Input silane concentration effect on the a-Si:H
to pc-Si:H transition width

A. Feltrin® B. Strahm " G. Bugnon? F. Sculati-Meillaud
C. Ballif* A.A. Howling® Ch. Hollenstein

@Ecole Polytechnique Fdrale de Lausanne (EPFL), Institute of Microengineering
(IMT), Photovoltaics and thin film electronics laboratory, Breguet 2, CH-2000
Neuchatel, Switzerland.

bEcole Polytechnique Fdrale de Lausanne (EPFL), Centre de Recherches en
Physiques des Plasmas, CH-1015 Lausanne, Switzerland.

Abstract

In this work the microstructure transition width from amorphous to microcrystalline
silicon is discussed. It is shown that the width of the transition depends on the input
silane concentration level and indirectly on the silane depletion level. The higher
the input silane concentration and depletion, the wider the transition. Experimental
results are then compared to an analytical model and good agreement is obtained
with a semi-empirical approach that takes into account the effect of the silane
density in the plasma on the electron density.
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1 Introduction

Microcrystalline silicon is a composite material embedding silicon nanocrys-
tals in an amorphous matrix that has attracted much research effort in the
field of thin film silicon [1]. Used as a photoactive material, it can be inte-
grated as bottom cell in a tandem structure with an amorphous silicon top
cell, lifting efficiencies of micromorph cells well above 10 % [2]. Used as car-
rier channel in thin film field effect transistors, it increases by several orders
of magnitude the carrier mobility compared to amorphous silicon [3]. The
properties of the microcrystalline material change depending on the specific
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application: in photovoltaics the amorphous matrix plays an important and
not yet fully understood role of passivating grain boundaries and reducing de-
fect densities [1,4]. The best material is obtained within the transition region
from amorphous to highly microcrystalline and knowledge of the variation of
the crystalline fraction with respect to input silane concentration or any other
process parameter like the RF power is thus critical; in thin film transistor
technology instead, materials with higher crystallinity fractions are used, be-
cause of the larger carrier mobility [3]. Yet even if the required characteristics
of the microcrystalline material are known for a specific application, the pa-
rameters in which microcrystalline silicon is deposited may vary considerably
depending on such parameters as RF driving frequency [5], silane concentra-
tion in hydrogen [6] or the deposition rate [7]. As a result, the relationship
between deposition conditions and properties of microcrystalline material is
only partially understood. In this paper the transition from amorphous to
highly microcrystalline silicon is studied in different deposition conditions. It
is shown that the transition and in particular its width as a function of input
silane concentration can be characterized and explained using a recently pub-
lished model [8]. Silane depletion in the reactor chamber, together with the
input silane concentration are shown to be two relevant physical parameters
determining the width of the transition region.

2 Experimental details

Microcrystalline silicon layers were deposited by very high frequency (VHF)
plasma-enhanced chemical vapor deposition (PECVD) at 40.68 MHz in an
industrial KAI-S type reactor based on the Plasma-Box concept [9], using
silane and hydrogen as gas precursors. Substrate temperature was 180C in
all depositions. The samples were deposited in different conditions of total
gas pressure, input silane concentration and silane depletion as resumed in
Tab. 1. The RF power input was kept constant within each series, but was
adjusted to have the different Before the deposition of the layers studied in
this paper, a highly microcrystalline layer was deposited on glass in order to
avoid amorphous incubation layers [10]. The crystalline fraction of the layers
was analyzed by micro-Raman spectroscopy [11].

3 Experimental results

Raman crystallinity fractions of silicon intrinsic layers deposited in the tran-
sition region are plotted as a function of silane concentration in Fig. 1. In
all deposition regimes, silane concentration was varied changing silane input



flow and keeping constant total flow. As summarized in Tab. 1, the curves
were obtained in different conditions of total gas pressure ranging from 1.2 to
3.5 mbar. Total gas flows were 1.3 slm at 1.2 mbar and 1.6 slm at 3.5 mbar
in the low silane concentration deposition regimes and about 0.2 slm in the
high silane concentration deposition regimes (marked in the figures with the
acronym HD, standing for high silane depletion). As has been shown recently,
it is possible to obtain microcrystalline silicon at very high silane concentra-
tions, provided the silane dissociation rate and/or the residence time of the
gas particles in the deposition chamber are sufficiently high [6]. This can be
achieved by reducing the total gas flow through the deposition chamber at a
fixed pressure. Thus, decreasing the hydrogen flow, the total flow was reduced
from 1.3 slm to 0.21 slm at 1.2 mbar, implying necessarily an increase of silane
concentration. However, the crystallinity of the layer does not change signif-
icantly as the reduction of hydrogen molecules in the input flow is offset by
a higher dissociation in the plasma due to the longer gas residence time in
the plasma. This leads to similar conditions of silane to hydrogen precursor
flows to the substrate, which has been shown to be the determining factor
for microcrystalline growth [8]. The widths of the transition curve obtained
in the low and high silane concentration regimes are strikingly different (see
Fig. 1). At low silane concentration, transition widths are significantly nar-
rower than at high silane concentrations. For instance, for the case at 1.2 mbar
it can be clearly seen that reducing the hydrogen flow (i.e. increasing silane
concentration) widens the transition width approximately by a factor of 5.
As an inset in Fig. 1, the relationship between average silane concentration
(measured at 50 % Raman crystallinity) and transition width (measured from
10 % crystallinity to 70 % crystallinity) is shown in the six studied cases.
This shows that the higher the input silane concentration ¢, the wider is the
transition from amorphous to highly microcrystalline silicon material until it
reaches a plateau. As a result, the film microstructure uniformity is less sen-
sitive to ¢ variation, in time and/or in space, at high silane concentration in
large area reactors that could rise from improper gas distribution or pumping.
This is because the transition width discussed in the present work determines
the tolerance in silane input concentration to maintain the plasma conditions
concomitant with the deposition of transition material.

Despite the wide range of deposition parameters used, it is possible to re-
late the differences in the width of the amorphous to highly microcrystalline
transitions to differences in input silane concentrations and silane depletion
conditions in the plasma. As a rough estimate of silane depletion it is possible
to evaluate the ratio between the deposition rate R and the maximum possible
deposition rate R.. reached if all silicon atoms contained in the input gas
flow are deposited uniformly on the reactor walls and substrate [6]:
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®$gipy, is the silane input flow expressed in sccm, A is the internal area facing
the plasma of the KAI-S Plasma-Box. As a result, different points on the
transition curve in Fig. 1 have different deposition rates R and maximum
deposition rates R,.x, because the input silane flow &gy, was varied to change
silane concentration. The relationship between deposition rates and depletion
D is given by the following expression assuming uniform thickness over the
reactor walls, and incorporation of all silane radicals formed in the plasma
into growing film:
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For small silane concentration ¢, n and D roughly coincide. For the two de-
position regimes with high silane concentration, the silane depletion fraction
reaches D =~ 0.8 and is significantly increased compared to the low silane con-
centration deposition regimes where D ~ (0.4. This is mainly due to the smaller
total flows and therefore longer gas residence time. For higher pressures (typ-
ically above 2 mbar) polysilane and powder formation becomes critical and
thus a measurement in high depletion conditions at 3.5 mbar has been avoided
in this study.

4 Theoretical Model

The experimental observations made in the previous section can be under-
stood following a model published recently [8]. In this model it is shown that
the transition from amorphous to microcrystalline growth is more correctly
described with the silane concentration in the plasma, c,, instead of the input
silane concentration, c¢. These two parameters are related by the fractional
silane depletion, D, according to the following expression:

cp=c-(1-D). (3)

Microcrystalline material is obtained for values of ¢, lower than about 1 %.
As a result, microcrystalline silicon can be deposited at high initial silane
concentrations provided that the silane depletion in the plasma is sufficiently
large so that the flux ratio of atomic hydrogen to silane radical remains higher
than 40 as reported by Dingemans et al for a substrate temperature of 200
°C [12]. The transitions displayed in Fig. 1 are obtained as a function of
silane concentration ¢ while keeping all other parameters constant. Intuitively,
the variation of only the silane concentration should correspond to a vertical
trajectory in the (D, c) plane of Fig. 2 (dashed line, 9D /0c = 0). Therefore,
the overlay between this vertical line and the microstructure transition zone,



defined between two iso-¢,, curves (grey zone), leads to a monotonic increase of
the transition width as a function of the input silane concentration as shown
by the dashed line in Fig. 3. This intuitive approach is in agreement with the
experiment at low silane concentrations. However, it fails to fit the data and
largely overestimates the transition width at high silane concentration.

Measurement of the silane depletion by infrared absorption spectroscopy as a
function of the input silane concentration [8] presented in Fig. 4 shows that, as
opposed to the intuitive approach (0D /dc = 0), the silane depletion fraction
decreases while increasing the silane concentration. This optical measurement
is independently confirmed by calculating D from Eq. 1 at different silane
concentrations. This is probably due to the fact that the silane density in the
plasma and electron density are correlated because of electron attachment to
SiHy [13] as suggested in Fig. 5 by the variation of the relative electron density
with silane density deduced from previous time-resolved optical emission spec-
troscopy measurements [14]. Therefore, the slope of ¢(D) should be negative
as shown in Fig. 2 (solid line, 0D /0c = —0.14 < 0) and not infinite as in the
intuitive case. This is because the silane density in the plasma, i.e. ¢, varies
while crossing the microstructure transition zone, hence, the electron density
is not constant while varying the input silane concentration. The resulting
estimation of the transition width by using 0D /0dc = —0.14 for all conditions
(solid line in Fig. 2) predicts a maximum before stabilizing to about 6 - 7 %,
which is in very good agreement with the experimental results as shown in
Fig. 3.

5 Conclusions

The transition from amorphous to microcrystalline silicon thin film deposited
in a large area parallel plate reactor was studied. It was shown that the transi-
tion width from amorphous to microcrystalline depends strongly on the silane
depletion level and the initial silane concentration. In the low silane concen-
tration and depletion regime, the transition could be as sharp as a fraction
of a percent in silane concentration, but in the high silane concentration and
depletion regime it reaches more than 5 % with a maximum in width for an
input silane concentration of about 20-30 %. It has been shown that a simple
model, originally developed to link the plasma composition ¢, to the radical
flux ratio towards the growing film surface, could be extended to explain the
transition width as a function of silane concentration in different silane de-
pletion conditions. However, it has necessitated the addition of dependence
between electron density and silane concentration in the plasma.
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¢ % | total flow (slm) | p (mbar) | Prr (W)
~ 2.5 1.6 3.5 450
~4 1.3 1.2 400
~ 20 0.21 1.2 400
~ 29 0.23 1.5 450
~ 45 0.16 1.8 500
~ 50 0.15 2.0 530
Table 1




Figure captions
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Fig. 1. Raman crystallinity as a function of input silane concentration in four of the
six deposition regimes studied. The inset presents the transition width as a function
of the input silane concentration.
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Fig. 2. Amorphous and microcrystalline silicon deposition region in the (D, ¢) space
with the two discussed dependencies of the silane depletion on the input silane
concentration.
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Fig. 3. Width of the transition as a function of the input silane concentration from
the data plotted in Fig. 1 with the two models.
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Fig. 4. Induced dependence of the silane depletion measured by FTIR spectroscopy
on its input concentration (data taken from [8]).



1.4

1.2 + °

0
e
o

n/n
(o]

0.8 : : : : :
0.4 0.6 0.8 1
0
nsm/ NI
Fig. 5. Relative electron density variation with relative silane density measured by
time-resolved optical emission spectroscopy. n. and ngig, are the electron and silane

density in the plasma and n? and ngiH4 are the electron and silane density at plasma
ignition (data taken from [14]).
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