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Technology Assessment 

Thin film solar cells may be an important future souree for renewable energy. In the 
Helianthos project, Akzo Nobeland partners try to develop a roll-to-roll thin film flexible foil 
solar cell production plant. The target of the new production line is that it produces the solar 
cells at a lower cost than conventional production techniques do. 

This report deals with one specific layer of the solar cell that is being developed, 
namely the intrinsic layer. In this layer, incident light is absorbed and free charge carriers are 
created. The important features of the layer are therefore how much light it absorbs, how 
much charge carriers it supplies per light unit absorbed, and how much it costs to produce the 
layer per charge carrier supplied. In addition, it is important to minimize the statistica! spread 
in each of these features. 

Research on intrinsic layer production eventually works towards a situation where the 
mentioned features of the layer are optimized. In order to reach this situation, both 
fundamental knowledge and technological effort is needed on the solid state physics of the 
produced layer and on the plasma physics regarding the production process. 

The work presented in this thesis contributes to the above mentioned subjects and thus 
helps to realize the future where solar cells are being produced in a well-controlled, efficient 
and cheap way. In this future, the solar cells help to replace the polluting fossil fuel energy 
sourees by clean and sustainable ones. 
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Abstract 

The Helianthos project is a collaboration between several partners from research 
institutes and industry. The goal of the project is to develop a roll-to-roll production line for 
thin film flexible solar cells . The p-, i- and n-layers of the solar cell are produced in a plasma 
deposition machine and consist of hydrogenated amorphous silicon. 

Research on i-layer deposition is carried out on a batch reactor called " the scale 
model" that is a replica of one of the deposition chambers of the roll-to-roll machine. The 
research on the scale model is partly dedicated to the deposition of polymorphous silicon. 
This material is deposited under conditions where dust particles are formed in the plasma and 
has the potential to yield solar cells with a high stabilized efficiency. 

Several diagnostic tools are developed on the scale model. These are the metbod to 
estimate the deposition rate from the initial pressure development in the plasma chamber, the 
usage of the de-bias as a dust formation indicator, the optical characterization of deposited 
layers using reflectometry measurements, and the estimation of the large-area uniformity by 
using a semi-automatic reflectometry setup as well as a visual inspeetion method. 

The diagnostic tools are used in an experimental plasma characterization study to 
investigate the dust formation as a function of process parameters. The outcome of these 
experiments is a sealing law that can be used to calculate the transition pressure for input 
process parameters. A developed analytica! model of the dust formation is able to predict the 
parameters ofthe empirica! sealing law within 20%. 

A deposition series supports the hypothesis that the dust formation sealing law can be 
used to estimate the polymorphous silicon process window, since it shows that layer 
properties change for pressures higher than the calculated transition pressure. Furthermore 
this study shows that the deposited layer gets more porous and more structured in the dust
forming regime. 

A simulation on the neutral drag - thermophoresis force balance on dust particles is 
able to show that, as a result of a local temperature drop, particles are captured near the power 
feed through of the powered electrode. An experimental study on the thickness uniformity of 
the deposited layer indeed reveals an increase in thickness at this position as a result of 
partiele accumulation. The two further main non-uniformity causes are hollow catbode 
phenomena in the window cavities and construction tolerances ofthe powered electrode. 

Inspired by the identified non-uniformity causes, several reactor layout adjustments 
are carried out. These adjustments increase the fraction of the foil width that falls within the 
specification of 5% thickness by a factor two. Adjustments that could further increase this 
yield percentage are suggested. 

An experimental study on the deposition rate dependenee on process parameters 
shows that the specification for the deposition rate falls within the range of typical process 
conditions. It is still unclear if the layer quality at the conditions is adequate for solar cell 
applications. 
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Confidentiality 

The contents of the full report is intellectual property of Akzo Nobel Chemieals BV and 
therefore it may not be viewed by unauthorized persons. Consequently, certain chapters are 
removed from this non-confidential specimen. More precisely, sections 2.1, 4.3, and 5.3 are 
removed, as wellas the appendices A, B, C, and F. Sections 1.1 , 3.1, 4.1, 4.4, 5.1, 5.4, 6.1 , 
and 6.2 are significantly altered.Fora full copy ofthe report, one can apply to : 

Akzo Nobel Chemieals BV 
Solar Cell R&D dept. CSO 
P.O. Box 9300 
6800 SB Arnhem 
The Netherlands 
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Chapter 1 

Introduetion 

In this chapter an introduetion on the matter treated in this thesis is given. First, in section 1.1, 
it is exp1ained why there is an interest in researching the deposition of hydrogenated 
amorphous silicon. The deposition process itself is discussed in section 1.2, foliowed by the 
topic of dust formation in the reactor in section 1.3. The scope of this thesis and general 
outline is given in section 1.4. 

1.1 Thin film solar cell technology 

In this section the thin film solar celi technology that is being developed by Akzo Nobel and 
its partners is briefly discussed. First the Helianthos project is described, foliowed by the H
Alpha Solar project. 

1.1.1 The Helianthos project 

The Helianthos project is a coliaboration, co-funded by the Dutch govemment, between 
several partners from research institutes and industry. The goal of the project is to develop a 
roli-to-roli production line for thin film flexible solar cells . Here, roll-to-roll means that each 
process step starts and ends with a roll of half-fabricate foil. The current target is the 
development of a pilot line production plant capable of producing working solar cells. 

In the production process, the layers are applied one by one on to a superstrate. The term 
superstrate means that the layers are applied from the "light" side, so top-down in figure 1.1. 
The main feature of the Helianthos project is that it uses aluminum foil as temporary 
superstrate. This cheap and robust material is used during the process, while later on it is 
replaced by a transparent encapsulant layer. 

TCU 
p~byer 

l··.hvcr 
n ~ lav~::r 
b~1\.~k ç<.•nta ... ~t 

Encapsuhnl 

Figure 1.1- The Helianthos solar celllayout 

11 



Table 1.1- The Helianthos solar cel! 

Encapsulant - Protects the cell from weather influences. 
(150 J.!m) - Acts as an anti-reflection coating. 

- Electrically isolates the cell. 

erties 

TCO - Transports generated electricity towards extemal circuitry. 
(750 nm) -Acts as an anti-reflection coating. 

- Im roves light tra ing by scattering at its texture. 
p-layer -Made of doped hydrogenated amorphous silicon (a-Si:H:B:C). 
(30 nm) - Boron attracts holes of the i-layer, thus establishing a voltage over the cell. 

·-·-···~·················· ····························· .... ::Ç~~~~E:~~~':I:~<::.~!.!~~--t,.~~~~p~~~~~X: .... ··························· ................................ ·················· ....... .. _J 
-Made ofhydrogenated amorphous silicon (a-Si:H). 
- Absorbs li ht, thereb creatin electron-hole airs. 
-Made of doped hydrogenated amorphous silicon (a-Si:H:P). 
- Phos horus attracts electrons, thus establishin a volta e over the cell. 

Back contact - Transports generated electricity towards extemal circuitry. 
(300 nm) - Reflects unabsorbed li ht back into the -i-n structure. 

1 Encapsulant 1 -J. ••u .... cts the solar cell from weather influences. 

l ........... (~?_Q_E!P.:L J .:: .. Ë..ll~E!ttnril_~c. ~alll_lt.; (I~· s~o_l~~a!,t~e~ .. ~s. !th~~e~ ·c~.~e~lll_ l :. ·········· · ······-·· ···········-·····················-· ················-········~-·-···················--·····............ ........................................................ .... J 

1.1.2 The H-A1pha Solar project 

The H-Alpha Solar project is a collaboration, funded by the European Commission, between 
several universities and companies. The goal of this project is to develop a polymorphous 
silicon (pm-Si:H) solar cell. Akzo Nobel interweaves the H-Alpha Solar and Helianthos 
project so eventually a roll-to-roll polymorphous silicon solar cell might be produced. 

lt is seen in figure 1.2(a) that pm-Si:H consists of an amorphous bulk wherein crystalline parts 
of a few nanometer radius are inserted. Normal solar cells, of which the i-layer consists of 
amorphous silicon (a-Si:H), suffer from a degradation under influence of light soaking, the so
called Staebler-Wronski effect [78]. Solar cells made of pm-Si:H do not show this 
degradation and therefore yield a higher stabilized efficiency, as is seen in figure 1.2(b ). 

12 ~ j 

~ : 
10 L .. • . • •.. .. • .. . ..j 

*· '· -· · · ~· ..... . I ~ 8 ~ .. . .. ....... ·· ·~ 
._, • · • • . 1 
~ : .. ,: 
U I • • , 

; 6 r • • • . 1 
- ~ ! • l 
tE 4 t i ,T, t j 

- t:- + · 'l"'m. S. i ;.;";'\;"',nm i 2 ~ : , .... -- . . ..... ~ 

I: • · .;- Si .éi 5GG nm i 
~' e pm-S i.H ~ :):)r;T: j 

0
; 10 1oo 1ooo 10 10' 

Time (s) 

(a) (b) 
Figure 1.2- (a) the structure of polymorphous silicon from a HRTEM picture [67], and (b) 

its effect on solar cel! performance during light soaking [8]. 
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1.2 Plasma deposition of a-Si:H 

The so-called plasma-enhanced chemical vapor deposition (PECVD) technique uses a plasma 
to deposit a feed gas on to the substrate surface. For a-Si:H and pm-Si:H, the used feed gas is 
silane, with the chemical formula SiH4 . Below, general properties of this silane plasma are 
discussed foliowed by the process oflayer growth and properties ofthe deposited materiaL 

1.2.1 Plasma properties 

The capacitively coupled rf plasma is aroused between two parallel plates, as is shown in 
figure 1.3. One of the two plates is grounded while the other is powered by a 13.56 MHz 
(radio-frequency or rf) oscillating voltage signal. If the pressure is in the correct range [ 1 0], 
free electrons are sufficiently whipped up by the field to excite and ionize neutral gas 
molecules, thereby sustaining the plasma phase [62]. The relaxation of excited molecules and 
ions produces a visible glow. 

,, 

Figure 1.3- Schematic representation of a parallel plate capacitively coupled rfplasma. The 
electrons travel further and consequently acquire more energy during each rf 
cycle than the ions. 

The plasma potential in a capacitive discharge evolves in a distinct manner. Measurements 
[51] , numerical simulations [25] [49] and analytica! models [40] [62] [65] give a detailed 
picture that is represented in figure 1.4. 

plawlabulk I shealh 
I 
I 

V d ........ : ...... .... .. .... . ....... . . I ... .. . 'I v: ''" '' ' ' ' t· ··· ····•oooooo ooooo oo•••••oo••• •!• •• ... : vrf 

-+- [.z --f--
Figure 1. 4- The plasma potential as a function of the position between the plates at several 

rf cycle phases. The Vrf potential and sheath position range is indicated by a 
double-pointed arrow. 

Two important properties are seen in the figure. The first is the occurrence of a negative de
bias or self-bias on the powered electrode. It is a consequence of the reactor geometry and 
differences in electron and positive ion mobility [25]. The second is the establishment of a so
called sheath at the plasma-electrode boundary that lifts op the bulk plasma potential. This 
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sheath is, like the de-bias, a result of the differences in mobility for positive and negative 
charges [ 19] [ 44]. The electric field in the sheath region has a typ i cal value of Esheath :::::: 104 

V/m [49] [51] and it linearly decreases with position [84]. In the plasma bulk the time
averaged field strength is about Ebulk :::::: 10 V /m, though during a cycle it may reach values of 
103 V/m [49]. 

The energetic electroos in the plasma induce all kinds of reactions. Examples of these 
reactions of electroos with silane molecules are [ 44] [ 49] [ 61] 

dissociation SiH4 +e- --7 SiH 3 +e- + H, (1.1) 

dissociative ionization SiH 4 + e- --7 SiH; + 2e- + H, (1.2) 

and dissociative attachment SiH 4 +e- --7 SiH; + H. (1.3) 

Besides these reactions, the energetic electroos react with hydrogen, and the hydrogen and 
silane reaction products react with each other. All these reactions make sure that every 
thinkable molecule, ion or radical composed of silicon and/or hydrogen is present in the 
plasma. However, under typical rf PECVD conditions, densities of the charged or radical 
species are at least two orders of magnitude lower than the neutral density [49] [74]. 

1.2.2 Layer growth 

When the plasma is supplied with a continuous flow of silane, an equilibrium situation is 
reached where the gas composition shifts from 100 vol.% SiH4 at the inlet toa mixture where 
the most important components are 90 vol.% SiH4, 9 vol.% H2 , 1 vol.% Si2H6 and less than 1 
vol.%o Si3H8 at the outlet [30]. This decrease of the SiH4 flow out during the deposition 
process is referred to as the silane consumption or silane depletion. 

Since the relative densities of silicon-containing species besides silane are low, the only 
mechanisms that can explain the silane depletion are the surface reactions. Surface reactions 
invalving SiH3 are found in literature [66] [77] and are shown in tigure 1.5. 

Reflection Physisorption 

\ 
0 

Hydrogen ditfusion 

Figure 1.5- An artist impression on possible reactions between an a-Si:H surface and SiH3 

radicals, taken from [77]. 

By means of the surface reactions, the depleted silane ends up in an amorphous silicon lattice 
with 2-14 at.% hydrogen incorporated [5] [47] [77]. Amorphous means that there is no 
regular crystalline lattice present [27] [29]. A representation ofthis is given in tigure 1.6. 
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(a) (b) (c) 
Figure 1.6- Representation of the amorphous silicon lattice with (a) no hydrogen, (b) 

double-vacancy incorporated hydrogen, and (c) void incorporated hydrogen. 

The hydrogen incorporation ratio J tells how much hydrogen atoms replace one silicon atom 
in the amorphous lattice. In vacancy-dominated a-Si:H, which yields good quality layers for 
solar cells, the incorporation ratio is J ::::::: 1/3 [77], meaning that the double-vacancy is the 
dominant type of incorporation [63] [64]. For substrate temperatures of T < 180 °C, the 
material gets void-dominated [5] [77]. 

Despite the amorphous structure, the opto-electronic properties of a-Si:H can be characterized 
using a band gap interpretation [27] [73] . This means that photons with an energy E > Egap 

that are absorbed in the material create a free electron-hole pair. The difference with 
crystalline band gaps is that absorption band tails extend into the inter band region. In 
addition, so-called defect states populate the mid-gap region, as is shown in tigure 1.7. 

,~ __________ b_an_J_· c~aa~p_. --------~~ 

/1 
bandtall ! 

energy 
Figure I. 7- Schematic band structure interpretation of a-Si:H, after [13]. 

1.3 Dust particles in silane plasmas 

Besides in surface reactions, lumps of material may also be formed in gas-phase reactions . 
This mechanism is known as the dust formation process. The growth of pm-Si:H takes place 
when gas-phase formed nanometer-sized crystalline particles are built in to the amorphous 
layer [67], hence knowledge and control of dust formation is essential. Typical appearances of 
dust particles are shown in tigure 1.8. 

-+-
Molecule Macro-molecule Nanoparticle Agglomerate Powder 

0.1 nm 1 nm 10 nm 100 nm 1 (Jm 
Figure 1.8- Nomendature of dust particles as ajunetion ofthe typical dimension [8}. 
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1.3 .1 Plasma-dust interaction 

One of the most important properties of dust particles immersed in a plasma is that they get 
negatively charged, dependent on their size. As a rule of thumb, the partiele is charged with a 
few electrons per nm in radius [24] [26]. Th is means that particles smaller than 2 nm are not 
continuously charged, but show a freakishly fluctuating charge that obtains both positive and 
negative values. 

Partly because of the negative charge, dust particles immersed in a plasma are subject to a 
number of forces . For the typical situation of a horizontal paraHel-plate plasma in a lab on 
earth, the most important forces [79] [81] are drawn in figure 1.9 . 

• .. .. .. 
<1f!ii#Mi·#iLai.•c -;,êW·, ,~ hi!p~tn ... èt::r:, 

.. 
• + 

(a) 

s<?iii iWfidSW•Mii•#<mfwÀ1f7> 

(d) 

.... ~ 
""'l'illl41--

(b) 

..... .............. -•···• ....__ ~ /( 

(e) (t) 
Figure 1.9- The force acting on a negatively charged dust partiele is represented by a 

dashed arrow, for (a) gravity (b) neutral drag (c) ion drag (d) electric force and 
(e) thermophoretic force . The farces in the direction normal to the electrades on 
negatively charged agglomerates are balanced at the sheath edges, as is shown 
in (/). 

The behavior of the particles in the direction normal to the electrodes is governed by the force 
balance of all forces from figure 1.9. For sufficiently charged particles, i.e. for rp > 10 nm, the 
electric force dominates in the sheath [26] and pushes the particles away from the electrodes. 
At the same time, thermophoresis and ion drag pull the particles towards the electrodes [31] 
[60]. This leads to the dust particles accumulating in two thin layers at the sheath boundary. 
This behavior is calculated numerically [12] [16] as wellas demonstrated experimentally [36] 
[69] [75]. In the general case, represented in figure 1.9(±), the lower layer is thicker than the 
upper layer because of gravity. 

1.3.2 Dust formation process 

Now that it is clear how dust particles interact with the plasma, the formation process of the 
particles is viewed. 
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Negative ions, like SiH3-, are generally believed to be the main precursor for gas phase dust 
polymerization [32] [59] [80], in chain reactions like 

(1.4) 

(1.5) 

and so on, with rate constants ofthe order of 10-12 cm3/s at 500 K [33]. 

A step-by-step process of dust formation is described in [24]. The formation is considered to 
consist of four phases that are one by one encountered for increasing partiele size. 

1. Macro-molecule generation by dissociative attachment of a neutral on to a negative ion 
in a chain reaction up to particles of smaller than 2 nm size in approximately 1 ms time 
interval. 

2. The selective trapping phase. A nano-particle obtains a charge -e when an electron is 
passing through. For particles of 2 nm or larger, the charged time is longer than the gas 
residence time, thereby selectively trapping these particles. The concentra ti on of the 2-3 
nm sized particles therefore grows steadily during this phase in a typical timescale of 
200 ms. 

3. So-called fast coagulation of nano-particles starts as soon as the partiele con centration 
reaches the critica! value of about 1010 cm-3

. The nano-particles cluster together to form 
agglomerates. 

4. The fourth phase is known as the a-+y' transition. The particles have grown further by 
deposition on their surfaces, and drain electrans from the plasma. This leads to a 
measurably lower electron density, higher electric field and higher electron temperature. 

The exact timescales and occurrence of the various phases depend on the plasma process 
parameters. In literature, several studies on the transition as function of process parameters are 
found [1] [4] [6] [29] [53] [58], where it is seen there that the plasma can operate in the dust
free a-regime (where apparently the nano-particles are too small in number to start the 
coalescence) or in the dust-producing y'-regime (where all four phases are run through). The 
plasma state transfarms from a-regime to y'-regime for increasing applied power, increasing 
gas pressure, decreasing hydrogen dilution, decreasing kinetic gas temperature, increasing 
plasma-on time and increasing inter electrode distance. 

Several diagnostic methods indicating the transition from a-regime to y'-regime are found in 
literature. One can measure the diminishing de-bias [29] [53], the increasing plasma 
resistance [58], the diminishing rf voltage [4] [59], the instahilities of rf voltage and de-bias 
[7] [37], the increasing deposition rate [1] [29] [58], the increasing silane depletion [29] and 
the altered optical emission spatial distribution [4] [59]. 

Previous work [ 15] carried out on the scale model investigated op ti cal emission spectroscopy 
(OES) and plasma resistance monitoring to characterize the transition. These methods did not 
prove to be successful. The OES measurements were disturbed by the occurrence of hollow
cathode effects [39] in the peek hole, causing the measurements to be not representative for 
the plasma bulk. The monitored plasma resistance tumed out to be too insensitive to regime 
changes to draw conclusions from. 
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1.4 Scope of this thesis and general outline 

The experimental work presented in this thesis is carried out on the scale model reactor 
system and deals with studies connected to the H-Alpha Solar project. 

The scale model reactor is described in detail in chapter two. This chapter furthermore 
contains a description of the setup used for op ti cal measurements on deposited layers. 

Chapter three deals with the development of diagnostic tools. A metbod of measuring the 
silane depletion and a metbod of detecting dust formation is developed. In addition, optica! 
measurements on deposited layers for determination of the thickness, the band gap energy and 
the porosity are discussed. These diagnostics pave the way for dust formation studies and 
layer characterization. 

A study on dust-related topics is presented in chapter four. The developed diagnostic is used 
to study the dust formation as a function of process parameters. In addition, the chapter shows 
how temperature and flow distributions in the reactor may influence the dust partiele density 
distribution. 

Several deposition experiments are presented in chapter five. These depositions show the 
usage of the optica! measurement diagnostic. In addition, the effect of dust formation on the 
layer properties is measured. Finally, interesting aspects concerning the layer uniformity are 
encountered that are partly related to dust formation . 

Chapter six states the conclusions that can be drawn from the diagnostic tool development, 
the dust formation study and the deposition experiments. 
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Chapter 2 

Experimental setup 

In this chapter, the experimental setup used in the experiments is described. Section 2.1 
describes the PECVD system used for the creation of silane plasmas and a-Si:H depositions. 
Section 2.2 describes the setup used for ex situ optical measurements on deposition samples. 

2.2 Reflectometry setup 

For ex situ sample analysis, a setup is constructed that is capable of performing optical 
measurements on thin-layered samples. A reflectance spectrum can be precisely measured 
using an optical probe that collects the light, separates the various wavelengtbs and measures 
the intensities . For this purpose, an optica! measurement system is acquired from Avantes BV. 
The system is represented in figure 2.1. 

Laptüp computer 

Figure 2.1 - Ocean Opties setup for rejlectometry measurements used on a large area sample 
by attaching the optica! probe to a rail. 

Six bundled fiber-optic cables end in an optical probe. The five outer cables transmit a white 
light while the central cable collects the reflected signal. The light beam hits the sample foil in 
a light spot of approximately 8 mm2

• The collected signal is transported to a spectrometer that 
analyzes the spectrum for a certain wavelength range. Two separate spectrometer systems are 
in use, one holds the range of 350- 1100 nm, while the other operates in the range 200- 800 
nm. The spectrum is transferred to a laptop computer where it is analyzed using the 
appropriate software, called "NanoCalc 2000" [89]. 
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To calibrate the measurements for the light souree spectrum and for the space angle the 
collecting probe occupies, first a reference measurement must be conducted. In this 
measurement, the sample is replaced by a material, in our case aluminum foil, with a known 
refractive index. The ratio between the measured signal intensity Iret{À) and the expected 
reflectance from optical theory is used as a calibration ratio Cret{À) to obtain the reflectance of 
an analyzed sample Rsampte(À). 

Jref (À) 
(2.1) 

Rsample (À)= Crer (À)· J sample (À) (2 .2) 

The reflectance spectrum Rsampte(À) can be stored to a file for further analysis. This "further 
analysis" is clarified in section 3.3, where a method is treated by which the properties of a 
deposited layer are derived from a measured reflectance spectrum. The layer analysis method 
is used in section 5.1 and 5.2 to correlate layer properties to deposition conditions. 

In addition, the software has the functionality to determine the thickness of the sample when it 
is supplied with a proper refractive index file . This functionality of "NanoCalc 2000" is used 
in section 3.3, section 5.3 and appendix B to study the thickness uniformity of deposited 
layers. 
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Chapter 3 

Diagnostic tools 

In this chapter, the following diagnostic tools are developed. Section 3.1 treats a metbod of 
determining the gas depletion in the reactor chamber by measuring the gas pressure in it. 
Section 3.2 treats the detection of the formation process of dust in silane plasmas by 
monitoring the de-bias. The subsequent section 3.3 treats op ti cal diagnostics that can he used 
for deposited layer analysis. Conclusions that can he drawn from the chapter are given in 
section 3.4. 

3.1 Pressure drop as measure for depletion 

When a plasma is created, gas-phase and surface reactions start to take place that deplete a 
certain portion of the silane. This depletion alters the gas composition, thus altering the 
pressure in the reactor along with it. This means that the pressure change in the reactor can he 
used as a measure for the depletion. This section treats a model to describe the pressure in the 
gas reactor as a function of the depletion so that pressure measurements can he quantitatively 
correlated to the depletion. 

Subsection 3.1.1 treats a model descrihing the pressure as function of depletion. Subsection 
3 .1.2 describes experiments needed to calibrate the effective pressure model. This results in 
an equation that calculates the depletion as a function of the plasma-off pressure Poff and the 
plasma-on pressure Pon in the plasma chamber. A discussion on the metbod is given in 
subsection 3.1.3. 

3 .1.1 Flow model 

The flow system of the scale model reactor consists of a gas inflow Qin, the plasma chamber 
with volume V and the pump line with conductance C. The gas created and depleted by the 
plasma chemistry is represented by an extra flow Qptasma in to or out of the plasma chamber. 
The equivalent circuit of this setup is drawn in figure 3 .1 . 
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Figure 3.1 - Equivalent circuit of the gas flow through the plasma chamber. 

To solve this system in the stationary situation for unknown p, the conductance C has to be 
filled in, as well as the flows Qplasma and Qin· Several problems are encountered when solving 
this analytically: 
• The conductance C can be calculated for cylindrical pipes in a laminar (mean free path 

length << pipe diameter) or a free molecular (mean free path length >> pipe diameter) 
flow regime [85]. However, the mean free path length is about 10-4 

- 10-3 m, which is 
comparable to the pump line dimension. This suggests a Knudsen flow instead of a 
laminar or free molecular one. 
The laminar-regime conductance Cis not constant, but a function ofthe pressure p . 
The effective gas flow, pressure and conductance for the gas mixture of hydrogen and 
silane must be used, where the composition ofthe mixture is an extra variable, determined 
by the pressure and flow ratios. 
The flow Qplasma is some unknown fimction of the depletion, since it depends on the 
depleted silane flow ~Q but also on the created rest product flow of hydrogen. 

All these problems are handled in the flow model using several approximations, which are 
listed below. 
• The pressure p is taken to be a linear interpolation of the laminar pressure and the free 

molecular pressure, where the free molecular flow ratiofis a calibration parameter. 
• Instead of an effective flow and pressure for the silane-hydrogen mixture, non-interacting 

hydrogen and silane flow systems are used, where p = Psil + Phyd · 
The flow Qplasma equals the depletion -~Q in the silane system, while it equals + 1 . 95·~Q 

in the hydrogen system. The factor 1.95 originates from a generalized growth reaction for 
an a-Si :H layer with 10% hydrogen incorporated: 

SiH 4 (g) ~ a-Si:H (s) + 1.95 H 2 (g). (3 .1) 

In the following, the equations goveming the model are derived. It starts with the calculation 
of the pressure as ftmction of the flow in the laminar and molecular regimes, assuming the 
tank to beat vacuum. 

In case of a free molecular flow the conductance is given by [85] 

C = li_ = vthrrRz 8R 
mol fJ.p 4kT 3L ' 

(3.2) 

where R is the diameter of the pipe, L is the length of the pipe, 8R/3L is called the Clausing 
factor, and v1h is the thermal velocity ofthe molecules. The thermal velocity is given by [3] 
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where T is the temperature and Mis the mass ofthe involved molecules. 

In case of a laminar flow the conductance is given by [85] 

where Yf is the viscosity of the gas and p the average pressure in the pipe. 

Now equations (3 .2) and (3.4) are invoked under the mentioned substitutions of 
• perfect pump p = p/2 and /)p = p, 

separate flow systems Ptot = Qout,hyd/Chyd + Qout,si/Csih 

• depletion Qout,sil = Qin,sil- ~Q and Qout,hyd = Qin,hyd + 1.95 ~Q, 
• calibrated geometry p = Poff · Ptot(~Q)/Ptot(O), 

teading to equations (3 .5) and (3.6), respectively. 

( Qin,sil - ~Q) .JM:: + ( Qin,hyd + 1. 9 5 · ~Q) JM: 
Pmol = P off r;;- TM 

Qin,sil '\I M ,il + Qin,hyd '\J 'Y.L hyd 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

The effective pressure in the chamber while gas is depleted (plasma is "on") Pon is now 
described in terms of the contributions Pmoi and Ptam using the molecular flow fractionfwith 0 
<f < 1. 

Pon= J · Pmol +(1- /)· Piam (3 .7) 

For calculating a pressure development, the input from tab1e 3.1 may be used. 

Table 3.1- Mass and viscosity of si/ane and hydr ogen [lij [43]. 

I Quantity Value 
I Msil 32 u 

f :~- ;;: 2u ------ r------
1.70 10-5 Pa·s 
1.27 10-' Pa·s 

Equation (3.7) describes the pressure as a function of the depletion ~Q. What is wanted 
however is an equation that describes the depletion as a function of the pressure. Because of 
the roots in Ptam, the equation has no self-consistent inverse. Therefore a second order Taylor 
series is made around ~Q = 0, resulting in 
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with co= Porrand cl,2,3 given by 

~Msil -1.95~Mhyd 
c,=-Porr· ~ ~' 

Qn, si I "1/ Msil + Qn, hyd "'j M hyd 

C = Porr . 
3 4 

TJ.iJ (Qn, sil )
3 

- (1.95)
2 ~T]hyd I (Qn, hyd )

3 

~Qn, siiTJsil + ~Qin, hyd1Jhyd 

(3.8) 

(3.9) 

(3 .1 0) 

(3 .11) 

The Taylor series is a good approximation for ~Q << Qin,s il and 1.95 ·~Q << Qin,hyd· This 
means that when for example the hydrogen flow is decreased so that the second requirement 
does not hold, the Taylor series cannot be used and an iterative solution to (3 .7) must be 
found. This is also the case for more reactive plasmas where the first requirement can be 
violated. 

The second order Taylor series has an inverse that consists of two roots. For situations where 
Qin,hyd :2:: Qin,s il one of the two roots is negative so it can be abandoned. For other conditions it 
must be determined which one is the correct solution otherwise. As a rule of thumb, the 
largest positive so1ution can be abandoned in most circumstances. The roots are calculated 
from equation (3.12) leading to (3.13). 

(1- /) ~ (~Q/ +(/ · C1 + (1- /) · C2 )~Q-(Pon- Porr ) = 0 

~Q= -(/ ·C1 +(1- /) ·c2 )±J(J·c1 +(1- /)·c2 )
2 

+2(1- /)·c3 (Pon -Porr ) 

(1- /) · c3 

3 .1.2 Calibration measurements 

(3.12) 

(3 .13) 

In the previous subsection, the theory to derive the pressure difference in the plasma reactor 
as a function of the depletion is presented. It is possible to verify this theory by conducting 
calibration measurements. The idea of these measurements can be explained consiclering 
figure 3.1(a). 

When the plasma is tumed on, the flow Qplasma obtains a value, thus altering the pressure in 
the reaction chamber. It is seen in the figure however that it makes no difference whether this 
extra flow goes via Qplas ma or via Qin· It is therefore possible to measure pressure differences 
in the reaction chamber by simulating the effect of depletion via the mass flow controller at 
Qin· 
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A measurement series then consists of a choice of a certain initial flow, measuring the 
pressure in the reaction chamber, altering the flow to simulate a certain depletion, and 
measuring the pressure again. This procedure can be repeated at various conditions for the 
generation of more data points, which is done in appendix A. 

An example of a measurement series is depicted in tigure 3.2(a). In this figure, the simulated 
depleted fraction ~Q/Qin,sil is put on the x-axis while the dimensionless pressure p* is put on 
the y-axis . In the measured data points it is seen that the pressure drops for increasing 
depletion. This drop can bedescribed by the effective pressure Pon(~Q) usingf= 0.46. 

In tigure 3.3(b) the determined fractionfis determined in eight measurement series and is put 
against the pressure Porr*. It is seen that f increases with Poff* , up to Porr* = 0.40 where it 
stabilizes. This opens up the opportunity to use equation (3.13) for the depletion calculation 
during plasma experiments without additional equations govemingf Furthermore it is seen in 
this tigure that the error made in the fit is of the same order as the read error in the Baratron 
pressure gauge. Therefore, to improve the fit accuracy of the model, first the measuring 
accuracy must be improved. 
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Figure 3.2 - The fit result of (a) the calibration measurement of table 3.2 and (b) calibration 
measurements at various pressures. 

U sing a quadrupale mass spectrometer (QMS), it is possible to measure partial pressures as a 
function of the simulated depletion in order to further validate the correctness of the effective 
pressure model. Two measurements with the mass spectrometer are performed, with the 
measurement data statedinappendix A. One ofthe measurements is shown in tigure 3.4(a). It 
is seen that, although the total pressure corresponds well to the model, the measured partial 
pressure does not. 
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Figure 3.3 - Partial pressures measured with a mass spectrometer presented (a) as function 
of simulated depleted fraction tagether with the effective pressure model, (b) in a 
hydragen flow dilution against relative silane concentration graph. 

One other thing that can he deducted from the mass spectrometer measurements is the relation 
between the hydrogen dilution ratio R = (Qhyd + Qsn)/Qsn and the partial pressure ratio Csn = 

Psnlp for the measured flow conditions. This relation is given in tigure 3.4(b), together with 
the model. lt is seen in the tigure that in the region 1 < R < 15 the silane concentration can he 
approximated by 

(3.14) 

3 .1.4 Discussion 

The measured partial pressures do not correspond with the model, as is illustrated in tigure 
3.4(a). This means that, although the model is capable of fitting the pressure dependenee on 
depletion with just one fit parameter, it must he used with caution. The interpretation of 
depletion from the total pressure is still correct, but interpretation in terms of partial pressures, 
flow regimes and molecular flow ratios is not reliable. The deviation of the model from reality 
is caused by one or more of the assumptions stated at the beginning of this section. 

F i gure 3 .4(b) and equation (3 .14) show that the partial pressure of silane can he deduced from 
the flow ratio using a simple sealing law. 

The main purpose of the effective pressure model is to determine the gas depletion from the 
pressure difference. This feature is used in chapter 4 and 5. When interpreting the results, one 
must he carefut since various sourees for errors are present, namely: 
• Dissociation of hydrogen or silane molecules in the plasma. In this process, extra 

hydrogen molecules are formed that add up to the pressure but not to the depletion of the 
silane. In normal conditions the dissociated portion of the hydrogen molecules is in the 
order of 10-5 so this should he a negligible effect. 

• An error in the mass flow controller calibration. The manual of the mass flow controller 
guarantees errors less than 1% when the output level is above 5% of the maximum. On 
older mass flow controllers in a different system, deviations up to 14% are reported [13] . 

• The measurement accuracy of the pressure. The Baratron capacitive membrane pressure 
gauge has an accuracy of 0.1 Pa, so especially at low pressure differences of Porr- Pon < 
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1.0 Pa this has a big influence. A veraging the pressure over a certain time period and 
several measurements increases this accuracy. 
Non-constant pressure. At deposition experiments that have been conducted, the pressure 
in the reaction chamber was nat constant in time, but showed a slow, steady upwards 
slope. This may be caused by warming-up effects of the mass flow controllers, by silting 
up of the pump baffles, or by space of movement of the pressure regulating throttle valve. 
Difference in pump conductance with plasma on and off. In the case where there are dust 
particles or silicon flakes clogging up the pump baffle, the conductance of this baffle may 
be considerably higher when the plasma is turned on because of elevation of these 
particles by electrical farces . This causes a larger pressure difference than is expected on 
grounds of the calibration measurements, where the plasma is always turned off, thereby 
overrating the depletion. 

• Change of hydragen incorporation in the a-Si:H layer. In equation (3 .1) it is assumed that 
the deposited layer consists of 10 at.% hydrogen. Studies on the correlation of material 
properties with deposition conditions show the hydragen incorporation to be, among 
others, dependent on the growth rate and the substrate temperature, thereby varying 
between 3% and 14% [5] [77]. The error in the depletion caused by this deviation can be 
as high as 10%. The derived model is receptive to adjustments to this parameter so if a 
correct relationship between this parameter and the deposition conditions is known it can 
be applied by simply replacing the factor 1.95 by (2- Y2 nHinsi). 

• A deviation of the Taylor series at higher depleted fractions. This error cause can be 
neutralized by using a numerical solver on equation (3. 7) instead of the simplified 
approach from equation (3.8). For pure silane flows this always has to be considered since 
the initial hydragen flow Qin,hyd is zero. As a second option a purely empirica! fit to the 
calibration measurements at pure silane can be used. The drawback of an empirica! 
methad is that for every condition, new calibration measurements and data rnadeling has 
to be done. 
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3.2 The de-bias as dust indicator 

In this section the use of the de-bias as an indicator of dust formation is investigated. In 
subsection 3.2.1, the origin ofthe de-bias is discussed. Subsection 3.2.2 pays special attention 
to the development of the de-bias during the time-to-stabilize, starting with some typical 
measured signals. Some typical measurements on the stabie de-bias as a function of pressure 
and power are discussed in subsection 3.2.3 . 

3 .2.1 The de-bias in an asymmetrie parallel plate discharge 

In a capacitively coupled parallel plate rf plasma, the rf power is applied to one of the two 
electrades via a generator and a capacitor, as is depicted in tigure 1.3. As a result of 
Kirchoff' s law, the currents collected by both electrades must opposite during a cycle [25]. 
This leads to the establishment of a de-bias on the powered electrode, as is depicted in figure 
1.4. The potential on the powered electrode can thus be described by 

V = Vde + V.r sin( mt) , (3.15) 

where w/2rt is the driving frequency of 13.56 MHz and t is the time. 

Because the de-bias is easy to measure, and because it depends on several process parameters, 
it is a much-used process indicator. Literature [ 14] lists that the de-bias depends on 

the electron temperature Te, 
the electron density ne, 

• the negative ion density nj., 
• the pressure p, 
• the applied power P, 
• the inter-electrode spacing d, 
• the driving frequency w 
• and the area ratio of the electrades a = Agnd!Arr· 

Not all dependencies of the de-bias on the process parameters need to be considered a black 
box. Numerical simulations [56] show the sealing law between the de-bias, the pressure and 
the power in an argon plasma to be 

V oe -2 / 3 p 
de P ' (3.16) 

while for silane-argon plasmas this re1ation is known to be [15] 

V oe -1 12pl l 2 
de P · (3.17) 

Since dust formation affects the electron temperature and electron density, it is expected to 
have an effect on the de-bias as in the following. Because the dust particles hold electrous 
captive, the negative charge flux towards the walls is smaller in dusty plasmas than in pristine 
plasmas. This leads to a decreased potential drop at the sheaths, and thus to a smaller de-bias. 
This expected behavior is depicted in tigure 3.4. 
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Figure 3.4- Schematic representation of what is expected to happen with the time-averaged 
potential distribution between the parallel plates upon the transition from (a) 
dust-free to (b) dusty plasma conditions. 

3.2.2 The time-resolved development ofthe de-bias 

The initia! de-bias build-up as a result of the charging of the capacitor requires a few rf cycles 
[25]. However, measured build-up effects of the de-bias may take place in a time scale of 
seconds, as is shown in figure 3.5. This build-up must therefore be attributed toother effects. 

Previous work [ 15] carried out on the se ale model shows that one of the effects influencing 
the de-bias build-up in a time scale of secouds is the formation of dust. This means that from 
monitoring the development of the de-bias, information can be obtained on the formation of 
dust particles. 

In figure 3.5 two sample measurements conducted on the scale model reactor are shown, one 
in the a-regime and the other in the y' -regime. It is seen that in the a-regime the de-bias 
lowers itself after the initial value. This may be the effect of the decreasing pressure explained 
in the previous section. 

In the y' -regime it is seen that the de-bias gets closer to zero after switching on, which is 
consistent with figure 3.4. This means that the dust is formed during the first few secouds of 
the plasma-on time. The same behavior is found for argon-silane plasmas in experiments 
conducted elsewhere [37]. 
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Figure 3.5- Measured de-bias in timefor (a) the dust-free a-regime and (b) the dust-forming 

y '-regime. At the time of one second, the plasma is turned on. 
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3.2.3 The stabie de-bias as a function ofpressure 

In equations (3 .16) and (3 .17) it is seen that a power-law re lation between the de-bias and the 
pressure is expected. On a double-logarithmic scale, the measured de-bias at various pressures 
should therefore make up a straight line, as is shown in equations (3 .18) and (3 .19). 

lniVdc *l=lnC+aP lnP*+aP lnp * 

Here, Vctc *, P* and p* are made dimensionless according to 

V * = Vdc 
de V. ' 

0 

P* = .!.... and p* = _!!_ , 
p' o Po 

where the scale quantities V0 , P0 and p 0 correspond to typical values . 

(3.18) 

(3.19) 

(3 .20) 

The time-resolved de-bias measurements in a silane-argon plasma from tigure 3.5 show that 
dust formation disturbs the de-bias build-up. It is expected that the stabie de-bias is also 
disturbed by dust, and that it thus deviates from the linear relation on a double-logarithmic 
scale. This expectation is checked in a measurement on the de-bias for a silane-hydrogen 
plasma in the scale model reactor, presented in tigure 3.6. 
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Figure 3.6- Typical double-logarithmie plot of the dependenee of the de-bias of a silane
hydrogen plasma on (a) the applied power and (b) the pressure. 

It is seen that equation (3 .1 7) is contirmed in the measurements for sufficiently low power 
and pressure. To be precise the found sealing law is 

Vdc oe (p*)-{).56 (P*) o.62. (3.21) 

When the pressure or power are chosen above a certain value, called the transition point, the 
sealing law no longer applies. If the pressure is increased further, the measured absolute value 
of the de-bias is smaller than expected, consistent with tigure 3 .4. 

If the power is increased further, the measured absolute value of the de-bias is larger than 
expected. This is notconsistent with the model of tigure 3.4, where it is expected that the de
bias is smaller in dusty conditions than in dust-free conditions. 
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3.3 Optical diagnostics for deposited layer analysis 

In this section, reflectometry is investigated as an ex situ diagnostic tool to determine the 
thickness uniformity, growth rate, and op ti cal quality of a deposited layer. Subsection 3.3 .1 
provides basic theory on reflectometry. Subsection 3.3 .2 handles the op ti cal behavior of 
deposited a-Si:H and investigates methods to model it. The Tauc-Lorentz model is 
investigated more thoroughly in subsection 3.3.3. Finally, subsection 3.3.4 derives a methad 
for visual inspeetion of the thickness homogeneity of a sample. 

3.3 .1 Principles of reflection on thin films 

An electromagnetic wave traveling under normal incidence from medium 1 into medium 2 is 
confronted with reflection, transmission and phase shift. 

incident '\ 

Medium 1 

Mediwn 2 

t" 
Figure 3. 7- Representation of rejlection, transmission and phase shift, where successive 

sequences are shown from left to right. 

The optica! properties of the media involved, characterized by their complex refractive indices 
n = n - i·k, determine these phenomena. The refractive index is in turn determined by the 
dielectric function ofthe material, according toe= n2 [83], with e = e1 - i· e2 . 

(3.22) 

(3.23) 

The reflection, transmission and phase shift of the wave are govemed by the Presnel equations 
[57] [83], with r 12 Fresnel's reflection coefficient, t 12 Fresnel's transmission coefficient, R 12 

the fraction of reflected light and qJ 12 the experienced phase shift. 

nl -n2 
rl2 = ---'----_.;;.. 

nl +n2 

2·n 
tl2 = 1- 'i2 = - .:_ 

nl +n2 

-1 12- (nl -n2)2 +(-kl +kz)2 
Rl2 - rl2 - 2 2 

(nl+n2) +(-kl-k2) 

(3.24) 

(3.25) 

(3 .26) 
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(3.27) 

Once the wave has overcome the medium intersection and entered medium 2, it is confronted 
with absorption [57] according to 

(3 .28) 

where I is the wave intensity, 10 is the intensity at the entry point of the wave in the medium 
and x is the distance traveled through the medium. The quantity a is called the absorption 
coefficient. 

In the case of a thin layer on a substrate, the reflected wave is a superposition of waves that 
are reflected inside the layer multiple times. This is illustrated in figure 3.8. Constructive 
interference occurs for waves that emerge from the layer at the same phase, while destructive 
interference occurs for waves in the opposite phase. As a function of the wavelength, the 
reflectance spectrum therefore consists of altemating hills and valleys. This pattem is 
described using the term interference fringe. 

Meditml 1 

Medium 2 

Medium 3 

Figure 3.8- Representation of rejlectance of a thin layer, where successive sequences are 
shown from Ie ft to right. 

The infinite amount of reflected waves add up to a convergent sum: the total reflectance 
parameter r 123 • It consists of the appropriate number of reflections and transmissions the wave 
undergoes on its path, so 

(3.29) 

where fJ2 is the film phase thickness. This complex quantity takes account for the lapse of 
phase and reduction of intensity while the wave travels a distance d through the medium. 

(3.30) 

The outcome of equation (3 .29) can be found using the re lation Ï xn = - 1
-, leading to 

n;O 1- X 
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(3.31) 

This reflection coefficient is linked to the experienced reflectance spectrum via R123 = lr12312 . 

(3 .32) 

Equation (3 .32) is the basic equation goveming the reflectance spectrum of a thin film on an 
absorbing substrate as a function of the refractive indices of its components, covered by r 12 

and r23 , and the optical thickness of the film, covered by /32. This reflectance forms a spectrum 
since r 12 , r23 and /32 all depend on the wavelength of the light. 

If the substrate does not absorb light, for example in case of glass, the reflection at the 
backside of the sample also has to be taken into account. The glass substrate under normal 
circumstances has a thickness much larger than the coherence length of white light ("" 1 Jlffi 
[57]), meaning that the glass substrate must be treated in an incoherent manner, as is shown in 
figure 3.9. 
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Figure 3.9- Rejlectance of a thin layer on a transparent substrate, where successive 
sequences are shown from left to right. 

The reflected signal is in this case composed of the contributions of the sum 

(3 .33) 

that converges to the solution 

(3 .34) 

Now the reflectance spectrum can be calculated for an absorbing and a non-absorbing 
substrate, if the refractive indices of the involved materials are known. As substrates, 
aluminum foil as well as Coming 7059 glass is in use. The refractive index for both aluminum 
and glass can be found in literature [54] [55]. However, measurements on the refractive index 
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of aluminum foil conducted at TNO TPD in Eindhoven show that the refractive index of 
aluminum foil differs from that of bulk aluminum. 

The refractive index of PECVD deposited hydrogenated amorphous silicon is also available in 
literature [73]. This refractive index may however vary between depositions. To take account 
for this effect, several models descrihing the refractive index of amorphous silicon are 
investigated in the next subsection. 

The refractive indices named above are given in appendix E. U sing these refractive indices, 
calculated reflection spectra of a 400 om thick a-Si:H layer on a substrate of aluminum foil 
and on a substrate of glass are shown tigure 3.1 0( a) and (b) respectively. It is seen that for 
wavelengtbs smaller than 500 om, alllight is absorbed in the layer so no fringes are observed. 
Four fringes caobeseen for larger wavelengths, in both the aluminum foil and the glass case. 
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Figure 3.10- Typical calculated rejlectance spectrum of a 400 nm thick a-Si:H layer on (a) 

an aluminumfoil substrate and (b) a Corning 7059 glass substrate. 

3.3 .2 Modeling the refractive index of a-Si:H 

As is mentioned above, the optical performance of a-Si:H layers may vary between 
depositions. An important measure for the optica! performance is E04 , the pboton energy at 
which the absorption ofthe layer is a= 104 cm·1

. 

(3.35) 

To find E04 , the dependenee of the extinction coefficient on the pboton energy needs to be 
known. Four models descrihing the relation k(E) are discussed below, namely the Cauchy 
function, the Forouhi-Bloomer (FB) model, the O'Leary-Johnson-Lim (OJL) approximation 
and the Tauc-Lorentz (TL) model. 

The first considered model is the Cauchy function. This is a simple description of the optical 
constauts and is suitable for modeling semiconductors in the visible range only [83]. 

n n 
nzn +-'+-2 

o ,1? ll4 (3.36) 

34 



(3.37) 

Here, n0 ,2 ,3 and k0,1,2 are called Cauchy coefficients. These coefficients are no physical 
quantities but rather represent empirica! fit parameters. 

The second considered model is the Forouhi-Bloomer (FB) model [21]. This model starts by 
assuming a parabolic relation of the density-of-states in the valenee and conduction band of 
the semiconductor (see tigure 1.9). This description is correct in the vicinity of a local 
minimum, but deviates for energies further away. From the density-of-states function the 
absorption is determined, where the additional restrietion of k(E) = 0 for E < Eg is applied 
[ 18]. 

(3.38) 

Here, A, Band Care constauts related to the band structure, while Eg represents the band gap 
energy. The corresponding n(E) is found by applying the so-called Kramers-Kronig equation, 
and is stated in appendix E. 

The third considered model is the O'Leary-Johnson-Lim (OJL) model [52]. This model starts 
with an empirica! description of the density-of-states function in the valenee and conduction 
bands. This description uses a parabolic dependenee for energies near the band region, similar 
as in the FB model described above, while exponential tails are included for energies further 
from the band region. The thus acquired description for k(E) reads 

c .J2m•Jt2 .J2m•J t 2 

k(E) = --2 2 c2 2 v2 J(E)' 
2E 1r li 1r li 

(3.39) 

where c is the speed of light in vacuum, me • is the effective mass associated with the 
conduction band, mv • is the effective mass associated with the valenee band, and J(E) is a 
complicated function that is given in appendix E. The corresponding n(E) is found again by 
applying the Kramers-Kronig equation. The calculation is this time performed by numerical 
fast-Fourier transform (FFT) using the commercially available software "Scout 98" [90]. 

The fourth and last considered model is the Tauc-Lorentz (TL) model for the imaginary part 
of the dielectric function of the material [20]: 

E>E - g 

(3.40) 

0 

where A, E0 , Eg and Care all constants related to the band structure. This model is basedon a 
single Lorentz oscillator [83], of which the imaginary part of the dielectric function is 
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multiplied by the Tauc-factor (E- Eg)2 I E 2
• The corresponding ë 1(E) is found by the Kramers

Kranig equation in appendix E, and is taken from [34] [35]. The values for n and k are 
calculated from ë 1 and ë 2 by equations (3.22) and (3.23), respectively. 

The performance of the four models in the for reflectometry measurements important area of 
200-1100 nm is tested by applying the models on a measured reflectance spectrum. The 
sample in question is labeled EB428 and consists of an a-Si:H layer on a Corning 7059 
substrate. The subject model results in values for n and k that are used to calculate a 
reflectance spectrum similar to tigure 3.10(b). The model input variables are adjusted in an 
iterative procedure, such that the generated reflectance spectrum resembles the measured 
spectrum the most within the interval of 500 - 800 nm. This way it can be seen whether the 
generated spectrum deviates for wavelengtbs outside this fitting range. An exception is the 
OJL model, that is fitted and shown in the 400-1000 nm range due to the limitations of "Scout 
98". 

The measured and modeled spectra are presented m tigure 3.11, with the resultant fit 
parameters listed in table 3.3. 
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Figure 3.11 - Measured and modeled rejlectance of a typical sample for (a) Cauchy function, 

(b) FB model, (c) OJL model (d) the TL model. 
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Table 3. 3 -Fit arameters used in the construction o z ure 3.11 

d(nm) 
Eo4 (eV) 

494 
1.96 

d(nm) 
Eo4 eV) 

TL 
A (eV) 220 

_É_o ( e _Y.:)___ -··---~ :-~± ___ _ 
C (eV) 2.35 
E (eV) 1.72 _ ...... & ........................ ______ ·----------·-------·-·----· 

t!_{~IE.l ____ _ 
Eo4 (eV) 

486 
1.94 

Although obvious differences are seen outside the fit range of 500 - 800 nm, the important 
quantities d and E04 , are consistent within a few percent for all three models. Furthermore, in 
the fit range it is seen that the measured and simulated signals nicely correlate. Because the 
TL model together with the OJL model gives the best results for wavelengtbs outside the 
selected fitting range, and because the TL model is easier to handle than the OJL model as a 
result of the available analytic description, the TL model is chosen for future analysis of 
samples. 

3.3.3 A closer look at the Tauc-Lorentz model 

In a further investigation of the TL model, the physical meaning of fit parameters are as 
follows [3 8] : A is a measure for the density, E0 is the resonance frequency of the oscillator, Eg 
is a measure for Tauc's band gap and C is a measure for the disorder of the materiaL So 
besides E04 the other parameters may also be used for comparison. Especially the disorder 
parameter C can be used to characterize pm-Si:H [20] [38]. 

To examine the sensitivity of the fit result shown in figure 3.11 ( d) on the various parameters, 
the root of the averaged squared deviation x, expressed in percentages of the average 
reileetion of 0.5, is used. At the optimum fit shown in tab1e 3.3 this measure for the fit error 
within the fitting range of 500- 800 nm is x= 0.40 %. The amount by which x changes when 
the value of a certain parameter is increased, is a measure for the importance of this parameter 
in the fitting procedure. 
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Figure 3.12- Sensitivity study on (a) fit accuracy and (b) Eo4 accuracy. 

In figure 3.12(a) it is seen that the fit is the most sensitive to the parameters Eg and d. This 
means that these two parameters are determined with the largest accuracy. The parameter Eg 
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in turn is the most dominant parameter influencing the value E04 , as is seen in figure 3.12(b). 
This leads to the condusion that d as well as E04 can be determined with precision. The 
parameter C is the least influential on X· This makes the characterization of pm-Si:H on 
grounds of reflectometry measurements difficult (typically, Cis 2.35 eV in a-Si:H while it is 
2.10 eV in pm-Si:H [38], so an error in C ofless than 10% is required for characterization of 
pm-Si:H). 

As is mentioned in section 1.2, voids may be present in the a-Si:H material at low substrate 
temperatures. Voids are also experienced when depositing in dust forming plasmas. To be 
able to interpret the fit results of room-temperature or dusty-plasma deposited layers, the 
expected effect of these voids on the refractive index and reflectance spectrum is looked in to. 

For mixed substances it is possible to use an effective index of refraction ii , instead of the 
indices of its components ii1. ii2 , etc, using the Bruggeman Effective Medium Approximation 
(EMA) [2] [50]. 

n -n n -n 
r . ' + (1- r ) · 2 = 0 11 ~ 2~ 11 ~ 2~ . 

n1 + n n2 + n 
(3 .41) 

For the mixed bulk material of a-Si:H and vacuum, ii1 is taken to be vacuum while ii2 is the 
refractive index of a-Si:H. With these substitutions, the complex roots of (3.41) can be found 
for given input parameter f 1• 

To know the effect ofvoids, the refractive index with the settings from table 3.3 is calculated. 
On this refractive index equation (3 .41) is applied for a certain void fraction fi . The processed 
refractive index is used to generate a reflectance spectrum by equation (3.34), and the 
refractive index in turn is used as measured spectrum to fit the TL model to. The outcome of 
this is shown in figure 3 .13. 
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Figure 3.13 - Effect of simulated void fraction on .fitted parameters of the TL model. The 
drawn lines are a guide to the eye except for the solid line through the data 
points forA, which is given in equation (3.42). 

lt is se en that the simulated void fraction has a large influence on the found value for A . Th ere 
are also minor trends seen for C and E0 . The combined effect of these trends on E04 is still 
below 1%, it is therefore concluded that the TL model can be used for porous materials. The 

rule-of-thumb here is that fl scales with n, so with JA . The parameter A is therefore a 
measure of the porosity according to 
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A 
(1 + J; )2 = _J;_ . 

AJ;=O 

(3.42) 

This re1ation is drawn in figure 3.13 as a solid line. It 1s seen that the relation indeed 
corresponds with the simulated data. 

3.3 .4 Visual co lor perception of an a-Si:H sample on an aluminum substrate 

Fora sample with a 200 nm thick layer, the reflectance spectrum R(À) calculated similarly as 
in figure 3.10(a) is shown below for the visible light range of 400- 700 nm. 
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Figure 3.14- Calculated rejlectance spectrum in the visible range of a 200 nm thick layer of 
a-Si:H on top of an aluminum substrate. 

To find the color perception associated with this spectrum, the integral over the spectrum 
multiplied by the daylight spectrum D 6500 and the sensitivity curves of the three cones in the 
human eye (labeled x, y, z) must be calculated [9]. This results in the relative stimulation 

lx,y,z of the three cones, like in equation (3 .43 ). 

~ 

IX= J R(À) · D 6500 (À) · x(À)dÀ (3 .43) 

For the spectrum of figure 3.14, the found values for the three cones are lx = 5.53, l y = 4.91 
and l z = 5.44, in arbitrary units. These values can be converted to the standard coordinates 
(x,y,Y) of a color in the C.I.E. reference system [86] by 

(3.44) 

where (3.45) 

This color can be transformed into other coordinate systems, e.g. the RGB or CMYK system 
used in graphical software, by making use of converting programs available on the internet 
[87] [88]. In this case the color transforms to (R,G,B) = (220, 166, 183), or Liti#:ii1111. 
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When the procedure described above is repeated for a layer thickness spectrum, a color for 
each layer thickness is found . The resulting color chart as a function of layer thickness is 
presented in figure 3.15 . Data in the form ofthe calculated (x,y,Y) and (R ,G,B) values for this 
chart are stated in Appendix E. 

0 100 200 300 400 500 600 

Figure 3.15 - Color of a-Si:H layer on an aluminum substrate as a function of layer 
thickness in nm, with a resolution of 1 nm up to d = 40 nm, 5 nm up to d = 200 
nm and 10 nm fora thickness up to d = 600 nm. 

lt is o bvious from figure 3.15 that visual inspeetion of the co lor is useful for layer up to say 
200 nm. The performance of the visual determination method can be extended to thicker foils 
by looking through a so-called interference filter. This is a special type of glass that permits 
only light in a narrow band to pass through. In the experiments described in this report a filter 
is available that permits light of a bandwidth of 10 nm around 633 nm. When the visual 
inspeetion of a foil is enhanced by looking through this glass, the perceived color as a 
function of layer thickness can he calculated by filtering the outgoing light spectrum to only 
the light present within this band. This way the color chart as a function of layer thickness 
presented in figure 3.16 is constructed. 

0 I 00 200 300 400 500 600 

Figure 3.16- Color of a-Si:H layer on an aluminum substrate as a function of layer 
thickness in nm as is seen through an interference filter around 633 nm, with a 
resolution of 1 nm up to d = 40 nm and 5 nm up to d = 600 nm. 

In this figure it is seen that the interference fringes are visible up to a much larger thickness, 
although less detail is seen between the fringes since now only one color is present instead of 
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three. Counting the black interference fringes from a position where the thickness is known 
and using the rule that a fringe occurs every 75 nm is a way to estimate the thickness of a 
sample. 

These numbers can be understood in a simple consideration. If the interference glass would 
transmit only light of precisely 633 nm, then the involved values are (see Appendix E) À. = 

633 nm, na-Si:H = 4.27, ka-Si:H = 0.07, nA1 = 1.38, kAl = 7.62. Destructive interference occurs 
when twice the thickness is equal to the wavelength of the light in a-Si:H, so every ~ (À. I na

Si:H) = 74.1 nm, and result in a narrow black line. The offset is caused by the phase shift at the 
a-Si:H- aluminum intersection; with equation (3 .27) this is a phase shift of -0.68 1t, or -50 .5 
nm in layer thickness. So for the narrow band 633 light, fringes occur every (m·74.1 - 50.5) 
nm with m = 1, 2, 3, ... equal to the fringe number. 

The problem when looked at a sample through this interference glass is, that it is not easily 
seen if a fringe is caused by a thickness increase or a thickness decrease. There is a nice 
solution to the problem. If the interference glass is tilted while looking through it, the 
wavelength of the light that passes through is adjusted. If for example it is tilted by 10°, the 
light is filtered around 633·cos(10°) = 623 nm. As aresult of this, the fringes "move" to their 
new positions. With the involved values (see Appendix E) of À.= 623 nm, na-Si:H = 4.31, ka-Si:H 

= 0.09, nA1 = 1.32, kA1 = 7.51, this leads to the fringe positions of (m·72.3 - 50.6) nm. So when 
the interference glass is tilted, the fringes move towards the area where the layer is the 
thinnest. This tilting principle is illustrated by figure 3.17, where the positions ofthe 623 nm 
fringes and the 633 nm fringes are positioned on top of each other. 

100 200 300 400 500 600 
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Figure 3.17- Fringe positions for light of 633 nm (upper part of the figure) and 623 nm 
(lower part of the ft gure) as a function of layer thickness in nm. 

The intensity of the fringe drops according to equation (3.28). Using the appropriate numbers 
stated above, the characteristic layer thickness of this fading is a- 1 = 600 nm. For layers much 
thicker than this, the fringes are that vague that it is no longer possible to count them. The 
enhanced visual inspeetion method is therefore applicable up to layers with thickness of say 1 
Jlm. 
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3.4 Conclusions 

The pressure decrease in the plasma chamber when the plasma is tumed on is a measure for 
the silane depletion. A linear interpolation between a laminar and free molecular flow model 
can describe this pressure difference as a function of the depletion. A fit parameter in this 
model is the molecular flow ratio f This fit parameter can be determined in calibration 
measurements using the mass flow controllers for depletion simulation. 

Dust formation can be detected by measuring the de-bias. The initial building up of the de
bias is disturbed when dust is formed. Furthermore the dependenee of the stable value on 
pressure and power is disturbed. The latter is clearly seen when the measured de-bias is put 
against the power or pressure on a double-logarithmic scale. 

Measured reflectance spectra can be used to determine a sample's thickness and absorption 
energy E 04 . To do this, optical theory on reflectance of thin films as well as a model for the 
refractive index of a-Si :H is used. A comparison study of four models from literature results 
in the Tauc-Lorentz model to be the most adequate. 

The thickness and uniformity of a deposited sample can be quickly determined by eye, when 
calculated co lor charts are used as a reference. U sing the unaided eye, layers up to 250 nm can 
be characterized, while layers up to 1000 nm can be characterized when looking through a 
narrow-band interference filter. The color charts are calculated using a standard daylight 
spectrum as light souree and weighing this with the sensitivity of the three co lor receptors in 
the human eye. 
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Chapter 4 

Dust 

This chapter deals with the dust created in a silane plasma. Section 4.1 makes a comparison 
study on the three dust detection diagnostics developed in chapter 3, and selects one of the 
methods for further usage. Section 4.2 studies the dependenee of the dust formation on several 
process parameters. Furthermore the empirica! results are interpreted via the construction of a 
dust formation model. Section 4.3 calculates typical behavior of created dust particles from 
the force balance caused by the temperature and flow distributions in the reactor. Section 4.4 
states conclusions that can be drawn from this chapter. 

In the measurement series, the dimensionless process parameters p*, P*, T*, Q* and R are 
used. These dimensionless variables are defined as 

p* = _!!_' 
Po 

P* =.!_ 
p' 

0 

T*=!_ 
r' 

0 

where the scale quantities correspond to typical process conditions. 

(4.1) 

A further note on the pressure is necessary. In section 3.1 it has been made clear that a 
difference exists between the pressure Pon while the plasma is tumed on and the pressure Poff 

while the plasma is tumed off. Since the studies in this chapter are conducted while the 
plasma is tumed on, the pressure p ( or p*, for that matter) in this chapter should be re ad as 
Pon· 

4.1 Evaluating the diagnostics 

The methods to measure the depletion, the diminishing de-bias, the instahilities of the de-bias, 
and the correlation of these measurements to the formation of dust are described in chapter 3. 
These methods are applied on several test cases in this section in order to investigate their 
consistency and usability. 
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4.1.1 Scale model test case 

The diagnostic tools are used on a test case with the conditions stated in table 4.1. A plasma 
is created of which the measured quantities are stored in a log file every 0.05 s for the first 40 
s. From this file the pressures at 0 s and 40 s are retrieved that are used to calculate the silane 
depletion, by means of the technique from section 3 .1. Furthermore the time-resolved profile 
of the de-bias is retrieved from it as we11 as the stabie de-bias value at 40 s. This procedure is 
repeated for a range of process pressures, with the results of the measurements given in tigure 
4 .1 (a)-(c). 

Table 4.1 - Conditions used in 
model test case 

the scale 

,..... 
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Figure 4.1- The scale model test case measurement data presented as (a) the double
logarithmic plot of the de-bias to the process pressure, (b) the time-resolved 
development of the de-bias during the fi.rst I 0 s of plasma-on time and (c) the 
silane depletion as a function of pressure. 

In tigure 4 .1(a) it is seen that the de-bias starts to deviate from the power law around the value 
lniP*I = -0.5 ± 0.1, corresponding top* = 0.61 ± 0.05. Figure 4.1(b) shows that a non-smooth 
building up ofthe de-bias occurs for pressures ofp* = 0.50 ± 0.03 and higher. Figure 4.1(c) 
shows that the silane depletion increases around p * = 0.60 ± 0.05. 

These observations show that the electrical characteristics of the plasma are affected at lower 
pressures than the chemica! characteristics. Apparently, the electron-drain of the plasma by 
the particles, that leads to an altered de-bias, occurs earlier during the transition than the 
increase of the electron temperature, that intensifies the plasma and increases the deposition 
rate. 

It is seen in tigure 4.1(a) that the found pressure sealing parameter in this measurement equals 
-0.25 instead of -0.5 from equation (3.17). This is mainly due to data points at lower 
pressures, that yield too low de-biases. A possibly cause for this is an improper power 
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coupling. The power coupling does limit the available pressure range: for pressures outside 
this range the reflected power goes up. At every data point shown in the figures in this section 
however, the reflected power was below 5%. 

For pressures in the a-regime, as is seen in figure 4.l(b), some things cao he said about the 
building up of the de-bias. When the plasma is tumed on, an initial value V;nit is installed 
almost instantaneously, that gradually lowers itself to the stable value Vstabte · A typical time 
constant for the stahilizing is found by fitting an exponential decay through the data points, as 
is shown in figure 4.2(a). 

V (t) - (V V ) -(t-t;,., >/r + V 
de - init - stabie • e stabie (4.2) 

Figure 4.2(b) shows the result of this procedure applied on the lowest six pressures from 
figure 4.1 (b ), where also the residence time of the gas 'l'gas is plotted, using 

pV 
'T =--

gas kTQ 
(4.3) 
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Figure 4. 2 - An exponential decay is fitted through the data points of the p * = 0. 3 9 series in 

(a). The found time constants are put against the pressure in (b), where also the 
typical gas residence time is shown. 

It is seen that the gradual build-up is likely to he a residence time effect of the created 
hydrogen and depleted silane. For depositions where the build-up is disturbed the de-bias cao 
no longer he approximated by equation ( 4.2) and consequently high uncertainties in the time 
constant appear. The fit quality of an exponential decay is therefore proposed to he a 
quantitative indicator for dust formation. 

4.1.2 VIS 100 test case 

The VIS 100 system is a parallel plate plasma reactor, with an electrode area of approximately 
30 x 12 cm2 and an inter electrode distance of 50 mm, that is available for experiments in the 
Helianthos laboratory in Arnhem. To further test the stable de-bias method, a conducted 
growth rate study on the Balzer's VIS 100 system in previous work [58] is used next toa new 
conducted stable de-bias measurement series. 

At the standard condition for solar cell production in the VIS 100, the stable de-biases are 
recorded as a function of pressure for six different powers. The transition pressure for each 
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measurement is determined similarly as in tigure 4.1(a), with the data from these 
measurements are given in Appendix C. The found transition pressures per power are shown 
in the pressure-power map of tigure 4.3. Table 4.2 lists the found pressure sealing parameter 
in the a-regime for the de-bias. 
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Figure 4.3- Pressure-power map of the transition points in 
the VIS 100 system. The dashed fine surrounds 
the datafrom [58} . 

It is seen that the growth rate inerease takes place at higher pressures than the stabie de-bias 
disturbanee. The trend of lower pressures for higher powers is visible in both series, the slope 
however is somewhat different. Sinee the transition pressure from [58] wasbasedon four data 
points per measurement series, the ineonsisteney between the series ean be dedieated solely to 
the measurement inaecuraey ofthe data from [58]. 

4.1.3 Test cases from literature 

To further validate the stabie de-bias method, measurements from literature are reeonsidered. 

Figure 4.4 shows the data from a measurement series on a silane-hydrogen plasma presented 
in [29]. It is seen that the de bias deviates from the linear re lation around lniP* I = 3.1, 
eorresponding to 22 Pa. The silane depletion inereases around 30 Pa. Furthermore, the found 
power sealing parameter for the de-bias is -0.56. 

4.5,-------------------, 

3.5 

~ 2.5 

"-
.5 2 

1.5 

0·5 y:::~0.56:<+2 . 1 .':t 

·3 -2 .5 ·2 

0 

0 

·········---- --~--- -- 0 

0 

0 0 

·1 .5 -1 -0.5 10 20 30 40 50 60 

lnJp"J presaura (Pa) 

(a) (b) 
Figure 4.4- Data from [29} presenled as (a) the de-bias against the pressure in a double

logarithmic scale, where the solid fine is a linear fit through the first Jour data 
points, and (b) the depleted silane against the pressure, where the solid fine is a 
guide to the eye. 
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Figure 4.5 shows the data from a measurement series on a silane-hydrogen plasma presented 
in [53]. It is seen that the de bias deviates from the linear relation around p = 65 Pa. The 
deposition rate increases around 75 Pa. Furthermore the found pressure sealing parameter for 
the de-bias is -0.47. 
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Figure 4.5- Data from [53} presenled as (a) the de-bias against the pressure in a double

/ogarithmic scale, where the solid fine is a linear fit through the first Jour data 
points, and (b) the deposition rate against the pressure, where the solid line is a 
guide to the eye. 

4.1.4 Conclusions 

The presented observations lead to the condusion that the a-y' regime transition takes place 
over a certain pressure interval. For increasing pressure, the first observable indication of the 
transition is a disturbance in the start-up behavior of the de-bias . The next effect is this 
disturbance significantly affecting the stabie de-bias value . An increase in the depletion and 
deposition rate is witnessed as last effect. 

Because of the need for calibration measurements per flow and pressure condition, the 
method of determining the depletion is not suitable for conducting measurements on the full 
range of conditions. The time resolved de-bias method in turn has some administrative 
complications when it is applied on a number of measurements , since the log files with data 
are large and have to be transported between the measurement and data processing computers. 
The stabie de-bias method lacks these inadequacies and is therefore used in further 
experiments. 

In experiments conducted on various machines and in data taken from literature, it is found 
that the stable de-bias method is widely applicable and that the pressure sealing parameter of 
the de-bias in the a-regime is -0.60 ± 0.15. 

4.2 Dust formation dependenee on process parameters 

The goal of this section is to gain more insight in the formation process and to construct a so
called dust database, i.e. an overview on the parameter space that spans the a- and the y'
regime. Thereto, first an empirica! study is presented that, by making use of the stabie de-bias 
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diagnostic, leads to an empirical sealing law of the transition pressure as a function of process 
parameters. After that, a model on dust formation is considered that may be of use in the 
interpretation of the empirical results. 

4.2.1 Empirical sealing law 

The first experiment keeps all variables constant except the pressure and the power. For a 
certain power the transition pressure is determined in a de-bias - pressure plot. These plots 
can be found in Appendix C. This is done under the conditions stated in table 4.3 . 

The resulting transition pressure as a function of applied power is shown in figure 4.6. It is 
seen that the transition pressures scales with a power of -0.24, so 

• -0.24 
Pa--+r' oe p . (4.4) 

Table 4.3- Conditions used during the construction of(a)figure 4.6(a) and (b)figure 4.6(b). 
(a) (b) 

Quantity I! Value Value 

··-·-··--······-··-···Q-~---~--····· ··--···if·····-···----~ 0.75 
··-···--···-- * 0.75 

··--·-- ·················-1 
R ii 1.00 R 2.00 
T* ii 0.95 T* 0.95 
P* ii variabie P* 

4.5 

-I- -- .. -- ---···· ·····l ·····-·······--1 ...... 
-- ~---···· 1 -- -1 --.~. 

3.5 

~ 2.5 

1.5 

y::: ..IJ.227];< + 4.6 "1!'33 

-1.5 - 1 ·0 .5 0 .5 1.5 
·2 -1. 5 -1 .0 .5 0.5 

(a) (b) 
Figure 4. 6- Transition pressure against the power on a double logarithmic scale in case of 

(a) a pure silane plasma and (b) a silane-hydrogen mixture. The so/id fine is a 
linear fit through the data points. 

It is known from literature that the transition pressure is dependent on the gas temperature 
[59]. In order to investigate the temperature dependenee in the scale model, transition 
pressures are determined for various temperature configurations under the conditions from 
table 4.4. 

The data from these measurements is found in Appendix C. Figure 4.7 presents the found 
transition pressure as a function of the gas temperature. The sealing with the temperature is 
found to be 

• 1.38 
Pa--+r' oe T . (4.5) 
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Table 4.4- Conditions used during the 

, ........................ ..................... c ___ o _____ n __ s __ __ __ t ___ r ___ u_",c_t .. ~q'!:_f!fiJ.gur:f!.. i· !.: __ ~ 
Quantity Value · 

__ ___Q* 1.00 
R 1.00 

'"'"'"''""'"'''W'-" '''''''''''"'''''"m•••••• •• 

T* variabie 
P* 0.80 

------····----------------------------··'-----------··--···-----·-' 

4 .5 

~ 2 .5 
~ 

1.5 

0.5 y:. 1.3f.36>: ...... 2631 

-0 .5 -0 .4 -0 .3 -0 .2 -0 .1 
tnWI 

Figure 4. 7- Transition pressure against the temperafure on a 
double-logarithmic scale. The solid fine is a linear 
fit through the data points. 

The transition pressure is also expected to depend on the gas residence time, according to 
[53]. Equation (4.3) describes the residence time to be dependent on the process parameters 
pressure, temperature and gas flow. To investigate this effect, the gas flow is adjusted under 
the conditions stated in table 4.5. 

The data from these measurements can be found in Appendix C. Figure 4.8 presents the found 
re lation between the transition pressure and the gas flow, leading to the sealing law 

• 0.29 
Pa->r' oe Q . 

Table 4.5- Conditions used during the 

,--··-···················-· __ qg_1'_!str_l!_~!_io_1'_! __ o[.fi_g!!_r_~_1_:§..:. , 
Quantity Value 

······-·---Q-~------------ variabie 
R 2.00 
T* 0.95 
P* 0.80 

'f:: Q,289h .. 4.218 

- 1 -0 .5 

(4.6) 

0 .5 1.5 

ln iC"I 

Figure 4.8- Transition pressure against the flow on a 
double-logarithmic scale. The solid fine is a 
linear fit through the data points. 

A last investigated influence is that of the hydragen dilution ratio. For this purpose a 
measurement series is made where the hydragen flow is varied keeping all other variables 
constant. The conditions are stated in table 4.6. 

The data from these measurements is found in Appendix C. Figure 4.9 presents the found 
sealing of the transition pressure with the dilution. Since the foliowed procedure alters R as 
well as Q = Qin,sil + Qin,hyd, the previously found sealing parameter for Q * has to be subtraeted 
from the found slope. The sealing for R then beeomes 

R0.39 
Pa->r' oe • (4.7) 
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Table 4. 6- Conditions used during the 
construction o 1 ure 4.9. ,_ ___ .:;_ 

Value 
variabie 
variabie 

0.95 

-1 ·0 .5 0 .5 1.5 2.5 

In IRI 

Figure 4.9- Transition pressure against the hydragen 
dilution on a double-logarithmic scale. The 
solid fine is a linear fit through the data points. 

Combining equations (4.4), (4.5), (4.6) and (4.7), the empirica! sealing law stated below is 
found . 

. = . (P*)-{).24 . (T*)t.4 . (Q*)o.29 . (R)o.39 Pa-->r P{l ,l ,l,l} (4.8) 

The value of the sealing constant Pp, 1,1,1J can also be derived from the experiments. To do 
this, the intercepts of the found linear relations on double-logarithmic scale are rescaled to the 
conditions of {P*, T*, Q*, R} = {1, 1, 1, 1} using the empirica! powers from equation (4.8) . 

4.22 
3.64 
4.04 

0.53 
0.43 

0.57 ± 0.13 

It is seen that the results lead to a sealing constant of Pp,1,1,1}* 0.57 ± 0.13. More 
measurements around { 1, 1, 1, 1} are needed to test the reproducibility and to find the sealing 
constant with more precision. 

4.2.2 Modeled sealing law 

In the following, a model is constructed on dust formation that eventually results in a sealing 
law similar to equation (4.8). It may be used for interpretation ofthe empirica! results. 

Creation of particles occurs via chain reactions between reactive negative i ons and neutrals, as 
in equation (1.4) and (1.5). The formation of particles therefore depends on the silane 
concentration nsib the negative ion concentration nj., and a certain reaction rate kp. 

(4.9) 

Reduction of particles occurs via a characteristic partiele lifetime rp. 
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n • p 
n . =--

reduchon rp (4.10) 

The equilibrium density of the nano-partieles is a delicate balance between these creation and 
reduction processes, and is found by putting iz creation + iz reduction = 0 and eliminating np. 

(4.11) 

The y-regime is detected when the equilibrium density of nano-partieles np is higher than a 
certain critica! density n crit· If this is the case, then at some point in time the partiele density 
reaches the critica! density and coalescence takes place [7] [24]. This critica! density is 
believed to be independent of the plasma conditions [37] and to be of the order of 1011 cm-3 

[24] . Therefore, when equation (4.11) is rewritten toa form where it is a function ofstandard 
process parameters (i.e. power P, pressure p, flow Q, dilution ratio R and temperature T), the 
transition point in parameter space can be found by solving 

(4 .12) 

The following substitutions for the right-hand-side of equation ( 4.11) are used: 

• The chain reaction of dissociative attachment of a neutral on to a negative ion is known 
from literature to occur slower with increasing temperature [59]. Here it is therefore 
assumed that the reaction rate kp scales with temperature according to 

(4.13) 

• The partiele residence time scales with the gas residence time from equation (4 .3). This 
means that the main mechanism for partiele reduction is the neutral drag of the gas flow 
dragging the particles towards the pumps. 

(4.14) 

• The density of reactive negative ions is governed by ionization and recombination 
processes. Ionization depends on a reaction rate ki_, while recombination occurs on a 
typ ie al time scale 'ti- · In literature [23] [ 41] [ 42] it is found that ni- scales linearly with n e , 

meaning that 'ti- can be taken to be independent of ne. 

(4.15) 

For the electron density it can be stated that it scales with the power density, according to 

p 
n = f3 ·

e v · (4 .16) 
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• The silane density is related to the partial silane pressure via the ideal gas law. The partial 
silane pressure scales with the hydrogen flow dilution according to (3.14). 

n. = Psit 
SJ! kT 

B 

- p 
P.n- R2/3 

(4.17) 

(4.18) 

When these assumptions are substituted in equation (4.11) the equilibrium nano-particle 
density is found to be 

( 4.19) 

Equations (4.1) and (4.19) can now be inserted in equation (4.12), leading toa sealing law for 
the transition pressure 

(4.20) 

4.2.3 Comparison and discussion 

When equation ( 4.20) is compared to equation ( 4.8) it is seen that the magnitude and direction 
of the measured powers for P, T, Q and R can be understood on grounds of this relatively 
simple model. 

Table 4.8- Measured versus modeled sealing par_qmetc:..r ofthe transition pressure. 
Quantit sured ower Modeled ower 

P* -0.24 -0.33 
T* 1.38 1.33 
Q* 0.29 0.33 
R* 0.39 0.44 

If the empirica! and modeled sealing constant Pp, 1, 1, 1} are to be compared, the constant must 
first be calculated from equation ( 4.20). To do this, a specific ion must be picked and the 
corresponding values for k 0 , ki- Ti_, ncrit. and fJ must be found. The reaction with this specific 
ion and a silane molecule, as is given in equation (4.9), should be the determining step in the 
nano-particle polymerization process for the constant to give a reliable result. This means that 
if this specific reaction occurs, the others automatically follow. 

The SiH3- ion is picked for the calculation since it is the dominant negative ion in the 
discharge [49]. A literature search results in the required values stated in table 4.9. When 
these values are filled in equation (4.20), it is found that pp,t,t,l} * = 0.007, which is two orders 
of magnitude lower than the empirically found constant of 0.57 ± 0.13. 
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The discrepancy in measured and modeled sealing constant may lead to the preliminary 
condusion that equation ( 1.4) is not the determinant reaction. This condusion is preliminary 
since both the validness of the model and the accuracy in the values of table 4.9 may need 
further verification. Because not all relevant data for the reaction of equation (1.5) is 
available, it is not checked if a more consistent sealing constant is found when this reaction is 
assumed to be the determining reaction. 

ncrit 

alculated from equation ( 4.15) using input ne = 4 · 10 
i- = 1 · 1016 m-3 and nsil = 2 · 1021 m-3 taken from [49]. 

Taken from [24]. 
··············--·-··---·-· 

··· · calc~i;t~d r~~m ~q~;ü-~;;-(4 :i6j~~i~g i;;p~t -;;;: ·4·-: · ïoT4- ~::r:·?-(J 
= 5 W and V= 10-2 m3 taken from [ 49]. 

4.4 Conclusions 

The a---+y' transition manifests itself in three measurable and subsequent stages: 
1. Disturbance of the de-bias during stabilizing. 
2. Diminishing of the stabie de-bias values. 
3. Increasing of the depletion. 

Apparently, the electrical properties of the transition, represented by the de-bias, are affected 
or measured sooner than the chemica! properties, represented by the depletion. 

The second stage is the easiest to measure and is therefore used in experiments on dust 
formation. In experiments conducted on various machines and in data taken from Iiterature it 
is found that the sealing parameter of the stabie de-bias as function of plasma-on pressure in 
the a-regime is -0.60 ± 0.15. In the y'-regime the de-bias is closer to zero than the sealing law 
predicts. 

In experiments an empirica! sealing law is found of the a---+y' transition point as function of 
the process parameters P, T, Q and R. lt can be used for extrapolation of the transition point in 
the entire process parameter space. 

A developed analytica! model prediets the empirica! sealing parameter with a squared 
averaged deviation of 20%. This model treats a certain negative ion as the main dust 
formation precursor while partiele reduction takes place via transportation to the pump along 
with the gas flow. 

When SiH3- is taken to be the main dust formation precursor, the absolute transition pressure 
predicted by the model is a factor 102 lower than the experimentally found value. This may 
lead to the preliminary condusion that SiH3- is not the main dust formation precursor. 
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Chapter 5 

Deposition 

Th is chapter deals with topics conceming deposition experiments. In section 5.1, the 
depletion determination and layer analysis diagnostics, developed in chapter 3, are evaluated 
in some deposition experiments. Section 5.2 presents a deposition series where the layer 
analysis technique is used to measure the effect of the a-ry' transition on the properties of the 
deposited layer. Section 5.3 presents an empirica! study on the large-area thickness uniformity 
of deposited samples, and tries to eliminate a number of non-uniformity causes. Section 5.4 
holds the main conclusions that can be drawn from the chapter. 

5.1 Evaluating the diagnostics 

The depletion diagnostic from section 3.2 and the thickness determination diagnostic from 
section 3.3 are tested in subsection 5 .1.1. The visual inspeetion techniques are evaluated in 
section 5.1.2. 

5 .1.1 Growth ra te tuning using the depletion diagnostic 

In three deposition experiments described below, it is tried to find a correlation between the 
silane depletion and the deposition rate. After that, the depletion is determined at various 
plasma settings in two measurement series to check the reproducibility of the depletion as 
well as to gain insight in the dependenee of the depletion on process parameters. 

Before the deposition starts the pressure Porr is noted. During the deposition the stable 
pressure Pon is noted. These pressures, together with the flow condition and molecular flow 
fraction, are used in equation (3 .13) to calculate the depletion. The re ad error in the pressure 
of 0.1 Pa is used for the calculation of the error bar. The found depletions are listed in table 
5.1. 

After the deposition, the deposited foils are removed from the setup and analyzed using the 
optical measurement setup described in section 2.2. Each 2 cm a reflectance spectrum is 
recorded, yielding a large number of reflectance spectra. During the fitting of these 
reflectance spectra, according to the method described in section 3.3, only the thickness was 
used as a fit parameter. This speeds up the fitting but introduces an error of 10% in the 
thickness. The found averaged thickness of the layer divided by the deposition time is used 
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for the determination of the deposition rate. The thus found deposition rates are also listed in 
table 5.1. 

The determined depletion and growth rate should be correlated. For a perfect isotropie 
deposition, the growth rate rdiso depends linearly on the depletion according to [29] 

L\Q 
(5 .1) 

where L\Q is the amount of depleted silane atoms per second, nsi is the number density of 
amorphous silicon and A is the area surrounding the reactor volume. 
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Figure 5.1 - Deposition rate against the depleted fraction for 
samples tlo16, tlo17 and tlo18. The solid fine is 
what is expected on grounds of an isotropie 
deposition. 

Equation ( 5.1) together with the data from table 5.1 is shown in tigure 5 .1. It is seen that the 
thickness and depletion of the three samples correlate with the isotropie deposition relation. In 
the best-case-scenario this means that the depletion diagnostic is correct, the optical thickness 
diagnostic is correct, and the deposition rates on the substrate, the walls and the powered 
electrode are equal. Apparently the possible causes for errors, listed in section 3.1, are not 
important or they are canceling each other out. This leads to the conclusion that the pressure 
difference can be used for the prediction of the growth rate. For further foundation of the 
method, more measurements are needed. 

The usage of the depletion as a deposition rate measure is illustrated in two measurement 
series shown in tigure 5.2. In these measurements, the conditions of table 5.2 are used to 
generate a plasma at various powers. The reproducibility of the depletion determination can 
be deducted from this tigure, plus the ability for tuning the deposition rate to a desired level 
by altering the power. Layer quality however is not included in the measurement series, so it 
is not sure whether the higher deposition rates would yield acceptable layers. 

The data is susceptible for presentation on a double-logarithmic scale, therefore the depletion 
and power are made dimensionless according to 

56 

P* =.!.._ 
p' 

0 
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Figure 5.2- Depletion as a function of power for the conditions of table 5.2. The solid lines 
are linear fits. 

Figure 5.2 in combination with equation (5.1) shows that in an approximation the deposition 
rate scales with the power according to 

(5.3) 

lt is seen that the deposition rate depends on the applied power, and that an estimate of this 
dependenee may be gained by conducting measurements like the ones presented in figures 
5.2(a) and (b). If the exact deposition rates were needed, e.g. in asolar cell production line, 
reflectometry measurements as presented in section 3.3 are more accurate. A last remark is 
that the sealing law of equation (5.3) is a purely empirical fit. Extrapolation of this fit to 
higher powers is not correct since it cannot hold near (~Q)* ---7 Q;n,s il · 

5 .1 .2 The visual inspeetion technigue for uniformity inspeetion 

In tigure 3.15 it is se en that the thickness and homogeneity of a large-area sample on 
aluminum substrate can visually be determined. The usage of this co lor chart is illustrated in 
tigure 5.3(a), where a part of sample tlo18 is shown (see Appendix B). The colors up to 120 
nm are building up rapidly from the upper-right corner, further inwards on the right a broad 
band of the purple belonging to 140 nm is seen, after which the green from 160 nm and the 
purple from 200 nm follow. These thickness estimates are confirmed by reflectometry 
measurements. 
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(a) (b) 
Figure 5.3- A photograph of (a) sample tlo18 without interference filter, and (b) tlo03 

through the interference filter. 

The usage of the enhanced visual inspeetion method, as is shown in tigure 3 .16, is illustrated 
in tigure 5.3(b). It is a part of a photograph of sample tlo03 made through the interference 
filter. It is seen that thickness gradients can be perfectly visualized using this method. 

5.2 The effect of dust on the deposited layer 

The optica! diagnostic metbod described in section 3.3 is used in this section to analyze 
deposited foils, and optically determine layer properties as thickness and band gap energy. 

The measurement series in question consists of five depositions, made on 10 x 10 cm2 glass 
substrates. The deposition conditions are the same as stated in table 4.6, with the pressure 
varied between the depositions while the hydrogen dilution is fixed at R = 2. When equation 
(4.8) is summoned, it is found that the u-ry' transition should take place aroundp* = 0.82 ± 
0.19. It is therefore expected that also a material property change is witnessed for pressures 
around this 0.82. 

Recalling the consideration of section 3.3.3, it is expected that under dusty plasma conditions 
the layer is porous, and therefore the parameter A is lower. Furthermore it is expected that for 
layers deposited at certain pressures near the transition point the parameter C is lower, thus 
labeling polymorphous silicon. 

Figure 5.5 shows the results of the deposition series, that can also be found in Appendix B. lt 
is seen that the expected behavior indeed takes place: A decreases (indicating porosity), C 
decreases (indicating less disorder), and rd increases (indicating the u-ry' transition). Minor 
trends are seen for E0 , Eg and E04 . The changes in A and C occur for lower pressures than 
changes in rd, which is consistent with the view in which pre-coalescence nano-particles 
change layer properties, while post-coalescence agglomerates raise the deposition rate. In 
tigure 5.5(a) it is seen that the transition point deducted from the deposition rate would be 
somewhere between 0.72 < p* < 1.07. This is consistent with the 0.82 ± 0.19 that resulted 
from equation (4.8). 

58 



0.5 250 

0.4 5 240 

0 
0 .4 230 

0 
0 .35 220 

0 .3 210 

0 0 0 
~ 200 0.25 

< 
0.2 190 

0 . 15 180 ? ? 
0.1 170 2 ? 

0.05 160 

ISO 
0.25 0.5 0.75 1.25 0 .25 0.5 0 .75 1.25 ,. ,. 

(a) (b) 
3.9 

\ j 

4 .5 

t 3.8 

\ 

3.5 
3 .7 

j 
> 

1 

~ 2.5 f ..!.. 3.6 
0 

I 0 f w 

3.5 
1.5 

3 .4 

0 .5 

3.3 

0.25 0.5 0 .75 1.25 0 .25 0.5 0 .75 1.25 ,. ,. 
(c) (d) 

1.74 

1.72 

1 1 

1.95 

1 

1.7 

t 
1 1 

~ 1.68 
1.9 

." 

t t t w 1.66 

1.64 1.85 

1.62 

1.6 1.8 

0 0.25 0 .5 0.75 1.25 0.25 0.5 0.75 1.25 ,. ,. 

(e) (t) 
Figure 5.5- The trends in layer properties for depositions as function ofpressure as is taken 

from table 5.2. The verticalline is the calculated transition pressure of0.82. 

The accuracy of the determined fit parameters may be questioned. When the accuracy for Eg 
is taken to be 0.015 eV, and the other accuracies are taken to scale according to figure 3.11 , 
the error bars shown in figure 5.5 are found. The 0.015 eV accuracy in Eg is an estimate 
inspired by several measurements, so it is not yet quantified in a reproducibility test. 

5.4 Conclusions 

The depletion determination diagnostic can be used to conduct a deposition rate study as 
function of the process parameters. A conducted study of the dependenee of the deposition 
rate on the applied power shows that, within the process window, the deposition rate depends 
on the power via a sealing law, which is given in equation (5 .3). Furthermore it shows that the 
specification is reachable. 
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Two samples, one with a deposited layer of approximately 200 nm thick and one of 
approximately 400 nm thick, are used to evaluate the use of the visual uniformity inspeetion 
technique. It is found to be a correct and quick tool of evaluating the samples. 

The experimentally found effect of dust formation on deposited layers corresponds with what 
is expected on grounds of knowledge on the formation gained in chapter 4 and knowledge on 
the layer property gained in chapter 3. Namely, it is found that the Tauc-Lorentz parameters A 
and C decrease when dust formation takes place, and that the deposition rate rd increases. 

The changes in material property occur above a certain transition point that is consistent with 
the experimentally found sealing law of chapter 4. This leads to the condusion that the 
process window where polymorphous silicon might be deposited can well be described by the 
experimental sealing law. A broader experimental study of the process window, including 
variations in the inter electrode temperature difference, must be conducted to gain more 
insight in the exact process window and deposition conditions for polymorphous silicon. 
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Chapter 6 

Conclusions and recommendations 

In this chapter the most important conclusions and recommendations that follow from the 
work presented in chapter 3, 4 and 5 are stated. The conclusions are found insection 6.1 while 
the recommendations can be found insection 6.2. 

6.1 Conclusions 

Conclusions on the performance of the diagnostics are stated in subsection 6.1.1. Conclusions 
on the process of dust formation can be found in subsection 6.1.2. Conclusions on the 
deposition process are stated in subsection 6.1.3. 

6 .1.1 Diagnostics 

An estimate of the deposition rate of a deposition experiment can be gained from the initial 
pressure development in the reaction chamber. In this method, the deposition rate is correlated 
to the silane depletion under the assumption of perfect isotropie deposition, while the silane 
depletion is determined from the pressure difference applying a developed flow model. The 
flow model is calibrated in measurements where the silane depletion is simulated using the 
mass flow controllers. 

The de-bias can be used as a dust indicator in two ways. The first method monitors the time
resolved initial building up of the de-bias, where a non-monotonous build up indicates dust 
formation. The second method distinguishes two regimes in a double-logarithmic figure of the 
de-bias against the process parameters pressure or power. In measurements the transition 
point determined by the two methods is consistent with the transition point determined from a 
deposition rate increase. 

From a measured reflectance spectrum of a thin layer of deposited a-Si:H, the important layer 
properties thickness, disorder and absorption energy can be derived. This is done by making 
use of optical theory on reflection of thin films as well as the Tauc-Lorentz model for the 
refractive index of a-Si:H. The thickness is used to determine the deposition rate in retrospect, 
while the disorder and absorption energy are used for layer characterization. 

The thickness uniformity of a large-area a-Si :H sample can be determined in two ways . The 
first is making use of a constructed setup for semi-automatic position resolved thickness 
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determination from recorded reflectance spectra. The second is using a visual inspeetion 
technique, where the experienced co lor of the sample is compared to a calculated co lor chart. 
Using the unaided eye, layers up to 250 nm can be characterized this way, while layers up to 
1000 nm can be characterized when looking through a narrow-band interference filter. 

6.1.2 Dust formation 

It is experimentally found that the a---ry' regime transition manifests itself in three measurable 
and subsequent stages: 

1. Disturbance of the de-bias during stahilizing 
2. Diminishing ofthe stabie de-bias values 
3. Increasing of the depletion and deposition rate 

This means that the effect of the transition on the electrical properties of the plasma, 
represented by the de-bias, takes place at lower pressures than the effect on the chemical 
properties, represented by the depletion and deposition rate. 

A conducted parametrie experimental dust formation study results in a sealing law descrihing 
the a---ry' transition pressure as function of the process parameters power, temperature, gas 
flow and hydrogen dilution. This empirica! relation can be used for extrapolation of the 
transition point in the entire process parameter space and thus to define a process window 
where polymorphous silicon might be grown. 

A developed analytica! model prediets the empirica! sealing law parameters within 20%. This 
model treats a eertaio silane negative ion as the main dust formation precursor while partiele 
reduction takes place via transportation along with the gas flow. When SiH3- is taken to be the 
main dust formation precursor, the absolute transition pressure predicted by the model is a 
factor 102 lower than the experimentally found value. This might lead to the conclusion that 
SiH3- is not the main dust formation precursor. 

6.1 .3 Deposition process 

Within the normal deposition process window, the deposition rate depends on the power via a 
sealing law that is experimentally determined using the silane depletion diagnostic. This study 
shows that the deposition rate specification of the setup is reachable. 

The deposited layer is experimentally found to become more porous, more structured and is 
deposited at a higher deposition rate when dust formation takes place. This corresponds with 
what is expected on grounds of gained knowledge on the formation of dust and on the layer 
properties. 

The changes in material property occur above a eertaio transition point that is consistent with 
the experimentally found dust formation sealing law. This leads to the conclusion that the 
process window where polymorphous silicon might be deposited can well be described by 
this dust formation sealing law. 
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6.2 Recommendations 

Recommendations on the performance of the diagnostics are stated in subsection 6.2.1. 
Recommendations for further investigations conceming dust formation are stated in 
subsection 6.2.2. Recommendations conceming the deposition process are stated in 
subsection 6.2.3. 

6.2.1 Diagnostics 

The ability of the depletion diagnostic to predict the deposition rate may be improved by 
conducting calibration measurements using an actual plasma instead of depletion simulation 
by the mass flow controllers. The calibration measurement series then consists of plasma 
generation at various powers, thus altering the depletion. The depletion is determined in 
retrospect from the deposition rate, or from the partial pressures that can be measured using 
the mass spectrometer. This calibration methad is however more time consuming. 

Furthermore it might prove worthwhile to try to develop a model that does not need 
calibration. If some assumptions of the model are treated differently, a more generally 
applicable relation might be found. A possibility is for example to abandon the non
interacting flow systems assumption and solve the laminar conductance numerically using an 
effective flow and viscosity of the gas mixture. A disadvantage of this specifïc adjustment is 
that no analytic expression is available, but perhaps a more detailed study reveals methods 
with more pros than contras. 

Regarding the initial building up of the de-bias, it is proposed that the build-up is a gas 
residence time effect. This can be studied more intensively to gain understanding of the 
building-up in general, and to gain understanding of the precise origin of the disturbance on 
the building-up induced by dust particles. It might for example be the case that the dust 
disturbed de-bias build-up can be dissected in a gas residence time contribution and a dust 
residence time contribution. To put such an analysis on firm ground, more measurement data 
is needed. 

Regarding the optical diagnostics, three recommendations can be made. The first is to use 
combined reflection and transmission measurements in the case of glass samples. When the 
two spectra are fitted simultaneously a better parameter accuracy is reached. The second is to 
adapt the model for characterization of the multiple layer system of TCO, p-, i- and n-layers. 
Corrections on roughness and light scattering may be needed for descrihing the TCO texture. 
The third recommendation is to write a computer program specifically meant for the fitting of 
the spectra, so the time-critical fit procedure can be speeded up (fits presented in this thesis 
are made using the Microsoft Excel Solver plug-in) . 

A last recommendation in this subsection is the development of additional diagnostics. The 
more there can be measured, the faster knowledge is gained. For layer analysis, one canthink 
of methods to measure the hydragen content in the layer, the crystalline part of the material, 
etc. For plasma characterization, one can think of partiele detection by laser scattering, and 
techniques to measure densities of specific silane and try to use this as more accurate 
deposition rate measure. 
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6.2.2 Dust formation 

The test cases of section 4.1 show that the various dust indicators indicate dust formation at 
different pressures. This means that each indicator responds at a different level of partiele 
densities (before coalescence), or partiele size (after coalescence). A more detailed study on 
the specific order and space between the indications therefore holds useful information on the 
dust formation process. 

The empirica! sealing law on the transition pressure can be expanded in measurements where 
the electrode distance and the driving frequency are altered. In the scale model system, the 
inter electrode distance can be decreased by adding a spaeer between the substrate and the 
grounded electrode, as in figure 5.13. A change of frequency requires a modified matching 
network and generator and is therefore less easy attainable in the scale model reactor. 

The model on dust formation can be adapted to frequency changes by adding a frequency 
dependenee of the electron density. Further subjects of interest are a good description of the 
partiele residence time and the negative ion lifetime. 

6.2.3 Deposition process 

A broader ex perimental study of the process window, including variations in the inter 
electrode temperature difference, must be conducted to gain more insight in the exact process 
window and deposition conditions for polymorphous silicon. For this process, it is likely that 
additional layer analysis diagnostics are needed. Several of these diagnostics are readily 
available at the Akzo Nobel research facility, but only for 10 x 10 cm2 glass substrates. It is 
therefore useful to keep conducting the polymorphous silicon depositions on glass substrates, 
as is done in section 5.2. The glass substrate furthermore opens the possibility to use 
combined reflection and transmission measurements to improve the fit accuracy. 
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Appendices 

Appendix A lists data of calibration measurements of the depletion diagnostic. Appendix B 
lists data conceming deposition experiments. Appendix C lists data on plasma 
characterization measurements. Appendix D holds a consideration on the temperature 
dependenee of the mass density of amorphous silicon. Appendix E lists data on the optica! 
measurement diagnostic. Appendix F holds the developed model for the heating of the setup. 
Appendix G holds a list ofused symbols. 

D. The film thickness dependenee on the substrate temperature 

The density of amorphous silicon can split up in the partial density contributions by silicon 
and hydrogen atoms. 

(D.l) 

Here, n is the number density expressed in atoms/m3
. The mass of the silicon and the 

hydrogen atom is Msi = 4.66·10-26 kg and MH = 4.66·10-26 kg, respectively [ 43]. Therefore, to 
know the density of a-Si:H, the number densities of silicon and hydrogen in the amorphous 
lattice have to be found. 

In pure amorphous silicon, the number density nsi is 1.8% lower than for crystalline silicon 
[17], so with nsi = 4.99·1028 m-3 in crystalline silicon [43] the found number density for 
amorphous silicon is nsi = 4.90·1 028 m-3

• For the case in which nH = 0 m-3
, nsi,o now is known. 

For arbitrary nH, one can state 

(D.2) 

where b, the hydrogen incorporation parameter, is a measure for the number of hydrogen 
atoms that replace one silicon atom in the matrix. In good quality a-Si:H, the double-vacancy 
is the dominant type ofhydrogen incorporation [63] [64], implying b = 113. 

The hydrogen number density nH in a-Si:H depends, among other things, on the deposition 
temperature. Fora reasonable estimate data measured in [5] is used. lt shows an approximate 
linear relation between the deposition temperature and the hydrogen concentration, for 
temperatures between 320 and 580 K: 

(D.3) 
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When (D.2) and (D.3) are substituted in (D.l), arelation between the density of a-Si:H and 
the deposition temperature, valid for temperatures of 460 K < T < 580 K, is found. Well above 
580 K, where the hydrogen content reaches values around 2 at.%, the density of a-Si:H 
remains constant [77]. 

(D.4) 

Using J = 113, the slope in the relation is 0.411 kg m-3 K 1
, so at 500 Kan increase of 10% in 

deposition temperature results in an increase of less than 1% in density, so a decrease of less 
than 1% in film thickness. 

E. Optical diagnostics 

This appendix holds data related to the developed optica! diagnostics. Section E.l lists the 
complete four models for the refractive index of a-Si:H. Section E.2 lists the refractive index 
for aluminum and a-Si:H as it is found in literature sources. Section E.3 holds the complete 
calculation ofthe color from a given reflectance spectrum and lists the found values in (x,y,Y) 
and (R,G,B) coordinates. 

E.l The four a-Si:H models 

The four models stated below are 
• The Cauchy function [83] 
• The Forouhi-Bloomer model [21] 

The OJL approximation [52] 
• The Tauc-Lorentz model [34] [35] 

For the latter three cases, the model only applies for k(E) or t:2(E), so the corresponding n(E) 
or t:z(E) are found by means of the Kramers-Kronig equation [83]. Here, P means that the 
principle part of the integral must be taken, i.e. the poles itself are excluded from the 
integration path. 

n(E) = n~ + 3._ Pf~ E' k(E') dE' 
7r E'2-E2 

0 

(E.l) 

el (E) =el ( oo) + 3._ p Ï E '~2 (E? dE' 
1r 

0
E'-E 

(E.2) 

The Cauchy-function [83] is an empirica! model that describes both n and kin a power series. 

(E.3) 
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k k k -zk +-1 +-2 
0 /\.? )} (E.4) 

The Forouhi-Bloomer model [21] starts by assuming a parabolie relation of the density-of
states in the valenee and conduction band of the semi conductor. This de scription is correct in 
the near vicinity of the minimum in the band edges, but deviates for energies further away. 
From the density of states function, the absorption is determined, where the additional 
restrietion of k(E) = 0 for E <Eg is applied [ 18]. 

(E.5) 

The corresponding n(E) is found invoking (E.1 ), leading to 

B0 E+C0 n(E) = n_ + 
2 

, 

E -BE+C 
(E.6) 

where B0 and C0 are defined by 

B =- --+E B-E +C A ( B
2 

2 
) 

0 Q 2 g g ' 
(E.7) 

(E.8) 

(E.9) 

The third considered model is the OJL model [52]. This model starts with an empirica! 
description of the density-of-states function . in the valenee and conduction bands. This 
description uses a parabolic dependenee for energies near the band region, similar as in the 
Forouhi-Bloomer model described above, while exponential tails are included for energies 
further from the band region. The thus acquired description for k(E) reads 

c .J2m•J t2 .J2m•Jt2 
k(E) = 2 2 c 2 2 V 2 J(E)' 

2E 1r n 1r n (E.10) 

where c is the speed of light in vacuum, me • is the effective mass associated with the 
conduction band, mv • is the effective mass associated with the valenee band, and J(E) is a 
complicated function that is described as 
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J(E) = Jb exf ~ ~· · } r( ;;,) 
+ e v exp g - exp __ ..:::.g __ _ 1 Crr)3 '2[ (E-Eo-re /2) (E-Eo-re/2)~ 

2--Je Yv -re rv rv 
(E.11) 

+ ~exp(E-Eg o )·Y(_L_),forE<E 0 +r 12+r / 2,and 
V 2e rv 2rv g c V 

J(E) = r 2 

( E - E ) ( E- E 1 ) ( r r ) _ e_exp gO .y go-- +(E-E )2T c v 
..{i; r e r e 2 gO 2(E- EgO)' 2(E- EgO) 

(E.12) 

r
2 

( E - E ) ( E - E 1 ) + ~exp go ·Y go-- ,forE>Ego+rc /2+rv/2,where 
v2e r v re 2 

~ 

Y(z) = J .J; exp(-x)dx, and (E.13) 

1-y 

T(x,y) = J .Fz(l-z)dz . (E.14) 
x 

The corresponding n(E) is found again by applying the Kramers-Kranig equation (E.1 ). The 
calculation is this time performed by numerical fast-Fourier transfarm (FFT) using the 
commercially available software Scout [90]. Therefore no analytica! results can be presented. 

The fourth and last considered model is the Tauc-Lorentz relation for the imaginary part of 
the dielectric nmction of the material [20]. 

E>E - g 

(E.15) 

0 

Here A, E0 , Eg and C are all constants related to the band structure. The real part of the 
dielectric nmction is found by equation (E.2), and leads to [34] [35] 
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ê (E) ê (oo) + In 1n g 
AC a (E; +E 2 

+aE8 ) 

1 = 1 nÇ 2aE0 E; +E: -aEg 

---~ n- atan g + atan 8 A a [ (2E +a) (-2E +a)~ 
nÇ 4 E 0 C C 

+2--/-E (E 2 -r2
) n+2·atan 2 8 AE [ ( y

2 

E
2 

)~ 
nÇ a g ac 

(E.16) 

AE c E2 +E 2 (lE-E I) AE c [ IE-Egi(E+Eg) ] 
- 0 8 In g +2--0 -E ln 

nÇ4 E E+E nÇ g ~(E -Ez)z +Ezcz 
g 0 g g 

(E.17) 

(E.18) 

(E.19) 

(E.20) 

(E.21) 

E.2 Refractive index data 
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(c) (d) 
Figure E.l - Refractive index taken from various sourees and used in calculations of chapter 

3, (a) Corning 7059 glasstaken from [54} [55], (b) bulk aluminum taken from 
[54] [55}, (c) foil aluminum measured by TNO TPD in Eindhoven, (d) 
hydrogenated amorphous silicon takenfrom [73]. 

E.3 Calculation of the co lor of an a-Si:H layer on an aluminum substrate 

An example of a reflectance spectrum is given in figure E.l(a). When the reflectance 
spectrum is weighed with the solar spectrum presented in figure E. l (b ), the outgoing light 
spectrum shown in figure E.l ( c) is found. The spectrum experienced by the three co lor 
receptors in the eye is shown in figure E. l ( e) and co mes forth from a weighing with the 
sensitivity curves presented in figure E. l ( d). The area under these three curves represents the 
stimulation of the receptors as is seen in figure E.l (f). 
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(f) 
Figure E.l- Steps in calculating the perceived color of a spectrum, (a) the rejlectance 

spectrum, (b) the standard daylight spectrum D 6500, (c) outgoing light 
spectrum, (d) sensitivity of eye receptors, (e) spectrum experienced by eye 
receptors, (/) resultant receptor stimulation. 

This figure shows that the stimulation lx of cone x is equal to the integral of the reflectance 
spectrum weighed by the daylight spectrum D6500 and the cone sensitivity curve x, so 

~ 

I X = fR(A-)·D6500 (A-)·x(A-)dA- . (E.22) 

This result is normalized by the area under the cone sensitivity curve, so by 

(E.23) 

The (x,y,Y)-coordinate system now is defined as follows: 

(E.24) 

Wh en the co lor coordinates are determined speetrally with a speetral resolution of 10 nm, the 
data from table E.l emerges. The same procedure repeated for just the speetral points at 630 
and 640 nm leads to the data from table E.2. 
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Table E.l - Calculated color coordinates used in the construction o 
d Y R G B ;----::-:--:--r----r-"'-"-"T--::-:---.-:::::--r-:::--r-B=--o 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

0.26 0.36 
100 0.28 0.37 
105 0.32 
110 0.34 

·~·-·--··~---

115 0.36 0.35 59 

80 

150 0.31 
155 0.29 
160 0.28 

480 0.31 
490 0.31 
500 0.31 
510 0.31 
520 

550 
560 
570 

0.31 
0.3 
0.3 

0.31 
0 .31 
0.31 

0.32 
0.32 
0.32 

45 
45 
45 

42 
t 580 0.3 0.32 42 ?----------··---· 

590 0.3 0.32 42 
600 0.3 0.32 42 

180 
183 
184 

169 179 183 
185 176 183 
198 172 183 
202 170 183 



125 
124 
124 
124 
123 

: ______ _!_~~---· 
145 
150 
155 
160 
165 
170 

: 175 
~---·~·--·-···--·· 

t ... 

200 
205 
210 
215 

0 
0 0 
0 0 
0 0 
0 

275 
280 
285 
290 
295 
300 
305 
310 
315 
320 
325 
330 
335 
340 
345 
350 
355 

360 
365 
370 
375 

590 
595 

600 

0.71 
0.71 
0.71 
0.71 
0.71 
0.71 

0.71 1.7 

116 
113 
107 
96 

104 
100 
93 

G 
0 
0 
0 
0 
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G. List of abbreviations, units and symbols 

A list of the used abbreviations, non-SI units, constants, symbols, units, quantities, subscripts, 
superscripts and prefixes is included in this appendix. They are listed per type and on 
alphabetical order. 

G .1 Abbreviations 

3D three dimensional 
a-regime 
y'-regime 
AN 
a-Si:H 
CMYK 
EMA 
FB 
FFT 
HRTEM 
MB 
OES 
OJL 
PECVD 
PID-controller 
pm-Si:H 
QMS 
R2R 
rf 
RGB 
TCO 
TL 
TNO-TPD 
TUle 

dust free regime 
dust forming regime 
Akzo Nobel 
amorphous hydrogenated silicon 
cyan-magenta-yellow-black color coding 
effective medium approximation 
F orouhi-B loom er 
fast-Fourier transfarm 
high resolution transmission electron microscopy 
matchbox 
Optica! emission spectroscopy 
O'Leary-Johnson-Lim 
plasma-enhanced chemica! vapor deposition 
proportional, integral, differential controller 
polymorphous silicon 
quadrupale mass spectrometer 
roll-to-roll 
radio-frequency 
red-green-blue color coding 
transparent conductive oxide 
Tauc-Lorenz 
toegepast natuurwetenschappelijk onderzoek - technisch physische dienst 
Eindhoven university of technology 

G.2 Non-SI units 

0 

oe 
eV 
hr 
mm 
seem 

G.3 

1 a equals 1.75 · 10-2 rad 
T(K) = T(°C) + 273.15 
1 e V equals 1. 60 · 10-19 J w hich corresponds to 1.16 · 1 04 K 
1 hr equals 3 600 s 
1 min equals 60 s 
1 seem equals 4.48 · 1017 atoms s-1 which corresponds to 7.44 10-7 mol s-1 

Constants 

Boltzmann constant 
Velocity of light 

ka 
c 

1.38 . 10-23 J K-1 

3.00 · 108 m s-1 
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Elementary charge 
Atomie mass unit · 

e 
u 

Planck constant 
Stefan-Boltzmann constant 

n 
(J 

1.60 . 10"19 c 
1.66 . 10"27 kg 
1.05 . 1 0"34 J s·l 

5.67 · 10·8 W m·2 K"4 

G.4 Quantities, units. symbols 

··························-

Symbol u Quantity (multiple usage of symbol) 
% non-homogeneity parameter 

a absorption coefficient 
grounded to powered wall surface ratio 

fJ optica! thickness m 
w-1 

""""'''''''''""'--nn'-~"- .. -~~~~-!.~~~&~.I.l~~~tiol!__~~~ffici~~! ············-· ·-···-· --- ························· ······················ --······ -·········· 
y eV parameter in the O'Leary-Johnson-Lim model 

hydrogen incorporation parameter 
m element size in finite-element model 

À m wavelength of light in vacuum 
m mean free path 

W m· 1 K"1 heat conduction coefficient 
n kg m·3 mass density i 

........... L ............ -----------2·------4-- --··········-----------------------------------------·-------------------------------------------------------------·4 
(J W m· K- Stefan-Boltzmann constant ' 

____________ ---- ----~----· ..... J.~~g_!.~-~ca]_~~! __ ~hich tempe!~~~!~-~E_iat_~~~-~-? .. '?.~r~--- __________ _ _ _________ _ 

a 

s 
s 

lifetime of gas species or partiele 
t ical time at which acceleration (of dust particle) takes place 

e shift of light at medium intersection 
driving frequency 
area 
intensity of Tauc-Lorenz oscillator 
parameter in Forouhi-Bloomer model 
acceleration 

owered electrode thickness 

parameter in Forouhi-~l~omer mod~--------------------------------· 
gas flow conductance 
calibration ratio 

F capacitance 
eV damping ofTauc-Lorenz oscillator , 
eV2 parameter in Forouhi-Bloomer model · 

1·-····----·-·------·····------- +····---·-··----···s ____ ----~- ····----------····+--'?.~~~Ï.~~L'?.~~!fl~.~~~!-~!!!.~ .~?~!~ ... !P.:od~.-- ·-·················----- -----------------· ------··--···-···--················---·--·········..J 
relative concentration c 
coefficient of Taylor-approximation 

m s· 1 speed of light in vacuum 
d m inter electrode distance 

m thickness of deposited layer 
D % s K" 1 differential heating parameter of heater controller 
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at which the abso tion coefficient is 

of vacuum voids 
force 

-··---······-·-········--· ····-·-········--·········-·········· ····-··················-···················----·--··········-······ · -·~·-···· ·-~---~······ --· ·······························--·······-······ ! 
light intensity 

F N 
I cd 

A current 
stimulation of cone 

f-------l-___c_o/t_o, __ K~--'_s_·'-+ ___ in_t_e_""_r_al ?~ __ a.ting parameter of heater controller 
k extinction coefficient 

-Johnson-Lim model 

arameter of heater controller 

tion rate 
T p~~~~_t:lf._(!_ ______ ·····················---··-- ··················································--······-·-···- ...................... ························· 
t Fresnel's transmission coefficient at medium intersection 

V V potential with respect to ground 
m3 volume 

······················ ............ ·-···--·····:r-·· ........... ·······-···········-···-········~---·········-········----······ · ······-· ············ ··········--······- ·················-······-- ···········-············-··· ····················--··············-·····-..····················--······ 
v m s velocit 

r
_yx ______ 

1 
_______ m~ ___ 1~~o~~siiitj;io~n~aJ;lo~n~g~s;;h~ogrt~a;;xj~- ~~-~~-~-actio~_.c_h_a_m_b_e_r ____ ~----

m long long axis of reaction chamber 
Yt arameter 

G.5 Subscripts, superscripts, prefixes 

stands for 

!····· ························· ·············· 1 ... s\lp_c;:r.sc;~iP! .... time derivative 

* subscript quantity is dimensionless 
molecule is excited 

·•·•·•--••·•·•····-·····m-·--~-~- -•••-•-••••--·••m .. ·•-·•--" - "" . .-•--··-· ·•-· · ~--·----•••·•-•·•·- ·•·•·-·•••m•mnnm--

1,1,1,1} subscri t where all dimensionless variables e ual 1 
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, ................... o ........................... J············ ~l!~~<.:~ip! .............. ~.<.:~li~.s .. q:tJ~~!it:y ... l!.~ .~.4. .. f<?E .. ~~~i.?:.s4.i~.~.~.~i.9~.l<:!.~ .. ~ ..... . 
0, 1, 2, .. . subscript conceming layer 0, 1, 2, ... of multi-layered system 

a-Si -------.------------------
bulk 
crit 
de 
e 

eq 

d o oth 1st 2nd th d 0 

0 0 correspon mg to , , , . . . or er term m an approx1matwn 
the real part, 1, or imaginary part, 2, of a complex quantity 

· the element number in a finite-element a roximation 

that falls within the 5% non-u~~f<?~_!t:y . ~p~<.;_i_f!:~~!~<?~ .. _ ............... _____ _ 
at the transition oint between a-regime and 

1 difference 

9fsilicon incorpora!~-~--~11 th~~!!l<.:~--------------·-········· ·················· · ····· ······················· ·····················-·--l 
in the homo eneous bulk of the lasma 

_(.;~_~t_i~~-"-~~.l!~f<?r.5~::=:.:1' ~~~!1!'!.!!9~!~ -!~~(:!_pl~<.;~ - - ... . .... ·- . 
direct current 

___ g&n~d~-4~~~~~~~~--~~-------------------------------------
H 

hyd 

••••••••••-.onm~~ '""" ''"""·-·•~••••••••-~-----~""""""''''""'''''"'''''''''" •••• •••••••••••••••••"'''"'' __ _ 

conceming the powered electrode 
altemating with the rf driving frequency 

setpoint 
···················----------------------; 

sheath i 
desired value 
-----------------·-···---------··--· ·············-········-·-····--·----- ································------------·······-· 

at the bounda 
sil concemin silane, SiH4 

stable t 30 seconds of lasma-on time 
th caused by the thermophoresis 

as a re sult of the thermal 
wall subscri t at the wall of the reaction chamber 
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