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ABSTRACT 

Tbis M.Sc. thesis concerns the high rate deposition of bydrogenated silicon layers, using a large-scale 13.56 
MHz capacitively-coupled Plasma Enhanced Cbemical Vapour Deposition (PECVD) system tbat is supplied 
with silane (Si~) and hydrogen (H2) . Three different types of material were deposited, on both glass and 
aluminum: hydrogenated amorphous silicon (a-Si:H), hydrogenated polymorphous silicon (pm-Si:H) and 
microcrystalline silicon ().lc-Si :H). 

The Si-layers are intended for use as active layer in thin film photovoltaic (pv) cells. Although tbis is a very 
promising technology for a sustainable energy supply in the future, pv-technology is still very expensive 
compared to fossil fuel and other sustainable energy sources. To overcome tbis, a new roll-to-roll production 
technology for pv cells is being developed at Akzo Nobel. This study aims to contribute to this approach for 
low-cost solar cells, by answering the research questions that are posed in this thesis: 

• Is it possible to increase tbe deposition rate of amorphous and polymorphous Si :H in tbe current setup to at 
least 0.5 nrnls, while maintaining present material quality and solar cell properties? 

• Is it possible to deposit microcrystalline Si:H in the current reactor? 
• What is tbe relevant parameter space for the deposition of microcrystalline Si:H in the current reactor? 
• Which aspects are critica) for upscaling of the process in the future? 

An increase in deposition rate lowers the production cost per pv cell, while the use of pm-Si:H and ).lc-Si:H 
results in a bigher stabie efficiency of pv cells when compared to a-Si:H, and thus to a lower cost per unit of 
energy. 

The general approachfor a deposition rate increase was to increase plasma power and both silane and hydrogen 
gas flows, while keeping the ratio between power and gas flows constant, in order to keep the plasma chemistry 
constant. In this way, the deposition rate of a-Si:H at a dilution of 50% Si~-in-H2 has been increased from 0.17 
nrnls towards 0.64 nm!s, while for even bigher powers and a dilution of23% Si~-in-H2 , a deposition rate of 1.2 
nm/s was reacbed. Meanwhile , the optical characteristics of the deposited material remained constant within 
error range. These optical characteristics are the refraction index, the absorption coefficient and the Tauc
Lorentz parameters, all acquired with Reflection & Transmission (R,T) measurements, the rnicrostructure R* as 
obtained with FfiR spectroscopy and the crystallinity of the material, acquired using Raman spectroscopy. The 
electrical characteristics of the pv cells, obtained with a solar simulator, speetral response-setup and pin probe, 
also remained constant within a deposition rate-series. Without optimisation, the best cells that were deposited at 
0.64 nm/s reached an efficiency of 5.0%. 

Concerning the deposition of pm-Si:H, it was concluded that the FfiR-spectra of this material are usabie to 
identify pm-Si:H, as a physically significant peak around 2030 cm·1 occurred in the spectra. A pressure series 
showed that pm-Si :H is deposited for conditions around the alpha-garnma ' transition pressure, wbich is in 
agreement with a previously developed sealing law [11]. Consequently, the deposition rate of pm-Si:H bas been 
increased from 0.14 nm/s towards 0.48 nm/s using a power series at a dilution of 4% SiH4-in-H2• Using the same 
diagnostics as for a-Si:H, no significant detoriation in optica) properties was observed. 

Using a dilution of 1% Si~-in-H2, a power series was deposited to investigate the transition from a-Si:H to ).lC
Si:H. Based on Raman spectroscopy we conclude that for a sufficiently high pressure and power, which 
corresponds to the high-pressure depletion metbod proposed by Kondo [33], all deposited material is 
rnicrocrystalline. Also, the transition is characterised by a decreasing deposition rate and is present in the Tauc
Lorentz parameters as a rising E_04 and a decreasing disorder parameter C. In some areas an obvious roughness 
of tbe layer was present, which correlated with the gas flow pattern. Although tbis roughness complicates 
correct use of tbe Tauc-Lorentz model , it does not correlate with the crystallinity of the material. 

The Vdc self-bias of the discharge was used to study the plasma further. A parametrie experimental study 
resulted in a scaling-law for the V de self-bias as function of dilution, power and pressure. For a-Si:H and pm
Si:H, the deposition rate correlates linearly with this bias, which makes it suitable as a control parameter during 
deposition. It was observed that the relation between Ydc and RF-voltage Y,r is also linear, the slope being 
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determined by the ratio of grounded and powered surface in the reactor. Based on our experiments we 
hypothesise that this slope is affected by dust occurrence in the plasma. 

Regarding upscaling of the process, it was concluded from a literature survey that given a specific hydrogen 
dilution, the power density is the main determinant of the deposition rate. This is in agreement with the results 
presented in this study, where a maximum in deposition rate as function of power was observed for 23% Sil4-
in-H2. Furthermore, several recommendations regarding improving the PECVD setup and various diagnostics 
are presented that are essential to upscaling of the process. 
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CHAPTER 1. INTRODUCTION 

This M.Sc. thesis in Applied Physics, Eindhoven University of Technology, is the result of a study that was 
undertaken in the period November 2003 till September 2004 at the department Solar Cells (CSO) of Akzo 
Nobel Research and Technology Chemicals, Arnhem. This chapter, Introduction, is the fust of 6 chapters that 
jointly comprise the motive, approach and results of this study. The first chapter aims to make the reader 
familiar with the main concepts that are associated with thin film solar cell production, and explains the 
rationale bebind underlying study. Readers farniliar with the subject could restriet themselves to section 1.6 Aim 
and justification of thesis and sec ti on 1.7 Structure of research. 

We start this chapter with a short introduetion into thin film solar cells, or photovoltaic (pv) cells . Next, the 
plasma-supported deposition (PECVD) of silicon, the acti ve layer of a pv cell, will be discussed (section 1.2 and 
1.3). We will see that in a PECVD-system one can deposit several types of silicon, i.e. amorphous , 
polymorphous and microcrystalline hydrogenated silicon, each of which will bedescribed shortly insection 1.4. 

Equipped with this elementary knowledge, we are able to understand Akzo Nobel' s approach to pv production 
which is carried out in the Helianthos project (section 1.5), and the relevancy of underlying research for this 
project and pv production in general. We conclude this chapter with the explicit aim of underlying work (see 
sec ti on 1.6), and a summary of the research approach and structure (section 1.7). 

1.1. Thin film silicon photovoltaic cells 

Photovoltaic (pv) cells convert sunlight directly into electtic current by exploiting the electrical properties of 
semiconductor materials, for example silicon (Si) , gallium arsenide (GaAs) or cadmium sulfide (CdS). The 
efficiency of a cell or module, i.e. the amount of incoming energy that is transformed into electrical energy, is a 
major determinant of the cost of this conversion (in euro/kWh). Currently, so called crystalline silicon (c-Si) 
cells obtain the highest efficiencies (about 22% for commercially available modules [85]) and dominate the 
world pv-market. Yet, in this report we concern ourselves with thin film silicon solar cells, that differ from c-Si 
cells in a lacking long-range order in the silicon layer. Present efficiencies for these thin film Si-modules are far 
lower (about 11 % for commercially available modules [85]). However, a much thinner Iayer of active material 
is needed (hence the name) [20]. Combined with a cheaper production process this explains current high 
expectations of thin film photovoltaic cells . 

In a pv cell, incorning photons with an energy exceeding the material 's bandgap (about 1.8 eV for amorphous 
hydrogenated silicon) have a certain chance to be absorbed within the material and create an electron-hole-pair 
(see Figure 1-1). To prevent immediate recombination, the electron and hole are physically separated by a built
in electric field (see Figure 1-1), which originates from two doped layers on both sides of the regular, or 
intrinsic layer (i-layer). The doped layer on the sun-side, the p-layer, is doped with boron (B) which functions as 
an acceptor of electrons, while the n-layer on the other side is doped with phosphorus (P) which bas the role of 
donor. The resulting layer stack is called a pin-structure. Typical thicknesses are 10 nm for the p-layer, 350 nm 
for the i-layer and 20 nm for the n-layer. 

\ --

Light 

glass 

TCO 
l=====t=~=~====:t- p-Iayer 

intrinsic layer 

n-layer 
back contact 

encapsulant 

l Electric 
fi eld 

Figure 1-1. Schematical representation of a thinfilm pv cell's structure. 
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To close the electtic circuit, the pv cell 's layer structure encompasses conducting matenals on both side of the 
pin-structure. On the front side a transparent conducting oxide (TCO) layer is used (thickness about 750 nm), 
which also satisfies the requirement to be transparent to sunlight. Examples of suitable matenals are tin oxide 
(Sn02), which is used at Akzo Nobel, and zinc oxide (ZnO). On the backside a simple metallayer is sufficient 
as back contact, which can be optimised for retlecting light that is not absorbed in the pin, back into the active 
layer. Finally, the stack is completed with protecting layers on top and bottorn side, the encapsulants. These 
encapsulants can consist of glass or polymers, where the top layer logically should be transparent 

Several 'design tricks ' exist to increase a solar cell's performance. One that is relevant in the context of this 
report is the construction of so-called tandem cells. Tandem cells consist of two or more pin structures stacked 
on top of each other, connected by a special layer, the tunnel recombination junction. By using stacks with a 
slightly different bandgap, for example by using amorphous and microcrystalline hydrogenated silicon (see 
section 1.4), each of the intrinsic layers is optimised for absorbing light with a specific wavelength. As we can 
regard the stacks as current sourees in series, this results in a voltage that is more than twice as high (the 'extra' 
voltage is caused by the different bandgaps) while the output current decreases less, effectively resulting in a 
higher power output. Furthermore, tandem cells allow the use of thinner layers which results in a higher stabie 
performance through avoidanee of light-induced degradation of the cell (Staebler-Wronski effect, see section 
1.4). 

In this research, we confine ourselves to one step in the production process of pv cells, i.e. the production of the 
intrinsic silicon layer. This is the subject of the next section. For more information about photovoltaic cells in 
general we refer to [20], an excellent standard text book. 

1.2. Plasma Enhanced Chemica/ Vapour Deposition 

A widespread metbod to create silicon layers is plasma-enbaneed chemical vapour deposition, or PECVD. A 
highly reactive plasma discharge is used to deposit a silicon layer on a substrate surface. In our case, the plasma 
is excited between two parallel plates in a reactor vessel that contains a low-pressure mixture of silane (Sif--4) 
and hydrogen (H2) . One of the plates is powered by a capacitively-coupled radiofrequent (13.56 MHz) voltage 
souree with amplitude VRF, the other one is electrically grounded (see Figure 1-2). The resulting electric field 
accelerates free electrons in the gas mixture, which gain enough energy to ionize neutral gas molecules during 
collisions and create more electrons. When both electron density and electron temperature, i.e. the average 
electron energy, are above a certain minimum, just as much electroos are created as are disappearing during 
collisions and the plasma is sustained [56]. In Table 1-1 some typical values of the main charactenstics of the 
plasma are found. 

,, 

Figure 1-2. Schematic of a capacitively coupled 
RF plasma. 

, sheath plasma bulk 

vgnd 

V de 
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tv z I 
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Figure 1-3. Plasma potential V as ajunetion ofthe position z 
between powered and grounded electrode, at different 

moments in time. The V if potential and sheath boundary range 
are indicated by double-pointed arrows. 

In a simplified model [36] [56] we regard the stationary plasma as an electron gas oscillation as a function of 
time between the electrodes, while the density of the 'immobile' ions is constant. As a part of the electroos is 
lost to the electrodes, positive space charge areas or 'sheaths ' appear at the plasma-electrode boundary. 
Therefore, the plasma potential is always positive with respect to the ground (see Figure 1-3), which effectively 
contines the electrons to the neutral centre of the plasma. The ions , following the time-averaged potential 
profile, are accelerated towards the electcodes resulting in a bombardment of energetic ions [6]. Note that 
neutral particles are ' free ' to move to the electrodes. The sheaths increase and decrease in size as the electron 
gas oscillates between the electrodes. In the sheaths high electnc fields are created, up to 2000 V/cm [51]. In 
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Figure 1-3 also a secoud important effect is depicted, namely the occurrence of a Ydc self-bias [36] [56]: the 
average potential of the powered electrode is different from ground. This is a consequence of reactor geometry, 
more specific differences in electrode area. The Y dc self-bias and its cause will be discussed in more detail in 
section 2.4. 

More information on PECVD can be found in several text books, e.g. [6], [36], [56]. 

Table 1-1. Typical values ofthe main parameters ofthe SiH/Hr plasma. na represents neutral density. 

Quantit 
Electron density n. 
Electron temperature T. 
Degree of ionization, n,/na 

3-4eV 
10-4 - 10·6 

1.3. From plasma to material 

Now we are familiar with the essential characteristics of a plasma, we can concern ourselves with the interaction 
of the plasma with the surface of the surrounding reactor. Although the average electron energy in the plasma is 
relatively low, electroos in the tail of the energy distribution function have enough energy to create chernically 
active species. The main reactions ionization , dissociation, and dissociative attachment are summarised in Table 
1-2. The reaction products can diffuse towards the electrodes and contribute to the growth of an Si-layer. Also 
hydrogen is built into the layer, and amorphous hydrogenated silicon (a-Si:H) is formed. Due to the layer
growth at the surface, the composition of the gas mixture that is pumped away is different from the mixture at 
tbe inlet. This process is called silane consumption or silane depletion. The speed of layer-growth, or deposition 
rate, is in the order of Ángstroms per second, and is determined by the exact combination of process parameters 
like power and pressure. This relation wil! be treated in more detail in section 2.1 and 2.2. 

Table 1-2. Main reaelions in the SiH/H2 plasma. 

looization 
Dissociation 
Dissociative attachment 

T ical reaction 
Si~ + e· ~ SiH3 + + H + 2e
Si~ + e· ~ SiH3 + H + e· 
Si~ + e· ~ SiH3- + H 

Threshold ener [23] 
12 eV 
10eV 
8eV 

It is generally recognised that the SiH3 radical is the dominant radical in a-Si:H growth [6] [62] [69] [71]. Once 
it bas reacbed the surface, the radical diffuses over it until it crosses an open silicon bond or dangling bond, 
which have been identified as growth sites for SiH3. However, sub-surface growth [62] [69], and growth through 
other particles like SiH2 and ions, also play an important role . For instance, it was estimated that ions contribute 
forabout 10% to hydrogenated amorphous silicon layer growth [24], and even up to 70% for other structures 
like hydrogenated polymorphous silicon and microcrystalline silicon [25] (see section 1.4 for the differences 
between these rnaterials). For the exact growth mecbanism, an extensive range of possible surface interactions 
bas been proposed in literature [77] , some of which are shown in Figure 1-4. 

Tbe exact role of hydrogen gas during growth is still oot settled [69], as the hydrogen tbat is builtinto the layer 
originates mainly from Si~. Still, H2 is added to tbe plasma as it has been shown tbat this improves layer 
quality considerably [38]. It is well known that dangling bonds can be 'passivated ' through hydrogen binding, 
and tbat it etches away weak bonds. Typical hydrogen contents in the bulk material range from 10 to 20% [68]. 
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Reflection Physisorption Hopping 
direct 

Abstraction H 

Figure 1-4. Artist impression of possible surface interactions of SiH3 and H radicals with the hydragen 
passivated a-Si:H surface during growth (takenfrom {69]). 

1.4. Types of material 

In the previous section we shortly treated the plasma enhanced deposition of hydrogenated silicon layers on a 
surface. Although so far we have been speaking of amorphous hydrogenated silicon only, this report concerns 
three types of hydrogenated silicon layers, namely amorphous hydrogenated silicon (a-Si:H), polymorphous 
hydrogenated silicon (pm-Si:H) and rnicrocrystalline hydrogenated silicon (f.!c-Si:H). All three materials can be 
obtained through PECVD, but their structure and optica! and electrooie properties differ widely, which results in 
varying applications in a solar cell, as we will see later. In literature, there is an ongoing discussion about the 
exact nomenclature, and the existence of other types of material [15]. To prevent this from hampering us, we 
follow Roca i Cabarrocas [15] [61] [62] throughout the report for the definition ofpm-Si:H, as we find that his 
approach is firrnly established. In this section we will treat the different types of material in more detail. 

1.4.1. Amorphous hydrogenated silicon 

An amorphous material differs from crystalline material in the fact that there is no long-range order in the 
structural arrangement of the atoms [15] [61]. Silicon atoms in amorphous silicon are in general connected to 
four other silicon atoms like in crystalline material, but small deviations in angles and lengtbs quickly result in a 
loss of long-range order. The lack of structure hampers effective binding with four other silicon atoms, which 
results in nano-voids and unsatisfied, or so-called 'dangling bonds '. These dangling boncts make it impossible to 
obtain reasonable charge carrier (electrons and holes) life-times in the material, as they are effective sourees of 
recombination. Therefore, they need to be 'passivated' by hydrogen atoms. So, good quality amorphous silicon 
is in facta combination of silicon and hydrogen and is called hydrogenated amorphous silicon, a-Si:H [68]. 

A potential obstacle fora widely spread use of a-Si :H in solar cells is light-induced degradation of amorphous 
silicon, known as the Staebler-Wronski effect [75] [76] which was first observed in 1977. Tbe effect can lead to 
efficiency decreases up till 20%. It is generally accepted that the photo-degradation is caused by dangling bond 
effects, however the exact mechanism is still under research. Nevertheless, it is firrnly established that the 
strength of the effect is related to the microstructure and H-content of the material , and especially strongly 
positively related tot the SiH2 density [68] [76]. The Staebler-Wronski effect is also strongly related to the 
thickness of asolar cell [76]. 

1.4.2. Microcrystalline silicon 

Microcrystalline silicon has proven to be less prone to the Staebler-Wronski effect. lt has needle-like oriented 
crystallites in the direction of carrier transport with a typical diameter of 15 nm, while the boundaries of the 
crystallites are hydrogen-passivated [68]. Note that the layer is still a composition of crystalline grains, 
amorphous phase and voids [65] and is thus quite different from c-Si (see Figure 1-5). Crystalline growth occurs 
in four different phases originating form incubation eentres near the substrate [62] [65] . Under highly crystalline 
growth conditions, the presence of voids is especially notabie [65]. Therefore, this material cao be considered as 
rather porous. Crystallites in a deposited layer cao be uniquely identified using Raman spectroscopy, which will 
be discussed in section 3.4. 
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Changing process paran1eter 

\Sj Crystallites Amorphous region U Voids 

Figure 1-5. Schematic diagram illustraling the microstructural characterislics of f.JC-Si:H. From the right to the 
left, the layer composition changes from predominantly amorphous to highly crystalline, under the injluence of 
a changing process parameter [65]. 

Regarding the deposition conditions of f..lC-Si:H, it is known that excess hydrogen in the plasma induces a 
transition to microcrystalline silicon [33] [65] [68], which is related to the reaction 

(1.1) 

We see that a high hydrogen (H2) dilution results in high atomie hydrogen concentrations, which etches away 
weak, non-optimal Si-Si bonds and promotes crystallisation [13] [19] [66]. From this equation, Roschek [65] 
derives a recommended set of process parameters for micro-crystalline growth: apart from a high Hrdilution, 
RF-power should be high to encourage Silit depletion, and the pressure should be low so that less Sifit is 
present near the surface to absorb atomie hydrogen. In this way, a maximum H-flow towards the surface is 
obtained. However, Kondo [33] promotes the high pressure depletion methad basedon ( 1.1 ): he argues that the 
necessary high RF-power leads to a strong ion-bombardment (see section 1.2) that results in amorphisation. To 
prevent this, a high pressure is required to increase collision frequencies and thus lower average ion energy. 

Although quite different in structure, microcrystalline silicon is in many aspects comparable to crystalline 
silicon (c-Si) [65] . The optical band gap is much lower than that of a-Si:H, which makes f..IC-Si :H more IR-light 
sensitive than a-Si:H. However, the absorption above pboton enerpes of 1.8 eV, which is generally quantified 
by determining E_04, the energy at which the absorption equals 10 cm·' , is much lower (see Figure 1-6). This is 
a direct consequence of the different band tail states of the materials, on which we will not elaborate further. We 
emphasize that there is not one type of f..IC-Si :H, and that the exact properties depend on the specif'ic structure 
that results from the combination of process conditions (see Figure 1-5). Still , the optical properties of JlC-Si:H 
in general make it an excellent candidate for the bottorn cell in a tandem cell with a-Si:H top cell, creating thus a 
so called micromorph cell [40] . Also, it is suitable as a tunnel recombination junction in an a-Si:H/a-Si:H 
tandem. 

Io5 

104 

~ 
lol 

§ Io2 •<J 

i 
~ lOl 

ufl 

10"1 
0.5 1.5 2.5 

Ener~ (eV( 

Figure 1-6. Speetral absorptionfordifferent types of material [81]. 
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1.4.3. Polymorphous hydrogenated silicon 

Akzo Nobel bas recently been partner in the H-alpha project, a research project funded by the European Union 
aimed at the development of polymorphous silicon solar cells with 5% efficiency. Justas a-Si:H and J..Lc-Si :H, 
polymorphous silicon (pm-Si:H) may be deposited with RF PECVD although under somewhat different 
conditions. 

Deposition of pm-Si:H requires the formation of larger ebains of material in tbe gas-phase of tbe plasma [15] 
[63] . This mechanism is known as dust formation and is initiated by negative ions [28] that rnight be created in 
the plasma, particularly SiH3. [11]. One of the most important properties of these dust particles is that they get 
negatively charged by electron attachment, when they are larger than a few nanometer (see Figure 1-7). This 
means that they are, like electrons, effectively confined to the plasma by the electric field in the plasma sheaths, 
which results in high residence times [ 11] [26] and further partiele growth through reactions with radicals and/or 
silane [16]. 

_,_ -Molecule Macro-molecule Nanoparticle Agglomerate Powder 

0.1 nm 1 nm 10 nm 100 nm 1~m 

Figure 1-7. Nomenclature of dust particles as ajunetion ofthe typical dimension (figure takenfrom Van den 
Donker [ 11] citing Boufendi and Kroesen [4]). The alpha-gamma ' transition corresponds 10 a transitionfrom 

nanoparticles to agglomerates. 

The dust formation process bas been studied widely, and is known to consist of four phases, each acting on a 
different time-scale. The final phase is known as the alpha-gamma' (a-7y') transition [53] [63], which can be 
induced by changing almost any process parameter. When tbe plasma operates in the y' -regime instead of the 
dust-free a-regime, electrens are extracted from the plasma by the dust particles which results in a lower 
electron density, a higher electric field and a higher electron temperature [I I] . Furthermore, the transition to the 
y' -regime is characterized by an increasing deposition rate, a dirninishing V de self-bias (see section 2.3), a 
dirninishing rf voltage, instability of the Y ctc self-bias and a significant increase of the plasma resistance [11] . 
Also, it is generally known that silicon layers deposited in the y' -regime are not suitable for pv cells, as they are 
not 'device quality ' [2] [23] [47] . 
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Figure 1-8. Alpha-gamma ' transition as characterized by a change in V de self-bias. 
p* is defined as the pressure (Pa) divided by 100 Pa. 

For the deposition of pm-Si:H, the plasma conditions are chosen close to the alpha-gamma' transition [8] [11] 
[23], using a sealing law obtained by Van den Donker [11] (see section 2.3 for details). Under these conditions, 
neutral particles of a few nanometer in size are formed in the plasma and are also deposited in the growing 
material (see Figure 1-9). However, the particles do not start to coagulate to form agglomerates. A high 
hydrogen dilution is chosen to promote crystallinity of tbe nanometer-size particles. 
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The material is characterised by several properties such as a higher band gap than standard a-Si:H (and is 
therefore suitable as top eelt in a tandem), and better electronic properties [62] [63] [67]. Especially, 
polymorphous silicon does suffer less from the Staebler-Wronski-effect [63] [68] [76]. It is claimed that the 
material may be recognised with Fourier Transformed Infrared spectroscopy (FTIR) through the presence of an 
additional absorption peak in the IR region at 2030 cm·1 [63], whereas a-Si:H has peaks at 2000 cm·1 and 2100 
cm·1 only. This wiJl be discussed in further detail insection 3.4. 

Figure 1-9. The structure ojpolymorphous siliconfrom a HRTEM picture [63]. 

Concluding, in this section we treated three different types of hydrogenated silicon materials. Each of them has 
its specitic advantages, which all should be exploited in an optima! solar cell design. However, each type of 
material is associated with different PECVD process conditions, the material properties depending on the exact 
process parameters. Therefore, a successful production facility should be able to cope with the entire parameter 
regime. 

l.S. The Helianthos project 

Underlying research was carried out as part of the Helianthos-project, in which Akzo Nobel, Shell Solar, 
Eindhoven University of Technology (TU/e), Delft University of Technology, Utrecht University and TNO 
jointly strive for low cost production of thin film silicon solar cells. lt is based on the innovative roll-to-roll 
(R2R) superstrate principle (see Figure 1-10): throughout the process, a long metal foil is used as a temporary 
carrier, on which all successive operations are performed (roll-to-roll). As the foil is positioned on the sun-side 
of the stack (superstrate), it is removed before the actual pv modules are finished. As no glass encapsulants are 
used, the resulting pv modules are also flexible. 

Ene.! l'Slilani 

En..:apsul .mt 

Figure 1-10. The Helianthos concept. 

Currently, a pilot line is being constructed at the projeet's site in Arnhem. The pilot line includes a roll-to-roll 
(R2R) machine for the deposition of silicon layers using PECVD (Figure 1-11): it consists of several successive 
plasma reactors for the deposition of the p, i and n-layer respectively, on an aluminurn!TCO-stack. The size of 
the R2R PECVD-system is determined by the combination of deposition rate and required 1ayer thickness. Up 
till now, a-Si:H solar cells have been deposited in this PECVD-facility at a rate of 0.14 nrn/s. No pm-Si:H and 
11c-Si:H solar cells have been deposited yet. The design of the R2R-machine falls outside the scope of this 
report, we confine ourselves to the remark that the PECVD step is one of the most expensive and time
consuming within the entire production process. 
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A lso, a 1:1 replica of one of the deposition chambers is available for ex perimental work (see Figure 1-11, and 
section 3.1 for further details). Because this is a batch reactor, no roll-to-roll processing is possible here. Most 
workin this report is carried out on this system, to which we will refer as 'scale-model '. 

Aluminum foil + TCO Gas loek Aluminum foil 

Rol I Deposition chamber 
a. 

Deposition chamber 

b. 

Figure 1-1 I. Schematic of(a) roll-to-roll PECVD system and (b) batch PECVD reactor. 

1.6. Aim andjustification of thesis 

In the previous sections we have become familiar with the basics of thin film pv production using PECVD and 
the approach of the Helianthos project. We have seen that the ability to deposit different types of material, with 
acceptable quality and at a reasanabie rate, is essential for successful manufacturing of solar cells. Now we 
come to the aim, formulated as research questions, and justification of underlying thesis. 

Research questions 

• Is it possible to increase the deposition rate of amorphous and polymorphous Si:H in the current 
setup to at least 0.5 nm/s, while maintaining present material quality and solar cell properties? 

• Is it possible to deposit microcrystalline Si:H in the current reactor, aiming at the manufacturing of 
a tandem cell in the short term, and a micromorph cell in the long run? 

• What is the relevant parameterspace for the deposition of rnicrocrystalline Si:H in the current 
reactor? 

• Which aspects are critica! for upscaling of the process in the future? 

Justification I Technology Assessment 
PV is regarded by many as a major contributor to a sustainable energy supply for the future. As it is still very 
expensive compared to fossil fuel and other sustainable energy sources, cost is a major issue in pv-technology. 
The plasma-enbaneed deposition (PECVD) of silicon is the most capitai-intensive step in the production 
process; an increased throughput at PECVD, i.e. the R2R foil speed can increase when deposition rate increases, 
will almost directly translate into lower cost. Furthermore, the use of tandem cells and upscaling of the process 
also result in lower costik Wh, through higher efficiencies and economiesof scale, respectively. 

1.7. Structure of research 

To close this chapter, in this section we give a short overview of the structure of research, and the relationship 
between different concepts. The overview is depicted as a diagram in Figure 1-12. Note that not all concepts in 
this figure have been treated yet, some will not even be explained in the remainder of this report but are added 
for completeness. The upper half of the figure describes the relationship between the main concepts and the line 
of logic: the process parameters during PECVD deterrnine the plasma characteristics; these properties deterrnine 
both the deposition rate and the type and quality of the material that is deposited, which on their turn deterrnine 
the final solar cell characteristics. 

The bottorn part of Figure 1-12 describes how the main concepts fit into this report. The process parameters 
during PECVD are used as variables, whose intluence will be treated in more detail in CHAPTER 2. Theory. 
The resulting plasma, material and solar cell characteristics are investigated with several diagnostics that will be 
discussed in-depth in CHAPTER 3. Experimental setup. Readers farniliar with this field of research could skip 
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these, perhaps with the exception of section 2.3, where some important results from previous research on the 
same deposition facility are discussed, and section 3.1 that is concemed with the details of this setup. 

In this study we paid extensive attention to the optica! and structural properties of the deposited material, which 
bas notbeen done before at Akzo Nobel. This will become clear from CHAPTER 4. Deposilion Results, which 
is to be considered the main part of this report. Among other things , it wiJl be shown that it is possible to deposit 
a-Si :H solar cells and pm-Si:H layers with stabie properties at a high rate. Regarding the deposition of pm-Si:H, 
previous work of Van den Donker [ 11] on the plasma characteristics under these conditions will be combined 
with analysis of the deposited layers. As regards Jlc-Si:H deposition, it will be shown that this material was 
actually deposited in the scale-model PECVD system for the fust time. We will present several deposition series 
aimed at investigating the transition from a-Si :H to Jlc-Si:H. Finally, the results of underlying research are 
compared with state-of-the-art insights obtained from a literature study. 

The chapter covering the results of this study is foliowed by CHAPTER 5. Vdc self bias, where the V de self
bias, used by Van den Donker to experimentally determine the transition between a-Si:H and pm-Si:H, will be 
investigated in more detail. An attempt will be made to formulate a sealing law that relates the V de bias with the 
various process parameters. Also, it will be made plausible that the Vdc bias is usabie as control parameter 
during PECVD for the deposition rate. 

Finally, we wind up with CHAPTER 6. Conclusions and recommendations that contains an overview of the 
major results and several conclusions, recommendations and possible future lines of research. 
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Figure 1-12. Structure of research (based on [65]). Note that notall the conceptsin the figure will be discussed 
in this re pon, but are added he re for completene ss. The deposition rate is obtained by dividing the layer 

thickness by deposition time, where the layer thickness is obtained using the same measurements as usedfor 
optica! characterisation i.e. Rejleclion & Transmission (R,T) measurements (see seclion 3.4). 
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CHAPTER 2. THEORY 

In this chapter, we shortly discuss some state-of-art insights that are relevant to this study. First, we try to 
summarise current knowledge about the influence of power and some other process parameters on the 
deposition rate (section 2.1 and 2.2, respectively). Next, we discuss recent results that have been obtained on the 
same experimental setup regarding dust formation in the plasma. Subsequently, we discuss the causes and 
properties of the V de self-bias andrelate this to the previous sections (section 2.4). Finally, we rehearse some 
basic opties and the properties of the Tauc-Lorentz model, used to interpret the results of R,T measurements 
(section 2.5). 

2.1. Influence of power on the deposition rate 

One of the main aims of this report is to increase the deposition rate of hydrogenated silicon. A major 
determinant of this is the power that is absorbed in the plasma. A power increase results in an increase of 
electron density and electron temperature in the plasma [39], which leads to more dissociation of silane. The 
resulting SiH3 radicals and other silane-particles contribute to a higher deposition rate, which has been 
established experimentally by many researchers, for example in [33] [43] [58] [83] . 

The relation between power and deposition rate is in general less than linear, although some experiments 
established a linear relation [43]. This non-linearity is theoretically explained by the fact that an increase in 
power at constant frequency leads to thicker sheaths [3] [42] [51] (see equation 2.7). As a result, the ions will 
dissipate a larger part of power, resulting in a relative decrease in deposition rate. 

A second explanation is of a more experimental nature and concerns the coupJjng of power into the plasma. The 
external electric circuitry can strongly influence performance [57]. The power that is generated in a rf-generator 
is fed into the plasma through a matchbox and the electrodes. The matching network is necessary to match the 
impedance of the power generator (50 Q) with the system and thus minimise the reflected power (see Figure 
2-1). This is done through manually changing the values for Ctune and C1oad· A higher input power automatically 
results in a higher current and more power dissipation in the various electric components, resulting in less power 
that truly ends up in the plasma. 

r · · ···· ······ · -p}a~llll~l ············· i 

l Sh~unll Shea t h i 

b ....-----: 

: ... . P(ll·~ -~.12~~~ - ~~~~~-~ - - -·· : 

rf Matchbox 

Figure 2-1 . Electric circuilfor a PECVD system. The shown modelfor the plasma is takenfrom Van den 
Donker { 11 j citing Goedheer { 17], while a model for the matchbox is discussed in {8] and {36]. 
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Also, impedance matching proves more difficult for higher forward power, resulting in a larger amount of 
reflected power. This power is not dissipated in the plasma for sure. To take this effect into account, we use in 
this report tbe term effective power (Pejf) , which is defined as 

P eff( W) = Pf onvard (W) - Prefleered (W) (2 .1) 

where P fonvard is the power the rf generator delivers and P refleered tbe power tbat is reflected by tbe combination of 
matchbox and plasma system. Both P fonvard and P refleered are measured by the power generator. 

2.2. lnjluence of other process parameters on the deposition rate 

In this section, we briefly investigate tbe influence of other process parameters on the deposition rate. 

2.2. 1. Pressure 

Besides power several other process parameters have an influence on the deposition rate in a silane-hydrogen 
plasma. A distinct one is the process pressure [6] . Typically, the deposition rate increases slightly for increasing 
pressure when it operates in the a-regime; then, when we pass the transition-pressure and reach the y' -regime 
(see section 1.4.3), a sharp increase in deposition rate is observed, while for even larger pressures the deposition 
rate decreases slight1y but remains high [23] [47]. Guo ea (1998) explain the occurrence of this maximum in 
deposition rate with a balance between the Si~ partial pressure and the electron temperature [22]. 

2.2.2. Silane and hydragenflow 

As silane is tbe souree gas for all Si that ends up in tbe deposited layer, growth can be restricted by tbe silane 
flow [19] [35]. Intbat case, the plasma operates in depletion conditions. As is given by Van den Donker [11] the 
maximum growth rate in our system scales with silane flow as 

r dep = 0.014 LiQ (2.2) 

where LiQ is the Si~-flow in sccm 1 and r dep the deposition rate in nm/s. This is based on a bomogeneous 
deposition over the area surrounding tbe plasma. Possible density variations may result in an error of 10-20%. In 
this report, we use this equation to calculate the depleted fraction of silane. 

Hydrogen dilution improves the quality of the deposited layer [68], altbough the exact mechanism is unclear. 
Possible mechanism include the etching of weak Si-Si bonds by hydrogen, increasing the diffusion length of 
growth precursors by saturating the growing surface, or reconstructing the subsurface growth zone into a denser 
network [6]. Whichever view is correct, an unavoidable effect of hydrogen dilution for all mechanisms is a 
decrease in deposition rate [38] . Also, a transition towards the growth of J.lc-Si:H may occur (see section 1.4) 
which al so results in a lower deposition rate . 

2.2.3. Substrate 

Tbe conductivity of tbe substrate surface determines the surface potential, which on its turn determines the ion 
flux from tbe plasma [84] . Glass has a much lower conductivity than aluminum which results in charge 
accumulation. Alocal equilibrium requirement for ion and electron fluxes results in a potential that lies between 
tbe plasma potential and ground, and thus in a lower ion flux towards tbe substrate. Therefore, the deposition 
rate that is obtained on glass samples is slightly lower than on aJuminurn samples. 

2.2.4. Other parameters 

Other process parameters tbat influence tbe deposition rate include the RF-frequency, the dilution of the plasma 
with noble gases, tbe temperature and the electrode distance [6] . We will not elaborate on these as they fall 
outside the scope of this report. Note tbat in our experiments the RF-frequency was fixed at 13.56 MHz. 

1 One standard eubie eentimetre per minute (seem) equals 1 em3 of gas per minute at 0 oe and at atmospherie pressure, which corresponds to 
4.48· 1017 atoms/s. ln this report , we will use this 'engineering unit ' instead of tbe SI-unit as this is eommon praetice at Akzo Nobel. 
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2.3. Dust jonnation in silane plasmas 

As stated in the introductory chapter (see section 1.4), deposition of pm-Si:H requires the formation of larger 
ebains of material in the gas-phase of the plasma. This dust formation mechanism occurs for plasma conditions 
near, or beyond the alpha-gamma' (a~y') transition. The exact occurrence of the a~y' transition depends on a 
combination of process parameters. An easy diagnostic tooi for the transition is the radically changing V de bias, 
which we will discuss in more detail in the next section (2.4). Using this Vde bias, Van den Donker [11] 
experimentally obtained a sealing law for the transition pressure of a silane-hydrogen plasma at 13.56 MHz, as 
function of the power P*, temperature T*, silane flow Q* and hydrogen dilution R*, where the dimensionless 
parameters are defined as 

. p(Pa) P(W ) T(K) Qhyd (seem) +Qsil (seem) Qhyd (seem) +Qsil (seem) 
p"'=-- P*=-- T*=-- Q* = R= (2.3) 

Po , Po , To , Qo , Qsil (seem) 

while the scale quantities correspond to the typical process conditions of p0 = 100 Pa, P0 = 100 W, T0 = 500 K 
and Q0 = 100 seem. This resulted in the following relation 

= . (P * )-0.24 . (T * )t.4 . (Q * )0.29 . (R )0.39 
P a-'>r P {l.l .l.l} (2.4) 

which he obtained in the regime given in Table 2-1. For P{I,J,J,Jf a value of 57 ± 13 Pa was established. 

Van den Donkeralso established a comparable sealing law trough modelling, i.e. 

= · (P *)-113 ·(T *)413 · (Q *)t /3 · (R)4 19 P a-'>r P {l.l.J.l} (2.5) 

with an value for Pr 1 • 1 ,~, 11 of 0.7 Pa. Except for this proportionality constant, we see that both results are in 
agreement. 

Table 2-1 . Parameter range in whieh transition law (2.2) was determined. 

Quantit 
Power 
Temperature 
Silane flow 
Hydrogen flow 
(at 75 seem Si~) 

(W) 
(K) 

(seem) 
(seem) 

Minimum val ue 
20 
30 
25 
0 

Maximum value 
300 
200 
500 
675 

In this study, we choose conditions close to the experimental transition pressure for the deposition of pm-Si:H. 
We extent the results by Van den Donker by actually investigating the material that is deposited, as we will see 
later (see section 3.4 for details on diagnostics). 

2.4. l'dcse{f-bias 

As we use the V de self-bias, or V de bias, to de termine the alpha-gamma' transition, it is worthwhile to investigate 
this bias further. In a capacitively coupled RF-discharge there can be no time-averaged net flow of charge 
towards one of the electrodes. For the case of an asymmetrie capacitively coupled RF-discharge (see Figure 1-2 
and Figure 1-3), this results in the occurrence of the so-called DC self bias V de [53], which wedefine as 

2 
V de = V GND - VRF, averaged (2.6) 

where V GND is ground potential and V RF, averaged is the time-averaged potential of the powered electrode. Thus, 
the de voltage between plasma and the smaller electrode is larger than the de voltage between plasma and the 
larger electrode, to eosure that currents towards the differently sized plates are equal in size. In genera!, a rather 
simple equation is used to describe this, i.e. 

2 Note that wedefine V de as positive here, as VRF. '""&"" is negative compared to VGND· As many authors define V de the other way around, 
readers may interpret V de in this report as IV <~c ito prevent confusion. 
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( )

n 
Vs,l S2 
--=- ,l~n~4 
Vs,2 S1 

(2.7) 

with Vs,J and Vs,2 the time-averaged potential drops in the sheath for electrode I and 2, respectively, and SJ and 
S2 the size of these electrodes [30] [53]. The exact value of n seems to differ between different setups, but n ~2 
is valid for most PECVD systems [53] . Grounded reactor walls have to be taken in account as well, which 
results in a larger effective grounded surface for both the scale model PECVD reactor and the R2R PECVD 
system at Akzo Nobel. 

Meijer and Goedheer [41] present a model that, assuming that the oscillating electron gas in the plasma reaches 
both electrodes momentarily, links the V deself-bias through analytica! calculation to the V RF. averaged as 

(2.8) 

where a is the ratio between SJ and S2, a> 0. This linear relation between Vde and V,r has also been confirmed 
experimentally, for example see [43] [73]. 

The V de self-bias is regarded as an excellent indicator of dust formation [8] [11]: when dust particles are present 
electroos will attach to them, which leads to a lower electron flux towards the surface and thus a smaller IV de l 
(see Figure 1-8). Also, time-resolved measurements are used to obtain more insight in the exact process of dust 
formation [11]. 

Moreover, the V de bias is in an interesting option as process-indicator, because it is easy to measure and is 
dependent on many parameters (besides area-ratio) like pressure, power, frequency and electrode distance. 
However, oot all these relationships have been unambiguously established yet. ModeHing and experimental 
work presented by Passchier [51] and Meijer ea [42] resulted in the following sealing law for power, frequency , 
pressure and self-bias in Argon: 

poe u/* p213 *V de (2.9) 

where P is the power (W), w the frequency (Hz) , p the pressure (Pa) and V de the self-bias (V). Furthermore, 
Meiling [43] observed a linear relationship between self-bias and the deposition rate with Peff. Based on the 
work of Meijer ea [42] and Passchier [51], but assuming total power dissipation in the Ohmic bulk of the 
plasma, Biebericher [3] states that 

(2.10) 

with P the power (W), w the frequency (Hz) and V the sheath voltage (V). 

Furthermore, fora silane-hydrogen plasma, Van den Donker [11] experimentally obtained the following sealing 
law 

V de ex p(Pa)"o 56 * P(W)062 (2.11) 

with p(Pa) the pressure and P(W) the power. 
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2.5. Measuring the thickness and optica/ characteristics of a deposited layer 

In this report, the thickness and optica! characteristics of the deposited layers are determined using the principle 
of thin film interference for transmission and retlection (see Figure 2-2). For an extensive treatment of this 
principle we refer to literature, e.g. [21] [52] [68]. We restriet ourselves to the remark that the interterenee 
pattem is ultimately determined by the dielectric function s [74] of the materials involved, with 
e= e1 + ie2 =(n-ilkl/ where nis the refraction index and k the absorption coefficient [31]. Furthermore, weneed 
to correct for roughness effects as we are dealing with an non-ideal layer. Note that in this report we use the 
thickness of a layer to determine the deposition rate, by dividing it by total deposition time. 

Incident wave 
Relleeled wave 

Air / 
Amorphous Si 

Aluminum substrate 

Figure 2-2. Principle ofinterference at the scale-model PECVD system. In the R2R PECVD system, an extra 
TCO layer is present between a-Si:H and Al, resulting in an extra boundary for rejlection. 

In the PECVD scale-model we deposited a-Si:H directly on aluminum (Al) and glass, the latter allowing 
transmission measurements, while in the R2R PECVD system, an extra TCO layer is present between a-Si:H 
and Al, resulting in an extra thin film and a more complicated interterenee pattem. In this section, we wil! show 
what tecbniques and models are used totranslate the interference pattem in the desired quantities. 

2.5.1. Amorphous hydrogenated silicon (a-Si:H) 

For the dielectric function of a-Si:H, Van den Donker [11] compared several models and found that the Tauc
Lorentz (TL) model [29] gave tbe best results when compared to bis experimental data in the 450-950 nm wave 
length region. The TL-model was developed for the optica! behaviour of amorphous semiconductors and 
insuiators and includes only interband transitions. For the imaginary part of the TL-model we write 

TL A-E ·C.E 
ë 2 (E) = 2nk = G(E)· ( 0

) for E ~Eg 
E 2 - Eo 2 2 + C2 . E2 

(2.12) 

? 2 
and e2 = 0 for E ~Eg, where G(E) = (E-Egt!E and A, C, E0 and Eg are parameters related to the band structure, 
all expressed in eV. The amplitude A is related to the number of oscillators and is regardedas a measure for the 
density of the material, the broadening parameter C is related to the di sorder of the material, E0 is the resonance 
energy and Eg is the Tauc optica! band gap. The real part of the dielectric function e1 can be obtained using 
Kramers-Kronig integration [11] [29] . In this case, an analytic expression exists for eh given by Jellison [29] . 

Table 2-2. Typ i cal values for TL-paramaters of a-Si: H. 

a-Si:H 

A 
(eV) 
220 

c 
(eV) 
2.5 

Eo 
(eV) 
3.7 

Eg 
(eV) 
1.7 

Typical values for the TL-parameters for material deposited at Akzo Nobel are given in Table 2-2. The fact that 
the TL-model is suitable to describe the optica! bebaviour of a-Si:H is illustrated by Figure 2-3. Multiple fitting 
attempts from different start values resulted in an error on glass of less than 2% for Eg, E0 and tbe thickness. 
Error in C and A is approximately 5 %. 

However, we will see later that the results in tbe case 11c-Si:H are not as good. Ferlauto ea [12] propose for 
narrow band gap-materials like 11c-Si:H a different model , using two oscillators in stead of one. Effectively, this 
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results in replacing the prefactor in (2.12) by G(E) = (E-Eii{E/ + (E-Ei}, where EP"' Eg. However, the 
appropriateness of this model was not tested in this study. 
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Figure 2-3. Typical transmittance spectrumtor a-Si:H on glass, and its TL-fit (TL0102), fit range 525-975 nm. 

2.5.2. Transparent conducting oxide (TCO) 

The extra TCO layer that is present in R2R depositions is described by atree electron or Drude model [31] [54] 
which can be used to calculate the dielectrical function of metals and other conductors. 

? 
- EP,-

ë Drude ( E) = ê oo + ---:2--. --'---

E + 1 · E · E damp 

(2.13) 

where e 00 is a constant, Er1 (eV) is the plasma energy related to the plasma frequency as Er = lîwP with tq, the 
plasma frequency [36] and Edamp (eV) is the damping energy. A typical result is presented in Figure 2-4, while 
typical parameter values are given in Table 2-3. Note that the TCO layer is a rough layer, which we have to take 
into account during analysis (see section 2.5.4). 

Table 2-3. Drude parameters tor spectrum and fit in Figure 2-4, fit range 450-850 nm. 
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Thickness 
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Figure 2-4. Typical rejlectance spectrumtor TCO on Al, and its TL-fit, fit range 450-850 nm. 

2.5.3. Substrate (aluminum or glass) 

The optica! behaviour of the substrates aJuminurn and glass were notmodelled in this study, but were described 
with a reference (n,k)-ftle, that gives the refraction index n and the absorption coefficient k for different photon 
energies [ 48] [ 49]. 
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2.5.4. Surface roughness 

As we are dealing with non-ideal layers, we have to take roughness effects into account. Surface roughness 
results in light diffusion and therefore a loss of intensity of the coherent bundle. As we are interested in the 
coherent bundie only, we have to correct for this effect. Roos and Rönnow [64], and Poruba ea [55] state that 
the Presnel coefficients of the particwar ideally smooth interface have to be multiplied with a correction factor 
for the roughness Oj, according to 

r;' = r;. exp{-2(27m;.1a/).) 2
] (2.14) 

t;' = t;. exp{-1!2[27c(n;.1 -n;)a/J..)] 2
} (2.15) 

where r;', r;, t;', t; represent the corrected and original Presnel coefficients for reflectance and transmittance, 
respectively, À the wavelength and where i denotes interface i between medium i with refraction index n; and 
medium i-1 with refraction index n;.1• Porrnulas (2.14) and (2.15) assume cr <<À, a smal! correlation lengthof 
the surface roughness and a normal incidence of light. Due to the strong wavelength dependenee this scattering 
effect is more pronounced for the blue part of the spectrum (see Pigure 2-4 ). 
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Figure 2-5. Typical rejlectance spectrum for Al!TCO!a-Si: H stack, and its TL-fit ( PJN35 _ 4 ), 
fit range 450-775 nm. 

In Pigure 2-5 and Table 2-4 the results for a combined AI!fCO/a-Si:H-stack are presented. Clearly, the 
modelled result is not as good as in the case of a-Si:H on glass. This is mainly due to the double interference 
pattem that occurs for two stacked thin layers. We will discuss this in more detailinsection 3.2. 

Tab te 2-4. Tauc-Lorentz parameters for spectrum and fit in Figure 2-4, fit range 450-900 nm. 

Thickness 
(nm) 
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CHAPTER 3. EXPERIMENT AL SETUP AND DIAGNOSTICS 

In this chapter we shortly discuss the experimental setup and diagnostics used in this study. Most experiments 
were carried out on the PECVD scale-model called 'The Little One' (TLO), which is described in 3.1. Actual 
solar cells were deposited in the large-scale R2R PECVD reactor 'Olga' (see section 3.2). The diagnostics used 
to study the plasmaand the deposited layer are treated in section 2.3 and 2.4, respectively. 

3.1. The scale-model PECVD system 3 

In this section we treat the details of the scale-model PECVD system, a batch system used for experimental 
work. The PECVD reactor consists of a gas inlet, a gas outlet, a powered electrode and a grounded electrode as 
is depicted in Figure 3-1. As the feed gas passes the volume between the electrodes, it is converted to a plasma 
that deposits a thin film on both electrodes. 

Plasma glow Groun:::ed electrode Si.Jl:stra!e fo ,l 

J.----- -----. J 
Battle I Gas miet 

Gas :)wtlet 

a. b. 

Figure 3-1. Schematic layout ofthe scale model, in (a) cross-sectional view and (b) longitudinal sectionat view. 

Available gases are silane (Sifi.), hydrogen (H2) and Argon (Ar). Gas flow is expressed in standard cubic 
centimetres per minute (seem). This measure of flow is defined at the standard pressure of 105 Pa and the 
standard temperature of 273 K. One seem corresponds toa flow of about 4.48 1017 particles per second. 
For SiR. and H2, the gas supply ti nes are controlled by mass flow controllers (MFCs) with a sensitivity of about 
1 seem and a maximum of 500 and 2000 seem, respectively. Ar is used for safety reasons, i.e. flushing the 
reactor after use of process gases. 

The gases enter the actual plasma chamber tbrough evenly distributed 'showerhead ' holes in the powered 
electrode, in order to obtain a homogeneaus feed gas distribution in the chamber (see Figure 3-1). There are 46 
showerhead holes in total, of 0.5 mm diameter each. The gas mixture leaves the plasma chamber via a pump 
channel on the short si de of the electrodes, covered by a baffle. 

To control the pressure, an adjustable throttle valve is placed inside the pump line connected to the gas outlet 
Baratron and Pirani pressure gauges are connected directly to the tbrottle valve such that it is possible to self
regulate on a given target pressure. It is also possible to put the throttle valve at a fixed position. Sametimes a 
restrietion is installed in the gas outiets to obtain ' low flow, high pressure' conditions. The whole reactor is 
placed in a vacuum tank to prevent contamination of the reactor. 

As substrate, cleaned aJuminurn foil is used that is pressed against the upper, grounded electrode, which is made 
of stainless steel. For substrate reptacement purposes, the upper electrode can be turned as a whole around a 
binge on one edge. It has 9 niches where glass substrates of 1 Ox 10 cm2 can be mounted to deposit layers on 
glass, in order todetermine the optica! parameters of the layers with a higher accuracy (see section 3.4.1). In this 
study, only the 3 niches on the central long axis are used. In that case, regular aJuminurn foil , but now with 3 
square apertures, is used as substrate in the remaining deposition area. The glass has had an HF dip for 2 
rninutes in 5% Ammonium Fluoride, in order to roughen the surface to promote adhesion. If this is omitted, the 
samples flake of the glass substrate due to the large amount of stress in the film. Afterwards, the glass samples 

3 This seclion is largely taken from [11 ]. 
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are cleaned in an extensive procedure using purified water, acetone, iso-propyl-alcohol (IPA) and ultra-sonic 
vibrations. 

The lower, powered electrode is made of stainless steel. As stated before, it contains showerhead holes for gas 
inlet. The inter electrode distance is 20 mrn, while the dark space shield thickness is 2 mm. The whole system of 
electrodes is slightly curved to assure a solid attachment of the substrate foil to the electrode. This curvature is 
not included in Figure 3-1. 

The powered electrode is supplied with a 13.56 MHz signa! by a 1 kW-generator and matchbox system. The 
benefit of this system has been explained in 2.1. The resistive part of the impedance of the wire between the 
matchbox and the powered electrode has been made as small as possible. 

Two electrical heaters are available to elevate the system to the desired deposition temperature. One is mounted 
directly on top of the grounded electrode above the substrate, and covers the entire electrode area. The other is 
located below the plasma chamber and covers the entire area except for the centre, where the RF-connection and 
gas supply Iine have to pass through. Thermocouples measure the temperature of the system. Based on the 
thermocouples ' output, the temperature is regulated using a PID-eontrolier integrated in the control software. 
Due to the slow heating of the system to process conditions and the subsequent cooling of the system after the 
experiment, one deposition a day can be performed. 

All process parameters are controlled from a single interface in the scale model control software. The software 
also contains several automatic procedures for safety reasons, e.g. purging the reactor with Ar after the use of 
process gases. 

3.2. The roll-to-roll PECVD system 

In this report, we will not discuss the large-scale roll-to-roll (R2R) PECVD system in great detail. We restriet 
ourselves to the remark that the plasma chambers used in the system are the same as those used in the scale 
model TLO. In this section we will show that the results obtained in the small scale batch system TLO can be 
transferred to the R2R system Olga without adaptation. This claim is supported by Figure 3-2. In this figure , 
three quantities for both systems are mutually compared, i.e. the effective power, the resulting Vdc bias and the 
resulting deposition rate. We see that, within error margins, the obtained results for TLO and Olga correspond. 

The TLO results are obtained in a power series on alurninum only and on glass, that will be discussed in-depth in 
section 4.1.1. Accompanying error margins are very small (and therefore not depicted), because thickness (and 
thus deposition rate) measurements on glass are very accurate (within a few nanometres), and because Vdc
measurement error was very small by using a Vdc-probe as discussed insection 3.3 . 

Olga results have a larger error for several reasons. The error in deposition rate was based on an estimated error 
of 20 nm in thickness fit on AlffCO, combined with a structural error originating from the preceding TCO-only 
fit, and a structural error caused by fixing a-Si:H material constants during spectrum fitting to the results 
obtained in TLO on alurninum. The V de error in Olga is estimated at± 1 V due to the discrete output signal and a 
read error, caused by a constantly changing output value. 
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Figure 3-2. Comparison ofresults obtained in TLO(TLOJOJ-105) and Olga (PIN 35). 

3.3. Plasma diagnostics 

I 

In this study, tbe plasma is cbaracterised by its Vde self-bias (see sectien 2.3). In the R2R PECVD system the 
Vde-bias is measured by the matchbox only, while in the scaJe-model PECVD system the Vcte-bias is also 
measured by a probe mounted on to the RF connection, that measures the de-bias. The werking of this probe is 
described in [8]. The measured de-bias by the matchbox and by the probe correlate via a multiplication factor of 
-0.0438. The signaJ of the probe, divided by -0.0438, is used for further measurements because it bas a higher 
accuracy. 

To find the aJpha-garnrna' transition, the plasma is monitored with the V de self bias probe while the pre ss ure was 
varied. One plasma can be measured in a relatively short time, which aJlows to check a large number of plasma 
conditions. 

3.4. Material diagnostics 

In this sectien the diagnostics used to characterise the deposited material are summarised. We made use of 
reflection and transmission (R,T) measurements, Fourier Transformed Infrared spectroscopy and Raman 
spectroscopy. 
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3.4.1. Rejlection & Transmission measurements 

As explained before (see section 2.5) , the interference pattem of a thin layer cao be used to determine its 
thickness and optica! characteristics. At Akzo Nobel, two setups were used for this, one in the laboratory and 
one inline in the R2R PECVD system. The lab setup is mainly used for research purposes, while the inline setup 
allows supervision of process settings, and monitoring of process stability. 

The ex situ system offers the possibility to measure reileetion spectra, both for aJuminurn and glass substrates, 
and transmittance spectra for glass as a substrate. A lightsouree/spectrometer by Ocean Opties/ A vantes, in 
combination with the commercial software package Nanocalc and a probe was used for laboratory data 
acquisition in the 350-1100 nm range (see Figure 3-3). The probeis connected to six bundled fiber-optic cables: 
the five outer cables transmit white light, while the central bundie collects the reilected signa!. The resulting 
probe area is approximately 8 mm2

. An average of 10 spectra in a row was taken. For reileetion measurements, a 
c-Si sample was used as reference, for transmission air was used as reference. Afterwards, the raw spectra were 
fitted with the Tauc-Lorentz/Drude-model (see section 2.5) by a program written at Akzo Nobel. 

Laptop C<.'mputer 

A.! um mlun f~_) !l 

Figure 3-3. Setup for rejlection measurement. Note that the in situ probe can not be moved in lateral direction. 

The in situ system consists of a similar Ocean Opties/ A vantes lightsouree/spectrometer with a probe inside the 
R2R PECVD system, connected to the spectrometer through fiber-optic cables and a vacuum proof ilange. The 
probewas installed on a rail above the foil (distance approx. 1 mm) at one of the top rollers in Olga, just before 
winding up of the deposited foil. Therefore, temperature is much lower than process temperature. The position 
of the probeis fixed (about 100 mm from the side of the foil), therefore analysis of lateral homogeneity is oot 
possible. The orientation of the probe was outlined for maximum reilected signa! (perpendicular position). The 
commercial software package A vasoft was used for online data acquisition 

A c-Si sample outside the R2R machine was used as reference. As the distance between reference sample had an 
unknown deviation from the probe-foil distance in situ, the obtained absolute levels of intensity were not 
correct. Except from this, excellent agreement was obtained with ex situ measurements as is depicted in Figure 
3-4. 

-rn---------------------1-- in situ (Oiga) 
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Figure 3-4. Comparison of in situ and ex situ rejlection spectra (Olga PIN27 _ 4, 190Pa). Note that gainfactor is 
arbitrary due to different distance to foillreference. 
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The inline probe is also designed for monitoring the process stability. Figure 3-5 clearly shows that this works 
very well, and that over a period of 20 rninutes the deposition was very stable, with a typical thickness variation 
of a few nanometer. 
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Figure 3-5. Rejlection spectra PIN27 _1 (steady deposition), spectra taken every 2 minutesin a 20 minutes 
limeframe. 

Also, it is interesting to monitor the reflectance spectra inline during start-up of the PECVD process (see Figure 
3-6). The changes in the reflectance spectra are very obvious. Especially the increasing absorbance in the lower 
wavelength-region, which is associated with absorbance by the growing a-Si:H layer, is distinctly visible. 

Furthermore, it was observed that the position of the fringes in the spectra showed a quite remarkable behaviour, 
as is depicted in Figure 3-7. Here, all fringes that were visible in the fust spectrum were given an identification 
number, and foliowed as they 'shifted to the right ' in the spectra for increasing a-Si :H layer thickness. A 
constant 'shifting speed ' was observed for all fringes, even for ' new ' ones. AJthough we are not sure about the 
physical meaning of this, we did not follow this line of research further as it falls outside the scope of underlying 
project. However, we report the obtained results here as a possible starting point for future research. 
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Figure 3-6. Start up of run Olga 27 _1; position 9 represents the AI/TCO-stack without i-layer, position 0 was 
obtained atfull i-layer thickness. x-axis represents wavelength (nm), y-axis rejlection (a.u).Graphs at different 

momentsin time shifted for clarity. 

Based on the results presented in this section, we draw the following conclusions: 

• The ex situ and in situ measurements are consistent, except for a sealing factor. 
• The deposition process in the R2R PECYD setup is stable. 
• Monitoring the reflectance spectra during start-up of the R2R PECVD process results in fringes 

'shifting to the right ' in the spectra with a constant speed. 
• The reflection spectrum of a AVfCO/a-Si stack is still not fully understood (see also section 2.5). 
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Figure 3-7. Fringe positions in the spectra asfunction of time. Fringes correspond tofringes in Figure 3-6. 
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3.4.2. Fourier-transformed lnfra Red spectroscopy 

Attenuated Total Reflection (ATR) Fourier-transformed Infrared (FTIR) spectroscopy was used to 
• identify polymorphous silicon (pm-Si:H), tbrough the possible existence of an absorption peak at 

2030 cm·' 
• determine the porosity of the material, tbrough the ratio of the absorption peak around 2100 cm·' 

and the 2000 cm·' peak. 

FTIR is basedon the ability of a chemica! bond to absorb electromagnetic radiation with a frequency equal to 
the vibrational eigenfrequency of the bond [50] . The 2000 cm·' band is characteristic for stretching of a Si-H 
bond in a-Si:H, while the band in the 2090-2100 cm·' region is characteristic for stretching vibrations of SiH2. 

SiH2 is found at the surface of cavities in the material, thus indicating porosity in the material [46] [68] [69]. 
Furthermore, it has been claimed by Roca i Cabarrocas ea [63] that a physically significant peak around 2030 
cm·' can exist. He attributes this to crystallite clusters at the surface, which is regarded as a signpost of pm-Si:H. 
Later on (4.3.1), we will investigate this matter further for our samples. 

A measure for the porosity of the material is the microstructure-parameter R*, defined as [68] 

/ 2100 R* == __ __::;:.::..::_ __ 
/ 2000 + / 2060- 2100 

(3 .1) 

where h()()() and /206().2100 represent tbe areas of the 2000 and 21 00-peak in the spectrum according to 

(3.2) 

where a(ro) is the absorption coefficient and ro the wavenumber [69]. Ideally the value of R* is zero, but it is 
believed that for practical purposes R* < 0.1 is acceptable [68]. 

The infra red light of a commercial Biorad FTS 6000 Fourier Transform infrared spectrometer owned by Akzo 
Nobel was focussed on the edge of an intemal reflection element (IRE)/ATR crystal made of germanium (Ge). 
The light is incident under an angle of 45 degrees with respect to the normal. Germanium is very suitable as an 
ATR crystal , as it has a broad infrared transmission range (2000-12000 cm·') and a high refraction index (4.10-
4.00). Finally, the beam reaches a detector which couples the signa! back to the spectrometer. The measured 
intensity is converted into an interferogram, that subsequently is converted by the accompanying software 
package into a spectrum by the application of Fourier transformation. To check reproducibility, most 
experiments were carried out four times. Deviation in R* between these measurements was less than 5%. 

In the infrared spectra (see Figure 3-8 for an example) a background wasfittedon the region 1800-1900 cm·' 
and 2200-2300 cm·' (an example is given in Figure 3-9). The background has the following form: 

(3.3) 

where ei are constants, rob is tbe peak position of a background parabola and ro is the wavenumber. The 
absorption band that is obtained after background subtraction is fitted with tbree Gaussian peaks each of the 
following form 

-(1))-ál )2 

I == Aie u/ , where wi is the peak position at 2000 and 2100 cm·' , or at 2000, 2030 or 2100 cm·', 

respectively, Ai the amplitude and (Y; the width of the peak. 
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Figure 3-8. Total FTIR spectrumfor TLO 102. 
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lofra-red measurements in transmission mode were not possible on tbe deposited substrates, as both absorb in 
tbe relevant speetral region [70]. 

An attempt was made to determine the absolute value of the hydrogen-content in the material through FfiR, 
using two different approaches proposed by Van den Oever [46] and Smets [69], respectively. The approach of 
Van den Oever, although specific for A TR-FfiR, could not be foliowed as it requires measurements with 
polarized light. Smets obtained his results for transmission spectroscopy, ensuring that the light travels only 
once througb the a-Si:H layer. However, for tbe ATR-setup this approach can not be used. Therefore, it proved 
impossible todetermine the absolute values of the hydrogen-content from our measurements. Still , it is possible 
to compare samples tbat were deposited under different conditions mutually. We will not elaborate on this 
further. 

3.4.3. Raman spectroscopy 

Raman spectroscopy is based on the ability of a solid to use a small part of the energy of an incoming pboton to 
excite a lattice vibration, or pbonon [68] [71]. Tbus, the escaping pboton has a slightly smaller energy tban tbe 
incoming one. This energy shift is referred to as Raman shift. Given momenturn conversation, for crystalline 
silicon this leads to a sharp peak at a Raman shift of 520 cm·1

• In a-Si:H, a variety of pbonon modes and 
energies is allowed resulting in a broad peak centred at 480 cm·1

• As ~c-Si :H can be considered as a mix of c-Si 
and a-Si:H, both peaks will be present. The occurrence of a 520 cm·1 peak in the Raman spectrum of a sample 
can be considered as evidence of the microcrystallinity of tbe sample. 
As discussed by Smit ea [71], it is rather complex to determine the crystalline fraction of tbe deposited layer. 
Therefore, in this report we restriet ourselves to qualitative identification of ~c-Si:H and to calculation of Je/la , a 
very rough estimate of tbe crystallinity of the material , wbere Ie and la are the intensities of the peak around 520 
cm·1 and 480 cm·1

, respectively. 

In this research, Raman measurements were carried out on aJuminurn samples at Akzo Nobel using a 785 nm 
laser, and on both aJuminurn and glass samples at Utrecht University using a 514.5 nm laser. Laser power was 
kept low enough to prevent spontaneous crystallisation. Typical results can be seen in chapter 4. 

3.5. Solar cell diagnostics 

The pv cells that were manufactured in tbe R2R PECVD system and accompanying process steps were analysed 
using several established diagnostics, i.e. a solar simulator and a setup to measure the speetral response. Using 
the sol ar simulator one obtains the so-called light and dark JV -curve, in which the current density is plotted 
versus tbe voltage. The curves characterize the electrical behaviour of the pv cell and result in, among other 
things, the efficiency of tbe eetl. Note tbat a reverse-bias-treatment was applied to minimize sbunting-effects. 
The speetral response setup allows the calculation of tbe quanturn efficiency and the speetral response of the 
cell. Furthermore, a contactless pin probe, recently developed by Rikweert [14], was used to obtain more info 
about tbe pin structure , especially the open-circuit voltage. We will not elaborate on these diagnostics and on tbe 
electrical characteristics of a pv cell, but refer to literature for more details, e.g. [20] [68] . 
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3.6. Design of experiment 

In chapter 1, several research questions were posed that are the basis of this research. Now that we are familiar 
with some theoretica! background (chapter 2), the properties of the deposition facilities and with the available 
diagnostics (this chapter), we try totranslate the research question in an experimental approach. 

As we want to study three types of material, four experimental regimes are cbosen witb the Hrdilution as main 
determinant. For the deposition of a-Si :H, frrst of all a dilution of 50% Sif4-in-H2 

4 was investigated because this 
has been used at Akzo Nobel as 'standard' processing condition so far. Amorphous hydrogenated silicon was 
also deposited under a dilution of 23% Sif4-in-H2, to study the effects of a different dilution. The condition 4 % 
Sif4-in-H2 was chosen to deposit pm-Si:H. Here, the high bydrogen-fraction was chosen in order to enhance the 
crystallinity of particles tbat are formed in the plasma. Fourthly, dilutions around 1% SiH4-in-H2 were used to 
obtain IJC-Si:H, because we know that excess hydrogen in the plasma induces a transition to microcrystalline 
silicon (see section 1.4.2). 

In eacb regime, a power series of 4 or 5 depositions was performed as we learned that power is a major 
determinant of the deposition rate. For 4 % Sif4-in-H2, this was preceded by a pressure series to determine the 
correct parameter settings for the deposition of pm-Si:H. In all series, except the 1% Sif4-in-H2 series, the ratio 
between silane flow and power, in otber worcts the energy per silane molecule, was kept constant in order to 
keep tbe plasma chemistry constant. After all, from the modelled sealing law for the alpha-gamma' -transition 
(equation (2.5) in section 2.3) we know that the transition pressure does oot change for an equal increase of Siflt 
flow and power. The rigidity ofthis requirement was also checked experimentally. 

Note that for IJC-Si:H, i.e. 1% Sif4-in-H2 series, the goal was oot to increase the deposition rate, but to 
investigate the transition from amorphous to microcrystalline material. We have seen tbat this transition cao also 
be induced by a power increase, therefore also in this case a power series was conducted. As this transition is 
also very sensitive to the Hrdilution of the plasma, for IJC-Si:H-deposition a dilution series was carried out as 
wel I. 

First, layers were deposited on aluminum and glass samples in tbe PECVD scale-model, with typical layer 
thicknesses between 300 and 450 nm. The glass samples allow accurate optical characterisation of the layers 
using transmission measurements. Also, alllayers were analysed with FTIR spectroscopy to obtain information 
about the porosity, and in the case of pm-Si:H, to uniquely identify tbe material. Raman spectroscopy was used 
on alllayers to investigate a possible crystalline component, and in the case of IJC-Si:H, to uniquely identify the 
material. Furtbermore, for at least one rapidly deposited layer per dilution, the bomogeneity was cbecked. An 
exception to tbis research approach is the 23% Sif4-in-H2 series, whicb was only deposited on aluminum, and 
merely analysed using reflection measurements due to time limitations. 

After that, the results were transferred to tbe R2R PECVD system for solar cell production and characterisation. 
Due to limited time, this was only done for the 50% Sif4-in-H2 a-Si :H series. Note tbat no structural 
optirnisation of the recipe (fine-tuning) witb regard to cell efficiency was carried out, as tbis was oot the goal of 
the project. This cao be done roll-to-roll in a later stage, using recently developed diagnostics like the pin-probe 
[14] and the inline R&T measurement system. 

Also, it was observed during the experiments tbat, within a series, the V deself bias correlated linearly with the 
deposition rate. Furthermore, the Vdc self bias is an indicator for the plasma regime as we have seen before 
(section 2.3). Therefore, a parametrie experimental study of the V de self-bias was carried out, which resulted in 
an attempt to formulate a sealing law. We wiJl see later on that part of this analysis bas a more speculative 
nature (see chapter 5). 

4 The expression 'SiH,-in-H2 ' should be readas Q- SiH 4 with Q the gas flow in seem. 
Q_SiH4 +Q_H2 
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CHAPTER 4. DEPOSITION RESUL TS 

In this chapter, the main experimental results are presented. The H2-dilution in the plasma, being one of the 
main experimental parameters, will be used to order this chapter. So, each main section wil! contain the results 
for one specific dilution. Experiments have been performed for gas mixtures with respectively 1, 4, 23 and 50 
percent silane-in-hydrogen. Furthermore, a dilution series ranging from 0.5% to 2% silane-in-hydrogen bas been 
carried out. 

A dilution of 50% Sil-4-in-H2 was investigated becau·se this has been used at Akzo Nobel as 'standard' 
processing condition so far, and wil! be treated in section 4.1. The next section contains the results for 
depositing a-Si:H under 23% SiH-in-H2 conditions, to study the effects of a different dilution (section 4.2). In 
section 4.3 the results for 4% Sil-4-in-H2 wiJl be presented, a condition that was chosen to enhance the 
crystallinity of particles that are formed in the plasma during deposition of polymorphous silicon. The results for 
1% silane-in-hydrogen, recommended in literature [65] for the deposition of microcrystalline silicon, cao be 
found insection 4.4. This section also includes the results for the dilution series around 1% SiH4-in-H2. Finally, 
after paying attention to the homogeneity of several depositions (section 4.5) we present in section 4.6 a 
comparison of the four series, both with regard to deposition rate and material properties. Also, we briefly 
compare our results tosome results that are presented in literature (see section 4.7). 

4.1. 50% silane-in-hydrogen 

So far, a dilution of 50% Sil-4-in-H2, i.e. Q_SiHJ(Q_Sil-4 + Q_H2)= 0.5, was used at Akzo Nobel as 'standard' 
processing condition. First, we will show that the deposition rate of a 'standard' layer of a-Si:H cao be 
quadrupled by increasing both power and gas flows, while the optica! characteristics of the material remaio 
constant. Next, it will be shown that this also applies to those material characteristics that are obtained with 
FTIR and Raman spectroscopy (section 4.1.2). Subsequently, the application of the silicon layers in solar cells 
will be investigated, resulting in some important electrical characteristics from the dark and light JV -curves and 
the speetral response (section 4.1.3, 4.1.4 and 4.1.5 respectively). Finally, the ratio between power and gas flow, 
which was kept constant throughout the experiments, wil! be investigated further (section 4.1.6). 

4.1.1. Increase of deposition rate, and R, T measurements 

The results presented in this section are obtained in the PEeVD scale-model. Layer thickness was measured 
according to section 3.4.1 on glass samples in transmission mode, for better accuracy ( average of 3 samples per 
deposition). The resulting deposition rate per sample has a very smal! error, as both thickness (typical error 5 
nm) and deposition time (typical error 1 s) are well defined. Inter-sample-spread is about 0.02 nm/s, with the 
middle sample slightly thicker. This is explainable by consictering the RF-connection in the centre of the 
electrode as a heat sink: the centre of the electrode is colder than the rest of RF-plate, which results in a net 
diffusion of particles in the plasma to this region, thus increasing the deposition rate [11] . Effective power is 
also well defined (typical error a few Watts), but the question remains whether this is true plasma power (see 
section 2.1). 

Table 4-1. Standard condilionfor 50% SiH4-in-H2 deposition rate series. 

S mbo! 
p 

Q Sil-4 
QHz 
TGND 
TRF 
p 

Parameter 
Power 
Flow Silane 
Flow Hydrogen 
Temperature Ground electrode 
Temperature RF electrode 
Pressure 

Value 
50 
75 
75 
180 
180 
50 
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Unit 
w 
seem 
seem 
oe 
oe 
Pa 



The approach for increasing the deposition rate was described in section 3.6: starting from the standard 
condition (Table 4-1, deposition rate 0.14 nm/s), the plasma power and gas flows were increased (and for one 
experiment lowered) at the same rate. Thus, the ratio between power and gas flow is constant. Using formula 
(2.2) it was ensured that power was the limiting factor for the deposition rate. In Figure 4-1 the results of this 
series are presented. The deposition rate increases non-linearly with increasing effective power Peff• namely with 
the power 0.71 , or the power 0.87 when the data point for lowest power is omitted. The error in Peff for this data 
point is larger than for the other points, as power coupling proved more difficult bere. Possible reasons of the 
observed non-linearity were presented in section 2.1. A further increase of deposition rate within this series was 
not possible, because the maximum of the silane mass flow controller was reached (500 seem). Therefore, the 
forward power of 500W that we used as maximum in this research was not used in this series. When we 
extrapolare the observed trend, assurning 10% reflected power, this results in a deposition rate at 500W of 0.94 
nrn/s in the current PECVD system. 

Figure 4-2 gives the results of the optical analysis of the deposited layers, with n the refraction index at 2eV 
(which value was rather arbitrarily chosen), and Eg, E_O, C and A the Tauc-Lorentz parameters in eV, 
respectively. We also present E_04, defined insection 1.4 as the energy (eV) at which the absorption equals 104 

cm-1
. We see that the optical properties and all fitting variables of the Tauc-Lorentz model remain constant 

within error margin. This error margin is an estimate based on multiple fitting solutions for the Tauc-Lorentz 
model, each with a different starting value. As no trend can be identified, on the basis of these experiments there 
seems no fundamentallimitation within the optical properties for further increase of the deposition rate. 
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Figure 4-1 . Deposition rateon glass vs. effective power for 50% SiH4-in-H2 on double log scale. 
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< 

We conclude that, by raising both power and gas flows at the same rate, the deposition rate in the current setup 
bas been increased to 0.60 nrn/s without any detoriation in optical properties. The limitation for further increase 
in this series in the current setup is not fundamental but hardware-related, i.e. the silane flow is lirnited by the 
capacity of a mass flow controller. 
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4.1.2. Material characterisation using FTIR and Raman 

The silicon layers that were deposited in the 50% Si~-in-H2 series were also analysed with Fourier
Transforrned lnfrared (FTIR) and Raman spectroscopy. The experiments were carried out, and the data was 
analysed, according to the procedure presented insection 3.4.2 and 3.4.3 . 

Regarding FTIR, Figure 4-3 presents a typical spectrum, including a clear peak around 2000 cm·' and one 
around 2080-2100 cm·' as is expected for a-Si:H (see section 3.4.2). Basedon this spectrum, the microstructure 
parameter R* was calculated. Error margins for these quantities were estimated based on multiple fittings with 
the same procedure but with different starting conditions. In Figure 4-4 these values are compared for the layers 
deposited at different rates. We see that the micro-structure parameter R* seerns constant within error margins. 
No relation for R* with deposition time or layer thickness was observed either. This is an important result, as we 
have seen before (see section 3.4.2) that the SiH2 density in the film and thus R* seems the crucial parameter 
that deterrnines the size of the Staebler-Wronski effect. However, R* seems rather high for device quality 
material. Some authors state [68] that R* should be lower than 0.10 to obtain solar cells with high efficiency. 
However, others claim that this requirement is not so strong, and that good cells have been deposited with R* 
around 0.20 [70]. 
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Figure 4-3. FTIR spectrumfor layer deposited at 0.60 
nmls. 
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Figure 4-4. R* versus deposition rate. 

Consictering Raman spectroscopy, we limit ourselves to the observation that all spectra for this series were 
sirnilar and did not contain any trace of a peak around 515-520 cm-1. We conclude that all process conditions 
resulted in an amorphous silicon layer [71]. 

4.1.3. Solar cel! characterisation with dark IV 

Subsequently, the process conditions obtained during layer deposition in the scale-model were transferred to the 
R2R deposition machine, allowing the production of actual solar cells (see section 3.2 for details on the 
transfer). This resulted in an aluminiurn!TCO/p-i-n a-Si:H stack (so called PIN 35). Unfortunately, it was 
impossible to produce a reference in the same run, due to necessary hardware changes: to rnaintaio the same 
pressure while the gas flow experience a six fold increase, gas flow restrictions had to be removed. Therefore, 
an earlier obtained stack with the same characteristics but deposited at a lower rate, called PIN33 , will be used 
as reference. 

On the produced stack, a regular pattem of square aluminum contacts was sputtered (0.16 cm2 per cell) . Next, all 
samples were annealed for 30 minutes at 110 oe in order to lower their series resistance Rs. After annealing, the 
JV-curve of each contact was measured in dark. The results are presented in Table 4-2. 
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Tab te 4-2. Electrical characteristics obtained from dark IV for PIN35. 

Median # good Shunt dep rate Rp Log(Rp) Rs V oe (V at 15 LogUO) n 
fits % mA/cm2

) 

run (nm/s) (kOhm (Ohm (V) 
cm2

) cm2
) 

PIN33 30 45 0.17 153.0 2.2 0.8 0.87 -6.28 2.01 

PIN35 30 51 0.20 262.4 2.4 1.1 0.84 -6.12 2.02 

PIN35_2 12 30 0.25 24.5 1.4 1.0 0.85 -4.93 2.44 

PIN35_3 14 20 0.38 44.9 1.6 1.3 0.86 -6.05 2.07 

PIN35_4 41 79 0.64 44.5 1.6 1.7 0.88 -5.33 2.36 

Note that for all electrical parameters the median is presented and not the average, to prevent distortion by a 
small group of hu ge deviations. This also hampers correct use of the standard deviation as a measure for typical 
errors. A large percentage of all contacts was shunted, which shows that the spread in the parallel resistance Rp 
is enormous. A shunt is defined by a Rp-value less then 10kOhm cm2

• The spread in open-circuit-voltage V oe is 
typically 0.01 V within a series. Table 4-2 shows that for none of the parameters a clear trend is visible within 
PIN35. Compared with the reference PIN33, most parameters are slightly worse: the median of the parallel 
resistance is a bit lower, the series resistance is slightly higherand the diode ideality factor n seems a bit higher. 
Note again that the spread in results is quite large. The medians of V0 c and 10, the current density at 0 V are 
constant. We conclude that, within the rather large spread of results, the dark JV-properties do oot deteriorate 
significantly when grown at rates up till 0.64 nm/s. 

4.1.4. Solar eelt characterisation with light IV 

The aluminium!fCO/p-i-n a-Si:H stack (PIN 35) that was produced at high deposition rates was processed in a 
standard way to obtain working photovoltaic modules. We will not elaborate on the processing steps bere, as 
these fall outside the scope of this report. Two modules per setting were made, each module consisting of 8 cells 
of 8 cm2 each. The results for the most relevant parameters are presented in Figure 4-5. Note that these figures 
include the results both before and after reverse bias. Again, the results from PIN 33 are chosen as reference 
because this stack was processed in the same way. 

A few observations become rapidly vivid from the figures. First, the reference cells deposited at 0.17 nm/s 
perform significantly better than all PIN 35 results. The loss in efficiency for the best cells of approximately 1 
percent can be attributed to a lower V oe and a lower FF, the short-circuit current is oot significantly lower. 
Secondly, within tbe PIN 35-series there is no significant deterioration in initial efficiency for a deposition rate 
increase from 0.20 nm/s till 0.64 nm/s. None of tbe electrical characteristics show a trend. However, the 0.20 
nm/s-run seems a bit worse tban expected, which we attribute to reactor-contarnination in the first phase of the 
run. Thirdly, the spread in results for PIN 35 is much larger tban the spread for PIN33, except for tbe series at 
0.38 nm/s. This makes correct interpretation of the statistics difficult. For this reason, no ligbt-soaking 
experiments to determine stabilized performance were performed on these cells. 

Further inspeetion of the roll with foil suggested that on PIN 35 restsof soap were present. This soap is used in a 
cleaning-procedure of the foil before PECVD and is locally devastating for electrical properties. This artefact 
might explain the large percentage of shunted cells and the large spread in results. 
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Figure 4-5. Typical initia! electrical characteristics of photovoltaic cells as fitnetion of deposition rate (PIN 35 ). 

Another possible cause of tbe low performance of PIN35 is a deviating thickness of the p-layer, which is 
essential for tbe actual performance of a solar cell. A p-layer that is too thin results in a pv cell with a too low 
Voc· The p-layer thickness is controllable by the applied power in the deposition chamber of the p-layer. Figure 
4-6 presents results that were obtained with the pin-probe during a later deposition run, where R2R foil speed 
was also higher tban standard as was the case with PIN35. The three different regions, indicated with P 1(W), 
P2(W) and P3(W), differ in plasma power in the p-chamber according to P 1(W)<P3(W)<P2(W). The setting 
P 1(W) was used for PIN35, clearly resulting in a lower V0 c, and also with a larger error, than the optimized 
power setting P2(W). 
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Figure 4-6. V oe of Al!TCO!p-i-n-Si for different power settings during p-layer deposition, as measured online 
with pin probe. P1 (W) is setting usedfor PIN 35. 

Concluding, the results in this section show that an increase in deposition rate from 0.20 nm/s till 0.64 nrnfs has 
no significant negative effects on the initia! electrical output of the cells. However, the p-layer should be adapted 
in order to obtain cells with a much smaller spread that are more similar in performance with the reference cells. 

4.1 .5. Solar eelt characterisation with speetral response 

The analysis of the speetral response of the pv cells supports the condusion drawn above. In Figure 4-7 a 
comparison is made between cells from each deposition rate setting, and the reference. All samples were 
rneasured at a speetral speed of the monochromator of 2.78 nm/s, with an integration time of tbe signal of 300 
ms. 
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Figure 4-7. Speetral response for cells from deposition rate series (PIN 35 ), no reverse bias. 

No significant deviations witbin the high rate-series are observed, however the reference cell seems a bit better 
in the lower wavelengtbs around 400 nm. Tbe quanturn efficiency in tbis region is in fact determined by the 
quality of tbe p-layer, as all blue light is absorbed in/near this layer, in the upper region of the cells. Again, tbis 
points towards the use of a p-layer in PIN 35 that is not optima! for bigher R2R foil speeds. 

Table 4-3, that presents the total current density for the same series, also supports our main conclusion. Witbin 
PIN 35 a minor correlation of current density with i-Jayer thickness could be established, as expected, althougb 
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still within error margins. Again, the reference cell proves to be slightly better. The fact that the current density 
under 1 V bias is significantly higher points towards colteetion problems of charge carriers. Ho wever, the size of 
this effect is not uncommon for photovoltaic cells deposited at lower rates: a typical series resistance of a few 
kOhm cm2 results at 1 V in an increase of about 0.5 mA/cm2

. 

Table 4-3. Total current density for cells from deposition rate series (PIN 35), obtained from speetral response 
(SR) and solar simulator (JV) experiments. Typical error ± 0.3 mA/cm2

• 

deposition rate J fromSR, J from SR, J from JV, 
bias OV bias 1V bias OV 

active area active area Aperture 
area 

(nrnls) (mA/cm2
) (mA/cm2

) (mA/cm2
) 

pin33 0.17 12.3 12.6 

pin35_1 0.20 12.1 13.3 11.7 

pin35_1 0.20 11.8 19.0 11.4 

pin35_2 0.25 11.9 12.6 12.1 

pin35_2 0.25 11.9 12.7 12.5 

pin35_3 0.38 12.2 54.0 12.0 

pin35_3 0.38 12.1 14.5 12.1 

pin35_ 4 0.64 11.5 11.5 12.2 

pin35_ 4 0.64 11.6 13.4 12.1 

4.1.6. Different ratios between silane flow and power at 50% SiH4-in-H2 

In contrast to the previous sections, the rate between silane flow and power was deliberately varied in the 
upcoming experiments. The aim was to investigate the influence of this rate on material properties. The results 
were acquired on the PECVD scale-model , so no complete photovoltaic cells were deposited. The silane and 
hydrogen flow were increased (sti ll given a 50% Si~-in-H2 dilution) till the maximum of the mass flow 
controller (500 seem), power and pressure were kept constant. The experiments are summarised in Table 4-4, 
while the main optica! properties of the deposited layers are presented in Figure 4-8. No significant change for 
the absorption at 2 eV is observed, for the refraction index at 2 eV a minor decreasing trend is visible for a 
higher ratio Peff (W) I Q_SiH4(sccm). Also, the self bias voltage (V de) is lower, which can not be accounted for 
by the deviations in effective power. A possible explanation for this is a changing gas composition, as the 
depletion is different. Later, we will see that the dilution ofthe gas influences the Vdc (section 5.4). 

Also, FTIR and Raman spectroscopy were performed on the deposited layers. It was observed that the FTIR
spectra did not show large deviations or a certain trend, and that the Ramau-spectra coincided for the various 
Peff (W) I Q_Si~(sccm)-ratios. 

Table 4-4. Overview of experiments with different power/silane-ratio. p(Pa)=50Pa, T=l80 oe. 

Sample Q_Si~ Q_H2 flow Peff Peff/Q_S~ V de dep rate depletion energy/deposited Si atom 
(seem) (seem) (W) (W/sccm) (V) (nrnls) (eV/atom) 

TL0101 75 75 49.0 0.65 6.16 0.140 0.13 69.8 
TL0131 300 300 46.9 0.16 5.82 0.128 0.03 74.4 
TL0130 500 500 47.0 0.09 5.66 0.126 0.02 62.8 

In order to fully understand the unit W /seem, it is interesting to interpret it as energy per particle, i.e . 

1
__!._= (1.6 ·10- 19

)-
1eV/s =13.

95 
eV 

seem 4.48 ·1017 molecules 1 s SiH 4 -molecule 
(4.1) 

Given a specific depletion, this equation also allows the calculation of the energy per deposited Si atom, which 
bas been done in Table 4-4. We see that this amounts toabout 70 eV/atom, and that the mutual differences are 
much smaller than the differences in power/silane-ratios. Note that the threshold energies for ionization, 
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dissociation and dissociative attachment for Sifit are 12, 10 and 8 eV respectively. We see that only a minor part 
of all energy is used to create chemically active species that contribute to layer growth. 

We conclude that the requirement to keep the ratio between silane flow and power constant is not very rigorous. 
A lower silane flow results in a higher depletion which has cost advantages, however a too low silane flow 
might result in a limitation of the growth rate or changing material properties (see next sections). Except for the 
23% Sifit-in-H2 series presented in the next section, the ratio 1:1 between silane and hydrogen flow for a-Si:H 
deposition, which was quite arbitrarily chosen, was not structurally varied. It is recomrnended to measure the 
effect of changes in this ratio on the quality of the deposited layer, including pv cell characteristics. 
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4.2. 23% silane-in-hydrogen 

In this section we present the results that were obtained fora power series at a dilution of 23% Si~-in-H2 , i.e. 
Q_Si~ I (Q_Si~ + Q_Hz) = 0.23. This series was conducted because the V de self-bias experiments that were 
performed earlier (see section 5.6) suggested that this condition rnight result in a strong relationship between 
deposition rate and effective power. After deposition, the layers were analysed using reflection measurements in 
order to deterrnine the deposition rate and the optical characteristics. Neither FfiR and Raman spectroscopy 
were performed, nor actual solar cells were deposited, due to time limitations. All depositions in this series were 
performed on aluminum only. 

Table 4-5. Standard conditionfor 23% SiH4-in-H2 deposition rate series. 

S mbol 
p 

QSi~ 

QHz 
TGND 
TRF 
p 

Parameter 
Power 
Flow Silane 
Flow Hydrogen 
Temperature Ground electrode 
Temperature RF electrode 
Pre ss ure 

Value 
300 
300 
1000 
180 
180 
100 

Unit 
w 
seem 
seem 
oe 
oe 
Pa 

The standard condition for this series is given in Table 4-5. Pressure is chosen rather far below the alpha
garnma' -transition, so deposition of amorphous silicon is expected. The approach for increasing the deposition 
rate was similar to the approach used elsewhere in this report: while increasing the power from the standard 
condition onwards, the silane flow was also increased thus keeping the ratio power/SiH4-flow constantly at 1 
W/sccm, except for the condition at lOOW which was deposited with a P/Q_Si~ ratio of 0.66 W/sccm. 
Remember that from the modelled sealing law for the alp ha-gamma' -transition (equation (2.5) in section 2.3) we 
know that the transition pressure does not change for an equal increase of s~ flow and power. 

The results for the power series are given in Figure 4-9. We see that a deposition rate of 1.24 nrnls is reached for 
a forward power of 500W. Also, it becomes clear that the suggestion from the Vctc experiments, i.e. a strong 
relationship between power and deposition rate, is confirmed by the power series. Both quantities seem related 
linearly, which is indeed stronger than the previously observed relationship dr oe Jfi 87 for the dilution 50% Si~
in-H2, with dr the deposition rate in nrn/s and P the power in W. Silane depletion in this series is about 16%, 
which is a bit higher than in the 50% Si~-in-H2 case. This corresponds to an energy per deposited Si-atom of 
72.1 e V, which is comparable to the values found in the 50% Si~-in-H2 case. 
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Figure 4-9. Deposition rate on aluminum vs. effective power for 23% SiH4-in-H2 on linear scale. P!Q_SiH4 = 1 
W/sccm, p = 100 Pa, T=1 80 'C. 

In Figure 4-10 the optical parameters for the deposited layers are presented. We estimate the error margins in 
this case as twice the size of the error margins during earlier optical analysis, because the results presented bere 
are obtained during reflection measurements on aluminum, which are less accurate than transmission 
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measurements on glass. We see that most optica! parameters are constant within their error margin except for 
the refraction index, which seems to vary without a specific trend. Still, when comparing these results to optica! 
properties of layers deposited under 50% Sif4-in-H2 conditions (see section 4.1.1), we conclude that the 
refraction index is on average about 8% higher. This assures us tbat tbe deposition rates for this series were not 
over -estimated. 
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Figure 4-10. Optica! characteristics on aluminum vs. deposition rate for 23% SiH4-in-H2. 

PIQ_SiH4 = 1 Wlsccm, p = 100 Pa, T=180 °C. 

Concluding, it has been shown that a-Si :H was deposited at 1.2 nrn!s. Furthermore, a di tution of 23% Sif4-in-H2 

results in a more effective conversion of silane gas into an amorphous hydrogenated silicon-layer per unit of 
energy, i.e. a higher deposition rateperWatt input power when compared to 50% Sif4-in-H2. 
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4.3. 4% silane-in-hydrogen 

After researching all kinds of a-Si:H depositions under 50% and 23% Si~-in-H2 plasma conditions (section 4.1 
and 4.2), now it is time to move to a different dilution and material. In this section, all results obtained with a 
dilution of 4% Si~-in-H2 are presented. This dilution should result in the deposition of high bandgap 
hydrogenated polymorphous silicon (pm-Si:H), e.g. for use in tandem cells. Remember that one of tbe goals of 
the H-a-project was to deposit pm-Si:H at 0.5 nm/s. 

First, we will investigate wbat process conditions result in the deposition of pm-Si:H using a pressure series. 
Also, we check wbetber the claim of the appearance of a physically significant 2030 cm·1 peak in the FfiR 
absorption spectrum for pm-Si:H is correct. We will conclude that this is indeed tbe case, and hencefortb use the 
occurrence of a 2030 cm·1 peak to decisively identify deposited material as polymorpbous. Next, we will show 
that the approach used for 50% and 23% Si~-in-H2 is also applicable bere, and that the deposition rate of a 
'standard' polymorphous layer of silicon can almost be quadrupled by increasing both power and gas flows, 
wbile the optical characteristics of tbe material remain constant (section 4.3.2). Following this, we will discuss 
the results of FfiR and Raman spectroscopy (section 4.3 .3). 

4.3.1. Finding the alpha-gamma' transition 

The goal of this section is to find those deposition conditions in the PEeVD scale model tbat result in 
bydrogenated polymorphous si licon (pm-Si:H). For this, knowledge of the plasma behaviour as described in 
chapter 1 and 2 will be combined with structural material properties. The model for the transition pressure 
versus various plasma conditions that is described in section 2.3 was used to deterrnine the alpba-gamma' 
transition. For tbe process conditions as summarised in Table 4-6, the experimental transition law resulted in a 
transition pressure of 180 Pa. 

Table 4-6. Constant process parameters during pressure series. 

S mbol Parameter Value Unit 
p RF Power 100 w 
QSi~ Flow Silane 10 seem 
QH2 Flow Hydrogen 250 seem 
TGND Temperature Ground electrode 150 oe 

TRF Temperature RF electrode 150 oe 

t dep Deposition time 2700 s 

With the alpba-gamma' transition pressure known, a deposition series was started by varying the pressure, 
resulting in layers deposited under conditions on botb sides of tbe calculated transition pressure. On these 
samples R,T measurements have been performed for thickness and optical cbaracteristics, FfiR spectroscopy as 
tbe hydrogen absorption in the 2000-2100 cm·1 region is a signpost for polymorpbous material, and Raman for 
tbe crystallinity of the materiaL 

However, before we continue with the analysis of the deposited layers, we have to investigate the physical 
significanee of an extra peak at 2030 cm·1 in the FfiR-spectra. Remember that the occurrence of this peak was 
claimed for polymorphous silicon 1ayers [63] (see section 3.4.2). For this purpose, the FfiR-spectra were 

successively fitted witb two Gaussian peaks Ae - ( c:% r with flexible peak position Wo, Of tbree Gaussian peaks 
with fixed peak position (see Figure 4-12 for an example). Thus, both options result in 6 degrees of freedom. 

Table 4-7. Comparison of FTIR fit with 2 and 3 Gaussian peaks for TW 86 (140Pa) and 87 (JOOPa). w0 

represents peak position, A the amplitude and a the width of the peak. 

pressure ebi ro o i Al o-1 roo2 A2 o-2 ro o3 A3 o-3 
(Pa) (1e-5) (cm-1

) (le-3) (cm-1) ( le-3) (cm-1) (le-3) 
100 2.05 2012 16.4 72.2 - - - 2095 3.4 56.2 

1.96 2000 7.4 64.3 2030 9.2 75.5 2100 1.5 51.9 
140 0.20 2012 16.3 63.8 - - - 2096 4.3 58.5 

0.17 2000 7.4 54.7 2030 9.8 70.8 2100 2.3 56.4 
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In Table 4-7 the results for the 100 and 140 Pa samples, where the 2030 cm·1 peak is most prominently visible, 
are presented. We see that the deviations between fit and measurement are similar for both procedures. 
However, compared to the 3 peak-fitting procedure, the width of the 2000 cm·1 peak increases with more than 
10% for a 2 peak-fitting procedure. Also, the peak position shifts towards higher wave-numbers (2012 cm.1

) 

than for the 50% Si~-in-H2 series (typically 1995-2005cm-1) . We interpret these results as significant, 
especially the Jatter, and conclude that the pm-Si:H FfiR-spectra are indeed different than the a-Si:H FTIR
spectra, and that the 2030 cm-1 peak is physically significant. 

Next, the optica! parameters of one of the deposited layers were deterrnined which was done on glass (TL0090, 
180 Pa) instead of alurninum for improved fitting accuracy. As is seen from the optica! data in Table 4-8, i.e. 
parameter A, the fi lm is very dense compared to the layers deposited under 50% Si~-in-H2 conditions. The low 
C parameter, which decreases with increased structural order, is also indicative for polymorphous silicon. Note 
that the pm-Si:H layers presented in this sectionare deposited at a 30 oe lower deposition temperature than the 
previous depositions, namely 150 oe. 

Table 4-8. Op ti cal properties from transmission measurements on glass, fitted with a Tauc-Lorentz model. 

Sample dep time 

(s) 

TL0090oost 2700 

dep rate 

(nm!s) 

0.196 

thickness 
(nm) 

530.1 

A 

(eY) 

219 

E_O C Eg 

(eY) (eV) (eV) 

3.73 2.00 1.70 

n_2eV k_2eV E_04 

(eV) 

4.31 0.074 1.95 

The results of FfiR spectroscopy are depicted in Figure 4-12. Like before, the spectra are fitted with three 
Gaussian peaks, with w 0 the fixed positions of 2000, 2030 and 2100 cm·1 respectively (see Table 4-9). In the 
figure, the development and the disappearance of the 2030 cm·1 peak is clearly visible with increasing pressure, 
which also follows from the calculated polymorphous fraction (see Figure 4-11), defined as 1_2030 I !_tot. The 
porosity on the other hand, indicated by R* (see Figure 4-11), doesnotseem to change much. 

Table 4-9. Results ofpeakfitting IR spectra. 

p A2000 cr2000 A2030 cr2030 A2100 cr2100 
(Pa) (le-3) (cm-1) (le-3) (cm-1) (le-3) (cm-1) 

60 4.8 61.7 3.3 74.3 1.1 50.9 
100 7.4 64.3 9.2 75.5 1.5 51.9 
140 7.4 54.7 9.8 70.8 2.3 56.4 
180 18.6 55.8 12.3 71.1 4.0 56.4 
220 23.1 58.1 6.4 73.8 7.3 56.3 

Note that the absolute level of absorbance in Table 4-9 is not scaled, and that absorbance is much higher for the 
180 and 220 Pa-samples. The O" value, or the typical width of the peaks, is related to the position of the 
corresponding hydrogen-binding: in general bulk effects result in a broader peak than surface effects, as the 
latter are better defined. However, in our results we do not observe a clear relationship with pressure. 
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Figure 4-11. R* and polymorphous fractionfor pressure series. 
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Figure 4-12. FTIR spectra from the region 1800 to 2300 cm-1, for different pressures around the alpha-gamma ' 
transit ion. 

In Figure 4-13 the Raman spectra of the different samples are shown. From the peak at 4 70 cm·1 the material is 
seen to have a mostly amorphous structure, while no evidence fora peak at 515-520 cm-1 is observed. The small , 
nanometer-size crystallites that are characteristic of pm-Si :H are apparently oot seen in Raman spectra, as has 
also been established by others [78] . However, no fit on the spectra was performed. The difference in the spectra 
on both sides of the peak is probably due to the background [7] [71] . 
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Figure 4-13. Raman spectra for pressure series. 
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The deposition rate in this pressure series , as determined using reflection measurements, is in all cases about 0.2 
nm/s (see Table 4-10). An increase of about 5% is visible between 140 and 180 Pa, so close to the transition 
pressure. Given equal deposition times, this is in agreement with the fact tbat FfiR adsorption for the 180 and 
220 Pa-samples was higher, although tbe relative differences in adsorption are larger. Tbe deposition rate seems 
to be limited by tbe gas flow of silane. As was given in equation (2.2) , the maximum deposition rate scales with 
silane flow as r dep = 0.014 AQ where AQ is in seem and r dep the deposition rate in nm/s. With a silane flow of 10 
seem tbe measured deposition rate is even higher than thi s value, whicb is basedon homogeneous deposition. 
Apparently , this assumption is not valid bere. As we will address later, in tbis conditions we are probably 
limited by botb the power and silane flow, which means that for slightly lower powers the power is the limiting 
factorand that for slightly lower gas flows the gas flow is limiting. 

Table 4-10. Deposilion rate as fimclion ofpressure. 

p Sample Dep rate 
(Pa) (nm/s) 

60 TL0089 0.193 
100 TL0087 0.192 
140 TL0086 0.192 
180 TL0085 0.203 
220 TL0088 0.207 

Based on the results above, we conclude that the de bias used for plasma diagnostics and tbe FfiR spectra used 
for material characterisation are in agreement, and both point towards a transition pressure of 180 Pa under the 
conditions summarised in Table 4-6. 

4.3.2. lncrease of deposilion rale, and R, T measuremenls 

The results acquired in the previous section were used as basis for a deposition series tbat was aimed at 
increasing tbe deposition rate of hydrogenated polymorphous silicon (pm-Si:H). The approach was the same as 
for tbe series at 50% silane-in-hydrogen (see section 3.6 and 4.1.1): starting from a standard condition 
(deposition rate 0.10 nm/s), the plasma power and gas flows were increased at the same rate resulting in a 
constant P/Q-ratio. Remember that from the modelled sealing law for tbe alpha-gamma' -transition (equation 
(2.5) in section 2.3) we know that the transition pressure does not change for an equal increase of Sil4 flow and 
power, which we interpret as a constant plasma chemistry. The standard condition (see Table 4-11 for all 
parameter settings) differs from the pressure series in 2 ways: the electrode temperatures were 180 oe insteadof 
150 oe, and the power was lowered to 50W to ensure that power was the limiting factor for the deposition rate. 
Under these conditions, tbe alpha-gamma' transition pressure is around 276 Pa. Error margins for optica! 
parameters are comparable to the case of a-Si:H. Besides the series, some other pm-Si:H layers were deposited 
which are summarised in Table 4-12 for completeness. 
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Table 4-11. Constant process parameters during pressure series. 

S mbo! Parameter Value Unit 
p RF Power 50 w 
QSif4 Flow Silane 10 seem 
QH2 Flow Hydrogen 250 seem 
TGND Temperature Ground electrode 180 oe 

TRF Temperature RF electrode 180 oe 

p Pressure 200 Pa 

From Figure 4-14 it becomes clear that the deposition rate ofpm-Si:H increases with increasing effective power, 
with the power 0.77. A further increase of deposition rate beyond 0.39 nm/s within this series was not possible, 
as the maximum of the hydrogen mass flow controller was reached (2000 seem). For a different ratio between 
gas flows and power, a deposition rate of 0.48 nm/s was reached (see Table 4-12). We can safely assume that 
the non-linear behaviour can be explained by the same reasons as in the a-Si:H case (see section 2.1). 
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Figure 4-14. Deposition rateon glass vs. effective power for 4% SiH4-in-H2 on double log scale. 
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Figure 4-15. Optical characteristics on glass vs. deposition rate for 4% SiH4-in-H2• 

P!Q_SiH4 = 5 W!sccm, p=200 Pa, T=180 "C. 

In Figure 4-15 it is seen that the optica! properties of the layers deposited at different rates remain constant 
within error margin, where error margins are again based on multiple fittings from different starting conditions. 
As is the case with a-Si:H, based on these experiments there seems no fundamental limitation within these 
material properties for further increase of deposition rate. 

eompared with the layer deposited at 180 Pa in the pressure series, we observe that the C value is rather high, 
i.e. typically 2.47 for the power series versus 2.00 for the 180 Pa deposition. This might indicate that the power 
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series has been performed rather far from the alpha-garnma' transition. Also, tbe refraction index seems a bit 
lower, typically 4.13 versus 4.31 for tbe 180 Pa sample. Other polymorphous depositions that fall outside a 
specific series, but were deposited under conditions closer to the alpba-garnma' transition, are more in 
agreement witb tbe 180 Pa sample (see Table 4-12). 

Table 4-12. Depositions ofpm-Si:H thatfall outside series. 

Sample Q_Si~ Q_H2 p Peff V de T dep rate A E_O c Eg n_2eV k_2eV E_04 

(seem) (seem) (Pa) (W) (V) (C) (nm/s) (eV) (eV) (eV) (eV) (eV) 

TL0096 20 500 232 144 9.8 180 0.21 205.5 3.72 1.70 1.65 4.39 0.08 1.92 

TL0098 50 1250 170 440 24.2 150 0.48 184.1 3.78 2.01 1.73 3.88 0.05 1.99 
TL0107 50 1500 173 461 26.3 150 0.44 204.5 3.94 1.96 1.67 4.26 0.07 1.96 

4.3.3. Material characterisation using FTIR and Raman 

Next, tbe layers that were deposited during the series were analysed with FfiR spectroscopy. A typical 
spectrum is given in Figure 4-16, which in this case is fitted witb 9 degrees of freedom. It is in agreement with 
the spectra from 4.3.1 that were considered a signpost of polymorphous silicon. 
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Figure 4-16. FTIR spectrumfor layer deposited at 0.38 nm/s, 4% SiH4-in-H2• 

In Figure 4-17, the mi crostmeture parameter R * for the several layers is compared. It is obtained from the 
spectra as dîscussed in section 3.4.2, using a fitting procedure with 2 peaks (one around 2000 cm·' and one 
around 2100 cm-1

) to allow comparison with literature. The polymorphous fraction, defined as tbe ratio between 
the peak at 2030 cm·1 and the total absorption, was determined using an extra peak at 2030 cm·1 (see Figure 
4-17). Basedon the figure, we conclude that no significant detoriation of polymorphous material deposited at 
high rates was observed. 

However, R* is not as constant as in the a-Si :H case, which might be explained by the fact that, for conditions 
close to the a-y' transition, the process is more sensitive to pressure changes. No relation with deposition rate, 
layer thickness or deposition time could be established. Also, the typical value is lower than tbe one obtained for 
a-Si:H as is seen in Table 4-13. A possible explanation is a much higher P(W)!Q_SiH4(sccm) ratio for the 4% 
series, namely 5 instead 0.66, possibly resulting in a heavier ion bombardment which results in a more dense 
layer. 

Tab te 4-13. Typical R* values for 4% and 50% SiH4-in-H2 •. 

Peff/Q_SiH4 R* average R* median 
(W/sccm) 

4% Si~-in-H2 5 0.15 ± 0.06 0.18 

50% Si~-in-H2 0.66 0.22 ± 0.03 0.21 

50 



0.40 

0.35 

0.30 .L 

0.25 

Cc 0.20 

0.15 

0.10 

0.05 

0.00 

0.0 0.1 0.2 0.3 

dep rate (nm's) 

• R* 
• pmfraction 

T 

~ 

0.4 

0.7 

0.6 

0.5 

c 
0.4 :8 

~ 
0.3 E 

0.. 

0.2 

0.1 

0.0 

0.5 

Figure 4-17. R* and H-content versus deposition rate for 4% SiH4-in-Hz series. 

Regarding Raman spectroscopy, we restriet ourselves to the observation that the spectra for all different 
deposition rates coincided, and did not significantly deviate from the Raman spectra obtained from the pressure
series (see Figure 4-13). 

Overall, we conclude that, by raising both power and gas flows, the deposition rate of pm-Si:H has been 
increased to 0.48 nrnls without detoriation in optical properties. The lirnitation for further increase in the current 
setup is hardware-related, i.e. the mass flow controller of hydrogen. 
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4.4. 1% silane-in-hydrogen 

In this section we will discuss the fourth and last major dilution series, viz. all experiments with a silane-in
hydrogen dilution of approximately 1%. The approach for this series is different from the previous ones, as the 
prime goal is not an increase of deposition rate but to research the transition between amorphous and 
microcrystalline material and to investigate whether it is possible to deposit microcrystalline layers. Of course, 
the principle that the deposition rate increases with a higher plasma power is still valid. 

Two series of depositions were carried out, one with the plasma power as variabie (100-500 W) and one with 
the dilution of silane-in-hydrogen as variabie (0.5-2.0% ). Both series will be discussed in separate sections 
(4.4.1 and 4.4.3 , respectively). The intermediate section 4.4.2 is dedicated to an in-depth study of one of the 
samples from the power series. We will see that this sample is close to, or even at the transition from a-Si:H to 
11c-Si:H. Also, some layers that fall outside these series were deposited which we will not discuss any further. 
For completeness, these are reported in Table 4-14. 

Table 4-14. Depositions with high Hrdilution thatfall outside a specific series. 

Sample Q_Sil-4 Q_H2 p(Pa) Peff Yctc T dep rate A E_O c Eg n_2eV k_2eV E_04 Remarks 

(seem) (seem) (Pa) (V) (C) (nm/s) (eV) (eV) (eV) (eV) (eV) 

TL0095 20 2000 500 495 19.9 150 0.28 204.0 4.93 3.36 1.61 4.14 0.069 1.94 rough layer 
TL0110 10 500 275 75 5.5 180 0.11 224.9 3.66 2.23 1.73 4.22 0.073 1.95 

TL0111 30 1500 400 225 11.7 180 0.31 220.5 3.74 2.42 1.75 4.10 0.064 1.97 dust generated 

4.4.1. Power series 

Five different layers were deposited in the PEeVD scale-model, each on three glass samples (for improved 
optica! characterisation) and the surrounding alominurn foil. The influence of the substrate will be discussed 
later on. The effective power and deposition time were varied, the other variables were kept constant and are 
given in Table 4-15. We emphasize that the silane flow was not increased in this series, as opposed to the 
previous series. Still, all conditions should be in the alpha-regime. No te that the lOOW -sample (TLO 119) was 
deposited at 180 oe. 

Table 4-15. Constant process parametersjor 1% SiHrin-H2 power series. 

Symbol Parameter Value Unit 
QSil-4 Flow Silane 20 seem 
QH2 Flow Hydrogen 2000 seem 
TGND Temperature Ground electrode 150 oe 
TRF Temperature RF electrode 150 oe 

p Pressure 400 Pa 

With increasing power, around 400W effective power a transition is visible by bare eye, as a white shine 
appears on the material (see Figure 4-25 and Figure 4-27). This haze can be associated with roughness, as the 
actdition of a surface roughness to the Tauc-Lorentz model proved inevitable for acceptable modelling. Still, the 
fitting of the transmission spectra proved much more difficult for the 400 and 500W samples, resulting in a 
larger error in the resulting parameters, suggesting the use of a model using two Lorentz oscillators instead of 
one (see discussion in section 2.5.1). Examples of this are given in the next section. In fact, a transition was 
observed within the 400W -layer itself. Therefore, in the next section this layer (see Table 4-16 for process 
conditions) is investigated in-depth. 

The transition around 400W is also easily recognised in Figure 4-18 and Figure 4-19. For the 400W sample, two 
distinctly different region are presented. This will be explained in detail later, for now we restriet ourselves to 
the remark that one of the areas had a very rough surface (indicated with 'rough ' in the figures). The major 
features of the transition are a decrease in deposition rate, a falling absorption k, a rising E_04 and a decreasing 
disorder parameter C. All of these point towards the deposition of microcrystalline material. 
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Wben we consicter tbe FfiR spectra for the layers (see Figure 4-20), and also tbe resulting R* values (see Figure 
4-21), we observe that from 400W onwards the SiHrcontent of the material increases sharply. Again, we 
observe that the 400W sample consists of different regions (only one spectrum is shown in the figure, for clarity 
reasons). Peak fitting on the 500W sample for example (Figure 4-22) results in a 2100 cm·' peak that is 
comparable in amplitude to tbe 2000 cm·' peak. The questions remains how the SiH2 is located in the material , 
i.e. linked toa high porosity, or situated at possible grain boundaries. Still, we have to conclude tbat the material 
definitely changes from cbaracter. 

Note that in some of the 300, 400 and 500W samples a peak is present in the FfiR-spectra around 1900 cm·' 
(see Figure 4-20). This bas been observed before, and was in that case associated witb isolated monobydrides 
[9] and extended H platelets for layers of sufficient thickness [82]. 
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Results from Raman spectroscopy, given in Figure 4-23, give us more insight. Clearly, the gradual appearance 
of a crystalline peak around 520 cm-1 becomes visible with increasing power. Moreover, the 400W sample 
consists of different regions each with a different degree of crystallinity (see Figure 4-28, only one region is 
presented in Figure 4-23 for clarity reasons). Based on Figure 4-23 , we conclude that (partly) microcrystalline 
material was deposited from 400W onwards. 
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To gain more quantitative insight, the ratio between the crystalline and amorphous peak in the Raman spectra 
Ic/Ia was calculated (Figure 4-24). It was obtained by integrating the intensity in the 510-520 cm-1 range (typical 
for crystalline silicon) and dividing this by the intensity in the 470-480 cm-1 range (typical for amorphous 
silicon). We see that the layers deposited at lower powers have an Ic/Ia comparable to a-Si:H, while the Ic/Ia 
increases significantly from 400W onwards. Especially on the 400W sample several regions with a different 
crystallinity are present. 

Summarising, we conclude that (partly) rnicrocrystalline material was deposited from 400W onwards. The 
maximum deposition rate that was reached was 0.25 nm/s for 500W forward power. 
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4.4.2. 400 W sample in-depth. 

In this sec ti on we will study the 400W -layer (see Table 4-16 for process conditions) in more detail as we have 
seen that this layer seems close to, or even at the transition from amorphous to microcrystalline material . Later, 
we will also compare the obtained results with the layers deposited at 500W. 

Figure 4-25 shows a picture taken with a digital camera of the deposited layer. The size of the foil is 70 x 30 cm. 
The three white squares are holes of approximately 8 x 8 cm cut in the foil where three glass samples were 
positioned. First of all, we observe red dust in the lower right corner, indicating that dust was created in the 
plasma during deposition. Secondly, the showerhead pattem from the opposite powered electrode is clearly 
visible. The smal! circles of material with a white haze that are recognisable in the deposition are positioned 
exactly opposite a gas outlet in the opposite RF electrode. 

Table 4-16. Process parameters for TLO 133. Dust formation was observed during deposition. 

Symbol Parameter Value Unit 
QSi~ Flow Silane 20 Seem 
QH2 Flow Hydrogen 2000 Seem 
TGND Temperature Ground electrode 150 oe 
TRF Temperature RF electrode 150 oe 
p Pressure 400 Pa 
p Power 400 w 

Deposition time 1800 s 

Furthermore, in the left and right half of the layer a flow pattem is visible, symrnetrical with regard to the short 
axis. The same pattem, but in that case caused by dust particles, was also observed in the reactor before. This 
pattem can be explained by the fact that all gas is pumped away on the short sides of the reactor, resulting in a 
gas flow towards these sides. Also note that veloeities seem higher near the edges of the reactor, which we 
explain by the fact that in the same time span a larger gas volume has to pass bere than through central areas. 
The pattem roughly corresponds with the gas velocity distribution modelled by Van den Donker [11]. 

Yisually, three different regions are observed: the spots opposite the showerhead holes, the area around these 
spots where 'fresh' gas was presentand a third region that also has a white haze, possibly corresponding to areas 
with a high depletion. To check this opinion, a width-profile was analysed with reflection measurements (every 
10 mrn, spot-size 6 mrn) and the Tauc-Lorentz model. The profile is indicated in Figure 4-25 with two blue 
lines, and singled out. 

It turned out hat the measurements confmned the visual inspection: three regions with quite different spectra can 
be identified, in the tigure colour-coded red, blue and yellow. The regions correspond with the visually 
deterrnined regions , as is shown in the figure. A gradient transition exists between the regions , however between 
the red and yellow region a rather sharp borderline was observed. The typical spectra are also depicted, while 
the results for the Tauc-Lorentz model are given in Table 4-17. The data presented are averaged over all 
measurements within the same region. 
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Figure 4-25. TLOJ33 in-depth, including width series. 

Table 4-17. Characteristics ofdifjèrent regions onfoil TLOJ33. 

Average # dep thickn roughn. A E_O c E_g chi n_2eY k_2eY E_04 
points rate (nm) (nm) (eV) (eV) (eV) (eY) (eY) 

(nrnls) 
Yellow region rough s 0.21 386.9 ss 337 3.90 2.10 1.74 0.07 S.23 0.06 1.97 
Red region notrougit 11 0.24 426.4 36 26S 4.08 1.82 1.60 O.OS S.OS 0.08 1.91 
Blue region showerhead I 0.28 S00.8 37 246 3.83 1.87 1.77 0.11 4.44 0.04 2.02 

Note that the Tauc-Lorentz fit on aluminum in reflection mode results in far larger error than the transmission fit 
on the glass sample, that wil! be presented later in this section. The refraction index seems overestimated, which 
automatically results in an underestimate of the deposition rate. Still , some interesting observations can be 
made. First of all, tbe visually observed wbite shine indeed corresponds with regions with the highest roughness. 
Secondly, the blue region opposite the showerbead bas a significantly higher deposition rate, which may be 
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caused by several mechanisms, e.g. contribution of ions in the blue region, or etching or depletion effects in the 
other regions. Thirdly, the red region without white shine has the lowest C and highest E_04. Fourthly, the 
yellow region bas a high A value, indicating that this material is relatively dense. 

FTIR spectroscopy did not reveal large differences between the three regions. However, the fitting results, 
presented in Table 4-18, show us that R* is relatively high. Normally we would relate this to porous material , 
which seems Contradietory with the condusion from the previous paragraph that the material is dense. We can 
overcome this ostensible contractietion by relating the SiH2 to grain boundaries within the crystalline parts. Note 
that total absorption increases slightly for the series yellow-red-blue, which is to be expected based on 
differences in growth rate (i.e. layer thickness). Concerning peak widths, the 2000cm-' peak in the red region 
appears a bit braader suggesting less order in the material. Given the fact that the red region 's C-value is the 
lowest, suggesting more order, this might be associated with the rise of several well-defined peaks, situated side 
by side in the 2100 cm-1 region, that appear in the fit as one broad peak [70] . 

Table 4-18. Fit resultsfrom the FTIR spectrafor the three different regions identified in TL0133. 

region w 1 A_l s_l w 3 A_3 s_3 R* 
(c~- ') (le-2) (c~- ') (1e-2) 

yellow 2007.3 2.2 73.2 2095.7 1.1 65.1 0 .29 ±0.05 
red 2009.6 2.7 75.7 2096.2 1.3 65.6 0.28 ± 0.05 
blue 2010.0 3.0 67.2 2094.6 1.3 59.1 0 .26 ±0.05 

Based on visual inspection, R,T measurements and FTIR spectroscopy we can not conclude decisively whether 
the blue and yellow regions are different or sirnilar. Therefore, the samples were also analysed by Raman 
spectroscopy (see Figure 4-26). We observe that all three regions contain a significant crystalline fraction and 
can be considered rnicro-crystalline. lt is remarkable that this is also the case for the red region, while this 
region ' s reflection could be fitted with the Tauc-Lorentz model rather wel!. Still, the red region seems to contain 
the highest fraction of amorphous material which is consistent with the broader FTIR peak, but inconsistent with 
the low C-value. Between the yellow and blue region, there is al most no difference. 
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Figure 4-26. normalised Raman spectrafor TL0133 (400W), on aluminum. 

Summarising, we conclude that the porosity and crystallinity of the different regions on the aluminum do not 
seem to differ much. This makes it even more striking that the visual differences between the three regions 
which are correlated with roughness are very vivid. Still, it is believed by some that this rough material with a 
white shine results in bad solar cells [59]. However, this opinion is far from established. Also, this roughness 
complicates correct use of the Tauc-Lorentz model, for example the mutual differences in C for the different 
regions deviate from the FTIR and Raman conclusions. However, we must take care while interpreting C as it 
should beregardedas an 'average' parameter for the amorphous and rnicrocrystalline parts of the layer. 

59 



Possibly, we can accredit the visual differences to the size of the crystallites, resulting in different roughness of 
the regions. We suppose that in the blue region opposite the showerhead, crystalline dust particles may gather as 
they are blown towards the surface, while the red region contains relatively few dust particles due to high gas 
drag. 

To obtain more insight, we will research one of the glass samples further. Remember that normally, Tauc
Lorentz fits in transmission are much more accurate than those obtained by reileetion measurements. Figure 
4-27 is a picture of glass sample TL0133west (positioned at the right-hand 'hole ' in Figure 4-25), taken with a 
digital camera. The orientation is such that the pattem on the sample corresponds with that on the foil (bottom of 
picture is oriented towards the centre of the foil). No te that a showerhead opening was positioned opposite to the 
lower edge of the sample in Figure 4-27. 

Again, three different regions are visually identified (labelled A, B and C), although it still bas to investigated 
whether the three regions on the glass sample correspond with the three different regions (yellow, red, blue) on 
the alurninum foil. The spectra for each region are also plotted in the figure, while the Tauc-Lorentz results are 
presented in Table 4-19. Note that the modelled roughness of regionBis exceptionally large, suggesting a misfit 
of the spectrum. 
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B. 

First of all, we confirm our observation on alurninum that regions with a 'white shine ' are rough layers, while 
regions without a 'white shine' are not rough. Compared to a-Si:H, all regions on this sample have a high 
refraction index, a low adsorption and a high E_04 value. 
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Consictering the Tauc-Lorentz characteristics of the material , Region Cis most similar to a-Si:H deposited with 
a 50%/50% SiHJH2 plasma. However, note that we concluded in the previous paragraphs that the presence of 
roughness limits the accuracy of the Tauc-Lorentz model. Region A was deposited at low rate, has a high 
roughness and density and a relatively low disorder-parameter C. This suggests that micro-crystalline growth 
occurred in this region, possibly combined with silane depletion and/or H-etching. On the other hand, region B 
has a high C-value, suggesting a large amount of disorder. Again, we must take care while interpreting C as it 
should be regarded as an 'average ' parameter for the amorphous and microcrystalline parts of the layer. Also 
note that the deposition rate here is higher than in region A. 

Table 4-19. Characteristics of different regions on glass sample TL0133west. 

Dep rate Thickness Roughness A E_O c E_g chi n_2eV k_2eV E_04 
(nmls) (nm) (nm) (eV) (eV) (eV) (eV) (eV) 

A west_side 0.19 350.1 78 318.0 3.75 2.15 1.78 0.019 4.90 0.05 1.99 
B west_ center 0.22 399.6 108 241 .6 4.59 2.78 1.62 0.023 4.59 0.08 1.93 
c west_no_roughness 0.23 41 9.6 0 231.6 3.67 1.83 1.77 0.035 4.28 0.05 2.01 

Next, Rarnan spectroscopy was carried out on the glass sample. The results that were obtained are depicted in 
Figure 4-28. Clearly, there are big differences in crystallinity of the different areas. Area A contains a high 
crystalline fraction (as was suspected) , area B less so, while the Raman shift of area C is dominated by the 
amorphous bulk. Note that this pattem does not correlate with the deterrnined C values. We explain 
microcrystalline growth in region A by silane depletion, given the typical gas flow pattem and the differences in 
deposition rate , while microcrystalline growth caused by depletion in region B rnight be explained by a 
'shadowing' effect: the edges ofthe surrounding aluminum foil have probably been curled. Therefore, we regard 
area B as a transition region between A and C. 
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Figure 4-28. Raman spectrafor different areas on 400W sample on glass, normalized 10 the adsorption in the 
515-520 cm·1 region. 

The fact that these differences in crystallinity were not observed on Al-foil might be attributable tothefact that 
aluminum foil is, compared to glass, a catalyst for initiation of microcrystalline growth [34] [84]. This means 
that the a-Si:H - fJC-Si:H transition shifts to less favourable conditions, and crystalline growth may become 
dominant. This substrate dependenee might be explained by enhanced diffusion of adsorbed atoms under ion 
bombardmentor by initial nucleation, as a rougher surface provides more nucleation sites [84]. However, it is 
questionable whether the aluminum electrode is rougher than the glass substrate, that was treated with HF before 
deposition. Increased roughness of deposited Si points towards a significant amount of diffusion on the surface, 
in contrast to areas with a lower roughness where silicon atoms condense wherever they (randomly) land on the 
surface of the substrate [84]. 

Given the Tauc-Lorentz parameters and the Raman spectrum, we associate the yellow region on the aJuminurn 
foil with region A on glass. The fact that the Raman spectrum on glass of region C is quite different from that of 

61 



the red region on alurninum prevents correlating these two regions, although the C and E_04 are remarkably 
sirnilar. 

Finally, to support the opinion that the 400W sample was deposited under conditions close or even at the 
transition boundary, in Figure 4-29 the Raman spectra for different areas on the 500W sample are depicted as 
well. Area A and C on this sample visually correspond to the same areas at the 400W-sample, an area 
comparable to B (400W) was not observed. We see that the Raman spectra for both areas in the 500W
deposition look sirnilar, and conclude that we definitively passed the borderline between a-Si:H and !JC-Si:H, 
even for glass as a substrate. 
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Figure 4-29. Raman spectrafor different areas on the 500W sample on glass, normalized to the adsorption in 
the 515-520 cm-1 region. 

Again, we conclude (on basis of the 500W-sample) that the presence of roughness does not correlate with 
crystallinity of the material. In other words, it is possible in the current reactor to deposit microcrystalline layers 
on alurninum or glass that are not explicitly rough. 

Also, we confrrm our observation that Tauc-Lorentz parameters should be exarnined with care when comparing 
rough material with material that does not have an explicit roughness. It was observed that in this case the 
disorder-parameter C does not correlate with Raman crystallinity, nor does the resonance energy E_O. 
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4.4.3. Dilution series around 1% silane-in-hydrogen 

In the previous section we saw that power is an important parameter that deterrnines the transthon from 
amorphous to rnicrocrystalline silicon. It is generally accepted that the silane-in-hydrogen dilution is also a 
decisive parameter for the deposition of 11c-Si:H, with values typically in the range of a few percent [68] . To 
study the influence of this behaviour in the reactor at Akzo Nobel, a dilution series around 1% silane-in
hydrogen was carried out. The silane flow was varied between 10 and 40 seem, the process parameters that were 
kept constant are given in Table 4-20. 

Table 4-20. Constant process parameters during dilution series. 

S mbo! Parameter Value Unit 
p RF Power 100 w 
p Pressure 400 Pa 
QH2 Flow Hydrogen 2000 seem 
TGND Temperature Ground electrode 180 oe 
TRF Temperature RF electrode 180 oe 

The optica! parameters of the resulting layers are presented in Figure 4-30, while the R * values resulting from 
FTIR spectroscopy and the Raman spectra are given in Figure 4-31 and Figure 4-32, respectively. 
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Figure 4-31. R* for dilution series. Figure 4-32.Raman spectrafor dilution series. 

Although the optica! characteristics suggest significant variations between the samples, and even some trends 
might be identified, the Raman spectra clearly show that none of the layers contain a distinctive crystalline 
fraction . However, no peak: fitting was performed on the spectra to find possible minor deviations. 

We conclude that this dilution series was performed in the wrong parameter regime to obtain microcrystalline 
materiaL Based on literature and previous series , we attribute this to the effective power that was used. 
Apparently, lOOW was too low forthese conditions to obtain 1-1c-Si:H. 
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4.5. Homogeneity 

In this section, attention wiJl be paid to tbe homogeneity of all deposited layers in the PECVD scale model. Tbe 
section will be of a phenomenological nature, in the sense that no explicit model wiJl be used or developed to 
explain inhomogeneities. This falls outside the scope of this report. Ho wever, given the relevanee for industrial 
production of large scale silicon layers (a deviation from average thickness of 2.5% only is acceptable) we wiJl 
present the obtained results as a possible basis for future research. For each of tbe three major dilutions, we wiJl 
shortly discuss a typical sample. Also, we present a short overview of inhomogeneities that are correlated with 
the showerhead design of the gas i niet. 

4.5.1 . 50% silane-in-hydrogen 

Under 50% Sil-4-in-H2 conditions, several a-Si:H layers have been deposited. Here, we will present results for 
the layer that was deposited at the highest deposition rate, TL0102 (see Figure 4-33). A width-profile was made 
using the R,T setup discussed before. The probe was positioned at 14 of the total length on the west side, i.e. 
17.5 cm from the side. A measurement was made every 10 mm, with a spot size of 6 mm. To obtain the 
tbickness of the layer, the resulting spectra were fitted with tbe Tauc-Lorentz model in the 530-750 nm 
wavelength range. 

Note that in this case a width-profile is more relevant than a profile in the R2R direction. During actual 
production total Iayer thickness is the result of an integration of deposition rates in the R2R direction, and 
therefore deviations in this direction will not be recognised in the finallayer. 
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Figure 4-33. Width profile of deposition rate for TL0102. 
P(W)=333W, Q_SiH4=500 seem, Q_H2=500 seem, p(Pa)=50Pa, T=/80 "C. 

The width-profile shows that the requirement (2.5% maximum deviation of the average thickness) was not met 
during this deposition. A major cause for this is wrinkling of the aJuminurn foil during set-up of the experiment. 
This effect is strengthened by the fact that in the foil three holes were cut to be able to deposit some layers on 
glass (see Figure 4-25 for an example). Botheffects do not occur during R2R production, which suggests that in 
that case homogeneity will be better. 

4.5.2. 4% silane-in-hydrogen 

Under 4% Sil-4-in-H2 conditions, several pm-Si:H layers were deposited. One of tbem, equal in process settings 
to the layer of tbe power series witb the highest deposition rate, was used extensively for uniforrnity 
experiments (see Figure 4-34). In contrast to the previous section, these results were obtained using an x,y table 
for covering total deposition area and for improved accuracy and resolution (1 measurement per cm in the foil 
width direction, one measurement every 2.5 cm in the length direction) . In the R2R profile (Figure 4-34 b) we 
see that deviations in deposition rate are within specification, i.e. +1- 2.5% from average. From Figure 4-34 a it 
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becomes clear that the main cause for deviation is caused by an extraordinary high deposition rate in the centre 
of the electrode, caused by a temperature-driven material flux as explained in sec ti on 4.1.1 . 
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Figure 4-34. Homogeneity ofTLO 107. P= 500W, Q_SiH4 = 50 seem, Q_H2=1500sccm, p=l70Pa, T=l50 "C. 

4.5.3. 1% silane-in-hydrogen 

Regarding homogeneity-related results for 1% Sif4-in-H2, we refer to section 4.4.2 for an extensive treatment. 

4.5.4. Showerhead 

In some deposited layers, inhomogeneities occurred at positions related to the showerhead gas inlet in the 
powered electrode (see Figure 4-25 for an example). Tbe inhomogeneities were identified by visual inspeetion 
with the bare eye or through an interference filter, as described by [ 11]. As Figure 4-25 proves, directly opposite 
the showerhead the layers are thicker. Clearly, this is related to the total gas flow towards the reactor, as 
becomes clear from Figure 4-35. Also, the effect is more pronounced for high Sil4-flows than for H2 flows. No 
direct correlation with power was established, however this still might be a ' third axis' in the figure . We 
consicter these observations as a possible starting point for future research regarding the design of a showerhead 
suitable for high gas flows. 
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Figure 4-35. lnhomogeneities caused by showerhead design of gas inlet. 
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4.6. Deposition rates and materlafs compared 

In the previous sections we dealt with several deposition series independently. However, a mutual comparison 
cao teach us a lot about the mechanisms involved. Therefore, in this section we wil! campare the four series at 
1%, 4%, 23% and 50% Sifit-in-H2. 

First of all, let us investigate the differences in deposition rate as a function of power (see Figure 4-36). Note 
again that all data points are lirrUted in deposition rate by available power, oot by the availability of silane. For 
the 1% SiH4-in-H2 the silane flow is kept constant, for the others it is increased with increasing power. We 
abserve that absolute differences in deposition rate vary between the series, and that they scale differently with 
Peff (W): the power-dependenee for 23% Sifit-in-H2 is almost linear, while for 1% Sifit-in-H2 it is relatively 
weak. Currently we cao oot explain the linearity of the observed relation for 23% Sifit-in-H2, and the fact that 
this dilution results in higher growth rates than 50% Sifit-in-H2• Perbaps this setting corresponds to a maximum 
of the electron density (see section 5.6 for further discussion). Apart from that, we attribute the lower deposition 
rates for low silane-in-bydrogen series to etching by H2; pressure differences migbt also play a role, but caooot 
explain a difference of al most factor 4. 
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Figure 4-36. Comparison of deposilion rate as fitnetion of power for different dilutions.Note that for the 1% 
SiH4-in-H2 series Q_SiH4 (seem) was kept constant, for the other series P!Q_SiH4 (Wisccm) was kept constant. 

Because in Figure 4-36 the deposition rate in nm/s is plotted versus the power in W, or J/s, we cao relate the 
steepness of the fits to the energy per deposited Si-atom using equation (4.1), assuming material density 
constant. The resulting figures are depicted in Figure 4-37 for each of the different dilutions. We see that the 
average energy per deposited Si-atom for rrUcrocrystalline silicon is much larger than the energy necessary to 
deposit a-Si:H, about 400 eV compared to 70 eV. Still, the differences in energy/deposited Si-atom are much 
smaller than the differences in power/silane flow ratio for the different series (see Table 4-21), i.e. a factor 5 
increase in energy per deposited Si-atom compared to a factor 40 increase in power/silane flow. This cao only 
be caused by differences in silane depletion, which is in fact the case as we conclude from Figure 4-38. Note 
that the silane depletion was deterrrUned using equation (2.2), which is based on a homogeneaus deposition 
which was oot always the case (see section 4.5). For comparison, all parameters are summarised in Table 4-21. 
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Figure 4-37. Average energy per deposited atomfor the different dilution series. 
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Table 4-21. Comparison of optica! characteristics and deplelionfor different dilutions, and 1 individual sample 
that was characterised as microcrystalline (500W sample from power series insection 4.4.1). 

Averages # P/Q_Sifit A E_O c Eg n k E_04 depletion energy I deposited 
Si-atom 

(W/sccm) (eV) (eV) (eV) (eV) (eV) (eV) 

50% 4 0.66 217.2 3.73 2.51 1.67 4.22 0.10 1.90 0.11 78.4 

23% 4 1 231.6 3.81 2.13 1.63 4.59 0.11 1.88 0.16 72.1 

4% 5 5 215.7 3.76 2.47 1.71 4.13 0.08 1.94 0.48 138.1 

I% 3 5-15 222.7 3.67 2.26 1.77 4.09 0.05 1.99 0.59 227.0 

TL0097 (f..IC) 1 25 204.1 3.67 1.49 1.76 4.14 0.04 2.03 0.87 400.5 

Table 4-21 also presents, besides the quantities mentioned above, the average optica! properties per dilution 
series. Typical errors are less than 2% for Eg and E_O and 5% for C and A. Note that we estimate error margins 
for the 23 % Sifit-in-H2 series at twice the value for the other series, as these parameters are deterrnined using an 
aluminum reflection pattem. From this table, we conclude the foUowing: 

• The broadening parameter C for 4% Si~-in-H2 does not differ as much from the C for 50% Si~
in-H2 as expected [78], and is even higher than the C for 23% Si~-in-H2 , suggesting that the 
depositions at 4% are carried out under conditions not as close to the a-y ' transition as desired. For 
the rnicrocrystalline sample TL0097 the C value is obviously much lower. 
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• The bandgap Eg seems to increase for decreasing silane fraction, which is against expectations. 
This might be explained by tbe fact that the bandgap is close to the edge of the range in which the 
interference pattem is fitted todetermine the Tauc-Lorentz parameters, i.e. 1.3 - 2.8 eV. 

• The photon energy with an absorbance of 104 cm·' , E_04, which can be determined rather 
accurately, is significantly higher for pm-Si:H and !JC-Si:H than for a-Si :H, as was expected. 
Correspondingly, total absorption at 2 eV is lower for layers of approximately equal thickness. 
Furthermore, E_04 seems directly related to the energy per deposited Si-atom (see Figure 4-39). 
This suggests that the energy per deposited Si-atom is a major determinant of the absorption in the 
red wavelength-region, which is linked with tbe type of material tbat is deposited. 
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4. 7. Literature comparison 

In this section we attempt to give a short comparison of the results obtained in this study and results gathered 
from a literature survey. We focussed on the increase of the deposition rate of all types of hydrogenated silicon 
using PECVD. 

From the survey we conclude that the influence of pressure, temperature and frequency variation are small 
compared to the power density. Given a specific dilution and type of material, the power density is the major 
determinant of deposition rate (see Figure 4-40 and Table 4-22 for an example). That is, given the prerequisites 
of no silane depletion and no dust formation. Silane depletion naturally constrains an increase in deposition rate. 
Layer deposition under dust conditions results in a higher growth rate, however this does not result in 'device 
quality ' material [2] [23] [47] . The general relation for dilutions around 4% Si~-in-H2 is in agreement with the 
power law obtained in this work (see Figure 4-40 and Table 4-22). Note that almost all these results are obtained 
in reactors with much lower surface area than at Akzo Nobel. 

However, the results presented by Kondo [33], Niikura [45] and Tanda [80] suggest that the relationship should 
beregardedas more linear. Kondo, Matsuda ea [32] speculate that these results are related toa dust-suppression 
mechanism that is obtained by instaHing a mesh near the substrate, or by changing the lay-out of the cathode, 
respectively. Also, ion bombardment is reduced in these experiments, in other words a largershare of power is 
available for radical production and layer growth. Furthermore, the mesh used by Tanda [80] enhances 
crystallinity by suppression of ion bombardment 
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Figure 4-40. Power density versus deposition rate for dilutions around 4%. 

Table 4-22. Author,year ofpublication, bibliographic reference and settingsjor data points in Figure 4-40. 

Author Year Reference Dilution Pressure Temperature Frequency 
(% SiH4-in-H2) (Pa) (deg C) (MHz) 

Aguas 2003 [ 1] 2.5 240 200 27 
Delli Veneri 2004 [10] 4.1 53 220 100 
Graf 2003 [18] 4.5 300 70 
Kondo 2000 [33] 5 540 350 13.56 
Niikura 2003 [45] 4.5 1209 200 60 
Roca i Cabarrocas 2002 [62] 3 250 12.56 
Rüdiger 2003 [66] 4 200 81 
Tanda 2003 [80] 5.9 240 350 60 
Wyrsch 2000 [83] 5 70-130 
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CHAPTER 5. V oe SELF BIAS EXPERIMENTS 

During the experiments presented in the previous chapter it was observed that, within a series, the V de self bias 
correlated linearly with the deposition rate (see sec ti on 5.6) as has been observed before by Meiling [ 43] . This is 
explainable by the fact that the size of the bias is determined by the electron flux towards the surface. This 
electron flux, on its turn, is determined by the electron temperature and the electron density, which deterrnine 
the dissociation rate and thus the deposition rate of Si. Furthermore, the V de self bias is an indicator for the 
plasma regime as we have seen before (section 2.3). Together, these observations form the rationalefora further 
study ofthe Vde selfbias, which will be presented in this section. 

First, we try to get a feeling for the size of the V de bias using the model presented by Meijer and Goedheer [ 41], 
which relates the V de bias to the V,r (see section 2.4 ). Next, we attempt to formulate a sealing law for the V de 
bias (section 5.5) based on the results that are presented in section 5.2 on the relation between Vde bias and 
pressure, section 5.3 on the relation between Vde bias and power, and section 5.4 on the relation between Vde 
bias and dilution is treated. Finally, in section 5.6 the relation of the V de bias with the deposition rate will be 
discussed. As few literature on this subject was found, and some of the results are rather surprising, some 
explanations and mechanisms proposed in this chapter are rather speculative and should beregardedas starting 
point for future research. Still, it will be concluded that the results are very useful as a tooi for process control 
and optimising deposition rates. 

Most data in this chapter was obtained experimentallyin the scale-model PECVD system. No actuallayers were 
deposited for these series, which has the advantage that a lot of plasma conditions can be measured in a 
relatively short amount of time. 

No te that the actual V de self-bias has a negative sign as in our case, the powered electrode is smaller than the 
grounded one. However, in this section we speak of V de• this should be readas IV del. Furthermore, throughout 
the section the following notation will be applied: p*=p/pü, pO = 100 Pa. 

S.J. Selfbias versus Vrf 

We have seen that the relation between V de self bias and V,r has been modelled by Meijer and Goedheer [41] 
using the surface ratio a of the grounded and powered electrodes of the reactor (equation (2.8) in section 2.4). 
Application of this model to our data set of deposition conditions results in Figure 5-1. We see that, for each 
dilution, the Vde scales linearly with V,r as has been observed before [41] [43] [56] [73] . However, the exact 
value of a strongly depends on the S~-in-H2 dilution. In other words: the higher the silane part in total gas 
flow , the higher the 'effective ' grounded surface compared to the powered surface. Note that all depositions 
result in a > 1.22, which is based on the actual groundedlpowered surface ration in the scale-model PECVD 
system. 
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in TLO. 

We propose that the observed relations are attributable to the presence of virtually grounded nano-partieles 
(actually they are at floating potential , a few volts above ground) in the plasma, which contribute to the effective 
grounded surface. In that case, we explain the fact that for higher hydrogen fractions alpha is lower by increased 
etching by atomie hydrogen. This will result in less partieles, and thus less effective surface. 

An alpha of 3.11 in our setup corresponds to an extra grounded surface of 3800·104 = 0.38 m2
. Total plasma 

volume VP1 equals 0.704 * 0.338 * 0.018 = 4.3 10·3 m3
. Assuming np spherical nano-particles/m3 with radius r0 in 

the plasma, this leads to the following equations 

If we assume the typical partiele radius is about 1 nm, this results in a partiele density of- 1019 m·3, which is 
higher than the generally accepted critical value for partiele coagulation, which is about 1016-10 17 m·3 [11]. 
Thus, to prevent rejection of our hypothesis, typical partiele sizes should be over 100 nm, or non-spherical 
resulting in a Iarger surface per partiele. It is questionable whether these assumptions are realistic . 

To check our hypothesis further, we attempt to correlate the value of alpha with the di stance of a specific plasma 
condition to the alpha-garnma' -transition. Remember that for pressures higher than the transition pressure, dust 
formation in the plasma occurs. Note that this does not mean that below the transition pressure no nano-partieles 
occur, only that the partiele concentration was lower than the critical value for coagulation [11] . Beyond the 
transition, micro-meter sized dust particles occur (see Figure 1-7). 
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Figure 5-2. Alpha (see equation (2.8)for details) versus relative distance to the alpha-gamma 'transilion, 
determined using the experimental scaling-law [ 11 ].For data-points wilh alpha=O, V,_t<19V was badly defined. 

Tbe results of our analysis are presented in Figure 5-2. We see tbat for all plasma conditions the calculated alpha 
was above 1.22, the actual surface ratio in TLO. Most conditions are close this value, although values up to 5.4 
are observed. However, no clear difference is observable between plasma conditions in both alpha and gamma' 
regime, i.e . piPa-r < 1 and > 1, respectively, which gives us no confirmation of our hypothesis. 
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5.2. Self bias versus pressure 

As already stated earlier, tbe actual value of tbe Vcte bias depends on many parameters, an important one being 
the pre ss ure. In our attempt to formulate a scaling-law for the V de bias, several experiments were carried out on 
the scale-model to explore the relation between pressure and V deself bias in a large parameter space. A prime 
feature of most series was the occurrence of the alpha-garnma' transition (see section 1.4.3) at a specific 
pressure , for most experiments separating two straight lines in a double log-plot of self bias and pressure (see 
Figure 5-3 and Figure 5-4) as was already observed by Van den Donker [11] . In the lower pressure-regime the 
plasma is in tbe alpba-regime, for bigher pressures than the transition pressure tbe dust forming gamma' -regime 
is observed. 

lt was observed that tbe relation between self bias and pressure in the gam ma' -regime can bedescribed as 

(5.1) 

with V de the self-bias (V) and p the pressure (Pa). Ho wever, y can be negative or positive, as is observed in 
Figure 5-3 and Figure 5-4. Both dissenting relations are explainable by dust formation in the plasma. In 
principle, when dust particles are present electrons will attach to them, which leads to a lower electron flux 
towards the surface and thus a lower V de (Figure 5-3). However, the formation of dust makes the plasma also 
more resistive leading to a better power coupling into tbe plasma. Tbis means a higher dissociation of silane, a 
bigher electron flux towards the surface and, wben this effect is stronger tban tbe previous one, a higher Vcte self 
bias rnight result (Figure 5-4). 
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Figure 5-4. Alpha -gamma' transition for Q_SiH4 = 
20 seem, Q_H2=2000 seem, P= 500 W, T =1 80 OC. 

Now let us turn our attention to the alpha-regime. Here, in general a negative exponent between Vde and 
pressure was observed, where the derivative of the relation seemed related to the Hr dilution (see below). 
However, in some experiments a rather peculiar curve was measured, with a sbape as is seen in Figure 5-5. 
A lso, the figure is an example of the reproducibility of the measurements. 
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and June 2004, respectively. 

We try to explain this Vdc-behaviour by a graphof electron density versus pressure (Figure 5-6). Note that the 
Vdc self bias is positively correlated with the electron temperature, and thus negatively correlated to electron 
density: for a high electron density a low electron temperature is sufficient to sustaio the plasma, which 
corresponds toa low V de· 

When consictering electron density, we understand that in a low pressure-regime more ionisation is possible for 
increasing pressure as the chance for silane-ionisation increases. On the other hand, for a high-pressure regime 
an excessive amount of elastic collisions leads to energy loss of the electroos that are present, resulting in less 
ionisations and thus a low electron density. Therefore, the graph of electron density versus pressure should have 
a maximum somewhere. Correspondingly, the graphof V de self bias versus pressure should have a minimum, as 
is the case in Figure 5-5. This idea was confirmed by a later experiment using silane only, see Figure 5-7. 
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Figure 5-7. V de versus pressure fora pure silane 
plasma. Q_SiH4=30sccm, P=50W, T=1 80 CC. 

The combination of both 'abnormal ' effects results is recognisable in Figure 5-8: in the alpha-regime we are in 
the increasing right flank of V de versus pressure, while the gamma' -regime is dorninated by increased power 
coupling . 
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Concluding, it was observed that for all experiments the re lation between V de and pre ss ure in the alpha-regime 
could be modelled with the relationship 

Ln(Vde) =À- Ln(_p_) 
Po 

(5.2) 

However, the coefficient À proved to vary quite strongly between different experimental series. The main 
determinant for this seems to be the dilution of the plasma (Figure 5-9), so A, = .f('Q_SiH./(Q_Si~+Q_H2). 
Other variables were also tested, but did notshow a consistent relationship for all experiments. Although a value 
of À varying between 0 and -0.8 is obviously not in exact agreement with the sealing law (2.9) presented by 
Passchier [51] and Meijer ea [42] for an Argon plasma, which assumes A,= -0.66, we see that the global trend 
corresponds. This is also the case for the value A,= -0.56 that was obtained by Van den Donker [11] . 
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Figure 5-9. A, versus plasma dilution, fin e is guide to the eye. 

We try to explain the observed dilution dependenee of À by remembering that À can beregardedas the negative 
derivate of Figure 5-6, the relation between electron density and pressure. Por a pure Hr plasma (left-hand-side 
of Figure 5-9), a strong negative exponent between pressure and V de bias is observed. This corresponds with the 
Jeft-hand-side of Figure 5-6. Apparently, equation (5.2) is a locally correct description. 
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pressure 

Figure 5-JO. Comparison of a H2-plasma with, and without silane. 

When silane is added to the Hr plasma, electroos wiJl preferentially attach to Si~, which is more 
electronegative than H2. Therefore, the maximum of the electron density will be lower and shift to a lower 
pre ss ure when compared to the original situation (see Figure 5-1 0). In other words, our original position in the 
left-hand-side of the curve lies closer to the maximum, resulting in a À. that goes to zero as is experimentally 
observed for dilutions between 0.05 and 0.23 (see Figure 5-10). In the meantime, electron temperature bas to 
rise with increasing silane concentration to sustaio the plasma. 

Ignoring the negative À. between dilutions of 0.23 and 0.6, À. returns to almost zerofora pure silane plasma. We 
propose this is explainable by the fact that, when we increase the percentage of Si~ even further, electron 
density will decrease until the plasma behaviour shifts from electron-dorninated to a behaviour that is governed 
by negative ions. As these ions are much slower, this results in the coefficient of pressure-dependence of V de À. 
going towards zero. Passchier [51] obtained this mechanism by modelling of an argon plasma, and a 
electronegative CF4-plasma, respectively, fora cylindrical situation. For CF4, he finds that electroos are minority 
partiele in the plasma bulk, and that negative ions represent 80 to 90 percent of negative charge. The model was 
extended towards SiH4 di scharges by Nienhuis [44] , who found a decreasing V de bias with pressure. 
Ex perimental results by Hamers for exactly the same parameters, also presented by Nienhuis, confirm this trend, 
although the obtained values differ. 
Besides this, we found only one souree in literature with explicit experimental results on the pressure
dependence of the V de bias [27]. Horwitz (1983) found , for an Ar-discharge, an increasing and later decreasing 
V de bias for increasing pressure, which is contrarily to our results. However, bis results are obtained in an 
extremely low pressure regi me (0-10 Pa). He concludes that this behaviour rnight be caused secondary electron 
ernission from the electrodes, which is in his case essential for sustaining the plasma. 

5.3. Self bias versus power 

Several experiments have been performed with regard to the relationship between V de self bias and power. 
Results were obtained for different pressures and dilutions. To obtain a sealing law for power, we have to 
correct for this. Based on the previous section, a correction for pressure was carried out using the empirically 
obtained pressure-dependence for V de bias. In this section, we try to obtain a sealing law of the form 

Ln(Vdc) =Tl · Ln(Peff) (5.3) 

where we use the effective power Peff(W) instead of P(W) like elsewhere in this report, as this is more 
representative for the actual input power (see equation (2.1 ) for details). First of all , let us investigate those 
series that resulted in actual depositions (see Figure 5-11 and Figure 5-12). In Figure 5-11 we see that, although, 
the absolute values of the uncorrected V de differ, the trends for all four series are almost the same. However, 
these results are obtained at quite different pressures. We corrected for this in Figure 5-12 using the 
experimental values obtained in section 5.2. We see that, corrected for pressure, both absolute value and trend 
for 4%, 23% and 50% Si~-in-H2 are al most identical. On the other hand, 1% Si~-in-H2 shows after pressure 
correction a quite different behaviour. This rnight be explained by the fact that the 1% Si~-in-H2 plasma is 
dorninated by hydrogen, while the others are both dominated by Si~. In that case, the observation that V de is 
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lower for all P(W) is explainable by the fact that Si~ is more electronegative than H2: less electroos escape the 
plasma, which results in a lower bias. 
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Table 5-1. Fit results Jor data series presenled in Figure 5-13. 

dilution Trend oodness-of-fit (R"2) 

1.00 Vctc = 0.29P0746 1.00 
0.23 V de = 0.38Po691 0.99 
0.04 V de = 0.28Po 759 1.00 

Note that for the data presented in Figure 5-11 and Figure 5-12, the silane flow was changed as welt. In an 
attempt to separate this effect, several series were conducted where silane flow was kept constant and only the 
power was changed (see Figure 5-13). Assuming that the 1 and 2% Si~-in-H2 deviate because they are 
dominated by hydrogen, we conclude that, at least for 9 and 23% Si~-in-H2 , the relation between V de en Peff is 
linear, i.e. 17 z 1. Remarkably, these dilutions correspond to the region with À =0 behaviour in the pressure
dilution plot (Figure 5-9). 
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5.4. Self bias versus dilution 

Besides the influence of the dilution on the relationship between power and pressure on the one hand, and V de 

self-bias on the other hand, the dilution also influences the V de self bias directly. A positive relationship is 
observed from Figure 5-14 a. Total Si~ and H2 flow do not seem to have an influence (Figure 5-14 b). 
However, when we combinetheresult from a with the observed linearityin the relation between power and Vcte. 

this contradiets with Figure 5-12, where for a combination of increasing power and silane flow the V de increases 
less fas t. 
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Figure 5-14. V de versus silane flow. 

5.5. Vdc sealing law 

Based on the experimental results presented in the previous sections, we propose the following sealing law for 
tbe V de self-bias 

V DC = K(R) · R · p(Pa) À( R) · P(W ) IJ(R) (4.4) 

Q _ SiH 4 (seem) 
wbere R is tbe dilution of tbe gas mixture defined as . Tbe correct value of tbe 

Q _ SiH4 +Q _H 2 (sccm) 

parameters should be obtained form Figure 5-11, Figure 5-12 and Figure 5-13. 

5.6. Self bias versus deposition rate 

As stated before, it was observed during tbe experiments that de V de self-bias was linearly related to the 
deposition rate of amorphous and polymorphous silicon, seemingly independent of pressure or dilution. This is 
proven by Figure 5-15. Note that for the power series in Figure 5-15 d only the lowest two data points were used 
for fitting, as the material deposited at higher powers was (partly) microcrystalline (see 4.4.1 ) From the figure , 
we obtain the following relation 

dep rate (nmls) =a. V cte(V) (4.5) 

where a varies between 0.022 and 0.055 nm I V s, depending on the dilution. 

On tbe basis of equation 4.4 and 4.5, we draw several conclusions. First, the V cte bias is suitable as a control 
parameter during deposition of a-Si:H and pm-Si:H to ensure a specific deposition rate , using equation 4.4. The 
advantage of this is an improved control of final layer thickness. However, for improved accuracy during R2R 
depositions, instalment of V cte probes camparabie to the scale-model PECVD system is needed due to a large 
error on the matchbox V de · 
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Secondly, prior to the deposition both equations are usabie to obtain the correct parameter regime fora specific 
deposition rate. The main determinant of this is the power coupled into the plasma. Figure 5-13 suggests that 
power coupling is very efficient in the 10%-23% Si}--4-in-H2 region, thus resulting in a high deposition rate per 
Watt. The fact we observed earlier, i.e. the deposition rate for 23% Si}--4-in-H2 was larger fora given power than 
for 50% Si}--4-in-H2 (see section Figure 4-36), suggests power coupling is less efficient for higher silane 
fractions. Another possible explanation is the fact that for high silane fractions, the plasma is dominated by 
negative ions instead of electrons, that do not contribute to the formation of radicals. Also, for the dilutions in 
the 10%-23% Si}--4-in-H2 region, pressure can be varied free ly to improve material properties, given the fact that 
in this dilution regime the effect of pressure on deposition rate is marginal. Note that total silane flow should be 
high enougb to prevent depletion effects bampering an increase in deposition rate. 

Thirdly, for the deposition of microcrystalline silicon the equations derived in the previous sections are not 
useful, as no clear relationship between deposition rate and V de bias is observed. Furthermore, equation 4.4 is 
oot applicable for plasma with a dilution around 1% Si}--4-in-H2, as is necessary for deposition of 11c-Si:H. More 
data is needed to check if a similar approach is allowed here. 
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 

In this chapter we answer the research questions that were posed in the beginning of this study, and surnmarise 
our findings in the form of several conclusions and recommendations. To align the order with previous chapters, 
we separate them in remarks concerning the deposition of a-Si:H, pm-Si:H and 11c-Si:H, respectively. Also, we 
draw some conclusions on the obtained deposition rates in genera! , rehearse the conclusions on our Vdc-bias 
experiments and present some recommendations concerning the PECVD systems and several diagnostics. 

As a reminder, we quickly rehearse our main research questions: 

1. Is it possible to increase the deposition rate of amorphous and polymorphous Si:H in the current setup to at 
least 0.5 nm/s, while maintaining present material quality and solar cell properties? 

2. Is it possible to deposit rnicrocrystalline Si:H in the current reactor, airning at the manufacturing of a 
tandem cell in the short term, and a rnicromorph cell in the long run? 

3. What is the relevant parameter space for the deposition of rnicrocrystalline Si:H in the current reactor? 

4. Which aspects are critica! for upscaling of the process in the future ? 

6.1. On a-Si:H deposition 

In this study, the deposition rate of the intrinsic amorphous silicon layer fora dilution of 50% Sifit-in-H2 has 
been increased from 0.17 nm/s towards 0.64 nm/s by raising plasma power to 333W and both Sifit and Hr gas 
flows to 500 seem. For 23% Sifit-in-H2, a deposition rate of 1.2 nm!s was reached fora plasma power of 500W 
and a silane flow of 500 seem, while the layer seemed optically more dense than in the 50% Sifit-in-H2 case. No 
hardware-related barriers in the scale-model or R2R PECVD system came across. The obstacle for even higher 
growth rates in the current PECVD facilities is the mass flow controller for silane. Without silane flow 
restraints, for 50% Sifit-in-H2 a growth rate of0.80 nm/s under 500W-conditions seems reaebabie in the current 
setup. 

For 50% Silit-in-H2, it has been shown that, in the search for higher growth rates, a constant ratio between 
power and gas flows leads to optica! characteristics of the deposited material that remain constant within error 
range. These optica! characteristics are the refraction index, the absorption coefficient and the Tauc-Lorentz 
parameters as acquired with R,T measurements, the rnicrostructure R* as obtained with FTIR spectroscopy and 
the crystallinity ofthe material , acquired using Raman spectroscopy. 

The electrical characteristics of the photovoltaic cells, obtained with a solar simulator, speetral response-setup 
and pin probe, also remained constant within the same deposition rate-series. However, compared with an 
earlier reference cell the efficiency of all cells was about 20% less, mainly caused by a lower open-circuit
voltage. Presumably, this effect is related to the p-layer which should be optirnised for higher R2R foil speeds. 
Without optirnisation, the best cells that were deposited at 0.64 nm/s reached an efficiency of 5.0%. 
Furthermore, the spread in results was, at all deposition rates, significantly larger than for the reference. Trus is 
possibly attributable to soap rests on the involved substrate. 

AJso, it was concluded that the requirement to keep the ratio between silane flow and power constant is not very 
rigoreus. Note that the ratio 1: I between silane and hydrogen flow was quite arbitrarily chosen and not 
structurally varied. Given the fact that for a dilution of 23% Sifit-in-H2 a significantly higher growth rate per 
Watt input power was reached, it is recommended to measure the effect of changes in this ratio on the quality of 
the deposited layer, and on actual pv cell performance. 

The homogeneity of the a-Si:H deposition at 0.64 nm/s (dilution 50% Sifit-in-H2) in the scale-model was not 
witrun specification. However, we have good reason to believe that this will be better during R2R deposition. 
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We conclude that , with regard to the deposition of hydrogenated amorphous silicon, the first research question 
has been answered affmnatively. 

6.2. On pm-Si: H deposition 

A pressure series around the alpha-gamma' transition was carried out, the exact transition pressure being the 
re sult of a scaling-law previously presented by Van den Donker [ 11] . This scaling-law is based on the use of the 
V de self-bias as indicator for the transition. The layers deposited in the pressure series were analysed with FfiR 
spectroscopy to determine their polymorphous nature. It was concluded that in the spectra a physically 
significant peak occurred around 2030 cm·1

, which was used to identify polymorphous silicon. It bas been 
shown that the scaling-law used for the transition pressure, and the occurrence of the 2030 cm·1 peak in the 
FfiR spectra for layers deposited around this pressure, are in agreement. The deposition rate in this pressure 
series is in all cases about 0.2 nm/s, although an increase of about 5% is visible close to the transition pressure. 
We have oot researched this any further. 

Given the transition pressure as deterrnined by the scating-law mentioned above, and using the same approach 
as for a-Si:H, the deposition rate of polymorphous silicon has been increased from 0.14 nm/s towards 0.48 nm/s 
(power 400W, Si~ flow 80 seem, H2 flow 2000 seem). No significant detoriation in optica! properties, obtained 
with R,T measurements, FfiR and Raman spectroscopy was observed. Again, the limitation for further increase 
in the current setup is hardware-related, i.e. the mass flow controller of hydrogen. 

The homogeneity of a pm-Si :H deposition at 0.44 nm/s in the scale-model was within specification. The main 
deviation occurred in the centre of the reactor and is attributable to heat leakage through the RF power-feed. 

We conclude that, with regard to the deposition of hydrogenated polymorphous silicon, the fust research 
question has been answered positively. 

6.3. On pc-Si:H deposition 

Using a dilution of 1% Si~-in-H2 a power series was deposited in the scale-model PECVD system to 
investigate the transition from a-Si:H to f.IC-Si :H. This approach is in line with the high-pressure depletion 
method proposed by Kondo [33]. Basedon Raman spectroscopy we conclude that, in the current reactor design, 
all material on Al foil deposited under the conditions 1% Si~-in-H2 and 400 Pa, and a forward power of 400W 
or higher, is microcrystalline. The transition is also present in the Tauc-Lorentz parameters, characterised by a 
decrease in deposition rate , a falling absorption k, a rising E_04 and a decreasing disorder parameter C. All of 
these point towards the deposition of microcrystalline material. 

In some areas an obvious roughness is present which correlates with the gas flow pattem. This roughness 
complicates correct use of the Tauc-Lorentz model. It was concluded that the presence of roughness does oot 
correlate with crystallinity of the material. In other words, it is possible in the current reactor to deposit 
microcrystalline layers on aJuminurn or glass that are not explicitly rough. As it is believed by some that this 
rough material results in bad solar cells [59] , more effort should be spent on identifying the cause and 
mechanism of this roughness. Possibly, a different showerhead contiguration improves the layer structure and 
homogeneity. Currently, we establish that a possible cause of the roughness is silane depletion. 

Also, in this report a dilution series was carried out. However, it did not result in a significant transition towards 
microcrystalline material. We suggest to perform a dilution series again in other regime, i.e. using a higher 
power. 

Answering the second and third research questions, we conclude that microcrystalline silicon has been deposited 
and that the relevant parameter space has been obtained through a combination of literature results and 
experiments. 

6.4. On the deposition rate in general 

Investigating the differences in deposition rate as a function of power, we observed that absolute differences in 
deposition rate vary between the different dilutioo series: a maximum was observed for 23% Si~-io-H2 . For the 
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relatively low deposition rate at 50% Sif4-in-H4 we currently do nothave an explanation. However, the results 
suggest that currently the optimal dilution for a-Si:H deposition is not being used, and that a series based on the 
structural variation of the dilution might yield an optimum with regard to deposition rate, depletion and optical 
characteristics, respectively. 

Regarding reaching a higher deposition rate, it was concluded from a literature survey that the results presented 
in this study are in agreement with results obtained by others, mostly in a smali-scale laboratory setting. Given a 
specifïc dilution, power density is the main determinant of the deposition rate, which is usabie for a further 
upscaling of the process (research question four) . 

6.5. On the Vdc bias as diagnostic 

In this research it was observed that the deposition rate correlates linearly with the V de bias for a-Si:H and pm
Si:H deposition. Therefore, the V de bias is suitable as a control parameter during deposition to eosure a specitïc 
deposition rate. The advantage of this is an improved control of final layer thickness. However, for improved 
accuracy during R2R depositions, instalment of V de probes comparable to the scale-model PECVD system is 
needed. 

It was observed that the re lation between V de and RF-voltage V rr is also linear, the slope being determined by 
the ratio of grounded and powered surface in the reactor. Based on our experiments we hypothesise that this 
slope is affected by dust occurrence in the plasma. Furthermore, a parametrie experimental study resulted in a 
scaling-law for the V de self-bias as a function of dilution, power and pressure. Botb power and pressure scale 
with the Vde bias according to a power law, the coefficient being determined by the plasma dilution. lt was 
observed that the main determinant of both V de and deposition rate is the power coupled into the plasma. Vde 
bias measurements suggest that power coupling is most efficient in the 10%-30% Sif4-in-H2 region, thus 
resulting in the highest deposition rate per Watt. lt is remarkable that, for just these dilutions only, the effect of 
pressure on V de bias is marginal. Note that total silane flow should be high enough to prevent depletion effects 
hampering an increase in deposition rate. 

For tbe deposition of microcrystalline silicon the scaling-law is not valid, as no clear relationship between 
deposition rate and Vde bias is observed. Furthermore, tbe scaling-law is not applicable for plasma with a 
di Jution around I% Si_f4-in-H2, as is necessary for deposition of JlC-Si:H. 

6.6. Recommendations on the PECVD setup and various diagnostics 

Conceming the scale-model and R2R PECVD setup, we suggest the following adaptations: 

• A diagnostics that measures the current in the power feed-line of the scale-model and R2R setup 
allows the experimental determination of true power that is delivered into the reactor. Currently, 
from all unknown parameters this is probably the one witb the largest effects on the deposition rate 
and material quality. 

• A Vde-probe is currently installed on tbe scale-model only. We propose instalment of V de probes 
comparable to the scale-model in the R2R setup to allow R2R deposition rate control with 
sufficient accuracy. 

• We suggest to adapt the sbowerbead lay-out ofthe reactors, in order to deposit homogeneaus 
layers with high gas flows. This is essen ti al for upscaling of the process (research question four). 
However, furtber modeHing and possibly experimental work are needed for this . 

• The instalment of a tbermal isolation of the RF power feed wiJllead to a decrease in those 
inbomogeneities that are currently caused by temperature differences at the substrate. 

• The instalment of a cooling mechanism in the PECVD scale-model allows conducting more 
experimentsin a given amount of time, as cool-down periods of the reactor will be much shorter. 
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Concerning the optical characterisation of the deposited layers, we suggest the following: 

• For the modelling of microcrystalline silicon, a changetoa different model should be considered 
as the results of the Tauc-Lorentz model are not accurate. lts parameters can not be used to 
indisputably identify f.JC-Si :H. The approach proposed by Ferlauto ea [12] might be an interesting 
alternative. However, the occurrence of significant roughness effects that clearly appear in the R,T 
spectra might beregardedas a signpost of microcrystallinity, although not necessary sufficient. 

• Currently, the modelling ofTCO on alurninum is rather tiresome. A different optical model for 
TCO might give better results, for example a Zellmeier-approach as suggested by Smets [70]. 

• Currently, the R2R reflection probeis only usabie in retrospect due to the properties of the 
software. We advise to use a different commercial software package for data-acquisition during 
R2R deposition, e.g. Scout [86], that allows reai-time fitting of collected reflection spectra. 

• In this report we presented some results obtained during the start-up of the R2R deposition, i.e. a 
change in reflection spectra. Possibly, this rnight be used to obtain more information about the 
deposition rate, for example. However, more research is needed for this. 

• In this report the presentedRaman-spectra are not fitted , although in literature some interesting 
procedures for this are given [71] . Possibly, a fitting procedure on the Raman-spectra might result 
in more information about the nature of crystallinity. 

• Unfortunately, in this study we were not able to deterrnine the hydrogen-content of the material 
using ATR-FTIR. We propose to perform future FTIR spectroscopy in transmission mode (on a 
suitable substrate), or to use ATR-FTIR with polarised light. Both allow deterrnining the H-content 
of the deposited layers. 
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doorgenomen, was altijd een erg aangename start van de dag! 

Fred de Brouwer en Tjeerd Walda bedank ik voor het aangename gezelschap tijdens sessies achter de Olga, en 
voor het aanpassen van hun ' love baby' om met een hoge groeisnelheid een heuse pin te kunnen deponeren. 
Voor de verdere verwerking van deze laag tot werkende zonnecellen was ik afhankelijk van een groot aantal 
mensen in het CSO-team. Bedankt, het resultaat was ernaar! Speciaal ben ik Miehal Zentko erkentelijk voor zijn 
bereidheid de LP3 te gebruiken voor oneigenlijke doeleinden. 

Een groot deel van de FTIR-metingen in dit verslag is uitgevoerd door José Swart en Herman Oldenhof van de 
afdeling CGS-SP van Akzo Nobel in Arnhem. Brenda Rossenaar van dezelfde afdeling, en Aad Gordijn van de 
Universiteit Utrecht zijn de bron van de prachtigeRaman-spectra die in dit verslag te vinden zijn. Ik bedank hen 
allen hartelijk voor hun bijdrage en expertise. 

Arno Smets (TU/e) heeft een belangrijke bijdrage geleverd aan dit verslag wat betreft de analyse van de FTIR
resultaten, en aan een poging om hier alle informatie uit te halen die er in zat. Daarnaast bleek hij, met name 
tijdens de afronding, een goede discussie-partner die aan de interpretatie van de V de self-bias resultaten een 
nieuwe stimulans heeft gegeven. 

Mijn verblijf in Arnhem was een stuk minder aangenaam geweest zonder de contacten met alle collega's van de 
afdeling CSO. Elke verjaardag was weer een feest! Ik denk hierbij ook met name aan mijn mede-afstudeerders 
en stagiairs Arie van Housselt, Peter Venema, Joppe Koning, Arjan Flikweert en Taco Dekker. Tot mijn spijt 
verlieten zij de studentenkamer ruim eerder dan ik, en bleek de radio geen volwaardig alternatief te zijn voor 
hun gezelschap en aanspraak. 

De belangrijkste bijdrage aan dit verslag komt zonder twijfel van Edward Hamers. Vol toewijding heeft hij mij 
langs de vele valkuilen van de plasmafysica geleid, en mij er, met een grijns op zijn gezicht, ook een paar van 
dichtbij laten zien. Zijn nooit aflatende enthousiasme voor de fysica werkte aanstekelijk op mij, en de kennis en 
tijd die hij in de vele onderlinge discussies heeft gestopt zijn van onschatbare waarde geweest voor het 
eindresultaat. Edward, je talent om met creatieve verklaringen voor onverwachte resultaten te komen is 
onovertroffen! Ik zal aan onze samenwerking altijd met veel plezier terugdenken. 
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