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Abstract

Undoped hydrogenated microcrystalline silicon (pc-Si:H) layers were grown by the very high frequency glow dis-
charge (VHF-GD) technique under various deposition conditions. The electronic transport properties under illumi-
nation were investigated by means of steady-state photoconductivity and steady-state photocarrier grating methods.
Similarly to hydrogenated amorphous silicon (a-Si:H), power law dependencies as a function of the generation rate are
observed for the photoconductivity, for the ambipolar diffusion length, and for the parameter b (indicating the Fermi
level). For pc-Si:H, as for a-Si:H, nearly constant product of (mobility X recombination time) of majority and minority
carriers is observed as a function of the parameter b. Based on these similarities, we assume that the electronic transport

model developed for a-Si:H remains valid for pc-Si:H.

1. Introduction

Hydrogenated microcrystalline silicon (pc-Si:H)
has been successfully incorporated as intrinsic
layer in p—i-n (n = 8.5%, [1]) or n—i—p (5 = 7.8%,
[2]) solar cells. To achieve such a good collection in
the cell, high mobility and recombination time (i.e.
pOz® products) are required. We are therefore in-
terested in studying the electronic transport
properties of intrinsic pc-Si:H layers, in view of
their incorporation into solar cells.

Unlike a-Si:H, where transport models have
been successfully developed (e.g. [3]), no transport
model is so far available for pc-Si:H to our
knowledge. The goal of this paper is to compare
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the electronic transport properties of intrinsic pc-
Si:H layers with those of intrinsic a-Si:H layers. In
this approach, coplanar electronic transport under
illumination will be analysed in pc-Si:H layers with
the same tools as those used for a-Si:H: steady-
state photoconductivity (SSPC) and steady-state
photocarrier grating (SSPG) techniques. From the
photoconductivity, ophow, as measured by SSPC,
the 1’z® product of the majority carriers (ut5y,;) is
deduced (Eq. (1)), whereas from the ambipolar
diffusion length, L,.;,, as measured by SSPG, the

p’t® product of the minority carriers (1’78 ) is
deduced from Eq. (2)
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where ¢ is the elementary charge, G the generation
rate, kT the thermal energy, C a correction factor
[4], ©f =nt/G, 15 = pr/G are the recombination
times (i.e. the mean time to recombination), and
1, , are the band mobilities. Here, we do not pur-
posely specify any recombination model. Thus, we
can use these quantities to describe layer transport
properties as well for pc-Si:H as for a-Si:H.

Whereas the application of the SSPC method to
pe-Si:H layers does not cause any specific problem,
the validity of the SSPG method is more critical.
In the SSPG technique [5], the ratio (f) of two
currents is determined: the first current is mea-
sured in the presence of optical interference with a
grating period, A, and the second current is mea-
sured without interference. The so-called ‘Balberg
plot’ (1/4? as a function of /2/(1 — f)) obtained
thereby must be a linear function to evaluate L,y
from the intersection of this line with the y-axis.
However, the Balberg plot of pc-Si:H samples is
usually not linear, but curved. We conjecture that
this non-linearity is due to the fact that in puc-Si:H
the ambipolar condition is not assured for all
considered grating periods. However, we can
demonstrate [6] that L,,, can still be correctly
determined from region of the data which can be
fit with a linear function (see Fig. 1).
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Fig. 1. Typical ‘Balberg plot’ obtained when measuring pc-Si:H
samples by the SSPG method, with a generation rate
G ~ 4 x 10° cm™3 s7!. Note the deviation from a linear func-
tion. The ambipolar diffusion length L,,, can nevertheless be
evaluated on the linear part.

Because of the strong unintentional incorpora-
tion of oxygen in pc-Si:H layers (both during and
after deposition (postoxidation)), which depends
on deposition conditions, the Fermi level is con-
sequently changed and the interpretation of the
transport properties can be a problem [7]. To
overcome this problem, we introduced the pa-
rameter b, which was defined as for a-Si:H as
b= 1n¢/ ugpf [4,8], where ny and p; are the free
carriers densities. It is experimentally deduced
from opnoto and Lym, by setting
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Even if it is determined under non-equilibrium
conditions, b reflects the position of the Fermi
level, E; (b~ 1: Er midgap) [8], because the n- or p-
type of the material is not changed by illumina-
tion. It is then possible to compare electronic
transport in a-Si:H and in pc-Si:H, at a chosen
value of b (i.e. the same n¢/p; ratio, assuming the
same band mobility ratio for both materials), and
to compare pc-Si:H layers betweem them, since b
takes into account the shift in E; due to the
postoxidation.

2. Experimental

All the samples in the present paper were pro-
duced by the VHF-GD technique [9] at frequencies
between 70 and 130 MHz and effective deposition
temperature of 220°C. To obtain nearly intrinsic
pc-Si:H layers, a gas purifier was used [10]. Vari-
ous concentrations of silane in hydrogen as well as
various VHF-power were used. The films were
deposited on glass (AF45 Schott) with a typical
thickness of 2 + 0.5 pm. While as-grown undoped
pc-Si:H is a slightly n-type material, some samples
were deposited with about 10 ppm of diborane to
obtain slightly p-type pc-Si:H layers. Aluminium
coplanar contacts were evaporated on the layers
that were subsequently annealed at 180°C during
90 min. Both gphoto and L,mp were simultaneously
measured on each layer at room temperature and



with the same variable bias light intensity. A
krypton laser (A = 647 nm) was used as illumina-
tion source.

3. Results

The first similarity in transport between pc-Si:H
and a-Si:H is in the power law dependencies of
Lgmb, Ophoto» and b as a function of the generation
rate, G. These power laws are shown in Fig. 2 for
as-grown slightly n-type pc-Si:H as well as for
slightly p-type doped pc-Si:H, for G between 10"
and 10%? cm~3 s~!. The power law exponents y and
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Fig. 2. Power law dependencies, and their fits, with the gener-
ation rate G of the photoconductivity (ophoo < G7), the ambi-
polar diffusion length (L2, o< G*), and the parameter b
(b o< G), for a typical as-grown slightly n-type pc-Si:H layer
and a typical slightly p-type pc-Si:H layer. Both layers were
deposited with a silane concentration in hydrogen of 6%, the p-
type layer was obtained by adding 10 ppm of diborane.

Ameasured on pc-Si:H layers are in the same range
as those measured on a-Si:H [6]. On the other
hand, the exponent of b (0) is usually negative for
pc-Si:H, whereas it is in most cases positive for a-
Si:H. Another representation of these power law
dependencies on G is given in Fig. 3, where uorf,[aj
and p'tf. , deduced from the Gpnoro and Ly, of
Fig. 2, are plotted as a function of b. Here, the
change in b is due to a change in G. Fig. 3, based
on the same data of Fig. 2, reveals the strong de-
pendency of ophoto On G, and the typical weak
dependency of L2 , with G. Fig. 3 also demon-
strate the symmetry of the power law dependencies
for the majority and minority free carriers in
slightly p- and n-type pc-Si:H samples. Such a
symmetry is not revealed in Fig. 2.

It has been observed [4,11] that, in the case of a
series of slightly doped a-Si:H layers, the u’®
products of the majority and minority carriers,
when plotted as a function of b, display an anti-
correlated behaviour (i.e. for a variation of the
Fermi level (monitored by the parameter b)
10tfp, x p0tly, is almost constant) for both slightly
n-type (b>1) and slightly p-type (h<1) a-Si:H
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Fig. 3. u’® products of the majority carriers (as deduced from
Ophoto) and of the minority carriers (as deduced from L,y) as a
function of the parameter b, representing the Fermi level posi-
tion; data points (obtained by changing the generation rate)
were taken from Fig. 2. This representation is symmetric for
slightly n-type (b>1) and p-type (b<1) pc-Si:H layers. The
lines are power law fits.
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Fig. 4. Majority and minority p’t® products measured on
various pc-Si:H layers with a constant generation rate
(G=2x10® cm3s7!), as a function of the parameter 5. To
quantitatively compare electronic transport in pc-Si:H and in
a-Si:H, majority and minority pu’t® products measured on
annealed (G~ 3 x 10" cm™3s7!) and degraded (G = 2x

10% cm~3s7!) a-Si:H samples [14] are also represented.

materials. To compare pc-Si:H with a-Si:H, we
have represented in Fig. 4 the p'tf;,; and u'f;
products, as a function of b, for pc-Si:H samples
measured with a constant G. In other words, Fig. 4
is the plot of u)n; and i)pr vs b. The change in b is
here mainly due to unintentional incorporation of
oxygen (during deposition or by postoxidation),
which acts as a n-type dopant in pc-Si:H. Note
that Fig. 4 only shows data for pc-Si:H samples for
which the variation in the defect densities is less
than a factor 10 (as deduced from the constant
photocurrent method). In the case of pc-Si:H, as
shown in Fig. 4, the behaviour of majority and
minority carriers p°t® products is surprisingly, as
in a-Si:H, anticorrelated (i.e. uJn; x i)pr ~ con-
stant). In Fig. 4 are also represented ,uorf,laj and
1’78, products measured on various a-Si:H layers
[12] in the annealed and degraded states. We re-
mark that the u°z® products of pc-Si:H samples are
slightly larger than those of degraded a-Si:H

samples, and are approximately equal to those of
annealed a-Si:H layers.

4. Discussion

As shown in Fig. 4, the u’t® products of the
majority and minority carriers vary substantially
with the Fermi level, represented here through the
parameter b. When comparing electronic transport
of various samples (pc-Si:H between them or pc-
Si:H with a-Si:H), it is then crucial to know the
position of the Fermi level. In this context, the use
of the parameter b is therefore essential for a
correct interpretation of transport measurements.

The u’t® products of majority and minority
carriers measured on pc-Si:H samples show the
same behaviours — power laws (Figs. 2 and 3) and
correlations (Fig. 4) — as those observed on a-Si:H
samples, and their values are within the same order
of magnitude. We can thus postulate that the co-
planar electronic transport under illumination in
puc-Si:H material is similar to that in a-Si:H ma-
terial. These similarities suggest that the electronic
transport in pc-Si:H layers is governed by the
amorphous phase present at the grain boundaries
of uc-Si:H. Furthermore, this hypothesis sustains
the idea of applying the transport model developed
for a-Si:H [3] to pc-Si:H. In this model, the dan-
gling bonds with their amphoteric character (i.e.
three charge states) act as recombination centers,
whereas the band tails act as traps. The recombi-
nation traffics of electrons and holes are related via
their common recombination centers (i.e. the
dangling bonds). As a consequence, the free carrier
densities cannot vary independently. Indeed, con-
servation laws (generation equals recombination
rate, charge neutrality) imply a relationship be-
tween the free carriers densities. Experimentally,
this relationship translates into the anticorrelation
of u’t® products of the majority and minority
carriers (unp x ,ugpf ~ constant), exactly as ob-
served here for pc-Si:H layers (see Fig. 4).

Assuming that the recombination mechanism is
similar in pc-Si:H and in a-Si:H, we can go one
step further and apply to pc-Si:H the quality pa-
rameter u°z° [13], introduced from the recombi-
nation model of a-Si:H, and used there to link the
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Fig. 5. Quality parameter 1°t° measured on a power series of
pe-Si:H layers compared to the efficiencies of solar cells
incorporating such layers as intrinsic layers (thickness = 3.5+
0.4 pm). The lines are only to guide the eye.

material quality with solar cell performance (as far
as the latter is limited by the intrinsic layer). The
quality parameter, u’z°, which is experimentally
deduced from both 'z, and p’tf; products,
corresponds to the value which the measured p°t®
product would take if all dangling bonds in the
material were neutral; ;°t° is independent of the
Fermi level of the considered sample. Fig. 5 shows
the 1°7° products for a series of pc-Si:H layers,
obtained by changing the VHF-power, and com-
pares them to the efficiencies of solar cells incor-
porating such layers as the intrinsic layer. This first
successful attempt to correlate the quality of pc-
Si:H layers with solar cell efficiencies strengthens
the legitimacy to apply the transport model de-
veloped for a-Si:H to pc-Si:H.

Despite the remarkable similarities in the
transport properties between pc-Si:H and a-Si:H,
some significant differences still remain between
these two materials. pc-Si:H is stable against light-
soaking, whereas the properties of a-Si:H change
with light. In p-i-—n solar cells, the collection is
exclusively controlled by drift in the case of a-Si:H
cells, whereas a collection by drift and diffusion is
observed in pc-Si:H cells [14]. A possible anisot-
ropy of the transport properties in pc-Si:H could
also mask a relation between the transport prop-
erties (based on coplanar measurements) and solar
cell performance. However, a rough estimation for

the latter from layer quality remains possible [15]
as long as we mainly want to distinguish good
material from bad material.

5. Conclusion

Electronic transport in coplanar configuration
was evaluated on pc-Si:H layers from SSPC and
SSPG techniques. From these measurements we
evaluated the variations of the mobility and re-
combination time (u°t®) products of the majority
and minority carriers as a function of b (repre-
senting the Fermi level) for different generation
rates and doping levels. The behaviours of the <%
products are similar in pc-Si:H as in a-Si:H.
Therefore, we suggest to extend the electronic
transport model developed for a-Si:H to pc-Si:H.
The quality parameter u’z° (based on the recom-
bination model for a-Si:H), seems to match, even
in pc-Si:H, with the solar cell performances. The
use of the parameter b allows us to directly com-
pare transport properties in pc-Si:H and in a-Si:H.
In this way, we conclude that electronic transport
in pc-Si:H is slightly better than in a-Si:H.
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