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d hydrogenated amorphous
silicon films: multiscale modelling reveals key
processes†

Z. Marvi,ab S. Xu,*a G. Foroutan,b K. Ostrikovcd and I. Levchenkoad

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 SiH3 as the main precursor

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

data, and a good agreement with the experimental findings obtained for the deposition of amorphous

hydrogenated films has been demonstrated.
Introduction

Hydrogenated amorphous silicon (a-Si:H) lms possess many
unique properties such as very low light-induced degradation
and long wavelength absorption, which provoke a wide appli-
cation eld for this material1,2 for the formation of active layers
in, e.g., novel highly efficient thin-lm based solar cells,3,4 thin
lm and exible transistors,5,6 at panel displays7,8 and other
up-to-date nanomaterial-based devices9 including exible and
wearable gadgets. Specically, current research and develop-
ment efforts on the application of the hydrogenated Si lms 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 � 104 cm�1, this material remains extremely prom-
ising.10 Another important application of silicon layers is as the
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base for sophisticated nanosynthesis such as nucleation of
graphenes11 and stress-controlled processes.12,13

However, efficiency of deposition and formation of high-
quality hydrogenated amorphous silicon lms, as well as the
level of structural and morphological control of the ready het-
erojunctions still need signicant improvement. An apparent
lack of advanced techniques for highly controllable, environ-
mentally friendly fabrication of the Si lm-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 lms feature exceptionally complex nucleation and
formation routes, and some key processes are still questionable.
No signicant breakthrough in quality control is possible
without deep understanding and thorough look into the
chemistry and physics of the amorphous silicon lm formation.

Up to day, extensive experimental efforts were undertaken to
reveal the effect of plasma-based process conditions14 on the
quality and structure of the deposited lms.15,16 In particular,
effect of plasma power density and incident precursor ux
variation onto the lm structure, morphology and characteris-
tics has been investigated with the involvement of subsequent
sophisticated lm characterization.17,18 Effect of hydrogenation
was studied experimentally with the aim to better control the
structure and morphology of hydrogenated silicon.19 It was in
RSC Adv., 2017, 7, 19189–19196 | 19189
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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).20 The interaction of hydrogen plasma with c-Si
surface gives rise to a large variety of phenomena21,22 and thus
signicantly 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 lms 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 (SiH4) 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, SiH2, and
SiH radicals, as well as ions of various degrees. It's difficult to
clear the roles by experiment, and in particular, SiH3 radicals
were supposed to be the key precursor for the lm nucleation.
Indeed, the kinetic Monte Carlo simulations have demon-
strated that SiH3 radicals play an important role in the forma-
tion of microcrystals,23while SiH2 is a precursor for dust particle
formation24 and plasma-induced polymerization.25 It has been
in particular found that at low power densities and low pres-
sures, silyl radical (SiH3) is the dominant deposition precursor
leading to device-quality lms.26

Despite the considerable experimental achievements, some
key processes underlying formation of the hydrogenated
amorphous silicon lms still remain questionable. Apparently,
detailed multiscale simulations are required to uncover the
most complicated processes intrinsic to the lm formation. The
attempts of in-depth but still not comprehensive studies of the
amorphous lm growth are known. Models of a-Si:H lm
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.27 As
a result, the model was not able to describe how the lm
actually nucleate and grow. Other approaches to the modelling
of a-Si:H growth proposed also did not ensure an adequate
description of the lm structure.28 Recently, Crose et al. devel-
oped a hybrid kinetic Monte Carlo (kMC) algorithm to estimate
the interdependence of the gas phase and lm 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.29,30 Many experi-
mental studies have meanwhile reported signicant contribu-
tion of the incident ions on the thin lm surface morphology
and properties.31,32

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 lm structure and properties. The global
surface sticking model takes into account SiH3 and H radicals
19190 | RSC Adv., 2017, 7, 19189–19196
reacting in plasma and on the surface. The non-radical neutrals
(i.e., SiH4 and H2) assumed reected back to the discharge. The
surface reaction and sticking probability of each radical are
essentially material-specic, and the substrate temperature
inuences the surface reaction probabilities. Based on this
model an extension of our understanding of the lm 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 available†), together with some basic
underlying physics of Si:H lm growth. In Section III, the
numerical results modelling the contributions of different
uxes during the lm growth are presented and discussed.
Dependences of the lm characteristics on the plasma and
substrate parameters are also addressed. The plasma-sheath
structure, incident ion and radical uxes to the surface of
growing lms, and other control parameters are examined to
optimize the Si lm 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 lm comprises three relatively independent
sub-models integrated into the complex multi-scale model
capable of adequately describe the whole lm 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 lm 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 SiH3, H abstraction by H radical
and SiH3 radical, SiH3 abstraction by SiH3 radical, direct
chemisorption of SiH3 and H to the dangling bond, hopping of
adsorbed SiH3 on hydride sites and chemisorption of adsorbed
SiH3 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,33

commonly used for the deposition of hydrogenated Si lms.
The typical process parameters used for simulations are listed
in Table 1.

The rst sub-model (plasma sheathmodel) uses amulti-uid
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 ux 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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Fig. 1 Schematic representation of the basic surface reactions of SiH3 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 SiH3; (2) desorption of SiH3; (3) H
abstraction by H radical; (4) H abstraction by SiH3 radical; (5) SiH3 abstraction by SiH3 radical; (6) direct chemisorption of SiH3 into dangling bond;
(7) direct chemisorption of H into dangling bond; (8) hopping of adsorbed SiH3 on hydride sites; (9) chemisorption of adsorbed SiH3 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 Ti ¼ Tg 0.01–0.15 eV
Plasma density ne0 1010 to 1012 cm�3

Neutral gas pressure p0 20–100 mTorr
Substrate potential Vdc 0 to �300 V
Substrate temperature Ts 300–700 K
Percentage of SiH3 gas rSiH3

10–40%
Percentage of H gas rH 5–35%
Percentage of Ar gas rAr 55–85%
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The ion/radical surface interaction and growth sub-models
describe the interaction of incoming species with the
substrate surface and growing lm. 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 qdb, qSiH
and qSiH3

are obtained in the next steps.
More details can be found in the ESI.†
Table 2 lists the main chemical reactions and the relevant

specic 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/H2/SiH4 gas mixtures was examined. First, the
contribution of individual uxes in the growth kinetic of each
surface process has been studied. Then, the dependencies of
the lm growth characteristics on plasma and substrate
parameters was explored.

To study the effect of each discharge parameter on the
characteristics of Si lm, 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.34,35 In a typical ICP discharge the SiH4 molecules break
down, and the neutral species and ions hit the substrate at the
room temperature (300–400 K);36 hence, this justies 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, SiH3 and H mono-
hydride radicals, lm 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 Ts: it rst 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 < Ts < 450 K), surface dangling bonds are mostly
produced by ion sputtering rather than H abstraction reac-
tions involving SiH3 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 Adv., 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
R1: SiH3(g) + SiH(s) / SiH–SiH3(s) Jads ¼ s1qSiH3

ja s1 ¼ 0.25

Desorption
R2: SiH–SiH3(s) / SiH(s) + SiH3(g) Jdes ¼ qSiH3

vy0 exp(�Ed/kBTs) Ed ¼ 0.7 eV

Abstraction of H and SiH3

R3: H(g) + SiH(s) / Si + H2(g) Ja
a ¼ naaqSiH ja EaSiH3

¼ 0.4 eV
R4: SiH3(g) + SiH(s) / Si + SiH4(g) EaSiH ¼ 0.2 eV
R5: SiH3(g) + SiH3(s) / Si2H6(g)

Addition of SiH3 and H to DB
R6: SiH3(g) + Si / Si–SiH3(s) Jadd ¼ s0qdb ja s0 ¼ 0.25
R7: H(g) + Si / Si–H(s)

Hopping of adsorbed SiH3

R8: SiH–SiH3(s) + SiH(s) / SiH(s) + SiH–SiH3(s) Jh ¼ qSiH3
(1 � qdb)vy0 exp(�Eh/kBTs) Eh ¼ 0.2 eV

Chemisorption of adsorbed SiH3

R9: SiH–SiH3(s) + Si / SiH(s) + Si–SiH3(s) Js ¼ qSiH3
qdbvy0 exp(�Es/kBTs) Es ¼ 0.3 eV

Ion sputtering
R10: ion(g) + Si–H(s) / Si + H(g) Jsp ¼ qSiHysp(Ei)Ji Ei > 100 eV: ysp ¼ �3.89 � 10�7 � Ei

2 + 7.82
� 10�4 � Ei + 7.04 � 10�3

Ei < 100 eV: ysp ¼ �3.89 � 10�7 � Ei
2 + 7.04

� 10�4 � (Ei � 100) + 8.14 � 10�2
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physisorbed SiH3, as well as direct chemisorption of SiH3

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
Fig. 2 Surface coverage of SiH and SiH3 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.

19192 | RSC Adv., 2017, 7, 19189–19196
substrate temperature due to slow H abstraction reaction and
thermally enhanced surface diffusion of SiH3 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 lm
decreases with increasing of Ts due to the enhancement of
thermal H abstraction; this is quite compatible with experi-
mental ndings.37
3. Growth rate

Investigation of the growth rate dependencies also enables us
to nd the most signicant growth process at different
temperatures. Eqn (16) (see ESI available†) includes the two
distinct mechanisms for silyl incorporation into the growing
lm: (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.

Specically, we have found that the chemisorption of phys-
isorbed silyl radicals to the dangling bond site (Rs) dominates
over direct chemisorption to dangling bonds (Radd) at substrate
temperature Ts of 350 K, while Radd becomes the dominant
process at lower temperature. Actually, the chemisorption
ux 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. Rs, chemisorption of physisorbed silyl radical to
a dangling bond site; Radd, direct chemisorption into dangling bonds.

Fig. 4 Dependence of addition flux (Jadd), chemisorption flux of
physisorbed radicals (Js), growth rate (Rd), and fraction of dang-
ling bond site (qdb) 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.
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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 Ts z 350 K because the physisorbed radical
surface coverage decreases with Ts, while the rate of phys-
isorbed radical hopping and chemisorption increases; at Ts z
450 K, both chemisorption and addition uxes lead to the
increasing of substrate temperature, thus opening important
possibility for the structure control.38,39 Owing to the H
abstraction reactions which strongly dominate in PECVD
deposition of a-Si:H lms, ions can play an important role in the
creation of surface dangling bonds.
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.
4. Effect of ion sputtering

Fig. 4 illustrates the effect of ion sputtering on temperature
dependence of the addition ux (Jadd) and chemisorption ux of
adsorbed SiH3 to the dangling bonds (Js), growth rate, and
surface coverage of dangling bonds. From this graphs it is seen
that the ion sputtering dominates at low substrate temperatures
(Ts z 450 K), thus leading to enhanced surface density of the
dangling bonds.

These graphs show that the ux 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,† 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 signicantly 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.40,41 The hydrogen abstraction increases with the surface
temperature Ts, this in turn leads to the increase of dangling
bond density and growth rate of the lm.

Fig. 5 shows the dependencies of dangling bond coverage
and lm growth rate on substrate temperature for the three
This journal is © The Royal Society of Chemistry 2017
different values of negative bias (Vdc) applied to the substrate
surface. Apparently, increase of Vdc and consequently the ion
energy and ux result in the increase of rates of dangling bond
generation and lm 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.34
RSC Adv., 2017, 7, 19189–19196 | 19193
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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 lm growth
parameters, effects of the individual uxes participating in the
surface processes was examined. Fig. S1 (ESI†) presents the ion
sputtering ux (Jsp), ux of radicals to dangling bond sites (jsp),
chemisorption ux of adsorbed radicals to dangling bonds (Js),
radical adsorption (jad) and hydrogen abstraction uxes (jab) for
different applied biases and substrate temperatures. Since the
sputtering ux is directly proportional to the ux of incident
ions, the enhancement of jsp with the substrate bias Vdc 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
signicant at higher values of Ts.

Working gas pressure (p0) 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 lm
growth rate. Fig. 6 presents the effects of working gas pressure
on of the lm 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 lm growth rate
decreases with the gas pressure increasing, while at higher
temperatures, the lm growth rate always increases with the gas
pressure.

It is noteworthy that the incident ux of ions is almost
independent on the total gas pressure, while the ux of neutral
radicals increases with gas pressure, and kinetic energy of the
incident ions decreases with gas pressure.42 The production
rates of both H and SiH3 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 uxes. At
higher temperature, the increase of gas pressure is causes an
Fig. 6 Surface coverages of SiH3, 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.

19194 | RSC Adv., 2017, 7, 19189–19196
increase in the hydrogen abstraction rate and as a result, it leads
to an enhancement of the dangling bond production and lm
growth rates.
6. Effect of hydrogen

To study the effect of H radical concentration in the plasma
sheath on the lm growth rate, dangling bond coverage and
growth rates, we have plotted these parameters in Fig. S2 (ESI
available†) as functions of surface temperature for different
percentage of hydrogen rH. It was found that both the dangling
bond coverage and growth rate show a non-monotonic depen-
dence on rH. At low substrate temperatures, coverage and
growth rate decrease with rH, 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 Ts z 450 K; on the other hand, signicant H abstraction at
higher temperatures leads to the increase of dangling bond
density and hence, to the increase of lm growth rate with rH.
Summary and conclusions

Plasma-surface processes play a signicant role in the nucle-
ation, growth, and structure formation of thin lms and struc-
tures including nanoscaled a-Si:H interfaces. Experimental
techniques ensure methodical investigation of integral depen-
dencies and characteristic, while the role of specic 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. Specically,
this model was developed and used to study the details of the
deposition and structure formation of a-Si:H lms 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 SiH3 radicals on the lm surface, hydrogen
abstraction by incoming SiH3 and H radicals from plasma
sheath, attachment of incoming SiH3 and H radicals to the
dangling bonds, hopping of adsorbed SiH3 on the hydride sites,
ion sputtering of H atoms from the lm, and chemisorption of
adsorbed SiH3 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 ux, 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 ux, the surface is primarily covered
by SiH3 radicals. The dominance of SiH3 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 SiH3 is the
main precursor for a-Si:H deposition. At higher temperatures,
the hydrogen abstraction proceeds via hydrogen attachment to
SiH3 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 ux 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 SiH3 diffusing on surface, and domination of
chemisorption over the chemisorption of the physisorbed
radicals at low temperatures.

Hence, the key role of hydrogen is conrmed and moreover,
key processes were identied and route for the efficient,
technique-enabled control are specied.

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

This work was partially supported by the National Research
Foundation (EDB/OSTIn); Academic Research Fund (AcRF) Tier
1, Singapore; the Ministry of Science, Research and Technology
of Iran; Iran Nanotechnology Initiative Council; CSIRO CEO
Science Leadership program; and the Australian Research
Council. I. L. acknowledges support from the School of Chem-
istry, Physics and Mechanical Engineering, Science and Engi-
neering Faculty, Queensland University of Technology.
References

1 J. Dong and B. Lin, RSC Adv., 2016, 6, 110409–110415.
2 C. Tang, Z. Yan, Q. Wang, J. Chen, M. Zhu, B. Liu, F. Liu and
C. Sui, RSC Adv., 2015, 5, 81866–81874.

3 G. Das, S. Mandal, S. Dhar, S. Bose, S. Mukhopadhyay,
C. Banerjee and A. K. Barua, J. Mater. Sci.: Mater. Electron.,
2017, 28, 5746–5753.

4 C. Shin, J. Park, J. Jung, S. Bong, S. Kim, Y.-J. Lee and J. Yi,
Mater. Res. Bull., 2014, 60, 895.

5 M.-K. Kang, S. J. Kim and H. J. Kim, Sci. Rep., 2014, 4, 6858.
6 T. K. Subramanyam, V. Nagendra, P. Goutham, P. Kumar
and K. N. Subramanya, Microelectron. Solid State Electron.,
2016, 5, 14–18.

7 M. A. Marrs and G. B. Raupp, Sensors, 2016, 16, 1162, DOI:
10.3390/s16081162.

8 R. He, et al., Adv. Mater., 2016, 28, 5939–5942.
9 E. Markevich, G. Salitra, A. Rosenman, Y. Talyosef,
D. Aurbach and A. Garsuch, RSC Adv., 2014, 4, 48572–48575.

10 M. Li and Y. Yue, RSC Adv., 2014, 4, 23010–23016.
11 I. Levchenko, K. Ostrikov, J. Zheng, X. Li, M. Keidar and

K. B. K. Teo, Nanoscale, 2016, 8, 10511–10527.
This journal is © The Royal Society of Chemistry 2017
12 E. Johlin, N. Tabet, S. Castro-Galnares, A. Abdallah,
M. I. Bertoni, T. Asafa, J. C. Grossman, S. Said and
T. Buonassisi, Phys. Rev. B: Condens. Matter Mater. Phys.,
2012, 85, 075202.

13 I. Levchenko, U. Cvelbar and K. Ostrikov, Appl. Phys. Lett.,
2009, 95, 021502.

14 M. Hundt, P. Sadler, I. Levchenko, M.Wolter, H. Kersten and
K. Ostrikov, J. Appl. Phys., 2011, 109, 123305.

15 J. W. M. Lim, C. S. Chan, L. Xu, T. M. Ong, S. Y. Huang,
D. Y. Wei, Y. N. Guo and S. Xu, Procedia Eng., 2016, 139,
56–63.

16 W. Guo, L. Zhang, J. Bao, F. Meng, J. Liu, D. Wang, J. Bian,
W. Liu, Z. Feng, P. J. Verlinden and Z. Liu, J. Appl. Phys.,
2015, 54, 041402.

17 Y. Rong-Hwei, Y. Tai-Rong, C. Te-Cheng, L. Shih-Yung and
H. Jyh-Wong, IEEE Trans. Electron Devices, 2008, 55, 978–985.

18 J. Fang, I. Aharonovich, I. Levchenko, K. Ostrikov,
P. G. Spizzirri, S. Rubanov and S. Prawer, Cryst. Growth
Des., 2012, 12, 2917–2922.

19 S. Sriraman, S. Agarwal, E. S. Aydil and D. Maroudas, Nature,
2002, 418, 62–65, DOI: 10.1038/nature00866.

20 M. Plaza, I. G. Hemme, E. G. Hernansanz, R. G. D́ıaz,
G. O. Ariza and J. P. Millán, Proc. Spanish Conference on
Electron Devices, IEEE, 2013, pp. 337–340, ISBN 978-1-4673-
4666-5.

21 R. Amrani, P. Abboud, L. Chahed and Y. Cuminal, Cryst.
Struct. Theory Appl., 2012, 1, 62–67.

22 S. Q. Xiao and S. Xu, J. Phys. D: Appl. Phys., 2011, 44, 174033.
23 S. C. Pandey, T. Singh and D. Maroudas, J. Chem. Phys., 2009,

131, 034503.
24 M. Wolter, I. Levchenko, H. Kersten and K. Ostrikov, Appl.

Phys. Lett., 2010, 96, 133105.
25 M. Takai, T. Nishimoto, M. Kondo and A. Matsuda, Sci.

Technol. Adv. Mater., 2001, 2, 495–503.
26 S. Xiao, S. Xu and K. Ostrikov,Mater. Sci. Eng., R, 2014, 78, 1.
27 T. Bakos, M. S. Valipa and D. Maroudas, J. Chem. Phys., 2007,

126, 114704.
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