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Abstract
Cost reduction constraints for microcrystalline silicon thin film photovoltaic solar cells require
high deposition rates and high silane gas utilization efficiencies. If the requirements in deposition
rate have sometimes been fulfilled, it is generally not the case for the silane utilization. In this
work, a reactor-independent methodology has been developed to determine the optimum plasma
parameters in terms of deposition rate, silane utilization and material microstructure. Using this
optimization method in an industrial large area plasma-enhanced chemical vapor deposition reactor,
a microcrystalline layer has been deposited at a rate of 10.9 Å/s, with a silane utilization efficiency
above 80 %. Results have shown that the highest deposition efficiency is obtained with high silane
input concentration and not with the common highly hydrogen-diluted deposition regime.
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I.

INTRODUCTION

Since the first deposition of microcrystalline hydrogenated silicon (µc-Si:H) by radio frequency (RF) glow discharge in 1979 by Ushui et al 1 , intensive investigations have been
performed to determine the optimum plasma parameters to produce it. The particular interest in µc-Si:H compared to amorphous hydrogenated silicon (a-Si:H) is due to its superior
stability under light exposure2 , which is important for photovoltaic applications; however,
it is difficult to deposit at high rate. The conventional way to produce µc-Si:H layers by
plasma-enhanced chemical vapor deposition (PECVD) is to strongly dilute the silane (SiH4 )
with hydrogen, to reach a few percent silane concentration in contrast to the low-dilution
regime in which a-Si:H is commonly deposited3,4 . This accepted technique is used in order
to supply the high quantity of atomic hydrogen in the plasma required to produce µc-Si:H5 .
Within this highly-diluted regime, there are many experimental investigations into the role
of the different plasma parameters such as the RF power6 , excitation frequency7 , pressure8 ,
silane concentration9 and gas flow rates10 . However, although very high deposition rates
have sometimes been reported11 , these studies are strongly reactor dependent and no multiparametric experimental methodology has been developed. Moreover, for suitable industrial
photovoltaic solar cell manufacture, the production costs have to be minimized, meaning
that not only the deposition rate of µc-Si:H has to be maximized, but also that the utilization fraction of the silane gas (≈ 500 $/kg) has to be as high as possible. Up to now,
processes for the deposition of amorphous and microcrystalline silicon from the low silane
concentration regime show poor silane utilization even if deposition rates are high12 .
Previous experiments and simple plasma chemistry modeling13 have shown that high
deposition efficiency, i.e. high gas utilization efficiency, can only be reached when high
silane input concentration (> 30 %) is used. Moreover, these results have shown that this
was not incompatible with low silane concentration in the plasma 14,15 because the silane
is highly depleted for discharge conditions suitable for microcrystalline silicon deposition.
Hence, microcrystalline films can be grown even using pure silane discharges13,16 if the plasma
parameters are correctly selected. However, it is probably not advisable to work with the
extreme case of pure silane gas to obtain a material of good quality deposited at high rate,
because of limitations due to polysilanes and powder formation consuming silane in channels
other than film growth13 .
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The aim of this work is to establish a reactor-independent methodology to determine
the optimum plasma conditions in terms of deposition rate, silane utilization fraction and
material microstructure. The industrial type reactor described in section II was used to
demonstrate the optimization method introduced in sections III A and III B. Fourier transform infrared spectroscopy was used to measure the silane concentration in the plasma
during the different phases of the optimization. Finally, a flow diagram including the selection of the initial parameters and an optimization procedure requiring only deposition rate
and crystallinity measurements is proposed in section III C.

II.

THE EXPERIMENTAL ARRANGEMENT

The deposition reactor used in this work is a modified version of the industrial KAI-S
r concept13,15,17 . It consists of a 47 x 57
reactor from Unaxis Ltd based on the PlasmaBox°
cm2 grounded aluminum box inside which the RF electrode is suspended at a distance of 18
mm from the grounded base. The RF electrode acts also as a gas showerhead distributing
the gas uniformly18 over the whole 3 mm thick glass substrate area (37 x 47 cm2 ). The
temperature of the electrodes was fixed at 230 ◦ C. The other deposition parameters are
discussed in section (III A). The system was also equipped with Fourier transform infrared
absorption spectroscopy installed in the exhaust line with a pass length of 1 m between two
ZnSe windows13,15,19 which was used to measure the partial pressure of silane in the pumping
line using a calibration curve performed with pure silane gas without plasma15 . Hence, the
silane concentration in the plasma, cp , can be measured and is defined as:
cp = pSiH4 /p,

(1)

and the silane input concentration, c, as:
c = p0SiH4 /p,

(2)

where pSiH4 and p0SiH4 are the silane partial pressure with and without plasma in the reactor,
respectively, and p is the total pressure, which is controlled by a butterfly valve. The relation
between these two concentrations for a uniform gas showerhead18 and a uniform plasma is:
cp = (1 − D)c,
3

(3)

where D = (p0SiH4 −pSiH4 )/p0SiH4 is the silane depletion fraction in the plasma. The deposition
rate was measured in situ from the back of the substrate by monochromatic light interferometry through a hole at the center of the grounded electrode. The film crystallinity was
measured by micro-Raman spectroscopy as described elsewhere15 .

III.
A.

RESULTS
Process parameter selection

This section shows how to select the process parameters (RF power, excitation frequency,
gas flow rates and pressure) which will give the appropriate starting point of the process
optimization technique presented in section III B.

1.

RF power

Generally, the RF power input for µc-Si:H deposition is set to the maximum possible
value for two main reasons: (i) the deposition rate increases with the RF power density20 (in
the absence of polysilane and powder formation) due to the increase of the silane depletion
D13,15 ; (ii) for the same reason, the silane concentration in the plasma, cp , is lower meaning
that the silane in the plasma is more strongly-diluted with hydrogen, hence, the deposited
material is more crystalline13,15 . However, we have to take into account a potential upscaling from this laboratory reactor to a larger area industrial reactor for mass production
of solar cells. For example, a process developed in a small reactor with an excessively-high
RF power density will not be suitable for solar cell production. The RF power input used
here was 1000 W (0.37 W·cm−2 ), which is not the highest deliverable power of our generator,
nor the maximum power rating of our system (including matching box and reactor), but
corresponds to a power density which can be easily implemented in existing larger industrial
reactors.

2.

Excitation frequency

According to previous studies, the excitation frequency should be set as high as possible,
because of the higher deposition rates7,21 and higher silane depletion fractions19 leading to
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films containing a larger crystalline fraction at very high frequencies15 (VHF). Moreover,
the reduction of the ion bombardment energy of the film surface reduces the internal stress
of the film and improves the material quality5 . However, as for the input RF power, upscaling to industrial reactors limits the increase of the excitation frequency due to standing
wave non-uniformities22–25 as observed in large area reactors unless special precautions are
taken24 . For all these reasons an excitation frequency of 40.68 MHz has been chosen in this
work.

3.

Gas flow rates

The silane flow rate is a key parameter and has to be carefully chosen for two reasons: (i)
a flow too small will limit the deposition rate due to the insufficient available raw material;
(ii) on the other hand, a flow too high will lead to a low silane utilization efficiency and a
large fraction of wasted raw material, increasing the cost of the final product. Hence, the
choice of the silane flow rate will depend on the target deposition rate, Rtarget , the target
silane utilization efficiency, utarget , and on the reactor size given by the total deposition area,
A. Undissociated silane, polysilanes and powder formed in the plasma are pumped out
without contributing to the film growth, making the silane utilization efficiency u less than
perfect, u < 1. Assuming that the film is uniformly deposited, the silane flow rate can be
determined as follows13,15 :
FSiH4 [sccm] = 10.4 ·

Rtarget [Å/s]
· A [m2 ].
utarget

(4)

Rtarget and utarget cannot be arbitrarily selected. If the chosen values are too high, it may
be impossible to attain them, necessitating a new optimization with lower values of Rtarget
and/or utarget as will be shown in section III C. For the KAI-S reactor presented in section II,
for a target deposition rate of 10 Å/s, the silane flow rate is 80 sccm if we suppose a silane
utilization efficiency utarget = 0.75. If there were no silane wastage (u = 1), the maximum
possible deposition rate Rmax would be 13.3 Å/s for this example. The measured silane
utilization efficiency is the ratio of the measured deposition rate to the maximum possible
deposition rate (R/Rmax ).
In order to start the optimization of the process in a powder free regime, the hydrogen
flow has to be sufficiently high (i.e. the silane concentration sufficiently low) to begin in the
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standard highly hydrogen-diluted regime for transition material with silane concentration
typically less than 3 %15 . It was fixed here at 2700 sccm, corresponding to an initial silane
concentration of 2.9 %.

4.

Pressure

The deposition rate depends on the working pressure, especially around 1 - 2 mbar, where
a strong increase with pressure has been observed in different reactors13,26,27 . High pressure
is also important in terms of crystallinity10 due to the increase of the silane depletion fraction
with pressure15 due to a longer residence time. An additional advantage of high pressure
is that the ion bombardment energy is reduced in a collisional sheath, and hence the film
quality improved. However, to avoid powder formation, the working pressure should not be
too high28 . The starting point pressure was fixed at 2 mbar in order to benefit from the high
deposition rate and to avoid powder formation. Note that the choice of the initial pressure
depends on the inter-electrode distance, for example, in narrow gap reactors (≈ 10 mm)
plasma ignition is difficult for pressures below about 4 mbar. For the current reactor with
a 18 mm gap, the initial pressure should be 2 mbar or more.

B.

Optimization of the silane gas utilization

The process optimization presented in this section has been developed in order to be
used even if the deposition reactor is not equipped with an IR absorption measurement.
It requires only a deposition rate measurement (in situ or ex situ) and a film crystallinity
measurement (Raman spectroscopy, XRD, ...). Figure 1 presents the microstructure dependence on the silane depletion and silane input concentration. The flux ratio of atomic
hydrogen to silicon radicals to the surface and therefore the material crystallinity are expected to remain constant if the silane concentration in the plasma, cp , remains constant,
as demonstrated by Strahm et al 15 . A zone of constant crystallinity, chosen to correspond
to the deposition of transitional material in Fig. 1, is therefore delimited by contours of
constant silane concentration in the plasma, cp = (1 − D)c = constant. For higher values of
cp the deposited material is amorphous, and for lower values of cp it is microcrystalline. The
material in the transition zone itself can be either amorphous or microcrystalline, because
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at the microstructure transition, cp is not the only parameter determining the crystallinity.
Since the material of interest for solar cell applications is µc-Si:H grown at the boundary
between a-Si:H and µc-Si:H29 , the process conditions of interest are in the microstructure
transition zone presented in Fig. 1.
As described in the previous section, the starting parameters of the optimization are a
RF power input of 1000 W, an excitation frequency of 40.68 MHz, a silane flow rate of 80
sccm, a hydrogen flow rate of 2700 sccm and a pressure of 2 mbar. With such parameters,
the starting process had a silane depletion fraction D of 0.31 as shown in Fig. 1, and
the resulting film had a Raman crystallinity of 55 %. The deposition rate was 2.8 Å/s,
corresponding to a silane utilization efficiency R/Rmax of 21.4 %. Since the RF power input,
the excitation frequency and the silane flow rate are fixed according to sec. III A, the two
remaining adjustable parameters are the pressure, p, and the hydrogen flow rate, FH2 . These
two parameters can be varied separately, giving contours of iso-p (variable FH2 ) or iso-FH2
(variable p).
Figure 2 shows that reducing the hydrogen flow rate FH2 , while keeping the silane flow
rate and the pressure constant, increases the deposition rate and, hence, the silane utilization
efficiency R/Rmax from 21.4 % to 31.1 % for hydrogen flow rates of 2700 and 1000 sccm,
respectively. This increase of the silane utilization efficiency with silane input concentration
is mainly because the total flow rate reduction, due to the decrease of FH2 at constant FSiH4 ,
increases the gas residence time and hence the silane depletion in the plasma. The variation
of c and D with the hydrogen flow rate (Fig. 2(a)) can be deduced from the chemistry model
presented in previous work15 , for constant plasma dissociation frequency, pressure and silane
flow rate. The curve presented in Fig. 2(a) is given by
√
−1 + 1 + 4BD
,
c=
2(1 − D)

(5)

where B is a constant depending on the dissociation frequency, pressure and silane flow rate.
The silane concentration, c, is varied by decreasing the hydrogen flow rate, FH2 . However,
reducing the hydrogen flow rate does not guarantee a constant crystallinity of the deposited
material. Indeed, by following the iso-p curves from low to high silane concentration, the
contour moves away from the microstructure transition zone13,15 , making the deposited
material more amorphous as shown in Fig. 2.
The working pressure p, which is the only other adjustable parameter, can be used to
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move back to the microstructure transition zone by changing the pumping speed while
leaving the gas flow rates constant (Fig. 3(a)). This pressure variation changes the silane
depletion fraction without changing the silane concentration as shown by the horizontal
line in Fig. 3(a). This increase of the silane depletion fraction with the working pressure is
mainly due to the increase of the gas residence time caused by the pumping speed reduction.
Moreover, as shown in Fig. 3(b) the increase of the silane depletion with the pressure has
two beneficial effects: (i) it increases the deposition efficiency and hence the deposition rate
and (ii) the silane concentration in the plasma, cp , is reduced, making the deposited material
more crystalline.
Hence, by increasing step-by-step the dissociation efficiency by alternatively reducing the
hydrogen flow rate FH2 (at constant p) and by increasing the pressure p (at constant FH2 ) as
shown by the data points in Fig. 4, it is possible to remain in the microstructure transition
zone while increasing the deposition rate.

C.

Flow diagram

Following the conclusions of the previous sections, a process flow diagram can be drawn
up for the optimization of the deposition efficiency of microcrystalline silicon. The only
necessary equipment required to follow the flow diagram presented here are an in situ or
ex situ deposition rate measurement and a film crystallinity measurement such as Raman
spectroscopy or X-Ray diffraction (XRD). The method can be separated into two blocks
which are the selection of the initial parameters and the process optimization as sketched in
Fig.5.
The first step is to define the initial plasma parameters (RF power, excitation frequency
and pressure) as described in section III A. The silane flow rate can be calculated through
Eq. 4 after having defined a target deposition rate, Rtarget , and a target silane utilization
fraction, utarget . In order to start the optimization in a powder free regime, the silane
concentration has to be low (< 3 %), hence a large hydrogen flow will be chosen.
The optimization phase begins with the deposition of a film with the initial plasma
parameters. Two cases can occur: the film can be microcrystalline or amorphous. In
the first case, the deposition rate has to be increased by reducing the hydrogen flow rate
(keeping all the other plasma parameters constant). This reduction of FH2 is continued until
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the deposited layer becomes amorphous, corresponding to the second case. To go back to
the transition material from the amorphous region, the pressure has to be increased in order
to reduce the silane concentration in the plasma by increasing the silane depletion as shown
in the previous section. If the deposition rate increases, this step has to be repeated until
the film again becomes microcrystalline, corresponding to the first case. The optimization is
performed by alternating phases in which the hydrogen flow is reduced and phases in which
the pressure is increased until the deposition rate no longer increases. In such a case, if the
deposition rate is higher than the target deposition rate Rtarget all objectives are fulfilled
and the last microcrystalline process conditions are maintained, or the optimization can be
continued by using a higher target deposition rate. Otherwise, if the deposition rate R is
lower than Rtarget , it means that the experimental silane utilization fraction u was smaller
than the target utilization fraction utarget in Eq. 4. This can be due to undissociated silane,
or to dissociated silane transformed into polysilanes and powder, which are pumped out of
the system13 . This means that Rtarget and/or utarget have been overestimated and cannot be
attained for the deposition system used. Then Rtarget and/or utarget in Eq. 4 must be reduced,
the silane flow rate updated, and the optimization restarted. Note that the deposition rate
may be faster in reducing utarget , but that the silane utilization efficiency may be higher in
reducing Rtarget .
Following the optimization flow diagram presented in Fig. 5, a microcrystalline silicon film
with a Raman crystallinity of 66 % was deposited at a deposition rate of 10.9 Å/s as shown
in Fig. 3(a), which is higher than the initial target deposition rate (10 Å/s), and corresponds
to a silane utilization efficiency of 82.3 %, which is higher than the target utilization fraction
(75 %).

IV.

CONCLUSIONS

An optimization procedure has been developed to determine the optimum plasma conditions in terms of deposition rate, silane utilization fraction and material crystallinity. Results
have shown that if the initial plasma parameters are carefully selected, the deposition process
can be optimized by varying only the working pressure and the hydrogen flow rate. It has
been shown that for the deposition of µc-Si:H, the highest silane utilization efficiency is
obtained towards pure silane and not towards the common highly hydrogen-diluted regime.
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The optimization methodology has been used to reach a deposition rate of 10.9 Å/s of a
material with a crystalline fraction of 66 % and a silane utilization efficiency of 82.3 %.
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Figure Captions

FIG. 1: Microstructure dependence on silane depletion fraction and silane input concentration. The
shaded microstructure transition zone is delimited by two contours of constant silane concentration
in the plasma, cp = constant15 . To avoid powder formation, the starting point of the optimization
is in the highly H2 -diluted regime.

FIG. 2: (a) Variation of D and c when the hydrogen flow is decreased, while the silane flow rate
and the pressure are kept constant (B = 0.052). (b) Deposition rate (◦) and Raman crystallinity
(•) as a function of the measured silane concentration with a constant silane flow rate of 80 sccm
and a constant pressure of 2 mbar. The lines are used as guidelines.

FIG. 3: (a) Effect of a pressure increase on c and D. (b) Deposition rate (◦) and Raman crystallinity
(•) as a function of the working pressure with constant silane and hydrogen flow rates of 80 and
150 sccm, respectively. The lines are used as guidelines.

FIG. 4: Multi-step experimental results following iso-p and iso-FH2 (B = 0.002 − 6) curves from
low to high silane concentration and depletion fraction.

FIG. 5: Flow diagram for µc-Si:H deposition optimization, with first the selection of initial plasma
parameters and second the procedure to optimize the deposition efficiency of transitional material.
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