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The underlying physical and chemical mechanisms and role of the plasma species in the synthesis of
hydrogenated amorphous silicon (a-Si:H) thin films were studied numerically with the aim to reveal the
key growth processes and, hence, to ensure a much higher level of control over the film structure and
properties. A sophisticated multiscale model developed on the basis of self-consistent surface and
plasma kinetics sub-models, including one-dimensional plasma sheath formalization, was used to study
the nucleation, growth, and structure formation of amorphous hydrogenated silicon films in a reactive
low temperature plasma environment containing a mixture of silane, hydrogen, and argon gases. The
model considers a whole range of key processes, and the effect of surface temperature, ion flux, energy
and other plasma-sheath parameters are examined in detail. The leading role of hydrogen in structure
formation is confirmed and moreover, key processes critically important for designing and discovering

novel materials with important properties are identified. The dominant role of SiHz as the main precursor
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Accepted 15th March 2017 in the deposition of amorphous hydrogenated silicon films is proved, and routes for the efficient,
technique-enabled control are specified. The presented results were compared with the experimental

DOI: 10.1039/c7ra00478h data, and a good agreement with the experimental findings obtained for the deposition of amorphous
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Introduction

Hydrogenated amorphous silicon (a-Si:H) films possess many
unique properties such as very low light-induced degradation
and long wavelength absorption, which provoke a wide appli-
cation field for this material“* for the formation of active layers
in, e.g., novel highly efficient thin-film based solar cells,** thin
film and flexible transistors,>® flat panel displays”® and other
up-to-date nanomaterial-based devices® including flexible and
wearable gadgets. Specifically, current research and develop-
ment efforts on the application of the hydrogenated Si films aim
primarily towards designing highly efficient multi-junction
photovoltaic devices such as high-voltage solar cells. With an
optical bandgap of about 1.6 eV and absorption coefficient of
about 4 x 10" em™", this material remains extremely prom-
ising." Another important application of silicon layers is as the

“Plasma Sources and Applications Centre, NIE, Nanyang Technological University,
637616 Singapore. E-mail: shuyan.xu@nie.edu.sg

*Physics Department, Faculty of Science, Sahand University of Technology, 51335-
1996, Tabriz, Iran

‘CSIRO-QUT Joint Sustainable Materials and Devices Laboratory, CSIRO, P. O. Box
218, Lindfield, NSW 2070, Australia

School of Chemistry, Physics and Mechanical Engineering, Queensland University of
Technology, Brisbane, QLD, Australia

available. See DOL:

T Electronic  supplementary  information

10.1039/c7ra00478h

(ES)

This journal is © The Royal Society of Chemistry 2017

hydrogenated films has been demonstrated.

base for sophisticated nanosynthesis such as nucleation of
graphenes™ and stress-controlled processes.'>**

However, efficiency of deposition and formation of high-
quality hydrogenated amorphous silicon films, as well as the
level of structural and morphological control of the ready het-
erojunctions still need significant improvement. An apparent
lack of advanced techniques for highly controllable, environ-
mentally friendly fabrication of the Si film-based devices calls
for further progress in studying technological aspects and
growth/nucleation mechanisms in particular. Importantly,
modern methods such as plasma-based and ultrasonic tech-
niques used for the fabrication of hydrogenated amorphous
silicon films feature exceptionally complex nucleation and
formation routes, and some key processes are still questionable.
No significant breakthrough in quality control is possible
without deep understanding and thorough look into the
chemistry and physics of the amorphous silicon film formation.

Up to day, extensive experimental efforts were undertaken to
reveal the effect of plasma-based process conditions'* on the
quality and structure of the deposited films.">' In particular,
effect of plasma power density and incident precursor flux
variation onto the film structure, morphology and characteris-
tics has been investigated with the involvement of subsequent
sophisticated film characterization.'”'® Effect of hydrogenation
was studied experimentally with the aim to better control the
structure and morphology of hydrogenated silicon.” It was in
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particular demonstrated that hydrogen is able to modify the
structure and properties of crystalline (c-Si), as well as amor-
phous (a-Si:H).*® The interaction of hydrogen plasma with c-Si
surface gives rise to a large variety of phenomena®-** and thus
significantly complicates the picture.

Nevertheless, much deeper understanding of the processes
and physics behind them is required to lunch the devices
utilizing the hydrogenated amorphous silicon films to the orbit
of wide commercial application. Complicity of the processes
which involve a great variety of species negates the efficiency of
experimental methods and invokes the detailed, sophisticated
theoretical and numerical investigations capable of revealing
unexplored details of the nucleation, growth and structure
formation. Indeed, several approaches allowed revealing very
important facts. Since silane (SiH,) is used as the most common
feedstock gas in the plasma-based processes, and as a result,
the dominant species in the silane discharge are SiH3, SiH,, and
SiH radicals, as well as ions of various degrees. It's difficult to
clear the roles by experiment, and in particular, SiH; radicals
were supposed to be the key precursor for the film nucleation.
Indeed, the kinetic Monte Carlo simulations have demon-
strated that SiH; radicals play an important role in the forma-
tion of microcrystals,* while SiH, is a precursor for dust particle
formation* and plasma-induced polymerization.”® It has been
in particular found that at low power densities and low pres-
sures, silyl radical (SiHj3) is the dominant deposition precursor
leading to device-quality films.*

Despite the considerable experimental achievements, some
key processes underlying formation of the hydrogenated
amorphous silicon films still remain questionable. Apparently,
detailed multiscale simulations are required to uncover the
most complicated processes intrinsic to the film formation. The
attempts of in-depth but still not comprehensive studies of the
amorphous film growth are known. Models of a-Si:H film
growth based on a thermodynamic approach have been re-
ported. In a model developed by Bakos et al. only limited
chemical reactions on surface were taken into account.” As
a result, the model was not able to describe how the film
actually nucleate and grow. Other approaches to the modelling
of a-Si:H growth proposed also did not ensure an adequate
description of the film structure.”® Recently, Crose et al. devel-
oped a hybrid kinetic Monte Carlo (kMC) algorithm to estimate
the interdependence of the gas phase and film growth
phenomena by considering only four basic surface processes:
physisorption, surface migration, hydrogen abstraction and
chemisorption; however, other surface phenomena of key
importance such as ion sputtering and direct chemisorption of
radicals to the dangling bonds were ignored.*>** Many experi-
mental studies have meanwhile reported significant contribu-
tion of the incident ions on the thin film surface morphology
and properties.****

Motivated by the above considerations, we used a sophisti-
cated, multiscale model composed of several self-consisted sub-
models to simulate the plasma-substrate interaction, reveal the
key growth processes and hence, to ensure much higher level of
control over the film structure and properties. The global
surface sticking model takes into account SiH; and H radicals
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reacting in plasma and on the surface. The non-radical neutrals
(i.e., SiH, and H,) assumed reflected back to the discharge. The
surface reaction and sticking probability of each radical are
essentially material-specific, and the substrate temperature
influences the surface reaction probabilities. Based on this
model an extension of our understanding of the film nucleation
and growth mechanisms is given on the basis of the detailed
simulations and calculations.

The rest of paper is organized as follows. Section II describes
in short the applied numerical method (the detailed model can
be found in the ESI availablet), together with some basic
underlying physics of Si:H film growth. In Section III, the
numerical results modelling the contributions of different
fluxes during the film growth are presented and discussed.
Dependences of the film characteristics on the plasma and
substrate parameters are also addressed. The plasma-sheath
structure, incident ion and radical fluxes to the surface of
growing films, and other control parameters are examined to
optimize the Si film growth parameters. The paper is concluded
with Section IV presenting a summary of the main results.

Physics and numerical method
1. Structure of the model

The whole model of nucleation and growth of hydrogenated
amorphous silicon film comprises three relatively independent
sub-models integrated into the complex multi-scale model
capable of adequately describe the whole film formation
process. In particular,

(i) Plasma sheath model describes the basic processes in the
plasma-surface interface;

(ii) Ion/radical surface interaction model addresses the
interaction of active species with surface; and

(iii) Growth model describes the film formation character-
istics such as growth rate.

Fig. 1 illustrates the basic processes taken into account in the
complex model. In addition to the processes in plasma bulk
(ionization, radical formation etc.), the model accounts for
a number of surface- and sheath-based processes such as
adsorption and desorption of SiH;, H abstraction by H radical
and SiH; radical, SiH; abstraction by SiH; radical, direct
chemisorption of SiH; and H to the dangling bond, hopping of
adsorbed SiH; on hydride sites and chemisorption of adsorbed
SiH; to the dangling bond, and ion sputtering of hydrogen from
surface.

During simulations we have assumed that the process is
based on the inductively-coupled plasma (ICP) process,*
commonly used for the deposition of hydrogenated Si films.
The typical process parameters used for simulations are listed
in Table 1.

The first sub-model (plasma sheath model) uses a multi-fluid
approach and incorporates the continuity, momentum, and
Poisson's equations. It allows simulation of the density and
velocity of charged particles in plasma-surface sheath. To
determine the energy and flux of the positive ions and reactive
radicals to the substrate surface, the sheath governing equa-
tions were numerically solved in one (Z) dimension.

This journal is © The Royal Society of Chemistry 2017
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Processes at surface and sheath

Fig.1 Schematic representation of the basic surface reactions of SiHz and H radicals during a-Si:H film growth, used in the model. Left panel:
processes in plasma. Right panel: processes on surface and in the plasma-surface sheath: (1) adsorption of SiHs; (2) desorption of SiHsz; (3) H
abstraction by H radical; (4) H abstraction by SiHz radical; (5) SiHs abstraction by SiHz radical; (6) direct chemisorption of SiH3z into dangling bond;
(7) direct chemisorption of H into dangling bond; (8) hopping of adsorbed SiHz on hydride sites; (9) chemisorption of adsorbed SiHz into dangling

bond; and (10) ion sputtering of mono-hydride sites.

Table 1 The typical process parameters used in the simulations

Parameters Notation Value

Electron temperature Te 1-3 ev

Ion temperature T =T, 0.01-0.15 eV
Plasma density Neo 10" to 10" em™3
Neutral gas pressure Po 20-100 mTorr
Substrate potential Ve 0 to —300 V
Substrate temperature T 300-700 K
Percentage of SiH; gas TsiH, 10-40%
Percentage of H gas T 5-35%
Percentage of Ar gas T'ar 55-85%

The ion/radical surface interaction and growth sub-models
describe the interaction of incoming species with the
substrate surface and growing film. These models use rate
equation, Eley-Rideal mechanism and surface diffusion
formalism. The surface coverage of different species is
expressed in terms of a set of coupled non-linear time-
dependent differential equations that accounts for the genera-
tion and consumption of these sites. If we assume a steady state
growth, these differential equations reduce to a set of non-linear
algebraic equations. The steady-state site balances for 04y, Osix
and fg;yy, are obtained in the next steps.

More details can be found in the ESI.}

Table 2 lists the main chemical reactions and the relevant
specific barrier energies (probabilities) for the major values
involved in all three sub-models. The detailed description of all
sub-models, processes, and mathematical formulations can be
found in the ESI.}

Results and discussion
1. Conditions of simulations

This section presents the results of numerical simulations ob-
tained using multiscale model introduced in the previous
section. A low-temperature, low-pressure plasma ignited and

This journal is © The Royal Society of Chemistry 2017

sustained in Ar/H,/SiH, gas mixtures was examined. First, the
contribution of individual fluxes in the growth kinetic of each
surface process has been studied. Then, the dependencies of
the film growth characteristics on plasma and substrate
parameters was explored.

To study the effect of each discharge parameter on the
characteristics of Si film, we have assumed that the other values
are kept constant. The initial plasma and surface parameters in
the numerical calculations have been selected on the base of
experiments conducted in high-density inductively coupled
plasmas.** In a typical ICP discharge the SiH, molecules break
down, and the neutral species and ions hit the substrate at the
room temperature (300-400 K);** hence, this justifies the low
substrate temperature assumption used in the numerical
simulations. The range of variation for different parameters
used in the simulation is given in Table 1.

2. Effect of dangling bonds

The surface coverages of dangling bonds, SiH; and H mono-
hydride radicals, film growth rate, as well as the hydrogen
content are plotted for different substrate temperatures in
Fig. 2. From these graphs one can see that the deposition rate
increases quite slowly at temperature below 450 K, but then
increases quicker as temperature rises above 450 K. The fraction
of dangling bond sites also shows non-monotonic behaviour
with increasing surface temperature Tj: it first decreases with
increasing Ts up to 450 K, and then increases at higher
temperatures.

The steady-state fraction of surface dangling bonds is
determined by the balance between their generation and
annihilation rates. Under low-substrate-temperature condi-
tion (300 K < Ty < 450 K), surface dangling bonds are mostly
produced by ion sputtering rather than H abstraction reac-
tions involving SiH; and H radicals, since the abstraction
reaction shows slower rate at lower temperatures. On the
other hand, surface dangling bonds are saturated due to

surface diffusion and subsequent chemisorption of

RSC Aadv., 2017, 7, 19189-19196 | 19191
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Table 2 The main chemical reactions, as well as barrier energies and probabilities for the major values involved in all three sub-models

Surface process Function

Barrier energy/probability

Adsorption
Ry: SiH3(g) + SiH(S) - SiH*SiH;;(S) Jads = slﬂsiHjja
Desorption
Ry: SiH—SiH3(S) g SiH(s) + SiH3(g)

Abstraction of H and SiH;

Rs: Hg) + SiH(S) — Si+ Hay(g)

Ry: SiH3(g) + SiH(S) — Si+ SiH4(g]
Rs: SiH3[g) + Sng[S] — SizHe(g)

o X
]a = VaocasiH‘]oc

Addition of SiH; and H to DB
Re: SiHy) + Si — Si-SiHy
Ry Hig + Si — Si—H(S)

Jadd = Sofap Jo

Hopping of adsorbed SiH;
Rg: SiH-SiHj() + SiH(g) — SiH(g) + SIH-SiHj,)

Chemisorption of adsorbed SiH;

Ion sputtering

Rt iOl’l[g] + Si—H(S) — Si+ Hg) Jsp = esiHysp(Ei)]i

physisorbed SiHj, as well as direct chemisorption of SiHj
radicals; importantly, these processes are almost independent
of substrate temperature.

The number density of surface dangling bonds under the
steady-state conditions remarkably reduces with increasing

10.000 150
a C
eSiH} GS\H ( ) ( )
4 - o —~
L T
F | (%]
< 0.100}F 7 < 12t
/ &
/
/
1
1.0
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Fig. 2 Surface coverage of SiH and SiHs sites (a), surface coverage of
dangling bonds (b), growth rate (c), and hydrogen content (d) as
functions of substrate temperature. Other parameters are the same as
in Table 1. The deposition rate increases quite slowly at temperature
below 450 K, but then increases quicker as temperature rises above
450 K. The fraction of dangling bond sites also shows non-monotonic
behaviour.
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Jdes = esiHSUUO exp(fEd/kBTs)

Jn = Osirg,(1 — Oap)vuo exp(—En/ksTs)

Js = Osin,0anvuo exp(—Es/ksTy)

$1 = 0.25

Eq=0.7 eV

Eosiz, = 0.4 €V

Epgin = 0.2 €V
So = 0.25
E,=0.2¢eV
E,=03 eV

E;>100 eV: yg, = —3.89 x 107 x E + 7.82
x 107* x E; +7.04 x 1073

E; <100 eV: y5, = —3.89 x 1077 x E + 7.04
x 107* x (E; — 100) + 8.14 x 102

substrate temperature due to slow H abstraction reaction and
thermally enhanced surface diffusion of SiH; radicals, thus
resulting in minimum defect density at substrate temperature
of 450 K. On the other hand, the increase in the density of
dangling bond sites at substrate temperature exceeding 450 K
could be explained by the increase in the rate of thermal
abstraction of H covering the substrate surface. As can be also
seen in Fig. 2(d), the hydrogen content in the growing film
decreases with increasing of T, due to the enhancement of
thermal H abstraction; this is quite compatible with experi-
mental findings.*”

3. Growth rate

Investigation of the growth rate dependencies also enables us
to find the most significant growth process at different
temperatures. Eqn (16) (see ESI availablet) includes the two
distinct mechanisms for silyl incorporation into the growing
film: (i) direct chemisorption to the dangling bonds; and (ii)
radical physisorption, diffusion, and chemisorption to the
dangling bonds. The contribution of each of these individual
terms is plotted as a function of substrate temperature in
Fig. 3.

Specifically, we have found that the chemisorption of phys-
isorbed silyl radicals to the dangling bond site (R;) dominates
over direct chemisorption to dangling bonds (R,qq) at substrate
temperature Ty of 350 K, while R,qq4 becomes the dominant
process at lower temperature. Actually, the chemisorption
flux of physisorbed radicals is determined by the temperature-

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Relative contributions of different pathways towards film growth
under a typical deposition rate conditions. Other parameters are the
same as in Table 1. R, chemisorption of physisorbed silyl radical to
a dangling bond site; R,qq, direct chemisorption into dangling bonds.

dependent surface coverage of dangling bonds, rate of chemi-
sorption to dangling bonds, and surface coverage of phys-
isorbed radicals. The deposition rate shows weak temperature
dependence at Ty = 350 K because the physisorbed radical
surface coverage decreases with Tg, while the rate of phys-
isorbed radical hopping and chemisorption increases; at Ts =
450 K, both chemisorption and addition fluxes lead to the
increasing of substrate temperature, thus opening important
possibility for the structure control.*®*** Owing to the H
abstraction reactions which strongly dominate in PECVD
deposition of a-Si:H films, ions can play an important role in the
creation of surface dangling bonds.

4. Effect of ion sputtering

Fig. 4 illustrates the effect of ion sputtering on temperature
dependence of the addition flux (J,qq) and chemisorption flux of
adsorbed SiH; to the dangling bonds (J;), growth rate, and
surface coverage of dangling bonds. From this graphs it is seen
that the ion sputtering dominates at low substrate temperatures
(Ts = 450 K), thus leading to enhanced surface density of the
dangling bonds.

These graphs show that the flux of physisorbed silyl radicals,
their direct chemisorption and consequently the growth rate
increase with the substrate temperature. According to eqn (16)
shown in the ESI,f the H abstraction process in particular is
responsible for the creation of dangling bonds in the absence of
ion sputtering, while the chemisorption leads to the consump-
tion of dangling bond. Then, when substrate temperature is
below 450 K, chemisorption overcomes the H abstraction and
hence, lower density of dangling bond sites is established. The
picture changes significantly in the presence of ion sputtering:
temperature distribution of dangling bond coverage shows
a minimum at around 450 K, as one can see in Fig. 4. These
results are in good agreement with the relevant experimental
results.*** The hydrogen abstraction increases with the surface
temperature T, this in turn leads to the increase of dangling
bond density and growth rate of the film.

Fig. 5 shows the dependencies of dangling bond coverage
and film growth rate on substrate temperature for the three

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Dependence of addition flux (J,qq), chemisorption flux of
physisorbed radicals (Js), growth rate (Ry), and fraction of dang-
ling bond site (f45) on substrate temperature. The solid curves
correspond to the case of the absence of ion sputtering, the
dashed curves correspond to the cases in which the ion sputtering
effect is taken into account. Other parameters are the same as in
Table 1.

different values of negative bias (Vg4.) applied to the substrate
surface. Apparently, increase of V4. and consequently the ion
energy and flux result in the increase of rates of dangling bond
generation and film growth. As seen from Fig. 5, the effect of
substrate bias is more pronounced at lower substrate temper-
atures, while the effects of other dangling bond production
processes is less important, in good agreement with the relevant
experimental results.*
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Fig. 5 Dependence of (a) growth rate and (b) fraction of dangling
bond site on the substrate temperatures with the substrate bias as
a parameter. Other parameters are the same as in Table 1.
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5. Effect of ion substrate temperature, pressure and electric
bias

To explore the impacts of substrate temperature and applied
bias on the surface coverage of dangling bonds and film growth
parameters, effects of the individual fluxes participating in the
surface processes was examined. Fig. S1 (ESIT) presents the ion
sputtering flux (J,p), flux of radicals to dangling bond sites (jsp),
chemisorption flux of adsorbed radicals to dangling bonds (J;),
radical adsorption (j,q) and hydrogen abstraction fluxes (f,p,) for
different applied biases and substrate temperatures. Since the
sputtering flux is directly proportional to the flux of incident
ions, the enhancement of j, with the substrate bias V. is same
for all substrate temperatures. On the other hand, the rates of
other surface processes show an exponential dependence on
substrate temperature, and hence, the bias effect becomes less
significant at higher values of Ts.

Working gas pressure (p,) is one of the most important
parameters used to control the rates of generating various
radicals and ions hence, it ensures efficient control of the film
growth rate. Fig. 6 presents the effects of working gas pressure
on of the film growth parameters at various surface tempera-
tures. Importantly, the growth rate shows a non-monotonic
dependence on the gas pressure. At relatively low values of
surface temperature (about 450 K), the film growth rate
decreases with the gas pressure increasing, while at higher
temperatures, the film growth rate always increases with the gas
pressure.

It is noteworthy that the incident flux of ions is almost
independent on the total gas pressure, while the flux of neutral
radicals increases with gas pressure, and kinetic energy of the
incident ions decreases with gas pressure.’” The production
rates of both H and SiH; radicals at higher pressure are
enhanced by the electron impact reactions. Consequently, the
consumption rate of dangling bonds increases at low substrate
temperature due to the enhanced radical addition fluxes. At
higher temperature, the increase of gas pressure is causes an

1000 ;
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Fig. 6 Surface coverages of SiHs, H, and DB, and the film growth rate
as functions of substrate temperature for three different pressures.
Other parameters are the same as Table 1.
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increase in the hydrogen abstraction rate and as a result, it leads
to an enhancement of the dangling bond production and film
growth rates.

6. Effect of hydrogen

To study the effect of H radical concentration in the plasma
sheath on the film growth rate, dangling bond coverage and
growth rates, we have plotted these parameters in Fig. S2 (ESI
availablet) as functions of surface temperature for different
percentage of hydrogen ry. It was found that both the dangling
bond coverage and growth rate show a non-monotonic depen-
dence on ry. At low substrate temperatures, coverage and
growth rate decrease with ry, but invert behaviour is seen at
higher temperatures. We suppose here that the initial decrease
is due to dominance of the H radical addition over abstraction
for Ty = 450 K; on the other hand, significant H abstraction at
higher temperatures leads to the increase of dangling bond
density and hence, to the increase of film growth rate with rg.

Summary and conclusions

Plasma-surface processes play a significant role in the nucle-
ation, growth, and structure formation of thin films and struc-
tures including nanoscaled a-Si:H interfaces. Experimental
techniques ensure methodical investigation of integral depen-
dencies and characteristic, while the role of specific physical
and chemical processes (such as, e.g., effect of certain radicals
etc.) cannot be revealed by the application of direct experi-
mental methods.

However, such dependencies are critically important for
designing and discovering novel material with important
properties.

Here we report on the novel, important results obtained by
the use of a sophisticated multiscale model based on self-
consistent surface and plasma kinetics sub-models, including
one-dimensional plasma sheath approximation. Specifically,
this model was developed and used to study the details of the
deposition and structure formation of a-Si:H films from reactive
low temperature plasma environment containing silane,
hydrogen, and argon gas mixture.

The model considers the whole range of the key and
important processes such as generation, adsorption and
desorption of SiH; radicals on the film surface, hydrogen
abstraction by incoming SiH; and H radicals from plasma
sheath, attachment of incoming SiH; and H radicals to the
dangling bonds, hopping of adsorbed SiH; on the hydride sites,
ion sputtering of H atoms from the film, and chemisorption of
adsorbed SiH; on the dangling bond sites. The steady-state
surface site balance equations were solved to obtain the
surface coverage of dangling bonds and each radical species.
The effects of surface temperature, ion flux, energy and other
plasma-sheath parameters were examined in details.

It was found that at low substrate temperatures and within
the reasonable range of ion flux, the surface is primarily covered
by SiH; radicals. The dominance of SiH; on the surface at low
temperatures is accompanied by a relatively slow hydrogen

This journal is © The Royal Society of Chemistry 2017
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attachment rate, which supports the hypothesis that SiHj; is the
main precursor for a-Si:H deposition. At higher temperatures,
the hydrogen abstraction proceeds via hydrogen attachment to
SiH; radicals, resulting in fewer higher hydrides on the surface
and higher rate of dangling bond production. The abstraction
reactions can be accelerated by increasing applied bias voltage
and consequently by enhancement of the ion flux which
generates more dangling bonds on the surface at low substrate
temperatures.

We have also found that the fraction of dangling bonds sites
exhibits the non-monotonic behaviour with increasing surface
temperature, which was explained in terms of combination of
hydrogen with SiH; diffusing on surface, and domination of
chemisorption over the chemisorption of the physisorbed
radicals at low temperatures.

Hence, the key role of hydrogen is confirmed and moreover,
key processes were identified and route for the efficient,
technique-enabled control are specified.

The presented results were compared with the experimental
data and have demonstrated a good agreement with the
experimental findings obtained for the deposition of amor-
phous hydrogenated films.
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