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Abstract 

At this moment solar energy forms a negligible part ofthe total energy supply. The most 
important reason is the too high cost price per kilowatt-hour. To reduce these costs, Akzo 
Nobel bas chosen the option to reduce the production costs of solar cells by means of the 
Helianthos project. The project bas the goal to make a Roll-to-Roll production line of 
hydrogenated amorphous silicon (a-Si:H) solar cells, by using a temporary and 
temperature resistant superstrate of cheap materiaL 
The present work shows results of deposition experiments (p-, i- and n-layers and 
complete solar cells) with a batch Plasma Enhance Chemica} Vapor Deposition (PECVD) 
machine. They had the goal to produce a representative reference p-i-n solar cell on both 
glass and a temporary superstrate and to understand more about matching & power 
coupling, gas consumption, etc. 

Experiments are done by varying several process parameters: like power, pressure, total 
and individual gas flows, dilution ratio, electrode distance, temperature and doping 
percentage. 
At first, the influence ofprocess parameters on film properties (p-, i- and n-layers) is 
studied. This has resulted in several correlations: e.g. the pressure and power dependenee 
of the growth rate. But also correlations between the quality of the deposited layers 
( expressed in several film properties) and the dilution ratio, temperature, doping 
concentration and so on. 
Secondly, correlations between individual film properties (like conductivity, band gap, 
microstructure, refractive index, etc.) are studied. 

The deposited solar cell has an efficiency of 6 %. 
In order to further improve the cell performance, the 'S-shape' (near the open-circuit
voltage) should be avoided; reducing the activation energy ofthe p-layer should be tried. 
Secondly, the series resistance should be reduced and the conductivity ofthe n-layer 
should be increased. Finally, the defect density in the intrinsic layer should be reduced. 

Finally the discharge is modeled by means of an electrical circuit. In order to give 
conformity between the V/1-probe measurements and the calculated plasma parameters, 
additional, parasitic components (Le and Re) need to be added to the electric circuit. 
Improvements that should be made are: the use of a low dielectric filler for the dark space 
shield (e.g. teflon instead of ceramic ); the use of low resistance and short cables and the 
use of a low resistance vacuum throughput. 
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Plasma Enhanced CVD of a-Si:H solar cells 

1. General Introduetion 

1.1 Akzo Nobel N. V. 

Akzo Nobel, based in the Netherlands produces healthcare products, coatings and 
chemicals. Recently, the fibers business, known as Acordis, was spun off. In 1969, Akzo 
was formed as a result of a merger of Koninklijke Zout Organon and Algemene 
Kunstzijde Unie. Nobel Industries was founded in 1984 through the merger of 
KemaNobeland Bofors. Earlyin 1994, Akzo Nobel was formed through Akzo's 
acquisition of the Nobel shares. In January 2000 the company employed approximately 
68.000 people (without Acordis) in almost 70 countries. Consolidated sales for 1999 
totaledEUR 14.4 billion, with Pharma, Coatings and Chemieals accounting for EUR 2.9 
billion, EUR 5.5 billion and EUR 3.8 hiliion respectively. With 17.000 employees, 
Acordis contributed EUR 2.2 billion. 

The three main product categories are pharma, coatings and chemicals. Pharma consists 
of Business Units Organon (e.g. contraceptive pills), Intervet (veterinary market), 
Organon Teknika (e.g. hospita! market), Diosynth (intermediate and active 
pharmaceutical ingredients) and Chefaro (e.g. diagnostic tests). Coatings consists ofthe 
Business Units Decorative Coatings, Industrial Coatings, Industrial Finishes, Marine & 
Protective Coatings, Car Refinishes, Industrial Products, Resins and Printing Inks. 
Finally, the Business Units of Chemieals are Pulp & Paper Chemicals, Functional 
Chemicals, Surface Chemistry, Polymer Chemicals, Base Chemicals, Catalysts, Plastics 
and Processing, Additives, Salt and Energy. 
In Arnhem a corporate center of Akzo Nobel is resident, named CRA (Chemicals 
Research Arnhem). Ofthe 7000 people whoworkin the Research and Development of 
Akzo Nobel, about 400 are resident in Arnhem. 

1.2 The Helianthos project 

At this moment solar energy forms a negligible part of the total energy supply ( -1 o-5
). 

The most important reason for this is the fact that the cost price per kilowatt-hour is too 
high (NLG 1-2). To reduce these costs, the efficiency of the solar cells should be 
increased (provided that the costs per m2 increase less) or the production costs of the 
solar cells should he reduced (provided that the efficiency decreases less). Ultimately, the 
price of photovoltaic electricity should he comparable to the price of electricity from the 
net ( currently NLG 0.25 per kilowatt-hour). 

Akzo Nobel has chosen the option to reduce the production costs of solar cells. The 
Helianthos project is a co-operation between Akzo Nobel, Eindhoven, University of 
Technology (TUE), Delft, University ofTechnology (TUD), University ofUtrecht (UU) 
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and TNO and has the goal to make a Roll-to-Roll (continuous, large volume process) 
production line ofhydrogenated amorphous silicon (a-Si:H) solar cells. This way of 
production should strongly reduce the cost price of a-Si:H solar cells. 

1.3 Hydrogenated amorphous silicon (a-Si:H) 

The disorder of the atomie structure is the main feature that distinguishes amorphous 
materials from crystalline materials. This disorder in atomie structure results a.o. in a 
higher absorption of visible light by amorphous silicon than by crystalline silicon, e-S i 
(both semiconductors). 
Wh en one of the four honds of a silicon atom is not bonded to another Si atom, a so 
called 'dangling-bond' appears. Dangling honds are the main defectsin amorphous 
silicon and the defect density of pure, unhydrogenated amorphous silicon (a-Si) is high 
(- 1018 cm-3

), preventing photo response. Hydrogen passivates dangling honds (the 
dangling honds are no longer electrically active defect states): by hydragenation ofthe 
material (about 10 at.% hydrogen), the defect density can be reduced by four to five 
orders of magnitude. 

In figure 1.1 the density of states in hydrogenated amorphous silicon is given as a 
function of the energy level. Like all semi conductors, amorphous silicon has a 
conduction bandEc and a valenee band Ev. Unlike e-S i, the band edges decrease 
smoothly instead of abruptly resulting in conduction and valenee band tails. The greater 
the disorder, the more the band tails extend into the band gap. The difference Ec- Ev is 
defined as the mobility gap, which is directly related tothefree carrier transport in 
amorphous semiconductors (electronic properties). The optical properties are described 
by the optical gap: Eb- Ea (see figure 1.1 ). 

0 0.5 1 1.5 2 / 
Energy [eV] 

Fig. 1.1 Density of states in hydrogenated arnorphous silicon. 

The optical gap of a-Si:H is a direct gap (intrinsic disorder), in contrast with crystalline 
silicon, where the gap is indirect. A result of this direct gap is the much higher optica} 
absorption of a-Si:H compared to c-Si. 
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In Chapter 3 the optica! gap will be discussed in the characterization of the different 
layers of a solar cell. 

Figure 1.1 also shows a large density of states (DOS) in the mid-gap region, which arise 
from dangling bonds. The DOS pins the Fermi level around midgap in undoped material 
(Trijssenaar, 1995). lfthe material is doped, the Fermi level will be shifted. 
In Chapter 3 a relation between the dangling bond density and the band tail slope will be 
discussed. 

1.4 Principles of p-i-n so/ar ce/Is 

A hydrogenated amorphous silicon (a-Si :H) p-i-n solar cell consists ofthree layers : a p
layer, an i-layer and a n-layer all made of hydrogenated amorphous silicon (see tigure 
1.2). The n-layer is doped with phosphorus atoms and the p-layer with boron atoms. 
According to Trijssenaar (1995) the doping efficiency in terms ofthe ratio offree 
carriers over the total dopant concentration is less than 0. 01%. Phosphorus atoms donate 
a free electron to the silicon network; consequently an ionized (positive) phosphorus ion 
lags behind, which creates a space charge. The boron atoms, on the contrary, accept a 
free electron and consequently a negative space charge is created. 

glass 

TCO 

p-type a-SiC:H 

n-type a-Si:H 

AlorAg 

Intrinsic 
a-Si:H 

Light 

1 ............ J 

e 

l 

Fig. 1.2 Schematic representation of a p-i-n solar cell 

Light travels through the p-layer (window-layer) and is absorbed in the i-layer (intrinsic 
layer). The absorption ofthe photons creates free electrous and holes, which are collected 
in the n- and p-layer respectively. The movement ofthe free carriers is driven by the 
electric field in the i-layer, caused by the sandwich ofthe intrinsic layer by a p-type layer 
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(Fermi level close to the valenee band) and n-type layer (Fermi level close to the 
conduction band). 

For solar cells of high efficiency it is firstly important that the p-layer absorbsas little 
light as possible. This is done by incorporating carbon into the silicon network, which 
will increase the optical band gap so that the layer is transparent for the visible part of the 
spectrum. Furthermore, the p-layer should sustain (together with the n-layer) a high 
electric field in the i-layer in order to collect the created free carriers. Secondly, as much 
light as possible should be absorbed in the i-layer (by tuning the band gap), and the 
created charge carriers should be collected in the front and back electrodes. This means 
the drift distance ofthe charge carriers should be larger than the thickness ofthe i-layer. 

The electrode on top ofthe p-layer is made ofTCO (Transparent Conductive Oxide); 
mostly made of tluorine doped tin-oxide (Sn02:F). Furthermore, a pyramidal structure of 
the TCO at the interface to the silicon, will scatter the incident light through the cell . This 
scattering increases the optical path length. The back contact (at the bottom) electrode is 
made of silver or aluminum, which has the additional advantage to reileet light back into 
the cell . 

The efficiency of solar cells is tested by means of their J-V -Characteristic ( current 
density versus voltage). In figure 1.3 such a J-V-Characteristic is shown. It can be 
obtained by illuminating the solar cell with an AM1 .5 (Air Mass 1.5) spectrum at an 
intensity of 100 mW/cm2

. The AM1.5 spectrum of 100 mW/cm2 equals the solar 
spectrum at 45°-north latitude on a sunny day in July. 

02 04 

l 
"-'"' 
....., -tl 

-J:J 

Fig. 1.3 Example of a J-V -Characteristic of a p-i-n solar cell. 

The maximum power point (mpp) is also shown in the figure and denotes the point at 
which the product of J x V is high est. The intersectien with the x-axis is called the open
circuit voltage, Voc and the intersectien with the y-axis the short-circuit current, Jsc· 
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Furthermore respectively the parasitic and series resistances are defined as 

RP = 1/(dJ) 
dV V=O 

(1.1) 

The jill factor (FF) is defined as (Vmpp . I mpp) /(Voc . J SC ). 

For the efficiency of asolar cell (when illuminated with the AM1.5 spectrum at an 
intensity of 100 mW/cm2

), the following equation is used: 

eff. = FF · Jsc · Voc (1.2) 

It is clear that Rs and RP mainly will influence the FF. The physical interpretation of RP 
are either shunts between front and back electrode, or recombination of free carriers; Rs 
denotes a series resistance in the TCO, the cantacts or the interfaces. A too low value of 
Jsc can indicate that the absorption in the p-layer is too high or that the p-layer is too 
thick; on the other hand it can also indicate that the absorption in the intrinsic layer is too 
low or that the intrinsic layer is too thin. 

1.5 The Helianthos concept 

Existing Roll-to-Roll production lines of a-Si:H (n-i-p) solar cells have some 
disadvantages. Somelines (Fuji, Iowa Thin Films) use a temperature resistant synthetic 
foil as substrate, which is very expensive (polyimide ~ 12$/m2

). Others (UniSolar, 
Canon) make use of a cheap and temperature resistant metal foil as substrate, which 
cannot be connected monolithically in series (because of short-circuiting). In that 
concept, the series conneetion is a labar-intensive and thus expensive process. 
Additionally, these two production concepts have to deposit the top TCO at "low" 
temperatures c~ 180 oe= deposition temperatures cell), which causes a sub-optima! 
quality. 

In the Helianthos concept the above mentioned disadvantages are avoided by using a 
metal superstrate ( cheap material) as a temporary carrier ( see tigure 1. 4). On the metal 
foil the TCO is deposited at a high temperature (good quality); secondly the a-Si :H p-i-n 
solar cell is deposited on the TCO with Plasma Enhanced Chemica! Vapor Deposition 
(PECVD). After the back electrode is sputtered on the a-Si:H a new permanent carrier of 
cheap synthetic material is laminated on the back contact In the next step the temporary 
metal carrier is removed and finally the whole cell is encapsulated (protection). 
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1. temporary 
carrier 

2. deposition 
TCO 

F ~: ::. ·: : :: " ::::::: ] 3. deposition 
_ _ a-Si:H (pin) 

1

=.1 St& _ ~&= =& :: . ~:: . - ~ 4. 
. . back-electrode 

(Ag/Al) 

5. lamination 
(permanent carrier) 

6. etching of 
temporary substrate 

7. encapsulation 

Fig. 1.4 Production process of p-i-n solar cells by using a temporary superstrate. 

1.6 Scope and contentsof this report 

In order to produce a representative reference solar cell (initia! efficiency± 8%) on both 
glass and a temporary superstrate, which can be used for testing ether processing steps, a 
batch PECVD machine is used. Additionally there can be understood more about 
matching & power coupling, gas consumption, etc. and testing in-line monitors for the 
design of a Roll-to-Roll PECVD-machine. The present work shows results of deposition 
experiments (p-,i- and n-layers, solar cells) with a batch PECVD-machine (Balzers 
Vertical Inline System, VIS-100) . 

In Chapter 2 a general description of the PECVD-process is given, followed by the 
principles of the deposition system used (VIS-1 00). This chapter will also give an 
introductory study ofthe matching & power coupling in the VIS-100. 
In Chapter 3 the material characterization is described: which requirements have to be 
met to achieve high quality p-, i- and n-layers. 
Chapter 4 gives an overview of all the experimental results and gives a comparison to 
data and trends showed in literature. During the experiments different input-parameters 
are varied, such as the flow of the used deposition gasses, the power, the pressure, the 
temperature and the electrode distance. Also the deposition of a number of solar cells is 
described. 
Finally, in Chapter 5 the conclusions and recommendations are summarized. 
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2. Plasma Enhanced Chemical Vapor Deposition of a-Si:H 

2.1 Theory 

2.1.1 Deposition process 

During PECVD of amorphous silicon, a silicon containing gas, usually silane (SiH4), is 
admitted to a vacuum reactor chamber with a background pressure typically smaller than 
1 x 1 o-6 mbar. In this vacuum reactor an electric field is maintained between two parallel 
plates, which will cause a gas discharge. The voltage used can be both DC (Direct 
Current) or AC, e.g. in the radio frequency (RF) domain (13 .56- 200 MHz). The gas 
pressure inthereactor is typically 0.1- 1 mbar. Plasma enhanced chemical vapor 
deposition is also called glow discharge deposition because of its visible luminosity of 
the plasma region. This luminanee is mainly the result of the de-excitation of molecular 
and atomie species contained in the plasma. 
The deposition process by an RF discharge can be described as a four step process: 

1. The first step is the creation of i ons, electrons and free radicals as a result of the 
primary reaction between electrons and the gas molecules. These are reactions like 
electron-impact excitation, dissociation and ionization of SiH4 molecules. 

2. The second step is the transport of these species to the substrate surf ace. This 
transport is accompanied by secondary reactions between molecules and ions or 
radicals. Reactive neutral species move to the substrate by diffusion, positive ions 
bombard the growing film . Negative ions are trapped within the plasmaand may 
eventually form small particles or dust. 

3. The third step consists of surface reactions of i ons and free radicals with the substrate 
surf ace, which can results in the adsorption of these species. 

4. The last step is the incorporation in the growing film or the re-emission from the film 
into the gas-phase of these species. 

According to Luft et al. (1993) there are at least three causes for poor quality 
hydrogenated amorphous silicon films: 1) ion bombardment (> 40 eV), 2) microparticles, 
and 3) growth resulting from radicals having high sticking coefficients. Dominant SiH3 

radicals in the plasma are believed to be essential for high quality a-Si:H films grown 
from both monosilane and disilane (Luft et al.). 

2.1.2 Capacatively coupled RF discharges 

In tigure 2.1 an example of a capacatively coupled RF discharge in a plane parallel 
geometry is represented. The two planar electrodes are separated by a distance d (typical 
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1-5 cm); one electrode (with substrate) is grounded, the other is connected to the RF 
power souree (Vr;, commonly 13 .56 MHz). Between the souree and the powered 
electrode a (blocking) capacitor is placed to avoid any DC current flowing through the 
plasma. Feedstock gasses are admitted to the flow through the discharge and effiuent 
gasses are removed by the vacuum pump. Behind the powered electrode a dark space 
shield is installed in order to avoid "sub-plasmas" between the electrode and the reactor 
wall. Often the dark space is filled with an insulating material such as teflon or ceramic. 

gas feed 

frame 
aroood 
electrode 

Vacuurn 
pump 

Plasma 

capacitor 

RF-source 

grounded 
electrode 

substrate 

sheath 

------ powered 
electrode 

Fig.2.1 Schematically representation of a capacatively coupled RF discharge. 

The ion plasmafrequency roP/27t (typically 0.5 MHz) is much smaller than the RF 
frequency (13 .56 MHz) and consequently ions will only react on time-averaged fields . 
On the contrary, the electroos react instantaneously on the electric fields and will carry 
the RF currents. Because of this ditTerenee in mobility between electroos and i ons, two 
RF boundary layers will arise: sheaths (see figure 2.1 ). These sheaths have a typical 
thickness of 10-l..o, with l..o the Debeye length (typical 0.1-0.5 mm). Between the two 
sheaths a luminescent glow discharge exists: the plasma bulk. Ifthe electron temperature, 
T.<<Vdc ( average potential over the RF sheath), we can assume the electron density in the 
sheath to be zero. The ion density is in good approximation constant through the whole 
plasma. 
The area between the two sheaths is Ohmically heated, while the potential difference 
over the moving sheath willlead to stochastic heating ofthe electron gas. The ohmic 
heating in the bulk is due to collisional momenturn transfer between oscillating electroos 
and neutrals. The stochastic heating is a result of the reflection of electroos from the large 
decelerating fields of a moving high-voltage sheath (power transferred to the electroos by 
the sheath). Furthermore the ions flowing out ofthe bulk plasma can be accelerated by 
the sheath fields to high energies as they move to the substrate, leading to energetic-ion 
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enhanced processes (Lieberman et al., 1994). Typical ion-bombarding energies cao be as 
high as Vr/2 for symmetrie discharges (like fig. 2.1). 
As mentioned above, due to the capacitor no DC current flows through the plasma. 
Consequently, within one RF period the electron current aod ion current balaoce each 
other. In most deposition systems, the discharge is not (perfectly) symmetrie due to the 
presence of large grounded surfaces (such as the wall). This asymmetry in size of the 
electrades results in a negative DC selfbias voltage Vdc on the powered electrode. (This 
is also the reason why depositions are done at the grounded electrode; otherwise the ion 
bombardment will result in poor films quality). 

2.2 Principlesof VIS-100 

The Balzers Vertical In-line System (VIS) 100 is used for all our PECVD processes. The 
system consistsof six vacuum chambers (background pressure <10-6 mbar) connected to 
each other by vacuum locks. Two vacuum chambers are used to respectively load (in
loek) aod unload (out-loek) the substrate. Between these in- aod out-loek three Chemica} 
Vapour Deposition (CVD) chambers aod one Physical Vapour Deposition (PVD) 
chamber is placed. The PVD chamber is used to sputter aluminum or silver contacts on 
the deposited a-Si:H layers (with ao argon plasma). With a transportation device, on 
which a substrate cao be placed, it is possible to move from chamber to chamber (in-line 
system). In figure 2.2(a) a picture is shown ofthe PVD chamber aod one ofthe three 
CVD chambers, while in figure 2.2(b) the in-loek is shown with some substrate holders 
in front of it. 

The three CVD chambers are used to deposit the individual p-, i- aod n-layers separately. 
CVD1 is used for n-layers, CVD2 for i-layers and CVD3 for p-layers. Every CVD 
chamber has a volume of 66 dm3 and the structure ofthe electrodes (aod the discharge) is 
the same as showed in figure 2.1. The traosportation device, with the substrate, functions 
as the grounded electrode and is heated from the back (see figure 2.1 ). The temperature 
of the heater cao be varied between 0 oe aod ± 700 oe and in Appendix A the calibration 
is shown of the substrate temperature versus the set-point temperature (for several flows 
aod pressures ofthe present gasses). It should be noted that the heater has no direct 
contact with the substrate. 

Electrode contiguration 

In front ofthe powered electrode a grounded metal frame was assembied (see figure 2.1). 
lts purpose is to keep dust and radicals from the small interstice between the powered 
electrode and dark space shield and secondly it forces the electric field to stay mainly 
between the two electrodes. The disadvaotage of this metal frame was that it may cause 
short-circuiting between the grounded frame aod the powered electrode. To operate more 
reproducibly we replaced the metal frame by a teflon frame. 
Furthermore, the electrode distaoce could be varied between 24 aod 74 mm. 
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(b) 

(a) 

Fig. 2.2 (a) The PVD chamber (left chamber) and a CVD chamber (right chamber) ofthe VIS-100. (b) 
The in-loek with some transportation devicesin front of it (of VIS-100). 

Power coupling 

The 13 .56 MHzpower souree is connected to the powered electrode by means of a 
matchbox, to achieve maximum power transfer (50 n output ofthe power souree should 
be matched to the extemal circuit). More about the matching and power coupling is 
described in§ 2.3 and § 2.4. The set-point power ofthe power soureescan be varied 
between 0 and 1.2 kW, however for powers higher than 250 W the cooling of the system 
should be increased. Typically a set-point power between 20 and 60 W is used. 

Gas injection 

In this system the gas flows from top to bottorn between the vertically mounted 
substrates and the powered electrode (no showerhead distribution). In process several 
gasses are added and a typ i cal pressure of 0.1-1 mbar is used. The gasses which can be 
used are: argon (Ar), hydrogen (H2) , silane (SiH4) , carbon-tetra-fluoride (CF 4) with 5% 
0 2, 5% diborane (B2~) in hydrogen, 5% phosphine (PH3) in hydrogen and methane 
(CH4) . For the deposition of p-layers a mixture of methane, silane, hydrogen and 
diborane is used. The n-layers are deposited with a mixture of silane, hydrogen and 
phospine. The i-layers are deposited by using a mixture of silane and hydrogen. The 
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individual flows of all these gasses can be varied by means of Mass-Flow-Controllers 
(MFC's). The range ofthe MFC's can be varied between 0-10, 0-50, 0-100, 0-200 or 0-
1000 standard cubic centimeter per minute (seem; cm3min-1 at 1 atmosphere and 293 K). 
The calibration ofthe MFC's is described in Appendix A. 

Pumps 

Every vacuum chamber is equipped with a roughing-pump and a turbo-molecular pump 
(TPH 330 or -340) to achieve the low background pressure (<10-6 mbar). Every CVD 
reactor has also an extra roughing-pump and a roots-pump (WKP 250 A), which are used 
to keep the pressure constant during the deposition process (about 0.1-1 mbar). 
Furthermore the gasses which are pumped away are diluted with nitrogen (N2) in order to 
keep the concentratien of silane under the critical, ignition concentratien when released 
to the atmosphere. 

Cleaning 

During the deposition a part ofthe a-Si:H will be deposited on the powered electrode or 
on the reactor walls. Especially when depositing in the y' -regime (see Chapter 4), clusters 
ofnegative charged particles are formed (dust), which pollutes the reactor (both electrode 
and walls) to a large extent. Wh en this deposited layer gets too thick, it will flake and 
negatively influences the deposition of a-Si:H layers on the substrate. This is why the 
deposition chambers need to be etched, periodically. For etching, a plasma of CF 4 with 
5% 0 2 is used. The produced fluorine atoms and fluorine-carbon radicals will react with 
the silicon into SiF2 and SiF 4 molecules and can be pumped away. The addition of 
oxygen (02) helps to increase the content of the reactive fluorine radicals. 

2.3 General description of Matching Network 

In order to improve power coupling from a RF power supply (e.g. 13.56 MHz) into a 
discharge, a Matching Netwerk is placed between the supply and the powered electrode. 
The matching netwerk is tuned to match the impedance ofthe reactor (with plasma) to 
the 50 Q output impedance of the RF power supply by adjusting two variabie capacitors 
('tune' and 'load') to obtain minimum reflected power. 

2.3.1 Maximum power transfer 

Consider a discharge described as a load having impedance ZP =RP +jJÇ, where RP is the 
discharge resistance and JÇ is the discharge reactance. The power souree is described as a 

voltage souree with complex amplitude VT in series with a souree resistance Rr 
(Thevenin). The time average power flowing into the load is: 
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(2.1) 
- - ~ 

where Vrf is the complex voltage across ZP" With additional equations for Ir! and Vrf, 

we obtain (Lieberman et al., (1994)) 

(2.2) 

If we assume the souree parameters ( Vr and Rr) fixed, maximum power transfer is 

obtained by setting 8P I 8X P = 0 and 8P I 8RP = 0. These conditions give x;, =0 and 

RP =Rr . The maximum power de livered to the load is then 

P = !_ lvrl
2 

max 8 R 
T 

(2.3) 

In practical situations XP is not zero and RP « Rr; in such a situation the power which is 
dissipated in the discharge is less than the maximum souree power. To enhance power 
coupling into the discharge, a matching network is placed between the souree and the 
discharge. 

2.3.2 Maximum power transfer conditions 

In figure 2.3 a circuit is shown where the discharge (the load) is matebed to the souree by 
aso called "L-network" (most common configuration). The L-network consistsof a 
shunt capacitor CM and a series inductor Lu 

,.....----,~ 
1---;-------.--r-1 

Souree 
2 3 

Discharge 
L-Network 

Fig. 2.3 Circuit for matching the rf power souree to the discharge using a L-network 
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As described above maximum power transfer is achieved, if the imaginary part of the 
impedance at location 1 (see tigure 2.3) is zero and the real part of the impedance at 
location 1 is equal to RT. It can be derived (see Appendix D) that this matched condition 
will require the following values of LM and CM 1

: 

(2.4a) 

(2.4b) 

From equations (2.4) it can be seen that for a real salution of CM and LM the value of RP 
must be less than RT. Reducing the RF power will increase RP and consequently RP may 
become larger than RT. In such situations a different matching network ( 7t-type) must be 
used. 
The next paragraph aims to give a better understanding of the nature of the discharge 
impedance Zr 

2.4 Power coupling in a capacatively coupled RF discharge 

2.4.1 Introduetion 

In order to improve and control the power coupling of a capacatively coupled RF 
discharge, an introductory study is done about the simulation of the plasma by means of 
an electrical circuit. Furthermore the study can give some rules for the design of a plasma 
reactor of larger dimensions. 
In tigure 2.4, a schematical description ofthe system is shown. The system consistsof an 
RF power supply with a 50 n output impedance and a frequency of 13.56 MHz. Between 
the souree and the extemal circuit a matchbox (MB) is placed in order to improve the 
power coupling. The matchbox is connected to the chamber (at the vacuum throughput) 
by a coax cable with length 11 of0.7 m. The inner conductor ofthis cableis made of 
copper-wires and has a total radius of 1 mm. The outer conductor is also made of copper 
and has a radius of 7 mm; the insulation between the inner and outer conductor is made 
of teflon. The vacuum throughput is connected to the dark spaceshield (space behind the 
powered electrode; electrical representation: Cds) by a coax cable with length 12 of0.6 m. 
The inner conductor of this cable is made of small, twisted copper wires with a total 
radius of 0.8 mm. The insulation between the inner and outer conductor is made of 
ceramic beads. The powered electrode has an (effective) area of (0.1x0.3) m2 and is 
placed at a distance of 49 mm from the grounded electrode. The discharge is described as 

1 Note: these equations are slightly different than the result ofLieberman et al. (1994), because they made 
a mistake in the denvation of equation (11.6.8). 
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an impedance ZP= RP + jJÇ,, where RP is the discharge resistance and JÇ, is the discharge 
reactance. 

Vacuum 
RT throughput Jrf 

,.. 

IJ 12 

VT MB ZP cds 
Souree vrf 

- Matching 
Discharge 

- -
Network 

Fig. 2.4 Schematic representation of the system used for the study of the power coupling 

At first an electrical representation of the plasma, the dark space and the transmission 
lines is described. Secondly, a theoretica! model is described todetermine analytically the 
values (including their tolerances) of the electrical plasma components (plasma resistance 
and the sheath capacitances ofthe discharge). Finally the values of these components are 
fitted to the values obtained by measurements with an ENI V/I-probe (RF Plasma 
Impedance Analyzer). 

2.4.2 Electrical representation 

In figure 2.5 an electric circuit is shown, representing the plasma, dark space and 
transmission lines (see § 2.4.2.1) in a simple form. We assume to have a parallel plate 
discharge with Cas and Ch the capacity ofthe dark shield and the capacity ofthe two 
plasma sheaths respectively. c.h consists of two sheaths cshl and csh2 and consequently 

C sh = C shl · C shz I( C shl + C shz); in the situation that Ch1=Ch2 we get: Csh =Csh/2=Csd2. 
Furthermore RP is the discharge resistance and the transmission lines are presented by 
means ofthe impedance Zk. Between the extemal circuit and the RF-power source, a 
matchbox (MB) is placed to obtain maximum power transfer. 

Plasma Enhanced Chemical Vapor Deposition of a-Si:H 16 



Plasma Enhanced CVD of a-Si:H solar cells 

ZL l 
Souree 

MB r- ~I 

Discharge 

Fig. 2.5 Electtic circuit, which represents the plasma (Rp and Csh), the dark space Cas and the transmission 
lines Zk. 

With this electric circuit, one can derive the following expression for the impedance of 
the load, ZL on the right side ofthe transmission lines (see tigure 2.5): 

Ifwe assume that Rp =100 Q, Csh=50 pF and Cas=430 pF (the values of these components 
will be grounded in§ 2.4.4), we get the following values foraLand bL and the phase <j): 

• aL= 0.95 Q 

• bL = -24.8 n 

• $ = arctan(!!J_J · 
180 

= -87.8° 
ai 1t 

Apparently, the load shows a capacatively behavior. 

2.4.2.1 The inttuenee of transmission lines on the power coupling 

The electric power is carried from the matchbox to the discharge by means of cables 
consisting of two conductors that may be thought of as conveying current to and from the 
generator (transmission lines). These transmission lines can sweep the voltage and 
current to higher values at the place of the powered electrode (in comparison to the 
values justafter the matchbox). 
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A small section of such a cable of length dx can be presentedas in figure 2.6a. The 
cables will possess distributed capacitance and self-inductance, and they will also have 
resistance along the conductors and conductance between them. C, L, R and G are the 
magnitudes of these parameters per unit length of the cable. The complete transmission 
line can be presented by its characteristic impedance, zk (figure 2.6b). 

Ldx Rdx 

Cdx 

------------------------------------~ 

dx 
(a) 

Transmission 
line, length 1 

Load 

(b) 

Fig. 2.6 (a) small section of a transmission line with parameters; (b) Complete transmission line 

presented by its characteristic impedance Zk> which is connected with the load (ZL)· 

Ifwe let Z=R+iroL and Y=G+iroC, the impedance Zdx will cause a drop in potential 
difference dV and the admittance Ydx causes an increment in current dl. Duffin (1980) 
gives for the characteristic impedance the following expression: 

z, = ~ and forloss-less cables: z, = ~ (2.6) 

Forstanding waves in such loss-less or H-F lines, the propagation constant y = JYZ is 
imaginary and constant: y=ij3. Here the phase constant j3=2n/À., where À. is the wavelength 
(22, 1 m for 13,56 MHz). In such situations the input impedance of cables + load, Zin can 
be written as (Duffin, 1980) 

z. = z (ZL +i·Zk tan 131) 
m k ( Z k + Ï · Z L tan 131) 

(2.7) 

Duffin (1980) also gives the following equation for the magnitude ofthe potential 
difference as a function of the position x: 

(2.8) 
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In this equation x is the position in the transmission line, where x=O is the place of the 
load (see tigure 2.7). As described above the cables consist oftwo conductors that may 
be thought of as conveying current to and from the generator: the transmission lines. In 
tigure (2. 7) the complex voltage and current of the wave travelling from the left to the 
right is represented by V2 and / 2 and of the reflected wave by V1 and 11. The reflection 
coefficient p is detined as V/V2 at x=O and is written as lplei9

. 

As x varies, lVI passes through maxima and minima; this explains why the voltage can 
have a different value at the powered electrode compared to the value just after the 
matchbox (see tigure 2.5). 

I 

x=-/ x=O 

Fig. 2. 7 Reflection from end of mismatebed line 

When we assume to have a discharge model as shown in tigure 2.5, equation (2.5) will 
describe the impedance ofthe load (ZL). Together with equation (2.7) the following 
expression for the total impedance, zin of the transmission line + dark space + plasma is 
obtained: 

(2.9) 

Ifwe assume that ro=l3,56 MHz, RP=100 Q, Csh=50 pF, Cds=430 pF and Zk=50 Q 

(normal value for transmission lines), /=1.3 m, we get the following values fora; and b; 
and the phase <1>: 

• a;= 0.77 n 
• b;= -4.6 n 

(biJ 180 0 • <1> = arctan - ·- =-80.5 
ai 7t 

The value of Zk =50 n is also calculated, by assuming a dielectric constant ~r=3 of the 
insulation between the inner and outer conductor ofthe cable. This insulation is partly 
made of ceramic beards and has consequently a lower Er than solid ceramic materiaL 
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When we chose Zk=75 n different values fora;, h; and the phase <I> are obtained: 
• a;= 0.86 n 
• h;= 3.73 n 

• <I> = arctan(!lJ · 
180 

= 77.1 o 
ai 7t 

It is clear that Zk ( and l) has a significant influence on this final result if the length of the 
cab les, lis in the order of the wavelength, A. 

2.4.3 Theoretica! model of the electrical plasma components 

In this subsection an analytica! model (according to Lieberman et al. (1994)) is described 
in order to estimate the electrical plasma components Rp and Csh· With the calculated 
values a good comparison can be made with the VII-probe data. Firstly we will give the 
theoretica! background ofthe different equations according to Lieberman et al. (1994). 
Secondly the values of the different electrical plasma components are estimated 
(including their toleranee) with an Ex cel worksheet made by E.A. G. Hamers. 

2.4.3.1 Theoretical background 

We assume to have an inhomogeneous plasma bulk and inhomogeneous sheaths (electron 
density, ne is variabie as function ofthe place in the sheath) and that the discharge is 
symmetrie and electropositive. Also we assume that the ions only respond to the time-

averaged potentials; this means ro ~; <<ro 2
, where ropi is the ion plasma frequency. (For 

ions with a mass of 14 amu and an electron density of 1015m-3
, roP/2n ~ 0.5 MHz, which 

is much smaller than ro/2n (13.56 MHz)). Furthermore, the electrans respond to the 
instantaneous potentials and carry the rf discharge current. 

• The sheath capacitance 

The capacitance of a single sheath can be written as 

g·E 0 ·A 
Csh = (Typically 100 pF for A=0.03 m2

) 

dsh 
(2.10) 

with A the electrode area [ m2
], dsh the sheath thickness [ m ], which is assumed to be ten 

times the Debye length ( 1 0* 'Ao), and g a factor which depends on the charge distri bution 
in the sheath. Lieberman et al. (1994) give a value of0.613 ifone considers a 
collisionless sheath and a value of 0. 76 if one considers a collisional sheath. Hamers 
( 1998) gives for g a value of 2 in the case of a homogeneaus charge distri bution over the 
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thickness of the sheath and a value of 1 if one assumes that all charge is located at the 
plasma sheath interface. We have chosen for ga value of0.76 (collisional sheaths). 

• The resistances 

The plasma resistance RP is the component, where the electric power is dissipated. To 
obtain the value ofthe resistance RP [Q] one has to consider both electron heating 
mechanisms as well as the power dissipated by ion acceleration in the sheaths. 

1. Ohmic heating in the bulk 

The time-average power per unit area deposited by ohmic heating in the bulk plasma, 

Sohm [W/m2
], is due to collisional momenturn transfer between the oscillating electrons 

and the neutrals. 
Lieberman et al. gives the following equations for the electron ohmic heating in the bulk 
per unit area: 

S ~ 1.73---s e ro 2v T112V112 -ln tan -+-~-'-- m n 2 (7t Ad) 
ohm 2e no 0 m e I ~ 4 4 ' 

À; ~(i} 

À; ~(i} 

(2.11a) 

(2.11b) 

where cos(2~/2)=njn0 (0.65 in our case) and mis the electron mass [kg], ns the density at 
the plasma sheath interface [m-3

], n0 the plasma density, e0 the permittivity offree space, 
dthe thickness ofthe plasma bulk [m] (~l-2dsh), Ài the ion mean free path [m] and vm 
the electron-neutral collision frequency [s-1

]. The electron temperature Te is given in eV. 

V1 [V] is the fundamental rfvoltage across a singlesheathand is related to V (the 

average voltage across each sheath); V ~ 0.83V1 in the case of a collisionless sheath and 

V~ 0.78~ in case of a collisional sheath. We approximate V1 with V j2 assuming that 
the voltage drop over the plasma bulk is neglected. 

2. Ohmic heating in the sheath 

Also in the sheath the electrons will collide with the neutral gas due to their oscillation; 
this processis responsible for the ohmic heating in the sheath. Fora uniform bulk 
plasma, the ohmic heating within the sheath exceeds the bulk heating when (Lieberman 
et al.) 

(
V J11z 

dsh ; ?.d (2.12) 
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If we have a sheath thickness of 3 mm, and a Vrr30* Te, the left part of this equation has 
a value of about 16 mm, which is some smaller as the thickness of the plasma bulk, d. 
Consequently the ohmic heating in the bulk is not negligible. 

Fora collisionless sheath, Lieberman et al. gives: 

We used this equation as a approach of the collisional sheath. 

3. Stochastic electron heating 

The stochastic power transfer, Sstac, is a result of the reflection of electroos from the 
large decelerating fields of a moving high-voltage sheath (power transferred to the 
electroos by the sheath). Lieberman et al. gives the following power per unit area for this 
process with the assumption that the sheath motion is (much) slower than the electron 
thermal velocity: 

(2.14) 

This equation is derived in the case of a collisional sheath (in the case of a collisionless 
sheath the factor 0.61 should be replaced by 0.45). 

4. Altogether 

- - -
Se = S ohm + 2S stac + 2S ahm,sh is the total time-average electron power per unit area. To 

obtain the total dissipated power, also the power lost by the ions, siom should be known. 

5. Ion acceleration 

Bes i des the influence of the electrons, the i ons will also contribute to the power 
dissipation. Ions will accelerate in the sheath and strike at the electrode with high 
energies. The ion kinetic energy per ion hitting the electrode is 

eian =V R: 0.83 · v; (2.15) 

fora collisionless sheath. According to Lieberman et al. (1994), the electron power 
balance equation is given by 

- -
Se = Sohm + 2Sstac = 2ensus(ec + 2TJ (2.16) 
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With Ec the collisional energy lossper electron-ion pair created (about 100 eV) and u8 the 
Bohm velocity (the loss velocity). 

The power dissipated by the i ons is consequently (Lieberman et al.) 

s ( o.s3v; Jes 2s > 
ion = l Ec + 21'" ohm + stoc (2.17) 

6. The value of the total plasma resistance, RP 

The total plasma resistance (including the effect of the sheaths) is now defined by: 

R = 2·Stot. A 
p 12 

pi 

(2.18) 

with Stot =Se+ Siom A the electrode area and Ip1 the plasma current (::;:: Vr}Zsheath). 

2.4.3.2 Calculation of the electrical plasma components 

With the equations described above, an estimation can be made of the values and the 
tolerances ofthe electric plasma components RP and Csh (with worksheet by E.A.G. 
Hamers). An overview of these calculations is shown in tables 2.1a and 2.1b. In these 
tables, Ec is the energy, which is necessary to create an electron-ion-pair (thus including 
the energy, which is lost due to dissociation, excitation, etc.). Furthermore Àv is the 
Debyelengthand vm is the callision frequency between the electrons and the neutrals. 

We can conclude that according the inhomogeneous plasma model, the parameters of RP 
and csh have a value in the following range: 

• 15pF<Csh<60pF; 

• 5o n < Rp < 5oo-1ooo n. 
The estimations of these ranges are made on basis of physical relevant values of the input 
parameters, as shown in the first columns of tables 2.1a and 2.1b. 
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Table 2.1a. Calculation of the electric plasma components with the inhomogeneous plasma-model 

(including tolerances). Variation of electron density, RF voltage and Ec. "--" means same value as 
"Standard Value". 
Input parametn~ Standani \·ariation' "ith rcspl·rt to 'tandard 'alul's 

\ allll' 

Pressure (Pa) 50 
Gas temperature (K) 300 
RF frequency (MHz) 13 .56 
Vn(V) 200 100 50 
Te (eV) 3.1 
ne (m-3) 1x1015 1x1014 1x1016 

Ec (eV) 100 70 
Ion mass, ~ ( amu) 40 

dsh (m) [=10*A.o] 4xl0-3 

e-a coll. freq.,vm (s-1
) lxl09 

Table 2.1b. Calculation ofthe electtic plasma components with the inhomogeneous plasma-model 

(including tolerances). Variation ofEc, electron temperature and a combination ofT. & ne; "--" means 
same value as "Standard Value". 
Input parameters Standani \ ariation' "ith rt'S(H'Ct to 'tandard ':tlul'' 

\ :tllll' 

Pressure (Pa) 50 
Gas temperature (K) 300 
RF frequency (MHz) 13.56 
vrf (V) 200 
Te (eV) 3.1 
ne (m-3) lxlOis 

Ec (eV) 100 
Ionmass, ~ 

dsh (m) [=10*Av] 
e-a coll. 

130 

2.5 4 4 2.5 
1xl014 lx1016 

3.7xl0-3 4.7xl0-3 15xl0-3 1.2xl0-3 

8.6x 1 os 1.4x 109 1.4x 109 8.6x 1 os 
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2.4.4 Determination of the electrical component values by means of the V/1-
probe measurements 

In this subsection the values ofthe different components ofthe circuit (figure 2.5) are 
estimated in order to reproduce the data ofthe ENI V/1-probe (RF Plasma Impedance 
Analyzer). The V/1-probe is placed justafter the matchbox of an existing capacative 
discharge, and at this place the following data are measured: the plasma impedance Z;m 
the rms current Irms> the rms voltage V rms and the phase angle <I> between Vand I. 
Secondly, these estimated values are compared to the value-range predicted by the 
inhomogeneous plasma model (as described inthelast subsection). 

Firstly the value ofthe dark space capacity, Caswas measured with a Hewlet Packard 
4285A LCR precision instrument (75kHz- 30 MHz), which gave a value of 430 pF. 
The dark space capacity is defined as: 

C _ ao ·ar· Aelecrroae 
d -

s d dark-space 

(2.19) 

Ifwe take for the dielectric constant ar a value of 4.85 (ceramic material), for the 
electrode area A electrode =(0 .1 xO. 3 )m2 and for the ( effective) dark -space thickness 
daarkspace=3xl0·

3 m, we find this measured value of 430 pF. 

The V/1-probe measurements showed a behavior, which cannot bedescribed by the 
circuit as showed in figure 2.5. That circuit suggested for the case "Plasma OFF" (CP 
equals the capacity of the reactor and RP =0): Re(Z;n)=O n and <1>=-90° ( capacative 
behavior). On the contrary, the V/1-probe data yield that the Re(Z;n)~7 .0 and <1>~+55° 
(inductive behavior). The same behavior took place for the case Plasma ON. 

Apparently the electrical representation as shown in figure 2.5 is incomplete; some extra 
components need to be added. At first, the real part of the input impedance Z;n needs to 
be about 7 .0. By assuming an extra resistance Re in series with the transmission lines, 
this real part can be reproduced. Secondly, the extemal circuit needs to show an inductive 
behavior ( <j>>O), which can be reproduced by adding an extra inductance Le in series with 
the transmission lines. Only by adding these parasitic components (see figure 2.8), the 
V/1-probe data could be explained. 

A possible explanation of these parasitic componentsis given here below: 
• At first, the cable in the reactor might originate the extra inductance Le. This cable 

consists oftwo layers ofseveral small wires (copper) which are tumed around each 
other. The exterior layer is tumed clockwise and the interior layer anti-clockwise; this 
might explain together with the self-induction the parasitic inductance. 
A cable without skin effect (homogeneous current through the cable) has a typical 
self-inductance of 50 nH/m (our cable has a lengthof 1,3 m). 
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Souree 

• Secondly, the parasitic resistance Re might be explained by the vacuum throughput at 
the chamber and by the resistance of the cables in the reactor. The cable consists of 
ca. 6 small copper wires, with an individual radius of± 0,2 mm and a lengthof 1,3 
m. If we assume that current will go through the wires till their skin depth, 

8 skin = ~2 p m jro llo , we find a value of Re, i = p m ·I I( Aeff) = 1 Q/wire. This means a 

contribution of about 1/6 n by the whole cable. In these equation Prn is the resistivity 
of copper, J..lo is the magnetic permeability of vacuum and Aeff is the effective area of 
the current path through the wires. 

MB 

Vll-Probe 
Measurements 

z. m 

' 

I 
i 
1 ........... .. 

i ZL 
! 

I 

Fig. 2.8 Electtic circuit with added "extra" components, L. and R •. 

~~ 

Discharge 

In table 2.2 the values of the circuit components are shown, which give agreement 
between the calculated and the measured (V/1-probe) values ofthe plasma impedance and 
phase angle. In the table, four different situations are shown, divided in two pairs. Both 
the first two as the second two situations, where measured at the same date. The input 
parameters of situation 2a areabout the same as situation la, but the V/1-probe 
measurements showed a bit different values for the plasma impedance and phase angle. 
This can be explained by "sub-plasmas" between the outer and inner conductor of the 
coax cables and by oxidation ofthe cables. 

It should be noted that we chose a value of 50 n for the characteristic impedance zk and a 
lengthof 1.3 m for the transmission lines. Furthermore, ifthe plasma is offwe 
represented the vacuum chamber by a single capacity Ch of 5 pF ( capacity of vacuum 
between two electrodes) and consequently the resistance RP is assumed to be infinitely 
small (lxl0-10 n; "short-circuit"). 
Input parameters ofthe four different situations in table 2.2: 

la Noplasmaand no gasses in the reactor, P=5-20 W, T=293 K; 
lb Argon plasma, p=0.5 mbar, Q=50 seem, P=30 W, T=293 K; 
2a No plasmaand no gasses in the reactor, P=20 W, T=293 K; 
2b Argon plasma, p=0.5 mbar, Q=50 seem, P=l50 W, T=293 K. 
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Table 2.2 shows that typical values of RP and Ch are respectively 150 Q and 50 pF, in 
order to achieve consistenee between the measured (V/1-probe) and calculated Zin and <I> 

( electric circuit). These values of Rp and Csh are within the theoretically predicted range 
as described inthelast paragraph (§ 2.4.3.2). 

Table 2.2 Valnes ofthe circuit components, which give agreement between the calculated and measured 
valnes of the and 

1b 

2a 

2b 

Re(ZJ (Q) 
Im(ZJ (Q) 
<I> CO) 

Re(ZJ (Q) 
Im(ZJ (Q) 
<!>CO) 

Re(ZJ (Q) 
Im(ZiJ (Q) 
<I> CO) 

Re(ZJ (Q) 
Im(ZJ (Q) 
<!>CO) 

~(Q) 
c.h (pF) 
Cds (pF) 
Le (nH) 

Re 
~(Q) 
c.h (pF) 
Cds (pF) 
Le (nH) 

~(Q) 
c.h (pF) 
Cd. (pF) 
Le (nH) 
Re 
~(Q) 
c.h (pF) 
Cds (pF) 
Le (nH) 
Re(Q) 

430 
240 
7.5 
150 
50 
430 

430 
210 
6.5 
150 
50 
430 
280 
6.5 

Re(ZJ (Q) 
Im(ZJ (Q) 
<I> CO) 

Re(Zm) (Q) 
Im(ZJ (Q) 
<I> (0) 

Re(ZJ (Q) 
Im(ZJ (Q) 
<!>CO) 

Re(Zin) (Q) 
lm(ZJ (Q) 
<I> (0) 

It should be noted that the value of the dark space capacity in our system is very high in 
comparison with Csh· Consequently the impedance of the dark space is low and most of 
the current will go through this part of the circuit, instead of through the plasma. The 
dark space capacity dominates the extemal circuit and as aresult the V/1-probe is not 
very sensitive to variations in the plasma, which is demonstrated in tigure 2.9. In tigure 
2. 9a, the Real and Imaginary part of Zin are simulated as a function of the plasma 
resistance RP. In tigure 2.9b, the Realand lmaginary part of Zin are simulated as a 
function ofthe sheath capacity CP2 (=Csh) . Both tigures show that for low values ofthe 
dark space capacity Cds the impact ofvariations of RP or CP on especially Re(Zin) is larger. 
Furthermore, for low values of Cds the Im(Zin) has negative values, which indicates that 
the inductive behavior dominates the capacative behavior. 
Another important observation is the high value of Re, which will cause a disproportional 
dissipation of electric power ( oc YR) in this resistance instead of in the plasma. 
Furthermore the current through Re (!tot) is about a factor 2 larger than the current through 
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the RP (lp) (I P I !tot = IZ ds I tiz P + Z ds I). This means that the dissipated power in R. is about 

a factor 4 larger than the dissipated power in the plasma. 
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Fig. 2.9a. Simu1ation of respectively the real and imaginary part of Z;n as a function of the plasma 
resistance RP and dark spaceshield capacity Ca,. Other parameters: CP=50 pF, lc=1.3 m, Zk=50 Q, L.=300 
nH and ~=7 Q. Rp varles from 0 Q to 600 Q; (--): Ca,=430 pF, (--): Ca,=300 pF, (--): Ca,=lOO 
pF, (--): Ca,=40 pF. 

.40.834625. 
60 

Re (zin (cp2 ·10- 12 , 430·10-12)) 

Ro (zm(cp2·1o- 12 , 300·10- 12)) 
40 

Ro (zin(Cp2 ·1o- 12 , 100·1o- 12)) 

Ro(zin(Cp2·1o- 12 , 40·I0- 12)) 
20 

.!).962054. 0 t:...._ __ ....__ __ _, 

.20.328769. 
50 

Im (zm(cp2 ·1o- 12 , 430·1 o-12)) 

1m (zm(cp2 ·1o- 12 ,3oo·10-12)) 

lm (zm(Cp2 ·10-!2 ,100·1o-12)) 

- ( ( -5o 
lm Zin Cp2·1o- 12 ,40·I0-12)) 

.-79 . 896235~ 100 

I 

r- -

v 
V 

0 100 200 
J. Cp2 ..200. 

0 

J. 
100 

Cp2 
200 
.200. 

Fig. 2.9b. Simu1ation of respectively the real and imaginary part of Z;n as a function of the plasma 
capacitance CP1 and dark spaceshield capacity Cds. Otherparameters: RP=l50 n, lc=l.3 m, Zk=50 Q , 

L.=300 nH and ~=7 Q. CP1 varles from 1 pF to 200 pF; Q; (--): Ca,=430 pF, (--): Ca,=300 pF, 
(- ): Ca,=lOO pF, (- ): Cas=40 pF. 

2.4.5 Summary 

In order to improve and control the power coupling of a capacatively coupled RF 
discharge, an introductory study is done about the characterization of the plasma by 
means of an electrical circuit. An analytica! model was used in order to calculate the 
values of the electric plasma components. The calculated values were compared to the 
values predicted by V/1-probe (RF Plasma Impedance Analyzer) measurements. 
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In the current geometry of the system, we cannot detect many variations in the plasma 
components when the process parameters (like power, flow, etc.) are varied. The main 
reason is the fact that the dark space impedance (1Zdsl=30 Q) is much smaller than the 
plasma impedance (IZP\:::.280 Q). Consequently the main part ofthe current will flow 
through the dark space and not through the plasma. Also a big part of the electric power 
is dissipated in the parasitic resistance Re (and thus not in RP). 

Suggestions for adaptations on the electric circuit, in order to achieve greater sensitivity 
for the plasma properties are: 

• Changing the ceramic plate in the dark space shield by a plate with a lower 
dielectric constant (e.g. teflon). Consequently the dark space capacity Cds will 
have a lower value. 

• Changing the cables between the matchbox and the powered electrode by 
cables with lower values of Re and Le and with a length as short as possible. 

• Changing the vacuum throughput by a throughput with lower resistance. 

Plasma Enhanced Chemical Vapor Deposition of a-Si:H 29 



Plasma Enhanced CVD of a-Si:H solar cells 

3. Material characterization: optical, electronic and structural 
properties 

3. 1 Intrinsic hydrogenated amorphous silicon 

There are two basic requirements for the intrinsic layer of a solar cell: it should absorb as 
much light as possible by moving electrons from the valenee band to the conduction band 
("current generation"), and the drift distance ofthe charge carriers should be much larger 
than the layer thickness ("current collection"). 
The minimum set of characteristic parameters that should be determined to qualify 
(intrinsic) hydrogenated amorphous silicon for use in p-i-n type solar cells consists ofthe 
photo conductivity crPh' the dark conductivity crd, the activation energy Ea ofthe dark 
conductivity and the optical band gap Eg. The photo conductivity is an indicator of the 
charge carrier generation (by light absorption) and their mobilities. The dark conductivity 
indicates the presence of impurities (recombination centers) in the materiaL Furthermore 
the optical band gap determines the dependenee of the absorption on the photon energy. 
The absorption coefficient a at the wavelengtbs of 400 nm and 600 nm is also useful to 
specify the quality of the material, because the optical band gap does not give the 
absolute value of the absorption. 
Additional parameters are the midgap electronic density of states ( determines 
recombination centers), the hydrogen bonding parameters ( determines the 
microstructure) and the layer thickness (must besmaller than the drift distance of charge 
carriers). 

3.1.1 Electronic properties 

3.1.1.1 The photo conductivity cr ph 

The photo conductivity crph of an amorphous film is given by (Trijssenaar, 1995) 

(3.1) 

with Aab the total absorption of the film, I the incident photon flux, llg the quanturn 
efficiency for photo-carrier generation, 11 the drift mobility of the carriers, 1: their lifetime 
and d the thickness of the film. Equation (3 .1) shows that for a specific film thickness, a 
high photo conductivity is obtained ifthe absorbed photon flux (Aab·I) is high and ifthe 
quanturn efficiency-mobility-lifetime product, llgJ.l1: (the photo conductivity, corrected 
with the absorbed photon flux) is high. 
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The photo conductivity can be determined from a single layer deposited on highly 
resistive glass. On this layer strips should be sputtered ( or evaporated) with a low work 
function and a small mutual distance (< 1 mm). We used strips with a length of25 mm (a 
width of2.5 mm) and a mutual distance of0.5 mm. Now the film is illuminated with a 
solar simulator that has the AM1.5 spectrum at an intensity of 100 mW/cm2

. The 
conductivity is now be determined with 

lb 
cr =-

Vld 
(3.2) 

where I is the measured current, V the applied voltage, d the thickness of the silicon film, 
b the distance between the strips, and I the length of the strips. 

According to Schropp and Zeman (1998) the requirement is that crph > 1 x 10-s n-1cm-1 

(fora typical film thickness of 500 nm). For thin films(< 380 nm) a correction is made 
for the photo conductivity, because many of the electrical and photoelectrical properties 
of a-Si:H depend on the film thickness. This correction is described in§ 3.1.1.4. Yang et 
al. (1990) attribute this thickness dependenee ofthe photo conductivity to the effect of 
surface recombination. 
When the photo conductivity is corrected for the absorbed photon flux, we can determine 
the film quality independent on the Aab·f-product. In amorphous silicon, 'llg = 1 for 
absorbed photons. For the mobility-lifetime product a device quality value of !J.t~ 1 x 1 o-7 

cm2N at 600 nm is assumed. 
The photo conductivity alone is not enough for determining the electronic film 
properties; it should be seen in combination with the dark conductivity (see § 3 .1.1.2). 
For example an intrinsic layer with 0.5 at.% 0 impurities has both a high photo 
conductivity and a high dark conductivity. Device quality material has a high photo 
conductivity in combination with a low dark conductivity. Mostly the photo response 
crPicra is used as an extra (opto-electronic) parameter and should be very large (oc 106

). 

3.1.1.2 The dark conductivity cr d and its activation energy Ea 

The dark conductivity cra is dependent on the temperature and on the activatien energy Ea 
of the deposited film 

cr d (T) = cr 0 exp( -Ea I kT) 

E 
=> lncr d (T) = lncr 0 - _a 

kT 

(3.3) (a) 

(3.3) (b) 

Here 0"0 is a conductivity prefactor, T is the absolute temperature and kis Boltzmann' s 
constant. 
The activatien energy gives the energy difference between the F ermi level and the 
conduction band edge for electron transportand the difference between the Fermi level 
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and the valenee band edge for hole transport. Combined with the optical gap (see § 
3 .1.2.1 ), the value of Ea is a good indicator for the presence ( or absence) of impurities. 
Small impurities (e.g. B or P, 0 or N) shift the Fermi level over several tenths of eV. 
One should be aware of the fact that when n-type dopant material is compensated by p
type dopant (or vice versa), the activation energy values can be misinterpreted. 

The dark conductivity measurements are done in combination with the activation energy 
measurements. During these measurements the same electrode geometry was used as 
during the photo conductivity measurements. The substrate with deposited film and 
sputtered (silver or aluminum) strips is placed in a vacuum box(± 0.2 mbar), which is 
masked for all light. The vacuum is necessary to avoid conduction by condensed water 
(which is present in the air). The substrate is placed on a heating block, which 
temperature could be varied between 293 K and 423 K; the heating rateisabout 8.5 
K·min-1 and the cooling rate ("forced cooling") was about 3.2 K-min-1

• The substrate is 
kept 10 minutes at the maximum temperature of 423 K, before it is cooled. Now the 
current is measured at a voltage of200 V (50-100 V for p-doped layers and 2-5 V for n
doped layers) as a function of the temperature. Subsequently with equation (3 .2) the 
conductivity is calculated as a function of the temperature both during the heating and the 
cooling (forced) ofthe substrate. 
The activation energy is now determined from the slope of lncr(J) versus 1/T (see 
equation 3.3 (b)) during the cooling (from 410 K to ± 330 K) ofthe substrate. And the 
dark conductivity is determined by the extrapolation of the conductivity to a temperature 
of293 K. 

According to Schropp and Zeman (1998) cra < 1 x 10-10 n-1cm-1 for device quality 
material at a temperature of about 298 K. Furthermore a good value for Ea for undoped 
a-Si:H is about 800 meV, which is roughly halfthe cubic gap. 
It is important to note that reported conductivity and activation energy values in thin 
films(< 500 nm) are dependent on the film thickness. In thin films they are not always 
reliable because they can be affected by band bending caused by surface defects and 
ambient conditions (Luft et al., 1993). In§ 3.1.1.4 this influence ofthe film thickness on 
measured electronic properties of a-Si:H is described. The calibration data of our dark 
conductivity and activation energy measurements are described in Appendix A. 

3.1.1.3 The mid-gap density of states 

Unlike crystalline semiconductors, amorphous semiconductors have a continuous 
distribution of defect states in the energy gap (fig. 1.1 ). These electronic states, which 
exist in the mid-gap region, arise from dangling honds (see chapter 1) and serve as 
recombination centers that degrade the electronic properties of the semi conductor. 

The DOS distri bution can be determined by means of the DBP (Dual Beam Photo 
conductivity) method. This method measures the absorption of light in the sub band gap 
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regime (very small absorption; cannot be determined optically), from which the DOS can 
be determined. The sample is illuminated with white bias light to which a modulated 
( chopped) beam of monochromatic light is added. The wavelength of the probe beam is 
selected by means of a monochromator. Since the intensity of the probe beam is 
negligible in comparison to the bias illuminator, the totallight intensity is (practically) 
constant and therefore also the mobility-lifetime product ofthe photo conductivity 
remains constant. This implies that the measured photo conductivity is directly related to 
the absorption. Todetermine the absolute values for the absorption, the DBP relative 
absorption curve is at the high a regime matched onto the absolute absorption curve of a 
transmission/reflection measurement. 

According to Schropp and Zeman (1998) a rule ofthumb is that the maximum in the 
density of defect states should besmaller than 2 x 1016 cm-3eY1

. 

Stutzmann (1989) gives a quantitative relation between the dangling bond density Ndb and 
the valenee band tail slope, Evarail (see § 3 .1.2.1) 

tai/ N -1021 . Etail . e-0.40/ Evo 
db- VO (3.4) 

He remarks that this re lation is irrespective of the substrate, annealing temperature, 
doping level, impurity concentration and so on. 

3.1.1.4 lnfluence of film thickness on measured electron ie properties of a
Si:H 

From literature it is known that measured electronic film properties decrease rapidly fora 
film thickness smaller than ± 400 nm. According to Luft et al. (1993) it is not yet clear 
whether this is due to surface band bending or due to film properties improving with 
deposition thickness. Ideally, for electrical measurements the film thickness should be in 
the range 0.6-1.5 J..lm. For thinner films deviations are to be expected. 
We made a correction for the photo conductivity of films with a thickness smaller than 
380 nm. In this paragraph we will show this correction is greater detail. 

In tigure 3.1 the photo conductivity (in arbitrary units) is shown as a function of the film 
thickness, according to data from Yang et al. (1990). The tigure shows a clear 
dependenee ofthe photo conductivity on the film thickness for thin films(< 380 nm). 
Yang et al. attribute this to the effect of surface recombination. 
In the figure, the exponential fit ("correction line") is shown for films with a thickness 
smaller than 380 nm. All our photo conductivity data for films smaller than 380 nm are 
shifted upward over the distance of the corresponding arrow as indicated in tigure 3. 1. 
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Fig. 3.111ûckness dependenee ofthe photo conductivity [Yang et al. 1990]. The tigure shows an 
exponentlal fit for films with a thickness smaller than 380 run ( correction line for our measured data). 

In tigure 3.2 the activation energy is shown versus the film thickness. The activation 
energy, Ea decreases with increasing film thickness (Ye et al., 1988). It should be noted 
that this thickness dependenee is different for different deposition conditions. 

Fig. 3.2 Dependenee of the darkconductivity activation energy on thickness of undoped a-Si:H 
rY e et al., 1988]. 
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3.1.2 Optical and structural properties 

3.1.2.1 Optical band gap E9 

The optical band gap (and the film thickness) is determined by a combined measurement 
ofthe transmission and reflection coefficients (T/R-measurements). In tigure 3.3 the 
schematic diagram of the optical measurement system is shown. A 50 W halogen lamp is 
used as a light souree and the light is focussed on a monochromator. The light from the 
monochromator is focussed on the glass-side of the sample (films were deposited on 
glass) and with two photodiodes the reflected (R) and transmitted (T) light intensity is 
measured. 

unchopped 
light 

R 

.oi .... 

\ 
"\ .... 
"\ 
"\ 

: .. 
T : : ,.. ,.. 

sample 

Fig. 3.3 Schematic diagram op the optical measurement system. 

In figure 3.4a an example of a T,R-graph is shown: both the transmission and the 
reflection are presented versus the photon energy. For every value ofthe incident photon 
energy and thus for every frequency ro, the complex refractive index 
ii (ro ) = n(ro)- i· k(ro) is calculated. Here n is the refractive index and k is the extinction 
coefficient. The found values of the corresponding (n,k) pairs are plotted against ro (see 
tigure 3.4b) and the thickness dis adapted until a smooth, and thus physical relevant, 
curve is found. 
With this curve it is possible todetermine the relation between the photon energy and the 
absorption coefficient a (a (ro) = 47tk(ro) I À; with À the wavelength). 

A typical absorption spectrum of amorphous silicon is shown in tigure 3.5. In this 
absorption spectrum the regions A, B and C are distinguished. Region A is caused by 
transition from the valenee band to defect-related deep states and transition from these 
defect states to the conduction band. Transitions from the valenee band tail to the 
conduction band tail are seen in region B. Finally, regionCis dominated by interband 
transitions: transition from the extended valenee band states to the extended conduction 
band states. 
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pairs which constitute the correct physical solution are marked by crosses [Trijssenaar, 1995]. 
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Fig. 3.5 Typical absorption spectrum of amorphous silicon [Trijssenaar, 1995]. 

Cubic and Tauc gap 

The optical gap is determined by extrapolating the linear part of a suitable function of the 
absorption a (in Region C) plotted versus the photon energy E=hro/(2n) to a=O 
(Trijssenaar, 1995). Fora~ 103 cm·1 Schropp and Zeman (1998) give: 

(a(E)n(E)E) 11<1+p+q> = Bg · (E- Eg) (3.5) 
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where a(E) is the absorption coefficient, n(E) the refractive index, p and q are constants 
related to the shape ofthe band edges and Bg is a prefactor. In crystalline semiconductors 
the density ofstates commonly has a square-root energy dependenee (p=q=1/2). In this 
case equation (3 .5) describes the Tauc plotand the corresponding gap Eg is the Tauc gap. 
lf ho wever the density of states has a linear distri bution near the band edges (p=q= 1) Eg 
is called the Cubic gap (Klazes gap) . In tigure 3.6 an example is shown ofthe 
determination of the Cubic gap by means of a linear fit of a suitable function of the 
absorption coefficient versus the photon energy. The value ofthe Cubic gap is 0.1-0.2 eV 
lower than the Tauc gap. 
Al these procedures in order to calculate the band gap are done by means of the program 
Opta2.1 made by DIMES (Delft Institute of Microelectronics and Submicron 
Technology). 
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Fig. 3.6 Linear fit of the linear part of (a.nE)113 versus the pboton energy. The Cubic gap is now given by 
the intersection of this fit with the x-axis. 

According to Schropp and Zeman (1998) a reasonable fit to data taken from intrinsic a
Si:H should yield Eg< 1.80 eV for the Tauc gap and Eg< 1.60 eV for the cubic gap. The 
absorption coefficient at 600 nm is preferably a 600 > 3.5 x 104 cm-1 and at 400 nm it is 
a 400 > 5 x 105 cm-1

. 

The U rbach energy 

The optica! absorption of all amorphous semiconductors has an exponential energy 
dependenee for photon energies just below the band gap ( region B, fig. 3 .2) given by 
(Trijssenaar, 1995) 

(3.6) 
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where a(E) is the absorption coefficient, a 0 is a constant, E 1 is a constant and E votaii the 
Urbach energy, which reflects the slope of the exponential region of the valenee band tail 
(see chapter 1, fig.1.1 ). The valenee band broadening is caused by disorder, and therefore 
a high Urbach energy implies low mobility. As explained in § 3 .1.1.3 a correlation exists 
between the Urbach energy and the density of defects in the mid-gap region, N db· For 
device quaHty a typical value of the Urbach energy should be: E votaii ~ 50 me V. 

3.1.2.2 The hydragen content 

The most common method todetermine the hydrogen content [H] of an a-Si :H film, is by 
FTIR (Fourier-Transformed InfraRed) transmittance spectroscopy. In this case the film 
is deposited on a crystalline silicon (e-S i) wafer and the infrared transmittance is 
determined, when the sample is placed with the c-Si side (rough side) towards the IR 
light source. The transmittance measurements are done with the program Win!R. The 
measured spectrum needs to be corrected with a background spectrum of the e-S i wafers 
withno film, because the c-Si is not completely pure (the doping content ofthe wafers 
can vary) and willabsorb a part ofthe IR-light. 
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Fig. 3. 7 Typical IR.-transmission spectrum of an a-Si:H film fitted with single gaussian fits of several 
absorption peaks (red line). 

In figure 3.7 a typical IR.-transmission spectrum of an a-Si :H film is shown. The figure 
shows several absorption peaks, which correspond to vibration modes of specific 
chemica! honds in the materiaL Table 3.1 lists an overview ofthe most important honds 
in a-Si :H. Apart from the absorption peaks, an interference pattem can be seen, which is 
caused by multiple reflection within the thin amorphous film. Because the substrate is 
polished only at the substrate/layer interface, no multiple reflection will take place within 
substrate. 
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Table 3.1 Bond types and modes of vibration 
Bond t~ pe Eigenfn'qllt'nc~ (cm- 1

) i\ I ode of' i bration 

Si~ 640 Wagging 
SiH 2000 Stretching 
SiHz 2080-2090 Stretching 

880 Bending 
(SiHz)n 2090-2140 Stretching 

890 Bending 
845 Bending 

SiO 950-1100 Stretching 
SiN 840-1000 Stretching 

Firstly, the background (interference pattem) is fitled in an "Origin file" in order to 
calculate the refractive index and the thickness ofthe film. Subsequently, the various 
absorption bands are fitted with Gaussian peaks (also by means ofthe "Origin file"): 
their position, height and width are adjusted until a good fit between the measured and 
calculated transmission spectrum is obtained. 
With this fitting procedure, the various integrated absorption coefficients (e.g. / 640) are 
obtained. For example the absorption peak at 640 cm-1 includes the rocking (wagging) 
mode of bonded hydrogen in every possible bonding configuration (S~ and the area of 
this peak corresponds with the total hydrogen content [H] of the film. The absorption 
peaks at 2000 cm-1 and 2100 cm-1 denote respectively the Si-Hand Si-Hz honds in the 
stretching mode. In figure 3.7 several gaussian fits are shown. Fora more elaborate 
description ofthe FTIR spectroscopy method, see to Brussaard (1994). 

The calculated thickness by means of the FTIR-background fit was in most cases 
(somewhat) different than the thickness obtained by the transmission- reflection (TIR) 
measurements (see § 3.1.2.1) and by the DekTak measurements (see § 3.1.2.3). This 
could not be explained by another growth rate on the c-Si wafer: measurements showed a 
comparable growth rate on glass and c-Si. Because of this wrong background fit of the 
FTIR measurements, the hydrogen content [H] was also calculated for a wrong thickness 
and has to be adjusted for the real thickness as obtained from the TIR-measurements. We 
took the following approach (see Appendix A for the argumentation) 

[H]oc ~ => [H1 )= ~z ·[Hz) 
I 

(3.7) 

where [H1] and d1 are respectively the hydrogen contentand the thickness (obtained by 
TIR measurements) of the film and [Hz] and d2 the fitled hydrogen content and film 
thickness by means of the FTIR measurements. 
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For PECVD materials it is known that a hydrogen content below 8 at.% generally leads 
to a too high density of defect states and a reduced photo response, and that a hydrogen 
content higher than 12 % leads to the formation of dihydride bonds (Si-H2) and 
inclusions of clustered hydrogen, which is often accompanied by an increased density of 
states (Schropp and Zeman , 1998). 
An extra parameter that is important is the ratio SiHzfSiH, which should be smaller than 
0.1. This is important because only SiH is desired and SiH2 severly disrupts the a-Si 
structure and is believed to increase the resistivity considerably (Brussaard, 1994). 
However, mostly the microstructure parameter R* is used 

R* = I zo60-zJoo 

I zooo +I z060-z1oo 
(3.8) 

with I; the integrated absorption fora peak with wavelength i. The value of R* should be 
as low as possible, but for practical purpose R* < 0.1 is acceptable. 

3.1.2.3 Film thickness 

With the transmission- reflection (TIR) experiments (see § 3.1.2.1) the thickness ofthe 
film can be calculated by two different methods. In the first method the thickness is 
calculated from the distance between the minima and maxima in the reflection caused by 
interference (± 500 nm <film thickness < ± 1.5 J..lm). With the second method the film 
thickness of thinner films (down to 50 nm) can be determined in oomparisen with the 
first method. This method varies the thickness until a smooth curve is found for the 
refractive index versus the photon energy as described in § 3 .1.2.1 (fig. 3 .4b ). 
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Fig. 3.8 Comparison of the thickness detennination according to Transmission-Reflection measurements 
with the DekTak measurements. 
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At another metbod for determining the film thickness, the deposited film (on glass) is 

locally scraped from the glass. Subsequently the film surface is scanned with a very thin 
needie (profilometer). These profile measurements were done with a DekTak The 
thickness measurements by means of a DekTak are compared to the thickness 
determination by means of the reflection-transmission measurements as shown in tigure 

3.8. The tigure shows a good comparison (within the tolerance) between the two 

methods. 

The intrinsic layer in a solar cell should be as thin as possible, given a predetermined 

total absorption. Thinner films suffer less from photo-induced degradation (Staebler
Wronski effece) than thick films. Also, less carriers recombine before they reach the 
doped layers, and thus more current is generated by the solar cell (Trijssenaar (1995)). 

3.1.3 Criteria forintrinsic layers 

In table 3.2 the criteria for device-quality intrinsic amorphous silicon are listed. 

Table 3.2 Criteria for 'device quality' intrinsic amorphous silicon films for application in solar cells. 
Propt•rt~ Req uin.·nu•nt 

Minimum set Dark conductivity < 1 x 10"10 n-1cm"1 

AML5 100 mW/cm2 photo conductivity > 1 x 10"5 n-1cm·1 

(typical thickness: 500 nm) 
Band gap, Tauc < 1.8eV 

Band gap, Cubic (Klazes) < 1.6eV 

Absorption coefficient at 600 nm :::::: 3.5 x 104 cm-1 

Absorption coefficient at 400 nm > 5 x 105 cm-1 

Activation energy ~o.s eV 

Additional Density of dangling bond states s 1 x 1016 cm-3 

Characteristics Hydrogen content (in PECVD material) 9-11 at.% 

Microstructure parameter R * <0.1 

Mobility-lifetime product ~"t at 600 nm :::::: 1 x 10"7 cm2V"1 

Phote response crPJcrd oc 106 

Urbach energy Evotal1 s50meV 

2 The Staebler Wronski effect is the (reversible) degradation of many material characteristics as aresult 
of light exposure, charge injection, orthermal quenching (Luft et al., 1993). The metastable defectscan 
be removed by thermal annealing at 100°C to 200°C forabout 1 hour. Schropp and Zeman (1998) 
describes the suggestion that the creation of these metastable dangling honds is the result of 
recombination events between carriers created by light absorption or by injection in the druk In order to 
minimize the amount of recombination (and thus the dangling bond generation), the intrinsic layer of a 
solar cell should be as thin as possible in order to achleve a high electtic field. 
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3.2 Doped hydrogenated amorphous silicon 

In most solar cells the p-layer is the window layer and therefore this layer must meet the 
conflicting requirements of high conductivity and low absorption. The p-layer is mostly 
doped with boron, which tends to alloy with amorphous silicon. This means that the band 
gap will be strongly reduced; this can be compensated by adding carbon to the lattice. 
Mostly diborane (B2~) is used as doping gas, which has the disadvantage that the 
deposited boron tends to cluster within the network. This will also degrade the 
transmission ofthe layer. Furthermore diborane is thermally unstable, because it 
dissociates already at 180 oe. Therefore some alternatives are used like B(CH3) 3, BF3 or 
B(C2H5) 3. For example B(CH3) 3 is at present used frequently, because it is thermally 
more stabie than B2~ and films deposited with B(CH3) 3 shows over the band gap range a 
higher photo conductivity (Luft et al., 1993). 

In table 3.3 some typical criteria for doped a-Si:H films for application in solar cells are 
listed as given by Schropp and Zeman (1998). The desired properties ofp-type a-SiC:H 
films are typically obtained at a SiH4:CH4:B2~ flow ratio of 1:2:0.001, where H2 can be 
added to further optimize properties and uniformity (especially for larger geometries). In 
the case of the n-layer the desired properties are obtained from mixtures of SiH4 and PH3 

in a ratio of typically 1:0.0025, where again H2 can be used to enhance the performance 
(Schropp and Zeman, 1998). 

Table 3.3 Criteria for 'device quality' doped amoxphous silicon films for application in solar cells. 

Proptrt~ Req ui rt mt•n t 

p-t~pe a-Si:H n-type a-Si: H 
Conductivity (0-1cm-1

) > w-s > w-3 
Conductivity fora 20 nm thick film (Q-1cm 1) > w-7 > 10-4 

Band gap, Tauc (eV) > 2.0 > 1.75 
Activation energy (eV) <0.5 < 0.3 
Absorption coefficient at 600 nm (cm-1

) ~ 1 x 104 ~ 3 x 104 

at 400 nm (cm-1
) ~ 3 x 105 
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4. Design of Experiments 

This chapter describes the various experiments that are done with the VIS-100: 
deposition ofboth individual a-Si:H layers (intrinsic and doped) and complete p-i-n solar 
cells. In § 4.1 the reference cellof Delft, University of Technology (TUD) is described. 
All our deposited solar cells are compared to this reference cell. In§ 4.2 the deposition 
experiments are described, where the power, the pressure and the total flow are varied. 
After this tirst series of experiments, the two deposited p-i-n solar cells are described that 
were made on basis ofthis tirst series of experiments. 
The following paragraphs describe several experiments: in§ 4.3 the variation ofthe 
dilution ratio is described, in§ 4.4 the electrode distance (in combination with the 
pressure) is varied, in§ 4.5 the deposition temperature and in§ 4.6 the doping 
percentage. Finallyin § 4.7 several correlations between film properties are described. 

4.1. The TUD reference cel/ 

In tigure 4.1 the J-V-characteristic is shown, which belongs toa reference p-i-n cell (high 
efficiency) ofDelft, University ofTechnology (TUD). The tigure also shows the values 
ofthe characteristic parameters: short-circuit current, the open-circuit voltage, the till 
factorand the efficiency. Additional parameters are the series resistance (< 10 Q) and the 
parallel resistance (~ 1,5 kQ). The individuallayers were deposited in a UHV two
chamber system, AMOR, using the plasma-enhanced CVD technique. 
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Fig. 4.1 J-V-graph ofthe TUD reference cell with the characteristic parameters. 

The basis of asolar cell of high efficiency are a p-, i- and n-layer, that satisfy so called 
device quality criteria (see Chapter 3). The properties ofthe individuallayers ofthe TUD 
reference cell are listed in table 4.1 (Zeman et al., 1998). 
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Table 4.1 Properties ofthe TUD a-Si:H standard layers. 

Propert~ intrinsic a-Si: H p-1~ pe a-SiC: H n-1~ pe a-Si: H 
crd (n-1cm-1) 5x10-11 1x10-6 2x10-2 

crph (n-1cm-1
) [AM1.5] 3xl0-5 2xl0-6 5x10-2 

Eg,Tauc ( e V) 1.76 1.95 1.76 

Eg, Cuhic ( e V) 1.59 1.76 1.59 
Ea (eV) 0.87 (0.84) 0.43 0.17 
Thickness (nm) 450 9 20 
DOS (Ndb) (m-3

) ~ 6x1021 1.5x1025 2xl02s 

E~~~ (eV) 0.047 0.205 0.105 

n [1 eV] 3.6 2.85-3 3.5 

In this table DOS (Nab) is the mid-gap electronic density of states and E~';!j is the Urbach 

energy. 

4.1.1 Conversion AMOR ~ VIS-1 00 

The initial deposition parameters of our p-, i- and n-layers (optimization process) were 
basedon the deposition parameters ofthe TUD as shown in table 4.2. Totranslate these 
deposition parameters to our system, a conversion of the geometry of TUD to the 
geometry ofthe VIS-100 should be made. In table 4.3 both the reactor geometry ofthe 
AMOR and the VIS-1 00 are presented. 

Table 4.2 The deposition parameters of the Delft standard layers. 

Ln t.'rs Sii-14 B)-1,, CH4 PH, T, P1n1 
p 

\ !,!.t(nlih 

[seem[ [srrmj [srrmj [seem[ ["C[ [mbar[ [\\I [A/sj 

p-type a-SiC:H 20 2 45 160 0.7 2.8 2.9 
n-type a-Si:H 40 11 194 0.6 1.6 1.7 
i-type a-Si:H 40 194 0_7 1.8 2.2 

Table 4.3 Geometry parameters ofboth the AMOR as the VIS-100. 

Geometr~ parameter Yalue .-\,lOR \"alue \"IS-100 

Volume reactor (dm3
) 17±2 66± 3 

Electrode area ( cm2) 12x12 10x30 
Electrode distance (mm) 12-14 50 

For our initial deposition parameterswetook the same values for the pressure and the 
temperature as the TUD. However, for the deposition gasses we added hydrogen to the 
gas mixture in the following ratio: SiH4 :H2=1 :2. This value waschosenon basis of some 
introductory experiments on the VIS-100. Furthermore, the total flow waschosenat such 
a value that the residence time, 'tres in the VIS-1 00 was comparable to the residence time 
in the AMOR. 
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The residence time is defined as: 

V·p 
'tres~ Q (4.1) 

with V the volume of the reactor [ m3
], p the pressure [bar] and Q the total flow [seem]. 

For the i-layer this resulted in a total flow of about 150 seem for the VIS-1 00 (1 00 seem 
Hz and 50 seem SiH4). Finally the set-point power of the VIS-1 00 was chosen at such a 
value, that the same power per unit volume ( effective volume between the two 
electrodes) existed in the VIS-100. For the AMOR the power density for the deposition 
of an i-layer is about 10 mW/cm3

; the translation ofthis value to the VIS-100 resulted in 
a set-point power of about 15-20 W. 
In the next section both i- and p-layers are deposited by variation ofthe power, the 
pressure and the total flow. 

4.2. Variation of Power, Pressure and total Flow (p- and i-layers) 

During the first series of experiments (deposition ofboth p-and i-layers), three 
parameters were varied (in three steps): the power [W], the pressure [mbar] and the total 
flow [seem] (see table 4.4). This variation wasbasedon the Box-Behnken method: 
experimental design in order to gain a global insight of the influence of the different 
input-parameters on several output parameters by varying the input-parameters over a 
wide range. The several output parameters are shown in three-dimensional graphs as a 
function oftwo input-parameters. A great advantage ofthe Box-Behnken metbod is the 
relatively fast optimization procedure. 
The electrode distance, the temperature of the substrate and the mutual flow proporti ons, 
were taken at a constant value. The values of the gas consumption and the temperature of 
the substrate were deduced from the deposition parameters ofthe TUD reference cell (see 
§ 4.1.1). Calibration measurements were done ofthe heater (temperature measurements 
by means of a fluoroptie thermometer) and the flow controllers (by means of differential 
pressure increase measurements). Both the calibration measurements are presented in 
Appendix A. 

Table 4.4 Varlation of parameters during :frrst series of experiments. 

Parameter i-la\ l'r p-layrr 
Power(W) 15-30-60 15-30-60 
Pressure (mbar) 0.3-0.5-0.7 0.3-0.5-0.7 
Total flow (0.6 - 1 - 2)xQ0 i (0.6- 1 - 2)xQ0,p 

Electrode distance (mm) 49 (fixed) 51 (fixed) 

Temperature substr. ec) 194 (fixed) 160 (fixed) 

Q0 i : 50 seem Hz, 25 seem SiH4 

Q0,P: 50 seem Hz, 25 seem SiH4, 50 seem CH4, 0.5 seem [Hz+5% Bz~] 
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4.2.1. Optimization process 

The following properties of the deposited layers were measured: mi crostmeture 
parameter R * ( only i-layers ), hydrogen content [H] ( only i-layers ), refractive index n (2 
eV), thickness d, band gap Eg, photo conductivity crPh' dark conductivity crd and activation 
energy Ea (al described in Chapter 3). 
Regularly reproducibility experiments were done (see Appendix B). In Appendix Ba 
survey of all the results is shown (measured properties as a function of the input 
parameters). 
By drawing the three-dimensional graphs (Box-Behnken method) of some primary 
properties as a function ofthe input-parameters, the "best-parameters" (i.e. device quality 
layers, see Chapter 3) can be derived. During the tirst optimization the "best-parameters" 
were derived by focussing mainly on the band gap and the photo conductivity and 
secondly on the mi crostmeture parameter and the hydrogen content. The weight of the 
different properties in this optimization process are as followed: Eg and crph had together a 
weight of%; [H] and R * had together a weight of V4. The mutual weight of Eg and crph 

was equal (both Y2). 
In tigure 4.2 an example of such a 3D-graphic is shown, where the band gap of an i-layer 
(deposited at a pressure of0.5 mbar) is plotted against the power and the total flow. From 
the tigure it can beseen that in this situation the band gap of an i-layer will satisfy the 
device quality (Eg,cubic < 1.6 eV; Chapter 3) when the total flow is high(> 1.5*Q0) and the 
power is low (< 40 W). 
Furthermore these experiments delivered much insight in relations between mutuallayer 
properties en between input-parameters and layer properties (single relations). In§ 4.2.4 
these trends are shown and compared to trends originating from several experiments 
described in the literature. 
This tirst optimization process gave the optimal input-parameters for p-and i-layers, 
which are shown in table 4.5. When we focussed mainly on the microstructure parameter 
R* and the hydrogen content [H] (i-layers), the optimum pressure was lower (about 0.5 
mbar). 

Table 4.5 First optimization in process conditions for p- and i-layers . 

In put-paramt'ter "'First optimum" i-layer "'First optimum .. p-layer 

Power Low:±25W Low: ±20W 
Pressure Average-High: ± 0.6 mbar Average: ± 0.5 mbar 
Total flow High:± 2xQ0,i (150 seem) Av.-High: ± 1.5xQ0,p (190 seem) 
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Fig. 4.2 3D-graphic of the Cubic band gap as a function the power and total flow. 

The optima! parameters all give a low growth rate (about 0.4 As-1
) . On the contrary, a 

high growth rate will be obtained for high power(~ 60 W) and low total flow(± 
0.6xQ0). 

The results (Appendix C) showed that the growth rate of p-layers is about a factor 3 
higher than the growth rate ofthe i-layers. This is somewhat higher than Collins and 
Cavese detected: they found an increasein deposition rate of roughly 50% by adding 
B2~ to SiH4. Ifwe assume that the growth rateis correlated with the residence time (a 
longer residence time of the active species in the reactor will increase the chance of 
reaching the substrate of these species), a higher total flow, Q will result in a lower 
growth rate ( equation 4.1 ). Since the p-layers are deposited with a higher total flow 
(methane is added), the growth rate of a p-layer could be higher without the added 
methane. When we correct for this added methane flow, the growth rate of a p-layer 
would be even a factor 4.5 higher than the growth rate of an i-layer. Furthermore, the 
refractive index of a p-layer is for all equivalent settings (with CH4 and B2~ added) 
lower than the refractive index of an i-layer. This means, an i-layer has a higher packing 
density. 

4.2.2. Solar cell Mdb088 

With the process conditions as described in table 4.3 solar cell Mdb088 is made 
(thickness p-, i- and n-layers : respectively 9, 450 and 20 nm). The electrode distance and 
the temperature were taken at the values as described in table 4.2. The n-layer was made 
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with a power of 20 W, a pressure of 0.5 mbar, a flow of 1.5xQ0,n (Q0,n : 25 seem SiH4, 50 
seem H2 and 1.38 seem [H2+5% PH3]), a electrode distance of 51 mm and a temperature 
of 194 °C. The J-V -characteristic of solar cell Mdb088 is shown in tigure 4.3 together 
with the J-V -characteristic of a TUD reference cell of high efficiency. 
Points of improvement of solar cell Mdb088 are the fillfactor (FF) and short circuit 
current and secondly the V oe· The FF can be low because of a high series resistance or a 
low parallel resistance (see Chapter 1). The short circuit current depends on the 
absorption of light in the intrinsic layer, and thus for instanee on the optical thickness of 
the p-layer and TCO, but also on the absorption coefficient and thickness of the i-layer. 
The low value of the V oe can partly be aresult of a too high series resistance (e.g. a too 
low photo conductivity; see Chapter 1) but particularly it is a result of the ' S-shape' of 
the J-V-characteristic near Voc (see § 4.2.3). 
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Fig. 4.3 J-V -characteristic of solar Mdb088 cornpared with a cell of high efficiency 

Additionally, speetral response measurements were done. Here the quanturn efficiency is 
determined as a function of the wavelength, both under a forward and reverse bias 
voltage (see tigure 4.4). 
Under reverse bias, a negative voltage (p-layer & TCO: negative; n-layer & Silver back
contact: positive) is applied over the solar cell (solar cell in short circuit point of J-V
characteristic). In this situation the quanturn efficiency (chance that a photon will be 
transferred in an electron-hole pair and collected) is measured as a function of the 
wavelength of the incident light. A reverse bias will increase the intemal electric field 
between the p- and n-layer. As a consequence the recombination will reduce and the solar 
cell performance will mainly depend on optical properties. Solar cell Mdb088 has about 
the samequanturn efficiency in reverse bias as the TUD reference cell (figure 4.4 and 
4.5) and is consequently optically good. Figure 4.5 even shows for cell Mdb088 a 
slightly higher quanturn efficiency for the lower wavelengtbs (p-layer is optically 
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transparent) and a somewhat lower quanturn efficiency for the higher wavelengtbs (i
layer is optically less good) . 
Under forward bias, a positive voltage (p-layer & TCO: positive; n-layer & Silver back
contact: negative) is applied over the solar cell, which will decrease the intemal electric 
field. This means the solar cell is mainly tested electrically: how good will the created 
charge carriers be collected. The quanturn efficiency decreases strongly under forward 
bias (see figure 4.4), indicating a weak intemal field. 
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Fig. 4.4 Speetral response measurements of solar cell Mdb088 in comparison with the TUD reference 
cell; both under forward and reverse bias voltage. 

lt can be concluded that solar cell Mdb088 has to be improved electrically. A hypothesis 
for this shortcoming is that the i-layer has a too high defect density (mid-gap electronic 
density of states, DOS). That would also result in a low photo response ( crph/crd), and by a 
high dark conductivity. As a consequence, the dark conductivity is an important guiding 
parameter for optimization. 
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Fig. 4.5 Comparison of sol ar cell Mdb088 and the reference cell; both under reverse bias of -1 .0 V. 
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4.2.3. Solar cell Mdb116 

When the photo response of the i-layer was taken into account a new optimum was found 
by mainly focussing on photo response and band gap and secondly on the activation 
energy, microstructure parameter and hydragen content. The weight ofthe different 
properties in this optimization process are as followed: Eg and crph/crd had tagether a 
weight of%; [H] , R * and Ea had tagether a weight of 1k The mutual weight of Eg and 
crph/crd was equal (bath lh). In table 4.6 the new optima} process parameters (for the i
layer) are presented and solar cell Mdb 116 was made with these parameters. It should he 
noted that only the i-layer was changed in comparison with cell Mdb088. 

Table 4.6 Process parameters for solar cell Mdb 116. 

Input- p-I a~ er i-layer n-la~ er 
paranH'trr 

Power 20W 25W 20W 
Pressure 0.5 mbar 0.4 mbar 0.5 mbar 
Totalflow 1. 5 xQ0,p ( 190 seem) 2xQo,i (150 seem) 1.5xQ0,n ( 115 seem) 
Temperature 160oe 194 oe 194 oe 

Electrode dist. 51 mm 49mm 49mm 
Thickness ±9nm ±450 nm ±20nm 

Table 4. 7 Properties of the individuallayer of solar cells Mdb088 and Mdb 116 

intrinsic a-Si: H p-type a- n-type a-Si: H 
SiC:H 

Propcrt~ :\Idb088 :\Idbll6 :\Idb088& 116 :\ldb088&ll6 
(Q-1 -1) crd293K cm 2.78x10-10 2.1x10-11 3.81x10-6 3.53x10-3 

crph (Q-1cm-1) [AM1.5] ± 5x10-4 9.6x1o-s 2.38x10-6 3.71x10-3 

crpJcrd ± 1.8x106 4.6x106 

Eg,Tauc (eV) 1.86 1.79 1.94 1.8 

Eg, Cubic ( e V) 1.62 1.59 1.74 1.6 

Ea (eV) 0.80 0.89 0.48 0.24 
Vgrow (Ás-1

) 0.3 0.5 0.78 3.35 
n [2 eV] 4.20 4.19 3.38 3.98 
[H] (at.%) ±11 12.8 
R* 0.07 ± 0.02 0.12 ± 0.04 

Ndb (cm-3) 3xl017 1.7xl017 

Evo taii (me V) 45 48 

In table 4.7 the material characteristics ofthe individuallayers of solar cell Mdb116 in 
comparison with cell Mdb088 are shown. In deed the photo response of Mdb088 is 
smaller than the photo response ofMdb116. However one should he aware ofthe 
possibility that the photo conductivity value ofthe i-layer ofMdb088 is nat reliable (the 
deposited dummy layer was very thin; see Appendix A). 
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Furthermore the defect density Ndb is for both Mdb088 and Mdb166 too high. The device 
quality demand was thatNdb should besmaller than 1016 cm-3

. 

In figure 4.6 the J-V-characteristic of solar cell Mdb 116 is showed in comparison with 
solar cell Mdb088. It is clear that it shows less recombination. Nevertheless, the open
circuit voltage and fill-factor need further optimization. 

--Hgl.dliciw:y 
------ M:l:ffi8 
......... Md:>ll6 

Fig. 4.6 J-V-characteristic of cell Mdbll6 in comparison with Mdb088 and the reference cell. 

The low value ofthe open-circuit voltage is partly aresult ofthe ' S-shape' ofthe J-V
characteristic near this voltage and partly of the series resistance (see chapter 1 ). In the 
case of solar cell Mdb 116, this 'S-shape' occurs for highervalues of J and therefore 
cannot beseen in figure 4.6. On the contrary, the 'S-shape' ofMdb088 is clearly to see in 
this figure. 
This 'S-shape' is mostly caused by recombination at the p/i interface due to band gap 
mismatch. Electrons, generated close to the p/i interface, diffuse into the p-layer and 
recombine there. Likewise, holes generated near the i/n interface can be lost in a similar 
way. However, because ofthe much higher carrier generation rate at the front ofthe solar 
cell (almost all blue light is absorbed there), the effect is most pronounced at the p/i 
interface. To minimize the recombination at the abrupt p/i hetero interface, a graded band 
gap buffer layer or undoped wide band gap a-SiC:H layer is commonly introduced 
between the wide band gap p-layer and the i-layer (Trijssenaar, 1995). This buffer layer 
prevents back diffusion of electrons at the p/i interface, because of the stronger electric 
field caused by the buffer layer. 
In figure 4. 7 the J-V characteristics of cells are simulated with various val u es of the 
activation energy ofthe acceptorsin the p-layer and ofthe donors in the n-layer (Mihov, 
1998). The activation energy ofthe p-layer clearly has a (large) influence on the 'S
shape' . 
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Fig. 4. 7 J-V characteristics of cells simulated with various values of the activation energy of (a) the 

acceptors in the p-layer and (b) of the donors in the n-layer. 

In order to further improve cell performance, the 'S-shape' should he avoided; reducing 
the activatien energy ofthe p-layer should be tried. Secondly, the series resistance should 
be reduced. When the layer-properties oftable 4.5 are compared with the reference 
properties (table 4.1) we see that the photo conductivity of our n-layers is too low. 
Consequently, for further improvement this value should also be increased. Finally, the 
defect density of the intrinsic layer should be reduced. 

4.2.4. lnfluence of process parameters on film properties 

In this subsectien several trends are presented, which are a result of the first series of 
experiments (variation ofpressure, power and total flow) . Furthermore the most trends 
are compared to data of Oversluizen et aL (1998). They also used the VIS-100 fortheir 
deposition experiments and consequently a good comparison can be made with our 
experimental results. 

4.2.4.1 Growth rate versus gas pressure and residence time 

In tigure 4. 8, the dependenee of the growth rate on the gas pressure is shown for 
undiluted and hydrogen diluted conditions and two deposition temperatures according to 
Oversluizen et aL (1998). Oversluizen has used the set of default deposition conditions, 
which are presented in table 4.8. 

Table 4.8 The default deposition parameters of Oversluizen et al (1998) 

parameter elec. dist pressure power SiH4 H2 T substr 

[mm] [mbar] [W] [seem] [seem] (oC] 

Value 53 0.75 30 20 100 1903 

3 Oversluizen et al. deïmed the substrate temperature without the deposition gasses. By adding deposition 
gasses this temperature of 190 oe should be 245 oe in eVD1 and eVD3 or 235 oe in eVD2, because of 
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The growth curve for the undiluted case shows a maximum at~0.4 mbar. This 
dependenee is attributed to the depletion of the active species for both short and long 
residence time (equation 4.1). Forshort residence time (low pressure or high flow rate), 
the active species are flushed through and do not reach the substrate surface, whereas for 
long residence time (high pressure ), a limited supply of precursor gas causes depletion 
(because of less dissociation processes if the power is remained constant). 
lt can heseen that in the diluted case only for lower pressures a linear pressure 
dependenee ofthe growth rateis detected. For higher pressure a sudden transition from 
the a- to y' -regime takes place, which is accompanied by astrong increase in the growth 
rate. In the a-regime collisional "wave riding" at the sheath boundaries takes place (see 
chapter 2; stochastic electron heating), while the y' -regime is characterized by "Joule 
heating" in the bulk. In the y' -regime clusters of negative charged particles are formed 
(dust), which increase the resistivity and thus lead to higher electron temperature (Te) to 
compensate the "consumption" of electrons by the clusters. This higher electron 
temperature will in duce more dissociation and more radicals cause the sudden rise of the 
growth rate. 
The transition from the capacitive- (a) to the resistive-regime (y') increases the field in 
the bulk plasma, decreases the effect of the asymmetrie electrode areas and in duces a 
decrease ofthe de bias to low values (Oversluizen et al. , 1998). However at (very) high 
pressure too much species will be turned into dust and SiH4 depletion takes place; 
consequently the growth rate decreases again (see tigure 4.8). 

1.0.-----------., 

0.8 

0 0~--~~--~--~~--~ 
0.5 1.0 1.5 
Gas pressure (mbar) 

Fig. 4.8 Growth rate vs gas pressure aeeording to Oversluizen et al. for several deposition eonditions: (0) 
20 seem SiH4 - 0 seem H2 - 190 °e, <•) 20 seem SiH4 - 0 seem H2 - 275 °e, (+)20 seem SiH4 - 100 
seem H2 - 190 °e, (0)20 seem SiH4 - 100 seem H2 - 275 °e. The remaining parameters were set at the 
default valnes of Oversluizen. 

According to Oversluizen et al. (1998), such a distinct a-' y transition occurs for dilution 
ratios H/SiH4 ~ 2-6. On both si des of the a-'y-transition a region exists, where the 

the heat diffusion of the deposition gasses from the heater to the substrate. In all the graphs from 
Oversluizen et al., this correction should be made. 
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growth-rate dependenee on the pressure is weak and the layer thickness is uniform and 
reproducible. It should be noted that variabie and highly nonuniform layer thickness can 
be obtained for pressures near the a-y' transition. 

In figure 4. 9 the dependenee of the growth rate on the gas pressure of our experiments is 
compared to the most corresponding situation of Oversluizen (1998). In our case the 
Silane-flow is somewhat higher, the substrate temperature is lower (194 °C) and the 
electrode distance is somewhat smaller (4.9 cm). Also our experiments show a transition 
from the a- to y' -regime, but the growth rate is smaller by ± a factor four. The smaller 
electrode distance and lower temperature cannot explain this. Possible a differentcableis 
used from the matchbox to the powered electrode, which will change the power coupling 
(see chapter 2). 

4,5 ------ ------------ -------- --- ------- --- -----···-- --- --- ·------ --- --------- ... ------------

x · :.: ~ ~ :11." 

o-
j 

0 0,5 1,5 2 2,5 
Pressure (mbar) 

Fig. 4.9 Comparison of the growth rate vs gas pressure of our experiments and Oversluizen: <•) Results 
Oversluizen- 20 seem SiH4 - 50 seem H2 - 245 °C, (+) Results of our experiments- 25 seem SiH4 - 50 
seem H2 - 194 °C. 

In figure 4.10 the growth rateis plotted versus the residence time for the experimentsof 
Oversluizen et al. (1998). Figures 4.11(a,b) show the corresponding graphs of our 
experiments. In these figures the residence time tres is defined as (pxd)!Q, with d the 
electrode distance, p the gas pressure and Q the total flow. 
The data of Oversluizen show in the a-regime a common dependenee and a common 
residence time value for the a-y' transition of ±0.6 sis found. As discussed above the 
clustering of negative charged particles ( coagulation) drives the transition. The 
coagulation occurs when the monodispersed partiele size reaches a critical value, and the 
residence time in turn determines their growth. In the y' -regime again a decrease of the 
growth rate is observed for higher values of the residence time, when too many species 
are clustered and to less SiH4 is left for a high growth rate. 
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Fig. 4.10 Growth rate vs residence time for several hydrogen dilution ratios (Oversluizen et al.): (D) 20 
seem SiH4 - 0 seem Hz, <•) 20 seem SiH4 - 10 seem Hz, (0) 20 seem SiH4 - 50 seem Hz,(+) 20 seem 
SiH4 - 100 seem Hz, (V) 20 seem SiH4 - 150 seem Hz. The remaining deposition parameters were set at 
the default valnes of Oversluizen. 
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Fig. 4.11 Growth rateversus residence time of our experiments for (a) i-layers and (b) p-layers. Both 

with three different valnes ofthe power, and: SiH4:Hz=1:2, T=194 °C, d=4.9 cm. 

The data of our experiments (figure 4.11) show a comparable trend for highervalues of 
the power. lt is possible that for lower powers the a-y' transition will occur for higher 
values of the Residence time. Both graphs show a higher growth rate when a higher 
power is used. 
According to Collins and Cavese (1988) adding B2~ to SiH4 increases the deposition 
rate by roughly 50%. As mentioned in § 4.2.1, the growth rate of our p-layers is about a 
factor 3 (4,5 when corrected for the additional methane flow) higher than the growth rate 
of our i-layers. This is some higher as denoted by Collins and Cavese. A possible 
explanation is a higher doping percentage during the deposition of our p-layers in 
comparison with Collins and Cavese. Furthermore, the power coupling in the deposition 
chamber of the p-layers could be somewhat different from the power coupling in the 
chamber for the i-layers. 
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4.2.4.2 DC bias versus gas pressure 

The transition from the a- to y' -regime can also be seen in a sudden decrease in the DC
bias value. In tigure 4.12 the DC-bias is plotted versus the gas pressure for two hydrogen 
dilution ratios, both for our experimentsas for Oversluizen et al. (1998). We found 
consistently smaller values of the DC-bias voltage. A possible explanation can be the use 
of a teflon frame around the powered electrode during our experiments, while 
Oversluizen used a metal frame (see Chapter 2). 

20 ·-

-120 L. 
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. .... 
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Fig. 4.12 DC-bias vs gas pressure for several hydrogen dilution ratios: <•) (dashed line) 20 seem SiH4 -

10 seem Hz; Akzo Nobel, (D) 20 seem SiH4 - 10 seem Hz; Oversluizen, ( +) (dashed line) 20 seem SiH4 -

50 seem Hz; Akzo Nobel, (0) 20 seem SiH4 - 50 seem Hz; Oversluizen. The remaining deposition 
parameters were set at the default valnes of Oversluizen. 

4.2.4.3 photo conductivity versus residence time 

In Appendix C.1 the graphs of the photo conductivity versus the residence time are 
shown. For the i-layer a small decreasein photo conductivity results for increasing 
residence time. 

4.3. Variation of the dilution ratio (p- and i-layers) 

As mentioned above, a survey of all the results is presentedinAppendix B (measured 
properties as a function ofthe input parameters). In this section several trends are shown 
ofthe experiments with the variation ofthe dilution ratio. The dilution ratio is defined as 
the ratio of the hydrogen flow and the silane flow: QhydrogeiQsilane· The standard input
parameters ofthe deposited p-and i-layers during these experiments are presented in 
table 4.9. 
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Table 4.9 The default deposition parameters during the variation ofthe dilution ratio. 

parameter pressure power Qtot Tsubstr 
[mbar] [W] [seem] [oC] 

i-layer 0.4 25 150 194 
p-layer 0.4 20 188.25 160 

4.3.1 Growth rate characteristics 

Appendix C.2 shows correlations between the growth rate and the dilution ratio. 
Dilution with hydrogen (by a factor 5) will decrease the growth rate (by about a factor 2). 
We varied the dilution, but kept the total flow constant and consequently diluting with 
hydrogen implies less SiH4 molecules and thus a lower growth rate. 

4.3.2 Structural and optical properties 

Figure 4.13 shows the optical band gap Eg versus the dilution ratio for both p-and i
layers. The optica! band gap for i-layers of a-Si:H without hydrogen is about 1.5 eV. 
Alloying with hydrogen increases Es because the Si-H bonding energy (3.4 eV) is higher 
than the Si-Si bonding energy (2.2 eV) (Luft et a., 1993). Therefore figure 4.13 shows an 
increasing band gap for highervalues ofthe dilution ratio. 

In appendix C.2 the microstructure parameter, R* and the hydrogen content, [H] are 
shown versus the dilution ratio. The microstructure parameter increases with higher 
dilution ratios. Figure 4.14 also shows that increasing the dilution ratio will cause a 
decreasein refractive index and thus an increase in microstructure (see § 4. 7.1.1 ). An 
increase in microstructure mostly results in bad film quality (see chapter 3). 
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Fig. 4.13 Band gap versus Dilution ratio (HzfSiH4) by three different values ofthe electrode distance; (a) 

i-layers and (b) p-layers. 
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Fig. 4.14 Refractive index [2 eV] versus Dilution ratio (HiSiH4) by three different valnes ofthe electrode 

distance; (a) i-layers and (b) p-layers. 

4.3.3 Electrical properties 

In tigure 4.15 the dark conductivity is shown versus the dilution ratio (Qhydrogen/Qsiiane) 
and a clear decreasein dark conductivity is shown for increasing dilution ratio. Two 
different explanations are possible for this behavior. Firstly, adding more hydrogen can 
passivate more dangling honds ( defects) and consequently the dark conductivity will 
decrease. Secondly, adding more hydrogen can also lead to more voids in the deposited 
layer (lower packing density), which will also decrease the dark conductivity. This effect 
can also beseen in a lower value ofthe photo conductivity. However our results showed 
hardly any decrease in photo conductivity for higher dilution ratios. 

In Appendix C.2, the activation energy is shown as a function ofthe dilution ratio. For 
p-layers a clear increase of the activatien energy is shown for higher val u es of the 
dilution ratio. This might be correlated with the increase in the band gap as will be shown 
in tigure 4.28 (§ 4.7.2.1). 
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Fig. 4.15 Dark conductivity versus Dilution ratio (HzfSiH4) by three different valnes of the electrode 

distance; (a) i-layers and (b) p-layers. 
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It can be concluded that the best i-layers are deposited with a dilution ration (HzfSiH4) 

between 1 and 2 (for our experimental range). Only the dark conductivity seems to have 
a slightly lower value for higher dilution ratios. The best p-layers are also deposited for a 
dilution ratio (HzfSiH4) between 1 and 2. On the contrary, p-layers with a higher band 
gap and alowerdark conductivity are deposited for higher dilution ratios (HzfSiH4>3 for 
our experimental range). However, for higher dilution ratios, the activation energy 
increases proportionally to the increase in band gap. 

4.4. Variation of the electrode distance (in combination with the pressure) 
(i-/ayers) 

The electrode spacing in a plasma deposition reactor affects the deposited tilm's quality 
because it limits the distance that radicals travel before reaching the growing film' s 
surface. Moreover, the electrode distance determines the glow-discharge-sustaining 
voltage through Paschen's law (Luft et al., 1993). Paschen's law states that the glow
discharge sustaining voltage is a function ofthe product ofthe gas pressure (p) and the 
electrode distance (d). This voltage has a minimum for a specific value of pxd. A low 
value of pxd (less species) implies less collisions and consequently a high voltage 
( electric field) is necessary to increase the chance of ionization per collision. A high 
value of pxd (many species) results in many collisions and therefore the electron free 
path is short and a large voltage (high field) is necessary to give the electron enough 
energy for ionization. 

4.4.1 Growth rate characteristics 

The graphs in Appendix C.2 show that a smaller electrode distance will (mostly) cause a 
higher growth rate. Apparently, the increase ofthe plasma power density 
overcompensates the decrease of plasma volume. 

4.4.2 Structural and optical properties 

According to Luft et al. (1993) a voltage slightly above the glow-discharge-sustaining 
voltage is typically used to deposit high quality a-Si:H. In figure 4.16 (a) the 
mi crostroeture parameter indeed seems to show an optimum ( and thus a minimum 
value) fora specific value ofthe pxd-product (pxck16 mbar·mm). Also the refractive 
index seems to have a optimum ( and thus maximum) near the pxd-product of 16 
mbar·mm (see Appendix C.3). However, the hydrogen content decreases for higher 
values ofthe pxd-product (within our experimental range). Also the photo response 
seems to have a minimum near this pxd-product (see Appendix C.3), although this 
minimum is not distinct. 

Design of Experiments 59 



. 

Plasma Enhanced CVD of a-Si:H solar cells 

Furthermore tigure 4.13 shows that both the p-layers as the i-layers have (mostly) a 
higher band gapforsmaller values ofthe electrode distance. This might be (directly) 
correlated with the growth rate as will be shown in tigure 4.25 (§ 4.7.1.2). 
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Fig. 4.16 (a) Microstructure parameter, R* and (b) Hydrogen content, [H] versus the product of electrode 

distance and pressure. Tsubstr=l94 °C, P=25 W, Qsüane=50 seem, QHydrogen=lOO seem. 

4.4.3 Electrical properties 

Figure 4.15 (b) shows a consequently lower dark conductivity forsmaller electrode 
distances for p-layers. A possible explanation is the lower packing density (more voids) 
for higher growth rates (as will be shown in tigure 4.24). 
In Appendix C.2, the activation energy is shown versus the dilution ratio for several 
values ofthe electrode distance. For p-layers the activation energy is larger forsmaller 
electrode distances. Again, this could be (directly) correlated to the higher growth rate. 
Another explanation for the combined decrease in dark conductivity and increase in 
activation energy for smaller electrode distances could be the reduction of boron 
incorporation for smaller electrode distances. 

The variation in electrode distance within our experimental range, does not show a large 
variation in the properties ofthe deposited i-layers, but does feature a higher growth rate. 
Furthermore there seems to be an optimum in film properties for a voltage near the glow
discharge-sustaining voltage: Paschen's law (within our experimental range). 

4.5 Variation of the tempersture (i-/ayers) 

4.5.1 Structural properties 

Increasing the substrate temperature for glow discharge deposition decreases the amount 
of clustered hydrogen of a-Si:H films and increases the amount of dispersed hydrogen. 
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Increasing the deposition temperature decreases the amount of SiH2 bonding and 
decreases the amount of microvoids (Luft et al., 1993). In figure 4.17 the decrease of the 
hydrogen content, [B] with the deposition temperature is illustrated for both our 
experimentsas for experimentsof Oversluizen et al. (1998). For undiluted depositions 
the hydrogen content will be higher for all temperatures. Also the microstructure 
parameter decreases for higher deposition temperatures, which is shown in Appendix 
e.4. This decreaseis stronger for undiluted growth (Oversluizen et al.). 
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Fig. 4.17 Hydrogen content versus Substrate temperature for both own experiments as for experiments of 
Oversluizen et al. (1998). Own experiments: p=0.4 mbar, P=25 W, Qsilane=SO seem, QHydrogen=lOO seem, 

electrode distance=49 mm. Oversluizen: p=0.75 mbar, P=30 W, Qsilane=20 seem, QHydrogen=lOO seem, 
electrode distance=53 mm. 

It can be concluded that increasing the deposition temperature from 160 oe to 280 oe will 
result in better film properties (intrinsic layers ), such as a lower mi crostmeture 
parameter, lower hydrogen content, higher refractive index, lower band gap and lower 
activation energy. This is caused by a higher surface mobility ofthe SiH3-radicals 
(Matsuda et al., 1990). 

4.6 Variation of the doping percentage (p- and n-layers) 

The standard input-parameters of the deposited p- and n-layers in this section are 
presented in table 4.11. 

Table 4.11 The default deposition parameters during the varlation of the doping percentage. 
parameter pressure power Qhydrogen Qsilane Qmethane Tsubstr 

[mbar] [W] [seem] [seem] [seem] [OC] 

p-layer 0.4 20 75 37.5 75 160 
n-layer 0.5 20 75 37.5 0 194 
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4.6.1 Growth rate characteristics 

In Appendix C.5 the growth rate ofboth p-and n-layers is shown versus the doping ratio 
of the different doping gasses. Both the layers show an increase in growth rate if more 
doping gasses are added. 
Furthermore the n-layers show a consequently higher growth rate (±factor 3, ifnot 
corrected for the additional methane flow during the deposition ofp-layers) than the p
layers at the same doping ratios. 

Collins and Cavese (1988) reported that by adding PH3 to SiH4 the deposition rate will be 
lowered by roughly 10% and lowers the activation energy forthermal CVD of a-Si:H. A 
possible explanation ofthe higher growth rate of our n-layers could be the totally 
different transmission lines in the vacuum chamber where the n-layers are deposited in 
comparison with the other deposition chambers. This might cause a different, more 
efficient, power coupling. 

4.6.2 Structural and optical properties 

According to Luft et al. (1993) in phosphorus-doped, n-type a-Si:H, the band gap Eg is 
not affected by the doping amount, but in boron-doped, p-type a-Si:H, Eg decreases with 
increased doping level. Our experiments showed for both boron-doped as phosphorus
doped a-Si:H a slight decreasein the optical band gap, Eg with increased doping level 
(see Appendix C.5). However, the decrease fora p-layer is indeed stronger. 

4.6.3 Electrical properties 

Doping induces high levels of defect density in a-Si:H. The defect density increases with 
the square root of the dopant con centration in the gas phase for phosphorus (P) or boron 
(B) as doping. The activation energy, Ea for n-type a-Si:H, about 0.15 eV for high levels 
of phosphorus doping, is smaller than the Ea for p-type a-Si:H, about 0.3 eV for high 
levels ofboron doping, because ofthe narrower conduction bandtail (Luft et al., 1993). 
In figure 4.18 the conductivity (photo & dark) is presented versus the doping ratio for 
both p-layers as n-layers. In both figures this relation is compared with data of Spear et 
al. (1975). 
The conductivity for p-type samples is lower than n-type samples, because of the larger 
activation energy ofp-type samples. Furthermore, toStreet (1991) attributes this effect 
also to the wider valenee band tail of p-type samples, which will keep the Fermi level 
(~;.) further from the mobility edge. The conductivity increases with doping 
concentrations up to about 1 %. Higher doping levels cause a large decrease in the 
conductivity and a corresponding increase in activation energy ( Street, 1991). At these 
concentrations the material is more properly described as an alloy. 
In figure 4.18 (b) the conductivity of the n-layers seems to have a maximum near a ratio 
ofPhosphine/Silan~3x10-3 (maximum Spear et al.~ 8x10-3

). However, our deposited n-
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layers show a consequently lower value of the conductivity than the data of Spear et al. A 
possible explanation for this lower value is that our deposited layers have a less ordered 
microstructure (more defects). This mostly results in a larger conduction band tail (see 
Chapter 3). Another possibility is that Spear et al. (1975) have a lower value ofthe 
activation energy. 
The activation energy ofthe p-layers decreases for higher doping ratios (within our 
experimental range) as shown in figure 4.19(a), because ofthe increase in conductivity. 
However, figure 4.19(b) shows for our deposited n-layers a slightly increase in activation 
energy ifthe doping ratio is increased. Consequently, the conductivity decreases in this 
regtme. 
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4.6.4 Summary and recommendation 

In§ 4.2.3 solar cell Mdbll6 was described. We concluded that a better performance 
might be achieved by decreasing the band gap ofthe p-layer (window-layer) in order to 
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avoid the 'S-shape' ofthe V-1-Characteristic. Furthermore the series resistance should be 
reduced. With the results of this paragraph we can conclude that a decrease in activation 
energy of the p-layer can be achieved by adding a higher percentage of doping gas 
( diborane) during the film deposition. However, one should be aware of the fact that 
adding too much diborane will cause too many defects in the material and that the band 
gap will decrease. Adding more methane gas during the deposition process might 
compensate this decrease in the band gap. The deposition of n-layers with fewer defects 
states (smaller conduction band tails) might result in n-layers with a higher conductivity. 

4. 7. Correlations between film properties 

4. 7.1 Structural and optica I properties 

4. 7 .1.1 Relations between band gap, hydragen content, microstructure and 
refractive index 

As mentioned above, the optical band gap for i-layers of a-Si:H without hydrogen is 
about 1.5 eV. Alloying with hydrogen increases Eg because the Si-H bonding energy (3.4 
eV) is higher than the Si-Si bonding energy (2.2 eV) (Luft et a., 1993). Fora given H 
content, the more Si bonds are terminated by hydrogen, the higher is the Eg (Hydrogen 
reduces disorder in a-Si:H). In figure 4.20 the band gap, Egofan i-layer is shown as a 
function of the hydrogen content; both for data of own experiments as for results of the 
ETP-group (Equilibrium and Transport in Plasma's, Eindhoven University of 
Technology) obtained by using an expanding plasmajet technique. 
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From tigure 4.20 it appears that the ETP matrix changes more strongly with the 
hydrogen content [H] than our materiaL Apparently the average void volume per 
hydrogen atom of the ETP films is larger than the material studied in this work. This may 
be due to the very high growth rate ofthe latter metbod (about 40 nm/s). Another reason 
can be that the hy~rogen content by the ETP experiments was varied by changing the 
deposition temperature. During our experiments the temperature was held in most of the 
cases constant. 
In tigure 4.21 the microstructure parameter R* for our deposited i-layers is shown 
versus the hydrogen content [H]. The tigure shows that ifmore hydrogen is incorporated 
in the deposited layers, the microstructure parameter will increase. Intrinsic layers with a 
microstructure parameter< 0.1 ("device quality") have roughly a [H]<15 at.% for our 
experiments. 
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Fig. 4.21 Microstructure parameter, R * of deposited i-layers versus the hydragen content of the layers. 
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A better microstructure is directly correlated with a higher value of the refractive index, 
which is shown in tigure 4.22. In this tigure for both our experimentsas for ETP 
experiments the decreasein refractive index (at 2 eV) is shown, when the hydrogen 
content is increased. However, the ETP relationship is somewhat different; apparently 
also this re lation depends on the deposition method and condition used. In Appendix C. 6 
the relation ofthe microstructure parameter versus the refractive index is shown: the 
microstructure parameter decreases with increasing refractive index (increasing film 
quality due to higher packing density). 

The refractive index as a function ofthe band gap is shown in tigure 4.23 (both p-and i
layers ); it decreases with an increase in Eg. Furthermore the refractive index of p-layers is 
consequently somewhat lower than for our deposited i-layers. Apparently p-layers have a 
lower packing density than i-layers due to the incorporation of carbon and several defects 
(doping). 
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Fig. 4.23 Refractive index versus the optical band gap forboth (a) i-layers as (b) p-layers. 

4. 7 .1.2 tnfluence of the growth rate 

With increasing growth rate, the film quality mostly decreases and therefore the 
refractive index decreases (less compact material) with increasing growth rate (Fig. 
4.24). However, the p-doped layers show a couple of films with low growth rate and also 
a low refractive index. These layers might be deposited during bad conditions in the 
reactor, like sub-plasmas between the powered electrode and the metal frame around this 
electrode (see Chapter 2). 
In Appendix C.6 the dependenee on the growth rate of the microstructure parameter 
and the hydrogen content are shown for the deposited i-layers. These relations also 
show a decreasing film quality (R * and [H] increase) for higher val u es of the growth 
rate. Consequently, the refractive index decreases as shown in fig. 4.24. 
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Fig. 4.24 The refractive index versus the growth rate for both (a) intrinsic layers as (b) p-doped layers. 

Furthermore the band gap of an i-layer increases for increasing growth rate, which is 
shown in tigure 4_25. In Appendix C.6 this relation is shown for p-doped layers, which is 
less distinct than the relation for the intrinsic layers. 
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Fig. 4.25 Cubic band gap versus the growth rate for intrinsic layers. 

4. 7.2 Electron ie properties 

4. 7 .2.1 Electron ie properties versus structural parameters 

a-Si needs monovalent atoms, such as hydrogen and fluorine, that form single-bonding 
alloys with silicon to relieve lattice strain and passivate dangling honds. The crd value of 
a-Si without hydrogen is usually higher than 10·7 0'1cm-1

. Adding hydrogen into the 
matrix, either during deposition or after deposition, reduces the dark conductivity crd by 
passivating dangling bond defects and reducing stress in the a-Si network (Luft et. al, 
1993). However, higher hydrogen concentrations ([H]> 11 at.%) will disropt the silicon 
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structure and packing density and will therefore cause an increase in dark conductivity 
agam. 
The relations between the photo and dark conductivity and the hydrogen content are 
shown in tigure 4.26. The tigure showsaslight decreasein photo conductivity and a 
slight increase in dark conductivity for increasing hydrogen content, indicating a decrease 
in film quality. The photo- and dark conductivities versus the microstructure parameter 
are shown in Appendix C. 6. 
In tigure 4.27(a) the relation between the photo conductivity and the refractive index (at 
2 eV) of intrinsic layers is displayed together with the dark conductivity versus the 
refractive index for p-doped layers in tigure 4.27(b ). A larger refractive index means a 
higher packing density (less voids) and consequently a higher photo conductivity for i
layers and a higher photo- and dark conductivity for p-doped layers. 
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The increase in activation energy :with the increase of the band gap (Tauc) of our 
deposited p-layers is shown in tigure 4.28. Also the experimental data ofH-K Tsai 
(1988) are shown in this tigure. 
In tigure 4.29 both the photo and the dark conductivity are shown versus the band gap 
(Tauc) of our deposited p-layers. Furthermore a comparison with literature data is shown. 
In Appendix C.6 the photo conductivity of our deposited i-layers is shown as a function 
ofthe band gap (Cubic). For p-layers this correlation is strenger, because doping will 
both affect the band gap and the conductivity. In contrast, the photo conductivity of i
layers is mainly affected by the defect density, which has very little effect on the band 
gap. 
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Fig. 4.29 (a) Photo conductivity and (b) Dark conductivity of deposited p-layers versus the band gap 
(Tauc) ofthe layers (Tsubstr=l60 °C). Both the graphs are compared withother experimental data. 
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4. 7 .2.2 Inttuenee of the growth rate on the electron ie properties 

Figure 4.30 shows that for highervalues ofthe growth rate of an i-layer, the photo 
conductivity decreases and the dark conductivity increases, both indicating worse i
layers. In Appendix C.6 these relations are shown for p-doped layers, which are less 
distinct than these relations for the intrinsic layers. 
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Fig. 4.30 (a) Photo conductivity and (b) Dark conductivity versus the growth rate forintrinsic layers. 

4.7.2.3 Meyer-Neldel relation 

As described in chapter 3, the dark conductivity is usually writlen as: 

(4.1) 

where Ea denotes the activation energy and cr0 is the conductivity pre-factor. In tigure 
4.31 the activation energy is plotled against the dark conductivity of all our deposited 
layers. 

The Meyer-Neldel (MN) rule describes the correlation between the prefactor cr0 and the 
conductivity activation energy Ea of equation ( 4.1): 

(4.2) 

where cr00 and Tm are positive constants. The MN ruleis satisfactorily explained by the 
statistica! shift ofthe Fermi level with the temperature and states that for samples with 
different activation energies, the logarithm of cr0 scales linearly with Ea. According to 
Trijssenaar (1995) the MN ruleis found independent ofthe way the activation energy is 
varied. 
In tigure 4.32 the logarithm of cr0 is plotled against Ea for all our deposited layers 
together with ETP data. The tigure shows a distinct MN relationship for the p-, i- and n
layers separately. TheETPresult lies closely to the MN rule of our intrinsic layers. The 

3 

i 
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fitted slope corresponding to (kTmY1 gives a value of 31±2 e v-1 for our i-layers and 22±2 
eV1 for our n-layers (most authors report values in the range 15-25 eV1

) . On the 
contrary our deposited p-layers seem to have a constant value of cr0 . Also Trijssenaar 
(1995) reported a wide variation in the constants cr00 and Tm, which depends on the film 
composition and the method of varying Ea. 

c·- ----· ---- --- -- - - ·-----· ----- ---- -· --- - ----- · -----·---·T-· -----·-··---· -·-··----1 ,-2-
i 

• i-layers 
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" • .. . 
"" 

" 
1,E-12 1,E-10 1,E-08 . 1,E-06 1,E-04 1,E-02 1,E+O 

crd (Q-1 cm-1 ) 

Fig. 4.31 Activation energy versus the dark conductivity for all our deposited layers. 
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Fig. 4.32 The MN-rule for all our deposited layers compared with data of ETP. 

It can be concluded that: 
1. For p-layers cr0 is independently ofthe activation energy (Ea) and consequently the 

dark conductivity ( crd) is exponential dependent on Ea. 
Apparently, for p-layers the activation energy can be varied without affecting the 
carrier mobility and density of states at the mobility edge. 

2. For i- and n-layers is cr0 exponentially dependent on the activation energy (Ea) and 
thus is crd "double-exponential" dependent on E3 • 
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5. Conclusions and recommendations 

The conclusions and recommendations are presented in the same order as in the report; 
this means they are not presented according totheir priority. 

Power coupling in a capacatively coupled RF discharge 
• The V/1-probe measurements arenotconsistent with an equivalent circuit for the 

discharge consisting of only two sheath capacitances, a bulk resistance, a dark-space 
capacitance and loss-less transmission lines. Adding an extra resistance and 
inductance to the transmission lines removes the inconsistency. 

Variation of Power. Pressure and total Flow (p-and i-layers) 
• Increasing the pressure results in a linear increase of the growth rate until the a to y' 

transition is reached, where the growth rate shows a sudden rise accompanied by a 
decrease of the De-bias voltage. At even higher pressures powder formation results 
in a decrease of the growth rate. 

• The growth rate of p-layers is about a factor 3 higher than the growth rate of i-layers 
at equivalent process conditions due to a catalytic effect of boron doping. 

• The growth rate of n-layers is one order of magnitude higher than the growth of i
layers at equivalent process conditions. This might be explained by a more efficient 
power coupling during the deposition of n-layers. 

Variation ofthe dilution ratio (p-and i-layers) 
• Dilution with hydrogen (by a factor 5), while keeping the total flow constant 

decreases the growth rate (by about a factor 2). 
• Dilution with hydrogen results in an increase ofthe band gap for both p-and i-layers 

due to an increased hydrogen content in the matrix. 
• Dilution with hydrogen results in a decrease ofthe dark conductivity. Especially for 

p-layers the activation energy shows a clear increase. 

Variation ofthe electrode distance (i-layers) 
• A smaller electrode distance will increase the growth rate. Apparently the increase of 

the plasma power density overcompensates the decrease of plasma volume. 
• For p-layers, a smaller electrode distance results in a higher activation energy and 

thus smaller dark conductivity. Apparently the incorporation ofboron is reduced. 

Variation ofthe temperature (i-layers) 
• Increasing the deposition temperature from 160 oe to 280 oe will result in better film 

properties ( intrinsic layers ), such as a lower microstructure parameter, lower 
hydrogen content, higher refractive index, lower band gap and lower activation 
energy. This is caused by a higher surface mobility of the SiH3-radicals. 
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Variation ofthe doping percentage (p-and n-layers) 
• Both p- and n-layers show a linear increase in growth rate with the doping percentage 

and a slight decrease of the optical band gap. 
• The conductivity shows a maximum at a doping concentration of approximately 1%. 

At higher doping concentrations the material is more properly described as an alloy. 

Correlations between film properties 
• With an increase of hydrogen content in the matrix, the band gap increases (Si-H 

bond strength is stronger thanSi-Si bond strength) and the refractive index decreases 
(void formation). The results ofthe plasmajet technique ofthe ETP group show a 
stronger variation, indicating that the average void volume per hydrogen atom is 
larger than in the material studied for this work. 

• The refractive index of a p-layer is for all equivalent settings (with methane and 
diborane added), lower than the refractive index of an i-layer. 

• The p-doped films show a distin ct increase in activation energy ( and decrease in 
conductivity) for highervalues ofthe optical band gap, which is much more 
pronounced than for the i-layers. 

• The Meyer-Neldel pre-factor for p-layers is independent ofthe activation energy; on 
the contrary for i- and n-layers the pre-factor depends exponentially on the activation 
energy. Apparently, for p-layers the activation energy can be varied without affecting 
the carrier mobility and density of states at the mobility edge. 

Recommendations 
• In order to improve the sensitivity ofthe V/1-probe to variation in the plasma 

parameters, the dark-space impedance must be increased (e.g. by replacing the 
ceramic dielectric filler with a low e material such as teflon) and the ohmic 
impedance of the transmission lines including the vacuum throughput must be 
reduced. 

• For further improverneut ofthe cell performance, the 'S-shape' (near the open
circuit-voltage) should be avoided; reducing the activation energy of the p-layer 
should be tried. Secondly, the series resistance should be reduced and the 
conductivity ofthe n-layer should be increased. Finally, the defect density ofthe 
intrinsic layer should be reduced. 

Conclusions and recommendations 73 



Plasma Enhanced CVD of a-Si:H solar cells 

List of References 

Brussaard, S, Hydrogen Content of Plasma Beam Deposited Amorphous Hydrogenated 
Silicon, Masters Thesis Eindhoven, University ofTechnology, 1994. 

Collins, R.W., Cavese, J.M., Process Monitoring for a-Si:H Materials and Interfaces, 
Mat. Res. Soc. Symp. Proc., Vol. 118, 1988, pp. 19-30. 

Duffin, W.J., Electricity and magnetism, 3ro edition, Me Graw-Hill, London, 1965 15
\ 

1980 3rd 

Hamakawa, Y., Y. Matsumoto, G. Hirata, and H. Okamoto, Optoelectronics and 
Photovoltaic Applications ofMicrocrystalline SiC, Mat. Res. Soc. Symp. Proc., Vol. 164, 
1989, pp. 291-301. 

Hamers, E., Plasma deposition of hydrogenated amorphous silicon (Plasma processes, 
ion flux es and material properties ), doctoral thesis, 1998 

Kuwano, Y. and S. Tsuda, High Quality P-Type a-SiC Film Doped with B(CH3) 3 and its 
Application toa-Sisolar Cells, Mat. Res. Soc. Symp. Proc., Vol. 118, 1988, pp. 557-567. 

Lieberman, M.A., Lichtenberg, A.J., Principles of plasma discharges and materials 
processing, John Wiley & Sons, 1994. 

Luft, W., Tsuo, Y.S., Hydrogenated Amorphous Silicon Alloy Deposition Processes, 
Applied Physics series, 1993. 

Matsuda, A., Nomoto, K., Takeuchi, Y., Suzuki, A., Yuuki, A. and Perrin, J., Surf Sci. 
227, 1990,pp.50 

Mihov, M.M., Modeling of an a-SiGe:H solar cell, Final report of the graduation project 
at TUD, 1998. 

Oversluizen, G, Lodders, W.H.M., Optimization of plasma-enbaneed chemical vapor 
deposition of hydrogenated amorphous silicon, Joumal of Applied Physics 83, 1998, 
8002. 

Roosmalen, A.J. van, Plasma parameter estimation form rf Impedance measurements in 
a dry etching system, Applied Physical Letters, 42(5), 1983 

Schram, D.C., Sanden, M.C.M., van de, Introduetion to Plasma-physics, leefure notes 
Eindhoven, University ofTechnology, 1997. 

List of References 74 



Plasma Enhanced CVD of a-Si:H solar cells 

Schropp, E.I., Zeman, M., Amorphous and Microcrystalline Silicon Solar Cells: 
Modelling, Materials and Device Technology, Kluwer Academie Publishers, 1998. 

Shimada, T., S. Matsubara, H. Itoh, and S. Muramatsu, Characteristics ofp-a-SiC:H 
Films and Cells with Multi-Layered p, First Sunshine Workshop on Solar Cells, Japan, 
1990. 

Spear, W.E. and LeComber, P.G. (1975) Solid State Commun. 17, 1193. 

Street, R.A., Hydrogenated Amorphous Silicon, Cambridge University Press, 1991. 

Stutzmann, M., The defect density in amorphous silicon, Phil. Mag. B60, 1989, 531-546. 

Trijssenaar, M, Hydrogenated Amorphous Silicon and p/i-heterojunctions (optical and 
electrical modeling and technology as applied to solar cells }, promotion thesis, Delft, 
University oJTechnology, 1995. 

Tsai, H.-K., W.-L. Lin, W.-J. Sah, and S-C. Lee, The Characteristics of Amorphous 
Silicon Carbide Hydrogen Alloy, J. Appl. Phys., Vol. 64, 1988, pp. 1910-1915. 

Yang, L., I. Balberg, A. Catalano, and M. Bennet, Strong Thickness Dependenee of 
Photoelectronic Properties in Hydrogenated Amorphous Silicon, Mat. Res. Soc. Symp. 
Proc., Vol. 192, 1990, pp. 243-248. 

Ye, Y.J., W.A. Anderson, and Y.S. Tsuo, Thickness Dependenee ofPhotoelectrical 
Properties of Intrinsic Amorphous Silicon, Solar cells, Vol. 23, 1988, pp. 191-199. 

Zeman, M., Swaaij, R.A.C.M.M. van, Schroten, E., Vosteen, L.L.A., Metselaar, J.W., 
Device ModeHing of a-Si:H Alloy Solar Cells: Calibration Procedure for Determination 
of Model Input Parameters, Materials Research Society, 1998, p. 409. 

List of References 75 



Plasma Enhanced CVD of a-Si:H solar cells 

A. Calibration measurements 

A.1 Calibration of the activation energy & dark conductivity measurements 

In tigure Al our activation energy (Ea) measurements (in combination with the dark 
conductivity measurements, (crd at 293 K) are compared to the measurements at the Delft, 
University ofTechnology (TUD). The tigure shows the dependenee ofthe dark 
conductivity on the reciprocal temperature during the cooling of the substrate. For our 
experiments both fast and slow cooling is shown. 

-8 
SampleA907 

-9 

-10 
-TUD 

+-~--~~=------r--~ 
:r: Akzo Nobel - -11 "0 

b .. Akzo Nobel_ Slow : - -12 c: 

-13 
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0,0024 0,0034 

Fig. A.l Comparison of our Ea & cr a measurements with the TUD-measurements. 

In table A.l the calculated val u es of the dark conductivity and the activation energy from 
our measurements are compared with the calculated values on the basis of the TUD 
measurements. 

Table Al Comparison of calculations Eaand cra from 
measurements of Akzo Nobeland the TUD. 

:\ ft.'tlSUrt'llH'Il{ E,~(e\") ad="-' I, (Q-lcml) 

TUD 0.43 3.8x10-7 

Akzo Nobel 0.42 1.13xl0-6 

Akzo Nobel Slow 0.46 8.27x10-7 

The same comparison is done for activation energy measurements at the University of 
Utrecht (UU) (Figure A.2). The comparison ofthe calculated values of Ea & crd are 
showed in Table A.2. 
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Table A.2 Comparison of calculations Eaand cra from 
measurements of Akzo Nobeland the UU. 

i\ leasurement E, (eY) (Q-1 -1) 
Gd,è'!J 1, - Clll 

uu 0.74 7.22x10-11 

Akzo Nobel 0.84 5.38x10-10 

Sample Mdb023/2 

~0 )26 0,0 p2a 0,( 03 0,0032 
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Fig. A.2 Comparison of our Ea & cra measurements with the UU-measurements. 

In most cases the activation energy was in good comparison. However, our calculated 
values of the dark conductivity seem to be a bit larger in comparison with the calculated 
values from the TUD and UU measurements. A possible explanation could be the 
pressure in the vacuum box, which was not very low (about 0.2 mbar). Consequently 
there could still be an extra conduction by condensed water during our measurements. 

A.2 Thickness sensitivity ana/ysis of FTIR measurements 

In § 3 .1.2.2 the FTIR measurements are descri bed. We noted that the calculated film 
thickness by means of these FTIR measurements was not always reliable and 
consequently the calculated value of the hydrogen content [H] should be adjusted for the 
real film thickness. In this paragraph we will give the argumentation for the assumption 
that [H]cx::l/dwith dthe film thickness (as reported in§ 3.1.2.2). 

1. Theoretical derivation 

For FTIR measurements, the a-Si:H layer is deposited on a c-Si wafer and the infrared 
transmittance is observed. The film transmission T is the light intensity after passing 
through the c-Si/a-Si:H sample divided by the light intensity after passing through a bare 
substrate. 
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According to Brussaard et al. (I994) this transmission is defined as: 

(A.l) 

where 91 and 3 indicate respectively the real and imaginary part. Furthermore tco denotes 
the transmission coefficient form c-Si to air, rao denotes the reflection coefficient ofthe 
a-Si:II/air boundary, etc. These Presnel coefficients r,t are for normal incidence given by: 

(A.2) 

with n the complex refractive index ( n = n-ik ) and k the extinction coefficient. 
Furthermore the phase change of the wave after passing through the a-Si:H film is given 
by: 

<p=ndtc (A.3) 

with d the thickness and K the wavenumber. 

In order to know the influence of the thickness on the value of the transmission T 
( equation A I), we foliowed a few steps: 
I. At a layer thickness of 500 nm, we chose a constant value for the extinction 

coefficient kat two wavenumbers in the 640 cm-' absorption peak (see tigure 3.7; 
chapter 3): 
- wavenumber I: 640 cm-'; 
- wavenumber 2: 690 cm-' (halfway through the absorption peak). 

2. For both wavenumbers we varied the thickness in several steps 
3. For every thickness we adjusted the extinction coefficient (for both wavenumbers) 

until we obtained the same (initial) value ofthe transmission Tat this wavenumber. 

In tigure A3 the graph of the extinction coefficient versus the thickness for the two 
different wavenumbers is shown. The power fit shows for both wavenumbers a reciprocal 
dependenee of the extinction coefficient on the thickness. Furthermore, the toleranee of 
the calculations of k was about I5%. 

We can conclude that the hydrogen content scales with the reciprocal thickness of the 
layer: 

1 [H]oc-
d 

(A.4) 
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Fig. A3 Extinction coefficient versus the layer thickness for two different wavenumbers; theoretica! 
derivation. 

2. Experimental derivation 

In the experimental derivation, we determined the value of the hydrogen content of a 
single layer, for several values of the thickness of the layer during the fitting procedure. 
In tigure A4 this determined hydrogen content [H] is shown versus the reciprocal 
thickness for one layer. Indeed the tigure shows again a linear dependenee of [H] on the 
reciprocal thickness. 
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Fig. A4 Hydrogen content versus the redprocal thickness; experimental derivation. 
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A.3 Calibration of the Mass-Fiow-Controllers 

The calibration ofthe Mass-Flow-Controllers (MFC's) is clone in the following steps: 

1. The vacuum chamber has to be at room temperature and at high vacuum; 
2. The MFC is set on a specific flow ("set-point-flow") Qset; 
3. The reactor is set in process and the gas supply is opened, while the loek to the 

process pumps is closed and consequently, the added gasses will stayin the reactor; 
4. Now the pressure is noted as a function ofthe time; 
5. We now can determine the real flow with the following equation: 

8p·V 
Qreal = --· 60 [seem] 

l:1t 
(A.5) 

with t1.p [mbar] the change of the pressure in the duration of 11t [sec] and V the volume of 
the vacuum chamber [dm3

]. 

In table A.3 the real (measured) values ofthe flow are compared to the "set-point" values 
of the Mass-Flow-Controllers for every gas in every vacuum chamber. 

Table A.J Comparison ofthe "set-point' values ofthe MFC's with the real values ofthe flow. 

Oreai=0,47*Qset- 0,48 

0,99 ± 0,02 

1,06 ± 0,02 
1,0 ± 0,02 

0,92 ±0,02 
0,86 ± 0,02 
1,29 ± 0,02 

99± 

A.4 Calibration of the temperafure controllers 

The temperature measurements are clone with a Luxtron fluoroptie thermometer (model 
755). The key element in the system is the temperature sensor. The sensor consistsof a 
small amount of a temperature sensitive phosphor mounted on the tip of the fiber-optic 
probe. When the phosphor is excited with blue-violet light from a filtered xenon 
flashlamp, the phosphor exhibits a deep red fluorescence. After the excitation pulse is 
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over, the intensity of fluorescent radiation decays. The fluorescent decay time is directly 
correlated to the phosphor temperature. 
The probe is inserted in a hole in the glass substrate (3 mm thickness ), which is clamped 
on the substrate holder (see tigure A.S), which is transported toa deposition chamber 
(see ehapter 2). In the deposition chamber the temperature is measured as a function of 
time (t=O: heater ON). These measurements are both done withand without deposition 
gasses in order to detect the influence of heat ditfusion by the added gasses on the 
substrate temperature. Without the added gasses (vacuum), the substrate is heated (and 
cooled) by means of radiation; we assume no thermal contact between the heater and the 
substrate holder (no conduction). 

T emperature probe 

Glass substrate (24x4)cm2 

(a) (b) 
Fig. A.S (a) Side view of the tempernture probe, inserted in the glass substrnte. (b) Upper view of the 

glass substrnte with a hole for inserting the tempernture probe. 

In tigure A.6 different temperature measurements are shown for chamber 3 (eVD3); 
three curves are shown for different set-point temperatures (390, 320 and 250 oe) and 
one curve is shown with an extra added topglass on the substrate (Tset=390 oe). With the 
topglass the emissivity of the substrate decreased and consequently the substrate 
temperature was higher. 
Figure A.6 shows for every curve two regimes. In the tirst regime the substrate was 
heated by radiation from the heater to the substrate (+ substrate holder). The second 
regime has the same shape as the tirst regime and in this regime the deposition gasses are 
added in the vacuum chamber; consequently the substrate is also heated by means of 
ditfusion by these gasses. 
In tigure A.7 the substrate temperature ofthe different deposition chambers (eVD1, 
evn2 and eVD3) are shown versus the set-point temperature (ofthe heater) if 
deposition gasses are added. Furthermore the tigure shows this relation without added 
deposition gasses, both for our calibration measurements as for the calibration of 
Oversluizen et al. (1998). 
Finally, tigure A.8 shows the substrate temperature versus the gas pressure in eVD3 for 
two different set-point temperatures. 
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Fig. A6 Temperature measurement for three different set-point temperatures: (+) T=390 oe ; (.A.)T=320 
oe and <•)T=250 oe . Furthermore the temperature measurement is shown with an extra topglass on the 

substrate (* ). 
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Fig. A 7 Substrate temperature versus the set -point temperature (of the heat er) with and without 
deposition gasses. The calibration curves are shown for al the deposition chambers. 

A ealibration measurements 82 



Plasma Enhanced CVD of a-Si:H solar cells 
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260 

250 

240 

_......, 230 

.e. 220 
(Ohydrogen=1 00 seem) 

~ 

1i210 
:l 

"' 1- 200 

190 

180 

170 

0 0,2 0,4 0,6 
p (mbar) 

0,8 1 1,2 

Fig. A.8 Substrate temperature versus the gas pressure inchamber 3 (CVD3) for two different set-point 
temperatures. 
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Varlation of power, pressure and total flow (i-layers) 
na correctie! 293 K 

Q=0,6*Q0 i-laag Tsubstr.=194 °C; d=49 mm; Q0: 25 seem SIH4, 50 seem H2 Delft Arnhem Arnhem !ll 
lp( mbar) IP(W) IR* I[H] (at.%) In (2 eV) lVgreel (As" lltres (sec) !dikte (nm) IE9 (Kiazes) crph (Q" cm· ) crd (Q" cm· ) IEact (eV) !Photorespons 

0 0,3 15 0,083 12,79 4,29 0,2549 26,05 99,4 1,66 9,00E-05 5,47E-11 0,67 1,65E+06 < 
0,3 30 0,091 15,11 4,35 0,3769 26,05 135,7 1,6 1 ,30E-04 4,76E-12 0,81 2,73E+07 (I) 

0,3 60 0,16 13,66 4,19 0,6856 26,05 246,8 1,62 3,20E-04 5,69E-11 0,7 5,62E+06 < 
0,5 20 0,08 16 4,24 0,5497 43,42 204,5 1,61 2,20E-04 3,21 E-11 0,77 6,85E+06 

;· 
0,5 30 0,248 22,66 4,09 1,0417 43,42 375 1,64 2,94E-05 2,29E-11 0,82 1,28E+06 ~ 

0 
0,5 60 0,49 24,7 3,98 2,311 43,42 832 1,66 6,95E-06 1 ,26E-11 0,93 5,52E+05 ..., 
0,7 20 0,22 13,2 4,27 0,1992 60,79 71,7 1,58 1,80E-04 1,15E-10 0,75 1 ,57E+06 !!. 
0,7 30 0,203 17,89 4,16 0,6706 60,79 241,4 1,62 1 ,50E-04 2,99E-10 0,73 5,02E+05 

~ 0,7 60 0,502 ? 15,79 3,89 2,0206 60,79 727,4 1,65 2,20E-05 2,72E-11 0,83 8,09E+05 tA 
Q=Qo i-laag c 

0,5 30 0,143 14,66 4,22 0,5855 26,05 217,8 1,6 1,60E-04 4,59E-11 0,75 3,49E+06 
;::;:: 
tA 

0,5 30 0,171 12,62 4,18 0,7544 26,05 271,6 1,62 2,40E-04 2,44E-11 0,83 9,84E+06 
0,3 15 0,12 10,5 4,23 0,2458 15,63 88,5 1,62 9,30E-05 2,88E-11 0,81 3,23E+06 
0,3 30 0,088 13,58 4,23 0,3753 15,63 135,1 1,61 8,90E-05 2,49E-11 0,74 3,57E+06 
0,3 60 0,116 14,46 4,2 0,6011 15,63 216,4 1,62 1,10E-04 7,03E-11 0,77 1,56E+06 
0,5 15 0,13 11 '17 4,27 0,194 26,05 70 1,58 9,10E-05 2,37E-10 0,71 3,84E+05 
0,5 30 0,15 16,14 4,04 1,014 26,05 365 1,62 9,00E-05 2,50E-10 0,74 3,60E+05 
0,5 30 0,17 18,62 4,16 0,8683 26,05 312,6 1,62 2,50E-04 9,00E-11 0,79 2,78E+06 
0,5 30 0,25 21,83 4,13 0,9928 26,05 357,4 1,62 5,30E-05 6,58E-11 0,8 8,05E+05 
0,5 60 0,56 24,59 3,84 2,532 26,05 911,4 1,65 1,87E-05 1,70E-10 0,87 1, 10E+05 
0,7 20 0,15 11 '17 4,19 0,24 36,48 86,4 1,61 2,00E-04 7,55E-12 0,87 2,65E+07 

0,7 30 0,14 18 4,15 0,6086 36,48 219,1 1,61 2,20E-04 6, 13E-11 0,81 3,59E+06 
0,7 60 0,52 30,2 3,91 1,8039 36,48 649,4 1,64 4,07E-05 3,04E-10 0,81 1 ,34E+05 

0,5 30 0,253 16,16 4,1 0,9489 26,05 341,6 1,63 5,80E-05 6,53E-11 0,83 8,88E+05 

0,5 30 0,198 19,95 4,11 1,0983 26,05 395,4 1,63 3,57E-05 2,76E-11 0,92 1 ,29E+06 

0,5 30 0,32 22,98 4,11 1,0861 26,05 391 1,63 7,37E-05 2,79E-10 0,75 2,64E+05 

Q=2*Qo I-laag 
0,3 15 0,088 10,56 4,26 0,2656 7,82 95,6 1,63 5,60E-04 1,41E-11 1,05 3,97E+07 

0,3 30 0,063 10,28 4,18 0,4267 7,82 153,6 1,61 2,20E-04 7,78E-11 0,66 2,83E+06 

0,3 60 0,063 13,24 4,24 0,6461 7,82 232,6 1,61 6,20E-05 2,37E-11 0,89 2,62E+06 

0,5 20 0,092 10 4,28 0,3886 13,03 139,9 1,59 1 ,70E-04 2,69E-11 0,82 6,32E+06 

0,5 30 0,05 10,4 4,3 0,475 13,03 171 1,6 1,50E-04 4, 13E-11 0,79 3,63E+06 

0,5 60 0,063 10,08 4,2 0,915 13,03 329,4 1,61 1 ,30E-04 4,36E-11 0,78 2,98E+06 

0,7 20 0,0845 10,66 4,25 0,1775 18,24 63,9 1,58 1,30E-04 2,49E-11 0,85 5,22E+06 

0,7 30 0,069 12,03 4,24 0,5056 18,24 182 1,58 4,90E-04 9,83E-11 0,73 4,98E+06 

0,7 60 0,19 15,43 4,14 1 ,5011 18,24 540,4 1,62 1 ,57E-04 1 ,59E-09 0,75 9,87E+04 



Variation of power, pressure and total flow (p-layers) 

na correctie! 293 K 

Delft Arnhem Arnhem 

crph (Cr cm- ) crd (Cr cm- ) Eact (eV) 

2,06 4,40E-06 1,52E-07 0,53 
30 2,06 2,30E-08 4,55E-08 0,56 
60 2,11 5,70E-08 3,87E-09 0,64 
15 2,01 4,70E-06 1,10E-06 0,48 
30 601,8 2,05 1,13E-07 1,53E-07 0,54 

60 854 2,12 1,45E-08 9,45E-10 0,63 

15 199,3 2,01 1,50E-05 4,41 E-06 0.45 
30 675,6 2,04 3,26E-07 5,83E-07 0,51 
60 1260 2,12 2,13E-08 7,22E-09 0,61 

Q=1*Qo p-laag 
3,31 0,999 15,57 0,5 30 269,8 2 1,50E-06 5,61E-07 0,5 

3,29 1,02 15,57 0,5 30 275.4 2,03 1,10E-06 4,04E-07 0,5 
3,25 0,4804 9,34 0,3 15 129,7 2,1 6,60E-06 3,51E-07 0,53 

3,24 0,7522 9,34 0,3 30 203,1 2,06 1,90E-06 2,77E-07 0,53 

3,2 1,3641 9,34 0,3 60 368,3 2,08 1,21 E-07 1,02E-07 0,56 
3,25 0,487 15,57 0,5 15 131,5 2,13 4,40E-06 1,23E-07 0,52 

3,29 0,9496 15,57 0,5 30 256.4 2,03 1,10E-06 1,76E-07 0,53 

3,28 0,9326 15,57 0,5 30 251,8 2,04 1,30E-06 1,86E-07 0,54 

3,27 1,0767 15,57 0,5 30 290,7 2 1,00E-06 2,69E-07 0,52 
3,29 1,0663 15,57 0,5 30 297,5 1,97 1,00E-06 4,95E-07 0,51 
3,11 2,4556 15,57 0,5 60 663 2,03 1,00E-07 6,16E-08 0,57 
3,36 0,5711 21,8 0,7 15 154,2 1,96 2,50E-05 1,94E-06 0,48 
3,33 1,3367 21,8 0,7 30 360,9 1,97 1,13E-06 5,47E-06 0,33 
3,11 3,9674 21,8 0,7 60 1071,2 2,04 1,60E-07 5,43E-08 0,48 
3,28 0,8633 15,57 0,5 30 233,1 2,03 1,80E-06 1,46E-07 0,52 
2,76 0,5748 15,57 0,5 30 155,2 2,12 5,90E-07 2,39E-09 0,63 
3,15 0,6215 15,57 0,5 30 167,8 1,96 2,20E-06 2,00E-07 0,53 

Q=2*Qo p-laag 
2,61 0,31 4,67 0,3 15 83,7 2,17 1,00E-07 8,52E-12 0,66 
2,95 0,3822 4,67 0,3 30 103,2 2,08 1,10E-06 1,69E-09 0,65 
3,13 0,6822 4,67 0,3 60 184,2 2,04 8,60E-07 3,58E-08 0,57 
3,36 0,4619 7,78 0,5 15 124,7 1,98 1,80E-05 4,26E-07 0,52 
3,34 0,9474 7,78 0,5 30 255,8 2 2,90E-06 5,17E-07 0,51 
2,83 0,6822 7,78 0,5 60 184,2 2,07 3,40E-07 7,92E-10 0,68 
2,91 0,2344 10,9 0,7 30 64,7 2,09 3,50E-06 1,15E-09 0,67 
3,25 0,8548 10,9 0,7 60 230,8 2,01 2,30E-06 4,79E-07 0,52 



Varlation of electrode distance and dilution ratio (i-layers) 
na correctie! 

i-laag; ~ot=160 seem; Psot=26 W; p=0,4 mbar; TsUbstr=194 De Arnhem Arnhem 

[mm] H:z/SiH4 [at.%] [Als) [eV) [0"1cm-1] [0-1cm-1] 

[H] dikte E9 (Kiazes) a ph 

0,071 15,99 4,24 0,77 277,2 1,6 6,78E-05 
0,079 16,24 4,24 0,618333 222,6 1,61 5,07E-05 
0,078 17,71 4,17 0,4525 162,9 1,62 5,03E-05 

49 1 0,088 13,45 4,23 0,686667 247,2 1,58 5,96E-05 
2 0,083 14,21 4,27 0,480556 173 1,6 8,25E-05 

2 0,128 12,94 4,23 0,459444 165,4 1,6 6,64E-05 
2 0,139 12,69 4,22 0,461667 166,2 1,59 4,93E-05 
2 0,048 14,46 4,27 0,412222 148,4 1,6 4,41E-05 
5 0,128 15,23 4,2 0,274444 98,8 1,62 3,66E-05 

70 1 0,067 16,24 4,22 0,196111 70,6 1,58 8,04E-05 
2 0,09 13,5 4,24 0,469444 169 1,6 8,35E-05 
5 0,152 14,46 4,23 0,32 115,2 1,6 3,38E-05 

Varlation of electrode distance and dilution ratio (p-layers) 

p-laag; ~188,26 seem [76 seem eH.; 0,76 seem (H2+6o/o B2Hc)]; Pset=20 W; p=0,4 mbar; TsUbstr=160 De 
na correctie 

H2/SiH4 [eV] [0"1cm"1) [0"1cm"1) 

E9 (Tauc) <rph 

3,46 1,088889 1,94 8,77E-06 0,49 
2 3,25 0,762963 2,01 4,80E-06 0,51 
5 2,86 0,49 132,3 2,11 2,38E-07 0,64 

51 1 3,57 1,055556 285 1,92 1,54E-05 0,48 
2 3,4 0,894444 241,5 1,97 1,16E-05 0,47 
2 3,42 1,014815 274 1,92 5,66E-06 0,47 
2 3,38 1,05037 283,6 1,95 6,37E-06 0,48 
2 3,41 0,967037 261,1 1,98 1,02E-05 0,47 
5 2,94 0,387037 104,5 2,1 1,03E-06 0,59 

70 3,6 0,383704 103,6 1,93 2,18E-04 0,47 
2 3,43 0,545185 147,2 1,93 6,77E-05 0,45 
5 3,03 0,476667 128,7 2,01 1,84E-06 0,53 



Varlation of electrode dlstance, pressure and temperature (i-layers) 
na correctie! 

Arnhem Arnhem 

[eV] (r.r1cm-1] 

dikte E9 (Kiazes) O"ph 

0,091 16,33 219,1 1,62 1,26E-04 
0,0698 15,225 246,9 1,61 1,22E-04 

0,122 12,69 400 1,6 3,99E-05 
24 O,Q7 17,255 257,9 1,61 6,99E-05 

0,0776 16,2 291,4 1,62 8,44E-05 
0,073 13,22 388,1 1,59 9,44E-05 

49 0,136 11,93 193,5 1,59 1,03E-04 
0,4 0,115 13,7 173,7 1,58 8,82E-05 

!Temp. fC) ~~-~-~~:~~~:.:: .. ~~-~~ ........ 
-100 -> 135,5 0,4 0,0952 15,8 4,11 0,509167 183,3 1,61 4,90E-05 

194 0,4 0,0889 13,86 4,21 0,6 216 1,61 1,49E-05 
220 0,4 0,038 14,3 4,23 0,528056 190,1 1,58 1,44E-05 
250 0,4 0,058 11 4,24 0,509444 183,4 1,56 2,43E-05 
280 0,4 0,055 10,66 4,26 0,528889 190,4 1,55 5,06E-05 

Vartiation of doping percentage (p-layers) 

p-laag; ~188,26 seem (76 seem H2; t,1ti seem (H2+6% B,H.)]; P,er--20 W; p=0,4 mbar; T ... ....=160 •c 
[37,6 seem SiH4 ; 76 seem CH4] na correctie 

[seem--> (H2+5% B2Hs)) [Als) [nm] [eV] [0"1cm-1) [0"1cm"1) 

0,45 
0,75 
0,75 

1 
2 

Varlation of doping percentage (n-layers) 

5,14E-06 
7,98E-06 
8,41E-06 
1,05E-05 
1,62E-05 

n-laag; ~116,6 seem (76 seem H2; 2,01 seem (H2+6% PaHa)]; Pser--20 W; p=0,6 mbar; T..-.=194 °C 

[37,6 seem SiH4] na correctie 
[seem--> (H2+5% P2H3)) [Als) [eV] [r.r1cm"1) [0"1cm·1) 

P2H3 - content E9 (Tauc) O"ph 

1,25 1,81 3,31E-03 
2,07 1,8 3,68E-03 
2,07 1,79 3,73E-03 

2,8 1,74 2,65E-03 
4 682,4 1,8 1,08E-03 

rr.r1cm-1] 

2,26E-11 
1,12E-11 
1,25E-11 
2,90E-11 
3,96E-11 

Arnhem 

0,93 2,17E+06 
0,97 1,33E+06 
0,95 1,15E+06 
0,91 8,38E+05 
0,81 1,28E+06 
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C. Appendix for graphs 

C. 1 Variation of power, pressure and total flow (p- and i-/ayers) 

In tigure C.l the graphs are shown of the photo conductivity versus the residence time 
for both p-and i-layers. The i-layers show a slight decreasein photo conductivity for 
larger values of the residence time. 

Photo conductivity vs. Residence time [i-layer] Photoconductivity vs. Residence time [p-layer] 
1 ,OOE-{)2 .-----,,-----,--,---~--.--..,----, 1,00E-03 

1,00E-04 
1p 2p p 10 <'0 p ~ 5 60 70 

~ • • 
E 

1,00E-05 • 
0 .. : i 

1,00E.{)3 

• • 
• ' • • * 

40 

~a 1,00E-06 • • • 
~ • 

t * * ~g_1,00E.{)4 
• ! • .r; Cl. 

Cl. tl 
1,00E-07 • tl • • • • 1,00E-08 1.00E.{)5 • 
1,00E-09 

'tres (sec) 1,00E.{)6 
'tres (sec.) 

(a) (b) 
Fig. C.l Photo conductivity versus residence time for (a) i-layers and (b) p-layers. 

C.2 Variation of dilution ratio (p- and i-layers) 

The default deposition parameters during the experiments with the variation of the 
dilution ratio (QhydrogeiQsilane) are represented in table C.l. 

Table C.l The default deposition parameters during the varlation of the dilution ratio. 

parameter pressure power Qtot Tsubstr 
[mbar] [W] [seem] (oC] 

i-layer 0.4 25 150 194 
p-layer 0.4 20 188.25 160 

In tigure C.2 the growth rate is presented as a function of the dilution ratio. A higher 
dilution ratio will cause a decrease in growth rate, because less active species (like SiH3) 

are present for film growing. 
In tigure C.3 the hydrogen contentand the microstructure are shown versus the dilution 
ratio. An increase in dilution ratio will cause an increase in microstructure and a slight 
increase in hydrogen content. Apparently, a higher dilution ratio will cause more 
hydrogen incorporation in the growing film. 
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Finallyin figure C.4 the activation energy is presented versus the dilution ratio. 
Especially the p-layers show an increase in activation energy for higher dilution ratios. 
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Fig. C.2 Growth rate versus Dilution ratio (HzfSiH4) by three different valnes of the electrode distance; 

(a) i-layers and ~) p-layers. 

20 

18 

16 

14 1-· 

12 

10 

0 

P-layer] 

------____. 

___ _,., 
•...... :,._, -::..·.-------- -+-30mm 

·•··49mm 1-
- .. ·70mm 

2 Dilution ratio 4 6 

[i-layerj 
0,16 

~· 0,14 -t--~~~---t------t-c~~--
0, 12 -+---- -~+-~~--o--~+---"-'··.:..··_--_· ~~ 

--~-·~-----0, 1 -t--~~----:~K;::L--~~---t~~~~-
0:: 0,08 +-~~·--:::;··~-+--~~-+--~~____; 

~ 
0, 06 +-~__::__~~t--~~~---t~-r---------:3~0-m-mr--
0,04 -t-~~~~t--~~~--t---1_ •· 49 mm...; 

0,02 --70mm..., 
0~----~-------+~~~~ 

0 2 Dilution ratio 4 6 

(a) (b) 
Fig. C.J (a) Hydrogen contentand ~)Mi crostmeture parameter versus Dilution ratio (H2/SiH4) for i

layers. 

P-layerj [p-layer] 
0,95 0,7 

>. 0,9 ~~---.==_== ___ :!>--=-.::::-_-__ -_-_---.-. . -- -.. 

~ 0,85 ~ -
>. 0,65 +-----t-----t--/~-----' 
~ / 
~ 0,6 -t-~~~--t~~-~ /---c ..... _"'-__ -_ .-. _~_.----:-----' Q) •• -· ,-' ~ 

~ ~ 0,8 -t-~~---r---1--~----'~--+--~~--

5 ~0.75 -t-~-"or-'~--t~~~~--t-...:..._=-c--~-
~ ~ 0,7 -t--~~--t-~~--i-+-30mmr--------. 
~ 0,65 -•- 49 mm r------· 

--70mm 
0,6 f-----~-+~~--'=~=r=........l__~~-----, 

0 2 Dilution ratio 4 6 

~ ;>o,55 -t-~~~--t~____.,..."/=---~t-o--~~~--' 
2 ~ / _.-------- --~---· 
~ 0 '5 +-~-~f..~. =-~.-.-~---~~~---~-~~~----~30~m-m-r· 
~ 0,45 ... :...-:----- -------- ---- -•- 51 mm : 

0,4 -t-~~~--J~~~~--t-----<....:-:....·.:...:70::..:m.::m~' 

0 2 Dilution ratio 4 6 

(a) ~) 
Fig. C.4 Activation energy versus Dilution ratio (HzfSiH4) by three different valnes of the electrode 

distance; {a) i-layers and (b) p-layers. 
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C.3 Variation of the electrode distance (in combination with the pressure) 
(i-layers) 

In tigure C.5 (a) the refractive index of an i-layer seems to have a maximum near the 
pxd-product of 16 mbar·mm. This tigure shows one strange point, which we cannot 
explain. The photo response seems to have a minimum near this pxd-product ( tigure 
C.S(b)). 
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Fig. C.5 (a) Refractive index and Ob) Photo response versus versus the product of electrode distance and 
pressure. Tsubstr=194 °C, P=25 W, Qsi!ane=50 seem, QHydrogen=lOO seem 

C.4 Variation of the temperafure (i-layers) 

Figure C.6 shows a decreasein microstructure parameter for higher substrate 
temperatures during the deposition process. 
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Fig. C.6 Microstructure parameterversus Substrate temperature: p=0.4 mbar, P=25 W, Qsilan.=50 seem, 
QHydrogen=lOO seem, electrode distance=49 mm. 
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C.5 Variation of the doping percentage (p- and n-/ayers) 

The standard input-parameters ofthe deposited p-and n-layers in this sectionare 
presented in table C.2. 

Table C.2 The default deposition parameters during the variation of the doping percentage. 

parameter pressure power Qhydrogen Qsilane Omethane Tsubstr 

[mbar] [W] [seem] [seem] [seem] [OC] 

p-layer 0.4 20 75 37.5 75 160 
n-layer 0.5 20 75 37.5 194 

Figure C. 7 shows an increase in growth rate for increasing doping ratios (both p- as n
layers). Furthermore, the n-layers show a consequently higher value ofthe growth rate 
for the same doping ratios. 
Figure C.8 show that the band gap deereases for highervalues ofthe doping ratio. This 
relation is somewhat better for p-doped layers. 
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Fig. C. 7 Gowth rate versus the ratio of doping gasses for both p-layers and n-layers. 
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Fig. C.8 Band gap versus the ratio: [Doping-gass/Silane] for (a) p-layers and (b) n-layers. 
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C.6 Correlations between film properties 

In figure C.9, the microstructure is shown versus the refractive index for i-layers. R* 
decreases (better film quality) for higher values of the refractive index. 
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Fig. C.9 Mi crostmeture parameter versus the refractive index of our deposited i-layers. 

In figure C.l 0 both R * as [H] are shown versus the growth rate of the intrinsic layer. The 
relations show a decreasing film quality (R * and [H] increase) for higher values of the 
growth rate. 
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The band gap (Tauc) of an p-layer decreases slightly for increasing growth rate (figure 
C.ll). 
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Fig. C.ll Tauc band gap of deposited p-layers versus the growth rate of the layers. 

Figure C.l2 shows the photo and dark conductivity of respectively i-layers and p-layers, 
as a function of the mi crostmeture parameter. 
Figure C.l3 shows the photo conductivity of i-layers as a function of the band gap 
(Cubic). A slight decreaseis detected for highervalues ofthe band gap. 
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Fig. C.12 (a) Photo conductivity and (b) Dark conductivity versus the microstructure parameter for our 

deposited i-layers. 
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Fig. C.13 Photo conductivity versus the Klazes band gap of our depsited i-layers (Tsuhstr = 194°C) 

In figure C.l4 the photo and dark conductivity ofp-layers are presented versus the 
growth rate. 
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Fig. C.14 (a) Photo conductivity and (b) dark conductivity versus the growth rate forp-doped layers. 
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D. Derivation of equations 2.4 (a,b) 

Figure 2.3 shows the circuit for matching the rf power souree to the discharge. The L
network, which is used, consistsof a shunt capacitor having susceptance BM=roCM and a 
series inductor with reaetanee XM=roLm. 
When we look to the right at location 2 in figure 2.3, the following expression can be 
written for the admittance (inverse ofthe impedance): 

(D.l) 

and consequently the following expression for G2 and B2 : 

(D.2) 

(D.3) 

withX2 =XM+Xv. 
The admittance at location 1, Y3=G3+jB3 has arealpart G3=G2 and an imaginary part 
B3=B2+Bu- As described in subsection 2.3.1, maximum power transfer is achieved ifthe 
imaginary part ofthe impedance at location 1 (see figure 2.3) is zero and the real part of 
the impedance at location 1 is equal to Rr. This means G3= l!Rr and B3=0. With equation 
(18) this gives: 

(D.4) 

and with XM=roLm we find the following expression for the induction LM to achieve 
maximum power transfer: 

(2.4a) 

Furthermore with B3=0 we find BM=-B2, which gives the following expression for the 
capacity Cu: 

(2.4b) 
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