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A continuum model for the nucleation and growth of microcrystalline silicon thin films from SiH4/H,
discharges is presented. The simulation considers mass balances and surface coverage with adspecies and
silicon clusters up to the size where they can be considered as thermodynamically stable. The model is
combined to a plasma gas phase simulator and a simulator of thin film morphology and is used for studying
the growth differences in two different regions, the center and the edge of a 30x 30 cm? substrate. The
predictions for the film growth rate, film crystallinity and surface roughness in both regions are presented and
discussed together with the main processes governing nucleation and growth and the slow step for stable

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogenated microcrystalline silicon (pc-Si:H) is a key material
for thin film solar cells in the current industrial practice [1]. This
material is commonly produced using Plasma Enhanced Chemical
Vapor Deposition (PECVD), from highly diluted SiH, in H, discharges
[2]. Several theoretical models have been proposed concerning the
growth of this material and especially the mechanism of nanocrystal
formation under the rather low PECVD temperatures [3-6]. All of
them are based on experimental observations and define the
conditions that need to be fulfilled for crystallization to take place.
However, it has become clear in recent years that for understanding
low temperature nucleation and nanocrystal formation an integrated
model is needed including gas phase and surface processes along with
the energy transfer to the surface by plasma species.

This work presents an effort to create a continuum model for the
nucleation and growth of pc-Si:H thin films based on the mass
balances and the surface coverage of adspecies and clusters. The
model follows the formation and evolution of silicon nuclei up to a
critical size and is combined to a gas phase simulator in order to
develop a complete simulation tool for the pc-Si:H deposition process,
capable to predict the plasma properties, the deposition rate, film
crystallinity and morphology. The gas phase and the surface model are
applied in typical deposition conditions of pc-Si:H that lead to high
quality material for solar cells in a medium scale plasma reactor. The
main differences in nucleation and growth of the film deposited in the
center and on the edge of the substrate holder are discussed together
with the mechanism for stable nanocrystal formation.
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2. Theory/calculation
2.1. Gas phase model description

A two dimensional (2D), time dependent fluid model was used to
study the process drifts during ic-Si:H deposition from high pressure-
high power 40.68 MHz SiH4/H, discharges. Briefly, the model
describes the discharge using a combination of particle, momentum
and electron energy conservation equations derived from the
Boltzmann equation, coupled with Poisson's equation for a self-
consistent calculation of the electric field. A detailed description of the
model can be found elsewhere [7]. A set of 25 species (neutrals,
radicals, positive and negative ions) together with a total number of
85 gas phase reactions are included into the gas phase chemistry
model. The reactions include electron-impact collisions with molec-
ular species, radical-molecule, radical-radical, positive ions-neutral,
negative ion-neutrals, and ion recombination reactions. Cross section
data are used for the electron impact reactions, whereas the rate
constants of the rest of the reactions involving neutral species are
either calculated or experimentally measured. The collision cross
section data and the rate constants of the reactions were taken from
Ref. [8-10]. Plasma surface interaction of radicals and radical/ion/
atom fluxes towards the surface was calculated using sticking
coefficients [8]. Time steps of 1072, 1076 and 1073 sec were
successively used in order to be able to simulate real deposition times
of a few minutes in reasonable computational times. In order to avoid
divergence due to plasma module instabilities when solving for time
steps>10~%s, the whole problem was solved once every 1000
iterations with the smallest time step of 10~ °s. This approach
allowed us to get stable solutions for real deposition times of 1800 s.
The time variation of the main species fluxes, the energy transferred
to the surface and the deposition rate in the center and on the edge of
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a 30 % 30 cm? substrate holder were recorded and used as an input for
the surface model.

2.2. Model for film nucleation and growth

The simulation of the nucleation and growth of the films was
performed by solving the balance equations for adspecies and clusters
formed on the surface [11]:

where F is the species flux from the gas phase model, 6; is the surface
coverage with clusters of i silicon atoms, n is the number of silicon
atoms in a nucleus of a critical nucleus size, v'(i) is the frequency of
attachment of adspecies or clusters to another cluster, and D(i) is the
diffusion coefficient of an adspecies or cluster to another cluster. The
left hand term of Eq. (1) accounts for the accumulation of adspecies or
clusters on the surface, while the right hand term for the production
and annihilation of different sites either coming from the gas phase
species or from reaction and diffusion on the surface. The system of
the balance equations is closed by considering that the sum of the
surface sites coverage at each time step is equal to unity

> 6 =1 )

i=1n

The mass balances equations was solved for a 50 x 50 nm surface
and a time step equal to the one of the gas phase model. We have used
an adspecies discretization scheme, which leads to an initial grid of a
20,000 tetragonal cells, which is continuously deforming in relation
with the cluster size.

The critical nucleus size i.e. the minimum nucleus radius that is
thermodynamically stable was calculated from the variation of the
Gibbs free energy change for the system glass - film - vacuum
according to the equation [12]:

AG = a3r3AGV + alrzyfv + azrz'yfs—azrz'ysv (3)

where, AG, is the Gibbs free energy change at a constant volume, r is
the nucleus radius, o;,0,a3 are geometric terms, Ysy, Ve and g, are
the surface tensions for the substrate-vapor, film-substrate and film-
vapor respectively. For glass/silicon - vacuum interface tensors ys, and
Yy typical values of 0.45 and 1.23 J/m? have been used. For the glass-
silicon interface tensor 7y in order to simulate conditions of the initial
growth stage we have used a value of 0.2 J/m?, which corresponds to a
de-bonded glass-silicon interface [13]. In addition, for the specific
system and the estimated values of vs,, Yt and g the geometric
factors a;,a; and a3 have been computed to 4.97, 3.01 and 1.45, while
AG, t0 9.48x 108 J/m°.

It is worth noting that for our system glass - Si film - vapor
Ysv<Vps + Yp, which means that initially the film will follow a
Vollmer-Weber growth mode and will favor the formation of 3d
islands [12]. However, the value of s, will continuously change as
the glass substrate will be covered with silicon leading to a Stranski-
Krastanov growth mode [12].

Fig. 1 presents the variation of AG as a function of the nucleus
diameter as calculated from Eq. (3). The critical nucleus radius is
calculated in the equilibrium condition dAG/dr =0 according to the
equation:

= _2(a1Vﬁ1 + QZVfS_a2ysu) @)
303AGy

which for the specific system gives a value of 2.6 nm.
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Fig. 1. Gibbs free energy change as a function of nucleus radius for the system glass - Si
film - vacuum.

The energy per nucleus area should be transferred from the plasma
phase in order to ensure the formation of stable nanocrystals. If a
stable cluster is formed then it will continue to grow without any
energy barrier as we can see from the variation of AG in Fig. 1.

Finally, the prediction of film morphology and roughness is
achieved by solving together with the site balance equations, the
differential equation for the film height h [14]:

—0 Yi—Yia
dhg’hf) _ =0 ifAR>-=s ey (5)
t _ 5 L PP i—Yi1
= R+ (\/i 1) r(y;, ) if Ah< TS

where, the term R captures the average film growth rate due to the
flux of species towards the surface, r(y; t) is the nucleus radius at the
position y; and time t, 6 is the species angle of incidence and Ah is
the film height difference between grid point y; and y; _; at specific
time t. In fact, these height correction terms in the present state of the
model account for: (a) shadowing effects due to the species angle of
incidence and (b) a cluster shape correction factor in order to
transform the calculated cubic shape of the nucleus to a spherical one.

3. Results and discussion

The gas phase and surface models were applied in a medium scale
(30x 30 cm? substrate size) plasma reactor that is typically used for
the production of micromorph tandem solar devices. The reactor is
equipped with a showerhead and pumping slits for ensuring a
uniform gas distribution. The simulated geometry has been described
in detail in Ref. [15]. The deposition conditions were: total gas
pressure 6 mbar, 6% SiH, in Hy, 1 slm total gas flow, power = 250 Watt
and frequency 40.68 MHz. The experimentally measured average
deposition rate was 5.5 A/sec and the crystalline volume fraction of
the deposited material in the center was 55% while on the edge the
material remains amorphous.

Fig. 2(a) presents the time variation of SiH, and SiHs fluxes
towards the center and the edge of the 30 x 30 cm? substrate. There is
a continuous increase of the species flux and a steady state is not
reached even after 600 s of deposition. In addition, the flux of SiH, and
SiHs is always higher in the center of the electrode than on the edge.

This continuous change of almost all plasma properties during the
film deposition has been also observed by other groups [16,17]. In fact
the model predicts a temperature rise in the bulk of the plasma due to
the heat release of exothermic reactions of the heavy species. The heat
is also transferred towards the substrates but this is a rather slow step.
Temperature equilibrium is not reached even after 600 s of deposition
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Fig. 2. (a) Species fluxes towards the center and the edge of the substrate holder as a
and (b) Energy transfer from H atoms and ions towards the center and the edge of the
substrate holder as a function of the deposition time.

and the species fluxes increase, due to the enhancement of the
diffusion coefficient with temperature.

Moreover, the flux of species in the center of the substrate is higher
compared to the one on the edge. On the edge of the RF electrode and
substrate holder the electric field intensity is very strong and this
favors SiH4 and H, ionization instead of dissociation. Thus, the initial
production and subsequently the flux of neutral species become lower
in this region. As a result the model predicts a deposition rate of 5 A/s
in the center and 4.2 A/s on the edge.

Fig. 2(b) presents the energy transfer towards the surface due to H
atoms and ions as a function of the deposition time. The amount of
energy transferred to the surface, calculated according to Ref. [18], is
very important as it can speed up and favor the formation of stable
nuclei. As in the case of species fluxes there is a continuous drift of the
energy transfer mainly due to the variation of the species/ions fluxes.
The total amount of energy is slightly higher in the center than on the
edge because of the much higher H atoms flux there. On the edge, the
energy transfer due to ions dominates because of the higher
ionization rate in this area as well as the enhanced acceleration of
positive ions towards the surface from the electric field.

The variation of species fluxes and the energy transferred to the
surface were used as inputs of the nucleation and growth model. Thus,
Fig. 3 presents the frequencies of the events that lead to an increase of
cluster size as a function of nucleus radius. The dashed line
corresponds to the increase of cluster size due to species arrival
from the gas phase, while the solid line follows processes that take
place on the surface (adspecies-cluster and cluster-cluster reactions).
We can distinguish three different regions of nuclei growth: (a) at the
early stage of deposition when the size of nuclei is small (<0.5 nm)
surface clustering is favored, (b) for nuclei radius between 0.5 nm and
3 nm, where the increase of nucleus size takes place mainly because of
the species arrival from the gas phase and (c) for nuclei sizes higher
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Fig. 3. Frequencies for species/adspecies clustering as a function of the nucleus size.

than 3 nm where surface clustering is almost spontaneous. Moreover,
the frequencies for attachment and adspecies clustering are much
lower at the early stage of the deposition and this is the slow and
critical step for the formation or not of microcrystalline silicon. In fact,
the higher the amount of energy that is transferred from the plasma to
the surface the higher the frequencies of events that lead to the
increase of cluster size.

Fig. 4 presents the fraction of adspecies and clusters of critical size
during 600 s of deposition in the center of the electrode (a) and on the
edge (b). At the early stage of deposition the surface is fully covered
with adspecies and after 15 s in the center of the electrode the first
stable nuclei appear. This considering the film growth rate means that
a layer of 8 nm is formed before the first stable nanocrystals appear.
On the edge the nucleation is delayed and the first stable nuclei
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Fig. 4. Fraction of adspecies and clusters of critical size as a function of the deposition
time in (a) the center of the electrode and (b) the edge.
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appear after 45 s of deposition, which corresponds to a layer of about
20 nm. The difference between center and edge is explained if we take
into account the lower frequencies for clustering on the edge because,
as shown previously, the rate of species arrival and the energy
transferred to the surface is lower there. After 600 s of deposition the
surface coverage with stable nuclei in the center of the electrode is
about 40% while on the edge is about 20%.

The different nucleation rate in the center of the electrode and on
the edge is also reflected in the calculated % crystalline volume
fraction which is presented in Fig. 5(a) as a function of the deposition
time. The % crystalline volume fraction was estimated using the
relation:

volume occupied by stable crystals o

kerystallinity = total film volume

100 (6)

After 600 s of deposition, the model predicts a crystalline volume
fraction of 25% in the center of the electrode and about 12% in the
edge. We underestimate the experimentally measured film crystal-
linity in the center (55%) because currently the model does not
consider nanocrystals with size larger than the critical size. Once such
stable nuclei have been formed, their size will increase rapidly
through attachment of smaller clusters to them as this process is
thermodynamically favored. In addition, the gas phase model does not
include the formation of nanoparticles in the gas phase and
consequently a possible participation to the film growth. Their role
can be important under certain conditions in the nucleation and
formation of stable crystals and will be included in future model
updates. On the other hand, we overestimate the experimentally
measured crystalline volume fraction on the edge probably because
possible sputtering effects have also not been included in this version
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Fig. 5. (a) % crystalline volume fraction in the center and the edge of the deposition
electrode and (b) RMS surface roughness in the center and the edge of the substrate
holder as a function of the deposition time.

of the model. High energy ions that bombard the surface in this area
can break or terminate cluster growth resulting to amorphous
material.

Finally, Fig. 5(b) presents the RMS roughness of the surface as a
function of the deposition time in the center and on the edge of the
electrode. After 600 s of deposition the model predicts a roughness of
about 2 nm in the center of the electrode and about 5 nm on the edge.
During the early stage of deposition, surface roughening is mostly due
to the formation of nuclei of different sizes. As the process is evolving,
the material on the edge grows rougher because of the change in the
average angle of incidence of the species. In fact, in the center of the
electrode the gas phase model predicts an almost 90° angle of
incidence. However, on the edge of the electrode the angle of
incidence is about 80° because of the adjacent dead volume to the
reactor walls, which enhances the species diffusive flux parallel to the
surface. The distortion in the angle of incidence produces shadowing
effects that lead to the calculated rise of surface roughness.

4. Conclusions

A continuum model for the nucleation and growth of microcrys-
talline silicon thin films was developed and combined to a simulator
of the gas phase. Mass balances of adspecies and clusters on the
surface were used to monitor the formation of small clusters up to
stable nuclei along with the solution of a partial differential equation
involving the surface height to follow the film morphology.

According to the frequencies for cluster attachment the increase of
nucleus size at the very early stage of the deposition is limited by the
adspecies/clusters attachment on the surface. This is the slow step of
the process and the amount of energy that is transferred from the
plasma to the surface will be critical for the microcrystalline silicon
formation as it can reduce the clustering energy barrier.

A study of the growth and nucleation of a film deposited at 5 A/s in
the center and on the edge of a 30 x 30 cm? substrate shows that the
formation of stable nuclei in the center is faster due to the higher
frequencies for clustering either by gas phase species or surface
species. In addition, the material crystallization starts faster and ends
up at higher values in the center of the substrate. Finally, the film
morphology in the center and on the edge of the substrate is different
and the material on the edge grows rougher mainly due to the smaller
average angle of incidence (<90°) of species in this area.
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