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ABSTRACT: For photovoltaic technology to compete economically with conventional sources of electricity the
costs of module production must be reduced to around US$1/Watt with module e�ciencies around 15%. One
of the most promising ways to achieve this long-term goal is thin crystalline silicon solar cells. Crystalline
silicon solar cells have the advantages of market dominance, non-toxicity, material abundance, stability, high
e�ciency potential and the ability to share research and infrastructure costs with the integrated circuit industry.
Currently wafers are produced by expensive silicon puri�cation, ingot growth and dicing processes. The cost
of the wafer is about half of the cost of the �nished solar module. Thin �lm technologies reduce the amount of
silicon used and hence potentially the cost per watt of power output. Thin cells also allow the use of poorer
quality material for a given e�ciency. This paper reviews the current state of research in thin crystalline silicon
solar cells. Deposition on foreign substrates and low-quality silicon substrates is discussed, as well as ribbon
grown silicon and novel techniques which use a high quality, reusable silicon substrate.
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1. INTRODUCTION

The vast majority of the PV market is based
on crystalline silicon. The advantages of crystalline
silicon include a high e�ciency potential, material
abundance, sharing of research and infrastructure
costs with the integrated circuit industry, material
non-toxicity and market dominance. Wafer slicing is
one of the more expensive steps in module manufac-
ture because of the kerf loss and the consumption of
stainless steel wire and abrasive slurry. Wafers must
also be cut much thicker than is actually required to
ensure mechanical stability. This leads to a wafer cost
which is currently about half the cost of a �nished
module.

Thin-�lm technologies have the potential to re-
duce wafer costs. The absorber layer can be de-
posited at the required thickness, greatly reducing
wastage if source material utilisation is good. The
main thin-�lm materials currently being investigated
are CdTe, CuInGaSe2 (CIGS), amorphous silicon (a-
Si) and crystalline silicon (c-Si). CdTe thin-�lms are
less attractive because of the perceived problems relat-
ing to the toxicity of cadmium, while CIGS cells may
have a di�culty with mass production because rarity
of indium means the increased demand could signif-
icantly a�ect world indium prices. Research on a-Si
has continued for some time but module e�ciencies are
still low (about 8%). This reduces their competiveness
due to balance-of-systems (BOS) costs, which gener-
ally scale with the area of the system. Process tech-
nologies (some of which thin and thick crystalline sil-
icon could share) are decreasing in cost, which makes

crystalline silicon a moving target. Any new tech-
nology needs a small-cell e�ciency of about 15% to
compete with bulk crystalline silicon [1].

The main approaches to developing a low-cost
thin crystalline silicon solar cell have been to deposit
silicon on foreign substrates or low quality silicon
substrates, or to grow a ribbon of silicon from a silicon
melt. Recently processes which lift o� the deposited
silicon layer and recycle the substrate have also been
developed. Some of the most promising results from
each approach are discussed in this paper. This area
has also been reviewed recently by Bergmann [2], who
places a di�erent emphasis on the various growth
technologies and also discusses carrier transport in
thin crystalline silicon.

2. SILICON ON FOREIGN SUBSTRATES AT
HIGH TEMPERATURES

Deposition of silicon at high temperature on
foreign substrates tends to result in larger grain sizes
and higher growth rates than deposition at lower
temperatures, but high temperatures limit the choice
of substrates. Requirements for a substrate for high
temperature deposition of silicon include a thermal
expansion coe�cient similar to silicon, stability at
high temperatures, low levels of mobile impurities
(unless a di�usion barrier is used) and low cost.

Di�usion barrier layers can be used to reduce con-
tamination of the active silicon layer from a low
cost substrate occuring during high temperature pro-
cessing. Astropower has taken the di�usion bar-
rier approach furthest. A continuous sheet solution



growth process is used to grow thin silicon layers on
high-temperature substrates. The highest e�ciency
achieved to date is 16.6% (608mV) on 1cm2 [3]. The
highest e�ciency which has been achieved on a low-
cost substrate is 12.5% (566mV) for a thin (60{100�m)
0.5cm2 cell [4]. An e�ciency of 11.6% (582mV) has
been reached on a cell of area 676cm2.

Promising results have been achieved at Fraunhofer
ISE using SiO2 and SiNx as di�usion barriers. A dry
solar cell process produced a 9.3% e�cient cell of
1cm2 with a Voc of 567mV and an average di�usion
length of 15�m. A similar deposition process was
followed to produce cells on graphite with a SiC in-
terlayer and a cell e�ciency of 11% (Voc = 570mV) [5].

3. SILICON ON FOREIGN SUBSTRATES AT
LOW TEMPERATURES

The deposition of crystalline silicon onto sub-
strates at low temperatures is advantageous: it
can reduce stress in the silicon �lm due to thermal
expansion mismatch; di�usion of impurities into
the active layer from the substrate may be reduced;
and a wide variety of substrates including glass can
be used. Commercial glass substrates are limited
to temperatures less than 600�C, or 500�C for
borosilicate glass. For successful low temperature
deposition onto foreign substrates, an inexpensive
substrate, a high deposition rate and a methodology
which may be transfered to large area fabrication
are prerequisites. Challenges for the current research
are low throughput, low deposition rates and low
material quality.

Kaneka Corporation have developed the STAR
structure (naturally Surface Texture and enhanced
Absorption with a back Reector) [6] [7]. The
cell structure is glass/back reector/n-i-p poly-
Si/ITO/Ag. Deposition of silicon is by plasma CVD
and a 10.1% e�cient cell has been demonstrated [8].
The cell had a Voc of 539mV, was 2.0�m thick
and had an area of 1.2cm2. Deposition rates of
36{60nm/min have been achieved.

4. SILICON ON SILICON

Low cost silicon substrates have the advantage
of thermal expansion coe�cient matching and ther-
mal stability. If a di�usion barrier is not used they
also provide an epitaxial template allowing for the
possibility of a high quality grown layer. Epitaxy al-
lows a low interface defect density and therefore a low
back surface recombination velocity. It is relatively
easy to fabricate a heavily doped interface between
the grown silicon layer and the silicon substrate,
which further reduces rear surface recombination. A
disadvantage of bare silicon substrates is that long
wavelength, weakly absorbed light will be lost into
the electrically inactive substrate.

There are two main approaches for growing silicon
layers on silicon. One is to grow epitaxial layers on
high-throughput silicon ribbons or upgraded metal-
lurgical grade silicon (MG-Si). High e�ciencies have

been achieved on a model system of good quality mul-
ticrystalline substrates, but these have not yet been
transferred to low-cost substrates.

Another approach is to use a barrier layer (most
commonly SiO2) to prevent di�usion of impurities
from the substrate to the active layer. This produces
grain sizes which are much smaller than those obtain-
able with a silicon epitaxial template. Recrystallisa-
tion is often used to overcome this hurdle, but it in-
troduces extra costs. It is desirable that a di�usion
barrier be reective to long wavelength light and pro-
vide back surface passivation of the active layer.

Recrystallisation is often used to increase grain
size and improve electrical properties. Mitsubishi
Electric Corporation have produced a 4cm2 cell
of 16.4% e�ciency with a Voc of 608mV [9] (not
con�rmed independently) and a 100cm2 cell of 14.2%
e�ciency [10] (con�rmed independently) by ZMR and
CVD on SiO2. A later development of this technology
is to etch via holes through the grown layer and
dissolve the SiO2 with HF, allowing detachment of
the grown layer and recycling of the substrate as
described in the next section.

4. RIBBON GROWTH

Ribbon growth is a promising option for thin
�lm silicon solar cells. Layers as thin as 5�m [11] [12]
have been grown and cell e�ciencies as high as
15.1% on 100�m multicrystaline layers [13] and
17.3% on single crystal layers demonstrated [14].
A large factor working in favour of ribbon grown
silicon is that commercial viability has already been
demonstrated [13] [15]. Ribbon growth has been
included in this study because ribbon grown silicon
does not require slicing. Although some of the ribbon
growers are still producing thick layers, thinner layers
are clearly a more economical option and research is
moving in this direction.

6. LIFTOFF TECHNIQUES

Thin �lm silicon layers which can be detached
from a reusable silicon substrate have a very high
e�ciency potential. This is mainly due to the fact
that as the substrate is recycled, there is no need
to compromise on material quality. In addition, the
inherent disadvantages of deposition on non-silicon
substrates such as di�usion of impurities, material
defects and �lm stresses are absent [16]. E�ciencies
as high as 16% for a 77�m thick layer and 12.5% for
a 12�m thick layer have been reported by Mitsubishi
and Sony respectively.

Most of the groups working in this area grow single
crystal silicon on a high quality substrate with a sac-
ri�cial attachment region. The sacri�cial region may
be of a di�erent doping level, made from porous sil-
icon or made from SiO2. A porous silicon sacri�cial
layer allows epitaxy, bonding and oxidation to occur
at higher temperatures. Porous silicon also has a very
high etch selectivity over non-porous silicon; ratios of
up to 105 have been demonstrated [17].
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Figure 1: The Kaneka Star Structure, after Ya-
mamoto et.al. [8].
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Figure 2: The Mitsubishi VEST Structure, after
Morikawa et.al. [18].

A 77�m thick cell with an area of 96cm2, an
e�ciency of 16% and a Voc of 589mV has been
achieved using the VEST (etching of underlying sub-
strate through via-holes in the silicon �lm) process at
Mitsubishi Electric Corporation [16] [18]. Mitsubishi
have also demonstrated the reliability of their tech-
nique. From a batch of cells of 10cm2 area, 22 of 25
had an e�ciency greater than 15% [16]. VEST cells
are made by �rst separating the active layer from the
substrate and then fabricating a cell. Figure 2 shows
the detached VEST cell structure. Layer separation is
achieved by forming a silicon on insulator (SOI) layer
on SiO2 deposited on a c-Si wafer. An anisotropic
etch through a masking layer is used to form an ar-
ray of 100�m2 via holes through the silicon layer to
the underlying SiO2. The SiO2 layer is removed with
HF which enters through the via holes, causing layer
separation. The c-Si substrate may be recycled.

Sony Corporation have used a sacri�cial porous sil-
icon layer and have achieved a 12�m thick cell of
4.0cm2 area, with an e�ciency of 12.5% and Voc of
623mV [19]. The cells are made by �rst anodising a
silicon substrate. Epitaxial growth of the active sili-
con layer occurs directly onto the top surface of the
substrate. Layer separation is achieved by the ap-
plication of a weak tensile stress or ultrasound. The
porous layer is then removed and the substrate can be
recycled. A material lifetime of 60�s has been demon-
strated. In a similar process the Institute of Physical
Electronics at the University of Stuttgart have demon-
strated the reuse of the silicon starting wafer by pro-
ducing up to 30 porous silicon �lms from one starting
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Figure 3: The Sony structure, after Tayanaka
et.al [19].

Figure 4: The Epilift structure [21].

wafer [20].

At the ANU Centre for Sustainable Energy Sys-
tems, the epilift process has been used to grow layers
of 30�m thickness on single crystal silicon. Lifetimes
of more than 10�s for samples with a light phospho-
rous di�usion and thin oxide as surface passivation
have been achieved [22]. Cell e�ciencies achieved by
this process have not been reported.

The epilift process involves deposition and pat-
terning of a masking layer on a sc-Si substrate. The
masking layer is exposed in a mesh pattern; lines
are of 2{10�m width and spaced 50{100�m apart.
The substrate is usually orientated in the (100)
direction, the mesh in (110) directions. An epitaxial
layer is grown on the substrate using liquid phase
epitaxy (LPE). The growth faces have mostly (111)
orientation and the layer has a diamond cross section,
giving it a natural antireection texture. Initially
deposited layers are more heavily doped (which
means they are etched faster) and later layers more
lightly doped. A selective etch is used to remove the
epilayer. The masking layer and substrate may be
reused provided the masking layer is not attacked by
the etch. Figure 4 shows a SEM image of the epilayer
structure attached to a substrate [23].

7. DISCUSSION

Best results on high temperature foreign sub-
strates have been achieved with the use of di�usion
barriers. It appears that the process developed at
Fraunhofer ISE should have the potential to achieve



an e�ciency of 16% because the process is similar to
that used by Mitsubishi. A di�erence in expansion
coe�cients could make the quality of the layer grown
at Fraunhofer poorer, however. Both the VEST
process and the Fraunhofer process involve a large
number of steps in the growth of their silicon layer.
The Fraunhofer process also requires a cheaper high
temperature substrate before it could be commercially
viable.
Kaneka has shown that a very thin (2�m) active

layer of silicon can be used provided that light trap-
ping is good. Unless deposition rates can be increased,
they will be limited to a very thin layer in a commer-
cial process, so light trapping is crucial. E�ciencies
will need to continue to increase signi�cantly. The low
Voc achieved so far indicates that material quality will
need to be increased for higher e�ciencies.
Lift-o� techniques are a recent development but al-

ready a 12.5% e�cient cell has been reported by Sony.
A high Voc of 623mV was achieved which means that
higher e�ciencies should be possible if light trapping
can be improved. The advantage of the porous sili-
con lifto� processes and Epilift process is that a single
crystal layer can be grown which means the layers have
a very high e�ciency potential.
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