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Abstract

A 1D fluid model of silane-hydrogen discharges that includes a detailed chemistry of gas
phase and surface reactions to account for deposition and etching processes has been
implemented to study the effects of gas pressures (1 to 3.5 Torr) and silane concentration (2
to 10%) on the deposition rate of silicon thin films in a standard RF-PECVD reactor. The
thickness of the films and their deposition rate as functions of the process conditions were
determined from the spectroscopic ellipsometry measurements in UV-visible wavelength
range. The experimental values of the deposition rate were compared with the results
obtained from the 1D fluid model. SiH; radicals are found to be the main contributors to the
computed deposition rates, while H;" ions play the main role in the etching process. The
study reveals that etching by hydrogen ions must be taken into account to reproduce correctly
the experimental deposition rate. In particular etching by H;" ions must be taken into account
to achieve a good agreement between the experimental and modelled values of the deposition
rate as a function of the total gas pressure and the silane fraction in the gas phase.

Keywords: 1D fluid model, silane-hydrogen discharges, etching rate, H;" ions

1. Introduction

Plasma-enhanced chemical vapor deposition (PECVD) [1-
3] has been studied for over 40 years as it is widely used for
growing a variety of silicon thin films, ranging from
hydrogenated amorphous silicon (a-Si:H) to microcrystalline
(nc-Si:H) and even crystalline silicon (c-Si) epitaxial films
for various applications in large-area electronics,
optoelectronics, and photovoltaics. For silicon thin film
deposition in capacitively coupled radio frequency (RF)
discharges, the growth rate and film properties are strongly
affected by the plasma process parameters, e.g., silane

concentration, gas pressure, RF power, excitation frequency,
and inter-electrode distance. Though there is a general
consensus on SiHj radicals being the main film precursors
under standard PECVD conditions, i.e. low pressure (< 100
mTorr) and low RF power (~10 mW/cm?) [4], other
precursors such as silicon clusters (Si,H,,) may also play a
role as well as etching by atomic hydrogen, H," and H;" ions
[5]. However, the processes taking place in silane/hydrogen
discharges, including plasma chemistry and plasma-surface
interactions, are complex and still not fully understood. In
particular, the fine details of the growth mechanism remain
unclear.
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Modeling of silane-based plasmas has been widely
applied to understand the plasma dynamics and chemistry
and to determine the contribution of different species to the
growth [6-10]. However, most of these studies are related to
the low-pressure conditions and are not representative of the
high pressure regime in which we are interested in for the
deposition of polymorphous silicon thin films on glass
substrates and Si epitaxial growth on c-Si[11,12].

Nevertheless, a few groups have studied such high
pressure conditions. The group of D. Mataras developed an
experiment-based chemical kinetic-mass transfer model and
used it to simulate the deposition of pc—Si:H in highly
diluted SiH, in H, discharge [13]. Besides the 38 gas phase
reactions considered, their model also considers a set of
surface chemical reactions based on three types of surface
sites: dangling bond sites, H covered sites and SiH;
physisorpted sites. For each radical the reaction probabilities
with different surface sites are taken into account, for
example, the reaction probability of both SiH; and Si,H;
radicals with the dangling bond sites set to be equal to 1
whereas with H covered sites it is set to be equal to 0.5. The
values of sticking coefficients o of both SiH; and Si,H;
radicals are consistent with those cited by J. Perrin [14-16].
Under the high pressure of 1 Torr and 6 % SiH, of silane
concentration in H, the simulated deposition rate of pc—Si:H
film increases from 1 A/s to 7 A/s with the increase of
power density (10-70 mW/cm?). They also reported Si,H,,
SiH; and SiH, radicals to be the main precursors for the film
depostion, while the etching rate by H atoms was found to be
negligible. Later a hybrid kinetic Monte Carlo method [17]
was presented to simulate the impact of the variation of
silane fraction from 1% to 6% on the growth of
nanocrystalline silicon in silane/hydrogen discharge at 3 Torr
and 310 mW/cm® RF power. In [17] five species (H, SiHj,
SiH,, SiH and Si,Hs), that contribute to 29 surface reactions
with different surface sites, are taken into account to model
the surface chemistry. The computed deposition rate
increases with silane fraction that reproduces the
experimental trend, but there is a discrepancy of about 2 A/s
in deposition rate values between the simulations and
experiments.

The main contribution to silicon thin film deposition
comes from the radicals in numerical studies. However, few
researchers have considered the significance of ion species in
the competing deposition and etching processes in
silane/hydrogen discharges. L.L. Alves [18] studied the
contribution of radicals and ions to the deposition of a-Si:H
films using a fluid model of RF discharge under conditions
of very high silane concentration and low gas pressure (83%
SiH;, 68 mTorr and 60% SiH,, 68 mTorr). The loss
probabilities [ and sticking coefficient o of SiH; and Si,H;
radicals were taken from [14-16], while [ = ¢ = 0.6 was
assumed for SiH, and Si,H; radicals. The ion loss

possibilities were taken equal to unity. They found that thin
film deposition is controlled by the fluxes of SiH; and SiH,
radicals, while the contribution of ions (mainly SiH;" and
SiH,") to deposition is about 9%. In addition, the simulated
deposition rates show a good agreement with the
experiments. O. Leroy [7] also studied the role of ions in
deposition and etching of a-Si:H films by using a 2D fluid
model under low-pressure conditions (9 Pa and 40 Pa). For
the surface processes, the loss probability [ and sticking
coefficient o of radicals were taken from [14-16]. The SiH,,"
and H," ions are considered in surface chemistry processes
with a loss probability [ = 1, whereas H™ and H;" ions are
excluded. According to their results the main film precursors
are SiH; and SiH, radicals, while SiH,," ions account for less
than 10% of deposition rate. The H," ions related etching
rate is found negligible under these conditions. However,
these studies on ions contribution to the sillicon thin film
deposition rate are not performed in a high-pressure regime
which we are interested in.

This work is focused on the comparison between the
experimental and simulated deposition rates in a SiH4/H,
plasma discharge within relatively high pressure range (1.0 -
3.5 Torr) and at low silane concentration (2 — 10% silane in
hydrogen). These conditions lead to the growth of
polymorphous silicon on glass substrate and epitaxial growth
on (100) oriented crystalline silicon substrate [1]. The 1D
fluid model includes Poisson’s equation, the transport and
drift-diffusion equations with the appropriate boundary
conditions for the ions, radicals, molecules and electrons, the
corresponding transport parameters, the reaction rates, the
equation for electron energy as well as the gas-phase and
surface chemistry. In particular, the surface chemistry
(including the recombination, etching, and deposition
reactions) is coupled to the fluid model via a set of reaction
probabilities. The net deposition rate from the model is
compared to that obtained experimentally and the main
species contributing to deposition and etching are identified.

In the section 2, the experimental setup and process
parameters are presented. The 1D fluid model is presented in
details in the section 3, before moving to the comparison and
discussion on simulated and experimental deposition rates
for the two series of experiments in the section 4.

2. Experimental setup and parameters

A capacitively coupled parallel plate reactor, having a
base vacuum of 10”7 mbar, was used for silicon thin film
deposition [19]. Fig.1 shows a schematic representation of
the axisymmetric reactor. The silane-hydrogen gas mixture is
injected through the showerhead of the RF electrode with a
diameter of 15 cm as shown in the Fig.1. The upper electrode
carrying the substrates is grounded and the gases are pumped
via a slit between the substrate holder and a plasma box that
confines the discharge between the two electrodes.

Page 2 of 15



Page 3 of 15

oNOYTULT D WN =

OUUUUUUUUUUDDDRNDIMDNDRNMDRNMRANDRNDNWWWWWWWWWWNNNNNNNNNDEN = —= = = 02 o o oo O
OWVWHONOUDNWN O LVLONNOONUNNDRWN_COVLOMNOONTUNRNRWN—_LOOVWOMNOUBRERWN—_,LOOVONOOUDNWN—=O

Journal Plasma Source Science and Technology

AUTHOR SUBMITTED MANUSCRIPT - draft

Tinghui Zhang et al

In this work the (100) c-Si wafers and Corning glass were
used as the substrates for the silicon thin film deposition. For
the series of experiments with varying silane concentration,
the hydrogen flow rate was fixed at 500 sccm and the silane
flow rate was varied whereas the total pressure was kept
constant at 2 Torr. For the pressure series experiments the
gas flow rate of silane and hydrogen was kept constant at 7
sccm and 500 sccm, respectively, whereas the total pressure
was varied by changing the pumping rate of the gases using
butterfly valve. From the ex situ spectroscopic ellipsometry
measurements it has been evidenced that polymorphous
silicon films [20] are deposited on the glass substrates while
on c-Si substrates the deposited films are microcrystalline.
The thickness of silicon thin films was determined from the
fit of spectroscopic ellipsometry measurements using Tauc-
Lorentz model for the polymorphous silicon films deposited
on glass substrates [20] and Bruggeman effective medium
approximation model for the microcrystalline and epitaxial
films deposited on c-Si substrates [21]. The corresponding
deposition rates are calculated by dividing the measured
thickness by the deposition time.

Substrates —— Substrate
A holder
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Figure 1. Schematic representation of the cross-section of
axisymmetric RF plasma reactor.

3. Description of the model

A 1D fluid model is employed to describe silane/hydrogen
RF plasma discharges. This model consists of the Poisson’s
equation for the electric potential coupled with a set of drift-
diffusion and transport equations for charged and neutral
species, respectively. The electron temperature is calculated
self-consistently by solving an electron energy equation. The
model has been previously validated for H, plasma
discharges [22]. Since then it has been enriched with the
silane/hydrogen gas-phase chemistry and surface chemistry
to compute the deposition, recombination and etching rates.
The coupling of the deposition and etching processes with
plasma dynamics and its impact on the net deposition rate is

studied through numerical simulations. The results of
modeling are compared with the experimental data.

3.1 Conservation equations

Fluid models have been frequently used for the
simulations of low-temperature RF plasma discharges with a
low degree of ionization (10 — 10°°) in gas mixtures such as
H, with SiH, in a pressure range from few tens of mTorr to
few Torr [23-25]. The equations describing spatio-temporal
evolution of the species mass fractions and electron
temperature are as follows:

9:(pYy) + 9, (pYiv + pYiVi) = Wy, k € G, ()

0¢p + 2pati+09,7 =0 2)
p O i+ 00,1 = a(p™ — pi*) + 9,(nd, i) 3)
0¢ (%nekBTe) + 0,0 = neq.V.E + Eeh- 4)

Eq. 1 represents the continuity equations for each species.
Here, p represents the mass density of the fluid mixture,
v = p¥ is the normal component of the macroscopic fluid
velocity, u = rafil is the tangential velocity, « is the strain
rate, C is the set of chemical species considered (electrons,
ions, radicals, and molecules), Y} denotes the mass fraction
of the k™ species, V}, denotes the diffusion velocity of the ™
species. W, is its molar mass, and wy, is its molar production
rate. Eq.2 is the conservation equation for the fluid density,
which determines the normal velocity v. Here, « is the strain

rate, which is defined as a = /%n J is the pressure
p

curvature - a natural parameter of a laminar flow process that
is generally independent of time. Eq.3 is the conservation
equation for the tangential velocity. p™ is the mass density
of injected mixture. 1 is the shear viscosity. Eq.2 and Eq.3
are taken from [26,27]. Eq.4 is the second moment of the
Boltzmann equation for the electron probability density
function, which describes the energy balance for electrons.
Here, T, is the electron temperature, O, denotes the electron
heat flux, n.q,V, is the electron conduction current density,
and E,, is the energy exchange rate between the electrons
and heavy species due to the inelastic collisions. Since the
temperature of heavy species is assumed to be constant in the
discharge, the corresponding equation for their energy
balance is not resolved.

The electric potential ¢ is obtained by solving the
Poisson’s equation
_rq (5)

2 —

62 P = £

where n = YNy is the mixture number density, q =
Zkfcq’;ﬂ is an average charge of the mixture, and £ = —d,¢

is the electric field. The magnetic field can be neglected
because the discharge dimensions are too small compared to
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the wavelength of the excitation RF signal with the
frequency of 13.56 MHz. These fluid plasma equations are
solved in a one-dimensional approximation to obtain the
plasma macroscopic properties along the reactor axis. The
thermodynamic properties of the neutral species are taken
from [28].

3.2 Transport fluxes

The species diffusion velocities in Eq.1 can be written as:

Vk = —Dka

2k 4 wE,k €C, (6)
Y

where Dy, is the diffusion coefficient and p;, is the mobility
coefficient of the & species. Eq.6 is a simplified version of
the classical Hirschfelder-Curtiss approximation [26,27] in a
neutral gas mixture. For each species, the first term in Eq.6
represents diffusion velocity, and the second term is for drift
velocity. For simplicity, we use the expression 0,Y, /Y
instead of 0,X, /X, , where X, =Y,m/m, is the mole
fraction of the A" species.
The electron heat flux reads

5
Qe = EnekBTeVe = A.0,Te, @)

where A, is the electron thermal conductivity. The first term
represents the transport of electron energy through diffusion,
the second term describes the electron heat conduction. The
Dufour and Soret effects [29] are negligible in our
conditions.

3.3 Transport coefficients

The diffusion coefficients D,, k € C, are computed as in
[27,28]:
D, =—t0 _ pec, (8)

= o,
Yien 12k PU/DRT

where p is the pressure of gas mixture, p; is the partial
pressure of 1" species, D,’(""l" is the binary diffusion coefficient
for the species pair (k, 1), and N c C denotes the set of
neutral species. For neutral species we use Lennard-Jones
potential to calculateD,lc”il”. EGLIB software [30] is employed
to calculate the transport coefficients. Collision integrals are
computed using the ‘TRANFT” fitting program [31].

Since the densities of both charged species and radicals
are much smaller than the densities of H, and SiH, (¥}, < 1,
low degree of ionization and dissosiation) that are the main
species, we consider the diffusion of the charged species
against H, and SiH, only. For the electron collisions we use
BOLSIG+ software [32] to obtain the electron diffusion
coefficient D, and electron mobility coefficient ., using
the input cross-sections data of electron-collision reactions
listed in [33-44] and our process conditions (gas temperature,
gas composition, efc). As the composition of gas mixture
(% SiH4, % H,) does not change significantly in the

discharge, we run BOLSIG+ offline for a given silane mole
fraction, and tabulate the values of electrons transport
coefficients as a function of electron temperature only.

The binary diffusion coefficients of ions against the
neutral molecules are computed according to Langevin
theory [14]:

kgT, T -
B h — cm?s~'torr 9)
lqil 8m;

Df"p =52x1073

where p is the pressure, kg is the Boltzmann constant, T is
the gas temperature, g; is the charge of i species, m; ; is the
reduced mass (atomic mass units) m;; = m;m;/(m; + m;),
and §; is the polarizability of gas molecule [14]:

8y, = 0.805A%, &5y, = 4.62A° (10)

For the binary mobility coefficients of ions, we use Einstein
relation:

aDj

Hij = KT] (1)
The ion mobility of species i is calculated from the mobility
H;; in each gas species j through the expression:

1oy Bi/P

Hi Ty

(12)

3.4 SiH,~-H, plasma chemistry

Our plasma chemistry model takes into account 19 species
listed in Table 1, including the species with Si that contain
up to 2 silicon atoms. The model calculates each species’
density and flux along the reactor axis towards the
electrodes.

The gas phase chemistry model includes two types of
reactions: the electron collision reactions and the heavy
species reactions. We consider 24 electron collision reactions
and 19 heavy species reactions. The full list of reactions is
provided in the Annex I and Annex II

Table 1. Species included in the fluid model

Neutral species | H,, SiH,, H, SiH;, SiH,, H;SiSiH,
Si,Hs, Si,Hg

SiH3+>SiH2+>Si2H4+> H3+5 H2+5 H+5
e,Sin',SiH3', SizHS_, H3SISIH_

Charged species

The reaction rates are calculated using a generalized
Arrhenius form:

K1) = 4,Tfrexp (- 2X) (13)
T
where T, is the temperature of the " reaction, namely
T, =T for heavy species reactions and T, = T, for electron
collision reactions, A, is the pre-exponential factor, f, is the
exponent of temperature and €, > 0 is the activation energy
of the " reaction.

Page 4 of 15
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The calculations of the deposition and etching rate are based
on the evaluation of each species’ contribution. The net
deposition rate is determined from the difference between the
computed deposition and etching rates and is compared with
experimental data.

3.5 Boundary conditions

The secondary electron emission induced by the
bombardment of electrodes by the flux of positive ions under
PECVD conditions in silane/hydrogen discharge is
considered. The coefficient of secondary electron emission is
taken as ¥, = 0.1 [45]. The electric potential is set to zero at
the grounded electrode, whereas a sine excitation voltage
waveform is applied at the powered electrode. It has been
checked that, for the process conditions studied in this work,
the experimentally measured values of the DC self-bias at the
powered electrode have negligible effect on the deposition
rate in our numerical simulations. Therefore, there was no
DC self-bias taken into account in our model. The boundary
conditions for electron density, electron temperature and
electron energy flux are taken from [22].

For all non-negative species, the boundary conditions at
both electrodes are written as:

(pYiVie * 11)|eo = Wi, k € N U P, (14)

where P represents the set of positive ions, N represents the
set of neutral species, 71 is the unit vector normal to the
electrode’s surface pointing outwards from the reactor, wy, is
the net molar surface loss rate of the k™ species that is
calculated from the surface reaction rates 7,., r € R , as:

or = Xrer(vy —vi®) i, kENUP. (15)

where R denotes the set of surface species reactions, and v,:f
and vI? denote the forward and backward stoichiometric
coefficients for the A™ species in the " surface reaction,
respectively.

Since the negative ions are trapped in the plasma, their
densities are set as zero at both boundaries. On the contrary,
the positive ions are accelerated through the plasma sheaths,
eventually contributing to the surface processes. Neutral
species also contribute to the surface chemistry. Finally, the
boundary conditions for the electrons take into account the
secondary emission process, and will be detailed below.

Each surface reaction r € R is associated with a unique
gas-phase heavy species reactant, namely, an ion or a neutral
species. The net molar surface loss rate of the k™ species
impinging on the surface is computed from the outward mass
flux Fy|out Of species k as follows:

a%=£%M (16)

where [}, is the loss probability of the k™ impinging species:
in particular [, = 0 if the species is specularly reflected at
the surface, and [, = 1 if the species is completely lost due
to either sticking, recombination or etching reaction.

The outward mass flux for each species (electron, neutral,
or positive ion) is computed as:

Feloue = pYemax[J™* 7, Vi,], k€ P UN U{e}, (17)

where I—/,;drif Y is the drift velocity of the k™ species that reads:

=uwkE, kec, (18)

arift

Vi
where V., is the average velocity of k™ species towards
electrodes computed as that of a Maxwellian distribution

function, that is [46]

1

w+=§ﬂ=(%%ykec (19)
We assume that the mobilities of neutral species are equal to
zero. It follows from Eq.17 that if the outwards drift velocity
I7kd”f “is larger than the thermal velocity vi", the outward
flux at the boundary is equal to the drift velocity, however,
when the drift velocity is smaller or oriented inwards the
discharge, the diffusion velocity at the electrode is equal to
the thermal velocity. It guarantees that the flux of positive
ions is always pointing outwards the reactor. Note that for
neutral species the outward flux is simply the thermal flux.

3.6 Surface processes

For silane/hydrogen plasma discharges, the surface processes
for species reaching the reactor walls consist of reflection,
recombination, sticking and etching reactions, as shown in
Fig.2. When a species reaches the substrate, there is a certain
probability for each type of surface reaction.

Reflection 1 — [ .
Recombination g

Etching €

Sticking o

Figure 2. Schematic representation of the surface processes in
silane/hydrogen plasma.

For each species k € N U P impinging (and reacting) on
the surface, three kinds of reactions may occur, namely
sticking, recombination or etching. When the gas species
SiH(g) stick to the surface we consider that they contribute
to film growth. The etching reactions take Si atoms away
from surface, resulting in the formation of the volatile
species SiH,(g), while the surface recombination of gas
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phase species contributes neither to deposition nor to etching
processes (e.g. H(g) + wall = 0.5H(g)).

One should note that it is possible — though it does not
happen in our case — that several reactions of the same type
occur, e.g. SiH; could be involved in two types of
recombination reaction (SiH;(g) + SiH;-wall = Si,Hg(g) and
SiH;(g)+H-wall=SiH4(g)). Still, for a given impinging
species k, the sum of the probabilities of all reactions is
always equal to the loss probability [;, the remainder of the
molecules being specularly reflected with a probability
1 — li.. In other words:

OSlk=O'k+Qk+€kS1 (20)

where [, is the loss probability, and where oy, g, and ¢ are
the the sticking, recombination and etching probabilities,
respectively. The rate of progress of reaction r € R (which is
either a sticking, a recombination or an etching reaction) is
then calculated as:

. pr Wk 5]
T, = —=, TER 21
r (1_17]() V}:f ( )

where p, is the probability of reaction r, that is p,, = gy if r
is a sticking reaction, p, = g, if r is a recombination
reaction, and p, = ¢, if r is an etching reaction. The

denominator 1 — l;k ensures the validity of Eq.21 in the limit

l;, = 1, where nearly all the molecules of species k are lost at
the wall and no molecules are specularly reflected, in which
case the distribution function of the k™ species close to the
wall is strongly anisotropic [47-49]. Note that for positive
ions the loss probability is always 1.0 in our model.

The deposition rate of silicon thin film associated with
each surface reaction r then follows

VSis) = Vin Vil tr > 0, (22)

where vgib(s) is the backward stoichiometric coefficient of
Si(s) in the " surface reaction, and V,stis the molar volume
of crystalline silicon V3! = 12.06 cm® - mol~* . The etching
rate of silicon thin film associated with each surface reaction
r reads similarly

Vi) = —USWI %, <0,

and, consequently, the net deposition rate of silicon thin film
reads

Usi(s) = LreR vgi(s)' (23)

The total deposition rate considers the sticking reactions
only. The list of the surface reactions and the corresponding
probabilities are given in the Annex III.

Finally, the boundary conditions for electrons read:

7.2 Filou
(pYeVe 'n)lt,o = Felout - VVeZkGP Vekw_kt (24)

where y, is the secondary electron emission coefficient.

3.7 Numerical implementation

The spatial discretization of the Equations (1)-(5) is
obtained by applying a three-point finite difference scheme.
The drift-diffusion equations for species mass fractions and
electron temperature are dealt with using the Scharfetter-
Gummel discretization scheme [50-51]. The time derivatives
of Equations (1) and (4) are discretized in a fully implicit
manner and solved by Newton method by using Euler
predictor [52].

In our simulations, the RF frequency of the excitation
signal is equal to 13.56 MHz. Reaching the steady-state for
silane/hydrogen plasmas requires the simulation of about
40000 RF cycles, and each RF cycle is resolved with a time
step of 2.5x107"" s. Typical calculation time for 40000 RF is
about two weeks on our PC (Intel(R) Xeon(R) Silver 4214
CPU @ 2.2GHz, 48 cores, RAM: 64GB). The criterion of
convergence for the deposition rate in the model is given by

psi o™ 11075 (25)
100

where ncyc is the number of RF cycles.
4. Results and Discussion

4.1 Impact of silane concentration on deposition rate

In the following, we address the effect of silane
concentration on the deposition rate. The reactor geometry
and process conditions are defined as follows: the gas
temperature is fixed at 448K, the pressure is equal to 2 Torr,
the dissipated RF power is fixed at 30 W, the inter-electrode
distance is equal to 1.6 cm, and the silane mass concentration
(SiH4/(SiH4+H,)) is varied from 2% to 10%. Increasing
silane concentration is obtained by increasing the silane flow
rate while keeping the H, flow rate fixed at 500 sccm (see
[53]).

Fig.3(a) shows the computed deposition rate (black
triangles) compared with the corresponding experimental
values (red circles) taken from [53] as a function of silane
concentration. As we can see, the model reproduces the trend
in deposition rate, but there is a discrepancy in the absolute
values, in particular, in the low silane concentration range.
The contribution of species such as SiH;, SiH,, Si,Hs, and
H;SiSiH to the total deposition rate is also shown in this
figure. The SiH; radicals are found to be the main precursor
for the film growth and their contribution increases with the
silane concentration in a gas mixture. For the given process
conditions, other reactive species considered in the model
(see Table I) have a negligible contribution to the deposition
rate. Note that the contribution of Si,Hs and H;SiSiH radicals
also increases with silane concentration, whereas the
contribution of SiH, radicals to the deposition rate decreases.
Such behavior is the result of the secondary reactions (R4,
R7, R11 and R12 in the annex II) that become important at

Page 6 of 15
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Figure 3. Deposition and etching rates versus silane concentration:
(a) simulated deposition rate (black triangles) and experimental data
(red circles), the histogram shows the contribution of main species
to the deposition rate; (b) simulated etching rate, the histogram
shows the contribution of H and H;" to the etching rate; (c)
simulated net deposition rate (black triangles), experimental values
(red triangles).

pressure 2 Torr. The contribution of ions to the deposition is
negligible compared to radicals; for example, SiH;' ions

cover the range from 0.022 A/s at 2% silane concentration to
0.038 A/s at 10% silane concentration that is less than 1% of
the computed total deposition rate

Note that the difference in deposition rate between the
model and experiments becomes smaller as silane
concentration increases. To explain this difference, we
consider the etching by hydrogen species that will reduce the
computed net deposition rate. Previous numerical studies
have shown that etching by both atomic hydrogen and
hydrogen ions has a negligible effect [7,13], while
experimental studies have shown that etching does take place
in RF hydrogen plasmas [5,54,55]. Fig.3(b) presents the total
etching rate as a function of silane concentration. The
increase of silane concentration results in a decrease in the
total etching rate from 2.07 A/s at 2% silane to 1.55 A/s at
10% silane. O. Leroy [7] suggested that the main precursor
of etching is H,", however, as can be seen in Fig.3 (b), H;"
ions make over 90% of the etching rate that shows a
decreasing trend as silane concentration increases. For
atomic hydrogen, the etching rate is much smaller compared
to the H;" etching rate that varies from 0.07 A/s to 0.14 A/s
in the studied silane concentration range. The net deposition
rate is determined as the difference between the computed
deposition and etching rates. The comparison between the
calculated net deposition rate and the corresponding
experimental values is presented in Fig.3(c). We can see that
the net deposition rate comes closer to the experimental
values.

The dominant contribution of the SiH; radicals and H;"
ions to the computed deposition and etching rates,
respectively, can be traced back to the fluxes of the species
towards the substrate Fig.4(a) shows the fluxes of various
species towards the substrate as a function of silane
concentration. It is clearly seen that the flux of SiH; radicals
is much larger compared to the fluxes of other radicals and
ions. It indicates that SiHj; radicals are the main precursors of
silicon thin film deposition, even if its sticking coefficient
(0.1) is lower than that of SiH, (0.8) and H;SiSiH (0.8). As
we can see, the increase in silane concentration is followed
by an increase in SiH; ﬂuxes from 5.5x10"° cm®+s™" at 2% of
silane to 8.8x10" cm™s™ at 8% of silane, and then by a
slight decrease to 8.5x10" cm™:s™ at 10% silane. The trend
in SiH; radical flux with silane concentration in Fig.4(a)
reflects the trend of SiH; deposition rate with silane
concentration in Fig.3(a). Fig.4(b) shows the fluxes of SiH,
and higher silane species (Si,Hs, and H;SiSiH) versus silane
concentration. The decrease of SiH, flux and the increase of
both Si,Hs and H;SiSiH fluxes reflect the trends of their
contribution to the deposition rate shown in Fig.3(a). These
trends can be explained by the enhancement of the secondary
reactions (see Annex II) taking place at 2 Torr. As shown in
Fig.4(c) H;" ion flux decreases from 7.3x10" cm™?-s" at 2%
of silane to 4.7x10" cm™-s™ at 10% of silane, and this trend
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correlates with the decrease of H;' ions etching rate as a
function of silane concentration in Fig.3(b).

The contribution of each species to the deposition and
etching rate as a function of silane concentration can also be
traced back to each species production rate. Fig. 5 presents
the computed time-space-averaged production rates of the
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Figure 4. Computed time-averaged fluxes of the species toward the
substrate as a function of silane concentration: (a) SiH,, Si,Hs
H,SiSiH, SiH; and H;"; (b) radicals SiH,, Si,Hs, and H;SiSiH; (c)
H;" ions.

species as a function of silane concentration. As Fig.5(a)
shows, the production rate of SiHj; radicals is dominant and
its trend reflects the trend in SiH; radicals contribution to the
deposition rate. From the model, we find that SiH; radicals
are mainly produced by the secondary reaction SiHy + H =
SiH; + H, (R3 in the Annex II). As silane concentration
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Figure 5. Computed time-space-averaged production rates of the
species as a function of silane concentration: (a) SiH,, SiHs
H;SiSiH, SiH; and H;"; (b) radicals SiH,, Si,Hs, and H;SiSiH; (c)
H;" ions.
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increases, the production rate of SiH; radicals increases from
7.6x10" cm™-s™ at 2% of silane to 1.4x10'° cm™-s™ at 10%
of silane in the gas mixture. The concentration of atomic
hydrogen stays high enough with silane concentration
increase, because hydrogen is always in a large excess
(=90%). The production rates of the radicals SiH,, Si,Hs,
and H;SiSiH versus silane concentration are shown in
Fig.5(b). We can see that the decrease in the production rate
of SiH, radicals and the increase in Si,Hs and H;SiSiH
production rates reflect the trend in their contribution to the
deposition rate in Fig.3(a). The main etching precursor (H;"
ions) is mainly produced via the reaction H, + H," = H;'+ H
(see R16 in the Annex II). Its production rate as a function of
silane concentration is presented in Fig.5(c). H;  ions
production rate decreases from 1.72x10" em™-s™ at 2% of
silane to 1.23x10"° cm™- s at 10% of silane and this trend
reflects the decrease of H;" ions etching rate as a function of
silane concentration (see Fig.3(b)).

In summary, as silane concentration increases, the
increase of experimental deposition rate values is reproduced
qualitatively by the computed deposition rate quite well,
despite some minor discrepancy. The difference between the
computed and experimental values is considerably reduced
by taking into account the etching rate. Also, we
demonstrated that SiH; radicals are the main precursors for
the deposition, and H;" ions are the main contributors to the
etching, each species contribution is correlated with its fluxes
towards the substrate and its production rate.

4.2 Impact of gas pressure on deposition rate

In the following, we apply our model to study the effect of
the gas pressure (in the range of 1.0-3.5 Torr) on the
deposition rate of silicon thin films deposited on either
Corning glass or c-Si substrate. For pressure series studies
the following process conditions were defined: the gas
temperature is fixed at 448K, the gas composition is 1.4 %
SiH4+ 98.6 H,, the applied RF power is fixed at 10 W, the
inter-electrode distance is equal to 1.6 cm. Fig.6 (a) shows
the comparison between the simulated total deposition rate
and corresponding experimental deposition rate at different
values of total gas pressure. The trend in the experimental
deposition rate on (100) crystalline silicon versus total
pressure is reproduced by the computed deposition rate,
however, as for the silane concentration studies, the values of
the computed deposition rate are somewhat higher compared
to the experimental ones. The computed deposition rate
increases to a maximum of 2.6 A/s at 2.5 Torr and then
decreases to 2.2 A/s at 3.5 Torr. In the experiments, the
deposition rate has a maximum value of 1.52 A/s at 2.75 Torr
and then decreases to 1.37 A/s at 3.5 Torr. The contributions
of SiH;, SiH,, Si;Hs, and H;SiSiH species to the total
deposition rate are also shown in Fig.6 (a). The SiHj; radicals
are the main precursors for silicon thin film deposition with a
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rate, the histogram shows the contribution of different species to the
etching rate. (c) computed net deposition rate (black triangles)
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maximum value of the corresponding deposition rate of 2.33
AJs at 2.5 Torr that decreases to 2.06 A/s at 3.5 Torr.

Other radicals, such as SiH, show a decreasing
contribution to the total deposition rate as gas pressure
increases. The deposition rates due to the radicals Si,Hs and
H,SiSiH increase to a maximum (0.28 A/s for Si,Hs, 0.1 A/s
for H3SiSiH) at 2Torr, and then become negligible for
pressure values above 2 Torr. The decrease of contribution of
SiH;, Si;Hs and H3SiSiH radicals to the total deposition rate
for pressure > 2.5 Torr is related to the drop in silane
dissociation rate, as presented in Fig.7(a).
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Figure 7. Computed time-space-averaged values of (a) dissociation
rate of SiHy; (b) flux of H;" ions at the substrate as a function of
total pressure.

The contribution of positive ions to the deposition is
much smaller compared to that of radicals, for example,
SiH;" ions contribution ranges from 0.058 A/s to 0.018 A/s,
which is less than 5% of the total deposition rate. Other ions,
such as SiH," and Si,H," also have a negligible contribution
to the total deposition rate.

10

As for the silane concentration study, to account for the
difference between the computed deposition rate and the
experimental one, we consider the effect of etching by
hydrogen species. Fig.6(b) presents the computed etching
rate as a function of the total gas pressure. The increase in
gas pressure results in an increase in the etching rate from
0.46 A/s at 1Torr to 0.98 A/s at 2.5Torr and a decrease to
0.77 A/s at 3.5Torr.

As we can see in Fig. 6(b), the main precursors of etching
are H;" ions, which take over 90% of the etching rate. The
etching rate by atomic hydrogen is much smaller; it varies
from 0.05 A/s to 0.07 A/s and reaches a maximum at
2.5 Torr. The decrease in etching rate by H;" ions for
pressure values > 2.5 Torr is due to the decrease in H3" ion
flux at the substrate as shown in Fig.7(b).

The comparison between the computed net deposition rate
and the corresponding experimental values of deposition rate
on (100) crystalline silicon and Corning glass is shown in
Fig.6(c). The computed net deposition rate values are close
to the corresponding experimental values. Note that the
deposition rate shows the same trend for the deposition on
both c-Si and glass substrates. However, it is worth to
mention that the structure of the films is completely
different: polymorphous silicon is grown on a glass substrate
and c-Si (epitaxial growth) on c-Si substrate, in agreement
with our previous studies.

5. Conclusions

The 1D fluid model of capacitively coupled RF silane-
hydrogen discharge developed in [22, 26] has been improved
both in terms of plasma and surface chemistry to compute the
deposition rate of silicon thin films. The computed
deposition rates have been compared with the corresponding
experimental values at different pressure and silane
concentration conditions. The computed total deposition rate
increases linearly with silane concentration and SiH; radicals
are the main precursors of thin film deposition in the
pressure range of 1 - 3.5 Torr and for silane concentrations of
2 - 10%. The computed net deposition rate shows a good
agreement with the experimental values after taking into
account the etching rate. Moreover, our simulations
demonstrate that H;" ions are the main species contributing
to the etching process and their impact decreases with silane
concentration. Similar results have been obtained for the
studies on the effect of gas pressure on the deposition rate. It
was found that the deposition rate is dominated by the
contribution of SiHj radicals while H;" ions account for an
etching rate. At pressure 2.5 Torr the etching rate by H;" ions
is equal to 1 A/s, which is about 40% of the total deposition
rate due to the radicals (2.6 A/s), resulting in a net deposition
rate of 1.6 A/s. After including the etching rate into the
calculations of the net deposition rate the values of the latter
come much closer to the experimental values.
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Annex I. Electron collision reactions included in the plasma chemistry model

Reaction | Electron collision A, (mol, cm’, s) Br €,(cal.mol™) Ref.
number
Ionization
R1 H,+e=>H, +2e 4,798 x 103 0.505 361,455 [33]
R2 H+e=>H'+2¢ 1.080 x 10'® 0 178,210 [56]
R3 H,+e=>H +H+2e 3.745 x 101° 0.810 418,729 [58]
R4 SiH,+ e => SiH; + H + 2e 1.510 x 1032 -2.930 | 553,910 [59]
R5 SiH;+ e => SiH;" + 2e 1.355 x 1012 0.900 188,396 [59]
Dissociation
R6 H,+e=>2H+e 1.020 x 106 0 238,347 [33]
R7 Hy +e=H +2H+e 1.220 x 107 0 179,380 [57]
R8 H,+e=>H +H+e¢ 1.460 x 107 0 37,460 [57]
R9 SiH;+e=>SiH;+H+e 1.1 x 1021 -1.000 | 245,421 [59]
R10 SiH;+e=>SiH,+2H + ¢ 5.4 x 102! -1.000 | 245,421 [59]
Dissociative attachment
R11 SiH,+e=>SiH; + H 2.269 x 102! -1.627 190,540 [59]
R12 SiH,+ e => SiH, + 2H 2.269 x 102! -1.627 190,540 [59]
R13 SiH;+e=>SiH, + H 3.440 x 10%° -0.500 | 44,740 [59]
Detachment
R14 SiH;™ + e => SiH; + 2¢ 1.900 x 104 0.500 32,425 [59]
R15 SiH, + e => SiH, + 2¢ 1.900 x 104 0.500 25,921 [59]
Recombination and dissociative recombination
R16 H*+2e—H+e 3.630 x 1037 -4.000 | O [57]
R17 H;+e—3H 8.000 x 10%7 -0.404 | 0 [57][60]
R18 Hj+2e—H+H,+e 3.170 x 102! -4.500 |0 [57]
R19 H;+2e—2H+e 3.170 x 102! -4.500 |0 [57]
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Annex II. Heavy species reactions included in the plasma chemistry model

Reaction | Heavy species reactions A, (mol, cn1’, s) Br (€,.(cal.mol™) Ref.
number
Neutral-neutral reactions
R1 H,+H,=2H+H, 8.610 x 107 -0.700 | 52,530 [57]
Reverse rate 1.000 x 1017 -0.600 | 0.0 [57]
R2 H,+H=3H 2.700 x 106 -0.100 | 52,530 [57]
Reverse rate 3.200 x 10%5 0 0.0 [57]
R3 SiH,+H=SiH;+H, 1.51 x 103 0 2,484 [59]
R4 Si,H+H=Si,Hs+H, 1.3 x 1012 0 0 [59]
R5 Si,Hc+H=SiH;+SiH, 4.82 x 1013 0 2,484 [59]
R6 SiH, + H, = SiH, 5.260 x 101° 0.000 0 [59]
R7 SiH, + SiH, = Si,Hg 3.620 x 1013 0.000 0 [59]
R8 SiH;+SiH;=SiH,+SiH, 9.03 x 1013 0.000 0 [59]
Neutralization reaction
R9 SiH;+SiH;=SiH;+SiH; 1.232 x 108 -0.500 | 0 [59]
R10 SiH,+SiH;=SiH,+SiH, 1.359 x 10*8 -0.500 | O [59]
RI1 Si,Hs+SiH;=Si,Hs+ 9.648 x 107 -0.500 | O [59]
SiH,
R12 H,SiSiH +SiH;= 1.001 x 108 -0.500 | O [59]
H;SiSiH+SiH,
Cluster growth
R13 SiH;+SiH,=Si, Hs+H, 6.020 x 1011 0.000 |0 [59]
R14 SiH;+SiH, =H;SiSiH + 6.020 x 101? 0.000 0 [59]
H,
Additional hydrogen reactions
R15 H,+H=H +H, 3.850 x 10%* 0.000 0 [571160]
Reverse rate 1.900 x 1014 0.000 21,902 [57]
R16 H,+H; —»H;+H 1.270 x 105 0.000 0 [571[60]
R17 H'+2H,—H;+H, 1.950 x 102° -0.500 | O [571(60]
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Annex III. List of the surface reactions. Notation (g) means gas species; notation (s) means surface species; notation wall
means substrate. g, €, and o represent the probabilities of recombination, etching and sticking, respectively. The sticking
coefficients for hydrogen and its ions are taken equal to 0.0.
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Reaction
number

surface reactions

Dr (')

Ref.

R1

H + wall= 0.5H, (g)

[15][16]

R2

4H+ Si-wall = SiH,(g)

&g = 3.045 - 10~ *exp(1357/T;)

(Ts is the substrate temperature)

[15][29]
[7]

R3

4H" +Si-wall= SiH,(g)

eyt = 1.0

[7]

R4

2H," + Si-wall =SiH4(g)

Eyr = 1.0

[7]

RS

4H," + 3Si-wall = 3SiH, (g)

eyt = 1.0

[7]

R6

SiH,(g) +wall= Si(s) +H(g)

aSin = 0.8

[15][16]

R7

SiH;(g) Fwall=Si(s)+Ha(g)+H(g)

USiH3 =0.1

[15][16]

R8&

SIH3(g) + SiH3-WaH = SIZH6(g)

OSiH;-SiHe = 0.0

[15][16]

R9

SiH;(g)+H-wall=SiH,(g)

Osin; = 0.16

[15][16]

R10

SiH,(g)+wall=Si(s)+2H,(g)

Osin, = 5.37 - 10~?exp(— 9400/ (RT;))

[61]

R11

H,SiSiH(g)wall=2Si(s)2H,(g)

O-Si2H4 =0.8

[15][16]

R12

Si,Hs(g) + wall= 2Si(s) + 2H,(g) + H(g)

GSiZHS =0.1

[15][16]

R13

S]ZHS(g)+ H-wall= S]zHﬁ(g)

QSisz =0.16

[15][16]

R14

Si,Hy(g) + wall=2Si(s) +3Hx(g)

Osi,n, = 5.37 - 10 Texp(— 9400/ (RTy))

[62]

R15

SiH," + wall=Si(s)+Hx(g)+H(g)

Osint = 1.0

[14]

R16

SiH," + wall =Si(s)+Ha(g)

Osinf = 1.0

[14]

R17

Si,H," + wall = 2Si (s)+ 2H,(g)

Osi,ut = 1.0

[14]
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