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ABSTRACT: Large-grained polycrystalline silicon (poly-Si) films were prepared on glass using the ‘seed layer
concept’ which is based on the epitaxial thickening of large-grained seed layers. The aluminium-induced layer
exchange (ALILE) process was used to form p'-type seed layers on glass. The seed layers feature a preferential (100)
orientation of the grain surface. Epitaxial growth of the p-type absorber layers was carried out at temperatures 8
600°C by either electron cyclotron resonance chemical vapour deposition (ECRCVD) or electron-beam evaporation.
Secco etching was used to analyse extended defects in the films epitaxially grown on ideal substrates (Si wafers).
Opposed to ECRCVD, films grown with electron-beam evaporation show no etch pits when deposited on Si(100)
wafers. Post-deposition treatments (defect annealing and defect passivation) were used to improve the quality of the
absorber layers. Thin-film solar cells were prepared on both Si(100) wafers (ideal seed layer) and seed layer covered
glass substrates by the deposition of an n'-type a-Si:H emitter and a TCO layer. The best solar cell results were
achieved by electron-beam evaporation: n = 1.3% on seed layer covered glass and n = 4.9% on a Si(100) wafer.
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1 INTRODUCTION

During the last years the world-wide production of
solar cells has grown dramatically. With a share of more
than 90%, the market is dominated by wafer-based
crystalline silicon solar cells. In order to maintain the
dramatic growth in the future significant cost reductions
are required. It is expected that a transition from the well-
established wafer-based crystalline silicon solar cells to
high efficiency silicon thin-film solar cells on large-area
glass substrates offers a high potential for such cost
reductions. But, unfortunately, the existing silicon thin-
film technologies based on hydrogenated amorphous Si
(a-Si:H) and microcrystalline Si (pc-Si:H) suffer from
their relatively low efficiencies (compared to the
standard wafer-based solar cells). Thus, a new thin-film
technology is required which provides silicon films on
glass with material quality comparable to that of silicon
wafers usually used by the photovoltaic industry. In
principle, large-grained polycrystalline silicon (poly-Si)
on glass featuring grain sizes much larger than the film
thickness could offer such a high material quality. In this
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Figure 1: Schematic structure of a poly-Si thin-film solar
cell on glass consisting of a p'-type poly-Si seed layer, a
p-type poly-Si absorber, an n'-type a-Si:H emitter, a
transparent conductive oxide (TCO), and metal contacts
to both TCO and absorber (not shown here).

paper we describe the status of the development of a
poly-Si thin-film solar cell on glass at the Hahn-Meitner-
Institut Berlin. We have prepared the poly-Si films on
glass using a two step process: Firstly a thin p'-type
poly-Si film (seed layer) is formed by aluminium-
induced crystallisation (AIC) of amorphous Si (a-Si).
Secondly this seed layer is used as a template for the
epitaxial growth of a p-type absorber layer. After the
poly-Si film formation post-deposition treatments (defect
annealing and defect passivation) have been applied to
improve the material quality. To complete the solar cell
both an n'-type a-Si:H emitter layer and a transparent
conductive oxide (TCO) have been deposited. The
schematic structure of the poly-Si thin-film solar cell is
shown in Fig. 1. In the following sections results we
obtained so far are presented.

2 SEED LAYER FORMATION

The seed layers have been formed by the aluminium-
induced layer exchange (ALILE) process which is based
on aluminium-induced crystallisation of amorphous Si
[1-3]. Starting point for the process is the following
stack: glass/Al(300nm)/a-Si(375nm). For our experi-
ments we have used either Corning 1737F or Schott
Borofloat 33 glass substrates. Both layers (Al and a-Si)
have been deposited in the same chamber by DC
magnetron sputtering. The ALILE process requires a thin
permeable membrane between the Al and the a-Si layer
which controls the diffusion of Al and Si. The membrane
(a thin Al oxide layer) has been formed by exposure to
air of the Al-coated glass substrate (prior to the
deposition of the a-Si layer). Annealing of the initial
glass/Al/a-Si stack at temperatures below the eutectic
temperature of the Al/Si system (T.,=577°C) leads to a
layer exchange and a concurrent crystallisation of Si.
Finally a glass/poly-Si/Al(+Si) stack is formed (Fig. 2).
The membrane stays in place during the entire ALILE
process. Thus, the thickness of the resulting poly-Si film
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Al(+Si)

Figure 2: Schematic illustration of the aluminium-
induced layer exchange (ALILE) process. During an
annealing step the initial glass/Al/a-Si stack is trans-
formed into a glass/poly-Si/Al(+Si) stack. The permeable
membrane between the layers (grey line) stays in place
during the ALILE process.

is determined by the thickness of the initial Al layer
(300nm). The layer on top of the poly-Si film consists of
Al and some Si inclusions (‘Si islands’).

The ALILE process starts with the diffusion of Si
across the membrane into the Al layer. Upon super-
saturation Si nuclei are formed within the Al layer. The
growth of these nuclei is limited in vertical direction by
both the glass substrate and the membrane at the initial
Al/a-Si interface. However, in lateral direction the nuclei
can grow until adjacent grains coalesce and finally form
a continuous poly-Si film on the glass substrate. The
process is characterised by self regulated suppression of
nucleation by existing grains resulting in grain sizes
above 10um. More details about nucleation and growth
during the ALILE process can be found in [4-6].

A characteristic feature of the seed layers prepared
by the ALILE process is (besides the large grain sizes)
the preferential (100) orientation of the grain surface.
This is favourable for the epitaxial thickening of the seed
layer at low temperatures. Up to about 75% of the area is
tilted by less than 20° with respect to the perfect (100)
orientation [7]. The preferential orientation depends on
the annealing temperature and the way the membrane is
formed [7, 8]. A theoretical model explaining the
experimentally observed preferential (100) orientation of
the seed layer grains has been proposed recently [9].

For the subsequent epitaxial growth on the poly-Si
seed layer the membrane and the Al(+Si) layer have been
removed by chemical mechanical polishing (CMP).

3 LOW-TEMPERATURE EPITAXY

We have studied the epitaxial growth of Si using both
electron cyclotron resonance chemical vapour deposition
(ECRCVD) and electron-beam evaporation. Due to the
glass substrate the growth processes are limited to about
600°C. This temperature limit is very crucial to the
epitaxial growth. In this section we describe mainly
results obtained on monocrystalline Si wafers. The Si
wafers act as a reference substrate to study the quality of
the low-temperature epitaxy in detail.

The films grown by ECRCVD have been deposited
decomposing silane (SiH,;) and diborane (B,Hg) in a
hydrogen (H,) plasma. The base pressure was about
5x10""mbar. The films were grown with a deposition rate
of up to 20nm/min.

The electron-beam evaporation chamber is equipped
with a 100cm’ crucible for Si and a boron effusion cell.
The base pressure was about 1x10®mbar and the de-
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position rate was about 150nm/min.

Secco etch experiments have been used to determine
the structural quality of the epitaxially grown films
(HF(50%):0.15mol K,Cr,0; mixed 2:1). The samples
were etched for 10s. Fig. 3 shows scanning electron
microscopy (SEM) top view images of two Secco-etched
films grown on Si(100) wafers. On the left hand side of
Fig. 3, a surface of a Si film grown by ECRCVD is
shown (film thickness: 1400nm, substrate temperature:
560°C, not intentionally doped). A large number of etch
pits are visible. The etch pit density is about 5x10%m™.
A detailed description of the etch pits we have observed
can be found in [7, 10]. The right hand side of Fig. 3
shows a surface of a Si film grown by electron-beam
evaporation (film thickness: 840nm, substrate tem-
perature: 600°C, not intentionally doped). No etch pits
have been found. This reveals the high structural quality
of the film. The structural quality of the grown film
depends not only on the deposition technique but also on
the crystallographic orientation of the underlying sub-
strate. With ECRCVD we did not obtain epitaxial growth
on Si(110) and Si(111) wafers. However, using electron-
beam evaporation epitaxial growth has been achieved
also on Si(110) and Si(111) wafers. The corresponding
etch pit densities at a substrate temperature of 600°C are
about 8x10°cm and 2x10%cm™, respectively [11].

Using ECRCVD we have epitaxially thickened up to
approximately 83% of the seed layer surface [7]. This has
been reached because of the preferential (100) orientation
of the seed layer. On the remaining seed layer surface
fine-crystalline growth has taken place. In a different
ECRCVD system our seed layers have been thickened
epitaxially on the whole surface [12]. This means that the
difficulties we have observed so far are not inherently
connected to ECRCVD but related to our equipment or to
the deposition parameters we have used. Using electron-
beam evaporation we are able to grow epitaxially on the
whole seed layer surface [11].

We have investigated the influence of boron doping
on the effective doping level. The boron concentration in
the films has been measured by secondary ion mass
spectrometry (SIMS) and the resulting effective doping
level has been determined using capacitance-voltage (C-
V) measurements. The films grown by ECRCVD feature
a big difference between the boron concentration and the
effective doping level (the boron concentration is by

Figure 3: Scanning electron microscopy top view images
of two Secco-etched sample surfaces. Left: Si film
epitaxially grown by ECRCVD on a Si(100) wafer — a
large number of etch pits are visible. Right: Si film
epitaxially grown by electron-beam evaporation on a
Si(100) wafer — no etch pits have been found.
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about three orders of magnitude larger than the effective
doping level) [7]. This is probably caused by a low
doping efficiency (inactive boron atoms) and the
compensation of the n-type behaviour usually observed
for samples without boron doping. The films grown by
electron-beam evaporation show only a small difference
between the boron concentration and the effective doping
level [13]. Thus, the effective doping level can be
adjusted in a relatively simple way.

4 THIN-FILM SOLAR CELLS

Based on the film formation techniques described
above silicon thin-film solar cells have been prepared.
The basic structure of the solar cells is shown in Fig. 1. It
consists of (1) a p'-type poly-Si seed layer (about
200nm) prepared by the ALILE process, (2) a p-type
poly-Si absorber (about 2000nm) grown by either
ECRCVD or electron-beam evaporation, (3) an n'-type
a-Si:H emitter (about 20nm) deposited using plasma
enhanced chemical vapour deposition (PECVD), and (4)
a sputtered TCO window layer (about 80nm ZnO:Al).
The emitter area has been defined by photolithography
and subsequent wet-chemical mesa etching. After the
mesa etching metal contacts (Al) have been prepared on
both the TCO layer and the absorber layer (around the
mesa). The shape of the metal contacts has also been
defined by photolithography (using a lift off process).
For comparison, Si thin-film solar cells have also been
prepared on p'-type Si(100) wafers (instead of the glass/
p'-type poly-Si seed layer stack). The total area of the
solar cells was 4mm x 4mm (the emitter area was either
0.122c¢m? or 0.086cm?).

Post-deposition treatments (defect annealing and
defect passivation) have been used to improve the quality
of the solar cells. The treatments have been applied after
the absorber layer deposition (prior to the emitter
deposition). If both post-deposition treatments have been
used the defect passivation step has taken place after the
defect annealing step.

Defect annealing has been carried out by a very short
‘high temperature step’ (far above the deposition
temperature of the absorber layer) either in a con-
ventional tube furnace or in a rapid thermal processing
(RTP) system. Different annealing temperatures and
annealing durations have been used (850°C - 950°C;
200s — 400s). More information on the defect annealing
we have applied can be found in [14]. A more detailed
investigation about the influence of defect annealing on
the open circuit voltage of poly-Si thin-film solar cells is
given in [15].

The importance of defect passivation for poly-Si
thin-film solar cells was impressively shown in [16].
They demonstrated that the module efficiency of poly-Si
thin-film solar cells can be dramatically increased from
less than 2% to more that 8% by a rapid, high-
temperature (around 610°C), remote-plasma hydro-
genation process. We have carried out defect passivation
by hydrogenation in a parallel-plate PECVD system at
350°C for 15min (the PECVD system has also been used
for the n'-type a-Si:H emitter deposition). The PECVD
system we have used limits the maximum temperature to
350°C.

The application of our post-deposition treatments,
which are not yet optimised, has led to an efficiency
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Figure 4: Current density versus voltage of a Si thin-film
solar cell under illumination (AMI1.5, 100mW/cm?,
25°C). The absorber of the solar cell was grown on a p'-
type poly-Si seed layer on glass by electron-beam
evaporation. For the analysis the area of the emitter layer
has been used (0.086cm?).

increase of our ECRCVD grown poly-Si thin-film solar
cells on glass by 95% (defect annealing) and 245%
(defect annealing and defect passivation) with respect to
the as-grown efficiency.

Using ECRCVD, the best solar cell on glass features
an efficiency of n = 1.1% (an open circuit voltage of V.
= 386mV, a short circuit current density of J, =
6.2mA/cm?, and a fill factor of FF = 46%). In this paper
all area-related results (e.g. efficiency) have been
calculated using the emitter area, not the total area. The
best results obtained so far using ECRCVD are V. =
397mV and J, = 6.7mA/cm?. On Si(100) wafers the best
cell shows an efficiency of 1 =4.2% (V. = 458mV, J
= 13.0mA/cm?, FF = 71%). So far the maximum values
are V. = 498mV and J. = 13.8mA/cm>.

The best results on both glass and Si(100) wafers
have been achieved using electron-beam evaporation.
The corresponding current-voltage characteristics under
illumination (AM1.5, 100mW/cm?, 25°C) are shown in
Fig. 4 (on glass) and Fig. 5 (on Si(100) wafer). So far we
have achieved efficiencies of 1.3% on glass (V, =
333mV, J,. = 9.8mA/cm?, FF = 40%) and 4.9% on
Si(100) wafers (V. = 564mV, J,, = 11.6mA/cm?, FF =
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Figure 5: Current density versus voltage of a Si thin-film
solar cell under illumination (AMI1.5, 100mW/cm?,
25°C). The absorber of the solar cell was grown on a p'-
type Si(100) wafer by electron-beam evaporation. For the
analysis the area of the emitter layer has been used
(0.122cm?).
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75%). The results for V,. and J;. on glass mentioned
before are the maximum values. On Si(100) wafers the
maximum values for V., and J, are 577mV and
11.9mA/cm?, respectively.

The results we have obtained so far are somewhat
lower than results recently published for more or less the
same cell concept (epitaxial thickening of an ALILE seed
layer by ion-assisted deposition) [17].

It is expected that the solar cells results can be
improved dramatically by the optimisation of the
processes we have used (seed layer formation, epitaxial
growth of the absorber layer, post-deposition treatments,
and solar cell preparation). The huge potential of such
optimisations was already demonstrated for the defect
passivation step [16].

5 SUMMARY AND CONCLUSIONS

Large-grained poly-Si thin films have been prepared
on glass using the ‘seed layer concept’. The seed layers
have been formed by the ALILE process. They are
characterised by a large grain size and a preferential
(100) orientation of the grains. The seed layers have been
epitaxially thickened by either ECRCVD or electron-
beam evaporation. The structural quality of films epi-
taxially grown on Si wafers has been investigated by
Secco-etch experiments. Films grown by electron-beam
evaporation on Si(100) wafers feature no etch pits. Thin-
film solar cells have been prepared on both seed layer
covered glass and Si(100) wafers. The best solar cell
results have been achieved using -electron-beam
evaporation. We have achieved efficiencies of 1.3% on
glass and 4.9% on Si(100) wafers.

The potential of large-grained poly-Si thin-film solar
cells on glass for efficiencies comparable to that of
standard wafer-based Si solar cells has not been
demonstrated so far. Although a strong improvement of
the solar cell results is expected in the near future it is
still an open question whether such high efficiencies can
finally be reached. Strong research efforts are required to
answer this question.
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