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The role of hydrogen during plasma beam deposition of amorphous 
thin films 

M.C.M. van de Sanden, R.J. Severens, R.F.G. Meulenbroeks, M.J. de Graaf, Z. Qing, 
D.K. Otorbaev, R. Engeln, J.W.A.M. Gielen, J.A.M. van der Mullen, D.C. Schram 

Department of Physics, Eindhoven University of Technology, P.O. Box 513, 600 MB Eindhoven, Netherlands 

Abstract 

The influence of wall-associated H 2 molecules and other hydrogen-containing monomers on the degree of ionization in the 
expanding thermal plasma used for the fast plasma beam deposition of amorphous hydrogenated carbon (a-C : H) and amorphous 
hydrogenated silicon (a-Si:H) was determined. Deposition models are discussed with emphasis on the specific role of the ion 
during deposition. The connection between the role of atomic hydrogen and the degree of ionization in the plasma beam deposition 
of a-C : H and a-Si: H is addressed. 
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1. Introduction 

This paper deals with the role of hydrogen during the 
plasma beam deposition of amorphous hydrogenated 
silicon (a-Si:H) and amorphous hydrogenated carbon 
(a-C:H) from hydrogen-containing monomers. The 
importance of hydrogen can be illustrated by the obser- 
vation that the H content in the monomer used for the 
deposition of the materials mentioned is usually higher 
than the stoichiometry of the film grown. Therefore 
etching of the surplus hydrogen by means of atomic 
hydrogen or another reactive radical should be consid- 
ered as an important effect contributing to the film 
growth mechanism. The specific role of the ions during 
deposition should also be addressed, since, as will be 
demonstrated, the abundance of hydrogen and 
hydrogen-containing monomers influences the ion con- 
centration in the plasma and thus the ion flux reaching 
the growing layer. We highlight this interconnection 
between hydrogen and the degree of ionization for the 
plasma beam deposition of a-Si : H and a-C : H. 

2. Wall effects in hydrogen-containing plasmas 

The role of hydrogen during plasma deposition is an 
intriguing subject [1,2]. Apart from being the simplest 
possible molecule, hydrogen is the molecule with the 
smallest possible mass. An important consequence of 
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the latter is that typical rate coefficients for kinetic 
processes involving heavy particles are larger than for 
comparable reactions with argon. Furthermore, the 
diffusion of hydrogen is fast, leading to a large influence 
of transport processes in hydrogen-containing plasmas. 
Another specific feature of atomic hydrogen is the large 
adsorption rate on metal surfaces. This eventually leads 
to an enhanced association of atomic hydrogen on these 
surfaces, i.e. an incoming H radical with a wall-adsorbed 
H atom [3,4]. As will be shown, these properties of 
hydrogen have several consequences on the plasma 
characteristics. A recent review paper by Otorbaev et al. 
[4]  was devoted to this subject. Here we summarize the 
main results and emphasize the consequences during 
the deposition of a -C :H  and a-Si: H from hydrogen- 
containing monomers. 

From detailed studies on a thermal arc plasma in a 
low background pressure (Fig. 1), it is now well estab- 
lished that a small fraction of hydrogen molecules has a 
large influence on the degree of ionization of the 
plasma [5] .  The results for the electron density ne for 
a pure argon plasma, as measured downstream of the 
exit of the arc, show that three-particle re- 
combination of the Ar + ions produced in the arc is 
small compared with the transport properties, i.e. the 
ion fluence emanating from the arc is more or less 
conserved downstream. (For the electron density (typi- 
cally ne=1019-1021 m 3) and temperature (typically 
Te= 1000-6000 K) in the argon expanding thermal 
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Fig. 1. The cascaded arc experiment. A thermal plasma at atmospheric 
pressure is created in a continuously operated d.c. arc, consisting of 
three cathodes, three to eight electrically isolated plates and an anode 
plate. All these parts are water cooled. The plasma expands into a 
low pressure region, creating a plasma beam. Usually the arc is 
operated in argon. Hydrogen is either admixed in the arc or injected 
in the beam. Monomers (Sill 4, CH4, etc.) are injected in the 
plasma beam. 
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plasma,  the most  impor t an t  r ecombina t ion  process is 
three-par t ic le  r ecombina t ion  e + e + Ar  + ~ e  + Ar*.  The 
r ecombina t ion  rate  is given by K ~ = 3 . 3  x 10-21T~e/2. It 
is easy to demons t r a t e  that ,  at a p lasma  velocity of 2000 
m s - a ,  the loss by three-par t ic le  r ecombina t ion  can be 
neglected c o m p a r e d  with the convective losses [6] . )  By 
compar ing  these results for ne in a pure a rgon  p la sma  
with the results on a similar  p lasma  with 2 vol .% 
hydrogen  of the total  flow injected direct ly into the 
reactor  vessel (Fig.  2(a)} [5 ] ,  it is clear that  the three- 
par t ic le  r ecombina t ion  of the argon ions created in the 
arc  cannot  account  for the enhanced  recombina t ion  
observed downs t ream.  By admixing  hydrogen  in the arc 
ins tead of in the reactor  vessel (Fig.  2), two effects can 
be dist inguished.  First ly,  the effect of hydrogen  inject ion 
in the arc leads to a decrease in the ion fluence emana t ing  
from the arc. This can be observed in Fig. 2(b) for the 
smallest  axial  pos i t ion  as a decrease in the electron 
densi ty as a function of the percentage of  hydrogen.  
Fur the rmore ,  from Fig. 2, it can be de te rmined  that  the 
other  effect is caused by molecular  hydrogen  in the 
background ,  which is formed by wall associa t ion  (or 
recombina t ive  desorpt ion)  of a tomic  hydrogen  p roduced  
in the arc with wa l l -adsorbed  a tomic  hydrogen.  The 
explana t ion  of  the efficient ion loss process,  which is 
induced by molecu la r  hydrogen,  is given by the fol lowing 
sequence of react ions  

Ar + + H z ~ A r H  + + H  ( l )  

ArH + + e ~ A r  + H* (2) 

Here  the dissociat ive charge exchange react ion is the 
t ime- l imit ing step with a rate of app rox ima te ly  10 -~5 
m 3 s ~ [5 ] .  It should  be noted  that  even small  amoun t s  
of hydrogen  lead to a s t rong decrease in the degree of 
ionizat ion.  For  example,  for an expanding  p la sma  with 
n , =  10 a° m -3 and T~=2000 K, the ion loss by means  of 
three-par t ic le  r ecombina t ion  per  a rgon ion is abou t  500 
s -1 [6 ] .  For  a hydrogen  molecu la r  densi ty of 10 ~8 m 3 
the ion loss per  a rgon  ion by means  of the react ion 
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Fig. 2. (a} Measured electron density n e on the axis for pure argon, 
2% H e admixed in the arc and 2% HE admixed in the vessel. This 
clearly demonstrates that recirculating hydrogen is responsible for the 
decrease after z = 100 ram. It should be noted that the electron density 
in the supersonic expansion is almost identical for all situations [5]. 
I b) Electron density n e on the axis of the expanding thermal arc for 
different percentages of hydrogen admixed in the arc (pure argon, 
2%, 3%, 4% and 5% H2) as measured using Thomson scattering 
[5]. Axial position 0 mm corresponds to the onset of the expansion 
out of the thermal plasma (see Fig. 1). Even small amounts of 
hydrogen lower the measured n c value significantly for axial positions 
larger than 40 mm. 

chain (1) (2) is a factor of  two larger. The excited H 
a t o m  in react ion (2) is in the n = 2  state for a hydrogen  
molecule  in the g round  state. A higher  exci ta t ion of the 
H a tom ( n > 2 )  requires a rov ibra t iona l  excited HzV,J 
molecule  in the dissociat ive charge exchange step (Eq. 
(1)). It was demons t ra t ed  by Meulenbroeks  et al. [ 5 ]  
that  the react ion mechanism given in Eqs. (1) (2) is in 
good  agreement  with the ion loss observed in Fig. 2. In 
the case of a pure  hydrogen  plasma,  s imilar  features 
were seen, i.e. an enhanced  recombina t ion  of the ions 
p roduced  in the arc [7 ] .  As the dissociat ive charge 
exchange reac t ion  (Eq. ( i ) )  with a hydrogen  ion is endo-  
thermic for v < 4 (equivalent  internal  energy Ev ~ !.8 eV), 



M.CM. van de Sanden et aL/Surface and Coatings Technology 74 75 (1995) 1 9 3 

a significant rovibrational excitation of the hydrogen 
molecule in a pure hydrogen plasma is necessary. 
Possible mechanisms for the rovibrational excitation of 
the molecule include direct rovibrational excitation in 
the arc and subsequent freezing-in during the expansion 
[7]  or rovibrational heating in the downstream plasma 
where temperatures are still around 2000-3000 K. 
Another mechanism of rovibrational excitation of the 
H 2 molecule is recombinative desorption of H adsorbed 
on the wall induced by H atom radicals from the gas 
phase. The recombination energy of 4.5 eV is approxi- 
mately equally shared by the wall and the desorbing H 2 

molecule which leads to vibrational quantum states with 
v~>4 [3,8,9]. Fractions of rovibrational excited mole- 
cules with v>~4 of smaller than 0.1% of the total 
molecular hydrogen density are necessary to explain 
the observed decrease in the ion density in a pure 
hydrogen plasma. 

When using the plasma beam source shown in Fig. 1 
for plasma deposition, hydrogen-containing monomers 
are injected downstream in the plasma beam. In this 
case, the arc is operated in argon and argon ions emanate 
from the arc. Because the electron temperature in the 
expanding plasma beam is low (less than 0.3 eV), the 
injected molecules are dissociated by charge exchange 
with the argon ion and a subsequent dissociative recom- 
bination of the molecular ion formed. For example, Sill 4 
is probably dissociated by means of the following 
sequence 

Ar + + SiH4--+SiH3 + + H + Ar 

SiH~- +e - ,S iH2  + H 

Ar + + S iHz~SiH + + H + Ar, etc. 

(3) 

(4) 

(5) 

As can be concluded from reactions (3) and (4), the 
injection of the monomer used for deposition leads to a 
decrease in the degree of ionization. This decrease is, 
however, beneficial as the dissociated products have 
sticking probabilities which exceed the sticking prob- 
ability of the feed gas. An unwanted effect is the recombi- 
native desorption on the wall of the atomic hydrogen 
produced by the reaction chain (Eqs. (3) (4)). These 
wall- associated hydrogen molecules enter the plasma 
beam again and lower the dissociation capability of the 
argon ions (see Eqs. (1) and (2)). 

The effect of the injection of monomers on the 
plasma beam characteristics was clearly demonstrated 
by Meeusen et al. [10] and Dinescu et al. [11] for 
Ar-SiH4 mixtures (see Fig. 3) used for a-Si :H depos- 
ition. In the former study, a decrease in the degree of 
ionization was clearly observed, caused both by the 
injected Sill4 molecules and the wall- associated H2 
molecules. In the emission spectroscopy experiments by 
Dinescu et al. [ 11 ] on the hydrogen Balmer series in an 
Ar-SiH4 mixture, another aspect of wall-associated 
hydrogen molecules was observed. A clear Balmer 
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Fig. 3. Measured n e and To values downstream of the exit of the arc 
at a distance of 32 cm as measured using a Langmuir double probe 
for different Sill 4 flows. Other conditions: l,rc = 55 A; p= 20 Pa; Ar 
flow=55 scc s 1. 

spectrum was found with a relatively large intensity 
[11].  Since the electron temperature is low in the 
expanding beam, direct excitation of atomic H by means 
of electron impact can be neglected. Also excitation of 
atomic hydrogen during the dissociation of Sill 4 by 
means of charge exchange with an argon ion (Eqs. 
(3)-(5)) can be excluded by energy arguments. Therefore 
the excitation of the Balmer series of hydrogen, observed 
by Dinescu et al. [ 11], can only take place by dissoci- 
ative recombination of rovibrationally excited ArH +'''s 
formed through charge exchange with a rovibrationally 
excited H~ 's molecule (see Eqs. (1) and (2)). The rovibra- 
tionally excited H~ "a molecules are formed by similar 
mechanisms to those described for the pure hydrogen 
plasma situation. Only a small amount of rovibrationally 
excited molecules (around 1015 1016 m -3 with v>~ 1) is 
necessary to explain the observed emission of the Balmer 
lines by Dinescu et al. [ 11 ]. It should be noted that this 
excitation mechanism of the hydrogen Balmer series 
leads to an additional dissociation of the recirculating 
H 2 molecules. The atomic hydrogen formed in this way, 
together with the atomic hydrogen formed in the dissoci- 
ation of Sill4, can have a beneficial effect on the growth 
surface, since hydrogen can etch adsorbed species or 
passivate dangling bonds and, in this way, can deter- 
mine the hydrogen content in the deposited a-Si :H 
[1,2,12-14]. In this respect, it is important to mention 
that it has been determined that the abstraction of 
atomic hydrogen from a crystalline silicon surface by 
atomic hydrogen is largely insensitive to the surface 
structure [12].  Similar effects to those described for 
Ar-SiH4 were observed by Beulens et al. [15] 
for Ar C H  4 mixtures used for a -C:H deposition. 

As has been demonstrated, the presence of hydrogen 
molecules is essential for understanding the plasma beam 
source. The hydrogen molecules in the downstream 
plasma are formed in part at the wall of the reactor 
vessel by recombinative desorption. Since, for this to 
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occur, atomic hydrogen needs to be transported from 
the plasma beam to the wall, flow patterns are important. 
At a given flow of approximately 50-100 standard cubic 
centimetres (scc) s- 1 and a given pumping speed of 2000 
m 3 h 1, residence times are of the order of 0.1-1 s. Since 
the transit times are in the 10 -3 s range, many recircul- 
ations of the particles present take place before they 
leave the reactor vessel. The plasma interaction with the 
wall is therefore essential and the re-entering molecules 
formed at the wall contribute a significant fraction of 
the injected monomers as can be concluded from Fig. 2. 
Moreover, the degree of dissociation of H2 in the recircu- 
lating flow depends on the recombinative desorption 
coefficient ~ and the average amount of recirculations a 
particle undergoes before it is pumped away. Typical 
values for the latter are about 100 recirculations, while 
7' ~0.05 for stainless steel [, 16]. Furthermore, this means 
that, if we assume that every recirculating hydrogen 
atom reaches the wall once during every recirculation, 
almost all of the atomic hydrogen is converted into 
molecular hydrogen during the recirculation in the back- 
ground gas. The low degree of dissociation measured by 
de Graaf [,17] in a pure hydrogen plasma expanding 
into a low background pressure can be explained by the 
mixing of the highly dissociated beam of hydrogen into 
a background plasma with a low degree of dissociation. 
A similar analysis to that for H 2 holds for other stable 
radicals, e.g. Sill3 which can form Sill 4 or Si2H 6 by 
association with wall-adsorbed Sill3 or H. 

An important question is to what extent are the 
described phenomena, which are essential in the descrip- 
tion of the expanding plasma beam, of importance for 
totally different plasmas such as electron cyclotron 
resonance (ECR), r.f. plasma- enhanced chemical vapour 
deposition (RF-PECVD), microwave discharges etc? 
Several experiments and models have determined 
these effects, and it has been shown that during the 
RF-PECVD of a -C:H and a-Si:H the plasma-wall 
interaction is essential in the description of the radical 
content for C H  3 and Sill 3 [18,19]. Thomas et al. [20] 
observed that both the electron temperature and electron 
density in a microwave-generated Ar-CH 4 plasma jet 
decreased due to the injection of CH4 in a pure argon 
plasma. Mucha et al. [,21] and St.-Onge and Moisan 
[22] showed the importance of wall processes in the 
degree of dissociation of a microwave hydrogen plasma 
by changing the wall temperature. This directly affects 
the recombinative desorption coefficient 7 of hydrogen 
on silica which is activated by approximately 0.1 eV. 
Stoffels et al. [23] needed the specific influence of the 
wall to explain the negative ion density measured in a 
hydrogen r.f. capacitively coupled plasma. Also, in the 
case of negative ion source modelling by Berlemont et al. 
[24], the wall association of H plays an important role 
as the atomic hydrogen fraction is important in the 
quenching of the negative H-  ion [4]. The influence of 

copper surfaces on negative ion sources, which are 
known to be very efficient in the generation of rovibra- 
tionally excited H2~,J molecules needed for negative ion 
production [,3,4], has not been addressed in detail, 
although indications of an enhanced H -  production 
have been described by A1-Jabouri [25]. 

Clearly plasma-wall interactions in combination with 
flow patterns are general observed phenomena in all 
types of plasma containing hydrogen. As dissociative 
charge exchange with molecules is more important 
for higher electron density plasmas, excitation of 
the hydrogen atoms formed by means of dissociative 
recombination of the ArH + ion also becomes significant. 
Therefore, for the expanding thermal plasma (with low 
T e and high he) [5,6] and for microwave discharges with 
electron densities of up to 1018 m-3 and electron temper- 
atures in the region of 2 eV, the Balmer line excitation 
by dissociative recombination should be taken into 
account [-22,26]. As demonstrated by Meulenbroeks 
et al. [-5] and Dinescu et al. [, 11 ], only small fractions 
of rovibrationally excited hydrogen molecules are neces- 
sary to excite the hydrogen Balmer series of atomic H. 
Therefore, in general, performing actinometry on atomic 
hydrogen to determine the ground state density in these 
high density sources (n~ > 1017 m 3) should be performed 
with great care. 

3. Deposition of thin films 

Many papers have been devoted to the specific role 
of hydrogen during the deposition of a-C : H and a-Si : H 
from CH 4- or CzH 2- and SiH4-containing plasmas 
[-27-30]. The passivation of the dangling bonds and the 
creation of growth sites by hydrogen abstraction reac- 
tions on the growth surface are important in both the 
deposition of a-Si : H and a-C : H. Another aspect is the 
(preferential) etching of the surplus hydrogen to obtain 
the desired stoichiometry or sp 3 to sp 2 ratio (in the case 
of carbon deposition). 

The purpose of this paper is not to repeat all the 
results in the literature but to concentrate on the possible 
connection between the role of the etching agent atomic 
hydrogen and the influence of the ions on the deposition 
mechanism. As shown in the preceding section, this 
connection is evident in the plasma beam deposition of 
thin films. The deposition of a-C:H is described first 
followed by the deposition of a-Si : H. 

3.1. Fast  deposition o f  a-C : H 

Several experiments have indicated that growing hard, 
dense a-C:H requires a certain ion kinetic energy 
[-2,27,28]. The nature of the dominant precursor for the 
growth of good quality a-C:H is still uncertain, but a 
preference is for the low sticking probability CH3 radical 
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[18,27]. As the sticking probability is low, the radicals 
can find a good adsorption site to cross-link and good 
quality material is grown [ 18]. Models have been devel- 
oped based on the knowledge gained from ion beam 
experiments and computer simulations of the ion kinet- 
ics. Models by Robertson [27],  Lifshitz et al. [28],  
Fourches and Turban [29],  Rhallabi and Catherine 
[30] and M611er [18,31] for a -C :H  and amorphous 
carbon (a-C) have shown good correspondence between 
measurements and experiments. In all these models, the 
ion and, more specifically, the ion energy plays a crucial 
role. To obtain a high sp 3 content, graphitic sites must 
be avoided, which is thought to be governed by the ion 
kinetic energy [18,27,28,31-33]. Therefore a -C :H is 
deposited on the powered r.f. electrode or, in the case of 
a downstream plasma, an additional bias is applied, 
which in both cases leads to large d.c. biases and 
accordingly high ion energies (greater than 100eV). 
Others have used ion beam techniques, such as the 
filtered ion beam deposition of a-C : H, where ion ener- 
gies as large as 500 eV are employed [34]. A recently 
developed technique is the use of a laser to ablate a 
carbon target. Unhydrogenated carbon layers are pro- 
duced with a high sp 3 content [35]. The high sp 3 content 
is obtained by high energy ions (approximately 1 keV) 
which are accelerated in the laser plasma produced by 
the laser interaction with the carbon target [36]. For 
RF-PECVD of a-C : H, Fourches and Turban [29] have 
demonstrated that the growth rate is well described by 
the growth from an adsorbed layer. This adsorbed layer 
is a region which consists of physisorbed and chemi- 
sorbed growth precursors. In this case, Fourches and 
Turban [29] found that the growth rate scales with the 
ion energy flux rather than with the ion kinetic energy. 
However, they did not include the specific role of atomic 
hydrogen, i.e. they did not include etching by means of 
atomic hydrogen or other radicals, e.g. CH 3. The group 
of M611er has demonstrated that high ion energy is not 
essential for the deposition of a -C:H from an ECR 
plasma where the ion kinetic energy is as low as 30 eV 
[18,31,321]. Here it should be noted that the potential 
energy of the ion is not considered in the analysis. In 
this respect, the heat flux experiments of Kersten et al. 
[37] should be mentioned, which demonstrate that an 
important component in the heat flux towards the 
substrate is the recombination of the dominant ion 
on the substrate. Therefore an interesting question is 
whether the ion energy flux or, more generally, the 
energy flux towards the growth surface determines the 
growth kinetics or whether a specific ion kinetic energy 
is necessary to promote or prevent a certain growth 
mechanism. A model based on the deposition from an 
adsorbed layer, developed by M611er [18,31] for the 
deposition of a-C : H, includes the specific role of the ion 
("ion stitching") and the etching role of atomic hydrogen. 
Good agreement between the experiments and model 

are obtained for the growth rate, sp2/sp 3 ratio and the 
hydrogen content in the layer. The dependence on the 
ion kinetic energy is not explicit in the model of M611er 
[18,31], in contrast with that of Fourches and Turban 
[29]. On the other hand, certain kinetic coefficients 
used in the modelling of the growth of the deposition 
of a -C :H depend critically on the ion kinetic energy 
[18,31]. 

As can be concluded from the results discussed, the 
ion plays a more or less dominant role in the description 
of the growth mechanism of a-C:H.  Many methods 
indicate that a relatively large ion kinetic energy in the 
range 50-150 eV is necessary to grow hard, dense layers, 
although the results of M611er and coworkers [32] 
indicate otherwise. Another indication that high ion 
energy is not a prerequisite for dense, hard material is 
given by the fast plasma beam deposition of a -C :H 
from an Ar-CH4 plasma using an expanding thermal 
arc (typical growth rate is 10-100 n m s  -~) [38,39]. In 
this case the self-bias is low, typically - 1 . 5  V, so that 
the ion energy is low. However, high refractive index 
material is grown (see Fig. 4), indicating dense, hard 
material [ 15,38,39]. In Fig. 4, the layer properties, such 
as hardness, refractive index, band gap and C/H ratio, 
are given as a function of the energy factor Q. This 
energy factor (2 is a function of the arc parameters alone 
and is defined by 

C flow 
Q - (6) 

P arcArnow 

where Chow is the amount of carbon atom flow, Pare is 
the power of the arc and Arnow is the amount of argon 
flow. The amount of ions emanating from the arc is 
proportional to both Parc and Arnow. Therefore Q is 
proportional to the amount of ions available per dissoci- 
ated carbon atom and thus, indirectly, the amount of 
energy per deposited carbon particle. For hard layers 
of a-C:H,  the latter amounts to approximately 50 eV 
per deposited carbon particle at a growth rate of 
50-100nm s 1 [15]. As the ion density is one to two 
orders of magnitude larger during the deposition of 
a -C:H using the expanding thermal arc compared with 
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Fig. 4. Refractive index n (11), band gap Eg (+} ,  H/C ratio (A) and 
hardness ( 0 )  for plasma-deposited a - C : H  vs. the energy factor which 
is a function of the arc parameters alone (see Ref. [15] and text for 
further details). 
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RF-PECVD, the ion energy flux is comparable. This is 
in agreement with the observations of Fourches and 
Turban [29] who found a scaling with ion energy flux 
rather than with the ion kinetic energy. This discussion 
excludes the possible beneficial effect of ions penetrating 
the growing layer, resulting in a densification effect of 
the bulk material [27]. Also the contribution of radicals, 
impinging on the growing layer and transferring energy 
(by means of etching), is not considered in the present 
models, although it could play an important role 
during diamond and graphite deposition from carbon- 
containing material. 

Further support for the indication that ions with 
relatively large kinetic energies are not essential in 
obtaining high sp 3 or sp 2 content is illustrated by 
considering the deposition of diamond and graphite 
using the expanding plasma beam. An example of dia- 
mond deposition using the expanding plasma beam set- 
up is given in Fig. 5, where Raman spectra of diamond 
depositions are given as a function of the vessel pressure. 
The condition under which diamond deposition usually 
occurs involves a high dilution of the carbon-containing 
monomer in molecular hydrogen. As can be seen, during 
plasma beam deposition, an increase in the vessel pres- 
sure leads to diamond formation [15,40], as shown by 
the appearance of the characteristic diamond peak at 
1333cm -~. This dependence on the vessel pressure is 
attributed to the preferential etching of graphitic sites 
by atomic hydrogen and the stabilizing character of 
atomic hydrogen in passivating the dangling bonds on 
the growth surface [2,27,41]. From ion density measure- 

e- 

deposited at I 

deposited at 

deposited at d 2:JA  
500 1250 2000 

Wavenumber (cm 1) 

Fig. 5. Raman spectra of deposits obtained under the following 
conditions: Ar flow=20 scc s 1; H2 flow=20 scc s-X: CH 4 flow=0.2 
scc s x; lar~ = 35 A; T~b~,~t ~ = 1000 °C; different reactor pressures. For 
the highest pressure, the diamond peak at 1333 cm t is clearly visible 
(see Ref. [40] for further details). 

ments under similar conditions, it is clear that the ions 
do not play a role in the plasma beam deposition of 
diamond from Ar-H2-CH4 plasmas. Similar conclusions 
can be drawn from Fig. 6 [42], where the Raman spectra 
for graphite (single-crystal graphite peak at 1581 cm -1, 
defective graphite peak at about 1355 cm- ~ and shoulder 
peak at 1621 cm -1 originating from edge effects of finite 
micro-crystals) are shown as a function of the amount 
of hydrogen admixed with the Ar-CaH2 plasma during 
plasma beam deposition of graphite. As can be seen, the 
best graphite is grown (the largest single-crystal peak) 
at the highest hydrogen content, which has the lowest 
degree of ionization. The growth rate decreases which 
may indicate a connection between the dissociative 
capacity of the ions (see Eqs. (1) and (2)) and the surface 
activity of the growth precursor during deposition. It 
should be noted that, in both cases, i.e. diamond and 
graphite deposition, the substrate temperatures are high 
in comparison with the temperature during a-C:H 
deposition (800 °C and 1000 °C respectively compared 
with 20-200 °C in the case of a-C:H deposition). These 
diamond results confirm that there are other mechanisms 

3000 [ a 

1 0 0 0  

3000 b 
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,000 i 
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! C 

2000 ! 
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i . . . .  ~ --.J/x ~'~ ..... 
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Raman shift cm" 

Fig. 6. Effect of increasing H 2 admixture on the Raman spectrum 
with other reactor settings constant: Ar flow=100 scc s ~; C2H2 
flow = 1 scc s -  ~ ; late = 50 A; p = 100 Pa. H 2 admixture in arc: 5 (top), 
10 (middle) and 20 (bottom) scc s i; Z s u b s t r a t e = S 4 0  oC. The bottom 
Raman spectrum corresponds to good quality graphite. Peak identifi- 
cation: single-crystal graphite peak at 1581 cm x; defective graphite 
peak at about 1355 cm 1; shoulder peak at 1621 cm x originating 
from edge effects of finite micro-crystals (see Ref. [42] for further 
details). 
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which lead to diamond deposition, namely a high sub- 
strate temperature in combination with atomic hydrogen 
adsorption and abstraction reaction kinetics. Therefore 
the surface chemistry may not be fully dominated by 
ion kinetics for the substrate temperature of a-C:H 
deposition. From the diamond and graphite deposition 
in general and from the plasma beam deposition of 
a-C : H in particular, it can be concluded that H chemis- 
try may also be important. 

3.2. Fast deposition of a-Si" H 

An important material parameter of a-Si:H is the 
hydrogen content. As has been shown by many investiga- 
tors, the main parameters, such as the refractive index, 
mass density and dangling bond density, scale with 
the hydrogen content. More importantly, the hydrogen 
content has been shown to be connected with the 
metastability of a-Si:H material in the sense that the 
hydrogen concentration probably plays a crucial role in 
the Staebler-Wronski effect [ 1 ]. Typically, the hydrogen 
percentage for good quality RF-PECVD a-Si:H is 
around 10%. During the deposition of a-Si:H, many 
process parameters determine the hydrogen content, e.g. 
the substrate temperature, hydrogen dilution, plasma 
power, etc. On a microscopic level, this means that the 
etching of hydrogen and surface-adsorbed radicals by 
atomic hydrogen, cross-linking and subsequent effusion 
out of the bulk occur during growth. Different deposition 
mechanisms for good quality a-Si : H have been proposed 
[13,43-47] based on different precursors. The mecha- 
nism which claims that the Sill 3 radical is the precursor 
for a-Si:H growth seems to be favoured [13], although 
there is still some debate. This model is purely a radical 
model in the sense that the ions present during 
RF-PECVD do not play a role. What is needed is the 
surface mobility of the low sticking probability Sill 3 
radical. Furthermore, its relatively long lifetime in the 
Sill 4 plasma leads to a larger probability that this 
radical reaches the growth surface. On the other hand, 
the presence of ions can provide a type of ion- enhanced 
surface mobility, a concept necessary in the deposition 
model based on the indirect deposition of the Sill2 
radical through the production of Si2H 6 in the gas phase. 
Recent results using VHF PECVD of a-Si:H [48-52] 
lead to conflicting conclusions on the deposition mecha- 
nism. Some results indicate a larger role of the ions and 
even demonstrate a dependence of the growth on the 
ion density [49,51 ]; others indicate a larger dissociation 
degree of silane [50,52]. On the other hand, deposition 
of good quality a-Si:H by means of an expanding 
thermal Ar-H2-SiH4 plasma clearly shows that ions do 
not play a role during deposition. This is shown by 
Fig. 7 where the growth rate of a-Si : H and the ion flux 
measured just in front of the substrate are given as a 
function of the admixed H2. As can be seen, the growth 
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Fig. 7. (a) G r o w t h  ra t e  o f  p l a s m a - b e a m - d e p o s i t e d  a-Si :  H vs. the H 2 

a d m i x e d  in the a rc  as d e t e r m i n e d  b y  in s i tu  e l l ipsometry .  (b) I o n  

s a t u r a t i o n  c u r r e n t  as m e a s u r e d  us ing  a L a n g m u i r  p r o b e  pos i t i oned  in 

f ron t  of  the  subs t r a t e  ho lde r  for  ident ica l  c o n d i t i o n s  as in (a). 

rate increases whereas the ion flux decreases [53,54]. 
Here the connection between hydrogen and the ions 
emanating from the arc is again important. As the 
hydrogen is admixed in the arc and SiH4 is injected in 
the supersonic expansion, the ion density relative to the 
hydrogen atomic density is relatively low (see Fig. 2(b)). 
Therefore the charge exchange route as described in an 
early paper by Meeusen et al. [ 10] 

H ÷ + SiH4~SiH~- + He (7) 

SiH~- +e~SiH2 + H (8) 

leading dominantly to the SiHe radical is replaced by a 
hydrogen abstraction route [54] 

H + SiHa~SiH3 + Hz (9) 

which leads to the Sill 3 radical. Of course, depending 
on the specific conditions, other radicals are formed by 
subsequent reactions with atomic and molecular 
hydrogen and other silane fragments in the gas phase. 
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It is clear that the atomic hydrogen fraction in this case 
is responsible for the creation of the radicals (as opposed 
to the electron-induced kinetics of RF-PECVD or the 
dissociative charge exchange route of reactions (7) and 
(8)) and also for the final etching of the growing layer. 
As the atomic hydrogen can be created through a 
reaction sequence described by Eqs. (1) and (2), this 
clearly shows the interconnection between the atomic 
hydrogen present in the plasma and the ion density. 
Preliminary results on replacing H 2 by D2 and IR 
analysis of the deposited layers indicate that practically 
all hydrogen in the plasma-beam-deposited a-Si:H 
originates from Sill 4. 

4. Conclusions 

The role of hydrogen during plasma deposition has 
been reviewed. As has been demonstrated, even small 
fractions of hydrogen molecules lead to a significant 
decrease in the degree of ionization, On the other hand, 
ions may be important in the dissociation of molecular 
hydrogen in plasmas. Wall processes play a role as they 
support the association of atomic hydrogen. Hydrogen- 
containing monomers have similar effects during the 
deposition of materials such as a-Si:H and a-C:H. The 
reason is that the residence time of the particles in a 
plasma is much larger than the typical transit times. 
Therefore many wall interactions take place in which 
the dissociation products associate again and re-enter 
the plasma. This shows the interaction between wall 
processes and plasma transport. Furthermore, it has 
been shown that the injected monomers form only part 
of the monomers present in the plasma. 

An important difference between a-C:H and a-Si:H 
is the influence of the ions during growth. For the latter, 
it is believed that the ions play a minor role, whereas 
for a-C:H deposition, the present belief is that a high 
ion kinetic energy is necessary to increase the sp 3 content 
and the mass density and hardness. The results on an 
expanding thermal plasma indicate an ion energy flux 
dependence since the specific ion kinetic energy is low. 
Therefore it is important to quantify to what extent the 
ions contribute to growth and what is the role of H 
chemistry. 
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