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a b s t r a c t

In order to deposit thin film silicon solar cells on plastics and papers, the deposition process needs to
be adapted for low deposition temperatures. In a very high frequency plasma-enhanced chemical vapor
deposition (VHF PECVD) process, both the gas phase and the surface processes are affected by low process
temperature. Using an electrostatic ion energy analyzer the effect of deposition temperature on the ener-
eywords:
olar cells
ilane
morphous silicon

gies of ions reaching the substrate was measured. The ion energy decreases with decreasing temperature,
but this can be compensated by diluting the silane source gas by hydrogen.

© 2008 Elsevier B.V. All rights reserved.
hin films
on energy distribution function
HF PECVD

. Introduction

The share of solar energy on the global energy market will defi-
itely grow explosively in the coming years. Thin film silicon based
olar cells, although presently sharing for less than 10% in the photo-
oltaic market, are heading for a rapid growth, due to the availability
f equipment manufacturers, the already proven high cell efficien-
ies and the choice of substrates: robust (glass) or flexible (metal foil
r plastic). Whereas record efficiencies have reached 15% with triple
unction concepts [1,2], the efficiency of the tandem “micromorph”
a-Si/nc-Si) cell concept is not too far behind with 14.7% [3]. Further
evelopments have taken place in fabricating such type of cells on

ight-weight, flexible and cheap plastic substrates, which can be
pplied in roll to roll processes. This has been archived by either a
ift-off process from a high-temperature-resistant temporary sub-
trate (an efficiency of 9.4% achieved by the Helianthos concept [4]),
r direct deposition on plastics. For the latter type, a wide efficiency
Please cite this article in press as: A.D. Verkerk, et al., Mater. Sci. Eng. B (20

ange has been achieved depending on the process temperature.
hereas thin film silicon tandem solar cells on high temperature

esistant (expensive) poly-imide type plastics have delivered effi-
iencies comparable to the state-of-the-art cells on glass (initial
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conversion efficiency 10.1% [5]), the efficiency of cells on cheap
plastics (such as PET) with a low processing temperature of around
100 ◦C deposited with plasma-enhanced chemical vapor deposition
(PECVD) has so far reached only 4.9% [6]. The above results clearly
show that the substrate temperature plays a crucial role in the qual-
ity of the thin film silicon layer and a detailed understanding the
growth process at low temperature is necessary for improving the
film quality. The effect of depositing the films at a lower substrate
temperature is a decrease in material quality, mainly because the
film is less compact and more porous [7]. This negative trend can
partially been ascribed to the decreased surface mobility of SiH3
molecules at the growing surface [8]. One of the benefits from
PEVCD is that it takes advantage of the energy and flux of ions so
that the amount of extra energy arriving at the growing film can
be controlled. The effect of changes in substrate temperature on
these important plasma properties has not been studied very well.
This paper shows that these key figures in the plasma process are
significantly affected by changes in the substrate temperature. At
the same time a method to compensate the negative effect of low
substrate temperatures on the material quality is presented.
08), doi:10.1016/j.mseb.2008.11.013

2. Experimental

Thin amorphous silicon films have been deposited in a p-i-n con-
figuration on glass using VHF PECVD at 50 MHz in the ASTER [9] high

dx.doi.org/10.1016/j.mseb.2008.11.013
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ions vanishes almost completely, especially for the lowest tem-
perature series. This indicates that the beneficial effect of ions to
the film growth is drastically reduced in a low substrate tempera-
ture deposition when the process solely relies on the use of pure
Fig. 1. Ion analyzer principle of operation.

acuum multichamber deposition system at different substrate
emperatures using a mixture of silane and hydrogen. The heater
emperatures used were 280 ◦C, 157 ◦C and 50 ◦C, calibrated to
chieve substrate temperatures of 200 ◦C, 100 ◦C and 39 ◦C, respec-
ively. It was found that the silane concentration, defined as the ratio
f the SiH4 flow to the total flow, has to be decreased from 50% to
.3% and to 2.4%, going from high to low substrate temperature, in
rder to obtain optimal device quality material for that particular
ubstrate temperature.

The a-Si:H material with the highest quality in the series
eposited at 100 ◦C had a photo-response of 106. This material has
een used as the absorber layer in a test solar cell deposited on
tainless steel substrate with a smooth Ag/ZnO back reflector in an
-i-p configuration to confirm its quality. The solar cell showed a
onversion efficiency of 5.3%.

In a separate reactor (in the high vacuum system ATLAS) that has
design similar to the reactor in ASTER where the films for the solar
ells are deposited, an electrostatic ion energy analyzer (Fig. 1) was
nstalled in order to measure in situ the ion energy distribution
unction (IEDF) and the ion current in relation to the deposition
emperature and silane concentration. The spacing between the
rids in the analyzer was 1 mm and the diameter of the aperture
as 1 cm. The first grid, as seen from the discharge, was grounded

o leave the plasma unaffected. To the next grid a potential of about
50 V is applied, repelling electrons and negatively charged par-

icles. The potential of the third grid is varied to allow ions with
ufficient energies to pass. The last grid is kept at a constant negative
oltage of −15 V to prevent any secondary electrons from contribut-
ng to the measured current. The current is converted to a voltage by
current amplifier and subsequently measured by a computer con-

rolled digital multimeter. The IEDF is obtained by differentiating
he measured ion current with respect to the voltage applied to the
hird grid. The experiments with the analyzer were performed using
oth 50 and 60 MHz excitation frequencies. The deposition pressure
as 0.10 mbar, the electrode distance was 27 mm, the VHF power
as 12 W and the total gas flow was 50 sccm. A series of layers has
een deposited with these parameters at all the three substrate
emperatures mentioned above, to determine the deposition rate
f the material at a silane concentration of 0.2. fitting the interband
ransition model of O’Leary et al. [10] to the measured reflection
nd transmission spectra, the thickness and refractive index of the
aterial is found.
Please cite this article in press as: A.D. Verkerk, et al., Mater. Sci. Eng. B (20

. Results

Experimental results were compared with 2D discharge simula-
ions based on a fluid model [11] to verify the reliability of the ion
Fig. 2. Dependence of measured and calculated ion flux on the silane concentration.
The gas temperature was 550 K, the pressure was 0.16 mbar, discharge power was
13 mW/cm2, the inter-electrode distance is 27 mm and the discharge frequency was
50 MHz.

analysis. A comparison of the experimental data with the simulated
plasma parameters is presented in Fig. 2, where the dependence
of the ion flux on the silane concentration is presented. The sim-
ulations predict the correct ion flux dependencies on discharge
parameters, though the simulated flux values exceed the measured
flux values by a factor of 4. The fluid model approach used in the
simulation provides a good agreement of the sheath voltage drop
with the decrease of the measured ion energy, although it does not
provide the ion energy distribution function. Typical IEDFs mea-
sured using the ion energy analyzer are presented in Fig. 3 for
several values of silane concentration. Both the peak and the aver-
age ion energy and the ion flux are highest for a pure hydrogen
discharge. If the dilution is decreased, the peaks get less pronounced
and eventually the IEDFs get a collision-dominated character where
the peak ion energy can no longer be identified. The total ion flux
can nevertheless be determined, as well as the average ion energy.
Fig. 4 shows the measured ion flux towards the substrate as a func-
tion of the silane fraction in the process gas. Going from a hydrogen
dominated discharge to a silane dominated discharge, the flux of
08), doi:10.1016/j.mseb.2008.11.013

Fig. 3. Examples of IEDFs recorded in discharges with the indicated silane con-
centration. The substrate temperature was 200 ◦C, the pressure was 0.10 mbar, the
discharge power was 80 mW/cm2, the inter-electrode distance was 27 mm and the
discharge frequency was 60 MHz.

dx.doi.org/10.1016/j.mseb.2008.11.013
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Fig. 4. Ion current density as a function of the silane concentration at the indicated
substrate temperatures. Other parameters are equal to those of Fig. 3.
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ig. 5. Average ion energy as a function of the silane concentration at the indicated
ubstrate temperatures. Other parameters are equal to those of Fig. 3.

ilane or a source gas with a high silane concentration. Further-
ore, Fig. 5 shows how the average ion energy is also significantly
Please cite this article in press as: A.D. Verkerk, et al., Mater. Sci. Eng. B (20

educed. Figs. 4 and 5 may be combined to obtain the average ion
nergy density (Fig. 6). It can be concluded that the total ion energy
arried to the growing silicon film is strongly reduced when the
eposition temperature is lowered from 200 ◦C to 39 ◦C at a con-
tant silane concentration. Therefore, in order to restore the original

ig. 6. Ion energy flux as function of the silane concentration at the indicated sub-
trate temperatures. Other parameters are equal to those of Fig. 3.
Fig. 7. Deposition rate and refractive index as function of substrate temperatures.
The silane concentration was 0.2. Other parameters are equal to those of Fig. 3. The
dotted lines are a guide to the eye.

optimum ion energy condition of 200 ◦C, it is a reasonable solu-
tion to decrease the silane concentration. This is in agreement with
the experimentally found requirement of higher hydrogen dilution
to achieve device-quality thin films when decreasing the substrate
temperature.

Fig. 7 shows the deposition rate and refractive index as a function
of substrate temperature. Both the deposition rate and the refractive
index increase with increasing substrate temperature.

4. Discussion

A reasonable explanation for the effect of decreasing tempera-
ture on the ion energy originates from the increase in the gas density
that accompanies the decrease in gas temperature. This increases
the ion energy loss due to the increased rate of collisions. This is
in agreement with the observation that the shape of the IEDFs is
becoming more and more collisional, not only when the pressure is
increased, but also when the temperature is lowered at a constant
pressure.

We investigated whether the effect of temperature on the
deposition rate and the compactness of the material can provide
an additional explanation. Since every silane molecule deposited
yields roughly two extra hydrogen molecules in the gas phase, a
decrease in the deposition rate may cause a significant shift in the
actual gas mixture towards higher silane concentration, resulting
in lower ion current and energy. Since the fraction of the silane
actually used in deposition in this regime is estimated to be 20% at
most, and the deposition rate decreases by 11% according to Fig. 7,
this would give an increase of the ‘effective’ silane concentration
of about 3% within the temperature range investigated. Moreover,
from the refractive index, the material compactness appears to
increase at higher temperatures as expected, resulting in an extra
shift towards a higher effective silane concentration. The changes
in both the deposition rate and the refractive index shift the energy
curves in the correct direction to partially account for the observed
effects.

The observation that the ion energy is restored with increasing
hydrogen dilution can be explained via the electron temperature:
In order to generate the H* excited species from electron impact
dissociation an electron energy of at least 16.6 eV is required for
the reaction:

− −
08), doi:10.1016/j.mseb.2008.11.013

H2 + e → H ∗ + H + e (1)

whereas for the dissociation reaction of silane resulting in excited
Si, such as:

SiH4 + e− → Si ∗ + 2H2 + e− (2)

dx.doi.org/10.1016/j.mseb.2008.11.013
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n electron energy of 10.5 eV [12] is sufficient. To sustain a dis-
harge in a gas with a low silane concentration, a higher electron
emperature is necessary, resulting in a higher plasma potential
nd consequently higher ion energies compared to a pure SiH4
ischarge.

Another method of compensation for the effects of low temper-
ture may be found in the adjustment of the gas density by tuning
he pressure. Although such a solution could restore the gas phase
onditions (as far as ion energies are concerned) of a higher tem-
erature process, it would lack the additional positive effects of the
tomic hydrogen on the surface processes [13].

. Conclusions

The plasma properties depend significantly on the substrate
emperature during the deposition of amorphous silicon using a
ow pressure PECVD deposition process. The experiments show that
oth the ion flux and the average ion energy decrease with decreas-

ng deposition temperature. On the other hand, the experiments
lso indicate that a solution exists in compensating the temperature
ffect by proper adjustment of the silane concentration.
Please cite this article in press as: A.D. Verkerk, et al., Mater. Sci. Eng. B (20
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