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1 Epitaxial Thin Film Crystalline
Silicon Solar Cells on low Cost
Silicon Carriers

Jef Poortmans
IMEC, Leuven, Belgium

1.1 INTRODUCTION

In order to substantially reduce the costs of present crystalline Si solar cells, the material
consumption of highly pure Si in a typical solar cell structure should be reduced. Most of
the crystalline Si material merely acts as a mechanical carrier for the solar cell device with
most of the optical absorption taking place in the upper 30 um region. When special care
is taken to maximize optical confinement active layer thicknesses as low as 0.5 um would
be sufficient [1] for reaching energy conversion efficiencies above 15 %. Moving to thinner
Si wafers to reduce Si consumption represents one option, but there are obvious concerns
about process yield, showing up when producing cells in Si-wafers with thicknesses below
200 um. Special substrate types, specifically developed to avoid crack propagation, like the
tri-crystalline Si material [2] or thin edge film growth (EFG) ribbons [3], might alleviate this
problem.

A more ambitious approach to reduce solar cell costs consists of growing a thin active
crystalline Si layer onto a cheap carrier. This carrier can be a ceramic substrate or even a
glass substrate when the deposition and solar cell process are performed at low temperature.
The Si layer, deposited on top of these substrates, will be micro- or polycrystalline with a
grain size determined by the growth temperature and supersaturation conditions during the
silicon layer deposition. For microcrystalline Si solar cells on glass, exhibiting grain sizes
in the range 1-100 nm, energy conversion efficiencies' up to 10 % are reported [4]. On the
other hand, it turns out to be difficult to realize solar cells with proper energy conversion
efficiencies in material with a grain size of 1-10 um [5, 6], although substantial progress has
been made lately in this field [7]. On ceramic substrates, which withstand high temperatures,
liquid phase recrystallization [8, 9], is often applied to increase the final grain size, whereas
laser recrystallization and rapid thermal annealing is being developed for substrates which can
only withstand process temperatures >650 °C for a limited time [10, 11].

! In the remainder of the chapter energy conversion efficiency will be named “efficiency”
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Figure 1.1 a) Schematic cross-section of epitaxial solar cell structure; b) Comparison of generic indus-
trial process flows for epitaxial solar cells versus self-supporting crystalline Si solar cells; only the first
process step (the epitaxial deposition) would be added to the normal process flow for industrial crystalline
Si solar cells.

The basic idea behind the thin film approach discussed in this chapter, is the realization of
a thin crystalline Si film of high electronic quality [12, 13] on a low cost Si carrier substrate
by means of epitaxial growth. When discussing thin film solar cell technologies, thin film
crystalline Si solar cells, based on an epitaxially grown active layer on an inactive highly
doped low cost Si carrier substrate® are often left untreated. This is readily understood when
looking at Figure 1.1a, showing the generic structure of the type of the solar cell being discussed
within this chapter. The depicted structure strongly resembles the structure of a classical, self
supporting bulk crystalline Si solar cell and, as a result, the basic solar cell process to produce
the solar cell is very similar to the practices used within the photovoltaics (PV) industry
nowadays. This is, at the same time, the strongest and weakest point of this technology. Its
structural similarity would result in a low acceptance threshold in the solar cell industry,
which is presently based at 95 % on crystalline Si. Indeed, the only major change required
to introduce this technology within the crystalline Si PV industry would be the introduction
of a high throughput epitaxial Si deposition reactor at the beginning of the production line as
shown in Figure 1.1b. In this way, additional investments and risks can be minimized, which
is a nonnegligible element in major investment decisions.? In this context one sometimes uses
the term ‘wafer equivalents’ to emphasize the similarity aspect. Last, but not least, the ‘wafer
scale’ approach has the advantage that process yield can be kept at a high level using the in-line

2 In the remainder of the chapter the shorter term “epitaxial Si solar cells”, will be used, although this is not the only
thin-film crystalline technology in which an epitaxial Si layer is being deposited during the formation of the active
layer.

3 The large investment when building thin-film solar cell production lines is often mentioned as a major barrier.
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production quality monitoring tools available in crystalline Si production lines. For thin film
solar cell technologies which are depositing the active layers on large area substrates of more
than 1 m?, the uniformity and reproducibility requirements are much more severe to obtain a
similar yield.

The similarity of the basic epitaxial solar cell structure to classical crystalline Si solar cells
also creates the impression that the potential cost savings by using this epitaxial cell technology
would be marginal. A closer look reveals that this is not necessarily true. As mentioned in the
introductory chapter of this book, when analyzing the cost structure of multicrystalline Si solar
cell modules, one sees that more than 50 % of the module cost consists of costs related to the
crystalline Si substrate [14, 15]. At the time of redaction of this chapter there is a tendency for
the crystalline Si substrate costs to increase as one is facing a situation of scarcity of poly-Si
feedstock material. This is temporary in to the author’s opinion, because of major investments
in additional poly-Si feedstock production specifically tuned to the needs of the Si solar cell
industry [16]. Nevertheless, it remains that the cost projections for this specific ‘solar grade’
poly-Si feedstock material are mostly in the range 15-20<€ /kg. Based on such a feedstock
cost and a further reduction in the amount of crystalline Si/Watt peak (Wp) in line with the
historical trend of 5 %/year [17] the cost of bulk crystalline Si solar cell modules would be
in the range of 1.2 $/W,, with industrial efficiencies near 20 % [15]. The epitaxial cell route is
based on metallurgical or upgraded metallurgical grade Si substrate material which would cost
less than 5€ /kg.* In the situation of having a high throughput epitaxial Si deposition process
with costs below 10€ /m?2, the final cost of the module would be in the range 0.9-1 $/W p> €VEN
with an cell efficiency of only 15 %. Besides this cost potential, the epitaxial cell approach
would also render the PV industry independent from any supply issues on the level of poly-Si
feedstock material.

The substrates of interest for epitaxial Si solar cells are low cost Si substrates which,
because of their doping and impurity levels, do not allow the realization of a solar cell with
sufficient efficiency within the substrate. The Si substrate can be a highly doped Si ribbon;
see e.g. [18] for chemical vapor deposition (CVD)-grown epitaxial cells on an ribbon growth
on substrate (RGS) ribbon or [19, 20] for an liquid phase epitaxy (LPE)-grown layer on
the same ribbon type. Also Si substrates from metallurgical grade Si (MG-Si) or upgraded
metallurgical grade Si (UMG-Si) ingots are an attractive option [13, 21, 22]. By growth of an
epitaxial layer with suitable doping and reduced impurity levels on top of this substrate, a better
performing solar cell can be realized on top of this substrate [21]. The secondary ion mass
spectrometry (SIMS) profile, shown in Figure 1.2, illustrates that the epitaxial layer on top of the
contaminated substrate does indeed contain a substantially lower content of impurities than the
substrate.

The objective of this chapter is to outline the different epitaxial cell approaches to the level
of deposition technology and epitaxial layer structure. The solar cell process developments will
only be discussed insofar as the solar cell results shed more light on the efficiency potential in
laboratory conditions or in an industrial environment. Specific attention will be given to those
aspects which have to be developed to make the epitaxial cell technology viable for industrial
production. The latter aspect does not only concern the concepts and development of high
throughput deposition technologies and adaptation of solar cell processes but also covers the

4 Si as such is not a rare material and the reduction of sand to metallurgical grade is consistent with a cost of
1-2 Euro/kg.
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1.2.2 Liquid phase epitaxy — electrodeposition

A technique which is basically different from CVD in that it uses a liquid medium instead of
a gaseous environment is solution growth (SG). The technique is also called liquid phase epi-
taxy (LPE) when this principle is used for the growth of epitaxial layers on a crystalline
substrate [29]. In SG the growth of Si proceeds from a molten metal solution, typically
Sn, In or sometimes Cu and Al [30, 31]. The molten metal is saturated with Si and after-
wards slowly cooled. When cooling down, the melt gets supersaturated and the crystalline
Si layer will be deposited from the melt onto a substrate by heterogeneous nucleation. The
typical temperatures used range between 700 and 900 °C with growth rates in the order of
1 wm/min.

Besides its conceptual simplicity, the main advantage of the LPE technique lies in the fact
that the growth system is close to thermal equilibrium and the Si atoms in the melt exhibit a
large diffusion coefficient. Both factors enhance the crystallographic quality of the grown Si
film. At the same time the close-to-equilibrium character also represents a serious drawback
since nucleation of the Si-layer on a non-Si substrate or along defects at a Si surface becomes
very difficult, which often results in non homogeneous and even nonconsistent Si layers on
substrates containing crystallographic defects. In case of non-Si substrates like graphite this
is often tackled by having a Si seed layer deposited by another technique. When growing
epitaxial layers by the LPE technique on RGS [19] or silicon sheets from powder (SSP)
ribbons [20] the epitaxial layer thickness in the region of the grain boundaries is often much
reduced as compared to the intragrain thickness because the higher energy associated with
the defects suppresses the layer growth near these defects, as schematically shown in Figure
1.4. In the regions where the epitaxial layer is much thinner, the n*-emitter diffusion and
p*-substrate are in direct contact, resulting in leaky junctions and low fill factors. Faster
cooling rates provide some improvement but the problem remains for uniform deposition over
large areas.

Because of the low supersaturation during LPE growth, the defect density and excess carrier
recombination activity in the LPE-grown epitaxial layers are lower as compared to CVD-
grown layers. Numerous studies [32, 33] give strong support for this view. Electron beam
induced current (EBIC) pictures of partially masked structures give unambiguous evidence of
the reduced recombination in the LPE layers as shown in [32]. This reduction is caused by
the tendancy to strive for the lowest energy configuration of the dislocation network in the
LPE-layer. In addition, impurities will be contained in the molten metal solution because of
the distribution coefficient between the liquid and solid phase. Minority-carrier lifetimes of
several us up to 10 us have been reported in epitaxial layers for solar cells (see e.g. [34]).

A variation of solution growth is the electrodeposition of Si from molten salts (see Figure
1.5), which also allows the growth of epitaxial layers [35].

LPE allows one to easily incorporate an in situ doping gradient in the active base layer.
The doping gradient will result in a positive electrical field in case of a decreasing dopant
incorporation during growth. This positive field aids the collection of minority carriers and
results in an increased effective diffusion length (L) [36].
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the cell. Photocurrent measurements confirmed the higher response of the fabricated solar cells
in the infrared region compared to standard Si-cells. It remains unclear whether the voltage
penalty can be overcome by this approach.

For the sake of completeness, it has to be noted that, within the frame of space solar cells,
the growth of GaAs layers on a Si-carrier has received a lot of attention. Very often, a Ge
template layer is grown between the Si substrate and GaAs active layer to accommodate the
lattice mismatch between Si and GaAs [59, 60]. The discussion of these advanced approaches
goes beyond the scope of this chapter.

1.3.4 Epitaxial layers on a buried backside reflector

Despite the clear experimental evidence of enhanced photocurrents, no group has been able to
prove experimentally that the current increase from including a Si;_,Ge, alloy or embedded
Ge layers in the active layer structure of the solar cell is sufficient to overcome the voltage
penalty. As a result the photocurrent increase does not result in an enhanced efficiency as
compared to Si solar cells with equal active layer thickness. Therefore substantial effort is
being put into developing material systems which allow reflection at the interface between
the Si substrate and the Si epitaxial layer and thereby allow optical confinement. Reflection
can only occur by having a medium with a different refractive index in between the Si sub-
strate and the epitaxial layer. The main restriction within the context of this chapter is that
this medium should allow epitaxial growth. Grossly speaking, one can distinguish two basic
solutions, which are shown in Figure 1.14. The first one is based on the use of a porous Si
interlayer. By means of the porosity one can control the refractive index while at the same
time the porous Si acts a template for epitaxial growth by retaining the crystallographic in-
formation of the substrate beneath (at least when the porous Si is formed by anodization
in an HF-containing solution). The second solution relies on epitaxial overgrowth over a
dielectric or metallic layer with windows allowing a crystallographic connection to the Si
substrate.

a) b)

Figure 1.14 a) Schematic of porous Si interlayer approach; b) Schematic illustration of lateral epitaxial
overgrowth approach
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Figure 1.16 Curves of the back reflectance derived from reflectance measurements, achieved with
differerent PS reflectors (from reference [[67]).

results with this approach were recently reported [65]. Porous silicon multilayers consisting of
several low-porosity/high-porosity stacks were formed by electrochemical etching on highly
p-doped single crystalline silicon. The samples were then brought to high temperature and
underwent an epitaxial deposition process with thermal CVD. A scanning electron microscopy
(SEM) micrograph of the structure in Figure 1.15b clearly shows that the porous silicon, with
original pore size in the order of a few nanometers, has completely reorganized into layers with
large voids and wide pore walls. The overall structure with alternating high/low porosities is,
however, maintained. Strikingly, the structure after reorganization appears to function rather
well as a Bragg mirror. This can be seen in Figure 1.16, where the internal back reflectance (Rp)
at the porous silicon/epitaxial layer interface, as calculated from the samples’ total reflectance,
is plotted as a function of the wavelength. The internal reflectance increases with the number
of porous silicon layers and reaches a top value around 80 % for a stack of 15 layers in a broad
wavelength range. Resistance measurements show that this type of buried reflector does not
significantly hinder the vertical flow of majority carriers. It therefore shows great promise for
high current epitaxial solar cells.

Liquid phase epitaxy has also been studied for growing Si epitaxial layers on porous Si. In
[66] the porous silicon formation by HF anodization on (100) or (111) Si wafers is realized
in the first step, followed by annealing in an H, atmosphere, and finally LPE silicon growth
was made with different temperature profiles in order to obtain a silicon layer on the sacrificial
porous silicon (p-Si). Pyramidal growth was found on the surface of the (100) porous silicon but
the coalescence was difficult to obtain. However, on a p-Si(111) oriented wafer, homogeneous
layers were obtained.

Besides acting as a template for epitaxial growth, the porous Si buried layer can also act
as a gettering layer to prevent contaminants from diffusing from the Si carrier substrate into
the active epitaxial layer. The principle of using porous-silicon-gettered MG-Si as a low cost
epitaxial substrate for polycrystalline silicon thin film growth for solar cells has been proven
by Tsuo et al. [67].

1.3.4.2 Epitaxial lateral overgrowth

Epitaxial lateral overgrowth (see Figure 1.14b) is a well known technique which is often
based on selective epitaxial growth of Si through openings in a dielectricum. The dielectricum
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1.4 EPITAXIAL SOLAR CELL RESULTS AND ANALYSIS

1.4.1 Laboratory type epitaxial solar cells

Although the substrates of interest for epitaxial solar cells are low cost Si substrates, substan-
tial work has been reported on reference mono- and multicrystalline Si substrates. Epitaxial
cells on highly doped monocrystalline Si substrates were reported by several groups in the
early nineties to demonstrate the efficiency potential of the epitaxial solar cell approach (see
e.g. references [70] for CVD-grown cells and [71, 72] for LPE-grown Si layers). Table 1.2
provides an overview of the best efficiency results obtained in epitaxial layers grown by var-
ious techniques and processed according to different laboratory solar cell process schemes.
The experimental results obtained on monocrystalline highly doped substrates confirm the
large efficiency potential of thin film crystalline Si solar cells, especially when combined with
a suitable backside reflector (the intermediate oxide layer in case of the silicon-on-insulator
by implantation of oxygen (SIMOX substrate or by etching back the Si substrate to improve
the optical confinement properties of the structure). Some reports provide an indication that
crystallographic defects in the epitaxial layer are created by the lattice mismatch which exists
between the highly doped Si substrate and the epitaxial layer. This lattice mismatch is small
but in view of the large thickness of the epitaxial layer, strain relaxation occurs through the
introduction of misfit dislocations [73].

When epitaxial growth by means of CVD is performed on highly doped multicrystalline
substrates (ribbons, MG-Si, p-multicrystalline Si), the efficiencies of laboratory type cells are
clearly lower as compared to the demonstration epitaxial cells on monocrystalline Si substrates.

Table 1.2 Overview of main results on laboratory type epitaxial cells

Growth  Type of Thickness Cell area Solar cell process Efficiency [ %]
technique substrate [um] [cm?]

CVD-grown epitaxial layers

CVD Mono (SIMOX) 46 4 High-efficiency interdigitated 19.2 [8]
process
Evaporated contacts
CVD p™-Mono 37 ISE high-efficiency process 17.6 [78, 79]
CVD pT—SILSO 20 4 Homogeneous etched-back 13.8 [49]
emitter
Evaporated contacts
CVD p"-EFG 20 4 Homogeneous etched-back 13.2 [49]
emitter
Evaporated contacts

AN

LPE-grown epitaxial layers

LPE pT-mono 35 4 Evaporated contacts 4 back-etch 18.1 [80]
of substrate
LPE p*T-mono 30 4 Evaporated contacts (drift-field 16.4 [76]

in epitaxial layer)
LPE pt-multi 15.4 [77]
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A process step during which H is introduced in the epitaxial layer, either by remote plasma
hydrogenation or a firing-through-nitride step has been proven to be crucial to passivate the
defects in the epitaxial layers [18, 21, 48, 49]. This has allowed solar cell efficiencies near to
14 % in epitaxial layers of only 20 pum for small-area cells.

Solar cells fabricated on LPE-grown epitaxial layers display open circuit voltages above
660 mV (air mass number (AM) 1.5, 25 °C) [74], confirming the high electronic quality of the
epitaxial layer. As a result, the best solar cells made in LPE-grown layers have efficiencies
in the range 17-18 % [75]. An important step in obtaining these high cell efficiencies is the
removal of most of the heavily doped substrate on which the epitaxial layer is grown to boost
the backside reflectance. In this way the cell efficiency can be increased by nearly 25 % when
the cell is thinned to a thickness of 30 um. As mentioned earlier, LPE allows the incorporation
of a doping profile in a straightforward fashion into the epitaxial layer. In reference [76] a Ga
doping gradient was intentionally introduced throughout the film to produce a drift field in
the base of the solar cell, thus enhancing the effective minority-carrier diffusion length and
increasing the long-wavelength response. An independently confirmed efficiency of 16.4 %
was achieved on an LPE drift-field thin film silicon solar cell.

The efficiency potential has been further confirmed by small-area LPE-grown epitaxial cells
on multicrystalline Si substrates. Such cells have displayed efficiencies up to 15.4 % [77].

1.4.2 Industrial epitaxial solar cells

Within the context of this chapter, ‘industrial solar cell’ is equivalent to large-area solar cell
(>20cm?), made by a production process which is similar to the practices in the PV industry.
Although the generic process flow to produce a solar cell in an Si epitaxial layer is very similar
to the cell process for a classical Si solar cell, the subject deserves to be treated within a separate
chapter for two reasons. First of all, making large-area cells is an indication of the maturity of
a certain epitaxial deposition technology (homogeneity in thickness and doping over a larger
area). Second by, despite the generic resemblance to the solar cell process, steps like front
surface texturing have to be tuned for epitaxial cells. In the latter it does not make sense to
use the texturing techniques widely used for bulk crystalline Si solar cells as these techniques
would remove most of the epitaxial layer; typically, the texturing step removes 10-20 pm of Si.

The main reported results are summarized in Table 1.3. Efficiencies up to nearly 14 % on
Czochralski-silicon (Cz-Si) and 13 % on highly doped multicrystalline Si substrates have been
achieved by applying an industrial process scheme based on tube or in-line P diffusion, as
well as screen-printed front and back contacts fired through a SiN, anti-reflection coating
[81, 82]. Light-beam induced current measurements show that the diffusion length distribution
is quite inhomogeneous over the whole cell area. A maximum effective diffusion length of
about 25 pm and mean values around 15 pm were found in typical epitaxial solar cells [83].
Characterization of the solar cells by infrared lock-in thermography revealed local shunts as
shown in Figure 1.18. In some circumstances these local shunts were correlated with well
defined epitaxial defects [84].

To reduce the front surface reflectance and enhance the optical path length, the front surface
of the epitaxial cell should be textured. This is a common step in most industrial processes
for bulk crystalline Si solar cells, but the process has to be adapted for epitaxial solar cells.
The most crucial element is to minimize the amount of silicon removal to keep the starting
thickness of the epitaxal layer as low as possible. One process, already used in industrial solar
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As shown in the previous chapters there is ample evidence that efficiencies near 14—15 % are
achievable in the short term with an epitaxial cell process using MG-Si substrates. The avail-
ability is mainly a matter of upscaling the infrastructure to produce this feedstock material as
well as finding companies willing to crystallize this material to produce large multicrystalline
Si ingots and to wafer them.

The second issue concerns the development of high throughput deposition equipment to
grow epitaxial layers at a rate of several m?/h for epitaxial layer thicknesses between 5 and
20 pm. This throughput is definitely higher than typically reached in commercial epitaxial
reactors as developed for the microelectronic sector, which are rather aimed at obtaining
a very high uniformity of thickness and doping (in the order of 1 %). The same upscaling
challenge exists obviously for other thin film technologies based on a-Si:H or pc-Si:H layers,
but in the case of epitaxial cells, the technical difficulties to be solved are considerable. In
order to achieve high growth rate in the order of a pm/min and high crystallographic quality
the temperature range of interest is between 800°C and 1300 °C, which requires the use
of materials withstanding high temperatures. Despite the high temperature prevailing during
deposition, contamination of the crystalline Si layer during growth has to be prevented, putting
stringent requirements on the purity of the used materials. But both in CVD and LPE one
is confronted with potentially corrosive and aggressive gases or liquids. Finally there are
conflicting requirements concerning the chemical efficiency’ of the Si deposition process and
the thickness uniformity. A high uniformity normally does not go along with a high efficiency
since the latter points to a depletion in the gas phase. Even taking into account that the uniformity
requirement for thickness and doping is in the order of 10 %, it remains a considerable issue.

Even when these problems are satisfactorily solved, the reliability and safety of the de-
veloped deposition equipment over time as well as its low cost-of-ownership will have to be
proven. The allowable cost comprising the depreciation of the investment cost, and the cost
of consumables (gases, susceptors, . .. ) and maintenance depends obviously on the efficiency
reached, but in order to be compatible with 1€ /W, this should not be higher than 20 € /m2,
assuming a module efficiency of 14 % [15].

Clearly, presently one has not yet reached this point. Rather one sees presently a number
of emerging high throughput deposition reactor concepts to tackle the main challenges. These
concepts are aimed essentially at upscaling the CVD and LPE methods and will be discussed in
the next sections. It should not come as a surprise that the upscaling efforts are mainly focusing
on CVD and LPE giving their relative maturity versus other solutions like IAD. It is expected
that the build-up of sufficient confidence in these reactor concepts will still require a number
of years before one can foresee their integration into existing solar cell production lines.

1.5.1 Chemical vapor deposition reactor upscaling
1.5.1.1 Continuous chemical vapor deposition reactor
The first reactor concept comes closest to the in-line solar cell processing concept which

one encounters in most present production facilities for bulk crystalline Si solar cells. It is

7 Chemical efficiency is defined as the ratio of the Si which ends up in the active layer versus the amount of Si
introduced in the gaseous or solid phase.
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