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Abstract: The effect of various process parameters on the deposition rate of microcrystalline
hydrogenated silicon is presented. The various pathways leading to high deposition rates in-
volve the optimization of a combination of parameters, while maintaining the crystalline
character of the film and avoiding the presence of particles. The deposition rate increases in
conditions that enhance and at the same time “cool down” the electron population. Such con-
ditions are: moderately higher frequencies, higher pressures, and the presence of larger mol-
ecules (like disilane) even in small quantities. There is an optimum pressure, determined by
primary dissociation, for a certain silane fraction. In addition, silane fraction and power den-
sity must also increase up to the limit of transition to amorphous growth and before attach-
ment becomes too important. In all of these cases, there is a need for optimizing the distance
of the deposition substrate to the source of radical generation, especially at higher pressures,
to further increase the already important contribution of higher silicon radicals. It is shown
that similar deposition rates can be obtained via radical fluxes with very different composi-
tions. In every case, there is a need for sufficient H atom fluxes to ensure crystalline growth.
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INTRODUCTION

Amorphous silicon (a-Si:H) and microcrystalline silicon (µc-Si:H) thin films are similar in many as-
pects. They were probably not even distinguished in the early years of enthusiasm, although µc-Si:H
has been early recognized among the variety of structures resulting at certain deposition conditions [1].
However, it is the dissimilarities between the two materials that have provoked new interest in thin film
silicon applications [2–6], and thereof in optimizing plasma-enhanced chemical vapor deposition
(PECVD) from silicon-containing gases for producing µc-Si:H [5–8], as well as in prospecting inter-
esting material properties around the a-Si:H/µc-Si:H growth transition [6,9–13]. The use of µc-Si:H as
the absorber layer in a-Si:H/µc-Si:H tandem solar cells especially promise significantly higher and sta-
ble efficiencies than what is achieved today with conventional a-Si:H technology [14], current achieve-
ments reaching initial efficiencies of 14.5 % [15].

In any case, the use of the same process technology for both materials is an additional advantage
because one can use almost the same equipment and know-how that are already used in production.
Still, the two processes are only partially alike, mostly because of the high hydrogen dilution of the sil-
icon precursor gas and the quite different operation regimes used for depositing µc-Si:H. In fact, highly
diluted silane discharges are in many ways different from the thoroughly studied pure silane or pure hy-
drogen discharges, and, thus, the accumulated extensive related literature on the deposition of a-Si:H is

*Paper based on a presentation at the 16th International Symposium on Plasma Chemistry (ISPC-16), Taormina, Italy, 22–27 June
2003. Other presentations are published in this issue, pp. 345–495.
‡E-mail: dim@plasmatech.gr



not particularly enlightening [16]. Nevertheless, the need for studying SiH4/H2 discharges does not rise
from pure scientific interest only; the increase of the film growth rate is a critical technical issue that
needs to be solved rapidly while being attentive to the associated quality issues. In reality, there is a
need for at least a one order of magnitude increase of the deposition rate, while maintaining acceptable
quality, in order to be able to reach viable production conditions. This is due to the need for thicker
i-layers compared to a-Si:H, to compensate for the lower absorption of µc-Si:H in the visible region. 

In this direction, many new, even radical ideas have been proposed, including hot-wire CVD [17],
inductive and microwave plasmas [18,19], expanding thermal plasma, and hollow cathode [20,21].
Apart from the promising aspects as well as the inevitable limitations of each of these methods, com-
patibility with existing equipment, accumulated experience and large area deposition requirements, fea-
tures already offered by PECVD from SiH4/H2 mixtures, make the optimization or the reinvention of
the latter method the preferable choice. In that sense, much effort has been spent in the last few years
in exploring systematically various more or less conventional operating regimes [2–14,22–24]. Among
these, the use of higher excitation frequencies and the so-called, high-pressure depletion regime seem
to be the most popular techniques in current literature, both with encouraging results, whereas new
ideas also emerge [25]. However, concerning the evaluation of each solution, although different mate-
rial characterization methods maybe useful, the ultimate test that could decide for these new layers, is
to incorporate them in actual solar cells. Evidently, there is still a long way to go for testing and fully
exploring the potential of all the proposed solutions in optimized solar cells.

The purpose of this paper is to report on the continuing efforts toward the limits of the PECVD
from highly diluted SiH4 in H2, by isolating as much as possible the effect of the principal parameters
that govern the process and can have an effect on the growth rate and the structure of thin silicon films.
This discussion is focused on the process point of view without going into an in-depth discussion of the
structural or the optoelectronic properties of the range of materials produced.

METHODOLOGY

Despite the large amount of work on the subject, there is still a series of open questions concerning
methodological and experimental details, obscuring clear conclusions on the mechanism and the limits
of µc-Si:H growth. As an example of this, one could mention here two common issues: the well-known
particle formation problem and the problem of controlled/reproducible conditions.

Besides the effects of dust particles on the deposited film structure and properties that are not dis-
cussed here, one thing is certain: a discharge containing dust particles is completely different in both
properties and film growth from a particle-free discharge [26,27]. However, although there are many
“signs” of the presence of particles, including various sensitive plasma diagnostics, the presence of par-
ticles during the reported deposition experiments is hardly ever mentioned in the literature. One of the
serious consequences of this is the impossibility to evaluate the validity of data and to reproduce the ex-
periments in other systems, taking also into account that the formation of particles depends very much
on different characteristics of the chamber (shields, edges, heating, etc.) as well as on the route followed
toward adjusting the specific operating conditions.

On the other hand, reproducibility does not suffer only from the presence of dust particles, but
also from the lack of control of crucial parameters like the real power going into the discharge and the
impedance of the cell, which among other things, is also sensitive to the deposition history of the cham-
ber. It is wrongly believed that if one maintains a constant radio frequency (rf) generator output level,
the power going into the discharge will also be constant. The truth is that for the same rf generator out-
put, the power consumption does not depend only on the system, but it is also greatly influenced from
other common discharge parameters like gas composition, pressure, and geometry, not to mention the
discharge excitation frequency [22,24]. Moreover, this is only a part of the story since it is not only a
question of the total power, but also of the way this power is spent in various elementary subprocesses. 
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The two factors just mentioned are merely examples showing the diversity of aspects that need to
be examined when exploring a process of such complexity. In general, the limits of µc-Si:H growth, for
a certain deposition temperature, depend on the rate of arrival of silicon precursors vs. the rate of their
accommodation in the growing film network, and this is thought to be mediated by a high flux of hy-
drogen atoms [14,16,28–30]. The flux of silicon precursors will in turn depend on their space-depend-
ent rate of generation as well as on their gas-phase reactivity vs. transport to the deposition surface.
However, not all silicon precursors are equal either in generation or in gas and surface reactivity. Finally,
the generation of these precursors depends on the magnitude and the spatial distribution of an effective
electron density as well as on the concentration of other charged and neutral species. All of these mi-
croscopic parameters and many more are naturally related to each other as parts of the same complex
collective system. It is evident, from this nonexhaustive description, that if one is set to explore the lim-
its of such a system, there are two prerequisites: (a) accurate experimental measurements, isolating as
much as possible the effect of each parameter from all of the others, and (b) a model of the process as
close to reality as possible, to be able to analyze and extrapolate results in such a way that transferabil-
ity and scale-up of recipes is made possible.

In the following paragraphs, we will present experimental results concerning as much as possible
the net effect of the main process parameters, we will further analyze the results using specially devel-
oped models, and finally we will compare both theoretical and experimental results with the current lit-
erature. All of the results presented concern deposition experiments carried out in capacitively coupled
rf discharge chambers that are completely characterized from the electrical point of view in such a way
that the power actually consumed in the discharge is accurately known through voltage and current
waveform measurements [31]. Moreover, to the best sensitivity of our laser-scattering diagnostics, the
discharges operate in particle-free conditions, unless specifically stated otherwise.

RESULTS AND DISCUSSION

In the following paragraphs, we intend to present the effects of some of the main process parameters on
the deposition rate and in general the efficiency of the discharge. The reader should keep in mind that
in most of the cases, the experiments presented are not designed to achieve the highest possible depo-
sition rates, but to bring up the correlation instead.

Frequency

The increase of frequency above the usual 13.56 MHz has been proposed to be beneficial for the dep-
osition rate, as well as for the crystallinity of the films [32–35]. However, these observations were at-
tributed to a variety of somewhat controversial reasons ranging from the enhancement of the electron
impact dissociation of SiH4 to a higher surface reactivity owing to an increase of the ion flux. On the
other hand, the reduction of the ion bombardment energy or the higher atomic hydrogen flux toward the
growing film surface, were proposed for explaining the beneficial effect on the crystallinity of the film. 

We believe that the only way to evaluate the effects and exploit the possible benefits is to vary the
frequency while keeping a constant power density in the discharge, otherwise the inevitable decrease of
the necessary sustaining voltage with increasing frequency leads to false impressions since the power
going into the discharge increases with frequency [22,24,37]. VHF is associated with very high power
losses in the feed lines, as well as with deposition non-uniformities owing to standing and evanescent
waves on large-area electrodes [36].

Figure 1 presents the effect of frequency, varied in a range where large-area uniformity is still not
a problem, on both the measured deposition rate [22] and the calculated electron impact dissociation
rate of silane [16]. As frequency increases, the constant power dissipation induces a drop of the electric
field, an increase of the electron density and an enhancement of the power consumed by electrons. 
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These changes lead to a decrease of the rate of the high-energy electron-molecule collision
processes, thus favoring silane and hydrogen dissociation while reducing the chance for particle for-
mation. The increase of the hydrogen flux toward the surfaces is the main reason favoring the growth
of µc-Si:H thin films. However, as seen in Fig. 1, the increase of the deposition rate is not solely related
to the increase of SiH4 dissociation induced by the increase of the effective electron density. It is also a
question of transport vs. reactivity of the precursors. Highly sticking and highly reactive radicals, like
SiH2, may have the chance to contribute significantly when their diffusion length is smaller than the in-
terelectrode gap at the specific conditions. 

Therefore, as seen in Fig. 2, the growth rate is very sensitive on the spatial distribution of the
source of these radicals. The displacement of the maximum rate of radicals’ production toward the rf
electrode with increasing frequency (smaller sheaths), leads to a weakening of the dependence of the
deposition rate on SiH4 dissociation.
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Fig. 1 Variation of the deposition rate (left axis) and the apparent dissociation rate k (right axis) with frequency at
constant rf power, pressure, and silane %.

Fig. 2 Deposition rate as a function of the distance between the two electrodes for three different excitation
frequencies at constant rf power (28 mW/cm2) and dilution (98 % H2).



Dilution and pressure

The increase of the silane content is another measure for enhancing the deposition rate. However, this
is limited by the transition to amorphous growth and/or the appearance of dust particles because of the
increasing importance of attachment reactions. 

In Fig. 3, we present the effect of silane fraction at two different pressures, keeping constant
power dissipation at each one. The deposition rate is doubled for the lower pressure, while it is four
times higher for the higher pressure when going from 2 to 6 %. Silane consumption is increasing al-
most as the increase of its percentage in both cases. These clear conclusions are only possible because
we know the power is constant, otherwise the increase of percentage would also lead in a serious vari-
ation of the power actually consumed in the discharge. 

These results can be further discussed in terms of reactivity vs. transport of the main radicals, by
means of numerical modeling based on experimental measurements of radical generation in space,
silane consumption, and deposition rate [16]. 

As shown in Fig. 4, for the case of 0.5 torr, the increase in silane content leads to a relative en-
hancement of the SiHx/H flux ratio, and this is more pronounced for the much less reactive SixH2x+1
than for the highly reactive SixH2x radicals. Under these conditions, SixH2x radicals can contribute more
to the film growth owing to their higher surface incorporation probability [23], still there is a drop of
the SiH2 radical flux relative to SiH3. Furthermore, higher silane fractions directly favor the hydrogen
insertion reaction leading to a reduction of H atom transport to the surface. The transition from micro-
crystalline to amorphous silicon deposition, which is usually observed when the SiH4 fraction increases,
is thus mostly related to the decrease of H atoms flux relative to all other species.
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Fig. 3 Deposition rate (left axis) and % silane consumption (right axis) as a function of the percentage of silane in
hydrogen at two different pressures (0.5 upper and 1 torr lower).



On the other hand, the increase of the total pressure has analogous transport consequences with
the increase of % SiH4 while having somewhat similar effects on primary dissociation with the increase
of frequency. As in the case of frequency, the electron density increases and analogous high deposition
rates can be achieved by increasing power, however, attachment is facilitated instead of being sup-
pressed. Silane consumption increases although the electron impact dissociation constant decreases
[38]. The effective advantages of increasing the pressure are best shown in Fig. 5, which summarizes
the effect of pressure and the various ways leading to an increase of the deposition rate with primary
dissociation. It results from this figure that 26 % of the silicon atoms initially produced through elec-
tron impact dissociation are incorporated in the film at 1 torr, whereas this figure falls to only 12 % for
the pressure of 0.5 torr. In any case, the conclusion drawn from this figure is that there is no single pa-
rameter that could be adjusted to obtain the desired deposition rate. Instead, there is more than one com-
bination leading to a variety of materials that can only be distinguished through systematic characteri-
zation and testing in actual solar cells.
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Fig. 4 SiH3/H2 and SiH2/H2 (left axis) as well as SiH2/SiH3 (bars, right axis) species flux ratios to the growing film
surface as a function of silane percentage at constant rf power and pressure.

Fig. 5 Deposition rate in Å/s and in Si atoms flux/s arriving on the total heated deposition electrode area vs. the
electron impact dissociation rate of silane for two different pressures. Different sets of data recorded while varying
frequency, % SiH4 and rf power are included. 



High-pressure regime

Substantially higher pressures than those examined so far have been suggested to lead to higher depo-
sition rates while maintaining a good film quality [6–8]. The regime was called high-pressure depletion
because the saturation of the deposition rate with increasing pressure was attributed to a depletion of
silane that would suppress somewhat the reaction of H atom insertion to silane [39,40]. Thus, H atoms
would be available for the growth.

Thus, in order to examine the effect of total pressure we conducted experiments in the range of 1
to 10 torr while maintaining constant power and at the same time constant silane partial pressure. The
result of 53 experiments is shown in Fig. 6. There is a clear maximum for a pressure of 2.5 torr while
the effect of interelectrode space variation depends also very much on pressure depicting very well var-
ious areas of transport restriction and contribution of SixH2x radicals. But what is more spectacular is
that the observed variation of the deposition rate with pressure is repeated exactly in the variation of the
total emission intensity from two excited species with different appearance thresholds as shown in
Fig. 7. Silane consumption never exceeds 50 % in the given conditions, and the films obtained over the
entire range are highly crystalline. It seems that at the specific conditions the deposition rate is directly
determined by the primary dissociation of silane through electron impact. 

We have repeated these experiments and obtained similar results for another frequency and an-
other dilution, and we obtained similar results showing a single maximum deposition pressure, the po-
sition of which depends only on the silane content.
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Fig. 6 Experimental measurements of the deposition rate as a function of pressure and interelectrode distance at
constant silane content (25 mtorr) and constant rf power (72 mW/cm2) for a 27.12 MHz discharge.



Gas mixtures

Alternative silicon precursor and dilution gases have been proposed in the past as another way for in-
creasing the deposition rate, but this is still a much less popular solution than the ones previously men-
tioned for several practical reasons [30,41,42]. Also, in this case, one is after higher electron densities
and lower electron energies that would favor silane dissociation at a gas density that would not favor at-
tachment. We have recently investigated deposition of microcrystalline silicon thin films from
SiH4/Si2H6/H2 mixtures. Especially, a small addition of Si2H6 in SiH4/H2 discharges was found to in-
crease the power consumption significantly and have a catalytic effect in silane dissociation. As shown
in Fig. 8, the increase of the Si2H6 fraction from 0 to 0.6 % under constant power dissipation results in
a spectacular increase of the deposition rate by more than six times. This increase has been proved that
is not induced by the increase of silicon atom density in the reactor and has been attributed to the en-
hancement of silane dissociation caused by an increase of the electron density [25].
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Fig. 7 Total emission intensities of SiH*(A2∆) and Hβ as a function of total pressure at constant silane content
(25 mtorr) and constant rf power (72 mW/cm2). The total intensities are obtained by integrating spatial emission
profiles obtained with a resolution better than 1 mm in the interelectrode space.

Fig. 8 Deposition rate as a function of power in three different mixtures containing 6 % silane in hydrogen. 0.3 and
0.6 % disilane was added, respectively, in two of the mixtures.



The question that arises is, how one can compare these conditions to the ones previously pre-
sented. Figure 9 is a perfect example of the wide variety of situations leading to films with similar struc-
ture and optoelectronic properties. The figure is based on the results of a numerical simulation that is
in close agreement with measurable experimental quantities like the deposition rate and the effluent
composition [16]. These four films are deposited under quite different conditions, by a different flux of
precursors leading to different growth-dominant species in each case. What is common between them
is that there is in every case an important contribution of species with two or more silicon atoms and a
high H atom flux to the surface, assuring for the crystalline character of the growing film. There is still
a ways to go before identifying if one of them or more represent an advance the right direction.

SUMMARY

The effect of various parameters on the deposition rate of µc-Si:H has been presented. The conclusion
drawn is that there are many different ways that can lead to high deposition rates and all of them in-
volve the optimization of a combination of parameters, taking into account that the crystalline charac-
ter of the film must be maintained. The right way is definitely the one that would lead to the best de-
vice efficiency when tested in actual solar cells, taking into account also other parameters of economic
nature. 

The results presented were chosen for justifying the need for controlled and repeatable deposition
conditions, in order to draw clear conclusions on the specific effect of each one of the main deposition
parameters.

In general, the deposition rate is increased through conditions that increase and at the same time
“cool down” the electron population. Thus, the dissociation of both silane and hydrogen is increased,
leading to higher fluxes of radicals and atomic hydrogen to the surface. Such conditions are: moderately
higher frequencies, higher pressures, and the presence of larger molecules (like disilane) even in small
quantities. Among them, frequency has a definitive advantage of not favoring attachment at the same
time and thus is a measure that must be taken anyhow. Moreover, there is an optimum pressure for a
certain silane fraction that seems to be determined by the primary dissociation of silane. In addition to
these, one can also increase the silane fraction and the power density up to the limit of transition to
amorphous growth and before attachment becomes too important. In all of these cases there is a need
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Fig. 9 Relative contribution of radicals in the deposition rate at four distinct deposition conditions.



for reoptimizing the distance of the deposition substrate to the source of radical generation, especially
at higher pressures, to further increase the already important contribution of higher silicon radicals. 

It has been shown that similar deposition rates can be obtained via radical fluxes with very dif-
ferent compositions. In every case, there is a need for sufficient H atom fluxes to ensure crystalline
growth.
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