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Chapter 2. Modeling and Simulation Part I:
1D Flow and 1D Plasma Discharge

2.1. Introduction

In this chapter, our goal is to develop a simplified model allowing one to describe the
processes in a PECVD reactor and to predict some of the parameters measured in
experiments. We are aware that a 1D model can give only limited agreement and trends.
More accurate simulations are to come from 2D and 3D expanded models which are
introduced in the subsequent chapters.

One of the most widespread methods of growing hydrogenated amorphous silicon
films is the technology based on deposition from the gas phase of silicon-containing
radicals produced by the decomposition of silane by RF discharge plasma in PECVD
reactors. At present, various types of such systems are used. In one of these, the diode
system, the substrate serves as one of the electrodes (see Fig. 1.1). In another system,
belonging to a widely used class of systems with remote plasma and usually called a triode
system, the substrate is placed outside the plasma discharge zone (see Fig. 2.1 and Section
2.7.7). This triode system offers the advantage of sheltering the substrate from ion
bombardment, which can impair the surface quality. It was proposed and thoroughly
investigated in [1]. By increasing the growth rate and film quality through optimizing the
parameters of PECVD reactors, significant technological advantages can be attained.
Therefore, various models are being proposed, which, with differing degrees of detail,
describe the processes in the growth chamber and allow improvements to be made in the
reactor design.
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Fig. 2.1. Triode configuration and notations.

" Parts of this chapter were published in [12-15]
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8 Chapter 2. Modeling and Simulation Part I: 1D Flow and 1D Plasma Discharge

The first comprehensive model of the growth process of hydrogenated amorphous
silicon film was proposed in [2].

A rather simple and effective model developed later [3] is suitable for making
prompt estimates of all basic process parameters with sufficient accuracy. Apart from silane
(SiHy), 12 major chemical components of the mixture are included in this model: SiH,, , n =
1-3; H; H, ; Si,H,, , n = 3-6; SizHg ; Si,He* ; and Si,H¢** (asterisks denote the excited
electronic state). Recently, a similar model but with a different set of chemical components
and a much more elaborate presentation of the electronic subsystem was proposed [4]. The
authors carried out quite detailed measurements of the system parameters and provided the
experimental data necessary for verifying the models.

In the framework of the model proposed in [3], the authors carried out a
computational study of the physical and chemical processes occurring in the pure silane
plasma in a diode reactor and performed a detailed analysis of the role of various
components and the effect of the system parameters on film growth for major operating
regimes. It was found that at low pressures molecular hydrogen accumulates in the
chamber, so that silane ceases to be the only carrier component. In addition, a technology
based on diluting silane with hydrogen is often used in practical applications, which saves
silane and makes the production of silicon films ecologically cleaner. Under these
conditions, the model of [3] is inadequate.

In this study, a model that takes into account the changes in silane concentration
during film growth is presented. Transport due to diffusion was simulated using, instead of
fixed coefficients, those calculated by Wilke’s formula representing a first approximation
of diffusion in a multicomponent medium. It has been shown that further elaboration of the
description of diffusion processes does not improve the accuracy of the calculations of the
component fluxes onto the film surface. Simuations of the plasma discharge were carried
out using a fluid model [5] providing a means to calculate the electron densities.

Throughout this thesis, a modeling approach is used where the complete simulation
domain is subdivided into two parts: the discharge zone, where the plasma processes should
be properly simulated, and the rest of the reactor volume, where only chemical reactions
and transport processes should be computed (see also Section 1.2.1 and Fig. 1.1). This
subdivision is justified by the fact that the electron energy experiences a very rapid
exponential decrease outside the discharge, therefore electrons do not cause dissociation
there. In addition, electron-ion recombination eliminates the charged particles already at a
very short distance from the plasma discharge zone, therefore only the neutrals shall be
considered there [12,16,17]. This effect will be illustrated in Section 4.3 where the results
of 2D plasma simulation are presented. In the discharge volume, a combined kinetic-fluid
plasma model is used (described in the next Section), and in the whole reactor volume a gas
dynamic approach is used for the reactive flow simulation (described in Section 2.3). The
plasma simulation provides the reactive flow code with the electron density distribution
averaged over one RF cycle, while the plasma model uses the background gases
concentrations provided by the flow code. The process of data exchange is organized
iteratively, and proceeds until the background gas concentration does not change any
longer.
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This approach is not entirely self-consistent. Ideally, one should simulate plasma and
flow with full coupling, solving the whole set of plasma and flow equations together.
However, that would be computationally prohibitive because of the large gap in scales
(several orders of magnitude) between the required time steps for plasma and flow. Other
limitations of this approach are the following: it is assumed that ions do not contribute to
the film growth (which can add about 10%), and all the electrons inside the discharge zone
are assumed to have sufficient energy to cause dissociation.

In this Chapter, expressions for the rate constants of reactions initiated by electron
impact in silane-hydrogen mixtures have been derived. Hence, the processes in reactors
could be studied for a wider range of parameters, and the processes taking place in silane
diluted with molecular hydrogen could be simulated. The proposed model describes the
processes in triode-type reactors with the discharge zone moved away from the substrate.
Finally, in this work, the effect of the reactor volume, which in almost every real
installation does not coincide with the discharge zone, has been accounted for in a correct
manner.

2.2. 1D plasma model

Direct Monte Carlo simulation of electron kinetics showed that at pressures higher
than 0.1 Torr we can use a gas-dynamic approach for electron and ion description. In the
present work we used a 1D fluid model [5] for simulation of the RF discharge processes.
The continuity equations for electrons, ions and neutrals are solved consistently with the
balance equation for the average electron energy, and with the Poisson equation for the
electric field distribution. The model accounts for the emission and action of secondary
electrons produced by the primary electron impact on the surface of the electrode.

The rates of inelastic electron collisions and the electron transport coefficients are
calculated by solving the Boltzmann equation for the electron energy distribution function
(EEDF) f;in the two-term approximation: [5]

o [ 2*E*¢ of,
B et ‘A VI Y\
o¢\ 3mNo,o¢ o} 1)

Here, ¢ is electron energy, N is neutral gas number density, £ is electric field, o; is
scattering cross-section, m is electron mass, and collision term St{f;} includes only inelastic
electron-ion collisions.

The EEDF is calculated as a function of the electric field for a given composition of
the neutral background density. A look-up table is then constructed to obtain the collision
rates and electron transport coefficients used in the fluid model as functions of the average
electron energy.

While calculating the EEDF, the electric field was assumed to be spatially uniform
and constant in time. This approximation was compensated for in the fluid model by the
spatial and temporal variation of the averaged electron energy.

Further details on this RF discharge model have been published in [5], including the
list of all chemical reactions simulated in the plasma discharge volume (ionization,
dissociation, excitation, recombination, attachment).
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Within the fluid model, we solve the continuity and average electron energy
equations for electrons (denoted with subscript e), and continuity and momentum equations
for positive and negative ions (denoted with p and » subscripts):
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Here ¢ is time, x is position along axis X perpendicular to the electrodes, V, , V, are
velocities of negative and positive ions; M, , M, W,, W, are masses and frequencies of ions
scattering; £ is ion-ion recombination rate; e is elementary charge; E is electric field; N, N,
, N, , N, are number densities of neutrals, electrons, negative and positive ions; v;, v, , V4,
v, are frequencies of ionization, attachment, detachment and inelastic collisions of
electrons; u, , D, are electron mobility and diffusion transport coefficients; yu, , D, are
mobility and diffusion coefficients for the average electron energy U,; and v, is electron-
ion recombination rate.

The set of equations (2.2-2.4) are solved consistently with the Poisson equation for
the potential @:

2
d—czbz47re(Ne+Nn—Np), E:—dg, (2.5)
dx dx

The secondary electrons, also called y-electrons, emitted from the electrode surface
can gain very high energy (of order of plasma potential, 10-100 eV), and thus can initiate a
number of ionization actions. The usual gas-dynamic approach does not take that into
account, but averages the electron energy over all electrons (most of them have an energy
of order of electron temperature, about 1-3 eV). Therefore the second type of electrons
needs to be introduced, for which we solve equations (2.2) separately.

Boundary conditions take into account ion-electron emission:

NV, D,N
et —,ueENe—a 5 =k, NV,
X
(2.6)
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M‘ﬂuENeUe —_Tue”e _ kemNprUe
X

Here V, denotes thermal velocity of electrons and k,, ion-electron emission

coefficient.
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To account for gas heating, a heat transfer equation was solved:
dA(dT | dx)
dx

with A, thermal conductivity coefficient; Q, the Joule heating due to ion and electron
energy loss and T, gas temperature.

The pressure p = NkT is set constant.

o 2.7)

The data on chemistry, kinetic coefficients, cross-sections and other model details
can be found in [5].

Special attention was paid to resolving the sheaths, an important zone within the
discharge volume where the electric field and other plasma parameters, like electron and
ion concentration and energies, are different from those in the bulk. To resolve the sheath,
the computational mesh was manually refined near the electrode walls.

Validation and extensive testing of the model described above has been performed
earlier [5]. The main plasma parameters predicted by simulations were found to be in good
agreement with experimental data. We additionally validated the model in the parameter
range used in our numerical experiments, and later compared the results of our simulations
with those calculated by another 1D model developed in the group of Prof. Goedheer [4].
The electron concentration profiles (spatial distribution between the electrodes) produced
by the two models slightly differed in the sheath width (see Fig. 2.2), however the net
effects (the mean electron concentration and the film growth parameters) simulated with
two models were reasonably close to each other.
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Fig. 2.2. Comparison of electron distribution predicted by the two models. p=0.15Torr,
W=0.0366 W/cm’. In the figure, [1] indicates the result predicted by the 1D model developed in
the group of Prof. Goedheer [4].



12 Chapter 2. Modeling and Simulation Part I: 1D Flow and 1D Plasma Discharge

2.3. 1D reactive flow dynamics model

In the proposed model of a PECVD reactor, the gas-phase processes in the chamber
are described by one-dimensional equations of chemical kinetics, in which, as estimated in
[3], only the diffusion transfer processes are taken into account:

on_ 0 p o),k (2.8)

ot Ox ox

Here, n; is the number density of the i-th component and F; is the source term due to
chemical reactions (more details can be found in [3]). The effective diffusion coefficient of

the i-th component D; is calculated by Wilke’s formula [6], commonly used in practical
calculations of multicomponent gas mixtures:

Y 2
D.=(n-n)/ Y —,cm’/s 2.9
! U/ k=tk=i Dy,
where 7 is the total number density of the mixture.
The binary diffusion coefficient Dy, is calculated by the formula of the molecular
kinetic theory of gases [7] with use of the Lennard-Jones 6-12 potential:

3 2
D, =0.002628- x/zT {lzl/;ki _sentls (2.10)
Py T

Here, uy; = myny/(m; +m;) is the effective mass of the kth and ith species, m; is the
molecular weight of the ith species, o,~=(0;+0;)/2 is the effective collision diameter, 7}, *=
kT /ey is the characteristic temperature, & :(eke,-)l/z is a parameter of the potential for
intermolecular interaction (potential well depth), £ is the Boltzmann constant, and
QT is a reduced Q-integral of collisions for mass transfer normalized by the Q-
integral of the model of hard spheres. Values of the 7" function for a wide range of
characteristic temperatures 7';; can be found in monograph [7]; in the calculations,
approximate formulas given in [8] were used. Values of the Lennard-Jones potential
parameters o; and €; borrowed from [9] are given in Table 2-1.

Table 2-1. Parameters of the Lennard-Jones potential

Component | o;, A | g/k, K Component | o, A | g/k, K
SiH, 4.084 | 207.6 Si,Hg 4.828 | 301.3
SiH, 3.943 | 170.3 Si,Hs 4.828 | 301.3
SiH, 3.803 | 133.1 Si,H; 4717 | 306.9
SiH 3.662 | 95.8 Si,H, 4601 | 312.6

H 25 | 30.0 Si,H; 4.494 | 318.2
H, 2915 | 59.7 Si;Hg 5562 | 3312
Si,Hg 4.828 | 3013

In [10], experimental determinations of the ambipolar diffusion coefficients of silyl
in silane and molecular hydrogen were carried out and found to be equal to 140+30 and
580+140 cm?/s, respectively, at the temperature 320 K and pressure 1 Torr. Under these
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conditions, formula (2.10) gives the values of 111 and 536 cm?/s, respectively, which is in
good agreement with the measured data.

In the next section we describe the boundary conditions that take into account the
deposition process.

2.4. Modeling chemical processes and deposition

2.41. Model of the deposition process

To model the deposition process, a new model of sticking probabilities was
developed [12]. In this model only neutral radicals having free bonds contribute to the film
growth (SiH,, for m=2n-1, m=2n, m=2n+1, n>I). Neither detachment nor ion
bombardment is considered, which potentially can influence the deposition process and
film properties and should be included in the model in the future, as was done in [18].
There is a possibility to further improve the model by refining the experimental data that
allowed estimating the sticking probabilities; yet a better way would be to develop an
atomic-level model for simulation of heterogeneous reactions on the surface. The latter
approach is something for the future, since it will definitely require extensive experimental
and theoretical developments.

To implement the deposition model, a boundary condition with a concentration jump
near the surface was introduced. The complete model of surface processes is based on a
simplified kinetic theory which allowed us to derive the boundary conditions for the species
concentration jump [3]:

on; ;¢

A =" g 2.11
" ox 2(2—sl-)n' @11

Here, 0/0x is a normal derivative at the outside of the surface, ¢; =2./2kT /7w m; is

the thermal velocity, and s; is the sticking probability of the i-th species. Sticking

probabilities are chosen as follows [2,3]: 5;,=0 for Si,H,,, (no free bonds), s;=0.15 for

SixHone1 (1 free bond) s; =1 for SizHyy,, SinHon (2 free bonds). In [3] it was shown that the

actual values of the sticking coefficients s; do not significantly influence the deposition rate.
The deposition rate is calculated as follows:

R=—v i p, 2.12)
Sli:1ql lax > .

where vg =2.195-107 m® is the silicon atom volume, and ¢; is the number of

silicon atoms in a depositing radical.

In this simplified model, we did not consider surface reactions leading to hydrogen
release from the surface, which should be taken into account for accurate predictions of the
film composition. We shall note however that this omission will not affect the net growth
rate (calculated from the silicon atom contents), thus the model is well suitable for the film
deposition rate estimations. Hydrogen concentration in the film can be corrected within our
approach by comparing the simulation results with experimental data and finding reaction
rate constants of the missing surface reactions. This procedure will require a large
collection of experimental data in a complete range of process conditions, and a separate
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research that will allow identifying the most essential surface process and their rate
constants. This will be one of the directions of future work.

2.4.2. Chemical components and reactions

Apart from silane (SiH4) and diluent hydrogen (H,), 12 contributing radicals are
included in this model: H, SiH, , n = 1-3; Si,H, , n = 3-6; SisHg ; Si,Hs ; and Si,Hg
(asterisks denote the excited electronic state).

Chemical reactions considered essential for adequate modeling are listed in Table
2-2. In addition, silane and disilane pyrolysis reactions are taken into consideration, which,
as is indicated by the simulations, give an insignificant contribution to the total chemical
balance.

Table 2-2. List of chemical reactions and reaction constants used in this Chapter.

N’ Reactions Reference rate constants, cm’/s
Rl | SiH,;+e— SiH;+H+e 3.000 - 107"
R2 | SiHs+e—> SiH,+2H+e¢ 1.500 - 1077
R3 | SiH;+e > SiH+H+H,+e 9.340- 10"
R4 | SiHs+e— SiH,+H, +e 7.190 - 10
R5 |H,+e—>2H+e 4.490- 107"
R6 | Si,Hg+e — SiH, + SiH, + ¢ 3.720- 10
R7 | Si,Hg+e — Si,Hs+H, + ¢ 3.700 - 10
R8 | SiH,+H — SiH; + H, 2.530- 107"
R9 | SiH4+ SiH, — Si,Hg 1.000 - 10"
R10 | SiH, + SiH — Si,H; + H, 1.700 - 107
RI1 | SiH4+ SiH — Si,H; 2.500- 107"
RI12 | SiH, + Si,Hs — SiH; + Si,Hg 5.000- 107"
R13 | SiH, + Si,H,; — Si;H; 1.000 - 107
R14 | SiH; +H — SiH, + H, 1.000 - 107
R15 | SiH; + SiH; — SiH, + SiH, 1.500 - 1077
R16 | SiH; + SiH; — Si,Hg 1.000 - 10
R17 | SiH; + Si,Hs — SiH, + Si,H, 1.000 - 107°
R18 | SiH; + Si,Hs — Si;Hg 1.000 - 10"
R19 | SiH; + Si;Hs—> SiH,+ Si,Hs 3.270- 1077
R20 | SiH, + H — SiH + H, 7.960 - 107"
R21 | SiH, + Si,Hg — Si;Hj 1.200 - 10
R22 | Si,H; + H, — Si,Hs 1.700 - 107
R23 | Si,H, + H, — SiH, + SiH, 1.000 - 107
R24 | Si,Hs + H — Si,H, + H, 1.000 - 107
R25 | Si,Hg + H — SiH, + SiH; 7.160 - 1077
R26 | Si,Hs +H — Si,Hs + H, 1.430- 10"
R27 | Si,Hs — SipHy + H, 5.000 - 10° s
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R28 | Si,Hs + M — Si,Hg + M 1.000 - 107
(M — any particle colliding with Si,Hs )

R29 | Si,Hs  —> SiH, + SiH, 2.300- 107 s

R30 | Si,Hs  — Si,H, + H, 2300107 sT

R31 | Si3Hg+ H — Si,Hs + SiH, 2.170 - 10

R32 | Si;H; + SiH; — SisHy + H, 1.000 - 107"

Data are given for the inter-electrode separation /” = 2.5 cm, partial pressures of
molecular hydrogen and silane p° = 0.125 Torr, temperature 7 ° = 520 K, and discharge
power W’ =0.25 mW/cm’.

2.4.3. Electron impact reaction rate constants

The approach used for calculating the electron-induced reaction rates, avoiding
calculation of the corresponding electron temperatures, was proposed in [3] for pure silane
plasmas and extended for diluted silane mixtures in [12]. This approximate method for
determining the dependencies of the constants of electron-impact processes on the
discharge parameters was based on a number of assumptions: the concentration of the
background gasses (SiH, and H,) was assumed to be much higher than the concentration of
other species; the electron temperature was assumed to be sufficiently small compared to
the ionization threshold; the plasma was considered quasi-neutral and the recombination
losses small compared to the diffusion losses. The electron energy distribution function was
modeled in the Boltzmann form, taking into account that the electron temperature
corresponds to the high-energy "tail" of the electron distribution and depends on the
pressure of the gas and the inter-electrode spacing. The parameterization formula obtained
in [10] is applicable to the relatively low power discharges, where the contribution of the
high-energy y -electrons into ionization can be neglected. The applicability of this formula

for high-power discharges remains to be validated against a comprehensive plasma
simulation. The processes neglected while deriving this relationship (electron-ion
recombination and y -electrons emission) are properly taken into account in the plasma

discharge model.

To define the dependence of the electron-induced reaction rate constants on partial
pressures and the inter-electrode separation /, the following relationship between the
reaction constants ., and the ionization constants k; was used [3]:

by [0 = (e, /0 2.13)
where ¢,,¢&; are the thresholds for the chemical reaction and ionization, respectively

[11], and the superscript “0” refers to the reference conditions for which the values of the
constants are known (see Table 2-2).

Then, assuming that the plasma as a whole is neutral, that the removal rate of
electrons is equal to that of ions (mainly SiH, " ions), and that the carrier mixture consists of
silane and molecular hydrogen, the following expression can be obtained using formula
(2.9):
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0 0 0 0 0 0\?2
k; 2% nsin, (nSiH4 ! Dsiyy sitt, + 1w, ! Diysin, )[1 J (2.14)

—+ L
ki n gy (nSiH4 ! Dy sirr, * 1, ! Py s,

Here, n and »n° are the number densities of the species under present and reference
conditions respectively, D;; is the binary diffusion coefficient. For the reference conditions,

a silane-hydrogen mixture is chosen with partial pressures of hydrogen and silane

pg,2 = pglm =0.125 Torr at the temperature 7°= 520 K and the inter-electrode distance

I”=2.5 cm, because the constants for these conditions were determined in [2].

Comparison of the electron-induced reaction rate constants calculated with the
expression (2.13)-(2.14) with those calculated from EEDF showed a good agreement in the
parameter range used in our simulations.

2.5. Numerical methods, implementation and
computational environment

2.5.1. Numerical methods and algorithms

The mathematical model describing the diffusion processes in a chemically reacting
mixture is represented by a stiff system of nonlinear equations. For solving this system of
equations (2.8), a numerical method that takes into account the specific features of these
equations was developed [3]. The source terms F; can be rewritten in the form of F;=f; -
A;n; , with f;> 0 being the chemical production rate of the ith species, of;/0n; =0, and

A;> 0 is the depletion rate. Then the following implicit numerical scheme can be used for
each species:

1+ Ar Al )k — At DS =0+ At fF, 2.15)

1

where At is the time step value, superscript k£ is time step index, and n,-k+ is the

second spatial derivative of the i-th species concentration. Each time step, the system (2.15)
is solved by the sweep-time algorithm. This approximation ensures a positive unconditional
convergence of the algorithm for any value of the time step. An automatic time step
selection procedure was used, based on controlling the maximal changes of relative
concentrations per one time step. Extensive testing of the scheme showed that it allows to
obtain stable convergence for At >> At.,,., where At is the characteristic time of the
fastest chemical reaction. The simulation proceeds for the time 7 during which the complete
volume of the gas in the chamber will be fully replaced by the fresh gas supplied through
the inlet: 7=My/Q, where M, is the total mass of the gas in the chamber and Q is mass
inflow rate. In real-life reactor chambers this characteristic "forced convection" time is
much longer than the characteristic time of diffusion and chemical reactions, therefore
within the time 7 the system will arrive at a quasi steady state.
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25.2. Implementation and computational environment
components

The plasma and the 1D reactive flow models were implemented as FORTRAN
computer codes. The coupling between the codes described in Section 2.1 consists in
exchanging data files that contain the variable distributions. The codes are platform-
independent and were compiled and used on Unix-like and Windows operating systems
with the open-source GNU FORTRAN compilers. To facilitate the problem formulation
and parameter setting procedure, as well as to organize parameter sweep simulations, a
computational environment called REAF was developed, which served as a prototype of the
Virtual Reactor environment developed and extended later [20].

2.6. Analytical results

With some assumptions it is possible to solve equations (2.8) analytically. That will
allow fast estimation of tendencies and provide a fairly rigorous check of our numerical
simulations for some test cases. Asymptotic analysis based on the difference in scale of
various processes led to the analytical formulas explaining the influence of the chamber
conditions on the deposition process. In [3], such relationships were derived for the diode
system, and in this work, they were expanded for the triode configuration (see Fig. 2.1).
The entire simulation domain of 0<x<L was divided into two subdomains: 0<x</, where
the density », of electrons initiating the chemical reactions was taken equal to that in the
inter-electrode gap, and /<x<L, where the electron energy is not sufficient to initiate
chemical reactions, thus can be set to zero (see also explanations in section 1.2.1). It is
assumed that in the latter zone of size d=L—I, only monomolecular reactions or reactions
involving molecular collisions are taking place.

Estimates of basic processes similar to those in [3] produced the following simplified
equation for the behavior of silyl, the main species contributing to the film growth:

2 2
Dy, d”ngyy, /dx =2kgnyngy, —ksNsip Mg, » (2.16)
where k; is the constant of the i-th reaction (7 is the reaction number in Table 2-2).
The boundary condition (2.11) with a sticking coefficient sg;3= 0.15 is used.

A corresponding analysis for atomic hydrogen, which is the major initiator of silyl
production, leads to the following balance equation in the discharge zone 0<x</:

—Dy d’ny [dx® = 2kyn gy, —ksngy ny . (2.17)

Outside the discharge zone at /<x<L the behavior of atomic hydrogen is described
by the same equation, except that the first term on the right-hand side should be omitted (7,
= 0), which means that hydrogen escapes the discharge zone only through diffusion.
Solving these equations with boundary conditions (2.11) in the absence of deposition (s =
0) and with the condition of continuity of solutions at the boundary between the zones (at
x=I[), we obtain an analytical expression for the atomic hydrogen concentration profile:

", _ 2kym, I_anh (d/Ly) cosh->— 0<x<l, (2.18)
kg sinh (L/LH) H
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2k i -
- Zhalle S.mh(l/LH)coshL Y l<x<L. (2.19)
kg sinh (L/LH) Ly
Substitution of expressions (2.18) and (2.19) into equation (2.16) yields an analytical
expression for the flux of silyl towards the surface as a function of the system parameters:

H

Lo 1 2, 1
2% LM L T e (L)
n ng; — L5, sin
_ “P2TeSiH, ™3 3T hH " (2.20)

Lsin, .
sinh(L/L
( 3) (coshlsinhl' —coshisinhi - sinhd)
3 H 3 H H

Ly =Dy (ksngy,) > Ly =D, /(k32”553H8 ) (2.21)

Here, Ly and L; are reaction-limited diffusion lengths for atomic hydrogen and silyl,
respectively, introduced in [3] and defined as the distance which a diffusing species will
travel before undergoing transformation in chemical reaction. More details on diffusion-
reaction lengths and their analysis for different species will be given in Section 2.7.8. For
[2>L (d>0), expressions (2.18)-(2.20) describe a diode system.

To conclude this section, we consider the behavior of silylyl. In the discharge zone,
silylyl is produced mainly via the dissociation of silane by electron impact, reaction R2 in
Table 2-2, and through recombination reaction R23, whereas, outside this zone, it is
produced in recombination reaction R15 and, again, R23. Chemical removal of silylyl in
both cases depends on its addition reaction with silane (R9). The Si,H, radical is an
intermediate product of the cycle of fast chemical reactions R9, R27, and R23; therefore its
concentration is close to the equilibrium value n§,.zH4 = kongy, Ngip, /(anH2 +hkisngy, )
[3]. If it were not for reaction R13 that diverts part of the silicon atoms to higher silanes,
reactions R23 and R9 would compensate one another and the only mechanism for silylyl to
escape from the discharge zone would be its diffusion to the surface for deposition and

pumping out. Given the above considerations, we can derive the effective rate constant of
chemical removal of silylyl from the discharge:

ko = kokisngiy, Veasny, +kisng, )= ko [lng, gy, +1). (2.22)

The last approximate equality is a consequence of k3 = k,; . Therefore, the behavior
of silylyl can be described by the equations

~ Dy, d*ngyy, [dx® = 2kynongy, —koyngy ngy,,0<x <1 (2.23)

- DSina’ZnS,H2 /dx2 = k15n§l~H3 —korngig, N, [ <x<L. (2.24)

By solving these equations with corresponding boundary conditions, an analytical
expression for the flux of silylyl (SiH,) to the surface has been obtained, but, in view of its
complexity, we do not present it here.

2.7. Simulation results

To validate the model we simulated the deposition process in a wide range of
operating conditions and compared the simulation results with experimental data available.
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Furthermore, we studied the influence of various controllable parameters on the processes
occurring in a PECVD reactor. In our simulations, we paid special attention to parameters
considered to be important for either adjusting or assessing the reactor performance, namely
the influence of flow rate, reactor volume, silane dilution, substrate separation in remote
plasma configuration, as well as the "dust" production.

2.71. Comparison with experiment

Comparison with experimental data in the literature is difficult, because the set of
parameters describing the system available is far from complete. For this reason, we chose
the results given in [4] for comparison. In this work, extensive information on the
experimental conditions and results of numerical calculations are described.

The experimental installation was a chamber with a volume of 10 liter and contained
two electrodes of radius 8 cm located 2.7 cm apart. For this configuration, the ratio of the
reaction volume to the total volume of the chamber is R, = 0.054 (for more details, see
Section 2.7.5). The experiments were carried out with a mixture of silane and hydrogen in
equal molar concentrations with a flow rate equal to 3.6 I/h under normal atmospheric
conditions; the temperature in the reactor was 400 K. A program for computing parameters
of the RF discharge between two plane-parallel electrodes was used to calculate the
electron densities [5]. The main problem is to obtain a good estimate of the discharge
power. In [4], from a comparison of the self-bias potential computed in simulations of
argon plasma based on corresponding experiments, it was determined that the power
directed to the discharge amounted to 50% of the total power. The same conclusion was
made from a comparison of the calculated concentrations of H, and SiH, in the hydrogen—
silane plasma with experimental data. Therefore, in calculations performed for the
suggested model, we used a discharge power of 5 W, as has been proposed in [4].

Fig. 2.3 shows the dependence of the film growth rate on the discharge frequency at
a constant pressure of 16 Pa in the reactor. As can be seen from this graph, the results are in
good agreement with experimental data up to a frequency of ~30 MHz. At frequencies
higher than ~ 30 MHz, the calculated curve tends to level off. The same tendency, although
more gradual, was noted in the simulations reported in [4]. At the same time, in [4], the
experimental dependence of the growth rate on the frequency was shown to be
approximately linear. This discrepancy between experiment and theory seems to be
persistent and is not well understood.

From the calculations of the partial pressures of molecular hydrogen and silane as
functions of the discharge frequency given in Fig. 2.4, one can see that the data obtained
using the approach developed in this study are in better agreement with experiment than the
calculation results obtained in [4].
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2.7.2. Specific features of chemical kinetics at low pressures

With the model described in this chapter, calculations of the processes are possible at
low pressures, at which silane decomposition becomes noticeable and the concentration of
molecular hydrogen can no longer be considered small. Below, we discuss in detail the
qualitative differences of these low-pressure processes from those taking place at high
pressures.

Dependence of the electron density in the discharge zone on the process parameters
was described by a formula derived for the case of constant discharge power [3]

n, (pSiH4l): ”SP(S)iH410 /pSiH4lﬂ (2.25)

where neo is the electron density under basic conditions, taken equal to 5 10% cm™,

This formula is true for pressures that are not very low, but it was used for the
qualitative analysis in the entire range of pressures. For other key parameters of the
problem, values characteristic of real experimental setups were chosen [1,2]: the
temperature in the reaction chamber was taken equal to 520 K, the pressure was 0.25 Torr,
and the inter-electrode distance was / = L = 2.5 cm. Under these conditions, the reactor
parameters corresponded to a characteristic pumping time of T = Is at a pressure of 1 Torr
(for more details see Section 2.7.4). The calculations were carried out for a pressure range
0.02 <p <1 Torr. All the results given in this section refer to the case of pure silane as the
carrier.
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One of the main distinctions of the considered processes is a considerable rise in the
concentration of atomic hydrogen with decreasing pressure. There are a number of reasons
for this. First of all, as seen from formula (2.18), the concentration of atomic hydrogen in
the particular case of homogeneous discharge is given by formula (2.26), i.e., it depends
only on the electron density:

ny =2kyn, kg . (2.26)

This formula is also in good agreement with the calculation results. At the same
time, as seen from formulas (2.13), (2.14), and (2.25), the electron density and the constant
k, rise rapidly with decreasing silane pressure, so that the concentration of atomic hydrogen
increases by nearly five orders of magnitude as the pressure in the chamber decreases from
1.0 to 0.02 Torr and the relative silane concentration decreases to 0.3 as a result of its
decomposition. The increase in atomic hydrogen concentration causes qualitative changes
in various processes.

The behavior of other components with variations in pressure does not change
compared with the description in [3], except for the fact that the concentration of Si,Hg
drops at pressures below 0.1 Torr. The same effect is observed for SisHg. This is due to a
noticeable drop in silane concentration and the increase in atomic hydrogen concentration,
the main reactants that determine the formation and decomposition of these components.
The increase in the atomic hydrogen concentration also affects the balance and role of
different reactions in silyl decomposition. Thus, at low pressures, an increase in the role of
the decomposition process in the silyl balance is observed; at 0.02 Torr, it becomes
dominant and prevails over deposition. Note, however, that this result is entirely a property
of the model, because the use of formula (2.25) at very low pressures gives values of the
electron density that are too high.

At pressures below about 0.08 Torr in silyl decomposition, the reaction SiHy +
Si;Hg>SisHg + H, gives way as the dominant process to reaction SiH; + SiH; = SiHy +
SiH,; and at pressures of about 0.02 Torr, to the reaction between silyl and atomic
hydrogen, which begins to make a noticeable contribution to the production of silyl. As
before, silyl formation is completely dominated by the reaction between silane and atomic
hydrogen.

Contributions of individual reactions to the silylyl balance remain largely
unchanged, but its production at low pressures increases so much that most of the silylyl is
deposited instead of being decomposed. Because of all these changes, the contribution of
silylyl to film growth, which, with decreasing pressure, increases at a greater rate than that
of silyl, becomes dominant at a pressure of 0.02 Torr. This should cause appreciable
modifications in the film structure.

Taking into account silane decomposition at low pressures revealed further details of
the division [3] of all components into three groups: stationary, nonstationary, and quasi-
stationary. It was found that SiH can be considered strictly stationary only at high
pressures. In addition, at high pressures, stationary components also include silylyl, the
balance of which is maintained by two reactions with silane: SiH, + ¢ > SiH, + 2H + e and
SiH4 + SiH, = Si,Hg*, with the latter reaction keeping the concentrations of Si;Hg* and
Si,H, (which is produced via decomposition of Si,Hg*) stationary. At low pressures, these
last two components go over to the quasi-stationary group because of the appreciable
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decomposition of silane, resulting in an increase in electron density and reaction rate
constants. This is especially noticeable in the behavior of atomic hydrogen, whose
concentration at high pressure is stationary and adequately described by formula (2.26). At
low pressures, the deviation from stationarity caused by these processes makes atomic
hydrogen non-stationary and appreciable accumulation of this component in the reaction
chamber begins. Other parts of this classification remain qualitatively unchanged (see
details in [3]).

2.7.3. Influence of diffusion coefficients

The use of formula (2.9) in calculating the diffusion coefficients does not
significantly change the main results (such as the growth rate and film composition)
compared with calculations in which these coefficients were assumed to be equal to the
coefficients of the respective components in silane, as was done in [3]. This result appears
to be quite evident at high pressures, where the concentration of molecular hydrogen is
rather low and the diffusion coefficients calculated by formula (2.9) are close to the
corresponding ambipolar coefficients. However, at low pressures, these values are distinctly
different.

This fact suggests that the concentration profiles of the depositing components adjust
in such a way as to maintain the production—deposition balance, irrespective of the
particular values of the diffusion coefficients (the rate of chemical decomposition of silyl
and silylyl at low pressures is small).

For a more detailed investigation of this issue, calculations using the above approach
were carried out for a mixture of silane and molecular hydrogen at equal partial pressures
and constant electron density 5-10° cm™. In this case, the influence of the diffusion
coefficients is more pronounced. For the same purpose, a simplified formula was used to
calculate reaction rate constants as functions of pressure [3]:

2e,/g;
0 0\ 'S
k, _[1 p J . (2.27)

£,

Under these conditions, the diffusion coefficients calculated by Wilke’s formula
differ from the ambipolar diffusion coefficients by a factor of 1.6-1.7. Still, at low
pressures where the silyl-silylyl balance is dominated by deposition, the fluxes of these
components to the substrate practically coincide in the two cases, despite the distinctly
different concentration profiles (see Fig. 2.5). At high pressures, silylyl is spent mainly
through reactions in the bulk and the values of fluxes obtained with the use of constant
ambipolar diffusion coefficients are somewhat less than those given by Wilke’s formula;
however, this difference is a mere 10% for silyl and 20% for silylyl, which is much less
than the difference in the coefficients, and the contribution of silylyl to film growth under
these pressures is insignificant.

To check this, a series of calculations was carried out for varying values of the
diffusion coefficients. In one of these, the diffusion coefficient for silyl was assumed to be
twice as large. The film growth rate was almost unchanged, although at a pressure of 1
Torr, the silyl concentration dropped by a factor of 1.5.
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coefficients and using Wilke’s formula. Pressure is 0.02 Torr

This fact is explained as follows. Because the dominant contribution to film growth
comes from the flux of silyl, the growth rate can be analyzed using expression (2.20). At
d=0, this expression is significantly simplified, reducing to
Usin, =2kyn ngy, Ly tanh(L /2L, ). For real values of the diffusion coefficient, L/2L; < 0.7

throughout the range of pressures studied and, therefore, the dependence of I'yy on Ls is

weak. An increase in the diffusion coefficient only reduces the dependence of the flux of
silyl on its value. Thus, silyl deposition is virtually unaffected by diffusion processes.

A similar result was also obtained for silylyl. The twofold increase in the silylyl
diffusion coefficient did not produce any significant changes. At low pressures, the silylyl
concentration decreased, but the modified profiles ensured exactly the same value of its
flux. At higher pressures, the silylyl balance is completely controlled by chemical reactions;
therefore, its concentration (as well as concentrations of all other components) remained the
same, but the flux increased somewhat (by 37% at p = 1 Torr). However, at this pressure,
the contribution from SiH, to film growth is quite small and cannot change the final result.

It can be concluded from the above analyses that further refining the diffusion
transport description will not significantly change the results, especially in case of pure
silane plasma.

2.7.4. Effect of the flow rate

The flow rate of the mixture through the working reactor volume is one of the
important factors affecting the film growth parameters, and, at the same time, it can be
easily varied. In [3], an approach that allows one to take into account the effect of the flow
rate using a simple one-dimensional model was suggested. In this approach, the initial
steady-state problem is replaced with a transient problem solved for a time period t equal to
the characteristic time of transit of the mixture in the reactor working volume.
Decomposition of a considerable part of silane occurring at low flow rates and a significant
increase in the molecular hydrogen concentration render the model suggested in [3]
inapplicable for studying the role of the flow rate in a relatively wide range of this
parameter.
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Using the model presented in this study, the effect of the flow rate has been analyzed
for the example of pure silane for r ranging from 0.13 to 2.6 s, which, at a pressure of 0.25
Torr, corresponds to a change in the chamber volume from 1 to 20 I for the fixed flow rate
of silane of 5 1/h at atmospheric pressure. Values of the other parameters were the same as
in the previous sections, and the electron density was calculated by formula (2.25).

As in [3], variation of the flow rate was found to affect, first of all, the concentration
of Si;Hg: it increased by an order of magnitude as the flow rate was reduced by the same
factor. At the same time, the concentration of Si;Hg increased by a factor of about 5. In the
considered range of t, the variation of the flow rate causes relatively small variation of the
film characteristics. With a decreasing flow rate, the film growth rate increased by 30%.
This was due to an increase in both the electron density and the reaction rate constants with
a decreasing partial concentration of silane. The relative contribution of silylyl increased by
about the same amount. This was caused by an increase in the concentration of molecular
hydrogen and, subsequently, a greater contribution to the recovery of the silylyl
concentration from the cyclic reaction SiH, + SiH,~> Si,Hg*—> Si,H, + H,> SiH, + SiH..

2.7.5. Effect of chamber volume

The problem considered above is closely related to the effect of the ratio of the
reaction volume to the entire chamber volume, because circulation of the components
throughout the volume can change the course of the processes.

To investigate this aspect in a one-dimensional case, the following approach was
suggested: the area under study was expanded by adding a region R such that the ratio R,
would have been equal to the total chamber volume. The calculations for a fixed parameter
7 and variable R, gave estimates of the effect of circulation. The results described below
were obtained for a total chamber volume of 2 1 and 7= 0.26 s; other parameters were the
same as before.

Changing the parameter R, from 1 to 0.2 resulted in an insignificant (about 25%)
increase in the rates of film growth and silyl deposition. This increase was caused by
increased concentrations of silane and silyl in the reaction volume because of the influx of
SiH4 from the chamber volume. At the same time, silylyl deposition remained nearly
constant, because some increase in its production due to the reaction of silylyl
decomposition (R15) was offset by reaction SiH, + SiH, and deposition occurs only from a
thin near-wall layer, where the concentration of silyl is low. Some distinctive features of
these processes are illustrated in Fig. 2.6-Fig. 2.8.

In Fig. 2.6, profiles of typical representatives of the three classes of components are
shown: non-depositing and slowly reacting (H,), non-depositing and rapidly reacting (H),
and depositing and rapidly reacting (SiH;). It is seen that the concentrations of the latter
two components in the reaction volume are practically independent of the chamber volume.
They are determined by reactions proceeding in the discharge zone, and circulation has
little effect on them. The concentration of molecular hydrogen, on the contrary, is constant
throughout the chamber volume and is appreciably reduced by circulation.
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The small diffusion-reaction length for silylyl with respect to the chamber
dimensions is the reason for the weak influence of the chamber volume on the balance and
flows of this radical (Fig. 2.7, Fig. 2.8). Only some increase in its production due to a
higher silane concentration can be noted; this increase is compensated by its more intensive
(for the same reason) decomposition, so that flows onto the substrate turn out to be about
the same.
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2.7.6. Effect of diluting silane with molecular hydrogen

In real experiments, a mixture of silane and molecular hydrogen is widely used. To
evaluate the effect of silane dilution, calculations have been carried out for a silane content
in this mixture varying from 100 to 20%, the other parameters having the same values as
before. The electron density was determined using an RF discharge model [5]. Calculations
for a discharge power of 0.025 W/cm® have shown that, in these conditions, the average
electron density rises nearly linearly from 4.3-10% to 6.7-10° cm™ as the silane content in the
mixture is reduced.

As the silane content is reduced at constant pressure, the diffusion coefficients of the
components, with the exception of H,, increase by a factor of 2-3. Variation of the
concentrations of all reaction products under these conditions is shown in Fig. 2.9. The film
growth rate rises, and the relative contribution of silylyl to the overall deposition becomes
larger (Fig. 2.10). The growth rate rises, despite falling silane concentration, because of an
increase in the total production of depositing components due to higher rate constants of
reactions initiated by electron impact (see expressions (2.13) and (2.14)) and increased
electron density. In addition, the net result of lowering the concentration and the
simultaneous increase in the diffusion coefficients is that the greater part of the produced
silyl is deposited; this is true for other depositing components, except Si,H; and Si,Hy,
which are effectively decomposed by molecular hydrogen. The behavior of silylyl is
explained by the fact that with an increasing concentration of H, and a decreasing
concentration of silane, the fraction of silylyl being deposited rises significantly. At the
same time, the intensity of the above-mentioned cyclic reaction rises, leading to the
recovery of the SiH, concentration.
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Also worth noting is the considerable reduction in the Si;Hg concentration with
dilution (Fig. 2.9). The reason is that alongside the drop in production by the reaction SiHy4
+ Si,Hy, it is decomposed via the reaction with atomic hydrogen, whose concentration rises
at a high rate. The result is a drastic drop in SisHy production, and the greater part of the
silicon produced in the reaction is deposited.

2.7.7. Specific features of a triode system

All the results described above were obtained for a diode system in which the
discharge zone is located between two electrodes, one of which serves as a substrate for the
growing film (schematically shown in Fig. 1.1). One alternative technology is a so-called
triode system, in which the discharge zone is separated from the substrate (see Section 2.1).

In order to investigate the effect of the separation of electrodes from the substrate,
calculations of film growth from a pure silane plasma were carried out for the same
problem parameters as previously used (with the exception of parameter L = 5 cm, with
parameter //L varying from 0.4 to 1). The average electron densities calculated with the RF
discharge model [5] were varied from 6.8:10° to 4.9-10° cm™. The simulation results
obtained using the above analytical expressions for the silyl flux (2.20) and the
concentration profile of atomic hydrogen (2.18), (2.19) are in good agreement with
numerical simulation results, as seen in Fig. 2.11 and Fig. 2.12, respectively.
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zone to the total reactor zone. Numerical and solution.
analytical solutions (formula (2.20)).

As a result of varying the parameter //L in the range specified above, the film growth
rate (at a constant discharge power) decreased by only half. The cause of the slow decrease
in the growth rate with increasing separation between the electrode and the substrate is the
increase in electron densities and rate constants of reactions initiated by electron impact as
the inter-electrode separation / is reduced, which partially compensates decomposition of
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silicon-containing components outside the discharge zone. In addition, a drastic reduction
in the contribution to the film growth from silylyl should be noted, starting as soon as the
electrode is moved away from the substrate (Fig. 2.11).

This is especially remarkable in view of the fact that at the same time, its
concentration and total production are rising. Two main reasons for this effect can be
indicated. The first is that the diffusion-reaction length of silylyl is much less compared
with that of silyl; therefore, the bulk decomposition of silylyl is more efficient. The second
reason is their very different production mechanisms. The major source of silyl is the
reaction between silane and atomic hydrogen, which, as seen in Fig. 2.12, diffuses quite
intensively beyond the discharge zone.

On the other hand, the main contribution to silylyl production comes from the
reaction between silane molecules themselves; therefore, production of SiH, outside the
discharge is small.

One should pay attention to the rapid diminishing of high silane production that
leads to the deposition of greater part of produced silicon (see Fig. 2.13).
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Fig. 2.13. Silicon budget.

2.7.8. Analysis of the diffusion-reaction lengths

Analysis of the flow in typical PECVD reactors showed that diffusion is the
prevalent transport mechanism in the discharge volume between the parallel plate
electrodes. To analyze the different behaviour of the particles, a diffusion-reaction length
can be introduced [3] that characterizes the distance a particle Si,H, will diffuse over
before undergoing chemical reaction:

Lm,n = (Dm,n/vm,n)l/2 (228)
Here D,y is the effective diffusion coefficient and vy, is the removal rate of the ith species
due to chemical reactions. Analysing diffusion-reaction lengths for different components of
the mixture, one can get an idea of their spatial distribution; clarify their effect on the
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composition of the mixture and separate out the boundary region, which gives a major
contribution to the film growth. The value of this diffusion-reaction length determines the
shape of the concentration profile between the electrodes: for low values the concentrations
take the equilibrium values at all points in the chamber, falling abruptly to zero at the wall
if the particles stick to the surface, or stay at equilibrium if they do not deposit. At high
values of diffusion-reaction length the concentration distribution in space is smoothed out
and weakly depends on local chemical reactions.

Fig. 2.14 shows the pressure dependence of diffusion-reaction lengths in the range of
0.15-1.00 Torr near two opposite electrodes (walls) maintained at temperatures 7w = (a)
300 and (b) 520 K, respectively [19], for the set of reactions listed in Table 2-3.
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Fig. 2.14 Diffusion-reaction lengths vs. pressure at the (a) hot (Tw =520 K) and (b) cold (Tw =
300 K) walls.

As we can see, all the components fall into three groups according to their diffusion-
reaction lengths and the pressure dependences of these lengths. Molecules (particles with
saturated bonds) fall into the first group. This group features relatively large diffusion-
reaction lengths and their weak increase with pressure. For the species from this group, the
reactions governing the removal rate vy, are reactions with Si2H4 (molecular hydrogen);
reactions with atomic hydrogen (and Si2Hs); reaction with SiH3 and at lower pressures with
SiHz2 (species like SizH2n+2 with n > 2). Silyl (SiH3) falls into the second group, because its
diffusion-reaction length, first, differs from the corresponding values for the rest of the
components and, second, slightly decreases with increasing pressure. This stems from the
fact that silyl leaves the system not only through the reaction with itself but also through the
reaction with silane. Since the effect of the latter reaction increases with pressure (when the
silane concentration evidently rises), the removal rate turns out to be a function decreasing
more slowly than 1/p (this is true for the pressure range considered; at higher pressures, it
starts to increase). Accordingly, L1,3 drops. The rest of the radicals fall into the third group.
They feature relatively short diffusion-reaction lengths that decrease with increasing
pressure. This is because the removal rate of these species is proportional to the
concentrations of SiH4 or H2, which in turn are proportional to the pressure in the case at
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hand and considerably exceed the concentrations of the other species. Thus, the
corresponding lengths become inversely proportional to pressure.

The results of the film growth process were analyzed in [19]. A short summary of the
key conclusions is presented here. Fig. 2.15 shows that the contribution from Si2Hs to the
film growth is of the same order of magnitude as that from SiH2. Our interest in the amount
of the silylene deposit is explained by the fact that this radical is frequently viewed as the
main cause for film degradation [3]. However, the other species are deposited in
comparable (to silylene) amounts, making us attribute to them the same adverse effect.
Analysis of the chemical reactions in the reactor suggests that a high effect of Si2Hs is
associated with its relatively high diffusion-reaction length, which is approximately four
times higher than that of SiH2. In other words, the area of Si2Hs deposition is larger than
that of silylene. The contribution from Si3H7 is appreciable; it is only 2.5 times lower than
the contribution from Si2Hs. A high efficiency of Si3H7 is related to its high concentration:
the reaction of the Si2H4 radical with silane yields a high concentration of SizHs (R40:
Si2H4 + SiH4 > Si3Hs), which in turn produces SisH7 in the reaction with silyl (R45: Si3Hs +
SiH3 > Si3H7 + SiH4). Thus, the noticeable contribution of Si3H7 to the film growth is
explained by two factors: a high concentration of silane and a high reactivity of the Si2H4
radical. The diffusion-reaction length of Si3H7, as well as of Si2Hs, is four times as large as
that of SiH2 and, accordingly, causes the same consequences.

A/min A/min

— SiH;
- - SiH,
—-=8iH
—— SisHq
— = SisH,
—-- Si;Hy
—A— SigHy
—v— SiHy
—b— SiyHy
—o— SiyH;
—=— SisHyp
—o— SigHy;
—a— Total

0.2 0.4 0.6 0.8 1.0 0.2 0.4 (.6 0.8 1.0
Pressure, Torr Pressure, Torr

Fig. 2.15 Deposition rates of different components vs. pressure at the (a) hot (Tw =520 K) and
(b) cold (Tw =300 K) walls.
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Table 2-3. List of chemical reactions and reaction constants

Reaction

Reaction

Reaction K (cmfs) Reaction K (em?/s)
no. no.

RI1 SiHy +¢ —= SiH;+ H+¢ 3.00(=11)%"|[R39 SiH, + Hy —= SiyH, 5.33(-13)
R2 SiHy+e—=SiH, + 2H + ¢ 1.50(=10)" || R40 Si,Hy + SiHy — SizHg + H, 1.OO(=11Y
R3 SiHy+¢e—=SiH+H+H; +e¢ 9.34(-12)" || R4l Si,Hy + SiH, — SizHg 1.00(-10)
R4 SiHy + ¢ —=SiHy + Hy + ¢ 7.19(-12)" || R42 SiHy + Hy —= SiyHs 1.70(-12)
R5 Hy+e—=2H+e 4.49(-12)" || R43 SizHg + H —= SiyHs + SiH, 1L11(=12)®
R6 SioHg + ¢ —= SiHs + SiHy + Hy + ¢| 3.72(-10)" || R44 SizHg + H —= Si;Hg + SiH4 LIT=12)
R7 SipHg + ¢ —= SisHy + 2H + ¢ 3.70(-11" || R45 SizHg + H —= SisH; + H; 2.16(-12)
R8 SiH4 + H —= SiHs + Hy 2.67(=12)° || R46 SigHg + SiHz — SisH; + SiHy 249(-12y
RY SiH4 + SiH; — SibHs + Hy 1.78(-15) R47 SizHg + SiH; —= SigHyq 1.20(=10)"
RI10 SiHyg + SiHy —= Si;HE 1LOK-11) R48 SizHg + SiH —= SiyHg 1LOO11)
R11 SiH4 + SiH — Si;H3 + Hy 1.70(=12) R49 SizHg + Si;Hs —= SizHy + Si;Hg | 2.49(-12)°
R12 SiH, + SiH —= Si,H; 2.50(-12) R50 SizHg + SisHy —= SigHy, 1.00(=10)¢
RI3 SiH; + H — SiH, + H, 1.OOK=10) R51 SizH; + H —= SigHg 1.O0(-11)
R14 SiH; + SiHy — SiH, + SiH, 1.50(-10) R52 SizH; + SiHy — SizHg + SiH4 5.00(=13)"
RI15 SiH; + SiH; — Si, 1.OO(-11) R53 SizHy + SiH; —= SizHg + SiH, 1.00(-10)
Ri6 SiH3 + SiH; —= SiyHj 3.77(-13) R54 SizH7 + SiHz —= SiyHyq 5.50(=11y
RI7 SiH, + H —= SiH + H, 7.96(-13) R55 SizH7 + SiH; —= SigHy 1.00=11)
RIS SiH; + H —= SiH5 1.11(=12) R56 SizHg + SiHy —= SizHg + H, 1LOO(=11)/
R19 SiH, + Hy — SiH, 2.00(=13) RS57 SigHg + SiH4 —= SigHg 1.00(-11)F
R20 SiH; + SiH —= SizH5 7.22(-13) R58 SizHg + SiH; — SigHy 2.00(-11)
R21 SiH + Hy —= SiH, 1.98(-12) R60O SigHyg + SiHy —= SigHg + SiHy 2.49(-12y"
R22 Si;Hg + H —= SiH, + SiH4 L11-12) || Rel SiyHyy + SiHy —= SisHy, 1.200—10)"
R23 Si,Hg + H —= Si;Hg + H, 1.20(-10)" || R62 SiyH,o + SiH — SigH,, 1.00(-11)
R24 SisHg + SiHy — Si,Hg + SiHy 1.OO-12)" || R63 SiyHy + H —= SiyHy, 1.O0(=11)
R25 Si,Hg + SiH; —= SizHg 1.20(-10) R64 SiyHy + SiHy — SiyH g+ SiH, 5.00(=13)"
R26 SipHg + SiH —= SizH; 1.OO(-11) R6S SiyHy + SiH; —= Si Hg + SiH, 1.00(-10)
R27 SisHg + SioHy —= SigHyg 1.00(-10)" || R66 SigHg + SiH; —= SisH» 5.50(=11y
R28 SihHE + M* —= Si,Hg+ M 1.OO(-10) R67 SigHy + SiH, —= SisHy; 1.20(-10)"
R29 Sip — SihHy + H, 50006y st || R68 SiyHg + SiHy —= SisH g+ Hs 1LOO(=11)/
R30 — SiH, + SiH, 230(7) st || R69 SigHg + SiHy — SisH, 1.00(=1 1)
R31 — SipHy + H, 230(7) s || R70 SigHg + SiH; — SisH,; 2.00(-11)
R32 + MY — Si,Hg + M 2.00(-10) R71 SisHj; + H—= SisH;, + H, 2.16(=12)
R33 SipHs + H —= Si;H, + H, 1.00(-10) R72 SisHyy + SiHy —= SigH;y + SiH, | 2.49(-12)"
R34 SipHg + SiHy —= SisHg + SiH4 S.00(=13) R73 SisH,, + SiHy, —= SigH 4 1.20(-10)"
R35 SisHs + SiHy — Si,H, + SiHy 1.00{=10) R74 SisHy; + H —= SisH;» 1.00(-11)
R36 Si;Hs + SiH; —= SizHg S50(-11) || R75 SisH,, + SiHy; —= SisH, + SiHy | 5.00(-13)"
R37 SipHs + SipHg — SiyH, 1.0O(-11) 76 SisH,; + SiHy —= SisH;, + SiH, | 1.00(-10)
R38 SioHy + Hy —= SiHy + SiH, 1.00(=10) 77 SisHjp + SiHy —= SigHy4 1.00(-11)*

Notes: @ 3.00(-11) =3.00. 10-11.

b Data for electron-impact reaction rates are given for the same reference conditions as in

Table 2-2.

¢ The values of the constants are taken from [13].
d The values of the constants are taken by analogy with reaction R41 from [16].
e M is partial particle (collision partner).

fReactions are proposed in [15].

The values of the constants were taken by analogy with:

g Reactions R22 and R44 in [13].

h Reaction R34 in [3].
i Reaction R35 in [16].
j Reaction R36 in [13].

k Reaction SiH, + SiH, Si,Hg taken from [13].
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/ Reaction R45 in [13].
m Reaction R46 in [13].
n Reaction R47 in [13].

2.8. Conclusions

In this work, numerical investigations of the growth of hydrogenated amorphous
silicon films have been carried out under various conditions in the growth chamber.

Comparison with experimental data has demonstrated the ability of the model to
predict the film growth rate and concentrations of individual components with reasonable
accuracy.

It has been shown that the widely used technique of diluting silane with molecular
hydrogen both increases the growth rate and reduces production of higher silanes, making
this technology more economical and ecologically clean. Moreover, dilution increases the
contribution of silylyl to film growth, appreciably affecting its properties.

Analysis of a widely used reactor system has been carried out. Numerical simulation
has shown that the effective decomposition of silylyl outside the discharge zone reduces its
contribution to film growth as the substrate is displaced away from the discharge.

The analytical expressions obtained for silyl and silylyl fluxes and for the profile of
atomic hydrogen closely approximate the results of numerical computations and can be
used for making the corresponding estimations.

In the next chapter we investigate the influence of flow on the deposition process in
2D and 3D geometries of a reactor chamber.
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