and 200 
µm thick substrates were used; shiny etched Float Zone (FZ) and smooth Ge 
wafers. The FZ Si wafers were cleaned before deposition using the so-called 
Radio Corporation of America (RCA) [15]. The whole wafers were coated 
with about 150 nm thick APCVD SiO2-x films at room temperature without a 
subsequent treatment. The deposition conditions are summarized in Table 5.1. 

Table 5.1: The APCVD deposition parameters used to inspect the chemical nature of the 
silicon oxide films 

Input parameter  Value 

N2 flow rate in the H2O bubbler 2.2 l/min 

N2 flow rate in the humidity mixer 0.4 l/min 

N2 flow rate in the SiCl4 vaporizer  0.1 l/min 

Absolute humidity at the injector inlet  16 g/m3 

SiCl4 concentration at the injector inlet  200 g/m3 

APCVD system temperature  25. 2 °C 

 

First, the oxide-coated FZ Si samples were subjected to chemical composition 
analysis using Fourier transform infrared spectroscopy (FTIR) inspection. 
This experiment was performed to indicate the chemical bonds and possible 
impurities incorporated into the film volume. The tool used was VERTEX 
80v FTIR Spectrometer from Bruker supplied with OPUS software. The 
measurements were performed under vacuum at room temperature without N2 
cooling. The spectral range was from 400 to 4400 cm-1. The resolution was 
set to be between 4 and 8 cm-1, at which the relative amount of noise in the 
spectra was reduced to a further extent. This is due to the enough intensity of 
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IR light passing through the aperture and entering the detector. The number 
of iterations was set to 10. 

Second, for further proof, the oxide-coated Ge samples were subjected to 
elemental analyses by means of energy dispersive X-ray spectroscopy (EDX) 
inspection. This experiment was intended to analyze the entire volume of the 
APCVD SiO2-x film. For that a substrate material other than Si was to be 
employed. Unlike Si wafers, choosing Ge as a substrate material was 
beneficial for avoiding interference by Si atoms in the EDX spectra. 
Moreover, the film thickness of 150 nm was smaller than the penetration 
depth of the EDX electron beam. The used instrument was Bruker Quantax 
400 in a Zeiss Auriga 60 scanning electron microscope (SEM). The samples 
were positioned in the SEM chamber as though the electron beam strikes their 
surface perpendicularly, the acceleration voltage was adjusted at 5 kV, the 
working distance to the surface was 5.5 mm, and the penetration depth was 
300 nm. 

A chemical bonding configuration of an APCVD oxide film was 
obtained by the FTIR measurements. As shown in Figure 5.1, various 
absorption bands attributed to chemicals composed of Si, O and H are present 
as follows [16–18]: 

i) Si-O-Si rocking band is positioned at the wavenumber 447 cm-1, Si-O-
Si bending band is positioned at 798 cm-1, and two Si-O-Si stretching 
bonds are positioned at 1072 and 1160 cm-1.  

ii) Si-O-H bonds are positioned at 917, 3370 and 3664 cm-1. Usually these 
bonds are attributed to impurities in the silicon oxide films such as 
silanol molecules and hydroxyl (OH) groups. 

iii) No obvious H2O molecules nor Si-H groups appear in the FTIR spectra 
as shown at the wavenumbers 1678 and 2300 cm-1. The presence of 
OH groups is an initial indication of slightly non-stoichiometric 
characteristics of the silicon oxide films. The elimination of the 
parasitic OH groups and the modification of the film stoichiometry are 
investigated later in this chapter. Meanwhile, Cl bonds are not found in 
this representative spectrum. This suggests the absence of Cl groups in 
the films or they are below the IR absorption limits. 
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Figure 5.1: FTIR spectra of an inspected APCVD SiO2-x coated FZ Si wafer illustrating 

functional groups corresponding to the silicon oxide network at well-defined IR 
wavenumbers  

The EDX investigation of coated monocrystalline Ge samples resulted 
in the spectra shown in Figure 5.2. Three main elements were detected: Si, O 
and Ge, in addition to a negligible amount of C (expected from possible 
contamination when handling the samples). The presence of Ge element is an 
indication of inspecting the entire silicon oxide film cross-section. A 
calculation of the element contributions was automatically performed by the 
software provided by Bruker for quantification of measured EDX spectra. The 
mass calculation revealed, after normalization, 43.3 at % of Si, 46.5 at % of 
O and 9.8 at % of Ge. These values demonstrate that despite the high 
penetration depth of the EDX electron beam, the contribution of Ge was 
relatively small, whereas most of the detected volumes were Si and O. The 
EDX analyses provided a rough estimation of the stoichiometric degree of the 
oxide films, as well. The Si:O atomic ratio calculated from the spectra (based 
on the atomic weight of the elements) was 1:1.8. This indicates that the as-
deposited oxide films are sub-stoichiometric and therefore we explicitly used 
the formula SiO2-x to abbreviate the APCVD films throughout this research. 
However, the measuring errors of the O and Si atomic concentrations was as 
high as ± 20 %. This measurement error was, nevertheless, unaffected by the 
small amount of Ge. Annealing of the deposited film is proven, later in this 
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chapter, to improve its stoichiometry to the degree aligning with thermally 
prepared SiO2 films. For result confirmation, X-ray photoelectron 
spectroscopy (XPS) investigation for the same samples is available in the 
appendix.    
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Figure 5.2: EDX spectra demonstrating the element analyses of as-deposited 150 nm 

thick SiO2-x films prepared with the APCVD system at room temperature on smooth Ge 
samples   

5.3 Impact of deposition boundary conditions on the SiO2-x 

deposition rate 

5.3.1 Flow rate pattern and reactant concentration 

The flow rate of the gas precursors was proven to extensively influence 
their evaporation rate and concentration into the carrier gas volume, as 
represented in chapter 3. According to prior arts, this suggests to have impacts 
on the deposition rate of the APCVD SiO2-x films [10,12]. In this section the 
correlation between flow rates of both SiCl4 and H2O vapors and SiO2-x 

deposition rate was investigated so that a careful design of the flow patterns 
of the SiO2-x APCVD process can be obtained. Furthermore, the relationship 
between reactant concentrations into the active moiety mixture introduced to 
the APCVD injector and the film deposition rate was assessed. Therefore, the 
following experiments were performed. 
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First, the effect of the H2O vapor parameters on the SiO2-x deposition 
rate was investigated. For that the flow rate of the carrier gas N2 through the 
water bubbler (Qb) was varied between 0.24 to 1.41 l/min at a constant 
temperature of Tb = 26 °C. The flow rates of N2 into both the humidity mixer 
(Qm) and the SiCl4 evaporator (QSiCl4) were maintained at 1.3 l/min. The 
temperatures into the humidity mixer (Tm) and SiCl4 evaporator (Tc) were 
measured at 27 °C. A set of shiny etched FZ Si wafers with an area of 2×2 
cm2 were employed. They were cleaned by the standard HNF1 method. 
Subsequently, the wafers were coated with APCVD SiO2-x films at the gradual 
Qb values. All deposition runs were fixed at 5-min duration. Eventually, the 
thickness of the deposited films was measured and the deposition rate (DR), 
evaluated per min, was calculated. For thickness measurements Woollam M-
2000 spectral ellipsometer was used at one angle of 70° and a wavelength 
range from 250 to 2000 nm. 

Figure 5.3 (left) shows that the deposition rate of the APCVD SiO2-x 

film increases linearly with the increase of Q1
b. However, these results were 

not found enough for adjusting the deposition rate of the films as long as this 
rate changes at other bubbler temperatures at the same tested Qb values. This 
is due to the fact that the absolute humidity in the mixer (AHm) changes at 
various temperatures in the water bubbler (more details were shown in chapter 
3). Since the variation of Tb is essential in the newly developed SiO2-x APCVD 
system, the effect of the AHm change on the deposition rate was to be 
investigated. 

At the same temperatures mentioned in the previous set of experiments, 
a variation of the SiO2-x DR at variable AHm from 2 to 22 g/m3 was performed. 
For that the Qm and Qb were calibrated for every AHm value. For 
reproducibility, the deposition experiments were carried out at three different 
concentrations of the SiCl4 vapor (Kc(SiCl4)) into the relevant evaporator: 80, 
120 and 180 g/m3. The duration of all deposition runs was fixed at 6 min. The 
thickness of the deposited films was measured using ellipsometry 
measurements and the SiO2-x DRs were subsequently calculated. 

                                           
1 HNF is a cleaning method consists of the first stage of the RCA cleaning – the 
HNO3/H2O cleaning, flowed by an oxide strip using HF/H2O solution. 
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Figure 5.3: Graphs showing the APCVD SiO2-x deposition rate as a function of (left) the 
gas flow rate introduced to the water bubbler at Qm = QSiCl4 = 1.3 l/min and Tb =Tm = Tc 
= 26 °C, and of (right) the water vapor concentration into the humidity mixer at three 

gradual Kc (SiCl4) and Tb =Tm = Tc = 26 °C  

As depicted in Figure 5.3 (right), the SiO2-x DR increases with the 
increase of AHm. It is to be noted that at low Kc(SiCl4) of 80 to 120 g/m3, the 
DR curves are almost flattened after the AHm of 16 g/m3 and the increase in 
DR diminishes. Vice versa, the curve at Kc(SiCl4) of 180 g/m3 is in continuous 
increase even after AHm 22 g/m3. The interpretation of these two different 
curve behaviors is that at low Kc(SiCl4) within the working vapor mixture its 
whole volume is consumed and the H2O vapor is excessive. On the other hand, 
at large Kc(SiCl4) the increasing AHm higher than 16 g/m3 can still intermix with 
enough SiCl4 volume, wherein the mixture is in excess of SiCl4 vapor. 
Consequently, the impact of AHm overshadows the Qb impact as it allows for 
reliable fine tuning of the DR irrespective of the Qb and Tb. It is worth pointing 
out that the curve related to Kc(SiCl4) = 180 g/m3 is lower than those of small 
Kc(SiCl4) values. The reason for lower DRs at high is Kc(SiCl4) elaborated in the 
next experiments. 

Second, the effects of the SiCl4 vapor boundary-conditions on the SiO2-x 

deposition rate was systematically investigated. A set of 2×2 cm2 wide shiny 
etched FZ Si wafers were employed after cleaning by the standard HNF 
method. Qb and Qm were stabilized at 0.38 and 1.71 l/min, respectively. This 
provided an absolute humidity at the injector inlet of AHm = 4 g/m3. The 
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whole deposition system-temperature was stabilized at TAPCVD = 23 °C. QSiCl4 
was tuned between 0.02 and 2.43 l/min with a logarithmic interval.  At every 
QSiCl4 an Si sample was coated with APCVD SiO2-x film for 14 min each, and 
the Kc(SiCl4) was measured each deposition run. Ultimately, the thickness of 
the deposited films was measured by ellipsometry inspection, using Woollam 
M-2000 spectral ellipsometer at one angle of 70° and a wavelength range from 
250 to 2000 nm. 

In agreement with the finding in chapter 3, as the QSiCl4 increases, the 
SiCl4 evaporation rate (ESiCl4) increases and the Kc(SiCl4) decreases. A sharp 
Kc(SiCl4) decrease takes place at QSiCl4 less than 0.21 l/min, seen in Figure 5.4 
(left). Also shown in Figure 3.4 (left) is the SiO2-x DR correlation with both 
QSiCl4 and Kc(SiCl4). One expects that the relation between the film DR and the 
Kc(SiCl4) is linear. However, it was shown that SiO2-x DR anomalously 
increases from 4.3 to 25 nm/min at Kc(SiCl4) range from 1254.5 to 97.6 g/m3, 
which corresponds to the QSiCl4 range from 0.02 to 1.06 l/min. Thereafter, it 
was found that as the QSiCl4 increases the SiO2-x DR decreases gradually with 
the continuous decline of Kc(SiCl4).  

For better understanding, experiments to trace the reproducibility of 
this finding were carried out at various AHm values: 5, 10 and 15 g/m3. 
However, the flow rate of humid N2 at the mixer outlet Q(b+m) (or the injector 
inlet) was stabilized at 2.2 l/min. The TAPCVD system was measured at 23 °C. 
At every AHm set value the QSiCl4 was varied from 0.21 l/min up to 2.01 l/min 
with a logarithmic interval, for each the corresponding Kc(SiCl4) was measured. 
After RCA cleaning, 2×2 cm2 wide shiny etched FZ Si wafers undertaken an 
SiO2-x film coating, each for 5 min. Subsequently, the deposited film thickness 
was measured for all samples with Woollam M-2000 spectral ellipsometer at 
three different angles: 65°, 70° and 75°, each at a wavelength range from 250 
to 2000 nm. Henceforth, the relevant deposition rates were calculated and 
plotted as a function of the inverse of Kc(SiCl4) as revealed in the right graph 
of Figure 5.4. 

The findings in this set of experiments confirmed with those 
demonstrated in Figure 5.4 (left). It was shown that as the QSiCl4 increases, the 
Kc(SiCl4) decreases and the SiO2-x DR increases to maximum values 
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corresponding to QSiCl4 of 0.78 – 1.41 l/min, after which the SiO2-x DR 
diminishes to a low value corresponding to the highest QSiCl4 set: 2.21 l/min. 
The expected reason is that at QSiCl4 lower than 1 l/min the static mixer portion 
of the APCVD injector does not function sufficiently with its currently 
designed dimensions.     
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Figure 5. 4: Left: A graph showing both the Kc(SiCl4) and the DR of the APCVD SiO2-x as 
a function of the gas flow rate introduced to the SiCl4 evaporator (the continuous line is a 
guide for the eye). Right: A graph showing the DR of the APCVD SiO2-x as a function of 
the inverse of Kc(SiCl4) at three gradual AHm values (the fitting used is polynomial of the 

second degree). 

The diameter of this static mixer is fairly wide for flow rates lower than 
3.5 l/min for both gas streams, and thus the intermixing of the two gases is 
incomplete. Moreover, the low flow rate of at least one gas stream induces 
non-uniform distribution of the gas mixture over a wide surface area, usually 
designed to suit 6-inch substrates. Therefore, lower film thickness is resulted 
e.g. in the middle of the deposition chuck where the samples were practically 
positioned. In Figure 5.4 (right) it was also shown that the fitted three curves 
shift toward lower Kc(SiCl4) values (or higher QSiCl4 values) as the AHm 
increases. The maximum film deposition rates: 17.1, 20.1 and 25.3 nm/min 
were obtained at SiCl4 concentrations: 136.7, 102.8 and 85.8 g/m3, 
corresponding to AHm of 5, 10 and 15 g/m3, respectively. It was consequently 
deduced that considering the AHm and Kc(SiCl4) individually is inefficient for 
the determination of SiO2-x DRs and hence film properties. This therefore gave 
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rise to adopting the molar ratio (MR) between SiCl4 H2O reactants as an 
accurate parameter for investigating SiO2-x films. 

5.3.2 SiCl4-to-H2O molar ratio 

The influence of SiCl4-to-H2O MR within the working gas mixture on 
the SiO2-x DR was studied. For that, two sets of MR variation experiments 
were performed as follows: the SiO2-x DRs were varied at increasing Kc(SiCl4) 
values while maintaining the AHm at 5 and 15 g/m3, respectively. The 
deposition temperature was TAPCVD = 25 °C over the course of all the 
experiments. Ellipsometry measurements were carried out to gauge the film 
thicknesses using Woollam M-2000 spectral ellipsometer at three different 
angles: 65°, 70° and 75°. 

Figure 5.5 depicts two different plots representing APCVD SiO2-x DRs 
as a function of SiCl4-to-H2O MR. It is seen that as the MR increases from 
zero, the film DR increases gradually to a maximum value at MRs between 
0.57 and 1.08. Thereafter, the DR overwhelms to a low value at MRs between 
2.6 and 5.85, after which no change in the DR occurs irrespective of the 
further increase of MR. The low DRs obtained at MRs ≤ 0.57 are attributed 
to the low Kc(SiCl4) yielded at high QSiCl4 values. On the other hand, the 
reduction of DRs at MRs ≥ 1.08 are directly attributed to the extremely low 
QSiCl4 values, at which the pressure drop of the gas flow is inadequate to 
intermix the two vapors, although Kc(SiCl4) is large, as shown above. 
Furthermore, when the constant H2O volume introduced to the vapor media 
is completely consumed, the change in DR is extremely small, irrespective of 
further increase of the SiCl4 volume into the vapor media. As a matter of fact, 
the greatest APCVD SiO2-x DR was shown to be obtained at SiCl4-to-H2O 
MRs between 0.5 and 1, considering that the stoichiometric MR between 
these two reactants is 0.5 in ideal cases. See equation (5.1) in the next section. 

To summarize, the APCVD SiO2-x DR limiting factor is the SiCl4 at 
MRs ≤ 0.5, whereas it is the H2O concentration at MRs ≥ 1. Additional 
reasoning of this finding is explained by quantum chemistry in the following 
section 5.3.3.  
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Figure 5.5: A graph demonstrating the APCVD SiO2-x growth rate as a function of 
SiCl4-to-H2O molar ratio into the working gas mixture introduced to the injector at 

different AHm and Kc(SiCl4) values 

5.3.3 Substrate temperature 

The substrate temperature (Ts), or the depositon chuck-temperature 
(Tchuck), is an extreme deposition parameter when it comes to the reaction 
between SiCl4 and H2O vapors. As this reaction is exothermic and takes place 
at or below room temperature without considerable activation energy, a small 
change in the Ts should leave an impact on the SiO2-x deposition rates. 
Therefore, fine-tuning of the substrate temperature was essentially executed 
to define the APCVD SiO2-x DR. Accordingly, the correlation between Ts and 
SiO2-x DR was investigated. The Ts fine tuning was shown to possess more 
impacts on the SiO2-x film characteristics, as well. This will be shown later in 
this chapter. 

For that matter, numerous substrates made of chemically etched 2×2 
wide FZ Si wafers were exploited after RCA cleaning. The substrates were 
divided to three groups, each of which was coated with APCVD SiO2-x films 
at a distinctive MR. The substrates of each group were coated separately at Ts 
range from 278 to 323 K with an interval of 5 K. For the case of deposition 
runs conducted at temperatures higher than the room one, a hotplate was used 
to determine the Tchuck, whereas a deposition chuck cooled with a fluidized N2 
was used for deposition runs conducted at lower temperatures. The coated 
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samples were characterized by ellipsometry measurements so as to figure out 
the film thicknesses. The heating/cooling technique is not explained in this 
book. Woollam M-2000 spectral ellipsometer was used at three different 
angles: 65°, 70° and 75° and a wavelength range of 300 - 1000 nm. 

Figure 5.6 reveals three curves representing the change in the APCVD 
SiO2-x growth rate as a function of the inverse of Tchuck (or Ts) at SiCl4-to-H2O 
MRs: 0.72, 3.2 and 4.50. It was exhibited that the DR increases with the 
decrease in Tchuck. Moreover, at Tchuck ≥ 333 K no deposition occurs regardless 
of the MR set.  On the contrary, the SiO2-x DRs at Tchuck ≤ 290 K are quite high 
and increase gradually as the Tchuck approaches 273 K. The curve 
corresponding to the MR of 0.72 is higher than the other two, referring to the 
highest SiO2-x DRs. This is consistent with the previous conclusion indicating 
that at the highest SiO2-x DRs are obtained at MRs between 0.5 and 1, above 
which the greater the MR, the lower the SiO2-x DR. 

 
Figure 5.6: A logarithm of the SiO2-x DR as a function of the inverse Tchuck at three 

different SiCl4-to-H2O MRs showing a negative activation energy of around 0.86 – 1.13 
eV. The interpolation fitting is, therefore, linear.  

The interpretation of this surprising result is way much more 
complicated than appeared, explicitly. However, in the followings, we tried 
to briefly simplify this phenomenon without diving into too much chemical 
complications, since this book is a more solar cell and mechanical engineering 
directed topic than chemistry. It is to consider that our focusing area is the 
hetero-functional condensation reaction of the reactant species with the Si 



143 

surface. The gas-phase reaction is unremarkable in this research as shown in 
Chapter 4. When the SiCl4 hydrolysis reaction is complete, its theoretically 
overall enthalpy-change equals (˗ 865 kJ/mol). 

This is calculated according to the bond energies summarized in Table 5.2 
[19], making use of the equations: 

SiCl4 + 2 H2O → SiO2 + 4 HCl + thermal energy              (5.1) 

ΔH = ΔH(SiCl4) + 2 ΔH(H2O) – ΔH(SiO2) – 4 ΔH(HCl)               (5.2) 

where: 

ΔH is the total enthalpy change of the reaction (kJ/mol). 

ΔHSiCl4 and ΔHH2O are the enthalpy changes of the Si-Cl and O-H bond 
breaking. 

ΔHSiO2 and ΔHHCl enthalpy changes of the Si-O and H-Cl bond coordinating. 

Usually, the bond coordinating is suggested to be negative and the bond 
breaking is accepted to be positive. It is to be considered that the energy 
required to break a chemical bond should be at least equal to that of the bond 
between its relevant atoms.  

Table 5.2: The energy of the bonds between atoms present in equation 5.1 measured in 
kJ/mol [19] 

Chemical bond O-H Si-Cl Si-O H-Cl 

Bond energy (kJ/mol) 459 381 452 428 

 

On the basis of these results and on what is frequently accepted, it is 
realized that the condensation reaction between SiCl4 and H2O molecules that 
leads to hetero-functional phase SiO2-x, is spontaneous, yet slow, exothermic 
and thermodynamically unstable. That is why this reaction is known to be 
kinetically stable, hence kinetically controlled. On the other hand, T. Kudo et 
al. [20] estimated that it is possible to diminish the activation energy (Ea), also 
known as activation barriers, throughout all the elementary reactions by the 
coordination of further OH radicals to the reaction transition-state (the 
equations of the relevant reactions are stated in chapter 3, section 3.2). 
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Therefore, the rate of reaction (in this case is hetero-phase one) gets faster and 
thus it is converted to kinetically unstable. In other words, the more the H2O 
molecules are incorporated into the reaction steps, the more thermal energy is 
released, which is a reaction product as well. This translates to a shift of the 
SiCl4 hydrolysis reaction-equilibrium to the product side along with the 
increase of the reaction surrounding temperature. In our studied case, as the 
Ts decreases below 295 K, more H2O molecules are adsorbed to the substrate 
surface and if the Ts is below the dewpoint temperature (Tdp), extremely fine 
H2O droplets are formed on the substrates top surface. Therefore, the 
condition of additional H2O molecules is realized in both H2O condensation 
cases. As a consequence, the rate of the hetero-functional reaction increases 
gradually. On the flip side, the effect of Ts increase can be explained by the 
same interpretation, as well. As the Ts increases the H2O molecules start 
desorbing from the substrate surface until they are, at Ts of 333 K, minimized 
to a further extent could not be detected with attenuated total reflection (ATR) 
FTIR measurements. Consequently, no deposition occurs irrespective of the 
presence of SiCl4 species upon the substrate surface. This is in good 
agreement with what was proven in chapter 4 – when the terminal H2O layer 
is eliminated upon the injector inner walls, as a consequence of the 
hydrophobic coating, no hetero-phase condensation reaction takes place. 
Accordingly, the deposition rate of unintended SiO2-x drops to zero. 

In accordance with the mentioned above, the effect of the MRs, 
corresponding to the three SiO2-x DR curves shown in Figure 5.6 is well 
understood. The highest SiO2-x DR curve obtained at the lowest MR = 0.72 is 
ascribed to the more OH coordination to the Si wafer top surface, which is, in 
turn, due to more H2O molecules incorporated in the SiCl4 hydrolysis 
reaction. The higher the MR is set, the less the H2O molecules are 
incorporated in the reaction, and therefore the less the OH bonds are 
coordinated to the Si wafer top surface resulting in lower SiO2-x DRs. It is to 
be concluded as well, that the MR values mentioned in this graph are correct 
only at Ts ≤ room temperature, at which no desorption of the H2O molecules 
occurs. The higher the Ts raises, the larger the MR gets at the Si wafer top 
surface as a consequence of the H2O desorption, which is translated to lower 
SiO2-x DR. 
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It is worth pointing out that at high APCVD SiO2-x DRs, the film 
characteristics are unnecessarily sufficient, e.g. for aligning with the integrity 
of thermally prepared films. This tread-off relation between deposition rate 
and film properties are studied in the subsequent sections. 

5.4 Impact of APCVD boundary conditions on the SiO2-x 

chemical properties 

 Reactant concentrations, molar ratio and deposition temperature were 
proven to have an impact on the chemical characteristics of the APCVD  
SiO2-x films, besides the films deposition rates. In this section film chemical 
compositions, impurities, stoichiometry and etch rate were studied as a 
function of the deposition parameters.  

5.4.1 Study of the SiO2-x film composition and chemical bonds as a 
function of SiCl4-to-H2O MR 

Chemical compositions of the APCVD SiO2-x films were investigated 
at various SiCl4-to-H2O MRs by means of FTIR measurements. The MRs set 
were varied from below 0.5 to values higher than 1, by which the effect of 
different DRs was traced, as well. 2×2 cm2 wide chemically polished FZ Si 
wafers with thickness of 240 ±5 µm were utilized after RCA clean. It is to be 
noted that the higher the substrate thickness, the better the FTIR spectra 
resolution and reliability. The substrates were coated, on one side, with 
APCVD SiO2-x films at MRs range from 0.33 to 4.55 at room temperature for 
6 min, each. For that, the total flow rate of the humid N2 was maintained at 
Q(b+m) = 2.18 l/min while QSiCl4 was calibrated between 0.35 and 1.56 l/min. 
Subsequently, the film thickness of the deposited films was first assessed 
using ellipsometry measurements. Woollam M-2000 spectral ellipsometer 
was employed at one angle of 70° and the relevant wavelength range was from 
300 to 900 nm. The chemical composition of the deposited films was 
measured with FTIR using VERTEX 80v FTIR instrument from Bruker. The 
measurements were executed under vacuum at room temperature at a spectral 
range from 400 to 4400 cm-1. The stepwise measurement was 8 cm-1 and the 
number of iterations was set to 10. The measurement duration was 60s for 
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each sample. These measurements were compared with a measured sample of 
chemically polished FZ Si without APCVD SiO2-x coating (except for the few 
nanometers native oxide). The peak subtraction, between the coated samples 
and the uncoated ones, was automatically conducted by the OPUS software 
associated with the FTIR instrument. Baseline correction of the spectra was 
carried out using both OPUS and Origin 20202 software, additionally to the 
peak picking. The FTIR spectra are exhibited in Figure 5.7 and the ultimate 
measurement results are summarized in Table 5.3. 

Figure 5.7: Graphs showing magnified FTIR spectra of the APCVD SiO2-x films 
prepared at various MRs and their absorption band at (left) the wavenumber 3000 – 4000 

cm-1 and (right) the wavenumber 600 – 1400 cm-1

In Figure 5.7, the magnified spectra elucidate that Si-O, Si-OH and H-
OH bonds are present in all the deposited films irrespective of the MR set 
[16–18]. It is shown that the intensity of the absorption bands (evaluated by 
peak height and broadness) are affected by the MR, as such it possesses the 
highest value at MR = 0.5, below and higher than which the bond density in 
the film decreases. This is consistent with the findings reported in section 
5.3.2, since the bond density of a specific group translates to the concentration 
of its relevant species in the investigated film. Therefore, as the MR increases 
starting from zero, the film thickness increases to its highest value at MR of 
0.5 and decreases again at larger MRs, see Table 5.3.  

2 An Origin software is licensed for TU-Ilmenau with a Serial Number: SF8T5-6089-
7609543  
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Table 5. 3: Bond density and thickness measurements of the deposited APVD SiO2-x 

films at various MRs 

Item Unit MR = 
0.33 

MR = 
0.53 

MR = 
0.94 

MR = 
2.05 

MR = 
4.55 

Film Thickness nm 272.2 332.1 207 98.1 67.9 

Si-OH cm-1 931 931 929 926 924 

Si-OH peak 
height - 0.0154 0.0286 0.0170 0.0090 0.0074 

Si-O stretch cm-1 1076 1079 1076 1076 1075 

Si-O peak height - 0.2637 0.3869 0.2240 0.12876 0.0974 

Si-OH stretch cm-1 3467 3440 3433 3417 3409 

Si-OH peak 
height - 0.0151 0.0286 0.0127 0.0072 0.0049 

In terms of impurity no indications of Cl bonded groups are proven to 
exist. Si-Cl bonds, for instance, usually absorb at a wavenumber between 550 
and 750 cm-1 [21,22]. Meanwhile, H-Cl groups are usually present between 
2537 and 2650 cm-1, since H atoms are light and their bonds are strong e.g. 
compared to Si [23,24]. In our case of study, the OH impurities are present at 
mainly three different wavenumbers: 931, 3440 and 3655 cm-1 [16,18]. The 
MR of 0.53 resulted in the most intense Si-OH absorption band positioned at 
a wide range of wavenumbers (almost 2950 - 3850 cm-1), see Figure 5.7 (left) 
and Table 5.3.  

It was subsequently realized that OH groups are unavoidable in the 
APCVD SiO2-x films deposited at room temperature, irrespective of the MR 
value. Furthermore, the Si-OH group concentration is proportional to the film 
thickness. In chapter 6 the OH impurities are proven to induce deficiencies as 
to solar cell applications. Consequently, post-deposition treatment such as 
calcination of the deposited films is essential to be investigated (shown later 
in section 5.6). 
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In terms of APCVD SiO2-x film stoichiometry, it was revealed that the 
Si-O peaks slightly shift in the direction of low wavenumber as the MR 
increases, shown in Figure 5.7 (right). The shift of the Si-O band frequency 
to a lower wavenumber is attributed to the increase of Si atoms in the oxide 
film [25]. This, in turn, leads to a slight improvement in the oxide film 
stoichiometry. Figure 5.7 (left) reveals that the Si-OH bands shift towards 
lower wavenumbers as their relevant MR increases, which indicates that Si 
atom concentration is higher in the oxide film matter. This is due to the fact 
that Si-O bonds are weaker than those of Si-H, H-OH and Si-OH and the Si 
atomic mass (28.08 u) is higher than that of H (1 u). However, it is inefficient 
to progress the film stoichiometry by means of setting an extremely high MR 
(e.g up to 10), as the parasitic hydroxyl groups are consequently enriched in 
the oxide film, as well. This might lead to a stoichiometric SiO2 clusters 
incorporated in a void-rich SiOx film. This can be investigated by defining the 
APCVD SiO2-x optical constants. A further discussion in this regard is 
provided in section 5.5.1. 

5.4.2 Study of the APCVD SiO2-x film composition as a function of 
the deposition temperature 

It was previously shown that the Ts significantly influences the APCVD 
SiO2-x DR because of its proportional impact on the MR value. MR, in turn, 
was proven to influence the film chemical composition in the precursor 
section. This suggests that Ts possesses an impact on the film chemical 
composition, as well. In this section the effect of Ts on the APCVD SiO2-x 
film chemical bonds and stoichiometry is studied by means of FTIR 
inspection.  

For that matter, one set of the samples investigated in section 5.3.3 was 
utilized as an experiment material. The samples chosen were deposited at 
MR= 4.5 at a temperature range from 5 to 50 °C with an interval of 5 °C. One 
sample of a shiny etched 2×2 cm2 FZ Si wafer without coating was used as a 
background reference for comparison with the coated ones during FTIR 
measurements. The FTIR study of the deposited films was carried out with 
VERTEX 80v instrument from Bruker. The samples were measured using the 
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room-temperature detector and the chamber was under low pressure of about 
3 - 4 kPa. The spectral wavenumber was in the range from 400 to 4400 cm-1 
with a resolution of 8 cm-1. The individual measurement duration was set to 
60s at an iteration of 10. The baseline corrections of the spectra, subtracting 
reference data from those of the oxide film, and peak pickings were executed 
with Origin 2020 software. 

Figure 5.8: a) A graph showing the FTIR spectra of 8 APCVD SiO2-x films prepared at a 
Ts range from 5 to 50 °C, at MR of 4.5. Enlarged portions of the spectra showing the 

absorption bands at b) a wavenumber range of 900 – 1450 cm-1, c) a wavenumber range 
of 700 – 1000 cm-1, and d) a wavenumber range of 2800 – 3900 cm-1

The FTIR measurements resulted in the spectra shown in Figure 5.8. 
For clarity, the spectra were magnified to be legible enough and divided to 
three portions corresponding to three different absorption bands at various 
wavenumber ranges. Figure 5.8 revealed two distinctive chemical bonds in 
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the oxide film: Si-O and Si-OH. As to the bond densities, it is shown that they 
are inversely proportional to the Ts. This bespeaks the decrease of the whole 
bond concentrations, which is, in turn, an evidence of the decrease in the 
APCVD SiO2-x film thickness as the Ts increases. As to Si-O bonds it is 
demonstrated that their corresponding peaks were symmetrically aligned at a 
constant wave number without any shift. This holds true for their both bands 
positioned at 789 and 1076 cm-1. However, these peak positions are still far 
from those corresponding to the stoichiometric oxide. It was, therefore, 
concluded that the deposition temperature does not play any role in the 
SiO2-x film stoichiometry. On the other hand, the bands corresponding to Si-
OH groups are shown to shift to a lower wavenumber as the Ts increases. This 
shift occurs from 3435 to 3370 cm-1, as well as, from 930 to 920 cm-1, each at 
Ts range from 5 to 40. Consequently, it can be concluded that as the Ts 
increases, the Si-OH bonds are strengthened and enriched with Si atoms, yet 
the OH groups are still present in the APCVD SiO2-x films. In the following 
chapter these finding are to be confirmed by means of investigating the optical 
constants of the oxide films.  

5.5 Impacts of the APCVD boundary conditions on SiO2-x

optical properties 

5.5.1 Impact of the SiCl4-to-H2O MR on n & k 

A set of chemically etched 2×2 cm2 wide FZ Si wafers were used after 
RCA cleaning. The wafers were coated with APCVD SiO2-x films, each at a 
various SiCl4-to-H2O MR. The TAPCVD was 25 °C all over the experiments. 
The as-deposited films were characterized by ellipsometry measurements as 
to their refractive indices (n) and extinction attenuation coefficients (k). The 
tool employed was a Woollam M-1600 spectral ellipsometer. The coated 
samples were measured at one angle of 70° and the relevant wavelength range 
was from 250 to 1000 nm. Cauchy model was chosen to describe the indices 
spectrum considering the exclusion of the native SiO2 thin layer primarily 
present beneath the APCVD SiO2-x one. The results were subsequently 
compared with the thermally prepared SiO2 films [26]. The precision of the 
measured (n) values was in the range of 0.002. 
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Figure 5.9 (left) reveals that the n value (detected at the visible 
wavelength λvis = 632.8 nm) increases proportionally with the set MR. 
However, the greatest n obtained in this experiment is smaller than that of the 
thermal SiO2 films, even when the APCVD SiO2-x is prepared at extremely 
high MR of 11. As shown in Figure 5.9 (right), at MRs lower than 0.5 (e.g. 
MR = 0.3) the obtained n is quite low (n = 1.22). An abrupt increase in n value 
is induced at elevated MR to 0.5. As the MR continues to increase to MR = 
1, n value increases with a lower interval. At MRs higher than 1, an extremely 
slight change in the n value is obtained (n = 1.45 ±0.002). This suggests that 
at MRs lower than 0.5 the deposited oxide films are porous/void rich, as well 
as, non-stoichiometric since n = 1.46 for the stoichiometric SiO2. 

Figure 5.9: Left: Measured spectral refractive index spectrum of APCVD SiO2-x films 
prepared at elevated SiCl4-to-H2O MRs at room temperature in comparison with a 
thermally prepared SiO2 film. Right: Measured refractive index change of APCVD  

SiO2-x films as a function of the MR. n is detected at the visible wavelength λvis = 632.8 
nm. The inset shows a magnified part of the curve corresponding to the MR range from 

0.3 to 1.  

These findings are attributed to the chemical composition of the deposited 
oxide film; e.g. at low MR of 0.3 the Si content in the oxide film is low and 
the film is silicon poor SiOx. This is due to the low SiCl4 concentration in the 
injected gas mixture. As the MR exceeds 0.5, the Si content in the film evolves 
to values near that of the stoichiometric one. This is consistent with the 
findings in sections 5.3.2 and 5. 3. 3. The stabilization of n at MRs higher than 
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one is unclear at this phase and further investigation are to be conducted later 
in this chapter. 

An inspection of k values linked to APCVD SiO2-x films deposited at 
elevated MR is shown in Figure 5.10. Unlike the k value of the thermal SiO2 
film, which is equal to zero from 250 to 1000 nm [26], it is exhibited that the 
k of the APCVD SiO2-x films is rather larger than zero at both the ultraviolet 
(UV) wavelength (100 – 400 nm) and the visible one (400 – 700 nm). 
Moreover, it is seen that as the MR increases, the k spectrum slightly drops 
approaching zero, yet not completely, since even at high MRs (e.g. ≥ 4.48) 
there is a considerable k value restricted in the UV range. Consequently, it is 
indicated that a light absorption occurs within the oxide film throughout the 
UV wavelength.  

Figure 5.10: Measured spectral extinction coefficient of APCVD SiO2-x films prepared at 
elevated MRs at room temperature in comparison with the extinction coefficient of 

thermal SiO2 

It is expected that due to void integration and OH impurities, e.g. 
silanol groups, present in the APCVD SiO2-x film, a UV light scattering takes 
place, which exacerbates along with the decrease in MR (e.g. at 0.21). 
Besides, the silanol groups, characterized by a bandgap lower than that of 
stoichiometric SiO2 (e.g. pure silica), cause shifting of the UV edges towards 
the visible wavelength. This is another indication of the presence of OH 
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impurities in the film, which varies according to the H2O content in the gas 
mixture. See the curve difference between MR 0.21 and 4.48. 

5.5.2 Impact of the deposition temperature on n & k 

FZ Si wafers with 2×2 cm2 area were exploited after chemically etch 
and RCA clean. The samples, to be coated with APCVD SiO2-x films, were 
divided to 5 groups. Each sample group was undergone an oxide deposition 
at a constant MR. The samples in the single group were coated, each at an 
elevated temperature. The temperature range was from 0 to 50 °C with a 
logarithmic stepwise. n and k values of the as deposited oxide films were 
measured with Woollam M-1600 spectral ellipsometer at one angle of 70° and 
a wavelength range was from 250 to 1000 nm. It is worth noting that the 
characterization of the oxide films deposited at Ts lower than 10 °C was 
difficult with the ellipsometry. This is due to the fact that the structure of the 
oxide films deposited at low temperatures is quite different from those 
deposited at the room one or above. It is proven below that the films deposited 
at low Ts are characterized by high pores and granular structure leading to a 
light scattering when exposed to e.g. ellipsometer light beam. Therefore, the 
samples deposited at temperatures between 0 and 10 °C were excluded from 
the ellipsometry characterization. They were, alternatively, characterized by 
SEM. 

Figure 5.11 (left) reveals that the oxide films deposited at Ts below 12 °C are 
characterized by low n value (down to 1. 21), irrespective of the set MR value. 
Figure 5.11 (right) demonstrates that film deposited at Ts of 11.5 °C features 
a relatively high k value, not only in the UV range but also all along the 
inspected wavelength. This is an indication of light absorption due to a porous 
structure of the oxide film, wherein light scattering takes place. At lower Ts, 
at which the DR increases, it is shown that the film porosity increased. 
Consequently, extremely porous films with low density and rough surface 
morphology were obtained, demonstrated in Figure 5.12. In section 5.4.2 the 
APCVD at low Ts was proven to cause incorporation of large volume of OH 
groups, including H2O, into the film. The same effect can appear when 
cooling the substrate, as such a maximum volume of H2O molecules are 
adsorbed upon the Si surface e.g. due to extremely fine H2O droplet 
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condensation. This results in a thick film of Si-poor SiOx, hence a low-density 
film structure. H2O molecules and air are supposedly the possible candidates 
to occupy the film voids, either during deposition or after storing, which 
propose inducing partial light absorption. However, further investigation is 
required to prove this effect.  
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Figure 5.11: Left: A graph exhibiting the refractive indices of 5 groups (dedicated by a 
specific MR) of APCVD SiO2-x films prepared at elevated substrate temperatures from 
12 to 50 °C. Right: A graph exhibiting the extinction coefficients of APCVD SiO2-x 

prepared at various temperatures up to the room one 

At Ts between 14 and 35 °C the n value was increased between 1.4 and 
1.45. Surprisingly, at Ts range from 35 to 50 °C the n value increases 
drastically to almost 1.59 at high MRs of 3 and 5. Meanwhile, the films 
deposited at MRs of 1.5 or below, feature almost a stable n value irrespective 
of the tuned Ts. This unnecessarily reflects a high oxide film stoichiometry 
e.g. when n = 1.59. It was found in section 5.4.2 that the APCVD SiO2-x film
stoichiometry is unchangeable, irrespective of the deposition temperature (in
the studied range from 5 to 50 °C). Moreover, the SiO2-x films include a
considerable amount of hydroxyl groups and the vibration of Si-O bond
frequency was at 1076 cm-1, which is higher than that of the stoichiometric
SiO2 (1067 cm-1). Another proof of the non-stoichiometry of high-n APCVD
SiO2-x is shown in chapter 6, wherein films featuring (n = 1.66) as-deposited
at MRs of 10 to 20 permitted texturization of the underlying Si surface.
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Figure 5.12: SEM images of SiO2-x films deposited onto shiny etched FZ Si wafers at 
5 °C (left) and 14 °C (right) exhibiting a granular, rough and porous structure 

5.6 Impacts of post-deposition annealing on the APCVD 
SiO2-x integrity 

On the bases of the above, it was found that the newly developed 
APCVD SiO2-x films can range from far non-stoichiometric to near-
stoichiometric. However, a completely stoichiometric film featuring O:Si 
atomic ration of 2:1 has been so far difficult without annealing. The OH group 
content was unavoidable despite the high MR adopted and the resulting n and 
k values. This gave rise to the thermal treatment of the post-deposited films 
as a solution to avoid the OH groups’ incorporation. In the following sections 
the impact of film calcination on the chemical and optical properties of the 
APCVD SiO2-x was investigated. 

5.6.1 Annealing impact on the APCVD SiO2-x chemical 
composition 

In order to investigate the annealing impact on the chemical 
composition of the APCVD SiO2-x films, FTIR study was carried out. For that, 
4 sample groups made of 2×2 cm2 wide 200 µm thick shiny etched FZ Si 
wafers were exploited. Each group contained 6 samples. All sample groups 
were cut from the same 6-inch wafer precursor after RCA clean. Each sample 
group was coated with an APCVD SiO2-x film during one run so that the same 
film thickness was obtained all over the 6 samples. The deposition conditions 

 2.0 kV 5.5 mm 40.0KX SE(U)     1 µm  2.0 kV 5.2 mm 50.0KX SE(U)     1 µm 
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were as follows: MR = 1.74, TAPCVD = 32.6 °C, and a deposition duration of 
10 min. An additional sample from the same Si wafer precursor was left 
without coating to be used as a reference background for the FTIR 
measurements. Subsequently, 5 samples from each group were annealed in 
ambient air for 5 min, each at a various temperature using a hotplate. The 
temperature range was from 200 to 600 °C with a stepwise of 100 °C. One 
sample from each group was left without annealing so as to be used 
comparison reference. Ultimately, each sample group was FTIR inspected all 
at once using the sample holder of the wheel kind. This wheel holder 
(available in VERTEX 80v FTIR spectrometer version provided by Bruker) 
permits mounting 7 samples to be measured successively without the need to 
break the vacuum for individual measurements. The baseline correction of the 
resulting spectra and subtraction of reference data from those of the APCVD 
SiO2-x film, and peak determinations were conducted using Origin 2020 
software. The aforementioned process was performed for all 4 sample groups. 
The resulting FTIR spectra were identical, thus we chose one of the group 
measurements for result visualizations. 

It was found that the calcination process flattens the curve of impurity 
presence in the APCVD SiO2-x films, irrespective of the deposition boundary 
conditions. Demonstrated in Figure 5.13 (right), the Si-OH transmittance 
bands at 916 cm-1 were completely removed at an annealing temperature (Ta) 
of ≥ 500 °C for 5 min. It is to note that at temperatures ≤ 200 °C a minor 
influence on the film composition was obtained. Meanwhile, the effective 
temperature range was from 300 to 600 °C. Looking at the bands’ shift, it is 
observed that the Si-O stretching bands shifts from the wavenumber 1076 cm-

1 to a lower wavenumber of 1069 cm-1 (near the stoichiometric) after 
annealing at 600 °C [16,17]. Moreover, the full width at half maximum 
(FWHM) (or represented by the broadness of the peak) of these peaks are 
higher than that of the unannealed film, hence denser Si-O bonds per oxide 
volume. The weak Si-O bending band, on the other hand, shifts from 796 cm-

1 to a higher wavenumber of 812 cm-1 after annealing at 600°C. This indicates 
that more Si is incorporated in the film and the film is Si-rich silicon oxide
[25]. Figure 5.13 (left) reveals that the OH group concentration in the film 
declines along with the raise of calcination temperature. However, these 
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impurities were not eliminated in the film completely. Furthermore, residual 
H-O-H bonds or free H2O molecules remained in the film, as well.
Elimination of the H-O-H bonds in the oxide film was, therefore, further
strived. Calcination of APCVD SiO2-x films at 600 °C was conducted for three
gradual durations: 5, 10 and 15 min, and the samples were subsequently
compared with unannealed one using FTIR investigation.

Figure 5.13: Graphs depicting enlarged and baseline corrected FTIR spectra of APCVD 
SiO2-x films without and with calcination for 5 min at various temperature range from 
200 to 600 °C, as well as, their respective absorption band at (left) the wavenumber 

3000 – 4000 cm-1 and (right) the wavenumber 600 – 1400 cm-1 

Figure 5.14 demonstrates that the longer the calcination lasts, the lower 
the intensity of Si-OH and H-OH bonds in the oxide volume – e.g. the 
annealing duration of 15 min at 600°C removed nearly all the Si-OH bonds 
and reduced the free H-OH bonds to a further extent. A negligible portion of 
H-OH bonds was shown to remain unchanged in the oxide film irrespective
of the calcination time. Further investigation of the activation energy of
calcination is still required. In chapter 6 this extremely small amount of H-
OH bonds is proven to possess no impact on the film applications in the solar
cell manufacture. Surprisingly, the oxide film annealed at 200 °C was shown
to improve the film resilience so that it stands electroplating currents used for
metallizing SHJ solar cells (the reader is referred to chapter 6 for detailed
information).
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Figure 5.14: a) A graph showing FTIR spectra of APCVD SiO2-x films annealed at 600 
°C for three various durations: 5, 10, and 15 min, in comparison with an unannealed 
sample. Enlarged portions of the spectra shown in a) at the wavenumbers: b) 2850 – 

3750 cm-1, c) 1000 – 1300 cm-1 and d) 700 – 1000 cm-1 

It is important to note that the calcination process induced a shrinkage 
of the APCVD SiO2-x film, which is remarked by the reduction of the 
absorption band intensities (or gauged by lowering the peak height) along 
with the annealing temperature and time, see Figures: 5.13 and 5.14. This is 
attributed to the release of OH groups from the films. The association of film 
shrinkage with calcination is an evidence of the low density of the as-
deposited APCVD SiO2-x film. However, it is inadequate to completely 
associate the shrinkage with densification of the film after annealing, as 
shown in the next section. The band corresponding to the samples annealed 
for 10 min (Figure 5.14) is abnormally higher than the others (accidently 
occurred during deposition) because the related as-deposited film thickness 
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was larger than the other inspected films, thus more bonds are detected by the 
IR spectra.  

It is worth noting EDX measurements revealed that annealing the 
coated Ge samples prepared in section 5.2 at 300°C for 1 min progressed the 
Si:O atomic ratio from 1:1.8 to1:1.93.   

5.6.2 Annealing impact on the APCVD SiO2-x etch rate  

The effect of calcination on film resistivity against etchants was traced. 
2×2 cm² wide shiny etched and RCA-cleaned FZ Si wafers were coated with 
about 160 nm thick APCVD SiO2-x films. The oxide coated samples were 
divided into three sets; the first, second and third sets were annealed for 5, 10 
and 15 min, respectively. The samples of each set were annealed at elevated 
temperatures from 100 to 600 °C, each by 100 °C stepwise. The annealing 
was executed in ambient air on a hotplate. For each set, one sample was left 
without annealing so as to be compared with the annealed samples. The 
unannealed and annealed samples were subjected to etching in 1 wt% 
hydrofluoric acid (HF) solution for 10s, after measuring the coating film 
thickness by means of ellipsometry. Subsequently, the film thickness was 
measured after etching with ellipsometry, and thus the wet etch rate (ER) was, 
ultimately, calculated. Woollam M-1600 spectral ellipsometer was employed 
using one angle of 70 and the inspected wavelength was from 250 to 1000 
nm. 

Figure 5.15 revealed that the APCVD SiO2-x ER gradually decreases 
along with the increase of Ta to a temperature between 300 and 400 °C. Wet 
ER of the unannealed films is measured between 1.63 to 1.68 nm/s, whereas 
it is reduced to 0.1 nm/s of the annealed samples at 300 °C for 15 min. 
Surprisingly, wet ER increases again for samples annealed at the temperatures 
500 and 600 °C. The high Ta, ranging from 500 to 600 °C, appears to not 
induce proper stability of the APCVD SiO2-x films against wet ER. However, 
due to the high error bars of the plot, there might be a decrease in the wet ER 
and therefore further investigations are recommended. If wet APCVD SiO2-x 

ER increase cannot be explained by film densification, there are other reasons 
overshadowing the calcination effect. The following explanation of the 500 – 
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600 °C effect could be an option. A. Theil et al. [16] found that the Si–O 
stretching bands positioned at low wave numbers, corresponding to Si-rich 
SiOx, are combined with strained bonds, or so-called dangling bonds. This, in 
turn, goes hand in hand with a tensile stress characterizing the oxide film. 
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Figure 5.15: A graph demonstrating the etch rate of APCVD SiO2-x films with and 

without annealing for various durations as a function of the annealing temperature. The 
continuous line is a guide for the eye. The error bars show large standard deviations 

range of 0.6 – 1.3 (calculated for the square root values).   

In this case of research, the annealing process, at temperatures above 500 °C, 
results in a shift of the stretching Si–O band toward lower wavenumbers, in 
combination with reduction in bond intensity. Consequently, the APCVD 
SiO2-x converts to Si-rich kind (shown in Figures 5.13 and 5.14). This film 
characteristic is similar to that found by H. G. Tompkins and A. Theil. This 
suggests that the reason of the APCVD SiO2-x film deficiencies is the 
mechanical stress developed due to disorder in the Si–O networks, which 
appears at high calcination temperatures. The high calcination temperature 
results in releasing nearly the whole hydroxyl groups leaving Si–O dangling 
bonds, hence, vacancies or perhaps nano-cracks in the oxide film structure. 
This in turn causes sub-densification of the film, hence a tensile stress. Since 
the presence of Si–H bonds in these films is below the detection limit and 
uncounted, the vacancies, after annealing, remain empty which would 
promote fast ER in wet HF, and even worse, possible poor electrical 
properties. This suggests that the newly developed APCVD SiO2-x films do 
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not play a passivation role for the Si surface. However, it is worth 
investigating the possibilities of extending these films by the function of 
interface passivation and dopant sources for Si. Further investigations to trace 
the film behavior after storage, e.g. in ambient air and humid environment, as 
well as, the film electrical properties are still worthy.  

Another evidence of the aforementioned film deficiency at high 
calcination temperature is displayed on the basis of optical constants in the 
following section. 

5.6.3 Annealing impact on the APCVD SiO2-x optical properties 

Annealing the APCVD SiO2-x films was found to diminish the film 
volume in combination with inadequate densification. In order to evaluate this 
effect, a systematic study of thickness change and optical constants of the 
newly developed oxide films was conducted. The APCVD SiO2-x coated 
samples previously used for etch rate evaluation were inspected before 
annealing, after annealing, and after etching in 1 wet% HF solution. 
Ellipsometry was used to measure the thickness (tSiO2-x) and n value of the 
oxide films. Subsequently the reduction in the APCVD SiO2-x film thickness 
(ΔtSiO2-x) after annealing was calculated and plotted in Figure 5.16 as a 
function of Ta, as well as, the corresponding n values were summarized in 
Table 5.4. It is demonstrated in Figure 5.16 that the ΔtSiO2-x increases gradually 
with the increase of Ta, which is consistent with the findings in section 5.6.1. 
It is, as well, demonstrated that the annealing duration causes a minor impact 
on the ΔtSiO2-x at Ta ≤ 300 °C. On the other hand, at Ta between 400 and 600 °C 
the duration impact is more obvious, wherein the longer the annealing 
duration, the larger the ΔtSiO2-x. 
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Figure 5.16: A graph elucidating the shrinkage of the APCVD SiO2-x film thickness after 
annealing for three various durations: 5, 10 and 15 min as a function of the annealing 
temperature. The straight lines are guides for the eye. The error bars demonstrate an 

average standard deviation of 2.5 (calculated for the square root values).   

 

Table 5.4: n values of the APCVD SiO2-x films measured before and after annealing at 
elevated Ta for two different durations: 5 and 15 min. The first two decimals are the 

considerable ones.  

n value 5 min annealing  15 min annealing 

Ta As-
deposited 

After 
anneal 

After wet 
HF 

As-
deposited 

After 
anneal 

After wet 
HF 

100 °C 1.441 1.440 1.440 1.443 1.442 1.441 

200 °C 1.442 1.443 1.440 1.441 1.437 1.439 

300 °C 1.441 1.442 1.445 1.443 1.441 1.442 

400 °C 1.443 1.440 1.445 1.441 1.437 1.444 

500 °C 1.444 1.446 1.442 1.439 1.450 1.442 

600 °C 1.443 1.427 1.436 1.443 1.428 1.433 

 

At first glance, it is presumed that the more the APCVD SiO2-x film 
shrinks under calcination, the more compact it has, and hence it possesses 
higher ρSiO2-x and n values. This, in turn, translates to tensile stress built up in 
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the oxide film. This assumption is in accordance with the findings in section 
5.6.2, wherein films annealed e.g. at 600 °C display higher ERs, which is 
attributed to vacancies integrated in the film, reflecting low SiO2-x density 
(ρSiO2-x). Despite it is frequently accepted that SiO2 film density (ρSiO2) and its 
n value are proportionally linearly correlated [27], there has been, thus far, no 
proper account proving similar effect as to APCVD oxides prepared with the 
hydrolysis of SiCl4. In the following discussion the relationship between n 
and ρSiO2-x values is to be realized with the assistance of n value after wet 
etching in HF solution.  

Table 5.4 exhibits that at Ta ≤ 400 °C there is a slight difference in n 
values before and after annealing; nevertheless, it is still lower after annealing 
in most of the experiments. On the other hand, n values considerably differ 
before and after annealing at Ta = 500 and 600 °C. Annealing the oxide film 
at 500 °C is shown to anomalously increase the n value with about Δn = 0.01. 
In contrast, annealing at 600 °C for 5 and 15 min is shown to again decrease 
the n value, each with about Δn = – 0.016. The terms minus and plus are used 
for distinguishing between the increase and decrease in n values. 

The latest observation evidences that in spite of film shrinkage, the 
ρSiO2-x decreases after annealing at 600 °C, which agree with the finding in the 
previous sections. The high n values measured before annealing are ascribed 
to SiO2-x enriched with Si atoms. However, this oxide features low ρSiO2-x due 
to impurities and voids, opposing what is known in ref 24. That is why n 
values after etching are larger than those before, which proposes Si-related 
clusters engaged in the film. After annealing, the hydroxyl/water impurities 
are diffused through the film bulk and released to the ambience. 
Consequently, tensile stress is built up at high Ta such as 600°C inducing 
enlargement of the original voids, hence lower n values, illustrated in Figure 
5.17. The tensile stress in the oxide film causes a compressive stress in the 
top Si substrate boosting the potential of cracks in the oxide coating or in 
severe cases film delamination. The response of the film at Ta of 500 °C 
requires more investigations. Further inspection to prove this analysis is 
recommended by means of other characterization methods than FTIR and 
ellipsometry.  
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Figure 5.17: Schematic drawing of left: a porous APCVD SiO2-x film right after 
deposition and right: the tensile and compressive stress between the porous APCVD 

SiO2-x film shown left and the underlying Si wafer surface after annealing at e.g. 600 °C 

5.7 Investigation of structural defects in the APCVD SiO2-x 

films 

The APCVD SiO2-x films inferiority, specifically when it comes to solar 
cell applications, can be caused by cracks, porous structure/voids, low break 
through voltage, non-uniform thickness, high impurities, instability against 
alloy diffusion, dust formation, etc. In the following sections, an investigation 
is carried out so as to set up the appropriate boundary conditions and post-
deposition treatment that would ultimately lead to a reliable film integrity. 

5.7.1 Impact of deposition boundary conditions on the film 
structure 

In this experiment APCVD SiO2 films were prepared at severe 
boundary conditions such as high DR = 140 nm/min and AHm = 28 g/m3, 
corresponding to low SiCl4-to-H2O MR = 0.3, and relatively low Ts of 17.5 
°C. The resulting film thickness was in the range from 600 to 900 nm. The 
effect of these conditions on the film structure was investigated before and 
after annealing at Ta = 300 – 400 °C for 1 min on a hotplate in ambient air. In 
order to examine the film characteristics on top of various surface-structures, 
they were deposited onto two different sets of substrates, which are to be 
exploited later in the fabrication of various solar cell kinds: 
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i) shiny etched 2×2 cm² wide FZ Si wafers after RCA clean, 
ii) alkaline-textured and ITO coated 2×2 cm² wide FZ Si wafers. 

The films underwent an SEM inspection before and after annealing using 
Bruker Quantax 400 in a Zeiss Auriga 60 tool. The SEM acceleration voltage 
was adjusted at 5 kV and the working distance to the surface was in the range 
from 4.9 to 5.2 mm. 

Figures 5.18a) and b) demonstrate that the oxide films as-deposited 
onto both substrates feature a granular surface and a porous structure (similar 
to the so-called bread-loafing). This is ascribed to the evaporation of H2O 
molecules from the film inducing shrinkage and hence a tensile stress in the 
film. The film structures shown in Figure 5.18 indicate a low ρSiO2-x. It is worth 
mentioning that measuring the n value of the film shown in Figure 5.18 was 
not possible with ellipsometry because of light scattering within the film. 
Figures 5.18c) and d) demonstrate the oxide films shown in a) and b) after 
annealing at 400 °C. It is shown that both films crack and delaminate, 
irrespective of the substrate surface morphology. This observation confirms 
the findings in section 5.6.3, as such the oxide film with poor optical 
properties is more susceptible to damage by tensile stress. Depending on the 
porosity degree and the volume of hydroxyl groups in the as-deposited film, 
the tensile stress developed from annealing induces breaking the film, 
propagating the existing cracks, and pealing-off the film from the substrate 
surface. In chapter 6 it is shown that films deposited at lower MR abruptly 
crack and fall-off when annealing even at 100 °C. 

5.7.2 Impact of the film thickness and substrate surface structure 
on the film durability 

In this section deposition boundary conditions, known to produce 
APCVD SiO2-x film properties aligning those of the thermal SiO2, were 
adopted. SiCl4-to-H2O MR adjusted at 1, meanwhile, TAPCVD and Ts were 
maintained at room temperature all over the experiments. Two sample sets 
were exploited in order to investigate possible structural defects in the 
APCVD SiO2-x films and their integrity. 
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Figure 5.18: a) and b): SEM images illustrating inferiorly porous APCVD SiO2-x films 
prepared at a low MR of 0.3 and Ta of 17.5 °C, and applied upon shiny etched FZ Si 
wafer (a: cross section) and alkaline textured and ITO coated Si wafers (b: tilted top 

view), respectively. c) and d): SEM images illustrating the APCVD SiO2-x films shown 
in a) and b) after annealing at 300 – 400 °C for 1 min, respectively. Delamination and 

cracks are formed in the films coating the planar Si surface, as well as, the pyramid sides 
and valleys. 

In the first set, an experiment was performed to investigate the 
influence of the film thickness on its microstructure and the interface with the 
Si wafer surface characterized by almost atomic planarity. For that, a range of 
80 to 800 nm thick APCVD SiO2-x films were deposited onto chemically 
etched FZ Si wafers with an area of 2×2 cm² after RCA cleaning. In the second 
sample set experiments were carried out to check the film durability and 
conformity upon different surface structures, hence its compatibility with 
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various PV applications. Three sets of 2×2 cm² large samples to be 
investigated were:  

i) alkaline textured mono-crystalline Si wafers  
ii) alkaline textured and SiNx coated mono-crystalline Si wafers  
iii) alkaline textured and ITO coated mono-crystalline Si wafers 

The three sample sets were coated with about 115 - 130 nm thick 
APCVD SiO2-x films. Owing to the fact that the newly developed APCVD 
reactor permits mounting 6-inch large substrates, one wafer from each sample 
set was placed in the APCVD apparatus and all three wafers were coated 
simultaneously during one run. The samples were subsequently inspected 
with SEM adjusting the acceleration voltage between 5 and 6 kV and the 
working distance from 4.8 to 5.2 mm. The film thickness and optical constants 
were measured with a Woollam M-2000 spectral ellipsometer. The 
measurements were conducted at three various angles of 65, 70 and 75° and 
a relevant wavelength range from 300 to 900 nm. These experiments and their 
associating investigations are published in the “Thin Solid Films” journal 
[28]. 

The experiment results are demonstrated in Figure 5.19. In the first 
experiment set, where the change in film thickness was traced, dense APCVD 
SiO2-x films without cracks or pores are shown onto the wafers irrespective of 
their thicknesses. The Si surface is coated with the as-deposited SiO2-x 
intimately without gaps. Moreover, as shown in Figure 5.19a, b, c, the top 
surface of the SiO2-x films is shown to be smooth without adhered SiO2-x 
contaminants and without oxide dust lying on the surface, opposing 
conventional APCVD techniques [8,9]. As shown in Figure 5.19d, e, and f, 
the APCVD SiO2-x films were deposited conformally on the substrates 
irrespective of their surface-morphology and underlying materials. The 
random pyramids of i) the alkaline textured, ii) the textured and SiNx coated 
iii) and the textured and ITO coated samples were conformally and uniformly 
coated with the APCVD SiO2-x film. No voids or cracks are observed in the 
SiO2-x film, as compared to the ITO layer underneath, shown in Figure 5.19f.   
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Figure 5.19: SEM images of APCVD SiO2-x films deposited on various surface 

structures of FZ Si wafers exhibiting a) top view with 10º tilted angle of 220 nm thick 
film b) and c) 10º tilted top view and cross section of 595 nm thick film, respectively. 
Images d to f show cross section of about 115-130 nm thick APCVD SiOx films grown 

conformally on d) an alkaline textured mono-crystalline FZ Si wafer, e) an alkaline 
textured and SiNx coated mono-crystalline Si wafer, f) and an alkaline textured and ITO 
coated mono-crystalline Si wafer, respectively. The bright line between the Si and SiOx 
in d) is attributed to charging effect by the SEM beam. The yellow dashed line in e) is to 

a guide for the eye to distinguish between the SiO2-x and SiNx layers. 

In terms of stability after annealing, the post-deposited SiO2-x films 
shown in Figure 5.19, numerous tests were executed at different temperatures 
and durations, depending on the future application of the relevant film. The 
experiments were conducted using a hot plate and a ceramic shielded furnace. 
The annealing experiments proved the followings: 

- The films deposited on textured and ITO coated Si wafers withstand 
annealing temperature of 250 °C for 2 hours. The films remain compact 
and intimate with the ITO surface.  

- The films deposited on textured and SiNx coated Si wafers are stable 
against annealing at 870 °C for 4 sec, as well as, at 400 °C for 30 min. 
No peel-off or cracks were shown in the film.  
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- The films deposited on shiny etched FZ wafers stand annealing in a 
furnace at 900 °C for 7 hours. The film structure and adherence to the 
wafer remained the same as before annealing. 

It is to note that the APCVD SiO2-x films mildly shrink after annealing 
(see Figure 5.16), however their performance is proven to suit all investigated 
applications presented in chapter 6. This is an indication of resilience 
improvement of the APCVD SiO2-x films after annealing and nonviolent 
impact of the mechanical stress created during annealing.  It is to note, as well, 
that the annealing durations used for PV applications are way much less than 
the examined ones in this experiment. 

5.8 Summary 

An analytical study of the APCVD SiO2-x film growth rate and 
properties was carried out. The nature of the oxide film deposited under 
atmospheric conditions utilizing SiCl4 and H2O chemical precursors was 
inspected. It was shown that the films are silicon oxide characterized by 
stoichiometry lower than that of the thermal SiO2 films. The Si:O atomic ratio 
of the film was measured to be 1:1.8 without calcination. However, after 
calcination the Si:O atomic ratio was measured to be at least 1:1.93. The as-
deposited oxide film, was therefore considered near stoichiometric and thus 
named as SiO2-x throughout this research. The impact of deposition boundary 
conditions, namely: gas flow rate, reactant concentration, molar ratio, and 
substrate temperature, on the film growth rate was investigated. It was shown 
that the film deposition rate is proportional to the flow rate of H2O vapor, 
whereas it demonstrated an increase followed by decrease when it comes to 
SiCl4 vapor flow rate. This behavior is ascribed to reduction in the SiCl4 
molecule concentration into the gas stream featuring flow rates higher than 1 
l/min. On the other hand, the low deposition rate resulted at flow rates lower 
than 1 l/min is attributed to incomplete intermixing of the two gas precursors. 
SiCl4-to-H2O molar ration was found to be a comprehensively reliable 
parameter for the investigation of film deposition rate and functional 
properties. The film deposition rate was found to increase to its greatest value 
at molar ratios of 0.5 – 1.0, higher than which the deposition rate shows 
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reduction again. The substrate temperature was found to have a significant 
effect on the deposition rate, as though they are inversely proportional. In 
terms of chemical properties of the APCVD SiO2-x film, it was proven that the 
higher the SiCl4-to-H2O molar ratio, the lower the hydroxyl groups’ 
concentration in the film. However, their presence is unavoidable in the as-
deposited films. Furthermore, the oxide films deposited at high SiCl4-to-H2O 
molar ratios demonstrated a minor improvement in the stoichiometric degree. 
As to the impact of substrate temperature on the film chemical properties, it 
was found that as the annealing temperature increases, the silanol bonds are 
densified in the film and enriched with Si atoms. Meanwhile, the 
stoichiometric degree does not show any improvement independent on the 
substrate temperature. In terms of optical properties of the APCVD SiO2-x 

film, it was shown that at room temperature the film refractive index increases 
gradually with the increase in SiCl4-to-H2O molar ratio. However, at molar 
ratios higher than 1, no further increase occurs in the film refractive index. 
The substrate temperature on the other hand was found to influence the film 
refractive index, thoroughly. The lower the substrate temperature below the 
room one, the lower the film refractive index and the higher the extinction 
coefficient, and vice versa, the higher the substrate temperature above the 
room one, the higher the film refractive index and the lower the extinction 
coefficient. Post-deposited annealing of the APCVD SiO2-x films was found 
to remedy their resilience. The hydroxyl groups were minimized to a further 
extent at annealing temperature of 600 °C for 15 min. The film stoichiometry 
was improved to such an extent that it aligned that of the thermal SiO2 films, 
yet not completely identical. It was also found that that the etch rate of the 
APCVD SiO2-x film in 1wt% HF decreases with the increase of annealing 
temperature and time. Nevertheless, at temperatures higher than 400 °C the 
film etch rate exhibited increase again. It was proven that the film annealing 
at 600 °C causes a tensile stress in the film which, in turn, results in a high 
etch rate, low film density and refractive index. The film refractive index after 
etching was shown to increase in comparison with that after annealing. Lastly, 
the film structure demonstrated inferior characteristics when deposited at low 
temperature and SiCl4-to-H2O molar ratio and, even worse, the deposited 
films were endurable of annealing treatment. Contrary to that, the APCVD 
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SiO2-x films prepared at molar ratios higher than 0.5 exhibited a sufficient 
durability and resilience against annealing treatment even at temperatures of 
900 °C. 
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6 Applications of the APCVD SiO2-x films in PV 
fabrication  

6.1 Introduction 

The manufacture of silicon solar cells usually includes numerous 
processes that necessitate a high amount of chemicals and high energy 
consumption as well as vacuum tools. By way of examples: Si surface 
texturization, plated metallization associated with applying insulating layers 
to enable local plating, and plated metallization after local laser ablation of 
passivating layers. 

Conventional c-Si texturization is, due to immersing completely in 
texturing solutions, executed on both Si wafer sides. Subsequently, polish 
etching of the wafer rear side is performed to remove most of the texture, 
which is often accompanied with the removal of unintended diffused emitters. 
Partial planarizing of the rear side is an essential step to enhance the open 
circuit voltage when mono-facial solar cells are to be fabricated. The wet 
polishing process is performed with a mixture of hydrofluoric acid (HF), nitric 
acid (HNO3) along with either sulfuric acid (H2SO4) or potassium hydroxide 
(KOH) solutions, using inline polishing systems [1,2]. That results in etching 
of about 10-12 μm of the textured silicon surface. A faster process is the single 
side texturing performed in inline tools, thereby the wafers are mounted in a 
way that only their bottom face is in touch with an adjusted level of the etching 
solutions of HF, HNO3 and acetic acid (CH3COOH) solutions [3]. Other 
authors developed a dry technique for single side texturing with the so-called 
plasma-less atmospheric pressure dry texturing [4]. Another approach was 
investigated by coating the Si back side, either with SiO2 shield grown by 
means of oxidizing its top surface or with SiNx layers prepared by means of 
plasma enhance chemical vapor deposition (PECVD) technology [5–7]. 

Silicon heterojunction (SHJ) solar cells metallized by electroplating, as 
an alternative to screen printing, is currently of great interest [8,9]. For that 
matter, numerous processing sequences were investigated. For instance, by 
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depositing a valve metal (characterized by self-passivating surface) like Al 
onto the transparent conduction oxide (TCO) layer of a SHJ solar cell. A grid 
pattern is then defined by printing a seed layer of e.g. Ag, which is plated later 
with Cu. Ultimately, the valve metal layer is etched off in a wet-chemical 
solution leaving the intended grid pattern and exposing the TCO layer in-
between [10]. Another way is to screen-print a large area organic mask, 
excluding a grid pattern, on top of the TCO layer, followed by plating the 
open grid area and subsequently stripping the organic mask [11]. In order to 
save organic materials and avoid their disposal or recycling in large amount, 
another approach was developed to screen-print a grid pattern of organic 
materials in the shape of the final electrode [12]. The whole cell surface is 
then coated with a dielectric layer of e.g. PECVD SiOx and eventually broken 
selectively in the patterned area which exposes the TCO surface to the plating 
electrolyte.  

Kaneka cooperation developed a low silver consumption process for 
electroplating grid electrodes on top of SHJ solar cells [13,14]. Instead of 
applying an organic grid they replaced it by screen-printing a seed grid of Ag 
and then coat the cell surface with PECVD SiOx plating mask, which is broken 
later selectively on top of the Ag seed, onto which a local plating is permitted. 
The advantage of this plating solution is that sputtering and subsequent 
etching of the sputtered valve metal used in ref. 10 is avoided. Moreover, the 
removal of the large-area organic mask and its related post-treatment are 
avoided, as well. Consequently, there is no need for using evacuated physical 
vapor deposition (PVD) tools nor to use dilute alkaline and acidic solutions. 
This approach, however, possesses a disadvantage of a considerable contact 
resistance between the TCO and finger lines because of the binders included 
in the low-temperature cure Ag paste that form the seed grid. 

Passivated emitter and rear contact solar cells (PERC), recently raised 
as the dominant technology in the solar cell industry [8,15,16]. The standard 
technique to metallize such cells is screen-printing of an Ag paste on top of 
the passivation layer and then annealing the cell in order the metals (at the top 
and the back sides) to spike through and create an ohmic contact with the 
silicon substrate. The passivation layer employed is basically made of 
PECVD SiNx which is utilized as an anti-reflection coating (ARC) of the cell, 
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as well. Numerous processing sequences were intended to metalize the PERC 
solar cells with electroplating techniques making use of the SiNx layer as a 
plating mask. This, however, collided with a major obstacle preventing the 
electroplating technology from wide distribution, namely parasitic plating (i. 
e. unintended plating) in the grid-free area. The parasitic plating on PERC 
solar cells is caused by different factors over the course of fabrication steps. 
S. Braun et al. [17] reported three significant mechanisms of parasitic plating 
generation in the SiNx:H coated grid-free regions: 

i) Insufficient texturing and hence resulting mechanical stress induce 
remained saw damage and 3D cracks in the pyramid valleys, thereby 
emitters exposed to the wet plating solution. 

ii) Impurities remaining on the post-textured wafer surface such as 
residual Si nano/micro-fragments, therefore they act, after the emitter 
diffusion, as seeds for later metal plating. This was proven by indicating 
incomplete coverage of the emitter region with the nitride layer, where 
these residues are in contact with the wet plating solution. 

iii) Non-uniformly deposited nitride layers end up with about 200 nm 
uncoated spots of the emitter, explicitly on the pyramid sides. This is 
attributed to possible contamination on the emitter surface, by what 
defects such as interruptions in the deposited nitride layer are present. 

Some processing schemes can be adopted to avoid parasitic plating on 
the SiNx ARC passivation layer. For instance, by avoiding the primary causes 
mentioned in ref. 17 or by retaining the native SiO2, resulting after opening 
the grid pattern, on both emitter and nitride defects. That is in order to 
eliminate the plating through the SiNx pinholes without ruining the 
subsequent plating [18]. Some other approaches are explained in [19,20], 
taking into account that parasitic plating may occur as a consequence of 
handling issues e.g. during cell fabrication unintentional scratches on the 
ARC may appear resulting in randomly uncovered emitter, and thereby 
unintended plating in the grid-free region. 

In this chapter we introduce the newly developed APCVD SiO2-x film 
as a cost-effective option to overcome the above-mentioned solar cell 
fabrication-restrictions. A first application is to utilize the APCVD SiO2-x film 



178 

as a texturing barrier, by which the high deposition temperatures and vacuum 
tools are avoided, meanwhile, the anti-etchant effect of the layers mentioned 
in ref. 5-7 are maintained. In a second application, the APCVD SiO2-x films 
are attempted to act as a plating mask for SHJ solar cells with the assistance 
of self-developed organic paste that serves as a grid pattern, similar to ref. 12. 
A third APCVD SiO2-x film application is to act as a plating mask of SHJ solar 
cells with the assistance of Ag seed grid, similar to ref. 13, 14. A fourth 
application is to utilize the APCVD SiO2-x film as a protection form parasitic 
plating on PERC solar cells. A fifth application is to eliminate parasitic plating 
onto standard bifacial solar cells by exploiting the APCVD SiO2-x films as a 
dielectric shield. 

Theses application experiments and results were published in the 
journal ‘Thin Solid Films’ in September 2020 [21] and at the European PV 
Solar Energy Conference and Exhibition held in September 2019 [22,23]. 

6.2 APCVD SiO2-x masking film for single-side texturing 
of c-Si wafers 

Four-inch p-type chemically polished and {100} oriented FZ c-Si 
wafers with a thickness of 200 μm were employed. SiO2-x films were 
deposited on one side of the wafers with a thickness of 180 -190 nm. The 
other side of the wafers, that is intended to be textured, was left without 
coating. Since it was proven in chapter 5 that the APCVD SiO2-x film 
resilience can be improved after calcination at 300° C for 1 min, the coated 
samples were subjected to annealing treatment on a hot plate in ambient air. 
After calcination the coated samples were immersed in the texturing solution. 
it was an alkaline aqueous solution prepared from KOH with a concentration 
of 1.5 wt% intermixed with 0.5 wt% of the organic additive Ultra 1228 
provided by Innovative Chemie für Industrie und Umwelt in Berlin. This 
additive was essential for obtaining random pyramids during texturing. The 
aqueous solution was first heated at 80 °C on a hot plate and homogenized 
continuously with a magnetic stirrer driven by a rotating magnet inside the 
hot plate. The samples were subsequently processed in the solution for 6 min 
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and, after texturing, were rinsed in deionized (DI) water to remove texture 
contamination, as possible. The process sequence is illustrated in Figure 6.1.  

The textured samples were eventually characterized in order to assess 
the process as to shielding performance of the oxide film on the rear side and 
its stability against the texturing solution, as well as, texture quality and light 
trapping of the wafer front side. For that, the following tools were exploited: 
i) a Woollam M-2000 ellipsometer, ii) a Zeiss Auriga 60 scanning electron 
microscopy (SEM), iii) a confocal microscope of the kind 3D-Laser 
Microscope LEXT OLS4000 form Olympus, iv) and a hemispherical 
reflectance tool of the kind Lambda UV/Vis/NIR Spectrophotometer from 
Perkin Elmer, furnished with an integrating sphere. The as textured samples 
were measured at three different angles: 65, 70 and 75° under the 
ellipsometry. The wavelength inspected was in the range from 300 to 900 nm. 
As to SEM measurements, 5 kV acceleration voltage and 7.7 - 8 mm working 
distance were adjusted. The inspected wavelength of the hemispherical 
reflectance was in the range from 300 to 1000 nm. 

 
Figure 6.1: A pictorial representation of the conventional c-Si wafer texturing process in 

comparison with the newly developed process sequence utilizing APCVD SiO2-x film 
applied on one side as protective shield from texturing etchants 

SEM inspections shown in Figure 6.2 demonstrate that the rear side of 
the c-Si wafer (shown left) is completely protected from texturing etchants. 
No random pyramids are observed and the APCVD SiO2-x coating is as 
smooth and compact as before texturing. On the other hand, the wafer’s front 
side (shown right) is textured with the intended random pyramids featuring a 
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height of 2-3 µm. No oxide residuals are observed between or on the 
pyramids. 

  Figure 6.2: SEM images of a textured sample showing (left): a dense APCVD SiO2-x 

protecting the rear side from texturing efficiently without any pyramids and (right): an 
unprotected front side of the same wafer with random pyramids and an absence of SiO2-x 

residuals 

Due to exposure to the texturing solution the oxide film was partially 
etched. The ellipsometry measurements performed on the oxide coated side 
of the wafer, before and after texturing, depicted that the annealed 180 nm 
thick APCVD SiOx film was diminished to 80 nm after 6 min of texturing. 
100 nm of the film was etched uniformly, yet the remaining 80 nm thick film 
was enough to protect Si rear side from texturing completely. Meanwhile, the 
uncoated wafer side was uniformly textured. Figure 6.3 left exhibits a 
macroscopic demonstration of the film protection resilience, as well as, the 
texturing uniformity, which are evident by the reflected and non-reflected 
picture on the sample upper sides, respectively. 

Wrap-around of the SiOx coating was inspected with a confocal 
microscopy all over the textured side of the Si wafers. As seen in Figure 6.3 
(right), there is a narrow wrap-around of APCVD SiO2-x on the outermost 
edge of the wafer textured side. However, most of the inspected surface is 
uniformly textured without APCVD SiO2-x coating. The wrap-around was 
proven to be declined to 30 µm for all sample edges. This suggests a 
negligible influence on subsequent solar cell fabrication. Owing to the tight 
arrangement of sample holder-sample the deposition was shown to occur 

 5.0kV 7.7mm  x1.10k    SE(M)  50 μm  5.0kV 8.0mm x11.0k    SE(U)    5 μm 
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explicitly on the upper side of the wafer. Only a narrow wrap-around layer 
was present on the bottom side. In chapter 4 it was shown that this influence 
disappears when mounting a frame made of plastic around 6-inch wafers. 
However, since it was difficult to manufacture small frames suitable for 2 × 
2 cm2 wide samples or smaller, they were coated without using any protective 
frame. 

    
Figure 6.3: Left: Photos taken of the rear and front sides of a chemically polished FZ c-
Si wafer after 6-min alkaline texturing at 80 °C showing a smooth SiO2-x coated rear side 
(left) and uniform texturing on the front side (right). Right: An optical microscope image 

of a sample front side after texturing. A uniform texture is shown except for the 
outermost edge, which is coated with APCVD SiO2-x suppressing the texture in a width 

of 31 µm. 

An investigation of the performance of the single-side textured wafer 
was compared with a double-side textured FZ Si reference wafer. For that 
matter, a hemispherical reflectance was measured on both sides of a sample 
textured with the assistance of APCVD SiO2-x coating. For comparison, the 
hemispherical measurement was performed on the double-side textured 
reference prepared by conventional texturing, as well. As to assessment of the 
APCVD SiO2-x optical performance, it was compared with a simulated SiO2 

coated wafer back side. The simulation was performed using the transfer 
matrix method [24]. The simulation was performed assuming that the oxide 

film upon the c-Si wafer was 84 nm thick and its relevant refractive index and 
extinction coefficient were chosen the same as those of the thermal SiO2 film 
[25]. 

20 mm 
31 µm Si textured 

surface 

100 µm 

Mag 20x 
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Figure 6.4 depicts that in the wavelength range from 300 to 1000 nm 
the reflectance curve of the APCVD SiO2-x on the rear side of the Si wafer 
was identical with the simulated one. When it comes to the textured side, it I 
shown that the reflectance curve of the single-side textured sample is in good 
match with that of the double-side textured reference. Consequently, the 
performance of the single-side textured wafer was proven to be similar to that 
of the conventional double-side textured wafers in the measured wavelength.  

 
Figure 6.4: Hemispherical reflectance measurements of i) the front and rear side of an 

APCVD SiO2-x coated FZ Si wafer and textured on one side ii) and the double-side 
textured reference FZ Si wafer. The calculated reflectance of a smooth Si wafer coated 

with 84 nm thick thermal SiO2 film is also demonstrated. 

An important step of this texturing approach was the removal of the 
deposited film from the Si surface, by which further processing of the rear 
side are possible. Etching of the film was, therefore, performed in 1 wt% HF 
solution. The measured etch rate of the SiO2-x films after annealing at 300 °C 
for 1 min was measured to be 1 nm/s, thus etching of 84 nm thick film lasted 
for about 1.5 min. 

In another investigation the annealing temperature of the APCVD  
SiO2-x films was varied in accordance with the protection against texturing. 
About 90 nm thick oxide films were deposited on shiny etched FZ Si wafers 
of 2 × 2 cm2 width after Radio Corporation of America cleaning. The 
deposition took place at room temperature and the SiCl4-to-H2O molar ratio 



183 

(MR) was about 0.52. The samples were, subsequently, annealed on a hot 
plate in ambient air, each for 9 min. The annealing temperatures were in the 
range from 160 to 320 °C with an interval of 20 °C. Ultimately, the samples 
underwent a texturing process at 80 ° C for 6 min following the same 
procedure mentioned above. Table 6.1 displays that all of the annealed films 
were unaffected by the texturing process. The sample annealed at 200 °C 
failed by accident as the samples annealed at temperatures lower and higher 
than 200 °C protected the Si surface sufficiently. The oxide coated surfaces 
remained smooth as before texturing. It was concluded that annealing the 
APCVD SiO2-x films at relatively low temperature of 160 °C for 9 min was 
sufficient to protect from texturing etchants. Further investigation is 
recommended to check the lowest temperature and shortest annealing 
duration, at which the APCVD SiO2-x film withstand the texturing process. 

Table 6.1: Variation of the annealing temperature of the APCVD SiO2-x films and their 
impact on the stability against texturing in KOH based solution for 6 min at 80 °C 

 Sample     
1 

Sample 
2 

Sample 
3 

Sample 
4 

Sample 
5 

Sample 
6 

Sample 
7 

Sample 
8 

Sample 
9 

Temperature 
(°C) 

160 180 200 220 240 260 280 300 320 

Film thickness 
(nm) 

90 90 90 90 90 90 90 90 90 

Protected area 
(%) 

100 100 60 100 100 100 100 100 100 

 

6.3 APCVD SiO2-x mask for plated metallization of SHJ 
solar cells 

6.3.1 Plated metallization using a polymer grid pattern  

The low investments of the metallization scheme shown in ref. 12 could be 
further reduced by means of proposing the newly developed APCVD SiO2-x 

film as an alternative of the well-known high-cost PECVD SiOx. As a proof 
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of concept, a group of samples to be investigated were 2 × 2 cm² large alkaline 
textured SHJ solar cell precursors provided with a full-area Ag rear side 
metallization prepared by PVD. Figure 6.5 illustrates a schematic drawing of 
this process sequence as follows: 

i) The experiments start with SHJ precursors of alkaline textured and 75 
nm thick ITO coated c-Si wafers on both sides, optionally with or 
without metallized rear side. 

Screen-printing of a polymer paste made of ethyl cellulose in the shape of the 
contact grid upon the front side of the cells. This is followed by drying the 
paste at 50 °C for 1 min on a hot plate in ambient atmosphere. The viscosity 
of the paste was fine tuned in order to permit sufficient masking of the ITO 
surface against the subsequent APCVD SiO2-x film and to realize an optimally 
defined print image.  

 
Figure 6.5: A schematic drawing of the process sequence for preparing of light-induced 

plated (LIP) SHJ solar cell front side metallization on ITO 

  
ii) Depositing of about 90 – 100 nm thick APCVD SiO2-x film all over the 

paste-patterned front side. This mask should feature an intact structure 
in the grid-free area, which is addressed by adjusting an MR of 0.5 – 1. 

iii) Annealing the mask printed and oxide coated sample at ≤ 200 ºC for 1 
minute. This step is significant for evaporating the solvents from the 
paste inducing a shrinkage of the polymer finger and consequently 
breaking the oxide film on top, as shown in Figure 6.6. After the oxide 
film breaks sufficiently selectively in the grid area, stripping of the 
polymer paste is performed in an ultrasonic bath of action for 10 min at 
a temperature of 50 – 80 °C. Ultimately, the samples are rinsed in 
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isopropanol followed by DI water so as to remove any paste residuals 
and SiO2-x flakes. 

iv) Light-induced plating [26] of a metal stack comprises Ni (at 50 °C), Cu 
and Ag (at room temperature) in the open area of the SiO2-x plating 
mask. The Ni is deposited as a seed layer of 150 nm in thickness to 
promote the adherence of the Cu layer onto the ITO surface [27]. 
Subsequently, a 10 µm thick layer of Cu is electroplated for efficient 
electrical conductivity of the grid electrode.  This is followed by plating 
a capping layer of 200 nm thick Ag for protecting the Cu from 
oxidation.  

 

 

 

Figure 6.6: A pictorial cross-section of an ink finger screen-printed on the SHJ solar cell 
front side and coated with an APCVD SiO2-x film. Left: Before annealing. Right: after 

annealing for 1 min at 200 C°. The back side of the cell is not represented in this 
drawing. 

For characterization, a confocal scanning microscope of the LEXT 
OLS4000 3D-Laser kind was used to examine the printed polymer paste and 
the LIP of finger lines. An SEM of Zeiss Auriga 60 equipped with energy-
dispersive X-ray spectroscopy (EDX) from Bruker Quantax 400 was used to 
inspect the oxide films during the process steps, as well as, the plated finger 
lines. EDX instrument was employed to analyze the paste residuals on the 
ITO surface after opening the finger lines. A Hewlett Packard flatbed scanner 
was exploited for the macroscopic scanning and assessment of the plated 
samples, as a whole. Eventually, in order to evaluate the adhesion of the plated 
metallization on ITO surface, a 3M tape test was conducted. The SEM 
acceleration voltage was 5 kV and the working distance was in the range 5 – 
5.4 mm while the EDX acceleration voltage and working distance were 5 – 7 
kV and 5.6 – 5.7 mm, respectively. 
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6.3.1.1 Investigation of the polymer mask  

Different features of the polymer paste are required. One is a high 
aspect ratio, i. e. high and thin fingers. A finger width < 50 μm is preferred 
because this will form the openings for the subsequent plating process. A 
sufficient height of the fingers improves the subsequent stripping in solvents 
and ensures that the pyramid tips are not covered by the deposited APCVD 
SiO2-x. The polymer fingers must, therefore, be higher than 3 μm to cover the 
pyramid tips and to provide enough bulk material to crack the APCVD  
SiO2-x film deposited on top. The paste should feature a high thixotropic 
behavior in order to avoid fingers wider than the screen openings. 
Furthermore, the viscosity of the paste should be high enough in order to 
prevent spreading of the fingers once they are printed which leads to low and 
wide fingers, eventually. The reason for the spreading is the low surface 
tension of the paste on the ITO. This maximizes the contact area between the 
surfaces. An increase of the paste’s surface energy leads to decreased 
spreading. On the other hand, the printed paste should be continuous without 
interruptions and therefore the paste with extremely high thixotropic behavior 
and viscosity is unfavorable. The most important requirement for the printed 
fingers is the possibility to be lifted off after coating with APCVD SiO2-x 
films, which is a challenge. Recyclability of the paste is another goal.   

Figure 6.7 shows optical microscope images of the ethyl cellulose-
based polymer fingers screen-printed on alkaline textured and ITO-coated 
front side of SHJ solar cells. The polymer fingers feature different behaviors 
and paste properties: 

a) A finger with spread edges and a width of 166 µm printed with a screen 
opening of 80 µm. The reason for that is the low thixotropic behavior 
of the utilized paste that does not recover after the removal of pressure 
applied by the screen. Moreover, the spread edges of the printed finger 
are attributed to relatively low viscosity. 

b) A 1 – 2 µm high and 110 µm wide finger line insufficient for masking 
the textured and ITO coated surface against the subsequent APCVD 
SiO2-x film as pyramid tips are uncoated. This finger is shown later to 
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induce difficult opening of the finger as a consequence of incomplete 
stripping of the oxide film on top. 

c) A 1 – 2 μm high finger with a width of 135 μm because of extensive 
spreading of the paste on the ITO surface. The reason for the 
observation in Figure 6.7b, c, is the use of a paste with a too low 
viscosity.  

d) A polymer finger line screen-printed on ITO coated surface with 
interruptions all along. This is due to a paste with too high thixotropic 
behavior. 

      

      
Figure 6.7: Confocal microscope images showing the topography of screen-printed ethyl 

cellulose-based polymer fingers on the front side of SHJ solar cell precursors. a) Low-
thixotropic-behavior paste resulting in 166 µm wide finger, b) A polymer finger lower 

than 2 µm, c) A low-viscosity paste resulting in subsequent spreading over a wide area of 
135 µm, d) An extremely high-viscosity paste developing finger interruptions, e) A fine 
polymer finger of 45 µm in width suitable for masking the ITO surface against SiO2-x 

film, and f) 3D image representing the adequate height of the finger line in image e). 

c) a) b) 

d) e) f) 

123 µm 

166 µm 

45 µm 

12 µm 
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e) A finger line screen-printed from a paste with properly high viscosity 
and thixotropic behavior, delivered a finger width of 45 μm, only 5 μm 
wider than the opening of the screen. 

A three dimensional (3D) optical microscopic image taken of the finger 
in Figure 6.7, e demonstrating a 12 μm high finger enough for protecting the 
ITO surface from the oxide layer. Low spreading and no finger disruptions 
were found. Even after several days of storing printed sample under 
atmospheric conditions, the finger profile had not changed, which is attributed 
to the paste with high thixotropic behavior and viscosity.   

6.3.1.2 Microstructure of the APCVD SiO2-x film  

An inspection of the APCVD SiO2-x film in the grid-free area was 
performed to check its conformity and integrity after annealing the polymer 
mask-coated SHJ precursors. The oxide plating mask to protect from 
electroplating should fulfill numerous characteristics. The masks were 
investigated in terms of i) appropriate thickness, ii) dense and compact 
structure, iii) intimate adherence to the ITO coated textured surface, iv) 
stability against annealing and alkaline/acidic solutions, v) and sufficient 
breakthrough voltage, known to characterize the SiO2 films. The variation of 
APCVD SiO2-x breakthrough voltage is not systematically investigated in this 
research. However, its efficient values are indicated by the stability of the 
films against subsequent electroplating voltage. 

It was proven in chapter 5 that the SiO2-x deposition rate (DR) 
(associated with the SiCl4-to-H2O MR) possesses a significant impact on the 
film quality. An important film quality is to feature high electrical properties. 
The microstructure of the SiO2-x film reflects information about its electrical 
properties, e.g. when the film is porous and incorporates pinholes, its 
breakthrough voltage is assumed to be low, and thus a parasitic plating in the 
grid-free area is induced. The DR of SiO2-x films applied on polymer grid-
masked 2 × 2 cm2 large SHJ samples was varied between 15 to 100 nm/min, 
and the film structure was subsequently inspected. The film thickness was 
also investigated in order to figure out the lowest thickness appropriate for 
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protecting from parasitic plating. An SEM study was performed after 
annealing the oxide-coated samples at 200 °C for 1 min. 

It was found that for SiO2-x DRs > 70 nm/min, the film structure is 
granular with a rough surface. After annealing, the film was stripped from the 
ITO top surface, seen in Figure 6.8a. It was often observed that the rough 
APCVD SiO2-x film features low adherence to rough surfaces such as ITO. 
This suggests that the SiO2-x clusters, obtained at high deposition rates, are far 
larger than the ITO grain size and thus does not fill its superficial pores, see 
Figure 6.8b. Consequently, the SiO2-x film adherence to the ITO surface is 
inadequate and, after annealing or during electroplating, it peels-off. This is 
found to cause parasitic plating later in section 6.3.1.4. 

    

 

 

 

 

 

 

   

 

 

 

 

 

 

Figure 6.8: SEM images of alkaline textured and ITO coated SHJ solar cells front side 
showing (left) a cross-sectional view of an inferiorly thick APCVD SiO2-x coating 

prepared at DR > 70 nm/min and peeled off at the pyramid velly after annealig at 200 °C, 
and (right) a Si pyramid coated with rough ITO and, on top, a agranular APCVD SiO2-x 

film peeled-off after annealing at 200 °C 

In the SEM study, where the film thickness was investigated, APCVD 
SiO2-x films thinner than 70 nm revealed pinholes with 10 – 40 nm in width, 
see Figure 6.9 left. These pinholes permit the electrolyte to spike through the 
SiO2-x and rich the ITO surface. Furthermore, it was found that when the  
SiO2-x film is too thin and non-uniform, the pyramid tips are not protected 
enough from the electrolyte and susceptible to a high plating voltage. This 
hints that the smallest thickness forming a protective APCVD SiO2-x mask 
from plating electrolytes should be larger than 70 nm. 
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      Figure 6.9: SEM images of alkaline textured and ITO coated SHJ solar cell front side 
exhibiting (left) a pyramid side coated with ≤ 70 nm thick SiO2-x film containing through-
pinholes, and (right) a cross section of  a pyramid coated with SiO2-x film non-uniformly 

at the sides and too thin at the tip 

  

Figure 6.10: SEM image of alkaline textured and ITO coated SHJ solar cell front side 
showing a cross-sectional view of a dense APCVD SiO2-x film prepared at 

DR ≤ 30 nm/min and remained intact and intimate with the underlying ITO layer 
after annealing at 200 °C 

Figure 6.10 shows an SEM image of a cross section of an about 90 nm thick 
SiO2-x film deposited on top of an alkaline textured and ITO coated SHJ solar 
cell front side. The film was deposited at a DR of 50 nm/min at room 
temperature. It can be seen that the APCVD SiO2-x film is smooth and dense 
without pores, pinholes or cracks as opposed to the underlaying ITO layer 
which is relatively rough and granular. The SiO2-x film was shown to coat the 
rough ITO layer uniformly and conformally without gaps and to remain 
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resilient before and after annealing. The pyramid tips are well coated with the 
SiO2-x film and thus the ITO layer underneath is protected from the alkaline 
plating solutions. 

6.3.1.3 Structure of the APCVD SiO2-x mask after polymer mask stripping 

In this section stripping of the finger lines was investigated and the 
APCVD SiO2-x mask structure was assessed, accordingly. The samples shown 
in Figure 6.7 were coated with APCVD SiO2-x films and annealed at 200 °C 
for 1 min. Subsequently, the samples were subjected to a stripping process in 
an acetone path as explained previously. The developed samples were 
inspected under the laser confocal microscope LEXT OLS4000, as well as, 
with a Lumix digital camera from Panasonic in order to check the quality of 
the open finger lines. Figure 6.11a reveals that the polymer paste stripping is 
insufficient and the SiO2-x films partially coat the pyramids. This is attributed 
to screen-printing of polymer finger lines (1 – 2 µm) lower than the pyramid 
heights prior to the oxide deposition.  As a consequence, stripping of the 
polymer paste is difficult and the finger lines are incompletely open.  

   

Figure 6.11: Laser confocal microscopic images of deficiently opened finger lines 
resulted from a) a screen-printed polymer finger lower than the pyramids’ height, b) a 

cracked finger edges due to spreading of low-viscosity paste, and c) interruptions in the 
screen-printed polymer finger due to its high viscosity and thixotropic behavior 

The residual polymer and oxide fragments are shown later to obstruct 
metal plating in the open fingers. Figure 6.11b reveals cracked finger edges, 
apart from the reasonable stripping in the middle. This consequence is 
attributed to the spreading of the polymer paste after screen-printing, which 

a) b) c) 
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is due to the use of low paste viscosity. The spread paste at the screen-printed 
edges causes masking the pyramids partially. After deposition the SiO2-x film 
coats the pyramid tips and intermixes with the thin paste at the finger edges. 
When the samples are annealed, the pyramids at the finger edge remain 
covered with a mixture of oxide flaks and polymer contamination. The finger 
edges are, therefore, not well opened similar to the case when screen-printing 
low polymer fingers. Figure 6.11c reveals interruptions in the finger line after 
stripping. This is ascribed to the original interruptions of the screen-printed 
polymer paste due to extremely high paste viscosity and thixotropic behavior. 
After deposition, the interruptions in the polymer fingers are coated with  
SiO2-x layers and become difficult to lift-off.  

  
Figure 6.12: Left: A Photo of an APCVD SiO2-x plating mask upon a SHJ solar cell 
front side after polymer lifting-off showing open fingers and bus bar. Right: a laser 

confocal microscopic image taken for the sample in (left) illustrating well defined and 
sufficiently open finger and bus bar 

As for printed polymer finger-lines with sufficient height e.g. the 12 
µm high fingers shown in Figure 6.7e, f, the SiO2-x was completely impeded 
from reaching the ITO surface underneath. Annealing the samples facilitated 
cracking of the SiO2-x film on top and thus enabled stripping of the polymer 
finger line adequately. A photo of the resulting SiO2-x plating mask on front 
side of a SHJ solar cell is shown in Figure 6.12 (left). Owing to the eliminated 
spreading obtained with the sufficiently viscous polymer paste, the edges of 
the finger openings in the SiO2-x mask were well defined, see Figure 6.12 

25 mm 

1.5 mm 

SiO2-x mask  

Exposed ITO finger lines 
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(right).   The width of the openings was nearly the same as that of the screen-
printed polymer finger, i. e. about 45 μm. 

SEM and EDX investigations (with an electron-beam diameter of 400 
nm and a penetration depth of 300 nm) were performed in the open finger 
lines in the SiO2-x mask to inspect the stripping quality and the ITO surface 
validation for subsequent metal plating. Figure 6.13 revealed the elements 
present in three open finger lines of three developed samples. The numbers in 
the EDX spectrum indicate the mass fraction of the elements detected. The 
inspected spots on the ITO surface are shown in the SEM images placed in 
the spectrum background. It was found that when the pyramids are 
insufficiently covered with the polymer mask, e.g. due to paste spreading, 
SiO2-x fragments are deposited to the ITO surface, see figure 6.13a. When the 
polymer paste is inadequately lifted-off and the open finger lines are 
insufficiently cleaned with the solvent, polymer agglomerants remain on the 
ITO surface, see Figure 6.13b. In the case of well masking with the polymer 
paste and subsequently efficient stripping, the open finger was shown to be 
free of both oxide particles and polymer agglomerants. However, about 1.52 
wt% carbon was detected in the EDX spectra, indicating that the paste was 
not completely removed, see Figure 6.13c. 

It is worth mentioning that in the EDX spectra there were other 
elements indicated: In, O and Si, as well. This is attributed to the large 
penetration depth (300 nm) of the SEM electron beam and since the ITO 
thickness was about 75 nm, Si is also visible. The Sn content in the ITO layer 
was below the detection limit of EDX. 
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Figure 6.13: EDX spectrums and SEM images (in the background) of the ITO layer in 
the open area of the SiO2-x mask after polymer stripping showing a) SiO2-x fragments 

adhered to the ITO surface, b) polymer residuals adhered to the ITO surface, and c) ITO 
surface free of polymer agglomerants due to fairly stripped paste, with remaining 

negligible contamination. The Si presence in this spectrum is detected from below the 
ITO layer as the penetration depth of the electron beam is larger than the ITO thickness. 
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6.3.1.4 Performance of the SiO2-x plating mask 

It was found that when low-quality APCVD SiO2-x mask is applied on 
the SHJ solar cell front side, no protection against the plating electrolyte (in 
this case alkaline solution) is provided. Consequently, not only does the 
plating take place in the open finger lines, but also in the grid-free area of the 
cell front side. Figure 6.14 exhibits an inefficiently plated front side of a SHJ 
solar cell full with parasitic plating. Part of the cell was not plated so as to 
clearly distinguish the parasitic plating of Ni. This influence can be attributed 
to many reasons, as previously mentioned, such as pores, peel off, and 
pinholes developed in the SiO2-x films, besides the low resistivity against 
alkaline/acidic plating solutions. 

  
Figure 6.14: L eft: A photo of inefficiently plated SHJ solar cell front side showing 

severe parasitic plating with Ni in the grid-free area. Right: A SEM  image taken for the 
plated cell shown left exhibiting parasitic Ni grains deposited on the pyramid tips, edges 

and sides, in an area coated an area coated with infirior SiO2-x 

It was also found that when extremely fine pinholes are present in thin 
films, a severe parasitic plating can take place in the grid-free area. A focused 
ion beam (FIB) was performed with the SEM tool to inspect the origin of 
metal grains grown on top of the SiO2-x films. 40 slices were set vertically 
with a step of 50 nm to scan a Ni grain on a pyramid side. Figure 6.15 
demonstrates a Ni grain grown on top of 50 nm thick SiO2-x film coating the 
ITO layer. The Figure on the right is an enlarged area of the left figure where 
a metal root is observed. It was found that the parasitic Ni plating on SiO2-x 
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films starts from a fine root of 10 – 40 nm in width and expand in 3 
dimensional directions to form a large grain of a few micrometres. The 
origination of grain root is ascribed to fine pinholes in SiO2-x film when they 
are thinner than 70 nm, as previously mentioned. The longer the plating 
process takes place, the larger the parasitic metal grains become, and hence 
the more the shading of the SHJ solar cell front side. 

In the experiments where the quality of polymer finger stripping was 
investigated, the samples were subsequently metalized by means of LIP of Ni. 
In case of samples developed after applying a low-viscosity polymer mask, it 
was found that LIP does not take place all over the pyramid sides. Exhibited 
in Figure 6.16 left, one can see the pyramid tips free of LIP Ni. This is due to 
the coating of the tips with APCVD SiO2-x layers, which is, in turn, because 
the polymer mask was thinner than the pyramids’ height. Figure 6.16 right, 
reveals a simultaneous demonstration of incomplete Ni plating on the 
pyramids in the open finger line, as a consequence of contamination with both 
oxide fragments and residual polymer agglomerates. As a result, SiO2-x flakes 
intermix with the Ni layer. The pyramid sides are not perfectly developed and 
this, in turn, causes interruptions and voids/impurities in the plated finger. 

 

 
 

 

Figure 6.15: An SEM images of a Ni grain grown on a pyramid side coated with ITO 
and 50 nm thick SiO2-x on top after FIB slicing. The image on the right is an enlarged 
slice area where the root of the Ni grain appears to stick out from the SiO2-x thin film. 
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Figure 6.16: SEM images of LIP Ni on ITO coated pyramids after stripping the polymer 

mask in the regions where (left) the high pyramids are coated with the APCVD SiO2-x 

layers at the tips and no LIP Ni is occurred, and (right) the polymer mask is 
incompletely stripped and the pyramid sides are contaminated with fall-off SiO2-x 

fragments. Interruptions in the LIP Ni layer are shown.  

This leads to a high contact resistivity of the metallized grid and, even 
worse, the adherence of the LIP Ni fingers diminishes because of the intermix 
with the SiO2-x fragments imbedded on the ITO surface, as well as with the 
polymer residuals. 

Other LIP experiments were performed for the samples where the 
polymer mask was stripped completely and no contaminants were present on 
the pyramids in the open finger lines. Theses samples were coated with about 
90 nm thick SiO2-x film completely covering the ITO in the non-grid area of 
the SHJ solar cell front side. The SiO2-x films were shown to adhere 
conformally and durably on the rough ITO surface, as well as, to be dense 
enough for protecting the underlying ITO from unintended plating. Figure 
6.17 shows a scan (left), using A Hewlett Packard flatbed scanner, and an 
SEM image (right) of a 90 nm thick APCVD SiO2-x film on an alkaline 
textured and ITO-coated front side of a 2 × 2 cm2 large SHJ solar cell after 
LIP of Ni, Cu and Ag. It is obviously shown that there is neither parasitic 
plating in the non-grid area nor interruptions in the plated finger lines. 

SiO2-x 

 SiO2-x  Polymer 

  5.0kV  5.2mm  13:77KX  InLens      1 µm   5.0kV  5.2mm  6208X    InLens         5 µm 
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Figure 6.17: Left: Scan of the front side of a 2 × 2 cm² wide SHJ solar cell 

demonstrating an entire absence of parasitic plating in the grid-free area after applying 
local polymer and full-area SiO2-x masks followed by 1 min annealing at 190 ºC and 
electroplating of Ni, Cu and Ag stack metals. Right: SEM image taken for the cell 

shown left demonstrating an entire absence of metal grains on the pyramids coated with 
90 nm dense SiO2-x 

The openings obtained after lifting off the screen-printed polymer 
fingers were about 40 – 45 µm wide, whereas the plated finger widths were 
larger in the range of 50 - 55 µm. This difference in finger width before and 
after plating is ascribed to the growth mechanism of the plated metal. In this 
plating approach, there are no barriers to restrict the metal growth to a 
direction perpendicular to the solar cell surface. Instead, a growth in 3-
dimensional directions is induced. The SiO2-x coated pyramids shown in the 
right image are completely clear without deposited metal grains or remarks of 
broken oxide mask.  

In an additional experiment, a 3M tape test was performed to examine 
the adherence of the LIP finger lines to the ITO layer. Thanks to the thin 
anchor layer of Ni, the stacked-metal fingers did not peel off. This indicates 
that the small quantity of residual contaminants as detected by EDX causes a 
negligible effect on the adherence and structure of the plated metallization in 
the locally exposed ITO layer. 

Illuminated I-V measurements were conducted to investigate the 
processed cells’ performance. See Figure 6.18. In this proof-of-concept 
experiment the best efficiency obtained was about 12 % as accounted in 
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Table 6.2. However, reaching the state-of-the art efficiency depends on 
simultaneously numerous factors to consider such as the rheology properties 
of the used polymer ink, width of the screen-printed Ag fingers, edge 
recombination of the cut cell precursors, and functionality on 6-inch 
precursors. Apart from the APCVD SiO2-x quality, the loss in Voc shown in 
Table 6.2 is attributed to edge recombination since the cells were not isolated 
prior to the electroplating. The loss in Isc is attributed to relatively wide and 
low height (about 1 μm) of the finger lines, due to which shading and high 
electric resistance contributed to the reduction of the processed SHJ cell 
efficiencies. 
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Figure 6.18: I-V curve of an electroplated front side of SHJ solar cell with an area of 2 × 
2 cm2 after APCVD SiO2-x film coating and polymer mask stripping showing the voltage, 

current and MPP values 

Table 6.2: I-V measurements of an electroplated SHJ solar cell with an area of 2 × 2 cm2 
after APCVD SiO2-x film coating and polymer mask stripping in comparison with those 

of standard SHJ cells 

Sample Area Vmp Jmp Pmp VOC JSC FF η 

 [cm²] [mV] [mA/cm²] [mW] [mV] [mA/cm²] - [%] 

Standard 1 555,4 135,7 75,38 655,1 146,1 0,787 22 

SiO2-x 

masked 4,41 474,5 24,63 51,54 690,4 30,91 0,548 11,69 
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6.3.2 SHJ plated metallization using an Ag initiation layer    

Plated front side metallization of SHJ solar cells was conducted by 
means of applying an Ag initiation layer to promote the subsequent Cu 
plating, similar to ref. 13, 14, and a full area APCVD SiO2-x plating mask on 
top. A set of alkaline textured and ITO coated SHJ solar cell precursors with 
an area of 2 × 2 cm² featuring a full-area Ag rear side metallization obtained 
by PVD technique were employed. Figure 6.19 exhibits a schematic drawing 
of this process sequence, which is as follows: 

i) Starting with precursors of alkaline textured and 75 nm thick ITO 
coated on both sides of c-Si wafers, optionally with metallized rear side 
or without (the rear side metallization is not depicted in this drawing). 

ii) Screen-printing of a grid seed-layer using low cure-temperature Ag 
paste, as such subsequent Cu grid electrode is patterned with taking in 
to account that the width of the final plated finger lines will be larger 
than that of the seed one. Thus far obtained screen-printed Ag seed 
layer is as narrow as 30 – 40 µm. Therefore, high aspect ratios of the 
plated fingers are predicted. Besides considering their width, the 
screen-printed Ag fingers must as thin as 1– 2 µm, so that the material 
expenses are further reduced with maintaining the adherence of 
subsequently plated Cu to the ITO. After screen-printing of the Ag 
seed, curing the print is performed at 200 °C for 10 min, e.g. on a hot 
plate in the air. In terms of narrow finger seeds, other printing 
technologies were adopted to seed-printing of narrower Ag fingers such 
as inkjet printing. In [28], for instance, seed fingers featuring width of 
less than 20 µm are effectively inkjet-printed. 

iii) Depositing of about 90 nm thick of an APCVD SiO2-x film all over the 
Ag seed-coated ITO surface of the SHJ solar cell front side. SiCl4-to-
H2O MR was in the range from 0.6 to 0.7. The determination of the 
oxide mask thickness is critical as it affects cracking of the APCVD 
SiO2-x on top of the Ag seed. Two contradicted features should be 
acquired for the oxide mask: easy to break on top of the Ag seed and 
intact in the grid-free area. It is shown later in this section that the film 
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thickness is the key factor to promote selectively thorough breaking of 
the oxide film.  

 
Figure 6.19: A schematic drawing of the process sequence for LIP metallization on SHJ 
solar cell front side after screen-printing of an Ag seed layer as a grid pattern. The rear 

side PVD Ag metallization is not represented in this drawing.  

iv) Annealing of the sample at temperature less than 200 ºC on a hotplate 
for 2 – 5 min. This step is essential as it delivers three functions. First, 
it causes cracking of the APCVD SiO2-x film selectively on top of the 
previously printed Ag seed, thereby promoting subsequent Cu plating 
as the top Ag fingers is no longer insulated with oxide film. This impact 
is due to a significant change in the mechanical properties of the printed 
Ag fingers, namely the tensile stress built up. Consequently, at a 
defined thickness, the deposited oxide film does not stand this change 
and break down on top of the Ag surface. Second, annealing the masked 
samples enhances the APCVD SiO2-x film stability against the plating 
voltage and the harsh alkaline/acidic plating solutions, as proven in 
chapter 5. Third, it further increases the adherence of the dry Ag paste 
to the relatively rough ITO surface, therefore it prevents the peel-off of 
the ultimately plated finger lines. After sufficient oxide cracking on top 
of the Ag seed it is preferred to rinse the sample in isopropanol followed 
by DI-water, so that oxide residuals are eliminated in the grid area.  

v) LIP of Cu layer at room temperature on top of the exposed Ag seed 
grid. Because of the thoroughly exposed Ag fingers, in combination 
with adequately insulated ITO surface in the non-grid area, Cu plating 
takes place locally on the desired finger lines. The plated Cu grid 
electrode is subsequently coated with about 200 nm thin layer of Ag to 
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protect the Cu surface from oxidation. In the course of plating process, 
the plating voltage was adjusted about 5 V, while the current density 
flowing through the cell was 20 mA/cm².   

The samples prepared this way were subsequently inspected by means 
of SEM, EDX and macroscopically to check the performance of the oxide 
mask in both the grid-free area and on top of the Ag fingers after annealing, 
as well as, the ultimate finger structure after electroplating. SEM of Zeiss 
Auriga 60 equipped with EDX spectroscopy from Bruker Quantax 400 was 
employed. EDX instrument was exploited to analyze the elements in the 
plated fingers. A confocal scanning microscope of LEXT OLS4000 3D-Laser 
was used to check possible parasitic plating in the oxide mask. A Hewlett 
Packard flatbed scanner was used for evaluating the plated samples 
macroscopically. The SEM acceleration voltage was 5 kV and the working 
distance was in the range from 4.8 to 5.4 mm. The EDX acceleration voltage 
and working distance were 5 kV and 5.4 mm, respectively. 

The APCVD SiO2-x film thickness was varied as to its breakability on 
top of the cured Ag seed layer after annealing at 200 °C for 5 min, besides its 
resistance of the LIP process in the grid-free area. Figure 6.20 shows SEM 
images of two different finger lines of screen-printed Ag seed layers on top 
of the ITO after SiO2-x film deposition and annealing. When the oxide film 
thickness is ≥ 250 nm (left image), it is insufficiently cracked and therefore 
the plated Cu contact includes interruptions since unbroken parts of the oxide 
isolate the Ag surface. On the other hand, when the oxide film thickness is ≤ 
75 nm (right image), the oxide film is completely broken on top of the Ag 
surface and thus continuous plating of the Cu contact is obtained. Therefore, 
it was concluded that the thicker the APCVD SiO2-x plating mask, the more 
durable it is and the more difficult it is to break on the top of Ag seed layer. 
Consequently, the plated Cu layer on the Ag seed layer becomes 
inhomogeneous.  
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Figure 6.20: SEM images of scree-printed Ag seed lines coated with APCVD SiO2-x 

films after annealing at 200 °C showing (left) inadequately cracked 250 nm thick SiO2-x 
film on top inducing disruptions in the plated Cu contact, and (right) sufficiently cracked 

75 nm thick SiO2-x film on top leading to a continuous plating of Cu contacts 

 
Figure 6.21: SEM image of cross-sectional view of a metallized finger line on the front 
side of a SHJ solar cell showing a screen-printed Ag layer coated uniformly with a dense 

LIP Cu layer. No SiO2-x fragments are seen in the Cu/Ag interface nor in the Cu bulk. 

In terms of plating quality and interface between the Ag seed and plated 
Cu, Figure 6.21 shows that after LIP process, a dense layer of Cu coating the 
Ag seed layer completely is obtained. No interruptions are found in the Cu 
layer proofing the absence of SiO2-x residues that might remain after cracking 
the oxide film on top of the Ag seed. The Cu thickness measured throughout 
the finger cross-section is uniform, which is another evidence for the absence 
of SiO2-x residues at the entire Cu/Ag interface. Furthermore, conformal 
contact between Cu and Ag layers is demonstrated. It is to be noted that this 
was a proof-of-concept experiment and therefore less care was taken of the 
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exact thickness of metal layers as adjusted in ref 12, 13. In Figure 6.21 the 
LIP Cu layer is thinner and the screen-printed Ag layer is thicker than 
required. 

In terms of APCVD SiO2-x film durability and stability against LIP 
process, SEM and optical microscope characterizations were performed on 
SHJ samples after the plated metallization process-sequence mentioned 
above. Figure 6.22a exhibits a pyramid in the grid-free area coated with a 90 
nm thick of oxide plating mask without metal grains or clusters. The APCVD 
SiO2-x mask was shown to stand the electroplating voltage and to chemically 
resist the plating electrolyte, thus no cracks or peel-off occurred in the grid-
free area. It was previously found that APCVD SiO2-x films thinner than 70 
nm do not protect the pyramids in the grid-free area from parasitic plating, 
when it comes to plating on SHJ solar cells after stripping the polymer mask. 
However, this thickness was less critical when it comes to plating on Ag seed 
layers. A threshold film thickness down to 55 nm was proven to protect the 
grid-free area from parasitic plating after annealing at 190 °C for 5 min. This 
is due to the fact that the Ag initiation layer increases the conductivity of the 
ITO in the oxide mask openings. Consequently, more electric current flows 
in the grid and less voltage, translated to an electric stress, is applied to the 
oxide film in the grid-free area. Annealing of the samples not only led to 
selective cracking on top of the Ag seed layer, but also increased the 
breakthrough voltage of the SiO2-x film due to relative densification, explained 
in details in chapter 5. Ultimately, the optimum thickness of the APCVD  
SiO2-x plating mask was determined to be 70 – 100 nm. The optical 
microscope image shown in Figure 6.22b, taken for the same sample 
inspected in a), demonstrate that the screen-printed Ag-finger is plated with 
Cu, completely without interruptions. In the area around the plated finger, 
which is coated with the coated with 90 nm thick APCVD-SiO2-x mask, no 
Cu dots are found. Figure 6.22c demonstrates macroscopic examination of the 
same plated SHJ sample. It reveals uniform LIP Cu on the Ag seed layer 
throughout the whole solar cell area. Furthermore, an entire absence of 
parasitic plating is observed in the area between the finger lines. In addition 
to its role as a plating mask, the APCVD-SiOx films are expected to play a 
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protection role of plated SHJ cells from humid environments, as shown in 
Ref. 13, 14. 

 
Figure 6.22: a) SEM image taken for the top view of a 90 nm dense APCVD SiO2-x 

coated pyramids of a SHJ solar cell after annealing at 190 °C for 5 min and LIP of Cu, 
elucidating the absence of plated Cu clusters. The oxide mask is compact and adhere 

intimately on the rough ITO surface. b) Optical microscope image of a LIP finger line on 
the sample shown in a), revealing the absence of plated dots in the peripheral region of 

the Cu plated finger line. The left edge of the Cu plated finger line is irregular because of 
the overpressure applied from right to left when the Ag seed layer was screen-printed. c)  
A scan of the front side of the same SHJ solar cell front side seen in a), demonstrating the 
complete picture of LIP effect.  An entire absence of Cu parasitic plating in the non-grid 

area is observed and no interruptions in the plated grid are seen. 

6.3.3 Optical impact of the APCVD SiO2-x films on the SHJ solar 
cell  

In the aforementioned two approaches to the SHJ front-side plated 
metallization, no optical deficiencies are to be induced by maintaining the 
SiO2-x film upon the TCO layer, irrespective of the module design. This is due 
to the fact that the refractive index of SiO2-x (n = 1.41 -1.46) is lower than that 
of TCOs (n = 1.7 - 2) [29] in the relevant wavelength range from 280 to 
1200 nm, so that more light intensity is trapped to the Si solar cell. 
Consequently, an increase in the short circuit current density of the solar cell 
is presumed [29,30]. On the other hand, if the solar cell is mounted in an 
encapsulant, the optical effect of SiO2-x coating is covered up because its 
refractive index is nearly the same as the one of the encapsulant which usually 
is 0.5 mm thick ethylene vinyl acetate (nEVA = 1.51) + glass plate. 
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Apart from depositing porous transparent oxides e.g. SiOx onto the top 
surface of glass encapsulant [31–34], it is proposed to make further use of the 
newly developed APCVD SiO2-x film such as an ARC onto the solar cells that 
will be ultimately encapsulated. Two methods are worth investigating: i) by 
decreasing the TCO thickness e.g. down to 20 nm (in the SHJ solar cell kind) 
[14] and ii) by providing the solar cell surface with multilayered ARC 
featuring a total refractive index lower than that of the solar cell top layer and 
higher than that of the encapsulation material (in all kinds of solar cells). The 
first proposal is quite possible since the ITO layer thickness can be decreased 
by etching in HCl solution.  

The optimal refractive index and relevant thickness of the ARC can be 
calculated according to the following equations [24]:   

As for a single-layer ARC: 

𝑛𝑛12 = 𝑛𝑛𝑠𝑠𝑠𝑠 .𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎                                                (6.1) 

𝑑𝑑1 =
𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
4𝑛𝑛1

                                                  (6.2) 

As for a dual-layer ARC: 

𝑛𝑛13 = 𝑛𝑛𝑠𝑠𝑠𝑠2 .𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎                                                (6.3) 

𝑛𝑛23 = 𝑛𝑛𝑠𝑠𝑠𝑠 .𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎2                                                (6.4) 

𝑑𝑑1 = 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
4𝑛𝑛1

,    𝑑𝑑2 = 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
4𝑛𝑛2 

                                        (6.5) 

As for a triple-layer ARC 

𝑛𝑛12 = 𝑛𝑛𝑠𝑠𝑠𝑠 .𝑛𝑛2                                                 (6.6) 

𝑛𝑛22 = 𝑛𝑛1.𝑛𝑛3  = 𝑛𝑛𝑠𝑠𝑠𝑠 .𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎                                       (6.7) 

𝑛𝑛32 = 𝑛𝑛2.𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎                                                 (6.8) 

𝑑𝑑1 = 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
4𝑛𝑛1

,  𝑑𝑑2 = 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
4𝑛𝑛2

,   𝑑𝑑3 = 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎
4𝑛𝑛3

                              (6.9) 

where  

nsi is the refractive index of the silicon bulk.  
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n1, n2 and n3 are the refractive indices of the first, second and third ARC layer, 
respectively.  

d1, d2 and d3 are the thicknesses of the first, second and third ARC layer, 
respectively.  

nair is the refractive index of air (nair =1). 

λair is the wavelength of the surrounding air.   

At a wavelength λair = 632.8 nm nsi ≈ 3.87 and nITO ≈ 2 [29]. If applied on SHJ 
solar cells, the layer stack is considered as follows: Si, ITO, ARC, and EVA 
on top. As a result, the ARC is supposed to feature a refractive index of 1.74 
and a thickness of about 91 nm. This is impossible with silicon oxide films, 
thus showing that the APVD SiO2-x film as single-layer ARC on top of 
encapsulated solar cells is not functional and other layers with higher 
refractive indices should be used. 

Attempts have been made to apply porous APCVD SiOx films featuring 
low refractive indices on glass encapsulants. Further investigations are still 
needed. 

6.4 APCVD SiO2-x as protective film against parasitic 
plating on PERC solar cells 

The APCVD SiO2-x film was employed to protect the electroplated 
metallization on the front side of 6-inch PERC solar cells from parasitic 
plating. It was shown in chapter 4 that the APCVD apparatus enables coating 
a substrate area of 6 inch, completely. The uniformity over 6-inch wide area 
was reasonable expect for the four sharp edges of square-shape substrates. 
However, this uncritical drawback is minimized when the solar cells used are 
of rounded edges. Figure 6.23 (top) illustrates the process flow of standard 
electroplated metallization of PERC and other SiNx coated solar cells.  
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In comparison with that, Figure 6.23 (bottom) illustrates the process 
flow of plated metallization on PERC solar cell front side by means of 
shielding the inferior SiNx passivation/ARC layer from parasitic plating with 
the newly developed APCVD SiO2-x film, preformed as follows: 

i) Starting with precursors of alkaline-textured and phosphorous diffused 
p-type CZ Si solar cells featuring a SiNx ARC on the front side and full 
area screen-printed rear side Al-metallization. 

ii) Depositing of about 90 nm thick APCVD SiO2-x film on top of the SiNx 
ARC followed by annealing at 400 °C for 10 min on a hotplate in 
ambient atmosphere.  

iii) Laser ablation of a contact grid pattern comprises 5 busbars and 110 
fingers in order to expose the emitter on the Si surface locally.  

iv) Etching of the native oxide formed after laser ablation in the treated 
locations by means of dipping the front side of the PERC solar cell 
precursors in 1 wt% HF solution for 20 sec. 

v) Electroplating of the well-exposed grid with a Ni/Cu/Ag metal stack in 
inline plating tools by means of dipping the precursor front side in the 
electrolytes. 

The quality of the emitter exposure in the obtained openings, and the 
shielding quality in the grid-free area were inspected under the optical 
microscope using a confocal LEXT OLS4000 3D-Laser kind. A Lumix 
digital camera from Panasonic was used to macroscopically assess both the 
thickness uniformity and protection quality of the annealed APCVD SiO2-x 
films. 

In order to demonstrate the difference between shielded and unshielded 
regions, the APCVD SiO2-x film was deposited locally on the middle of a SiNx 
coated PERC solar cell, as a proof of concept. Subsequently, laser opening, 
HF dip for 20s, and electroplating of the front side grid electrode were 
performed. Figure 6.24a shows a photo of one quarter of the PERC sample 
after electroplating. It can be seen that the APCVD SiO2-x coated region is 
entirely free of parasitic plating in comparison with the uncoated region, 
wherein a massive parasitic plating took place. Looking at the handling 
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scratches in the SiNx layer on the coated and uncoated regions, it is seen that 
oxide shield efficiently covered the scratches and prevented parasitic plating, 
opposing the regions where no oxide is deposited. 

 
Figure 6.24: a) Photo of a PERC solar cell after electroplating of the front side Ni/Cu/Ag 
metallization. No parasitic plating is observed in the APCVD SiO2-x coated region of the 
cell, whereas massive parasitic plating is seen in the outermost area where no APCVD 

SiO2-x is deposited. b) Optical microscope picture taken for the uncoated area of the same 
solar cell shown in a) exhibiting massive metal dots SiOx. c) Optical microscope picture 
taken for the APCVD SiO2-x coated area of the same cell revealing an entire absence of 

metal dots 

For a closer look, Figure 6.24b and c, demonstrate optical microscope 
pictures of the uncoated and coated regions. The pyramids coated with the 
oxide shield were completely free of metal dots. An important observation to 
note is that the annealed APCVD SiO2-x protective shield was only partially 
etched after HF treatment performed to remove the native SiO2 layer that was 
generated after the SiNx laser ablation to create the grid layout. This is due to 
the fact that post-deposition annealing enhances the APCVD SiO2-x film 
stability against etchants, proven in chapter 5.  

It is to note that the level of the PERC solar cell precursors was limited 
and therefore the performance of the processed cells was rather less than that 
reported in the state-of-the-art. The application explained above has been 
introduced as a proof of concept, for this research. However, the I-V 
measurements of the best PERC solar cell processed after front side full area 
APCVD SiO2-x coating are shown in table 6.3. 
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Table 6.3: I-V measurements of an electroplated PERC solar cell after APCVD SiO2-x 

film coating, laser ablation, and HF dip 

Jsc [mA/cm2] pFF [%] FF [%] η [%] 

39.38 80.55 77.83 19.12 
 

6.5 SiO2-x shielding from parasitic plating on bifacial 
standard solar cells  

Irrespective of the substrate surface topography, another utilization of 
the new APCVD SiO2-x was attempted anti-parasitic shield on the rear side of 
multi-crystalline bifacial solar cells. 6-inch large cells coated with SiNx films 
containing primary scratches and metallized on the front side were tested. The 
same procedure performed for processing the PERC cells was repeated with 
changing in the oxide thickness and post-treatment. SiO2-x films featuring 
thicknesses of 300 – 400 nm were uniformly deposited on the rear side and 
annealed at as low as 100 – 150 °C for 3 – 5 min. As shown in Figure 6.25, 
the SiO2-x film prevented the parasitic plating on the SiNx ARC as intended. 
As opposed to the cell unprotected with SiO2-x film, the scratches were 
completely covered and the emitter was protected from getting in contact with 
the electrolytes. The optical microscope picture of the non-grid area, seen in 
Figure 6.25c, exhibits an entire absence of plated particles. In this 
investigation a trade-off between the oxide film thickness and both annealing 
temperature and time revealed that the thicker the APCVD SiO2 film, the 
higher the protection against electroplating even at post-deposition annealing 
temperature lower than 150 °C. A possible explanation of this observation is 
that the breakthrough voltage of an insulator is proportional to the thickness, 
besides the 0.5 ≤ SiCl4-to-H2O MR ≤ 1 adjusted during APCVD SiO2-x 
deposition. Subsequently, the newly developed APCVD SiO2-x has been 
proven to effectively shield the SiNx layers and eliminate the parasitic plating 
on the rear side of standard bifacial solar cells.  
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Figure 6.25:  Photos of electroplated rear side of 6-inch iso-tropically textured and SiNx 
coated bifacial multi-crystalline Si solar cells after a) laser opening and etching in 1wt% 
HF for 20s showing parasitic plating in the non-grid area and plated scratches in the SiNx 

layer (the white horizontal lines are the plated scratches), and b) after SiO2-x shield 
deposition, curing at 150 °C for 5 min, and HF dip for 20s showing that the SiNx is 

completely coated with the APCVD SiO2-x film and no parasitic plating is present in the 
non-grid area. c): An optical microscope picture of the same cell illustrating that no metal 
particles present on the SiO2-x coated SiNx surface shown in b), and no cracks in the non-

grid area can be seen. 

6.6 Summary 

In this chapter, cost-effective process sequences for the manufacture of 
various kinds of solar cells were introduced. This was made possible by means 
of utilizing the inexpensive APCVD SiO2-x films newly developed for various 
steps of PV fabrication. In one application APCVD SiO2-x films were 
employed as protective coating against alkaline texturing solutions. A single-
sided texturing of c-Si wafers was successfully obtained after coating the 
other wafer side with the newly developed APCVD SiO2-x films. Annealing 
the oxide coated Si wafers at 300 °C for 1 min improved their durability and 
stability against the texturing solutions. The performance of the single side 
textured Si wafers was identical to that of the wafers textured with the 
conventional double side texturing technologies.   

In another application the APCVD SiO2-x films served as an 
electroplating mask in acidic electrolytes. A self-made polymer mask 
characterized by low cost investment was screen-printed in the shape of 
subsequent grid electrode on SHJ solar cells’ front side and a 90 nm thick 
SiO2-x film was deposited on top. The polymer and oxide masks were locally 

15
6 

m
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stripped after annealing at 200 °C for 1 min and ultrasonicating in solvents at 
80 °C. After electroplating the open area on top of the SHJ solar cells, the 
oxide film was shown to sufficiently protect the area between the finger lines 
from parasitic plating. No interruptions in the plated finger lines were 
observed and the finger width could be minimized to 50 – 55 µm. The 3M 
tape test revealed a robust adherence of the plated metal onto the ITO top 
surface. Another scheme for SHJ plating metallization was investigated with 
the assistant of the APCVD SiO2-x film after screen-printing of an Ag 
initiation layer in the form of the grid electrode so as to promote subsequent 
Cu plating. A 90 nm thick APCVD SiO2-x film was selectively cracked on top 
of the Ag seed after annealing at 190 °C for 2 – 5 min permitting a complete 
coverage with LIP Cu. The Cu/Ag interface was free of SiO2-x residuals 
allowing for uniform Cu layers plated conformally on the scree-printed Ag 
seed. Subsequently, the SiO2-x mask applied on top, was shown to perfectly 
protect the SHJ solar cell front side from parasitic plating in the grid-free area. 

In further applications, the APCVD SiO2-x films were employed to 
prevent parasitic plating on the front side of 6-inch PERC solar cells. On top 
of the front side, SiNx ARC characterized by structural defects was coated 
with about 90 nm of calcinated SiO2-x film followed by laser ablation of a 
subsequent grid layout, HF dip for 20s, and LIP Ni/Cu/Ag metal stack. The 
SiNx defects were adequately covered and no metal particles were detected 
on the gird-free region of the PERC solar cells after electroplating. In a similar 
processing sequence, structural defects and handling scratches present in the 
SiNx ARC of 6-inch multi-crystalline bifacial solar cells’ rear side were 
covered by the APCVD SiO2-x film. 300 – 400 nm thick oxide films were 
deposited and annealed at 100 – 150 °C for 3 – 5 min. After Ni/Cu/Ag metal 
stack plating, the grid -free area and the scratches in the SiNx layer were 
completely protected from parasitic plating. 

In summary, it has been proven that the APCVD-SiO2-x layer enables 
process sequences for various PV applications with low investment costs. No 
vacuum tools or plasma generators were used. Low Ag consumption and 
affordable metallization schemes for solar cell plating were successfully 
achieved and the shortcomings in solar cell plating metallization were finally 
overcome. 
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7 Overall conclusions 

In this research novel reactor design and method for the APCVD of 
SiO2-x thin films utilizing SiCl4 and H2O vapors are investigated to serve for 
PV applications. The laboratory-scale design is characterized by low-
investment APCVD tool as it is made of cheap materials such as 
polycarbonate and thermoplastic materials and no vacuum pumps, furnaces 
or plasma generators are used. Since it is manufactured with 3D printing 
technology, the reactor configuration can be tailored to suit variable substrate 
sizes and various applications. Moreover, it can be scaled-up to high-
throughput solar cell production-lines. The deposition method is also cost-
effective thanks to the tuned operation boundary conditions such as i) 
deposition at room or sub-room temperature, ii) long maintenance intervals, 
i.e. cleaning of the APCVD chamber is performed after 600 – 700 hours of 
laboratory operation, iii) low safety precautions since the SiCl4 and HCl gases 
are not flammable and the exhaust HCl can be effortlessly neutralized with 
water, iv) and utilization of the cheap reactant precursors H2O and SiCl4. A 
simple calculation, made for the films deposited with the laboratory set up, 
reveals that the cost of reactant precursors is about 1 $Cent per 100 nm thick 
SiO2-x film on a 6 × 6 in2 large Si wafer. Since this technique is contact free, 
e.g. no objects can get in contact with the precursors (apart from the 
deposition chuck), no sample breakage occurs as observed during laboratory 
operation. This technique is also metal/SiO2-x particle contaminant free as the 
whole set up is made of plastic materials and no SiO2-x dust is formed or 
adhere to the deposited films. Moreover, no corrosion or dissolvement takes 
place at the reactor parts or polymer-coated substrates as the SiCl4 and HCl 
vapors do not react with such materials close to room temperature.  

The motionless APCVD injector enables coating a 6 × 6 in2 large 
substrate with the desired film except for insufficiently coated areas, located 
at the corners, forming 3 % of the total substrate surface. The SiO2-x films are, 
however, deposited uniformly with a thickness variation value of ± 8 % all 
over the coated area. No wrap-around films or outermost thick rims of SiO2-x 

are observed at the coated Si wafers. A wide range of deposition rates – from 
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low (≤ 1 nm/min) to high (≥ 250 nm/min) depending on the film property – is 
possible thanks to the fine-tuning of the reactant molar ratio and the 
deposition temperature. In other words, the shortest time needed for 
depositing 100 nm (compatible for all investigated PV applications) thick 
SiO2-x film upon 6 × 6 in2 large Si wafer is about 24s. This makes the new 
technique a promising candidate for PV and other optic industries. No 
mechanical stress occurs in the as-deposited films nor the post-annealed films, 
and the films are deposited conformally on different surface structures, as 
depicted from the micro-scale inspection.  

Post-deposition annealing is essential for treating the APCVD SiO2-x 

films. Depending on the later application, the oxide film can be remedied by 
annealing at a temperature range 190 °C for 1 min – 400 °C for 10 min. To 
eliminate the hydroxyl impurities in the film, it is annealed at 600 °C for 15 
min. However, this long-term impurity elimination is unnecessary for the 
demonstrated PV applications since it might prompt a tensile stress in the film 
deposited at molar ratios lower than 0.5 or higher than 1. On the other hand, 
annealing the films, deposited at molar ratios between 0.5 and 1, at 900 °C 
does not influence the film quality. Annealing at 400 °C decreases the 
APCVD SiO2-x film refractive index slightly. However, after HF dip, the 
refractive index of the annealed film increases again slightly. 

The newly developed APCVD SiO2-x films are compatible for various 
PV applications. The films, with 180 nm in thickness, protect the Si wafer 
surface form alkaline texturing solutions, thus promote single side texturing 
when deposited on one side of the wafer. For this application it is enough to 
anneal the samples at 300 °C for 1 min or at 160 °C for 9 min. The oxide films 
act perfectly as an electroplating mask on the front side of SHJ solar cells. 
After coating with about 90 nm thick oxide, no parasitic plating is observed 
in the area between the finger lines. Annealing the samples before plating at 
190 °C for 1 – 5 min, besides curing the oxide film, is sufficient to strip the 
printed polymer fingers and to crack the oxide layer on top of the Ag seed 
layers. The oxide films serve as a protective shield on the front side of PERC 
solar cells and the rear side of standard multi-crystalline bifacial solar cells 
against electroplated metallization. The parasitic plating is prevented and 
handling scratches are covered by 90 nm thick films annealed at 400 °C for 
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10 min for PERC solar cells, whereas for standard bifacial cells, the oxide 
films are 300 nm thick and the annealing is performed at 150 °C for 3 – 5 min. 
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8 Outlook 
It is still an open question why the chemical stoichiometry of the 

APCVD SiO2-x film is not perfectly O:Si = 2:1. More understanding of the 
reaction steps between the SiCl4 and H2O molecules is needed. The practical 
SiCl4-to-H2O molar ratio is investigated to be around 0.7, at which high 
deposition rate and film quality are obtained. This, nevertheless, contradicts 
the theoretical ratio (0.5) calculated form the hydrolysis equation of SiCl4. It 
is recommended to investigate the quality of the gas mixture further, e.g. by 
means of increasing the mixing elements in the static mixer. Despite being 
reasonably uniform over a 97 % of 6 × 6 in2 wide substrates, the current design 
of APCVD injector holds the potential to be improved further, by which 
substrate areas larger than 6 × 6 in2 can be uniformly coated. The laboratory-
type APCVD reactor allows for processing one sample per run. However, 
there is a high possibility to upscale it to the automated inline type. The 
current setup enables coating one side of the substrate. Experiments are 
recommended to obtain double-side coating per deposition run with a 
modified design of the APCVD injector. A promising proposal is to install a 
peripheral sample holder that supports the plane substrate at e.g. four 
outermost edges and permit enough distance from the injector’s bottom base. 
This, consequently, allows for gas circulation on both substrate sides 
simultaneously. This is beneficial for affordably processing bifacial solar cells 
and various double-side-functioned microelectronic devices. Further 
investigation is suggested to ultimately assure the reasons behind the 
refractive indices 1.59 – 1.66 obtained at high molar ratios and deposition 
temperatures. A future investigation could be in the direction of tracing Ortho-
silicic acid (featuring a refractive index of 1.535) in the as-deposited oxide 
films. Since FTIR measurements show an absence of Cl peaks, a highly 
sensitive tool is to be used to detect Cl bonds that might be triggered in the 
films causing the refractive index of 1.66. The etch rate experiments can be 
extended to investigate the uniformity of the APCVD SiO2-x structure across 
the whole film thickness, before and after annealing. For this purpose, 
intermittent etching with a fixed stepwise can be performed and the film 
properties can be inspected after each etching step. It is worth researching an 
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alternative chemical precursor to SiCl4 for the deposition of APCVD SiO2-x 
films. The alternative precursor should pose no APCVD operation risks and 
be as inexpensive as SiCl4. 

The APCVD SiO2-x film possesses the potential for further applications 
in the future. Possible PV applications would be e.g. as i) capping for the 
Al2O3 passivation layer applied on the rear side of PERC solar cells, hence 
protection of the facing Si surface from alloying with the full area Al 
metallization during firing, ii) barrier for emitter diffusion, which could 
follow the single-side texturing step after maintaining the oxide film 
deposited on the rear side, iii) electroplated metallization mask for SHJ solar 
cells using different schemes from the introduced ones in this book, iv) and 
anti-reflection coating on SHJ solar cells, e.g. after mixing the SiO2-x with 
TiO2 to increase the film refractive index to the value 1.74 calculated in 
chapter 6. The TiO2 material can also be deposited with the newly developed 
APCVD reactor. The mixed APCVD SiO2-x/TiO2 film can be used in optical 
fiber manufacturing as a material for the core. Because of its sufficient 
density, coverage conformity, thickness uniformity, and contaminant-free 
structure, the APCVD SiO2-x film opens the doors broadly to be utilized in 
similar applications to PV ones, e.g. as a gate oxide in nano-microsystem 
technologies, protection for displays, etc. As it is possible to agglomerate 
porously, yet adhere durably and intimately to the substrate surface, the 
APCVD SiO2-x could be a potential anchor interlayer to inspect upon various 
oxides, ceramics, etc. The dielectric strength of the SiO2-x material as well as 
the corresponding breakthrough voltage is still to be investigated so as to 
allow utilization, e.g. in capacitors, wherein the SiO2-x acts as the in-between 
insulator. It is proved through this book chapters that ultrathin SiO2-x films of 
1 – 2 nm are possible to obtain with the newly developed APCVD system. 
The films thinner than 70 nm are, nevertheless, characterized by considerable 
pinholes. If the ultrathin SiO2-x films were improved to be deposited with 
negligible pinholes, they can be a competitive candidate to serve as a tunnel 
oxide in the so-called tunnel oxide passivated contacts (TOPCon) solar cells. 
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9 Appendix 

9.1 XPS investigation of the APCVD SiO2-x layers’ 
stoichiometry  

For comparison with the FTIR and EDX measurements performed in 
Section 5.2, in this chapter the Si:O atomic ratio in the same samples, which 
are APCVD SiO2-x films on Ge wafers with and without annealing at 300 °C 
for 1 min, was investigated using X-ray photoelectron spectroscopy (XPS) 
[1]. With XPS, only the topmost 5 – 7 nm of the APCVD SiO2-x layers are 
characterised because in solids the mean free path length of the photoelectrons 
generated by X-rays is small due to inelastic scattering. An ultra-high vacuum 
system from SPECS with a base pressure of 2 × 10-8 mbar was used for the 
measurements. This module is equipped with a hemispherical analyser from 
the company PHIOBOS. The high-voltage excitation energy (photo energy) 
was adjusted to hv = 1486.6 eV, the size of the measuring spot was around 1 
mm and the system was first calibrated with a polycrystalline silver sample. 
The stoichiometric calculations were performed under the assumption of a 
homogeneous element distribution in the film volume using the so-called 
relative sensitivity factors. The samples were measured as loaded to the 
chamber and after sputtering with an argon ion beam for 20 min to remove 
possible C contaminants. The adjusted beam parameters were as follows: 
beam energy of 3 kV, sputtered area of 1 x 1 cm², and Ar pressure of 2.2 × 
10-3 mbar. The measured binding energies were corrected by the C1s (C–C) 
peak assuming its main component is caused by the contaminant aliphatic 
carbon (H–C–H) at a binding energy of 284.8 eV. The calculation of Si:O 
atomic ratio was based on measured peak areas of the oxygen O1s (at 533 eV) 
and the silicon Si2p (at 104 eV) core-level state. 

The measurements of as-loaded samples revealed Si and O peaks in the 
XPS spectra and minor C contaminants, see Figure 9.1. The Si:O atomic ratio, 
calculated before sputter cleaning, was 1:1.90 for both, the annealed and the 
non-annealed sample. This atomic ratio is in good agreement with the 
previously mentioned EDX measurements, where the Si:O ratios for the 
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samples without and with annealing were 1:1.80 and 1:1.93, respectively. 
However, more investigations for annealed samples are recommended.  

After sputtering, C was removed from the top surface of the film. The 
maximum of the Si peak shifted to the corrected value of the Si2p peak before 
sputtering. The peak asymmetry at lower binding energies increased for both 
samples, whereas the Si:O ratio decreased to 1:1.7 owing to the decrease in O 
concentration. A possible interpretation is that the detected OH concentration 
in the film is higher after sputtering. This might be an effect of possible 
preferential sputtering of O atoms or of cracking of Si-O bonds due to the 
bombardment with high-energy ions. That would explain the decrease of the 
O content as well as the stronger asymmetry of the Si2p peak at the same time. 
The presence of Si-OH bonds in the oxide film leads to photoelectrons 
indicating a binding energy lower than that of SiO2, see Figure 9.1, but higher 
than that of Si-Si bonds [2]. 

    

Figure 9.1: Measured high resolution XPS spectra of the topmost surface layer of 
silicon-oxide-coated Ge wafers, measured before and after sputtering.  

Left: Without annealing. Right: After annealing at 300 for 1 min. The spectra were 
normalized in order to better compare changes in the peak symmetry. 
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10 List of abbreviations and symbols  
List of abbreviations 

Abbreviation   Description  
3D Three dimensions 

ABS Acrylonitrile-butadiene-styrene  

ALD Atomic layer deposition  

APCVD Atmospheric pressure chemical vapor deposition  

a-Si:H Hydrogenated amorphous silicon 

ATR-FTIR Attenuated total reflection FTIR 

BPSG Borophosphosilicate glass 

C-CVD Combustion chemical vapor deposition  

c-Si Crystalline silicon 

CVD  Chemical vapor deposition  

DI De-ionized 

DRAM Dynamic random-access memory 

EDX Energy dispersive X-ray spectroscopy  

EVA Ethylene vinyl acetate  

FIB Focused ion beam 

FTIR Fourier transform infrared spectroscopy 

FTO Fluorine-doped tin oxide 

FWHM Full width at half maximum 

FZ Float zone 

FZO Fluorine-doped zinc oxide 

HF Hydrofluoric acid 

IR Infrared  

ITO Tin-doped indium oxide 

ITO:F Tin:fluorine-doped indium oxide 
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Abbreviation   Description  
LCD Liquid crystalline displays 

LIP Light induced plating 

LPCVD Low pressure chemical vapor deposition  

MFC Mass flow controller 

PC Polycarbonate  

PECVD  Plasma enhanced chemical vapor deposition  

PLA Polylactic acid 

PV Photovoltaic  

RCA Radio Corporation of America 

SEM Scanning electron microscope  

SiO2:H Hydrogenated silicon dioxide 

TCO Transparent conducting oxide 

TE Thermoelectric 

TEOS Trimethylchlorosilane  

TFT Thin-film transistor 

USB Universal-serial-bus 

UV Ultraviolet 

XPS X-ray photoelectron spectroscopy  
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List of characters 

Symbol Unit  Description  

x� – The average rate 

𝐸́𝐸 g·m-2s-1 Specific evaporation rate  

A mmHg Antoine coefficient 

A Pa Constant for calculating Pw and Tdp of water 

AH mg·m-3 Water vapor concentration or absolute humidity 

AHb g·m-3 Vapor concentration into the water bubbler  

AHm g·m-3 Vapor concentration into the humidity mixer  

Ap cm2 Liquid surface area 

As  cm2 Surface area of the substrate 

B mmHg/K Antoine coefficient 

BG eV Band gap 

C K Antoine coefficient 

D – Constant 

DS V/cm Dielectric strength 

E g·s-1 Evaporation rate  

E g·s-1 Evaporation rate 

Ea kJ/mol Activation energy   

ER nm/s Etch rate  

ESiCl4 mg·s-1 or ml·s-1 Evaporation rate from the SiCl4 vaporizer 

ESiCl4 mg·s-1 Evaporation rate from the SiCl4 evaporator 

FF - Fill factor  

jmpp mA/cm2 Current at the maximum power point  

jSC mA/cm2 Short circuit current density 

k – Extinction coefficient 

Kc (SiCl4) mg·m-3 mass concentration of SiCl4 molecules into the gas 
stream 
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Symbol Unit  Description  
Km m·s-1 Mass transfer coefficient 

M g·mol-1 Molar mass (molar weight) 

m – Constant for calculating Pw and Tdp of water 

m1 & m2 mg Reactant weights measured before and after evaporation 

mH2O g Weight of the water vapor held in the volume of dry gas 

MH2O g·mole-1 Molar weight of H2O molecules 

mpp mW/cm2 Maximum power point  

MR – SiCl4-to-H2O molar ratio 

MW g·kmol-1 Molecular weight  

N – Number of measured rates 

n – Refractive index 

NH2O mol Mole number of H2O molecules 

NSiCl4 mol Mole number of SiCl4 molecules 

p mW/cm2 Power density  

PFF - Pseudo fill factor  

Pw Pa Partial water vapor pressure 

Pws Pa Saturation vapor pressure of water 

Pν mmHg Saturated vapor pressure  

Q(b+m) l·min-1 Total flow rate at the humidity mixer outlet 

Qb l·min-1 Flow rate of N2 gas into the water bubbler 

Qm l·min-1 Flow rate of dry N2 gas into the humidity mixer 

QSiCl4 l/min Flow rate of dry N2 gas into the SiCl4 evaporator  

R J·mol-1K-1 The universal gas constant  

RH % Relative humidity 

RHb % Alternative humidity at the outlet of the water bubbler 

RHm % Alternative humidity at the outlet of the humidity mixer 

RP Ω cm2 Parallel resistance of the solar cell 

RS Ω cm2 Series resistance of the solar cell  
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Symbol Unit  Description  
T  K Temperature 

Ta °C Annealing temperature  

TAPCVD °C APCVD system temperature  

Tb °C Boiling point  

Tb °C Water bubbler-temperature  

Tc °C SiCl4 evaporator-temperature  

TC W/cm·K Thermal conductivity 

Tdp °C Dewpoint temperature 

Ti °C Temperature of the liquid-gas interface  

Tm °C Humidity mixer-temperature 

Tn °C Constant for calculating Pw and Tdp of water 

tSiO2 nm Thickness of the SiO2 film 

Ub mg·s-1 Mass flow of the H2O vapor through the bubbler  

Um mg·s-1 Mass flow of the H2O vapor through the mixer 

vcg cm·s-1 Carrier-gas speed above the liquid surface 

Vmpp mV Voltage at the maximum power pint  

VOC mV Open circuit voltage  

WR 

MSiCl4 

– 

g·mole-1 

SiCl4-to-H2O mass ratio 

Molar weight of SiCl4 molecules  

xn – Measured evaporation rate 

ΔH  kJ/mol Total enthalpy change of the chemical reaction 

ΔHH2O kJ/mol Enthalpy change of the O-H bond breaking 

ΔHHCl kJ/mol Enthalpy changes of the H-Cl bond coordinating 

ΔHSiCl4 kJ/mol Enthalpy change of the Si-Cl bond breaking 

ΔHSiO2 kJ/mol Enthalpy changes of the Si-O bond coordinating 

ΔHν kJ.mol-1 Heat of vaporization  

Δn – Difference in refractive index before and after annealing  

ΔtE s Measured evaporation period 
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Symbol Unit  Description  
ΔtSiO2-x nm Reduction in the SiO2-x film thickness 

Δνn(SiCl4) ml Difference in the SiCl4 volume within the vaporizer 

η % Energy conversion efficiency  

ν1 & ν2 ml Reactant volumes measured before and after evaporation 

νmix m3 Volume of the mixture of water vapor and its holding 
gas 

ρ g·cm-3 Density 

ρ SiCl4 g·ml-1 Density of the evaporated SiCl4 

ρSiO2 g·cm-3 Measured density of the deposited SiO2 film 

σ – Standard deviation  

Φ W/m2 Radiation power density  
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Frequently performed investigations 

Investigation/experiments Main 
contributor 

Contributing 
colleagues 

APCVD experiments* (3600 
ones) Esmail Issa Dr. Henning Nagel 

Maintenance of APCVD set up Esmail Issa -- 

CAD CAM design (30 ones) Esmail Issa -- 

ANSYS simulation (30 ones) Esmail Issa -- 

3D printing of CVD & LIP 
elements Esmail Issa Dr. Henning Nagel 

Maintenance of 3D printer Esmail Issa   Dr. Henning Nagel 

FTIR measurements Esmail Issa -- 

FTIR measurement analysis Esmail Issa -- 

Ellipsometry measurements Esmail Issa Dr. Henning Nagel 

Ellipsometry result analysis Esmail Issa Dr. Henning Nagel 

Confocal laser microscopy Esmail Issa Hamed Javanbakht 

Screen printing of polymer inks Esmail Issa Hamed Javanbakht & Eddy 
Coron & Lukasz Guzik 

Electroplating on SHJ cells Esmail Issa Hamed Javanbakht & Eddy 
Coron 

Ion milling of metallized samples  Esmail Issa  Aleksander Filipovic  

Electroplating on PERC cells Gisela Cimiotti 
Gabriele Mikolasch & 
Jonas Eckert & Esmail Issa 
& Henning Nagel 

Screen printing of Ag inks Hamed Javanbakht Lukasz Guzik 
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Investigation/experiments Main 
contributor 

Contributing 
colleagues 

SEM/EDX inspections  Jutta Zielonka Volker Kübler 

I-V curve and cell performance  Elisabeth Schäffer  Felix Martin 

HF dip of Si and PERC samples Gabriele Mikolasch 
G. Cimiotti & J. Eckert & 
H. Nagel 

Laser ablation for PERC Varun Arya Stefan Schellinger 

Resources & Lab support Dr. Jonas Bartsch  
Katharina Gensowski & 
Simon Rudolf  

RCA Cleaned FZ Si wafers Felix Schätzle Clean room people 

HNF cleaned FZ and CZ Si Katrin Krieg Felix Schätzle 

* The APCVD experiments include SiO2-x coatings on all wafers/cell-precursors, 
calcination and other treatment tests, and developing the system elements based on the 
deposition results.  
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