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Summary 
In this report a study of the temperature effects on the deposition of amorphous 
hydrogenated silicon (a-Si:H) films using an Expanding Thermal Plasma is presented. 
Hydragen that is incorporated in the a-Si:H films can originate both from the molecular 
hydragen (H2) that is fed to the cascaded are and from the silane (SiH4), that is injected in 
the expanding plasma. To discriminate between incorporated hydragen coming from H2 

and hydragen coming from SiH4, experiments have been done using deuterium insteadof 
hydrogen. Two series of films have been deposited, one with 0 2 fed to the are and SiH4 

injected in the plasma beam and one with H2 fed to the are and SiD4 injected in the 
plasma. In these series the substrate temperature was varied from 1 oooc up to 500°C. 
Additionally, a series of films has been deposited with Si2H6 injected in the plasma beam. 
In situ ellipsometry is used todetermine the refractive index (at 632.8 nm) and the growth 
rate of the deposited films. Fourier Transfarm Infrared Spectroscopy (FTIR) is performed 
to determine the refractive index (at infrared) and the thickness of the films as well as the 
content of hydragen bonds (SiH or SiH2). This gives information about the bonding 
configuration of hydrogen. The hydragen and deuterium content has been determined with 
Elastic Recoil Detection Analysis (ERDA). The FTIR proportionality constants for the 
silicon-hydragen bonds have been recalibrated by camparing the FTIR hydragen area! 
densities with the ERDA area! densities. The proportionality constants for silicon
deuterium bonds have also been calculated 
From the deuterium experiments it appeared that about 90% of the incorporated hydragen 
originates from SiH4. This hydragen is incorporated if cross-linking does not occur. At 
higher substrate temperatures, cross-linking is more efficient and less hydragen is 
incorporated. Only 10% of the incorporated hydragen originates from H2. This hydragen 
is incorporated mainly by an exchange reaction at the substrate surface. The relative 
hydragen content coming from H2 increases with the substrate temperature because of two 
effects: a decrease in the sticking probability of the silane radicals with the temperature 
and an increase in the exchange rate. The decrease of the sticking probability with the 
substrate temperature has been shown by a decreasein the silicon growth flux. 
At low temperatures almast all the hydragen is bound as SiH2 and internal voids and 
colurnnar growth are observed. Consequently, oxygen will diffuse into the film. 
Increasing the substrate temperature results in a decrease of the SiH2 and oxygen content. 
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1. Introduetion 
Amorphous silicon is a semiconductor and has a band structure consisting of a valenee 
band and a conduction band separated by an energy gap of typically 1. 7 eV. The electroos 
are excited from the valenee to the conduction band if they absorb enough energy. This 
energy can be supplied by illumination resulting in an increase of conductivity. This is the 
main principle of the use of silicon as an intrinsic layer in solar cells. In figure I. I a 
schematic representation of a silicon solar cell is depicted. The photons enter the cell 
through the glass and the transparent Sn02 layer, which is used as the front electrode. 
After passing a boron-doped p-layer, the photons enter the intrinsic silicon layer. In this 
layer electron-hole pairs are created. The holes are attracted by the p-layer and the 
electroos drift to the phosphor-doped n-layer, that is located at the back of the intrinsic 
layer. On the backside of the n-layer a silver or aluminium electrode is deposited. Internal 
reflections are enhanced by the rough surface of the Sn02 layer. Th is causes light trapping 
within the silicon-layer, thus increasing the efficiency. 

n~ 

~e 

Figure 1.1 Schematic representation of a silicon solar cell. 
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Silicon can occur in two different forrns, in a crystalline phase or in an amorphous phase. 
The main difference between crystalline and amorphous silicon is the structure of the 
materiaL The atomie structure in crystalline silicon (c-Si) shows a long-range order. In 
amorphous silicon (a-Si) the atomie structure shows a short-range order, but a long-range 
disorder. This makes a-Si at small distances hardly distinguishable from c-Si. The 
disorder in a-Si results in the occurrence of loose honds or so-called dangling bonds. In 
comparison with crystalline silicon the band structure of amorphous silicon is not sharp 
due to the dispersion of bond-angles and distances (see figure 1.2). 

rJl 
0 
Q 

E 

Figure 1.2 Bandstructure of crystalline silicon and amorphous hydrogenated silicon. 

Dangling honds result in electranic states between the valenee and conduction band, the 
so-called midgap states. Because of these midgap states more electrons wil! decay fram 
the conduction band back to the valenee band, thus lowering the efficiency of the film. In 
order to reduce the midgap states, the dangling honds have to be passivated with 
hydragen. This so-called amorphous hydrogenated silicon (a-Si:H) is used in solar cel!s. 
Empirically it was found that a hydragen content of approximately 10 at.% is needed to 
bring the dangling bonds down to less than 1016 cm-3

, and not seriously disrupt the silicon 
structure and packing density. Material that is suitable for the use in solar cells is known 
as 'device quality' and has to fulfil the quality demands listed in table l.I. 

Bandgap 
Refractive index (632.8 nm) 
Defect density 
Mi crostmeture 
Light conductivity 1 AM1.5 
Dark conductiv· 

1.6eV 
4.3 
< 1016 cm-3 

< 0.1 
> w-s n-'cm- 1 

< w-lO n-'cm- 1 

The microstructure2 R* is a measure for the amount of hydrogen that is bound as SiH2 

relative to the amount of hydragen bound as SiH. As SiH2 wil! result in voids and 
possibly a colurnnar structure, R* should be as low as possible. 

1 AM1.5 indicates the type ofillumination that is used for measuring the light conductivity. lt stands for the 
spectrum of sunlight at the equator with an atmosphere of 1.5 times its actual thickness. 

• I 2 The microstructure is defined as R = 1 
2
:; , where !2000 and !2100 are the areas of respectively the SiH 

21Xl0 2Hl0 

and SiH2 absorption peaks. For further details, see paragraph 3.2.2. 
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Chapter 1 Introduetion 

The desired film properties have all been achieved with Plasma Enhanced Chemica! 
Vapour Deposition (PECVD), which is the most widely used method for the industrial 
production of solar cells. A radio frequency glow discharge in silane (SiH4) and hydrogen 
is generated between two parallel plates. The SiH4 and Hz are dissociated by means of 
electron collisions creating silane radicals, like SiH3 and SiH2. These radicals diffuse 
towards the substrate and deposit on the substrate growing an a-Si:H film with a typical 
growth rate of 0.1 - 0.3 nrnls. The main growth precursor is believed to be the SiH3 

radical [MAT90], which has a larger surface mobility than SiHz. The SiH3 radical is 
responsible for deposition of high-quality materiaL Because large scale production of 
PECVD deposited a-Si:H solar cells would require an enormous setup, the production 
costs are high. Therefore many efforts have been made to increase the growth rate, like 
increasing the rf power. These efforts have led to higher growth rates up to 3 nrnls, but 
also to the deposition of clusters of silicon and hydrogen (powder), which reduce the 
quality of the film. 
Several years ago a new deposition technique based on an Expanding Thermal Plasma 
(ETP) was developed in the group Equilibrium and Transport in Plasmas of the 
Eindhoven University of Technology. Since ETP deposition has been used successfully 
for the deposition of amorphous carbon films at high growth rates, efforts have been made 
to deposit a-Si:H films at high growth rates with this technique, which have proven to be 
successful. ETP deposition is based on an expanding Ar/Hz plasma in which SiH4 is 
injected. The SiH4 is dissociated by collisions with atomie hydrogen and the radicals are 
carried towards the substrate by the expanding plasma. At the substrate surface the 
radicals can stick and ·a film will be grown. The main difference with PECVD is the 
geometrical separation of production of the plasma, the dissociation and transport of 
silane and the deposition of the radicals on the substrate. The advantage of using a so
called remote plasma is that the plasma-existence requirement3 is only applicable in the 
plasma souree and not in the region where the radicals deposit. This enables us to generate 
a large radical flux and therefore a high growth rate in the range of 2 up to 130 nm/s. A 
higher growth rate could reduce production costs, which makes a large scale application 
of a-Si:Hsolar cells more achievable. Main disadvantage of ETP deposition is the loss of 
quality at low substrate temperatures. In order to increase the quality of the films insight 
in the deposition mechanism is needed. 
In this research the effects of the substrate temperature on the properties of ETP deposited 
a-Si:H is investigated. An important property of the film is the hydrogen incorporation. 
To distinguish between hydrogen, that is incorporated in the film, coming from silane and 
hydrogen coming from Hz in the plasma, the Hz used as a feed gas to the plasma is 
replaced by deuterium (D2). Deuterium is chemically equivalent to hydrogen and therefore 
has no influence on the chemica! reactions that take place in the plasma. But it is probable 
that the plasma kinetics for an Ar/Dz plasma differ from an Ar/H2 plasma. To avoid this 
problem, films have been deposited using an Ar/H2 plasma but with deuterated silane 
(SiD4) injected. In this case the plasma kinetics i~ unaffected. 

3 A plasma can only exist if the ion losses at the wall of the are are balanced by the ion production by means 
of electron collisions. Therefore a eertaio ionization degree, which is dependent on the pressure and the 
power supplied to the plasma, has to be maintained. 
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2. Expanding Thermal Plasma deposition 
The ETP setup is shown in figure 2.1. Each part of the setup is described in the following 
sections. The plasma production will be described in section 2.1. The expanding plasma 
and the dissociation reactions of silane are discussed in section 2.2. Section 2.3 is devoted 
to the mechanism of deposition of the silane radicals on the substrate by means of a 
surface kinetic growth model. 

2.1 Plasma production: the cascaded are 
A cascaded are is used to generate an argonlhydrogen plasma. The are consists of three 
tungsten-thorium catbodes (of which only one is displayed in figure 2.1) and an anode 
plate separated by a stack of ten water-cooled and electrically insulated copper plates. A 
mixture of argon and hydrogen is supplied to the are. The argon and hydragen flows are 
set at respectively 55 scc/s and 10 scc/s. An Ar/H2 plasma is generated by a DC discharge 
Uarc = 45 A, Vare = 140 V) between the catbodes and the anode. The pressure inside the 
are is typically 0.5 bar. In this case the plasma is close to local thermal equilibrium 
(electron temperature Te is about equal to the heavy partiele temperature T1J 
When the are is fed only with argon, the argon atoms will be partially ionized (15 .8 eV) 
and a pure argon plasma will be created with an ionization degree of about 10% 
[MEU96] . Actdition of hydrogen to the are will result in dissociation of a large fraction of 
the H2 (4.4 eV) and partial ionization of H (13 .6 eV). 

Tomass 
spectrometer 

Shutter 

To Roots 
pump 

Loadlock 

· Argon+Hydrogen 

pump 

Figure 2.1 The Expanding Thermal Plasma setup. 
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As the pressure inside the are is high, the supplied argon and hydragen atoms undergo 
many collisions with electrons. The plasma-existence requirement implies that if many 
atom-electron collisions occur the probability for ionization may be small to balance the 
ionization losses. So the electron temperature is low (Te z I e V) and the electron density 
is high (ne z I 022 m-3

). The ion losses in the are are mainly caused by association of H or 
H+ at the wall of the are, thus creating H2. This H2 then diffuses back into the plasma and 
is dissociated again. As the wall is much colder than the plasma, the plasma is cooled near 
the wall. This wall cooling causes the plasma to exist only in a channel narrower than the 
are channel [BEU94] as in the region near the wall the ionization degree is much smaller 
than in the centre of the are. 
lf deuterium is used instead of hydragen the channel becomes less narrow as deuterium 
diffuses less easily to the wall than hydragen because of is larger mass. Therefore the 
effect of wall cooling is less when the are is fed with deuterium and the channel will be 
less narrow. The downstream electron density in this case is measured to be larger than 
with hydragen fed to the are [BEU94]. So with deuterium supplied to the are, the total 
amount of ions coming out of the are is larger than with hydrogen. 

2.2 The expanding plasma 

2.2.1 Argon-hydrogen plasma 
The anode plate of the cascaded are is attached to the stainless steel reactor vessel, where 
the pressure is typically 0.2 mbar. A parabolically shaped expansion nozzle allows the 
plasma to expand supersonically into the reactor vessel. The plasma beam passes a shock 
region after 4-7 cm and flows subsonically towards the substrate with a typical velocity of 
1000 m/s. On its way towards the substrate the argon ions will be neutralised by means of 
the following reactions: 

(2.I) 

(2.2) 

The first reaction is an associative charge exchange. The reaction rate constant' of this 
reaction is about 1·I o-'s m3s- 1

. The second reaction, a dissociative recombination, is much 
faster, so it will immediately follow the charge exchange. The asterix indicates a possible 
excited state of the hydrogen atom. 
The molecular hydrogen in reaction (2.1) comes from the wall cooled region of the are 
and from the reactor vessel walls [MEU96]. lt is a well-know fact that stainless steel 
forms a perfect surface for the association of hydrogen atoms (also when covered with 
silane). Atomie hydrogen from the plasma reaçhes the vessel wall and adsorbs. 
Subsequently it recombines with another adsorbed hydrogen atom and the formed 
hydrogen molecule can re-enter the plasma in a recirculation flow. The time for a 
hydrogen atom to reach the vessel wall is two orders of magnitude smaller than its total 
residence time in the vessel, so molecular hydrogen recirculating through the vessel may 
re-enter the plasma beam. The existence of recirculation has been shown by 
Meulenbroeks [MEU96]. Measurements done by Bastiaansen [BAS96] however showed 

1 All the reaction rate constants are taken from [KUS88] or [PER96]. 
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Chapter 2 Expanding Thermal Plasma deposition 

that recirculating hydragen molecules do not have a lot of influence on the dissociation of 
silane and do not react with argon ions. This means that the dissociation reactions take 
place near the shock region and recirculating hydragen can not re-enters the plasma beam 
near the shock region. 
The hydrogen ions leaving the are are thought to be neutralised by means of the foliowing 
reaction with vibrationaliy excited hydragen molecules: 

(2.3) 

foliowed by a dissociative recombination of the H2 + ion with an electron. Reactions (2.1 ), 
(2.2) and (2.3) account for an ionisation loss in the plasma. This ionisation loss increases 
if more hydrogen is added to the are [BEE97]. In the experiments presented in this report, 
the hydrogen flow is high (-20 Vol.%), so the dominant chemicaliy active species in the 
plasma is the hydrogen atom. 

2.2.2 Radicalization of silane 
After about 4.5 cm from the nozzle silane is injected into the plasma beam through a ring 
with eight gas outlets. The silane flow is set at 10 scc/s. Because of the low electron 
temperature, dissociation of silane by electron collisions is negligible. If no hydragen is 
supplied to the plasma, silane will entirely be dissociated by collisions with argon ions. In 
this case SiH2 radicals will be produced by dissociative charge exchange and consecutive 
dissociative recombination: 

Ar++ SiH4 --7 Ar+ SiH; + H (2.4) 

(2.5) 

The reaction rate constant for the first reaction is about 8-10- 17 m\-1
. The second reaction 

is much faster with areaction rate constant of about 1.7·10- 13 m\- 1
• The SiH2 radical can 

subsequently react with an other SiH4 to form higher radicals, like Si2Hx. 
If the are is supplied with hydrogen, silane can also be dissociated by means of hydrogen 
10ns: 

(2.6) 

This reaction, with a reaction rate constant of about 5-10- 16 m\- 1
, will be immediately 

foliowed by reaction (2.5) leading to the SiH2 radical again. 
Because of the enormous ionization loss in the expanding plasma when H2 is present for 
our standard settings, the dominant chemically ·active species is the hydrogen atom, so 
silane will be dissociated by means of: 

(2.7) 
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This hydragen abstraction reaction has areaction rate constant2 of 2.7·10-18 m\· 1 and can 
by repetition also lead to lighter radicals like SiH2 and SiH. But since these are higher 
order reactions, SiH3 will be the dominant radical. 
It has to be realised that the total of the reactions in the plasma is much more extensive 
than described above. But for simplicity this description is restricted to the dominant 
reactions. 

2.2.3 Effects of deuteration 
If the are is fed with deuterium (D2) instead of hydragen similar dissociation reactions as 
reactions (2.1 ), (2.2) and (2.3) are expected to occur: 

(2.8) 

(2.9) 

(2.10) 

As deuterium is chemically equivalent to hydragen the reaction rate constants of these 
reactions are assumed to be similar to those of reactions (2.1 ), (2.2) and (2.3). But as 
stated in the previous section, the are operates more efficiently if deuterium is used 
insteadof hydrogen. More deuterium coming out of the are will increase the SiH3 radical 
flux, as the silane dissociation reaction will be: 

(2.11) 

This increase in the radical flux will lead to an increase in the growth rate, which has 
already been observed by Severens et al. [SEV95]. 
The uncertainty of the different plasma kinetics can be avoided by using deuterated silane 
instead of silane. If silane is replaced by deuterated silane (SiD4) and the are is fed with 
hydrogen, the plasma souree is unaltered. The plasma reactions are the same as reactions 
(2.1 ), (2.2) and (2.3) and the silane dissociation reaction will be: 

(2.12) 

2.3 The substrate reactions 
The radicals produced in the plasma are carried to the substrate. The substrate is mounted 
on an aluminium or copper substrate holder, which can be transported into the vessel 
using a loadlock. The substrate holder is clamped· about 32 cm downstream from the 
nozzle on a yoke attached to the back flange of the vessel. The temperature of the yoke 
can be controlled using heaters and is monitored with a thermocouple. To improve the 
heat contact between the yoke, the substrate holder and the substrate a helium backflow is 

2 The reaction rate constants given by Kushner [KUS88] are valid at room temperature. Perrin [PER96] 
stated that they are higher at the temperature of the plasma which is much higher. But they are still useful as 
an indication of the reaction rate. 
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Chapter 2 Ex panding Thermal Plasma deposition 

supplied [KES96]. The temperature of the substrate holderand the substrate is assumed to 
be equal to the yoke temperature. Hovens [HOV97] determined that the substrate 
temperature is about 7% less than the yoke temperature up to 400 oe using an aluminium 
substrate holder. Above 400 oe this is about 9% using a copper substrate holder. 
When silane is injected, it takes some time for the silane to fill the pipelines and the 
reactor vessel. To prevent that radicals deposit on the substrate before the silane flow 
towards the substrate is constant, a shutter is placed in front of the substrate. When the 
reactor is completely filled with silane the shutter is removed and a film is grown. 

2.3.1 Surface kinetic growth model 
As described in section 2.2.2, the radicals produced in the plasma are mostly SiH:, and 
small amounts of SiH2, SiH and Si2Hx. The radicals are carried to the substrate by the 
plasma beam. There the radical flux3 has been determined to be about 5·1 020 m-2s- 1

. This 
is large compared to other deposition techniques. The substrate that is used is a crystalline 
silicon wafer. Toyoshima et al. [TOY91] showed that at low enough temperatures (below 
400 oe) the surface of a-Si:H (and c-Si) is almost completely hydrogenated, with a 
dangling bond density4 of less than w-6

• Therefore a SiH3 radical reaching the surface will 
have negligible chance to stick directly to a dangling bond. Experiments done by Perrin et 
al. [PER89] showed that the radicals have a microscopie probability of about 0.1 to stick 
to the surface. To account for the apparent discrepancy Ganguly and Matsuda [GAN93] 
have presented the surface kinetic growth model, which was also proposed by Gallagher 
et al. [ROB86], Perrin et al. [PER89] and Matsuda et al. [MAT90] and adjusted by 
Severens et al. [SEV96]. The model considers only the SiH:, radical to be the growth 
precursor, and assumes that the bulk dangling bond density is proportional to the surface 
dangling bond density. The surface kinetic growth model is schematically represented in 
figure 2.2. 
Matsuda proposes that the radical has a probability f3 (the so-called surface reaction 

SiH3 

Incident flux 
SiH3 

Reflection r = I -{3 

Physisorption f3 

Deposition s 

a-Si:H 

Figure 2.2 Schematic representation of the strrface reaction possibilities [MA T90]. 

3 With a typ i cal growth rate of 10 nm/s = 10-s m/s and a typical silicon atomie density of 5 ·I 028 m 3 the net 
growth flux is typically 5-1020 m·2s·', assuming that all the radicals remain in the vessel by recirculation and 
eventually will stick. If the effective sticking probability is 0.1 as is the case microscopically, the growth 
flux would be 5·1 021 m·2s·'. 
4 Toyoshima determined the hydragen coverage of the surface to be 100 ± 10 %, but most probably I 00%. 
Because of the very low defect density in the bulk a-Si:H (typically 10-8 -I o·7

) the surface defect density 
should be less than 10·6 as the surface and bulk defect density are strongly related. 
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' ~.,.,. 

1 t 
(a) Physisorption/Reflection 

T 
(c) Sticking and vibrating 

t 
(e) Hydragen abstraction 

t 
(g) Thermal desorption 

(b) Hopping 

t 
(d) Cross-linking 

(f) Recombination 

Figure 2.3 The growth mechanism. 

t t 

probability or loss probability) to physisorb on a Si-H bond at the surface tofarm a weak 
three-centre H bond (see figure 2.3a). It has a probability r (=1-/3) to reflect back into the 
gas phase unchanged. The surface reaction probability f3 was found to be 0.26 ± 0.05 by 
Matsuda. Perrio has deterrnined f3 to be 0.26 ± 0.02 and Gallagher [GAL88] found a value 
of about 0.25. Doughty et al. [DOU90] found a higher value for f3 of 0.37 ± 0.04. Matsuda 
found that the surface reaction probability was independent of substrate temperature. 
Bastiaanssen [BAS96] however showed that f3 decreased with increasing substrate 
temperature. Main difference between these two experiments is the fact that Matsuda 
generated low radical fluxes with an RF glow discharge in silane and Bastiaanssen used 
high radical fluxes produced with ETP. 
A physisorbed SiH3 radical can now hop to ... a Reighbouring hydrogenated site and 
physisorb on this site again (figure 2.3b ). This hopping has a low activation energy in the 
range of 0.1-0.3 eV. As the hopping frequency is very high, the radical will migrate along 
the surface very fast until it either hops on a dangling bond and sticks or abstracts a 
surface hydragen atom and desorbs back into the plasma as a SiH4 molecule (figure 2.3e) 
or recombines with another physisorbed radical and desorbs as a ShH6 molecule (figure 
2.3f). 
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Chapter 2 Expanding Thermal Plasma deposition 

lf the radical hops on a dangling bond it will with unity probability passivate the dangling 
bond to form a strong Si-Si bond (figure 2.3c ): the film grows. The probability that the 
radical finds a dangling bond and sticks to it is called the effective sticking probability s. 
Matsuda has found s to be 0.09 ± 0.02 and independent of substrate temperature up to 
350 oe. Above 350 oe he found s to increase until it becomes equal to f3 around 480 oe. 
Bastiaanssen on the contrary found s to decrease with increasing temperature. 
If the SiH3 radical abstracts an H atom from the surface (figure 2.3e), a dangling bond is 
left at the surface and thus a growth site is created. The possibility for this kind of 
recombination to happen is called Ya· The creation and destructien of dangling bonds are 
(practically) balanced, so Ya is proportional to s. This means that if a dangling bond is 
passivated by sticking of a radical, another dangling bond is created. The SiH3 radical has 
a possibility y, to encounter another physisorbed SiH3 radical and recombine to form 
Si2H6 and desorb back into the gas phase (figure 2.3f). 
lt is clear that the sum of all the probabilities for the radical to react has to be unity: 

s+y"+y,+r=f3+r=1 (2.13) 

If the SiH3 radical sticks, it gains approximately 2 eV of energy due to the formation of 
the Si-Si bond and becomes vibrationally excited. lt's not clear if this is a stretching or a 
wagging or a rotational vibration. Severens et al. [SEV96] proposed that the radical can 
now cross-link (with an activatien energy of less than 0.1 eV) to a neighbouring 
hydrogenated silicon atom, leading to the desorption of a hydragen molecule (figure 
2.3d). The hydrogen molecule desorbs back into the plasma, the radical is now bound to 
two silicon atoms and has two hydrogen atoms pointing outwards. lt is part of the surface 
which is again almost fully hydrogenated. Cross-linking is a thermally activated process, 
with an activatien energy less than 0.1 e V [SEV96]. If cross-linking would always 
happen, no hydrogen would be incorporated in the film. So the hydragen in the film is a 
result of not forming a cross-link. lf the substrate temperature is very low ( < 150 oe) 
cross-linking is very ineffective. In this case colurnnar and polymerized growth (several 
SiH2 radicals piled up) are observed, leading toa very high hydrogen incorporation. 
At elevated temperatures (>400 °C) surface dangling bonds are also created by thermal 
desorption of hydrogen leaving two dangling honds (figure 2.3g). This thermal desorption 
has an activatien energy in the range of 1.5-2 eV. According to Matsuda it is this 
desorption of hydragen that accounts for the increase of the effective sticking probability 
at elevated temperatures. 

2.3.2 Effects of deuteration 
When using D2 as a feed gas instead of H2, no deuterium is expected to incorporate in the 
film according to the surface kinetic growth model. In earlier measurements however 
Severens et al. [SEV95] determined a D/H ratio of about 0.10 ± 0.05. Turban et al. 
[TUR81] argue that there are three mechanisms of deuterium incorporation. The first 
possibility is a D/H exchange at the surface. If a D atom encounters the surface, it can 
replace a surface H atom, which will desorb into the gas phase. The second possibility is 
direct incorporation of incoming deuterium atoms in the growing film. The third option is 
the deposition of partially deuterated silane radicals. These partially deuterated silane 
radicals are formed in the plasma by either a displacement reaction on the SiH3 radical in 
the plasma: 
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SiH, + D ~ SiH?D+ H 
- - (2.14) 

or a deuterium abstraction reaction at the substrate surface (like figure 2.3e ), foliowed by 
a hydrogen abstraction reaction in the plasma. In these cases deuterium can be 
incorporated ifcross-linking does not occur. 
If SiD4 is used and the are is fed with hydrogen a similar situation is created with 
deuterium and hydrogen exchanged. The most important difference is the fact that the 
plasma kinetics are unchanged. The D/H ratio is now expected to be about 0. 9. 

2.3.3 Temperature effects 
The growth process has a strong temperature dependency. Many researchers have 
observed that quantities like the refractive index, the growth rate and the hydrogen content 
all depend on the substrate temperature during growth. 
The refractive index increases monotonously with substrate temperature and related to 
this the hydrogen content decreases. This is a direct result of the activation of the cross
linking. At higher temperatures cross-linking is more effective and therefore less 
hydrogen is incorporated into the film. This means that the mass density is higher, so the 
refractive index is higher. At very low temperatures (below 150 oq cross-linking will be 
seriously impeded and a colurnnar growth is observed. This will lead to a very high 
hydrogen content (up to about 60 at. o/o) and thus a very low refractive index. In this case 
the material is very porous and oxygen will be incorporated in the film (either bonded to a 
silicon atom or as H20). Amorphous silicon films grown at low substrate temperatures 
have a bad quality and are not suitable for the use in devices. 
Matsuda [MA T90] and Severens [SEV96] stated that the growth rate should not depend 
on the substrate temperature in the range from 100 oe to 350 oe. They state that as long as 
the amount of physisorbed radicals remains proportional to the incoming radical flux, the 
growth rate is directly proportional to the incoming flux, which is kept unchanged. When 
the substrate temperature is raised the hopping frequency of the physisorbed radicals 
increases as well as the hydrogen abstraction frequency. As the hopping is more strongly 
activated (Ea.hop > Ea,abs), the abstraction probability decreases5 with increasing 
temperature and the hopping probability will increase. This will result in a decrease of the 
surface dangling bond concentration. As the decrease of the surface dangling bond density 
is exactly balanced by the decrease of the physisorbed radical density, the effective 
sticking probability is unaffected by the temperature increase and so is the growth rate. 
When thermal desorption of hydrogen becomes significant, the surface dangling bond 
density increases again. At higher growth rates (thus higher radical flux) however, the 
effect of thermal desorption becomes smaller due to a faster supply of radicals to 
passivate the created dangling bonds. At very low temperatures the growth rate is much 
higher because of the porous growth. 

vab' vabs 5 The abstraction probability is defined as Pahs = --- = , with Vah_, the abstraction 
vlOtal vabs + vlwp +vree 

frequency, v1wp the hopping frequency and Vm- the recombination frequency. If v1wp increases more with 

increasing temperature than V1101' and Vree the abstraction probability will decrease. 
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3. Film characterization 
In order to determine a number of structural properties, the ETP deposited films are 
analysed using three techniques. In situ ellipsometry gives information about the 
refractive index and the growth rate during the growth of the film. In sectien 3.1 a 
description of this technique is given. A very powerlul technique to determine the 
bonding configuration of the material is Fourier Transfarm Infrared Spectroscopy, or 
shortly FTIR. With FTIR the concentratien of the various bond types can be measured as 
well as the IR refractive index of the material and the thickness of the film. FTIR is 
treated in sectien 3.2. Elastic Recoil Detection Analysis (ERDA) is a technique to detect 
and quantify light elements such as hydragen and deuterium in a heavy matrix, in this case 
silicon. Section 3.3 is devoted to a description of ERDA. 

3.1 In situ ellipsometry 
In situ ellipsometry is based on measuring the change in polarization of a laser beam, 
which reflects on the surface of the sample of interest. An extended description of in situ 
ellipsometry can be found in [MEE94]. 
The rotating analyzer ellipsometer consists of a HeNe laser with wavelength of 632.8 nm, 
a polarizer, a rotating analyzer and a photodiode all positioned in the plane of incidence 
(see figure 3.1). 

Sample 

Figure 3.1 In situ ellipsometry. 
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The light beam coming out of the laser is linearly polarized by the polarizer (P). The angle 
between the incident linearly polarized light beam and the surface normal is l/J0 . Due to the 
fact that the reflection coefficients of the components of the electric field E perpendicular 
and parallel to the plane of incidence are different, the reflected light will in general be 
elliptically polarized. The reflection coefficients are given by the Fresnel coefficients 
[HEC87]: 

iï1 cos l/J0 - n0 cos l/J1 

rP = iï
1 
cos l/J

0 
+ n

0 
cos l/J

1 

n0 cos l/J0 - iï1 cos l/J1 

r, = n
0 

cos l/J
0 

+ iï
1 
cos l/J

1 

(3.1) 

Here rp indicates the reflection coefficient parallel to the plane of incidence and rs the 
reflection coefficient perpendicular (in german: senkrecht) to the plane of incidence. 
Furthermore, n0 is the refractive index of the surrounding medium (in this case vacuum) 
and ii1 is the complex refractive index of the film. A complex refractive index fi generally 
consists of real part n and an imaginary part k, which is called the extinction coefficient: 

iï =n-ik (3.2) 

In vacuum the extinction coefficient is 0, so the refractive index of vacuum consists only 
of a real part n0 = 1. The angle at which the light is transmitted into the film is indicated 
by l/J1• This angle follows directly from Snell's law [HEC87]: 

The reflection coefficients are complex numbers so they can be written as: 

The (complex) ratiopof the reflection coefficients is defined as: 

rP .L1 
p =- = tan'Pe' 

r, 

(3.3) 

(3.4) 

(3.5) 

The quantities 'P and L1 are known as the ellipsonietric angles. Tan 'P is defined as the 
ratio of the relative amplitude changes of the two components of the reflected light: 

IEprliE,;i 
tan'P=-

1 1

.-

1 

I 
E. E,., 

{JI . 

(3.6) 
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If the incoming light is linearly polarized, .1 is defined as the phase difference between the 
two components of the reflected light: 

(3.7) 

The reflected light, which is elliptically polarized as described above, will be incident on 
the rotating analyzer (A) and the intensity Id of the light after passing through the analyzer 
is measured with the photodiode. If the analyzer is rotating at a constant angular 
frequency Q and the polarization angle with respect to the plane of incidence is 45°, it can 
be deduced that the measured intensity of the light is given by [DRI93]: 

Id = g(l+acos2Dt+bsin2Dt) (3.8) 

with coefficients: 

g = C/0 

a= -cos2P (3.9) 

b =sin 2P cosLl 

Here C is a factor that accounts for all the losses in the system, /0 is the intensity of the 
light beam leaving the laser. If Id is measured Pand L1 can be calculated with equations 
(3.8) and (3.9). From equation (3.9) it is clear that Pand -Pare indistinguishable as well 
as 900-P and 90°+P. Furthermore, L1 and -Ll as well as 180°-Ll and 180°+.1 are 
ndistinguishable. This restricts the range of P to [0° ,90°] and L1 to [0°, 180°]. The u se of a 
rotating compensator instead of a rotating analyzer can however increase this range 
[HOV97]. 
If a film is growing, multiple reflections of the transmitted light within the deposited film 
will cause the detected intensity to oscillate due to interference and therefore Pand L1 also 
oscillate. Absorption within the film will dampen the oscillations as the film grows 
thicker. A plot of L1 versus P will show an inward spiral (see figure 3.2). 
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Figure 3.2 'l'-.1-plot (calculated value for the refractive index 
is 3.1 ± 0.3 and for the growth rateis 39 ± 4 nm/s). 
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If the film gets thick enough, all the transmitted light will be absorbed and /d reaches a 

convergence point with constant lJf and L1 (denoted as the convergence lJf and L1). In the 
convergence point the deposited film can be considered a semi-infinite film [MEE94]. In 
this case interference has no contribution to the measured intensity. The convergence lJf 
and L1 will yield through equation (3.5) a complex convergence p and with equation (3.1) 
and (3.3) the refractive index of the film will be: 

- . ('-p)2 2 n 1 = n0 sm <{>0 1 + ï+P tan <{>0 (3.10) 

Here, the refractive index of the film is assumed to be constant during the deposition. 
The time for lJf and L1 to complete one oscillation is called the period r. In this time the 
film thickness will be increased by an amount of: 

(3.1 I) 

The growth rate is thus: 

(3.12) 

From transmission measurements it foliowed that the extinction coefficient kof the a-Si:H 
films lies between -0.08 and -0.2 1

• However, if n and k are fitted from the convergence 
point, kis usually found to be much higher (between -0.7 and -I). This is believed to be 
caused by the surface roughness. lt is known that ellipsometry is very sensitive to surface 
roughness. The roughness of an a-Si:H surface can be seen as a thin film (order I 0 nm) on 
top of the deposited film. If the top film is assumed to consist of a volume fraction fi1 of 
voids and a volume fraction.fi (=1-f0) of deposited material, the refractive index of the top 
film can be calculated using the Bruggeman effective medium approximation [BRU35]: 

(3.13) 

where f is the dielectric constant of the top film, which is related to the refractive index 

by f = n 2 = (n 2 - k 2) - i2nk . The void fraction is chosen to be 0.5 [BRU94]. 

Now the convergence lJf and L1 are not only determined by direct reflection of the 
deposited film, but both by direct reflection from the top film and multiple reflection 
within this top film. Because this introduces an extra variable, namely the thickness of the 
top film, one of the unknown quantities has to be fixed. If the extinction coefficient of the 
deposited film is chosen to be -0.15, the real part of the refractive index of the film n1 and 
the thickness of the top film can be calculated to fit the convergence lJf and L1 best. This 
will give a higher value for n1 than when no top film is included. Since the fitted n1 with 
no top film assumed is an underestimate, the real value of n1 will be some value between 
these two calculated values. 

1 These values are consistent with the damping speed of the '1'.1-spiral, from which k can be calculated. 
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Since the refractive index n, depends on the number of electrons in the conduction band, 
n1 increases with substrate temperature as with increasing temperature more electrons are 
excited to the conduction band. This will cause an inaccuracy in the determination of n1• 

At higher substrate temperatures n1 can be measured about 0.2 higher than the value at 
room temperature. 

3.2 Foorier Transform Infrared Spectroscopy 
FfiR is based on the ability of a chemica! bond, which has in dipole moment in its 
equilibrium, to absorb electromagnetic radiation if the frequency of this radiation matches 
the vibrational eigenfrequency of the bond. An infrared light beam is incident on the 
sample and the intensity of the transmitted light is measured for the wavenumber2 

I( in the 
range of 370-4500 cm- 1

• An example of a measured spectrum is shown in figure 3.3. The 
spectrum shows various absorption peaks on an oscillating background. Each absorption 
peak corresponds to a vibration mode of a specific chemica] bond in the materiaL From 
the area of these peaks, the concentration of the corresponding chemica! bond can be 
calculated. The background shows an interterenee pattem due to multiple reflection 
within the deposited film. From this background the refractive index and the thickness of 
the film can be calculated. 

3.2.1 Interpretation of the background 
An infrared light beam is incident at the backside of the c-Si substrate with an a-Si:H film 
deposited on the front side of the substrate. The intensity of the transmitted light can be 
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Figure 3.3 Fourier transfarm infrared transmission spectrum of an a-Si:H film. 

2 The wavenumber K"should not be confused with the extinction coefficient k. 
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written as [BRU94]: 

(3.14) 

where 9\ and g indicate respectively the real and imaginary part and E0 denotes the 
incoming wave at the substrate/film interface. The transmission and reflection 
coefficients3 are indicated by t and r, which are given by the Fresnel equations [HEC87] 
assuming ideal interfaces. The phase change of the wave after passing through the a-Si:H 
film once is given by: 

cp = ndl( (3.15) 

with fi the complex refractive index (as defined in equation (3.2)), d the film thickness 
and I( the wavenumber. 
The transmitted intensity of the light through the c-Si substrate with no a-Si:H film is 
used as a reference: 

(3.16) 

The transmittance T is now defined as: 

(3.17) 

In the absorption free partsof the spectrum the absorption coefficient, which is defined as: 

(3.18) 

is zero and thus the extinction coefficient kin the film is zero. The transmittance T is only 
dependent on the real part of the refractive index in the film n and the thickness of the 
film d. By fitting the background with equation (3.17) n and d can be calculated. Hereby, 
it has to be taken into account that if n is larger than the refractive index of the c-Si 
substrate (ne-Si= 3.42), T has to begin with a maximum at I(= 0 and has to be smaller than 
1 in the whole frequency range. If a wave reflects at a medium with a higher refractive 
index, the phase of the electric field component periJendicular to the plane of incidence 
will be shifted 1t radials. Transmission never results in a phase shift. At I( = 0 no phase 
shift will occur while passing through the film (as qJ cf. equation (3.15) is zero if I(= 0). If 
the wave reflects at the film/air interface, the phase will not change. Reflecting at the 
film/substrate interface, the phase does not undergo a phase shift either. So after every 
intemal reflection within the film, the phase of the transmitted wave will be unchanged. 
This is schematically shown in figure 3.4(a). In this case, constructive interference is 
observed and the transmitted intensity shows a maximum. 

3 The subscript a, c and 0 indicate resp. a-Si, c-Si and air. 
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(a) (b) 

Figure 3.4 Internal reflection when the refractive index of the film, na-Si• is higher than n, __ 1ï (a) and 
when na-si is smaller than n,.si (b ). In (a) constructive interference is observed and in (b) destructive 
interference. 

Analogously, if n is smaller than 3.42, the transmittance has to begin with a minimum at 
1( = 0 and has to be larger than 1 in the whole frequency range. This situation is shown in 
figure 3.4(b). Reflecting at the film/substrate interface, the wave will be shifted 1t radials. 
This will cause destruclive interference and the transmitted intensity shows a minimum. 
Taking this into account, the interterenee patterns that should be measured are plotted in 
figure 3.5 in the case that na-Si< ne-Si (solid line) and na-Si> ne-Si (dashed line). However, 
sametimes the background is measured to asciilate around 1 and has to be shifted up or 
down. lf T begins with a minimum at 1( = 0, the background has to be shifted up, which is 
shown in figure 3.5 (dotted line). Similarly, if T has a maximum at 1( = 0, the background 
has to be shifted down. This can be done by introducing a correction factor c in equation 
(3.17). 

1.2 

na-Si < ne-Si 

l.l t t 
c 
.9 
Vl 
Vl 1.0 ï§ 

/- '-
Vl 

§ / 

/ ..... 
f-< 

0.9 

na-Si > ne-Si 

0.8 

500 1000 1500 2000 2500 3000 3500 4000 4)00 

/((cm- 1) 

Figure 3.5 The background of transmission spectra as they should be measured when nasi< n, 5, 

(solid) and na-Si> n,.si (dashed). Sametimes the background is found to oscillate around I (dotted). 
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3.2.2 lnterpretation of the absorption peaks 
If the frequency of the infrared light matches the vibrational eigenfrequency of a certain 
chemica! bond, the light can be absorbed by this bond. In the spectrum (figure 3.3) 
absorption peaks can beseen at various frequencies. The position of the absorption peaks 
are determined by the type of chemica! bond, like Si-H, Si-H2 and Si-0, and by the mode 
of vibration (wagging, stretching or bending). In table 3.1 an overview of the most 
important bonds in a-Si:H(D) is given. 
The peak at 640 cm·' is indicated as the SiHx wagging peak, which means that this peak 
contains the wagging frequencies for all the Si-H bond types. The surface of this peak 
therefore yields the total hydragen concentration. The Si-H stretching modes have an 
eigenfrequency which depends on the local environment. The Si-H stretching vibration 
with the silicon atom bound to three other silicon atoms has an eigenfrequency of about 
2000 cm- 1

• The Si-H stretching vibration with another H atom bound to the silicon atom 
has an eigenfrequency of about 2100 cm-1

. This makes it possible to determine the 
surfaces of both peaks separately and the concentrations of both SiH and SiH2 bonds can 
be calculated. This is very useful as the presence of SiH2 in the film is indicative of a 
serious disturbance of the structure of the material and an increased resistivity. It is 
therefore desirabie that hydragen is incorporated in the film as SiH only. A measure for 
the hydrogen bonding configuration is given by the microstructure R* which is defined as: 

R* = I 2100 

I 2ooo +I 210o 
(3.19) 

where hooo and h 100 represent the areas of the 2000- and the 2100-peak in the 
transmission spectrum. 
It is also possible that oxygen is incorporated in the film. The eigenfrequency of the Si-0 
stretching mode is approximately 1050 cm- 1

• A lot of oxygen in the film will make the 
film useless as device material, as oxygen incorporation is related to colurnnar growth or 
porous materiaL 
The eigenfrequencies of the various Si-D vibrations are --J2 times lower than the 
eigenfrequencies of the corresponding Si-H vibrations, because the eigenfrequency of a 
vibration is reversely proportional to --Jp (Jl indicates the reduced mass) and J1 is about 
twice as largefora Si-D bond than fora Si-H bond. 
In order to quantify the absorption peaks, the extinction coefficient k is fitted with a 
gaussian function: 

Table 3.1 Bond types and modes of vibration. 

Bond type Eigenfrequency; ( cm- 1
) Mode of vibration 

SiHx 640 Wagging 
SiH 1980-2030 Stretching 
SiH2 880 Bending 

2080-2120 SiH Stretching 
(SiH2)n 845 Bending 

SiD 1460 Stretching 
SiD2 1525 SiD Stretching 
SiHD 790 Bending 

1525 SiD Stretching 
2080-2120 SiH Stretching 

SiO 1050 Stretching 
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1 }(. _!(~-~;)2 
k(K:) =--I-' e 2 a; 

.J2ii i (Ji 

(3.20) 

Here the sum over i represents a summatien over all the absorption peaks, }(; is the area of 
the corresponding peak, a; is the full width half maximum and K:; is the frequency (in 
cm- 1

) of the peak. 
The absorption peaks can now be fitted with equation (3.17) where equation (3.20) serves 
as a model for k. This fit will yield }(; for all the peaks (in cm- 1

). Since the quantity that is 
actually fitted is the Kd an error in d (which has been calculated by fitting the 
background) will result in an error in }(;. It is possible to correct}(; for an error in d using: 

djit 

}(i,corr = d }(i,fit 
real 

(3 .21) 

where dfir is the film thickness that is used to fit the peak, dreat is the real film thickness 
and }(i,fït is the fitted value for K. Sametimes it is necessary to use a wrong film thickness 
to fit an absorption peak well. In this case the fitted K has to be corrected as in equation 
(3.21). 
Using equation (3.18) and the definition of K ,the integrated absorption /; is defined as: 

f a J 2kK: J I = -dm= -2ncdK: = 47rkdK: = 4nK 
I (J) Cl( I 

(3.22) 

with c = ~ the speed of light. 

The concentratien of a bond in a specific mode (in cm-3
) is then given by: 

(3.23) 

with A; a proportionality constant (in cm·\ A; is theoretically defined as [LAN92]: 

(3.24) 

where n is the refractive index, which is usually taken 3.42 (c-Si), J.L is the reduced mass 

and ei* is the effective charge of the dipole or oscillator strength. The most widely used 

values are the ones proposed by Langford et al. [LAN92]. Many other researchers have 

Table 3.2 Overview of the determined proportionality constants. 

[FAN80]4 [OGU81] [MAL89] [AMA91] [LAN92] [DAE94] 

A64o 1.6·1019 2.5-1019 2.0·1019 - 2.1·10 19 5 

A2ooo 1.4·1020 7.3·1019 9.0·1019 5 - -

A21oo 1.4·1 020 3.3·1020 2.1·1020 2.2·1020 5 -

4 Fang et al. determined one proportionality constant for the 2000- and 21 00-peak tagether 
5 Daey Ouwens et al. stated that A 2000 and A 2000 are equal and dependent on the hydragen content and 
independent of the bonding configuration. 
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independently found values for Ai that vary considerably. In table 3.2 an overview of a 
selection of determined values for Ai is given. It is clear that there is still some discussion 
about the proportionality constants. 
Turban et al. [TUR81] stated that the values of Ai for the silicon-deuterium bonds are a 
factor 2 higher than the corresponding silicon-hydrogen bonds. But as the frequency of the 
Si-D absorption peaks is -/2 smaller than the Si-H peaks and the reduced mass of an Si-D 
bond is a factor 2 larger than an Si-H bond, the proportionality constants for the Si-D 
bond should be -/2 larger than the corresponding proportionality constants of the Si-H 
bonds. Hereby e * is assumed to be the same for an Si-D and an Si-H bond. 

3.3 Elastic Recoil Detection Analysis 
To determine the concentratien of the incorporated hydrogen and deuterium in a-Si:H(D) 
films, Biastic Recoil Detection Analysis (ERDA) is used. The setup of the scattering 
chamber is shown in figure 3.6. A beam of 4 MeV 4He+ ions is generated using the 
cyclotron at the Eindhoven University of Technology. The angle between the beam of 
incoming 4He + i ons and the sample surface is 15°. The backscattered 4He + i ons are 
detected by a solid state silicon detector positioned at an angle of 170° with the direction 
of the incident 4He+ ion beam. This detector will be denoted as the RBS detector. Forward 
recoiled hydragen and deuterium atoms are detected by a solid state silicon detector which 
is placed at an angle of 30° with the direction of the incident beam. This detector will be 
called the ERDA detector. The ERDA detector is shielded from forward scattered 4He + 
ions or recoiled silicon or oxygen atoms by a mylar foil. The recoiled hydrogen and 
deuterium ions wil! pass through the foil. 
If a partiele enters a detector a number of electron-hole pairs proportional to the particles 
energy is created. The charge is integrated in a pre-amplifier (Silena Catsa 2000) and 
processed by a shaping amplifier (Ortec 450). The height of the pulse generated by the 
shaping amplifier, which is directly proportional to the energy of the detected particle, is 

Mylar foil 

···~ 

ERDA 
detector 

Vacuum vessel 

Figure 3.6 The scattering chamber. 
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digitized using an ADC (Canberra S 100). A multichannel analyzer is used to count the 
number of detected particles that have an energy Iying within an interval dE. By 
displaying the number of detected particles versus the energy, an energy spectrum is 
obtained. 
For a good understanding of ERDA some theoretica! concepts are described in the 
following sections. In section 3.3.4 the interpretation of ERDA spectra is given by means 
of these theory. 

3.3.1 Kinematic factor 
When a partiele of mass m1 with energy E0 (projectile) collides elastically with a 
stationary partiele of mass m2 (target), energy will be transferred from m1 to m2. The 
scatter geometry is shown in figure 3.7. 

Before scattering After scattering 

Figure 3. 7 The scatter geometry. 

The energy of the scattered projectile will be E1, which is related to the initia) energy E0 

and the scattering angle 8 by the kinematic factor K1, which is defined as: 

(3.25) 

Using the laws of conservation of energy and momentum, K1 can be deduced to be 
[CHU78]: 

(3.26) 

The energy of the recoiled target atom will be E2, which by analogy will be related to the 
initia) energy of the projectile E0 and the recoil angle cp: 

(3.27) 
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3.3.2 Scattering cross section 
The probability of a scattering event to happen is represented by the differential scattering 

cross section ~~ , with Q the solid angle and a the scattering cross section integrated over 

the whole solid angle range. If scattering is assumed to occur only as a result of the 
Coulomb repulsion between the two nuclei and the particles are assumed to represent 
point charges, the differential cross section is given by Rutherford's formula. The 
Rutherford cross section for the scattering of the projectile is given by [CHU78]: 

da = ( ZIZ2e
2 J2 ~ (mz case +~m~ -ml

2 
sin

2 er 
dQ. 4Jrt:0 4E sin 8 ~m~- m~ sin 2 e 

(3.28) 

where Z1e and Z2e are the charges of respectively the projectile and the target atom and E 
is the energy of the projectile just befare the collision. All quantities are with reference to 
the Iabaratory frame. 
The Rutherford cross section for the recoiling of a target atom is given by [JAE94]: 

(3.29) 

The Rutherford cross sections are only valid for beam energiesin a well defined window. 
If the energy of the projectile is so small that the distance of ciosest approach between the 
projectile and the target nucleus is larger than the radius of the innermost electron shell, 
the projectile experiences a screened Coulomb potential. In this case, the differential 
scattering cross section will be smaller than the Rutherford cross section. 
For sufficiently high projectile energies the distance of ciosest approach between the 
projectile and the target nucleus reduces to the dimension of the nucleus. In this case, the 
nuclear farces will cause the differential cross sections to deviate from the Rutherford 
cross sections. If the target atom is excited by the collision, inelastic scattering occurs and 
the energy of bath the scattered projectile and the recoiled target atom decreases. At even 
higher energies, nuclear reactions can occur. 
Consequently, the Rutherford cross sections are only valid if the energy of the incident 
projectile is toa low to induce nuclear scattering or nuclear reactions and toa high for 
screening of the nuclei by electrans to become important. At the high energy end, the 
threshold of non-Rutherford cross sections have been derived by Bozoian [BOZ92]. 
Non-Rutherford cross sections for the scattering of 4He+ ions on oxygen atoms are studied 
by Leavitt et al. [LEA86]. For the scattering of 4He+ ions on silicon at a scattering angle 8 
of 170°, the Rutherford cross section cf. equation (3.28) is valid in the energy range from 
0.1 up toabout 4 MeV. The differential cross secti.ons for the recoiling of hydragen by 
4He+ projectiles at an recoil angle of 30° are taken from Wang et al. [W AN88]. The 
differential cross sections for the recoiling of deuterium by 4He + projectiles have been 
constructed out of the available data in literature. This is described in appendix A. 
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Chapter 3 Film characterization 

3.3.3 Energy loss and stopping cross section 
lf a high energy partiele, like a 4He + ion or a recoiled hydragen or deuterium atom, passes 
through an elemental target material, it will lose energy due to Coulomb interaction with 
mainly electrons6

. The specific energy loss S (or stopping power) is defined as the 
decrease in energy of a partiele if it moves a unit length dx through the material: 

dE 
S=-

dx 

This energy loss is strongly dependent on the energy of the partic Ie. 

(3.30) 

The more commonly used quantity is the stopping cross section f which is defined as the 
energy lossper atomie areal density.: 

1 dE 
E=--

N dx 
(3.31) 

where Nis the at om density (in at.cm-3
) in the target material and E is given in ke V cm2ar 1. 

In literature the stopping crosssectionis sametimes defined as: 

. 
f ---

p dx 

1 dE 
(3.32) 

where p is the mass density (in g.cm-3
) of the target material and t:" is usually given in 

keVcm2g- 1
• Equation (3.32) can be converted into equation (3.31) easily by using: 

(3.33) 

where Mis the molar mass (in g.mole- 1
) and N0 = 6.025·1023 at.mole- 1 is Avogadro's 

number. The stopping cross sections of 4He+ ionsin various elemental materials are well
known and tabulated by Ziegier [ZIE77]. The situation when a 4He+ ion penetrates into 
the surface and recoils a light element at depth x is drawn in figure 3.8. Both the ingoing 
and the outgoing partiele lose energy by electrooie stopping. The energy of the ingoing 
4He+ ion just before the scattering, E, can be determined using the surface enerRY 
approximation. This assumes the stopping power of the 4He + ion to be constant along the 
ingoing pathand equal tothestopping power of the ionsof the incoming beam energy: 

Figure 3.8 Effective stopping cross section. 

6 At very low energies (< 0.1 MeV) the energy loss by interaction with nuclei becomes important. 
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(3.34) 

where SHe is the energy loss of the 4He+ ion. The energy of the recoiled partiele 
immediately after the scattering, will then be K2E, with E as in equation (3.34). After 
passing through the film, the energy of the outward going recoil wil! be: 

(3.35) 

where Sr is the energy loss of the recoiled particle. The effective stopping cross section ( or 
stopping cross section factor) can be determined using equation (3.31 ): 

(3.36) 

which can be combined with equation (3.35): 

ê .. =-1 [K2SHe(Eo) + S,(K2 E0 )J= K2êHe(Eo) + t:r(K2 E0 ) 

ett N sin a1 sin a2 sin a1 sin a2 

(3.37) 

In the preceding, only energy loss in elemental targets is considered. If the target material 
consistsof more than one element, the stopping crosssectionis given by Bragg's rule: 

ê= ~ Cê L.. I I 

where c; is the atomie percentage and ê; the stopping cross section of element i. 

3.3.4 Interpretation of the ERDA spectra 

(3.38) 

A typical ERDA spectrum of an amorphous silicon film with both hydragen and 
deuterium incorporated is shown in figure 3.9. In the spectrum two peaks are seen, a 
hydrogen peak and a deuterium peak. The right flanks of these peaks represent hydrogen 
resp. deuterium atoms that were recoiled from the surface of the film. The deuterium 
flank is located at a higher energy as the kinematic factor cf. equation (3.27) for the 
recoiling of deuterium (Kv = 0.67 at cfJ = 30°) is higher than for the recoiling of hydrogen 
(KH = 0.48 at cfJ = 30°). As described in section 3.3.3, recoils coming from depth will have 
a lower energy than recoils coming from the surface due to electronic stopping. This 
causes the ERDA peaks to have a width that corresponds to the thickness of the film. 
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Figure 3.9 An ERDA spectrum of an a-Si:H:D film using 
4 Me V a particles at a recoil angle of 30°. 

Film characterization 

From the area of the peaks the areal density (in at.cm-2
) of the elementscan be calculated. 

The total number of detected recoils A within a peak corresponding to element i is related 
to the area! density N; of element i through [IJZ94]: 

(da) 1 A=NQ-Q--
' ' dQ i det sinal 

(3.39) 

where Q represents the dose of incident 4He+ ions and Qdet the solid angle of the detector. 
The hydrogen and deuterium area! densities are determined with the help of a reference 
sample which contains 2-1016 at./cm2 hydrogen (implantation of 20 keV H/). In each 
series of measurements the reference sample is measured. The beam dose Q for each 
sample of interest is normalized to the reference sample using the height of the silicon 
signa! in the RBS spectrum. Subsequently, the hydrogen area! density can be directly 
obtained from the signa! ratios of the hydrogen in the reference sample and the sample of 
interese. The deuterium content can also be obtained from the signa! ratio of the hydrogen 
in the reference sample and the deuterium in the sample of interest. Hereby, the 
differential cross section for the recoiling of deuterium by 4He + projectiles has to be taken 
into account. 
The quantification of the spectra is done using simulations, which have been carried out 
using the computer code RUMP [D0085]. This program allows the user to construct an 
artificial layered structure and simulates the RBS and ERDA spectrum. By camparing the 
simulation with the measured spectrum and adjusting the target composition, the real 
target composition can be determined. 

7 This is a good approximation as the recoil cross section shows only a very small energy dependenee in the 
considered energy range. 
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4. Experiments 
In this chapter four experiments will be presented to study the hydrogen incorporation in 
a-Si:H. All four experiments showed a discrepancy between the hydrogen content 
determined with ERDA and FTIR. Therefore the FTIR proportionality constants have 
been recalibrated. These results are presented in section 4.1. 
In the first experiment a series of a-Si:H films have been deposited at different substrate 
temperatures with Hz fed to the are and SiH4 injected into the expanding plasma. The 
results of this experiment are discussed in section 4.2. Secondly, the Hz has been replaced 
with Dz and the same series of films have been deposited under the same conditions. The 
results of this experiment will be described in section 4.3. Consecutively, a similar 
temperature series has been done with the are fed with Hz and SiD4 injected. Section 4.4 
is devoted to this experiment. A series of films was deposited using SizH6 instead of SiH4. 

These results can be found in section 4.5. Some other observations are described in 
section 4.6 and finally an overall summary is given is section 4.7. 

4.1 Calibration of the FTIR proportionality constauts 
The hydrogen content of the deposited a-Si:H films has been determined with both ERDA 
and FTIR. With FTIR the total hydrogen content can be calculated in two ways. The area 
of the 640-peak in the transmission spectrum is directly proportional to the hydrogen 
content cf. equation (3.23). Similarly, the areas of the 2000- and the 2100-peak are 
proportional to the concentration of respectively the SiH and SiHz bonds. The sum of 
these two will again yield the total hydrogen content. The proportionality constants Ai 
between the areas and the concentrations that have been used are the ones proposed by 
Langford et al. [LAN92]. They found that A64o = (2.1 ± 0.2)·1 0 19 cm_z and A2000 = (9.0 ± 
1.0)·1 0 19 cm_z and A21oo = (2.2 ± 0.2)·1 ozo cm-z. 
To compare ERDA and FTIR measurements properly, all the concentrations are expressed 
in areal densities 1 (at.cm-z). For areal den si ties below 10 18 at.cm-z, it appears that the 
hydrogen areal density determined from the 640;-peak, N640, is about 30% larger than the 
ERDA areal density, NH (see figure 4.1). At higher hydrogen area! densities NH appears to 
be larger than N64o. This is caused by the incorporation of oxygen (and thus hydrogen 
bound to oxygen) and molecular hydrogen at low substrate temperatures (see section 4.6). 
With FTIR only hydrogen that is bound to silicon is detected and ERDA detects all the 

1 With both techniques the quantity that is actually determined is the area! dcnsity. With ERDA the area! 
density is measured cf. equation (3.39) and with FfiR the quantity that is fitted is d·K, which is directly 
proportional to the area! density, as the area! density is given by 4rt·d·K;-A1• 
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Figure 4.1 Comparison of the total 
hydragen area! density determined with 
ERDA and from the 640-peak in the FTIR 
spectrum using the Langford 
proportionality constant. The straight line 
represents y = x. 
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Figure 4.2 Comparison of thc tota\ 
hydragen area! density determined with 
ERDA and from the 2000- and the 21 00-
peak in the FTIR spectrum using the 
Langford proportionality constants. Thc 
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hydragen atoms, so ERDA will yield a higher value for the total hydrogen incorporation. 
In figure 4.2 the areal density determined from the sum of the 2000- and 21 00-pcak, 
N 2000 + N 2100 , is also seen to be about 30% larger than NH. 

The discrepancy between areal densities below 1018 at.cm-2 determined with ERDA and 
FTIR is subscribed to the invalidity of the used proportionality constants Ai. Langford et 
al. have determined the proportionality constants by cernparing the hydrogen content 
(in at.%) determined using Nuclear Reaction Analysis with the hydrogen content using 
FTIR. They use the calculated thickness d (and an error in d generates an error in the 
hydrogen content) and they assume an atomie density of 5·1022 at.cm-3

. But it is more 
accurate to compare areal densities, as calculation of areal densities implies no 
assumption for the atomie density nor for the thickness. Therefore A640 , A2000 and A210o 

have been recalibrated by cernparing the hydrogen areal density determined using ERDA 
with FTIR. 
Demanding that NH is equal to the sum of N2ooo and N 21oo gives: 

( 4.1) 

where hooo and h 100 are respectively the integrated absorption as defined in equation 3.22. 
Multiplying these with d and Ai will yield the areal density. Now the least squares method 
is used to fit the proportionality constants A2000 and A2100. A description of the method of 
least squares is given in appendix B. The results of the fit are shown in table 4.1. 
Analogously, NH can be related to the integrated absorption of the 640-peak: 

Table 4.1 Recalibrated values for the proportionality constants A; (in cm-2
) 

tagether with the values proposed by Langford et al. [LAN92]. 

Recalibrated values 

(1.58±0.16)·1019 

(9.1 ± 1.1)·1019 

(1.45 ±0.17)·1020 
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Langford values 

(2.1 ±0.2)·10 19 

(9.0 ± 1.0)·1019 

(2.2 ± 0.2)·1 020 

(4.2) 
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Figure 4.3 Comparison between the total 
hydragen area! density determined with 
ERDA and from the 640-peak in the FTIR 
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Experiments 

Figure 4.4 Comparison between the total 
hydragen area! density determined with 
ERDA and from the 2000- and 21 00-peak 
in the FTIR spectrum usmg the 
recalibrated proportionality constants. The 
straight line represents y =x. 

The praportionality constant A640 is also calculated using the method of least squares. The 
result of the fit is shown in table 4.1. 
A measure for the quality of the fit is the parameter i, which is defined as the average of 
the squares of the deviations of the FTIR areal densities fram the ERDA area! densities 
(see appendix B). The recalibrated A640 results in a i of 0.14 which is an impravement 
with more than a factor 13 as the Langford value shows a i of 1.92

. The recalibrated 
A2ooo and A21oo result in a i of 0.17 which is an impravement with more than a factor 20 
as the Langford values show a i of 3.52. The improvement in the consistency between 
ERDA and FTIR for area! densities up to 1018 at.cm-2 can beseen in figure 4.3 and 4.4. 
The recalibrated value for A640 is in very good agreement with the value that has been 
determined by Fang et al. [FAN80] and Shanks et al. [SHA80]. Both calculated AMo to be 
1.6·1 0 19 cm-2

. Kroll et al. [KR096] have confirmed this value by comparing FTIR with 
ERDA. 
It has to be noted that: 
- Points with areal densities higher than 1018 at.cm-2 (corresponding to an atomie density 

of about 25 at.%) are not included in the calculations, because of the presence of 
hydrogen bound to oxygen. In this region equation ( 4.1) and ( 4.2) are not val id. 

- The praportionality constants cf. equation (3.24) are dependent on the refractive index. 
However, the refractive index is taken to be the refractive index of crystalline silicon 
(ne-Si = 3.42) and constant for all the deposited films. If variations in the refractive 
index would be taken into account, the discrepancy at high areal densities would 
increase. Moreover, at area! densities below 1018 at.cm·2 the refractive index is 
observed to be nearly constant within 5% at about 3.5. 

From the ERDA deuterium areal density ND and the sum of the FTIR areal densities of the 
SiD and SiD2 bonds, N 1475 + N1525, proportionality constants for the 1475- and 1525-peak 
have been calibrated in a similar way using the least squares method. As stated in section 
3.2.2, the values for A147s and A 1525 are expected to be --J2 times larger than A2000 and A2l!Jo 
since the mass of deuterium is twice as large as the hydrogen mass. The calibrated values 

2 Here i is not a measure for the quality of the fit, but a measure for the deviation of the area! dcnsities 
determined with FTIR from the area! densities determined with ERDA. 
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Table 4.2 Calibrated and expected values for A1475 and A1525. 

Calibrated values 

( 1.55 ± 0.19)·1020 

(I. 78 ± 0.21 )·1020 

Expected values 

1.29·1020 

2.05·1020 

for A 1475 and A 1525 are listed in table 4.2 as well as the expected values. The calibrated 
values for A 1475 and A 1525 resu1t in a;( of 0.064 and the expected values result in a;( of 
0.077. So both show an equal agreement with the ERDA results, but the calibrated AJ./75 

and A 1525 differ considerably from the expected values. 
However, the ratio between A1475 and A1525 should be equal to the ratio between A:woo and 
A2100. If this is demanded, the ERDA deuterium area! density wil! be: 

(4.3) 

Fitting this using the least squares methad yields a value for C of 1.4 ± 0.1, which is in 
very good agreement with the expected --J2. The calibrated values for A1.175 and A1525 using 
the same ratio as between A2000 and A2100 are listed in table 4.3. Note that, since now there 
is only one fit parameter, the inaccuracy has increased. 

Table 4.3 Calibrated and expected values for A1475 and A1525. Calibration 
with a fixed ratio between A 1475 and A1525• 

Calculated values 

(1.30 ± 0.26)-1 020 

(2.07 ± 0.41 )·1020 

Expected values 

1.29·1020 

2.05·1020 

As shown in figure 4.5, the deuterium areal density calculated with the fitted values for 
A 1475 and A 1525 are in very good agreement with the ERDA deuterium area! density. 
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Figure 4.5 Comparison between the total 
deuterium area! density determined with 
ERDA and FfiR using the fitted values 
for A1475 and A1525 as listed in table 4.3. 
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4.2 Deposition of a-Si:H using SiH4 and H2 

A series of a-Si:H films were deposited using an Expanding Thermal Plasma at different 
substrate temperatures with H2 fed to the are and SiH4 injected in the plasma. The 
deposition time has been kept at 60 s for all the films. The gas flows that were used for 
Ar, H2 and SiH4 are resp. 55, l 0 and I 0 scc/s. 
During deposition in situ ellipsometry was performed todetermine the refractive index (at 
632.8 nm) and the growth rate of the growing film. The refractive index (at IR) and 
growth rate were also determined afterwards with FTIR. With FTIR also the hydrogen 
bonding configuration is determined. With ERDA the hydrogen content has been 
measured. The results of the refractive index and growth rate measurements are shown in 
figure 4.6 and 4.7. In figure 4.8 the hydrogen content measured with ERDA and FTIR3 is 
plotted. Figure 4.9 shows how the incorporated hydrogen is bonded to silicon, either as 
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Figure 4.6 Refractive index measured at 
632.8 nm with in situ ellipsometry 
( circles) and at intrared with FTIR 
(crosses). 
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Figure 4.8 Hydragen content determined 
with ERDA (diamonds) and from the 640-
peak in the FTIR spectrum (crosses). 
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Figure 4.7 Growth rate measured with 
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3 With FTIR the hydrogen content is determined from the 640-peak using the recalibrated proportionality 
constant (see section 4.1 ). 
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Figure 4.10 Microstructure determined 
from the 2000- and 2100-peak in the 
FTIR spectrum. 

SiH or as SiH/ This is also represented by the microstructure (cf. equation 3.19) in 
figure 4.1 0. 
In figure 4.6 the refractive index is seen to increase with substrate temperature towards a 
constant value of about 4.6 at 632.8 nm and about 3.7 at infrared. The increase is a direct 
result of the decrease in the hydragen content (shown in figure 4.8): more hydragen 
incorporation results in more internal voids and the void fraction can be related to the 
refractive index using an effective medium appraximation. For details, see section 4.6. 
As proposed in section 2.3.1 hydragen is incorporated if the cross-linking step in the 
growth model fails. If the substrate temperature increases, cross-linking gets more 
efficient. As more cross-links are formed and more hydragen molecules desorb out of the 
film, the total hydragen content in the film decreases. This decrease is seen in figure 4.8. 
Tagether with the decrease in the hydragen content, the silicon atomie density increases. 
As the mass density is mostly determined by the silicon density, the total mass density 
increases with substrate temperature and consequently the refractive index increases. 
Figure 4.8 shows that the hydragen content determined with ERDA is in good agreement 
with the hydragen content determined from the 640-peak in the FTIR spectrum using the 
recalibrated proportionality constants (see section 4.1 ). Only at low substrate temperatures 
FTIR underestimates the hydragen content, because hydragen bound to oxygen and 
molecular hydragen in internal voids are not detected with FTIR. ERDA on the contrary 
detects all the hydragen regardless of the bonding configuration. 
Figure 4.9 shows that in a-Si:H film grawn at low substrate temperatures almost all the 
hydragen is bound as SiH2. This is indicative of colurnnar growth (SiH2 polymers) and 
internal voids. This porous grawth of the film at low substrate temperatures causes the 
very low refractive index. The SiH2 content decreases rapidly with increasing temperature 
due to the formation of more cross-links. If an SiH2 cross-links only one time, it loses 
only one H atom and an SiH bond is left. Consequently, the SiH content will increase 
with increasing temperature. At elevated temperature the SiH content is seen to decrease 
with substrate temperature. As cross-linking gets even more efficient, more cross-links are 
formed with SiH boncts leading to a decrease in the SiH content. This is also seen in 
figure 4.1 0. The microstructure appears to decrease with the substrate temperature. In 

4 The SiH and SiH2 contents are determined with FTIR from resp. the 2000- and the 21 00-peak using the 
recalibrated proportionality constants (see section 4.1 ). 
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table 1.1 the microstructure of device quality a-Si:H films should be smaller than O.I. At 
higher temperatures the films are seen to fulfil this quality demand. 
Figure 4.7 shows the growth rate to decrease with substrate temperature for temperatures 
up to 350 oe. Above 350 oe the growth rate is seen to remain more or less constant. The 
higher growth rate at low temperatures is aresult of the growth of porous material, but a 
decrease of the surface reaction probability f3 for the SiH, radicals with substrate 
temperature, as reported by Bastiaanssen [BAS96], would also account for a decrease in 
the growth rate. lf f3 decreases and the radical flux on the substrate is kept constant, less 
radicals wil! physisorb on the substrate surface per second. So the surface coverage of 
physisorbed SiH3 radicals decreases. This will lead to less hydragen abstraction reactions 
so less dangling bond production as this is proportional to the SiH3 surface coverage. 
eonsequently, less radicals will stick on a dangling bond as the creation and passivation 
of dangling bonds are balanced. So tagether with f3 the sticking probability s wil! also 
decrease. The decrease in s can be shown when the growth flux is plotted versus 
temperature as in figure 4.11. The growth flux ll>K on the substrate surface (at.cm-2s- 1

) is 
defined as the ratio of the silicon area! density (at.cm-2

) and the deposition time (s). The 
silicon area! density is determined from the ERDA/RBS spectrum and the deposition time 
is determined with in situ ellipsometry. The growth flux thus yields the silicon flux that 
actually sticks to the surface which is directly proportional to the sticking probability s if 
the radical flux is constant. 
The growth flux is indeed seen to decrease with the substrate temperature up to 400 oe 
which is due to a decrease in the surface reaction probability f3. So the decrease in the 
growth rate is (partially) caused by a decrease in f3, but since the decrease in the growth 
rate (± 40%) is larger than the decrease in the growth flux (± 20% ), the effect of the 
growth of porous material is also important. 
At high enough temperatures thermal desorption will cause an increase in the creation of 
dangling bonds and thus an increase in the growth rate. The temperature at which thermal 
desorption becomes important increases with the growth rate. For the used growth rates 
the effect of thermal desorption is not seen for temperatures up to 500 oe. At lower 
growth rates the increase in the growth rate at higher temperatures has been measured by 
Severens [SEV97]. 
From figure 4.7 it can be seen that the growth rates determined with in situ ellipsometry 
and with FTIR do not agree very well. There is a discrepancy of about 20%. A 
comparison between the growth rate determined with in situ ellipsometry and with FTIR 
is given in section 4.6. 
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Figure 4.11 Temperature dependency of 
the silicon growth flux. 
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4.3 Deposition of a-Si:H:D using SiH4 and D2 
Fram the SiH4-H2-experiment described insection 4.2, the rale of the molecular hydragen 
that is fed to the are in not clear. To examine the influence of the molecular hydragen, the 
same series of temperature dependent depositions as for the SiH4-H2-series have been 
done with D2 used as a feed gas instead of H2. The D2 flow was also set at 10 scc/s. 
Because the growth rate was expected to be higher than for the standard situation, the 
deposition time has been reduced fram 60 to 30 s to prevent the growth of too thick films, 
which are hard to analyse with ERDA. All the other settings are kept standard. 
The refractive index and the grawth rate are plotted in resp. figure 4.12 and figure 4.13. 
The silicon growth flux is shown in figure 4.14. The total hydragen content (this means 
hydragen and deuterium) determined with ERDA is shown in figure 4.15. To compare 
these quantities with the SiH4-H2-experiment (referred to as the standard situation), the 
results of section 4.2 are also plotted. 
The most important difference with the SiH4-H2-experiment is seen in figures 4.13 and 
4.14. The silicon grawth flux as wellas the growth rateisabout 2 timeslargerif the are is 
fed with D2. As stated in section 2.1 the are operates more efficient on D2. As deuterium 
has twice the mass of hydragen, deuterium diffuses less easy to the wall of the are and 
less deuterium will be lost. Therefore more atomie deuterium leaves the are and more 
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Figure 4.12 Refractive index measured at 632.8 nm with in situ ellipsometry (a) and at infrared 
with FfiR (b) for a-Si:H:D films deposited with D2 fed to the are (solid) and for a-Si:H films in the 
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Figure 4.15 Total hydrogen and 
deuterium content measured with ERDA 
for a-Si:H:D films deposited with D2 fed 
to the are (solid) and for a-Si:H films in 
the standard situation (open). 

silane will be radiealized. This has been eonfirmed by depletion measurements using mass 
speetrometry done by Bastiaanssen [BAS96]. The depletion is defined as the amount of 
silane that is eonsumed relative to the amount of silane that is supplied. The depletion was 
found to be higher if the are operates on deuterium. So as more silane is dissociated, the 
radieal flux will be larger. And as the growth rate is proportional to the radical flux, the 
growth flux and thus the growth rate, if the are is fed with D2, is higher than with H2 as a 
feed gas. 
A higher SiH3 flux means that after stieking a SiH3 radical has less time to form a cross
link before another SiH3 deposits on top of it. Unless the characteristic time of cross
linking is mueh smaller than the eharaeteristic growth-time, the total hydrogen and 
deuterium ineorporation is expected to be higher than in the SiH4-H2-experiment. This is 
clearly observed at low temperatures. This difference in the total hydrogen and deuterium 
content appears to decrease with increasing substrate temperature. At high temperature the 
hydrogen content is even equal for the two growth rates. By increasing the substrate 
temperature the increase in the hydrogen content due to the higher radical flux can be 
compensated with a decrease in the hydrogen content due to the formation of more cross-
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Figure 4.16 SiH content determined from 
the 2000-peak in the FTIR spectrum for a
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links. In fact it looks like the hydragen content plot is shifted to the right if the grawth rate 
is higher. The same can be seen for the refractive index in figure 4.12. 
In figure 4.16 and 4.17 the contents of respectively SiH and SiH2 bonds are plotted 
tagether with the results of the SiH4-Hrexperiment. Figure 4.17 is in disagreement with 
what is observed in figure 4.15. Figure 4.15 shows that the total hydragen and deuterium 
content is higher in the SiH4-Drexperiment, but figures 4.16 and 4.17 show that the SiH 
and the SiH2 content is considerably lower. This disagreement can not be explained by 
incorporation of deuterium, which will be shown in figure 4.19 to be only 2 at.% at most. 
However, the incorporation of molecular hydragen or hydragen bond to oxygen could 
explain the difference. The microstructure, plotted in figure 4.18, appears to be equal to 
the microstructure in the SiH4-H2-experiment, so the bonding configuration of the 
incorporated hydragen is the same in both experiments. 
The most important aspect of the SiH4-D2-experiment is the deuterium content. The 
absolute and relative deuterium contents are plotted in figure 4.19 and 4.20. It appears that 
only a smal! part (5%- 10%) ofthe total hydragen (and deuterium) that is incorporated in 
the film originates from the molecular deuterium that is fed to the are. This is in very good 
agreement with the observations of Severens et al. [SEV95], who also found a relative 
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deuterium content of about O.I. This confirms the statement in section 2.3.1 that in our 
case hydragen is mainly incorporated if a radical fails to cross-link and not from in
diffusion of free atomie hydrogen, even though in a situation with a higher H-flux over 
SiHx-flux this may still be the case. Deuterium is incorporated in the a-Si:H:D film by 
either a D/H exchange at the surface or a D/H exchange at silane radicals in the plasma 
(small contribution) or direct incorporation of D atoms in the film. The absolute 
deuterium content decreases with substrate temperature, following the decrease in the 
total hydrogen content. The relative deuterium content is defined as the ratio of the 
deuterium content and the total hydrogen and deuterium content. The relative deuterium 
content increases with the substrate temperature. The reason for this increase can be found 
in both a substrate temperature dependent growth flux (figure 4.14) and a temperature 
dependent D/H exchange rate. As the growth flux decreases with increasing temperature, 
the D/H exchange at the surface has more chance to take place, because the atomie D flux 
on the surface is independent of the substrate temperature. So relatively more deuterium 
will be incorporated. Koleske et al. [KOL94] have reported an increase in the D/H 
exchange rate with temperature. They found an activatien energy for the D/H exchange of 
0.046 ± 0.005 eV. In figure 4.21 an arrhenius plot of the D/H exchange ra te constant is 
given. The exchange rate constant ke is represented by the product of the growth flux and 
the relative D content. The activatien energy is calculated by fitting the points in figure 
4.21 with a straight line. The activatien energy is than given by the slope of the linear fit 

as the slopeis equal to 1 ~k, with k Boltzmann's constant (=1.38·10-23 JK 1 = 8.62·10-" 

eVK\ It should be noted that the four measuring points at high temperatures were not 
included in the linear fit. The activatien energy is calculated to be 0.03 eV, but because 
the inaccuracy is very large, this is only an order of magnitude. The calculated activatien 
energy is in agreement with the one reported by Koleske et al. 
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4.4 Deposition of a-Si:D:H using SiD4 and H2 

Because feeding D2 to the are instead of H2 changes the plasma kinetics, a series of 
amorphous silicon films has been deposited using H2 as a feed gas and with SiD4 injected 
in the expanding plasma. This way the plasma souree is kept exactly the same as in the 
SiH4-Hz-experiment described in section 4.2. The SiD4 flow was set at t 0 scc/s and 
because very little SiD4 was available, a deposition time of about 30 s was used. The 
substrate temperature was varied in the same way as in the SiH4-H2-experiment. 
In figure 4.22 the refractive index of the a-Si:D:H films deposited with SiD4 is plotted 
together with the refractive index of a-Si:H films deposited with SiH4. It appears that now 
that the plasma souree is unaltered, the refractive index is the same. If the growth rate is 
plotted, as in figure 4.23, it appears that if SiD4 is used, the growth rate is approximately 
40% smaller compared to the SiH4-H2-experiment. This is remarkable as the atomie 
hydrogen flux coming out of the are is the same in both experiments and SiD4 is 
chemically equivalent to SiH4. Depletion measurements however show that the SiD4 

depletion is approximately 40% smaller than the SiH4 depletion in the SiH4-Hr 
experiment. So less SiD4 is dissociated in the current situation than SiH4 in the standard 
situation. Therefore the SiD3 flux on the substrate surface is smaller, so the growth rate is 
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Figure 4.22 Refractive index measured at 632.8 nm with in situ ellipsometry (a) and at infrared 
with FfiR (b) for a-Si:D:H films deposited with SiD4 injected in the plasma (solid) and for a-Si:H 
films in the standard situation (open). 
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Figure 4.24 Silicon growth tlux for a
Si:D:H tïlms deposited with SiD4 injected 
into the plasma (solid) and for a-Si:H 
films in the standard situation (open). 

Experiments 

Tcmpcrature (°C) 

Figure 4.25 Total deuterium and 
hydragen content measured with ERDA 
for a-Si:D:H films deposited with SiD4 

injected into the plasma (solid) and for 
a-Si:H films in the standard situation 
(open). 

smaller. This is confirmed by the silicon growth flux, which is plotted in figure 4.24. The 
growth flux is seen to be about 40% smallerif SiD4 is used. 
The total deuterium and hydragen content is plotted in figure 4.25. The SiD and SiD2 

contents, determined using the praportionality constants calculated in section 4.1, are 
plotted in respectively figure 4.26 and 4.27. It appears that the total deuterium and 
hydrogen incorporation is equal to the hydrogen incorporation in the SiH4-Hrexperiment. 
This is in agreement with the refractive index which appeared to be equal as well. 
However, the SiD2 content is seen to be lower than the SiH2 content in the SiH4-H2-

experiment at low temperature and equal at higher temperatures. The SiD content shows 
no clear trend. The lower SiD2 content is in disagreement with the total deuterium and 
hydragen content. This could be caused by the incorporation of oxygen and molecular 
deuterium. The micrastructure, which is plotted in figure 4.28, appears to be smaller than 
in the SiH4-H2-experiment, but shows the same trend. The lower microstructure means 
that relatively less deuterium is bound in the SiD2 contiguration than hydrogen as SiH2 in 
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Figure 4.28 Microstructure determined 
from the 1475- and 1525-peak in the 
FfiR spectrum for a-Si:D:H films 
deposited with SiD4 injected into the 
plasma (solid) and for a-Si:H films in the 
standard situation (open). 

the SiH4-Hrexperiment. This could be aresult of the smaller growth flux in the SiD..;-H2-

experiment. 
The absolute hydragen content in the a-Si:D:H film deposited with SiD4 injected in the 
expanding Ar/H2 plasma is plotted in figure 4.29. The relative hydragen incorporation is 
plotted in figure 4.30. To campare the hydragen incorporation of this experiment with the 
deuterium incorporation of the depositions with D2 supplied to the are and SiR+ injected 
in the plasma beam, these results are also plotted in figure 4.29 and 4.30. The absolute 
hydragen content appears to be the same for both experiments. This might be expected as 
the total hydragen and deuterium incorporation is equal for both experiments. 
The relative hydragen content is seen to show the same trend as the relative deuterium 
content of the SiH4-Drexperiment. However, although the errors are large, the relative 
hydragen content looks to be slightly higher than the relative deuterium content in the 
SiH4-Drexperiment. This is plausible as the grawth flux in the SiH4-D2-experiment is 

Figure 4.29 Absolute hydragen content 
measured with ERDA for a-Si:D:H films 
deposited with SiD4 (solid) and absolute 
deuterium content for a-Si:H:D films 
deposited with SiH4 and D2 (open). 
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Expcrimcnts 

about 3 times larger5 than in the SiD4-H2-experiment. But the effect of the higher growth 
flux is not so big as the factor 3 suggests, which is caused by the higher atomie deuterium 
flux on the surface in the SiH4-DTexperiment. As the are operates more efficient on 
deuterium, more atomie deuterium will encounter the substrate surface and more D/H 
exchanges will take place, which would account for a higher relative deuterium content. It 
appears that the effect of the higher growth flux is stronger as the relative hydragen 
incorporation is higher than the relative deuterium incorporation. Since the difference is 
very small it might be concluded that the D/H flux in the SiH4-D2-experiment , which is 
defined as the D flux (coming from D2) relative to the H flux (coming from SiH4). is 
approximately equal to the H/D flux in the SiD4-H2-experiment. 
Analogously to section 4.3, the activation energy for the H/D exchange can be calculated 
using an arrhenius plot of the exchange rate (represented by ke). This is shown in figure 
4.31. The calculated activation energy is 0.08 eV, which again is only an esimate of the 
order of magnitude, as the inaccuracy is very large. Koleske et al. [KOL94] reported an 
activation energy for H/D exchange of 0.024 ± 0.03 eV. 
In figure 4.32 the bonding contiguration of the incorporated hydrogen, by means of the 
SiH and SiH2 content, is plotted. The microstructure of the hydragen bonds is plotted in 
figure 4.33 tagether with the microstructure of the hydragen bonds in the SiH4-Hr 
experiment. Both the SiH content and the SiH2 content show the same trend as the SiH 
and SiH2 content in the SiH4-Hrexperiment (see figure 4.9), which is expected as a D/H 
exchange reaction doesn't affect the bonding configuration. This is confirmed by the 
hydragen microstructure, which is approximately equal to the microstructure in the SiH4-

Hrexperiment. 

5 In the SiH4-D2-experiment the growth flux is seen to be 2 times larger than in the standard situation in 
tïgure 4.14. In tïgure 4.24 the growth tlux in the SiD4-H2-experiment appears to be 40% (about a factor '/2) 
smaller than in the standard situation. Thus the growth flux in the SiHrD2-expcriment is 2'>l2 times larger 
than in the SiD4-Hrexperiment. 
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4.5 Deposition of a-Si:H using Si2H6 and H2 
As an extra experiment, a-Si:H films have been deposited using an expanding Ar/H2 

plasmaand with disilane (Si2H6) injected in the plasma insteadof SiH4. A series of a-Si:H 
films have been deposited under the same conditions as in the SiH4-H2-experiment 
described in section 4.2. The substrate temperature has been varied again in the range 
from 100 oe up to 500 oe. To keep the total amount of silicon atoms injected in the 
plasma constant, the ShH6 flow was set at 5 scc/s. Because the first depositions resulted 
in very thick films, the deposition time was reduced from 60 s to 30 s to prevent the 
growth of too thick films. 
Mass speetrometry measurements done by Gabelia [GAB97] indicated that the dominant 
disilane dissociation reaction is: 

(4.4) 

A small amount of disilane is dissociated by means of: 

(4.5) 

The disilane depletion has been measured to be very high, about 80%. This means that 
80% of the Si2H6 that is injected in the plasma will be lost by the reactions mentioned 
above. 
The results of the refractive index and growth rate measurements are presented in figures 
4.34 and 4.35. In figure 4.36 the growth flux is plotted. The growth rate and growth flux 
are seen to be about twice as high as in the SiH4-Hrexperiment. As the disilane depletion 
(about 80%) is 4 times higher than the silane depletion in the SiH4-H2-experiment (about 
20%) and the disilane flow is half the silane flow, the SiH3 radical flux in the Si 2H6-

experiment is 2 times larger than in the SiH4-experiment. The growth flux and the growth 
rate are proportional to the radical flux, thus 2 times larger than in the standard situation. 
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Figure 4.34 Refractive index measured at 632.8 nm with in situ ellipsometry (a) and at infrared 
with FTIR (b) for a-Si:H films deposited with Si2H6 injected into the plasma (solid) and for a-Si:H 
films in the standard situation (open). 
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Figure 4.35 Growth rate measured with in situ ellipsometry (a) and with FTIR (b) for a-Si:H films 
deposited with Si2H6 injected into the plasma (solid) and for a-Si:H films in the standard situation 
(open). 

It should be noted that the SiH4 that is formed in reaction (4.4) does not contribute to the 
deposition, unless a hydragen atom is abstracted (cf. reaction (2.7)) and an SiH3 radical is 
formed. 
Tagether with the higher growth rate, figure 4.37 shows the hydragen incorporation to be 
much higher than in the SiH4-H2-experiment. Consequently, the refractive index is lower. 
However, although the growth flux is equal to the growth flux in the SiH4-Drexperiment, 
the hydragen content appears to be considerably larger. This may be the result from a 
small amount of Si2H5 that is formed through reaction (4.5). As this is believed to have a 
sticking probability of about 1 all the Si2H5 that reaches the surface will stick. This wil! 
lead to a higher hydragen incorporation as cross-linking is much harder for an Si 2H5 

radical than for an SiH3. By increasing the substrate temperature the cross-linking step can 
get efficient enough to obtain the same hydragen content and refractive index as in the 
SiH4-H2-experiment. A shift to the right in the hydragen content and the refractive index 
plot as observed in section 4.3, is again observed. 
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Figure 4.36 Silicon growth flux for 
a-Si:H films deposited with Si2H6 injected 
into the plasma (solid) and for a-Si:H 
films in the standard situation (open). 
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Figure 4.38 The SiH content determined 
from the 2000-peak in the FriR spectrum 
for a-Si:H films deposited with Si2H6 

injected into the plasma (solid) and for 
a-Si:H films in the standard situation 
(open). 
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Figure 4.37 Total hydragen and 
deuterium content measured with ERDA 
for a-Si:H films depositcd with Si 2H6 

injected into the plasma (solid) and for a
Si:H films in thc standard situation (open). 
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Figure 4.40 Microstructure determined 
from the 2000- and 2100-peak in the 
FTIR spectrum for a-Si:H films deposited 
with Si2H6 injected into the plasma (solid) 
and for a-Si:H films in the standard 
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Chapter 4 Experiments 

In figures 4.38 and 4.39 the bonding contiguration in terms of the SiH and SiH2 content is 
plotted. It appears that both the SiH and SiH2 content is higher than in the SiH4-Hr 
experiment. In figure 4.40 the microstructure of the hydragen bonds is plotted. For 
unknown reasans it appears that at low temperatures the microstructure is smaller than in 
the SiH4-Hz-experiment. As the silicon growth flux is much higher when Si2H6 is used 
and consequently the refractive index appears to be much smaller than in the SiH4-Hz
experiment, the microstructure is expected to be larger due to more SiH2 bonds. 

4.6 Other observations 
Growth rate 
The growth rate (in nrnls) is determined with both in situ ellipsometry and with FTIR. In 
both cases, the growth rateis determined in combination with the refractive index. This 
means that an error in the refractive index will generate an error in the growth rate. In 
figure 4.41 the growth rate determined with FTIR is plotted versus the growth rate 
determined with in situ ellipsometry for all the films grown in all four experiments. 
Although the best fit deviates about 10% from the line y = x, the line y = x lies within the 
inaccuracy of the best fit. The small deviations are believed to be due to inaccuracies in 
the calculated refractive indices, because with both ellipsometry and FTIR the thickness is 
calculated tagether with the refractive index (see equation (3.11) and (3.15)). An error in 
the calculated refractive index will therefore generate an error in the calculated thickness. 
The lower growth rates determined with ellipsometry can thus result from either an 
overestimation of the refractive index with ellipsometry (due to the higher substrate 
temperature during deposition) or an underestimation of the refractive index with FTIR or 
a combination of both. 

Oxygen incorporation 
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Figure 4.41 Correlation between the 
growth rate determined with in situ 
ellipsometry and FfiR. The solid line 
represents y = x and the· dashed line is a 
best linear fit, y = 0.3 + 0.9x. 

Incorporation of oxygen in the deposited a-Si:H films is very disadvantageous to the 
quality of the films for the use as devices. The incorporation of internal voids and 
especially colurnnar growth cause oxygen incorporation. Films grown at low substrate 
temperatures are grown very porous allowing water and oxygen to diffuse into the film 
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Figure 4.42 Oxygen content in the a-Si:H 
films deposited with Si2H6 injected into 
the plasma. 

after deposition. In all four experiments oxygen incorporation was observed only at low 
temperatures. The films grown with Si2H6 injected into the plasma, have a high oxygen 
content shown in figure 4.42. 
The oxygen content is seen to decrease rapidly with substrate temperature. At higher 
temperatures the formation of more cross-links will cause the film to be grown more 
dense and oxygen has less chance to diffuse into the film. 

Determination of the refractive index from the silicon atomie density 
From the silicon atomie density which can be calculated from the silicon area! density 
determined with ERDA/RBS and the film thickness measured with in situ ellipsometry. 
the void fraction can be calculated. Hereby, the silicon atomie density of a-Si:H without 
internal voids is taken to be 5·1022 at.cm-3

. If the film is assumed to consist of voids 
(fraction f0, refractive index n0 = 1) and of a-Si:H without voids (fraction 1 - .f(h refractive 
index na-si), the refractive index can be approximated using the Bruggeman effective 
medium approximation (EMA) cf. equation (3.13). In figure 4.43(a) the correlation 
between the refractive index at 632.8 nm determined using ellipsometry and refractive 
index calculated with EMA is plotted. The extinction coefficients of both air and a-Si:H 
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Figure 4.43 Correlation between the refractive index calculated from thc void fractions using thc 
Bruggeman effective medium approximation and determined with both ellipsometry (a) and FTIR 
(b ). The crosses represent the results from the SiH4-H2-experiment, the diamonds the SiH.,-Dr 
experiment, the circles the SiD4-Hrcxperiment and the up triangles the Si 2H6-Hrexperiment. Thc 
straight line represents y = x. 
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are taken zero and the refractive index of a-Si:H without voids, na-Si, is taken to be 4.6, 
which is the refractive index at very high temperatures, where no voids are assumed to be 
incorporated (see figure 4.6). This value has also been reported by Fried et al. [FRI84] 
who determined the refractive index in amorphous silicon with no hydrogen incorporated. 
They found the refractive index to be 4.63 and the extinction coefficient to be 0.76. 
In figure 4.43(b) the refractive index at infrared calculated withEMAis plotted versus the 
refractive index determined using FTIR. Here na-Si is again taken to be the refractive index 
(at infrared) at high temperatures, which is in figure 4.6 seen to be about 3.6. 
It appears that there is a clear correlation between the refractive index approximated with 
EMA and determined with both ellipsometry and FTIR. All points lie within about I 0% 
around the line y = x. This shows that using EMA, the refractive index can be calculated 
from the void fraction with an accuracy of about 10%. 
In figure 4.44 the silicon and total hydrogen and deuterium atomie density are plotted 
versus the refractive index. Both are fitted with a linear function. The slope of the 
hydrogen line is -0.66 ± 0.04 at.cm·2 and the slope of the silicon line is 0.83 ±0.07 at.cm-2

. 

The quotient of the slopes of these two lines will yield the number of hydrogen atoms that 
fill in a vacancy that is created when a silicon atom is missing. Thus 0.8 ± 0.1 hydrogen 
atoms will occupy a vacancy created by a missing silicon atom. However, if the total 
atomie density (Si+H+D) is also plotted (see figure 4.44) and fitted with a linear function, 
this yields a slope of -0.03 ± 0.08 at.cm-2

. This means that every vacancy that is created 
when a silicon atom is missing, is filled up with exactly one hydrogen atom. From these 
results it may be estimated that each missing silicon atom is replaced with approximately 
one hydrogen atom. 

Refractive index (at 632.8 nm) 

Figure 4.44 The atomie density of silicon 
(up triangles) and hydragen and deuterium 
(open circles) and the total atomie density 
(solid eircles). Error bars (± 20%) have 
been omitted for clarity. The dotted line 
represents a linear fit of the silicon atomie 
density (0.75 + 0.83-n),. the dashed line 
represents a linear fit of the total hydrogen 
atomie density (3.22 - 0.66-n). The solid 
line represents a lincar fit of the total 
atomie density (4.76- 0.03-n). 

55 



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

Temperature effects on deuterated a-Si:H deposition using an Expanding Thermal Plasma 

4.7 Summary 
From the SiH4-D2-experiment and the SiD4-H2-experiment it appeared that under the 
conditions investigated, most of the hydrogen incorporated in an a-Si:H film comes from 
the silane radicals. Only a small amount originates from the molecular hydrogen fed to the 
are. This hydrogen is believed to be incorporated mainly by means of an exchange 
reaction at the substrate surface. From the temperature dependenee of the relative 
hydrogen content coming from the are, it can be concluded that incorporation of hydrogen 
from the are is influenced by two effects. Firstly, the sticking probability s of the radicals 
appears to decrease with temperature. Secondly, the exchange rate at the surface is seen to 
increase with substrate temperature. 
The growth rate was found to decrease with the substrate temperature. This is subscribed 
to a combination of the incorporation of more internat voids at low temperatures and a 
decrease in the surface reaction probability f3 (and consequently a decrease in s). This 
decrease in s has been shown by a decrease in the growth flux. 
By comparing depositions with different growth rates it appears that the growth rate (and 
thus the growth flux) together with the substrate temperature are the determining factors 
for the refractive index and the hydrogen content. Increasing the growth rate wil! cause 
the hydrogen content to increase and consequently the refractive index to decrease, 
because cross-linking has a lower probability to occur. If the substrate temperature is 
increased the cross-linking is more efficient and more hydrogen molecules desorb out of 
the film. This accounts for a decrease in the hydrogen content and thus an increase in the 
refractive index. So by increasing the substrate temperature the growth rate effect can be 
compensated. 
At low substrate temperatures the very high SiH2 content determined from the 21 00-peak 
in the FTIR spectrum is indicative of colurnnar growth and the incorporation of internal 
voids. Correspondingly, oxygen incorporation is observed. Oxygen is incorporated in the 
film by diffusion through the internal voids after the deposition. Both the SiH2 content 
and the oxygen content decrease rapidly with the substrate temperature. 
The hydrogen content has been determined with both ERDA and FTIR. It appeared that 
there was a discrepancy between the two methods. By recalibrating the FTIR 
proportionality constants this discrepancy could be solved. Moreover, the proportionality 
constants for the SiD and SiD2 bonds have been determined. These values appeared to be 
in very good agreement with the expected values. 
The refractive index has been calculated from the silicon atomie density using an effective 
medium approximation, assuming the film to consist partly of voids and partly of a-Si:H 
in the most dense form. This appeared to be in agreement with the refractive indices 
determined with ellipsometry and with FTIR within about I 0%. Moreover, as the total 
atomie density appeared to be independent of the refractive index, it can be concluded that 
each vacancy that is created by a missing silicon atom is occupied by approximately 0.9 
hydrogen atom. 
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5. Conclusions 

• When the molecular hydragen that is fed to the cascaded are is replaced with 
deuterium, a distinction between incorporated hydragen originating from the 
molecular hydragen and originating from silane, that is injected in the expanding 
plasma, can be made. Analogously, the are can be fed with hydragen and the injected 
silane (SiH4) can be replaced with SiD4. From these experiments, it appears that about 
90% of the hydragen in the deposited a-Si:H films is coming from the silane. This 
hydragen is incorporated when cross-linking between an SiH1 radical and a surface 
Si-H bond does not occur. If the substrate temperature is increased, cross-linking is 
more efficient and more hydragen molecules desorb out of the film. It appears that a 
small part ( about 10%) of the hydragen originates from the molecular hydrogen, that 
is fed to the are. This hydragen is incorporated mainly by an exchange reaction at the 
substrate surface. This exchange reaction appears to be dependent on the substrate 
temperature. 

• The are appears to operate more efficient on deuterium than on hydrogen, as the ion 
losses in the are are less. This means that more deuterium atoms leave the are than 
hydragen atoms. 

• The growth flux (amount of silicon atoms that sticks per unit area per second) is seen 
to decrease with substrate temperature. This is subscribed to a decrease in the surface 
reaction probability and thus a decrease in the sticking probability. 

• If the are is fed with deuterium, the relative deuterium content in the a-Si:H:D is seen 
to increase with the substrate temperature. This increase is a result of both a deercase 
in the sticking probability (of the silane radicals) and an increase of the D/H exchange 
ra te. 

• The growth rate has been determined with both in situ ellipsometry and with FTIR. It 
appears that the growth rate deercases with substrate temperature. This is partly a 
result of the deercase of the sticking probability and partly of the growth of porous 
material at low temperatures. The growth of porous material is observed as a very low 
refractive index. 
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• At low substrate temperatures, almost all hydragen is bound as SiH2. This is 
indicative of internat voids and colurnnar grawth. At higher temperatures, hydragen is 
mainly bound as SiH. 

• Internal voids and colurnnar grawth cause incorporation of oxygen. The oxygen 
content is seen to decrease with the temperature. 

• The refractive index determined from the void fraction using an effective medium 
approximation shows a clear correlation with the refractive index determined with 
both ellipsometry and FTIR. 

• The FTIR proportionality constants for the SiHx wagging vibrations (A640 ) and for the 
SiH and SiH2 stretching vibrations (A2000 and A2100) have been recalibrated using 
ERDA. The recalibrated values for A640 and A2100 deviate considerably fram the values 
praposed by Langford. The recalibrated value for A2000 is in agreement with Langford 
Also the proportionality constants for the SiD and SiD2 stretching vibrations have 
been calculated. As expected these proportionality constants are about >J2 times Iarger 
than the SiH and SiH2 proportionality constants. 

• It appears that a void that is created if a silicon atom is missing, is occupied with 
about 0.9 hydragen atoms. 
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Appendix A 

Non-Rutherford cross sections for recoiling of deuterium 
Several studies have been done to deterrnine non-Rutherford cross sections for the 
recoiling of deuterium. In the energy range from 1.5 up to 2.5 Me V differential cross 
sections for the recoiling of deuterium by 4He + projectiles have been determined for 
various recoil angles by among others Galonsky et al. [GAL55], Pászti et al. [PAS86], 
Besenbacher et al. [BES86] and Quillet et al. [QUI93]. All find a resonance in the cross 
section around 2.1 Me V. 
Quillet has measured deuterium recoil cross sections using 4He + i ons projectiles at 
different recoil angles in the energy range from 1.8 up to 2.4 MeV around the resonance 
and fitted the results with the following function: 

da 

dQ. 

a 
----?-- + c +dE + kE 2 

(E-E0 t+b 
(A.l) 

where E0 = 2.128 MeV and a, b, c, d and k are the fitting parameters. For E in MeV and 

~~ in barn/sr, the fitted values of the fitting parameters for a recoil angle of 30° are listed 

in table A.l. 

Table A.l Fitting parameters calculated by Quillet. 

Parameter 
a 
b 
c 
d 
k 

Fitted value 

1.17·10-3 

1.284·10-3 

0.945 
-0.47 
0.108 

These results are in good agreement with the cross sections measured by other researchers 
(refs. [GAL55] and [BES86]). 
For energies in the range of 0.56 up to 9.24 MeV deuterium recoil cross sections have 
been measured by Galonsky at a recoil angle of 3.2°. In fact, Galonsky determined 
differential cross sections for the recoiling of helium by deuterium projectiles in the 
centre-of-mass frame of reference. These cross sections can be related to the differential 
cross sections for the recoiling of deuterium by 4He + projectiles in the Iabaratory frame of 
reference through [JAE94]: 
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(da )lub (da )c.m. 
- =-4cos</J -
dQ ree lub dQ .,cut 

(A.2) 

with tPtab the recoil angle in the laboratory reference frame. 
Since in the energy range from 2.6 up to 4 Me V the cross section shows no significant 
dependency on the recoil angle, the cross sec ti ons at 30° are taken the same as at 3.2 o. 

Galonsky found the cross section to decrease from about 0.46 barn/sr at an energy of 2.6 
MeV to about 0.35 barn/sr at 3.5 MeV. This decrease is approximated by a linear 
decrease. In the range from 3.5 up toabout 6 Me Vit remains constant at 0.35 barn/sr. 
Combination of the cross sections determined by Quillet in the resonance region and by 
Galonsky in the higher energy range up to 4 Me V gives a reasonable estimation of the 
differential cross sec ti on for the recoiling of deuterium by 4He + projectiles at a recoi I 
angle of 30°. Th is is shown in figure A.l. 

1.6 

1.4 

,---.. ..... 1.2 VJ --= ..... ce 
..0 1.0 
'--' 

= 0 
<oJ 0.8 u 
ll) 
VJ 

VJ 
VJ 0.6 
0 ..... 
u -"ö 0.4 
u 
ll) 

~ 
0.2 Quillet et al. Linear approximation Galonsky et a . 

0.0 
1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Energy (Me V) 

Figure A.l Approximation for the differential cross sections for the recoiling of deuterium by 
4
Hc + 

projectiles at an angle of 30°. 
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Appendix B 

The metbod of least squares 
If there areN measuring points, then for every point equation 4.1 can be written as: 

(B.l) 

where Xn, Yn and Zn represent respectively N20o0, N21oo and NH in point n and the fitting 
parameters a and b represent A2000 and A2100. The deviation en of a measuring point can 
then be written as: 

(B.2) 

The criterion that is used to determine the best fit is to choose a and b so that the sum of 
the square of en over all N points is as small as possible. This means minimizing: 

N N 

,Le~ = L (z" -ax" -by" )
2 = f(a,b) (B.3) 

n=l n=l 

So the partial derivatives ofjto a and b have to be equal to zero: 

(B.4) 

This leads to a set of equations: 

N N N 

a,Lx,; +b,Lx"y" = ,Lx"z" 
11=1 n=l n=l (B.5) 
N N N 

a.Lxnyn +b_Ly~ = LYnZn 
n=l n=l 11=1 

Solving this set of equations will yield: 
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I x~ I Y ~~ - (I x" Y" ) 
2 

b= LX~LYnZn- LXnYnLXnZn 

LX t~ L Y ~ - (2. X n Y n ) 

1 

(B.6) 

with all the sums from n = 1 to N. An indication of the quality of the fit is given by the 
parameter i which is defined as: 

? 1 LN 2 
X - = - (z - ax - by ) 

N fl x 11 

n=l 

(B.7) 

It can only be used to campare different sets of a and b. The smaller i is the better fit. 
Analogously, in every point equation 4.2 can be written as equation B.l with b equal to 
zero. This will then give: 

(B.8) 

where a now represents A64o. 
To fit A 1475 and A1525 it is demanded that the ratio of A 1475 over A 1525 is equal to the ratio 
of A2000 over A2100. Equation B.l canthen be written as: 

(B.9) 

where cA2000 represents A1475 and cA21oo represents A 1525 . The fit parametercis then given 
by: 

(B.lO) 
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Technology Assessment 
The graduation assignment has been carried out at the Applied Physics department of the 
Eindhoven University of Technology, partly at the Nuclear Physics Techniques group in 
the cyclotron building and partly at the group Equilibrium and Transport in Plasmas. The 
application and development of technology is and has always been a major motive for the 
research activities. The group NPT consists of the Analysis and the Accelerator group. 
The Analysis group is active in the field of atomie element analysis (e.g. composition of 
materials). In the Accelerator group especially the development of partiele accelerators is 
studied (e.g. the generation of radiation, electron beams etc.). The research area of the 
group ETP is the application of plasmas in e.g. deposition of amorphous carbon. 
In the group ETP, the Expanding Thermal Plasma setup is being used for high rate 
deposition of amorphous hydrogenated silicon. Amorphous silicon is used as an intrinsic 
layer in solar cells. As conventional deposition techniques are too expensive for a large 
scale application of these techniques, the properties of amorphous silicon films deposited 
using the Expanding Thermal Plasma technique are studied. Main goal is to understand 
the deposition mechanism and to improve the electric properties of the films. 
The development of large scale applicable solar cells is inherent to the development of a 
suitable deposition setup. The work carried out and described in the present report reflects 
the implementation of the development and application of technology. 
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