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Abstract

The aim of this communication is to show that it is possible to extend the model of the
electronic transport developed for amorphous silicon (a-Si:H) to microcrystalline silicon (lc-
Si:H). By describing the electronic transport with the k0qR products (mobility]recombination
time) as a function of the Fermi level, we observed the same behaviour for both materials,
indicating a similar type of recombination. Moreover, applying the normalised k0q0 product
(mobility]life-time) obtained by combining the photoconductivity (p

1)050
) and the ambipolar

di!usion length (¸
!."

) measured in individual layers, we are able, as in the case of a-Si:H, to
predict the quality of the solar cells incorporating these layers as the active SiT layer.
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1. Introduction

In comparison with the encouraging results already obtained in practice for
solar cells made of hydrogenated microcrystalline silicon (lc-Si:H) [1,2], very little is
known so far about the electrical transport properties of this material. However,
a possibility to predict the limitation of collection in p}i}n (or n}i}p) solar cells from
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the `qualitya of electronic transport as measured on individual SiT layers would be of
great interest.

The relevant transport parameters in p}i}n solar cells are the mobility k and the
recombination time qR: for a given electric "eld E, the kqR product is proportional to
the average distance d which is covered by a free carrier before being lost by
recombination (d"kqRE). This characteristic distance can directly be related to the
possible thickness of the SiT layer (taking into account the built-in potential) which
still allows the collection of the photogenerated carriers. Because lc-Si:H as well as
a-Si:H solar cells are of the p}i}n form, for both types of material the relevant
parameters for the electronic transport are these kqR products.

In layers, the photoconductivity gives access to the kqR product of the majority
carriers, here the electrons (p

1)050
Jk0

n
qR
n
), and the ambipolar di!usion length [3,4] to

the kqR product of minority carriers, here the holes (¸
!."

Jk0
p
qR
p
). For lc-Si:H, we

showed that it is still correct to measure ¸
!."

with the grating method [5,6]. However,
our "rst attempt to correlate the kqR products with the defect density, the structure
(crystallinity and/or crystallographic orientation) or the density of oxygen (residual
[7] or due to post-oxidation [8]) failed. The idea was therefore to take the Fermi level
(E

&
) to monitor the kqR products. Instead of explicitly using E

&
, we use the parameter

b de"ned by us as b"k0
n
n
&
/k0

p
p
&
, with n

&
, p

&
the density of the photogenerated free

electrons, and holes, respectively [9]. In fact, b can be easily evaluated from the
measured values of p

1)050
and ¸

!."
(as shown in [10]), whereas the Fermi level would

require separate measurements. b describes the Fermi level also in the case of lc-Si:H
as demonstrated in Ref. [5]: for E

&
at midgap, b+1; for n-type samples b'1 and

increases as E
&

moves upward from midgap.
We will show here that by representing for lc-Si:H the measured lqR products as

a function of b we obtain a similar graph as for a-Si:H. Thus, we conjecture that the
electronic transport model developed for a-Si:H (see for example, Ref. [11]) is also
applicable to lc-Si:H. In this case we can use the parameter k0q0 introduced for a-Si:H
[12] to describe the `electronic qualitya of lc-Si:H layers. k0q0 is a normalised kqR
product, assuming that all the defects are neutral (D0 states), and permits one to
predict the collection in a solar cell from the quality of the electronic transport
measured in an individual SiT layer.

2. Experimental

The "lms studied in this communication were grown by the VHF-GD deposition
technique [13]. To obtain nearly intrinsic lc-Si:H (Fermi level near midgap), a gas
puri"er was used [7]. Two series were deposited at a "xed plasma excitation frequency
of 130 MHz, "xed e!ective deposition temperature of 2203C and "xed pressure of
0.8 mbar. For the "rst series (series no. 1) the dilution of silane by hydrogen
([SiH

4
]/([SiH

4
]#[H

2
])) was kept constant at 5%, while for the second one (series

no. 2) the dilution was kept constant at 7.5%. The electrode area was 139 cm2. The
only parameter varied was the VHF-power, as measured just before the matching
network. The value of VHF-power ranged between 9 and 30 W for series no. 1, and
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Fig. 1. p
1)050

and ¸
!."

for the two power series (see text) as a function of the VHF-power of deposition. The
electrode area was 139 cm2. The generation rate used for the measurements is 1.5]1020 cm~3s~1. The lines
are only to guide the eyes.

between 30 and 70 W for series no. 2. Speci"c details of the reactor can be found
elsewhere [13,14]. The thickness of the "lms ranged between 2.1 and 2.8 lm for series
no. 1, and between 1.6 and 2.5 lm for series no. 2. The "lms were deposited on AF45
(Schott) glass for the coplanar measurements, with aluminium contacts (gap
0.5 mm). We used a Krypton laser (647 nm) to measure p

1)050
and ¸

!."
. The second

series (series no. 2) was also incorporated into solar cells as the active intrinsic layer.
More details on deposition conditions of series no. 1 can be found in [14], while those
for series no. 2 and the corresponding solar cell fabrication conditions as well as the
measurement techniques for these solar cells are described in [15].

3. Results and discussion

As stated in the introduction, we measured p
1)050

and ¸
!."

for the two power series
in order to have access to the kqR products. Fig. 1 represents the results in function of
the VHF-power used for the deposition. From X-ray di!raction, we know that these
two series are clearly microcrystalline. The "rst one (series no. 1) has an `ideala
preferential crystallographic orientation in the S2 2 0T direction (perpendicular to the
substrate), and shows surprisingly no S1 1 1T di!raction peak at all. This is evaluated
by comparing the ratio S2 2 0T/S1 1 1T in our samples with the same ratio in a silicon
powder, NBS no. 640. This `ideala preferential orientation remains the same for all the
samples (i.e. for all values of VHF-power). The defect density for this series increases
by a factor of ten with VHF-power, whereas the density of oxygen remains constant
(+3]1018 atoms/cm3). The details of these measurements are described elsewhere
[8]. The second one (series no. 2) shows also a preferential crystallographic orienta-
tion in the S2 2 0T direction, but less `ideala, as S1 1 1T peaks are present for the
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Fig. 2. k0qR products for the two power series (see text), as well as l0qR products for all our lc-Si:H samples
for all the experimental conditions (all markers) [6], as a function of the Fermi level monitored by the
parameter b"k0

n
n
&
/k0

p
p
&
. In comparison, the mean values obtained in the case of a-Si:H as measured by

Sauvain [16].

samples of this series. Moreover, this preferential orientation varies with the power,
showing a maximum of the ratio S2 2 0T/S1 1 1T around 50 W. For this series the
defect density increases with VHF-power by a factor of four, whereas the oxygen
density grows from 3]1019 to 2]1020 atoms/cm3. Here again the details of these
measurements can be found in Ref. [15]. The question is now what is the link between
these observations and the electronic transport parameters p

1)050
and ¸

!."
shown in

Fig. 1. It can indeed be seen here that neither p
1)050

nor ¸
!."

depend only on defect
density or on structure. For series no. 1, the increase of defect density with VHF-
power could indeed explain the decrease of p

1)050
, but it cannot explain the maximum

that is observed in the curve for ¸
!."

. As the orientation as well as the oxygen
concentration remain constant when VHF-power is increased, we could not, at this
point, explain the results. For series no. 2, the increase of the oxygen density could
explain the increase of p

1)050
(oxygen is an n-type dopant), and the increase of defect

density could explain the decrease of ¸
!."

, but we would have in this case two
independent explanations for the same samples, and this does not constitute a satisfac-
tory situation.

As individually neither the structure, nor the defect density, nor the oxygen
concentration could explain the transport measurements, we decided to use the Fermi
level, monitored by the parameter b as the discriminating parameter. In Fig. 2 we see
that with this representation, the data that looked quite confusing in Fig. 1 now takes
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Fig. 3. k0q0 products, which measure the quality of the material, evaluated in the same manner as for
a-Si:H, and solar cell e$ciencies [12,15] incorporating the same material as the active SiT layer. The lines
are only to guide the eyes.

on a very regular form. An anti-correlation between the kqR values of the minority
carriers and that of the majority carriers can be identi"ed: this is a behaviour that is
similar to what is observed in a-Si:H. This anti-correlation is predicted by our
electronic transport model for a-Si:H [10,11], when taking into account the three
states of charge of the dangling bonds (deep defects) and their functions of occupation.

In order to see if it is reasonable to extend the use of the model developed for a-Si:H
also to lc-Si:H, we have represented all the measured values of kqR, for all the samples
we have observed and for all experimental conditions [6]. Fig. 2 shows the results, in
comparison with the mean values obtained in the case of a-Si:H [16]. This "gure
con"rms that the model is certainly a reasonable approximation also for the case of
lc-Si:H. Fig. 2 supports our previous observations [8] that electronic transport in
lc-Si:H is on an average slightly better than in a-Si:H.

Up to now we did not have to introduce a speci"c model for recombination in order
to evaluate the kqR or the parameter b. But at this point, as we have seen that the
electronic transport model "ts measurement, we go one step ahead: assuming that the
recombination process is the same in lc-Si:H as in a-Si:H, we introduce the quality
parameter k0q0, de"ned for a-Si:H [12] as a normalised kqR product which does not
depend on the experimental conditions (i.e. on the Fermi level) and which is used to
predict the e$ciencies of solar cells, as far as the cell performance is limited by the SiT
layer. Fig. 3 represents, for our power series no. 2 of lc-Si:H layers, the values of the
k0q0 product compared with the e$ciencies of n}i}p solar cells incorporating such
layers as the active SiT layer. Globally, the correlation is successful and indicates the
opportunity of using the k0q0 quality parameter for lc-Si:H also. We have to note that
a correlation between layer properties and solar cell e$ciencies can obviously be
expected only when the latter is governed by the quality of the intrinsic layer and not
by other factors like interface problems. However, we have to state here that so far
only a single series of layers and cells have been evaluated; to fully justify the use of the
k0q0 product in the case of lc-Si:H layers and cells, additional work is needed.
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4. Conclusions

We observed for lc-Si:H that it is not possible to correlate individually the electrical
transport properties with the structure, the defect density or the oxygen contamina-
tion when the measured parameters are the mobility]recombination time (kqR)
products. However, if the kqR products are represented as a function of the Fermi level
(via a certain parameter b which varies proportionally to the ratio n

&
/p

&
of the free

carrier densities), a clearer picture results: the behaviour of the kqR products for the
majority carriers can be seen to be anti-correlated with the kqR products for the
minority carriers, as already observed for a-Si:H. This justi"es the use of the recombi-
nation model developed for a-Si:H also for lc-Si:H layers. This has a speci"c
consequence: we can now use, also for lc-Si:H, the normalised k0q0 products as
measured in individual SiT layers, to predict the performances of solar cell incorporat-
ing the same layer as the active SiT layer.
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