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Abstract The availability of low-cost alternatives to elec-
tronic grade silicon has been and still is the condition for the
extensive use of photovoltaics as an efficient sun harvest-
ing system. The first step towards this objective was posi-
tively carried out in the 1980s and resulted in the reduction
in cost and energy of the growth process using as feedstock
electronic grade scraps and a variety of solidification pro-
cedures, all of which deliver a multi-crystalline material of
high photovoltaic quality.

The second step was an intense R&D activity aiming at
defining and developing at lab scale a new variety of sili-
con, called “solar grade” silicon, which should fulfil the re-
quirement of both cost effectiveness and high conversion ef-
ficiency.

The third step involved and still involves the development
of cost-effective technologies for the manufacture of solar
grade silicon, in alternative to the classical Siemens route,
which relays, as is well-known, to the pyrolitic decomposi-
tion of high-purity trichlorosilane and which is, also in its
more advanced versions, extremely energy intensive.

Aim of this paper is to give the author’s viewpoint about
some open questions concerning bulk solar silicon for PV
applications and about challenges and chances of novel
feedstocks of direct metallurgical origin.
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1 Introduction

In the late 1970s, silicon consolidated its key position in the
field of terrestrial solar cells leaving to GaAs the primate for
space and concentrators applications.

The situation did not change significantly in the last two
decades. In fact, silicon continues to reign supreme in mi-
croelectronic applications [1] and covers at the moment,
as single-crystal, poly-crystalline (wafers, ribbon and thin
films) and amorphous material, more than 90% of the pho-
tovoltaic (PV) production, see Fig. 1. Furthermore, almost
80% of more than 1200 MW of the PV modules sold today
worldwide is made of crystalline silicon.

As it is well-known, the feedstock used so far to manu-
facture bulk crystalline silicon for PV applications consists
mainly of scraps1 of electronic grade (EG) silicon produced
by a conventional Siemens C process and the Czochralski
type of growth.

The limited availability of this kind of feedstock was al-
ready in the past considered as a very critical drawback and
is today a barrier for the PV market development (which
raised in the last years at a rate of 30%/year see Fig. 2) as the
demand already exceeds the availability with an unavoidable
increase of the purchasing costs of all kinds of silicon avail-
able, including hyper-pure poly-crystalline.

Starting from 2005 a significant amount of EG poly-
crystal supported the PV demand and it is expected that
about 60.000 tons of novel PV silicon feedstocks will be
needed in the year 2010 to fulfil this material need against a
forecasted production of 30.000 tons (see Fig. 3).

1As scraps we intend all kinds of silicon not usable for EG applica-
tions, like bottoms and heads of ingots, bottoms of CZ crucibles, bro-
ken wafers, etc.
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It is difficult today to estimate the real evolution of the
silicon world production capacity after the year 2010, be-
cause most of the estimates foresee impracticable cost and

Fig. 1 Distribution of different semiconductors in the PV chain

Fig. 2 Past and future growth of the solar PV production (source
EPIA)

time conditions. We could, nevertheless, predict that the sil-
icon production will possibly grow over 100.000 tons/year
in the next few years to come.

It should be, however, noted that in spite of this accel-
erated growth of the PV market, PV was felt to remain for
decades only a marginal solution to the world energy needs,
so as far as the forecasted capacity, it would remain a factor
of 1000 lower than today’s global energy demand.

In addition, the full success of PV in the energy market
would require a drastic cost reduction as well as a change of
strategy of the electric energy suppliers, which used to think
only in terms of multi-GW plants while photovoltaic gen-
eration would arise from a myriad of distributed, point-like
energy sources, making the grid control a very concerning
business.

Today, with a more sensible attention to environmental
changes due to CO2 emissions, the PV scenario looks quite
different than before and in the medium to long term the
amount of silicon feedstocks needed to satisfy the demand
will probably differ by orders of magnitude from the figures
previously given.

There is therefore an urgent need to address new R&D
efforts dedicated to the industrial development of low-cost
processes for the production of a kind of “solar grade” sili-
con feedstocks, in addition to those aimed at the industrial-
ization of processes for the direct growth of sheets, ribbons
and thin films capable to drastically reduce the amount of
silicon needed to manufacture high-efficiency solar cells and
to drastically reduce or eliminate the amount of silicon lost
by ingot slicing processes [2].

The aim of this paper is to present and discuss some
physico-chemical problems involved in the development of
solar grade feedstocks to be used for bulk silicon multi-
crystalline solar cells, which will remain the key PV com-

Fig. 3 Poly-silicon production
capacity towards the year 2010
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ponents for decades or at least until thin-film solar cells
will achieve comparable efficiencies, long-term stability and
areal costs, and the so-called third generation solar cells will
be available.

It will be shown that in solar silicon feedstocks a major
role is played by chemical interactions between impurities
and structural defects and that, therefore, chemistry should
be used to manage the problems associated with defective
and impure semiconductors for PV applications.

2 Solar grade silicon as a definition

2.1 Single-crystal material

In the oldest acceptation, solar grade or PV-silicon differs
from EG silicon exclusively in terms of its potentially larger
metallic impurity content, under the hypothesis that these
impurities are better tolerated in PV devices and that the cost
of a silicon material is inversely proportional to its metallic
impurity content.

The first hypothesis needs to be, of course, demonstrated
to be true, as the deep-level impurity content in silicon dic-
tates its capability to work not only as substrate for micro-
electronic devices but also as an efficient solar energy con-
verter, and it is not so obvious why impurities should be
more tolerated in PV silicon.

The hypothesis that the cost of solar silicon should, at
least in part, depend on its impurity content is, instead, em-
pirically well-based on the concept that any impurity remov-
ing step from an impure intermediate will induce additional
energy, investments and labour costs. Therefore, the prob-
lem of defining the maximum amount of impurities tolerated
for a given efficiency and then with the problem of removal
the proper excess of impurity content is crucial at every ef-
fect. It is, however, noteworthy that with PV devices con-
ventional intrinsic gettering procedures (which are used to
remove impurities introduced during the device processing)
could not be adopted as the entire volume of the silicon sub-
strate is active with respect to the absorption of solar photons
and to the associated photo-generation of carriers. There-
fore, in addition to any preliminary process used to remove
impurities from a “dirty” feedstock, only external gettering
procedures might be adopted as the final step of any impu-
rity removal process.

The effective impact of the different impurities on the
lifetime or diffusion length, and thus on the conversion effi-
ciency of single-crystal silicon solar cells, was one of the
problems which were examined at the Westinghouse Re-
search and Development Centre [3, 4] several years ago.
To this scope, standard single-crystalline samples containing
single or multiple impurities were prepared from Czochral-

Fig. 4 Effect of the metallic impurity content in single-crystal sili-
con on the normalized efficiency of solar cells (data from J.R. Davis,
R.H. Hopkins, A. Rohatgi [3])

ski (Cz)-grown ingots suitably doped and then sliced to
wafers, on which chemical analyses and electrical measure-
ments were carried out. Details are reported in [3, 4].

Figure 4 reports a summary of their results, in a η/η◦ vs.
impurity concentration plot, where η/η◦ is the normalized
efficiency of a solar cell and η◦ is the efficiency of a test
solar cell fabricated with single-crystal EG silicon. It could
be seen that the majority of the impurities of the first period
of transition metals are tolerated at sub-ppma levels, with an
exception of Ti, while those belonging to the second and the
third periods should be present at sub-ppba levels, instead.
This conclusion does not show that single-crystal solar cells
have a greater tolerance for impurities than microelectronic
devices, where the tolerated amount of impurities is at sub-
ppma level, but that, in general, the tolerance limits for im-
purities of PV-grade silicon depend on the specific impuri-
ties

One could, however, afford a preliminary definition of
“solar grade” single-crystal silicon on the assumption that
the tolerated amount of a specific impurity should lie below
or very close to the threshold at which the normalized effi-
ciency of a solar cell η/η◦ deviates from one.

A definition of solar silicon, however, could not, at least,
ignore that multiple impurity contamination might change
this simple scheme and that many metallic impurities form
stable complexes with B and other metallic and non-metallic
impurities [5]. Therefore, at least the dopant level should
be properly arranged in order to account for the dopant–
impurity interaction.

In high-quality single-crystal Si, where dopant–impurity
interactions might be neglected, the optimal base B-doping
for high-efficiency cells is 0.2–0.3 � cm (around 2 ppma) [6].
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2.2 Bulk growth of multi-crystalline (mc) solar silicon
ingots

It is well-known that two main processes are used for the
growth of bulk single-crystal silicon ingots for the electronic
market, the Czochralski (CZ) and the Float Zone (FZ) one.
Both could be used for the production of wafers for PV ap-
plications, getting the best efficiency possible, but both, es-
pecially the FZ, were considered so far too expensive for
commercial photovoltaics.

Taking into account that an increasing amounts of poly-
crystalline material will be available in the near future, the
use of squared thin wafers of Cz silicon for high-efficiency
PV applications might anyway begin to be convenient in
the years to come [7]. Large grained and columnar poly-
crystalline silicon, conventionally named multi-crystalline
(mc) silicon is, however, still a relatively low-cost alterna-
tive to the Cz silicon and will remain essential when using
solar silicon as feedstock. In this material the metallic impu-
rity content is generally low, the oxygen and carbon content
is variable depending on the ingot position, and grain bound-
aries (GB) are generally associated with a variable density
of dislocations.

Multi-crystalline silicon is generally prepared with vari-
ants of the directional solidification (DS) technique, whose
basic features are the high throughput and the relaxed energy
consumption costs (<10 kWh/kg vs. 60 kWh/kg for the CZ
process).

Its extensive application became possible with the dis-
covery that graphite crucibles, originally used by Wacker
Heliotronic for its casting process [8], could be substituted
by a quartz crucible lined with silicon nitride, where this
lining prevents the wetting of quartz walls by liquid silicon
and the consequent destructive tension at the quartz–silicon
interface after solidification [9]. In addition, it prevents the
ubiquitous heterogeneous nucleation at the graphite walls,
typical of the former Heliotronic process as well as the car-
bon contamination of the ingot with an associated danger of
a possible segregation of Sic, a powerful source of minority
carrier losses, when the melt is supersaturated.

In their most recent developments, commercial furnaces
are designed to grow in a single run, lasting about 50 h,
up to 450 kg of silicon to square section ingots at a growth
rate around 6 cm/h, leading to a direct growth cost (includ-
ing electrical energy consumption and crucible cost) close
to 10 €/kg. Still under precompetitive conditions, a DS
process capable to grow a 450 kg in weight single-crystal
ingot is under advanced testing [10].

The use of quartz crucibles could be thought of as the ul-
timate drawback of the technique, as it will probably limit
the achievable size of the ingots, although the today’s per-
spective is to reach one ton capacity for a single batch using
superjumbo crucibles and dramatically short growth cycle
times.

With an optimized DS process, the liquid solidifies with
an almost planar interface and the metallic impurities,
thanks to the very low values of their segregation coeffi-
cients, are efficiently driven to the very top of the ingot
where they concentrate and can be removed at the end of
the solidification by sawing the ingot’s top.

One of the major problems still occurring today is the
loss of a significant fraction of the ingot at the crucible–
silicon interface due to impurities released by the silicon ni-
tride coating. On the base of the today’s practice, the average
quality of the mc-Si is significantly improved with the use of
jumbo crucibles.

Crucible-less techniques were also developed and tested
in a view of continuous casting process of bulk silicon, but
no one went to complete commercialization until now.

It is remarkable that DS growth is less sensible to impu-
rities than CZ, although in both cases the epitaxial growth
might degenerate in the presence of massive concentra-
tion of impurities accumulated at the liquid–solid interface.
While in the case of Cz growth, any significant contami-
nation of the solid–liquid interface by impurity segregation
leads to the interruption of the single-crystal growth, mas-
sive accumulation of impurities at the solid–liquid interface
might cause dendritic growth in the case of DS growth with
a total loss of PV properties.

2.3 Properties of multi-crystalline silicon grown from
clean feedstocks

Grain boundaries and their properties It is well-known
that the properties of multi-crystalline silicon are the local
properties, as they depend on the bulk properties of each
single grain and on the (structural and electrical) proper-
ties of each single GB and on its contamination. It is also
well-known from the literature that a single grain might be
contaminated by dissolved metallic and non-metallic impu-
rities and might be severely affected by extended defects,
such as dislocations and twins. In turn, the structural prop-
erties of GBs, which might be depicted as true internal sur-
faces, are affected by the specific reciprocal mis-orientation
of the neighbouring grains. Their physico-chemical proper-
ties are ruled by the residual unsaturated (dangling) bonds,
by the impurities segregated on them and by other struc-
tural defects (dislocations and precipitates). Highly symmet-
ric impurity-free GBs might be entirely reconstructed and
therefore are electrically inactive, while low-symmetry GBs
are only partially reconstructed and present both chemical
and electrical activity. In the first case, we expect only the
presence of shallow states associated to dilated or distorted
bonds, in the second one, deep gap states associated to un-
saturated bonds.

Thermodynamics and chemistry are responsible for GB
reconstruction during growth or any subsequent high-temper-
ature treatment, and also during the solar cell fabrication
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processes. The extent of thermodynamically possible recon-
struction is given by the minimization of the excess Gibbs
free energy due to presence of defects. Reconstruction in
clean materials would imply only structural reconstruction.
In the presence of impurities a kind of chemical reconstruc-
tion might play a major role based on impurity interaction
with GBs, which also act as heterogeneous nucleation cen-
tres for precipitation of supersaturated impurities. Chemical
interaction with metallic impurities leads, even at moderate
temperatures (300°C), to silicide bond formation [11] while
interaction with non-metallic impurities (O, C, N) leads to
more complex bond structures including oxide, silicate, car-
bide and nitride bonds. Depending on the bond formation
energy deep gap centres associated with unsaturated bonds
might be removed from the gap and transformed in electri-
cally inactive centres. These kinds of processes, of which
the best-known involves hydrogen, lead to the unsaturated
bond passivation and, possibly, to GB inactivation.

As a consequence of impurity segregation at GBs, the
formation of an impurity denuded zone occurs, whose depth
depends on the diffusivity of the specific impurity and might
be approximated by its diffusion length LD = √

Dt , where
D is the diffusion coefficient and t is the time. This approxi-
mation holds uniquely if one can neglect the presence of GB
strain fields, which play an additional role in the collection
of the impurities.

Outside the denuded region, the intra-grain properties
should be quite inhomogeneous and one might assume that
they are dominated by the slow-diffusing impurities, like
carbon, oxygen and nitrogen, and, possibly, by crystal de-
fects. Fast diffusing impurities, like the metallic ones, easily
segregate at GBs and their depletion region might extend
through the entire volume of the grain.

The presence of intra-grain defects has been recently
demonstrated by Jigging Lu et al. [12] in nitrogen-rich sili-
con poly-crystalline sheets. They showed that silicon oxyni-
trides do precipitate preferentially at GB, leaving a well-
defined denuded zone and that the intra-grain defects consist
of stacking faults, associated to homogeneously nucleated
oxide precipitates.

Intra-grain defects consisting of α silicon nitride and iron
silicide have been also observed close to the external surface
of mc-Si ingots grown in quartz crucibles coated with silicon
nitride [13].

Impurity segregation at extended defects has been re-
cently modelled [14] in relationship to silicon microelec-
tronic processes, but their features were also systematically
studied in relationship to multi-crystalline materials [15],
in view of the development of specific extrinsic gettering
processes2 [16].

2We use here the term “gettering” or “segregation” for any process
which involves the equilibrium repartition of an impurity between a

We would like to briefly mention here the key role played
by point defects and by stress fields on the precipitation
of supersaturated impurities at GBs. For an example, it
was shown that, in the case of oxygen and carbon con-
taminated samples, oxygen segregates in close correspon-
dence with the geometrical position of the GB while carbon
presents two satellite peaks spatially separated from the oxy-
gen peak [17]. This result might be understood by assuming
that the compressive strain field generated by SiOx segrega-
tion at the GB is compensated by the tensile field caused by
C agglomeration or segregation leading to local conditions
of mechanical (hydrostatic) equilibrium, in good agreement
with the well-known exigent volume models of Tice and
Tan [18], and Hub [19] which accounts the different molar
volumes of Si, SiC and SiO2, being V SiO2 ≈ 2V Si; V SiC ≈
1
2V Si. In carbon-free samples, instead, the strain field as-
sociated with oxygen segregation is released by dislocation
emission. The dislocations are punched out by the precipi-
tates when self-interstitials supersaturation conditions occur
[20]. Silicon self-interstitials (Sii) are, in fact, reaction part-
ners in the oxide phase formation, which can be formally
written as

2Oi + (1 + x)SiSi → SiO2 + xSii (1)

The emission of the Si interstitials produces locally the vol-
ume needed to accommodate the oxide phases in the silicon
matrix. Self-interstitials are, as well, the reaction partners in
the SiC formation

2Ci + SiSi + Sii → 2SiC (2)

As in solid state reactions or transformations full equi-
librium conditions are satisfied only in the simultaneous
presence of thermodynamic and mechanical equilibrium, of
which the last implies the absence of local stresses, we might
foresee the achievement of full equilibrium conditions when
O and C co-segregate as spatially separate phases.

In addition, as could be inferred from simple thermody-
namic considerations, every internal surface might behave
as a phase of reduced dimensionality with properties sub-
stantially different from the bulk phase due to the different
coordination and bonding. Grain boundaries should present
such behaviour and the impurity segregation at GB might
be discussed as an impurity repartition between phases of
unlike dimensionality, in the same way one discusses the
equilibrium between condensed phases of different compo-
sition [21].

The physico-chemical properties of a poly-multi/crystal-
line material depend, therefore, in a very complex manner

bulk phase and an interface. In the IC technology gettering is a process-
induced segregation at ad hoc created surfaces or in depth regions
where unwanted impurities are deliberately collected and inactivated.
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on the properties of both the GBs and the bulk of the grains
and are therefore, as said before, true local properties, as
different equilibrium conditions arise in correspondence of
specific grains or specific GBs.

They will depend mostly on their intra-grain properties in
the case of diluted solutions of impurities. Here, segregation
of impurities at GB induces impurity depletion within the
grain volume and bond formation at unsaturated bonds and,
then, possibly, GB passivation.

When supersaturation conditions occur, extended defects
behave as heterogeneous nucleation centres for the second
phase formation: in this case the GB properties are influ-
enced by the electronic properties of the deposited phases,
which, in turn, might be the nucleation centres of disloca-
tions if in their presence a stress/strain field sets-up.

Quite generally, therefore, one has to conclude that the
properties of multi-crystalline silicon are dominated by im-
purities, GBs and dislocations.

Even in the case of extremely pure materials, however,
GBs and dislocations must be, for thermodynamic con-
straints, always contaminated by residual impurities. We
will show in the next section that this happens for GB conta-
minated with oxygen, but the same evidence has been given
for dislocations, whose electrical activity was demonstrated
to depend on gettered impurities [22].

The discussion of the electrical activity of GBs requires,
therefore, a deep insight on the chemical contamination of
the boundary, as will be shown in the next sections.

Effect of grain boundaries on the electronic properties
of mc-Si The ubiquitous presence of grain boundaries
(GB) and dislocations in poly-crystalline silicon, indepen-
dently of the preparation processes, was for years felt an in-
surmountable limit for its use in photovoltaics, as GBs and
dislocations are known to behave as killers of the minority
carrier lifetime.

It is, in fact, widely accepted that GBs introduce deep
levels in the gap acting as recombination centres of minority
carriers. These deep levels are attributed to intrinsic struc-
tural defects, such as dangling bonds, dislocations or extrin-
sic impurity contamination.

For an example, Seifert et al. [23] reported that the re-
combination activity of GBs is related to the density of dis-
locations in/at the boundary and that impurity segregation
produces an additional activity.

As a further example, Chen et al. [24, 25] have stud-
ied the effect of GB character (Σ values) and boundary
plane on the electrical properties of GBs. They have demon-
strated that the recombination activity at room temperature
of contamination-free GBs is weak and the GB structure has
minor effect on the electrical GBs properties. They have also
studied the impact of the impurity contamination on the re-
combination activity of grain boundaries in mc-silicon cut

from different solidification positions of a B-doped ingot
[26, 27]. The metallic impurities content in the samples stud-
ied, except for Fe, was below the detection limit. The Fe
concentration was below 5 × 1012 cm−3 at the central posi-
tion and was of the order of 1015 cm−3 at the top and bottom
positions. It was shown that in the central and top (solidified
last) sections of the mc-Si ingot, the recombination activity
of GBs was weak at 300 K, whereas in the bottom (solid-
ified first) section some GBs showed enhanced recombina-
tion activity, which was attributed to the effects of iron and
additional impurity contamination.

From the very large amount of papers which have been
dedicated to the study of the electrical properties of grain
boundaries (GBs) and dislocations in semiconductor mate-
rials [28–32] it comes out, however, that in large grained,
columnar and impurity-free mc-Si the GBs become often a
tolerable structural defect.

In addition, as GBs getter metallic and non-metallic
impurities, the properties of mc-Si might be comparable,
within the grains, to that of single-crystal silicon even in
the presence of substantial impurity content. Large colum-
nar grains should minimize, therefore, carrier recombination
and mobility losses at GBs, provided their orientation is par-
allel to the drift and diffusion paths of carriers to the junction
and the base contact.

It is well-known, in fact, that in mc-Si ingots grown from
feedstocks of EG origin there is no significant influence of
GBs on the diffusion length for LGB values larger than 10–
30 cm−1, where LGB is the length of GBs in a square cm.
With these LGB figures, the average size of a crystallite is
between 0,5 × 0,5 cm and 0,25 × 0,25 cm.

Furthermore, already in the 1980s [33] it was shown that
the average values of the diffusion length in large grained
directionally solidified (DS) silicon prepared with EG feed-
stocks were close to those of Cz silicon, reaching values of-
ten larger than 200 µm.

The primary cause of a lower conversion efficiency of
solar cells based on mc-Si, when compared to that of single-
crystal cells, was shown to be, instead, due to the presence
of regions of high minority carrier recombination generally
characterized by a high dislocation density [34–36].

It was therefore concluded that any improvement in the
PV behaviour of large grained poly-crystalline materials
passes through the improvement of the intra-grain properties
(impurity content, dislocation density, precipitates), also as-
suming that the impurity effect might be severe in the case
of low-grade feedstocks, as it will be shown in this and in
the next sections.

Concerning the dislocation density and their recombina-
tion activity, it could be shown that they are not independent
variables of the system.

In fact, the dislocation density might depend on the con-
centration of specific impurities (as will be shown in the next
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section) and their electrical activity depends on impurities,
because even traces of dissolved impurities might segregate
on them, changing their recombination activity. We mention
again here that while clean dislocations should be electri-
cally inactive at room temperature because of structural re-
construction [37, 38] their decoration with transition metals
would introduce deep levels [39].

Dopant impurities and their interaction with extended de-
fects The knowledge of the threshold concentration of B
(and P) as single or multiple impurities is of primary impor-
tance for the design/procurement of future solar grade feed-
stocks, as it is well-known from the literature [40] that at
even at dopant concentrations lower than 1018 cm−3 these
shallow acceptor traps affect substantially the carrier life-
time.

Unfortunately enough, they represent, together with car-
bon, the least easily removable impurities from a highly
doped silicon feedstock or from a commercial metallurgi-
cal (MG) silicon source, where, based on the average con-
tent of boron in the quartz used in the MG silicon industry,
a B concentration greater than 1018 cm−3 (20 ppma) is the
expected figure. This concentration would lead to a bulk re-
sistivity value around 4×10−2 � cm, and then to the useful-
ness of this material for PV applications, even in the absence
of metallic impurity concentration.

Using solidification techniques boron removal is impos-
sible, as its segregation coefficient is close to one: therefore
liquid–liquid extraction techniques using, for example, ox-
idic slags [41] or metals as well as gas sparing techniques
with wet argon should be employed [42] with rather compli-
cated and cost-intensive technological procedures as will be
seen in the last section of this paper.

One possible solution of the problem could be the elec-
trical compensation of boron with donors, like P or as, but
the amount of possible compensation is still an unknown.
Our studies [43] showed that the lifetime and the PV prop-
erties of p-type single-crystal silicon are not appreciably af-
fected by the contemporaneous presence of donors and ac-
ceptors; provided the excess acceptor concentration is lower
than 5×1016 at cm−3. Above this threshold, the lifetime de-
creases and the relative normalized cell efficiency drops sud-
dently from values close to 1 to values close to 0.5. Appar-
ently, the density of the electrostatically bonded B–P pairs
does not influence the minority properties, while the excess
acceptor concentration dominates the same properties. In the
presence of extended defects, as is the case of mc-Si, it could
be expected that extended defect–impurity interaction would
play a complex role on the ultimate efficiency of solar cells,
due to the fact that extended defects induce deep levels in
the gap and behave simultaneously as deep sinks for metallic
(and non-metallic) impurities via chemical bond formation
and stress field relief.

Fig. 5 Boron segregation at GBs in carbon-rich mc-Si [47]

Recent results reported by Geerligs et al. [44] show, how-
ever, that the effect of strong compensation would be no-
ticeable, but not very important, considering that the capture
cross-section of neutral dopants should be of the order of
10−17 cm2.

If dopants segregate at extended defects, they should
leave partially or totally depleted the bulk of the grains. As a
result, dopant deactivation might occur or a change of the re-
combination activity of extended defects. In good agreement
with this hypothesis it is known that the optimal base boron
doping takes an empirically determined value between 1 and
3 � cm (≈0.15 ppma) for PV-grade silicon [6], which is one
order of magnitude larger than for CZ silicon. The difference
is accounted for on the assumption that dopant deactivation
might occur, in a good agreement with many recent papers
which demonstrate that boron segregation occurs at specific
silicon surfaces.

As an example it has been shown [45] that extraordi-
nary boron segregation occurs at Si(111) surfaces in a planar
doping process. It has been also demonstrated [46] that the
segregation ratio rd = I s/I b of boron at Si(111) surfaces,
where I s is the boron concentration at the surface and I b

is the boron concentration in the bulk, remains close to 1
at low temperatures (400–570°C), increases to 5.5 in the
570–720°C range and jumps to 42 at 720–750°C. At even
higher temperatures rd decreases systematically and reaches
a value of 25 at 900°C. This means that only a fraction of B
is electrically active as a consequence of segregation.

Eventually, the segregation of B at GBs as B–O com-
plexes was demonstrated by SIMS measurements (see
Fig. 5), in the presence of a significant amount of car-
bon [47]. This event is signalled by a hundredfold increase
of the B signal with respect to the boron background of the
sample and by a simultaneous increase of O-content at GB
and could be interpreted as a good example of a segregation
dominated by a chemical reaction.

Additional measurements were also carried out on Al-
doped multi-crystalline samples [48], as Al is an acceptor
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impurity which could be present in large amounts in MG
feedstocks and which presents, like other dopant impuri-
ties, unfavourable segregation coefficients. It was shown that
the hole mobility and the carrier concentration decreases for
Al concentrations greater than 1017 cm−3, while the diffu-
sion length decreases monotonically already for Al contents
greater than 1016 cm−3. Eventually, it was suggested [49]
that part of the Al segregates at GB with their consequent
passivation and those microprecipitates are observed by
TEM measurements in heavily concentrated (>1019 cm−3)
samples. The presence of two deep levels at 0.315 and
0.378 eV was finally detected by means of deep-level tran-
sient spectroscopy (DLTS), of which the first is a recombina-
tion centre and the second is a whole trap. Both are possibly
associated with the Al–O centres detected by Marchand and
Sha in single-crystal silicon [50].

2.4 Native impurities (oxygen, carbon, nitrogen) in mc-Si
and their interactions

The key role of oxygen and carbon, whose concentration
depends on the growth conditions, on the electrical activity
of GBs was already observed in our earliest experiments and
later one by Radzimski et al. [37].

We have experimentally demonstrated at first that the
concentration of dissolved oxygen NO and carbon NC in DS
silicon is a quasi-equilibrium property, defined by the con-
stant

K = NO × NC (3)

which also accounts for the repartition coefficient of carbon
and oxygen within the solid and liquid phases [50].

In our experiments with small (few Kg in weight) mc-Si
ingots, using feedstocks of EG origin, their concentration
varied continuously from the bottom to the top of the ingot,
with values which ranged from 10 ppma O and 2,5 ppma C
to 2,5 ppma O and 10 ppma of C.

This range of concentrations is also typical of commer-
cial ingots nowadays, as it is shown in Fig. 6.

These studies allowed the identification of a region where
second-phase formation occurs with the precipitation of
an (oxi)-carbide phase. Precipitation, as monitored by mi-
crostructural examinations, occurs when the carbon concen-
tration is greater than 7 ppma and the oxygen concentration
is lower than 2.5 ppma. As the oxygen content takes these
critical values only in correspondence of the least fraction
solidified (see again Fig. 6), precipitates are confined on the
top of the ingot.

We have also shown that the diffusion length of the mi-
nority carriers depends on the oxygen and carbon content
and takes the largest values in correspondence with solutions
containing equivalent concentrations of oxygen and carbon.
This result might suggest that in this case the segregation

Fig. 6 FTIR oxygen and carbon concentration profiles in an n-type
multi-crystalline silicon ingot (the bottom region starts on the left): the
measurements were carried out in different positions of the same wafer

process would involve the simultaneous precipitation of sili-
con oxide and silicon carbide, thus allowing the achievement
of local conditions of mechanical equilibrium due to a com-
pensation of tensile and compressive fields associated with
the segregation of these compounds (see reactions 1 and 2
and comments therein).

These results show that a correlation exists between strain
compensation and co-segregation of oxygen and carbon. It
has been, in fact, proven that the dislocation density in as-
grown, clean multi-crystalline silicon [36] is not an indepen-
dent variable of the system, as it decreases with the increase
of the oxygen content and increases with the increase of the
carbon content. As the diffusion length of minority carriers
depends only slightly on bulk oxygen and carbon content,
this result shows that interaction of oxygen and carbon with
GBs and, possibly, with dislocations occurs and that the de-
crease of diffusion length with the increase of both O and
C depends on an increase of the recombination activity of
extended defects.

As the dislocation density decreases with the increase of
oxygen while it increases with the increase of carbon, one
could infer that the increase of recombination activity in
multi-crystalline silicon is associated, in oxygen-rich mate-
rials, to O-segregation at GBs and to the increase of disloca-
tion density in carbon-rich silicon.

The actual localization of oxygen and carbon segregation
(infra-grain or at GB) was investigated using FTIR [51] and
SIMS [52] measurements in scanning or mapping configu-
ration.

It is interesting to remark that the IR-active interstitial
oxygen absorbance at 1107 cm−1 does not change signifi-
cantly when the light spot was scanned from the bulk and
across a GB in an as-grown and heat-treated sample at
1150°C, although a 10% increase of the absorbance is de-
tected in the heat-treated sample.
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Fig. 7 Segregation of carbon and oxygen at grain boundaries in mc-Si
after annealing at 1150°C. The segregation of the oxide at GB is re-
vealed by the decrease of the silicon signal in correspondence with the
increase of the oxygen signal [52]

Instead, an excess free carrier absorbance is observed
when the light beam is scanned across the GB in both the
as-grown and heat-treated sample. It implies that the GBs
are decorated by metallic impurities already in the as-grown
state, with deep implications on their electronic structure.

The IR absorption at 1107 cm−1 is however specific for
self-interstitial oxygen and do not monitor the oxygen asso-
ciated with oxide precipitates, differently from SIMS mea-
surements which detect the total oxygen (and carbon). SIMS
measurements [17] allowed to infer that their segregation
occurs only in the heat-treated sample, but that only oxygen
segregates in close correspondence with the position of the
GB while C segregates in correspondence of two satellite
peaks, several um far from the geometrical position of the
GB, as it is shown in Fig. 7.

The decrease of the Si signal of the GB site indicates that
an oxygen rich silicon phase is segregating at the GB.

Thus, it seems it has demonstrated that carbon and oxy-
gen, in heat-annealed samples, preferentially segregate at
GB, which apparently behaves as heterogeneous nucleation
centre for the sole oxygen precipitation, while carbon nucle-
ates homogeneously.

To reduce or eliminate the consequences of growing sili-
con from high oxygen or carbon melts, specific defect passi-
vation procedures should be foreseen and adopted, as is the
case of EFG ribbons grown in a carbon-rich ambient.

The behaviour of multi-crystalline samples containing a
slight excess of oxygen over carbon, carefully studied in
function of the annealing temperature [53, 54], did allow a
better understanding of the crucial role of oxygen.

It was, in fact, observed that both the local bulk diffusion
length and the GB contrast determined by means of electron
beam-induced current (EBIC) measurements show a strong
decrease after a two-step annealing at 450°C and then at
650°C. In addition, it was shown that the EBIC contrast

presents a maximum at 650°C while the diffusion length
decreases monotonically with the increase of the annealing
temperature in this specific range. These results might be in-
terpreted by considering that oxygen segregated at tempera-
tures higher than 650°C passivates GBs. Instead, the old and
new thermal donors, generated at 450 and 650°C, respec-
tively, degrade the diffusion length.

This conclusion is supported by local measurements of
electrical activity of GBs, carried out by electrical conduc-
tivity measurements, which demonstrated that not only the
minority carrier but also the majority carrier properties ones
are influenced by impurity contamination.

Trans-barrier DC conductivity measurements carried out
on single GBs which were contaminated with carbon, oxy-
gen and oxygen and carbon showed [55], in fact, that only
GBs decorated with carbon exhibit a temperature activate
behaviour, while GBs decorated with oxygen display a be-
haviour which is comparable with that of single-crystal sili-
con.

It could be concluded that the deep traps and gap states
responsible of mobility drops and minority carrier recom-
bination losses are associated with the segregation of native
impurities and not “intrinsic” to interface states, in good sup-
port of our previous considerations about clean GB, that are
intrinsically thermodynamically unstable objects.

It is quite interesting to consider that similar considera-
tions were recently raised by us for the recombination activ-
ity of dislocations in EG silicon [56].

It could be concluded that multi-crystalline silicon in
which carbon-oxygen compensation occurs presents close
similarities with crucible grown CZ silicon.

Instead, we must foresee serious degradation effects in
the quality of silicon prepared along the MG silicon route
when its carbon content is not carefully controlled [57].

3 Metallic impurities

An attempt to model the behaviour of mc-Si in the pres-
ence of metallic impurities was carried out, among others,
by the present author, under the assumption that the lifetime
of un-doped and uncontaminated samples might be calcu-
lated considering that the recombination events at recombi-
nation centres in the bulk of the grain and at extended defects
are independent, that impurities segregated at grain bound-
aries and dislocations are electrically inactive and that oxy-
gen and carbon interact with GBs inducing recombination
effects. This model was experimentally tested in the case of
mc-Si-doped with Ti, V, Cr, Fe and Zr [58, 59].

The results of this investigation showed that at metal-
lic impurity concentrations lower than 1012–1013 cm−3 the
model assumptions are closely followed by all the exam-
ined impurities, while important deviations occur above this
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Fig. 8 Influence of the impurity
concentration on the diffusion
length of mc-Si

Fig. 9 Metallic impurity content of commercial mc-Si materials (with
kind permission of T. Buonassisi)

threshold, indicating that interaction with extended defects
occurs, inducing a simultaneous decrease of the diffusion
length.

A summary of the results reported in [58] and [59] is dis-
played in Fig. 8, which shows that for V and Ti a strong de-
crease of the diffusion length is observed at concentrations
greater that 1012 cm−3 (>0.05 papa). Moreover, it is appar-
ent that iron is the least dangerous impurity, while V and Ti
are extremely efficient recombination centres.

As the metallic impurity concentration in commercial
cast silicon prepared from EG silicon rejects of generally
high purity, ranges around 1013 cm−3 (0.5 ppba) or less
[60–63], see also Fig. 9, one might expect moderate or high
values of its diffusion length, in spite of the fact that this
value largely exceeds the threshold for EG silicon (about
109 cm−3). Actually, in very good agreement with our re-
sults reported in Fig. 8, at least for some common conta-
minants (Fe, Ni and Cu, see Fig. 10) the diffusion length
decreases systematically when the impurity content exceeds
the EG silicon threshold, showing that metal contamination
is a key limiting factor in solar cell performance at any con-
centration level.

Fig. 10 Effect of Cu, Ni and Fe on the lifetime of p-type silicon [60]

The problem of the impurities in solar-grade silicon has
been also considered by Gerligs et al. [64] and by McDon-
ald et al. [65]. Here, according to Gerligs, the estimated im-
purity level for 3% reduction of cell efficiency are around
0.1 ppma for Al and Ti and around (possibly less) than
10 ppma for C and Fe.

4 Impurity localization in multi-crystalline silicon

4.1 Introductory remarks

The previous considerations about impurity contamination
do not take into full account possible interaction effects be-
tween impurities and extended defects, which might lead
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to a greater or worse tolerance of impurities in the case of
mc-Si.

To account for it, we shall start [66] considering that the
distribution of impurities, in thermodynamic equilibrium,
between two phases, is ruled by their chemical potentials μi .

This condition might be written as follows

μi(α) = μi(β)

μi(α) = μ◦
i (α) + RT lnai(α)

μ◦
i (α + RT lnai(α) = μ◦

i (β) + RT lnai(β)

μ◦
i (α) + RT lnxi(α)γi(α) = μ◦

i (β) + RT lnxi(β)γi(β)

(4)

where α and β are the two phases, possibly of unlike dimen-
sionality and i is the impurity. Then, the repartition coeffi-
cient Kαβ of the impurity i between the two phases is given
by

Kαβ = xi(β)/xi(α)

= γi(β)/γi(α) exp−[(
μ◦

i (β) − μ◦
i (α)

)
/RT

]
(5)

and is the complex function of activity coefficients γi(β) and
γi(α), which in turn depend on the concentration, and of the
standard chemical potentials μ◦

i of the impurity i in the two
phases.

The standard chemical potentials μ◦
i (β) and μ◦

i (α) are a
measure of the energetics of i in the two phases arising from
different configurations and bonding character. If the impu-
rity i in the two phases behaves ideally, as is the case of
dilute solutions, the ratio γi(β)/γi(α) equals one or is con-
stant and the segregation coefficient Kαβ is a sole function
of the standard chemical potentials of i in the two phases.

The same condition holds for the repartition of an im-
purity i between a bulk solid phase (b) and an interface
(s), where the last could be treated thermodynamically as
a phase of reduced dimensionality

K = xi(s)/xi(b)

= γi(s)/γi(b) exp−[
μ◦

i (s) − μ◦
i (b)/RT

]
(6)

Here, the difference μ◦
i (s) − μ◦

i (b) is the excess surface/in-
terface energy.

Therefore, impurities present in a solid phase might seg-
regate spontaneously at any interface, the driving force be-
ing the difference in their chemical potentials or activities,
until the equilibrium condition is reached when their chemi-
cal potential at the interface is equal to that in the bulk phase.

Two different situations might be, however, foreseen, de-
pending on the thermal conditions at which the segregation
occurs.

In fact, segregation might occur during the crystal growth
process, which includes a constant temperature stage during
crystallization, with impurities normally in under-saturated

conditions as well as during the cooling-down step, where
thermal gradients could set-up and the impurities could
reach supersaturation conditions. Here, the segregation yield
might depend also on kinetic parameters, as impurities have
to diffuse from the bulk to any active interface defect before
being captured, with a complex interplay between thermo-
dynamic and kinetic parameters.

Segregation might, however, also occur in thermal equi-
librium conditions during each of the annealing stages to
which the crystal has to be subjected during the solar cell
fabrication process or during each intentional annealing
process addressed at impurity gettering or passivation.

These last processes were predicted by V. Kveder et al.
[67] and received as well substantial experimental support
[68, 69].

In the other cases a preliminary analysis of the local seg-
regation features is the background for a subsequent theoret-
ical modelling.

4.2 Impurity localization in mc-Si: experimental results

Several attempts addressed at monitoring of the segregation
of metallic impurities at GBs has been carried out in the
years starting from the very early works of Kasmerski et al.
[70] and Kasmerski and Russell [71], who using scanning
Auger microprobe and SIMS measurements showed that Ni,
Al, Ti, Cu and Mg could be detected at fractured GBs at con-
centrations higher than 1018 cm−3, several orders of magni-
tude larger than the bulk grain concentration which was of
the order of 1011–1015 cm−3.

As shown before, using SIMS experiments, Pizzini et al.
[51] were able to demonstrate that also oxygen and carbon
segregate at GBs.

Similar effects of Cu and Ni at GBs, possibly associ-
ated to the previous precipitation of oxygen, have been iden-
tified by Maurice and Coliex [72] on Σ = 25 bi-crystals
annealed at 900°C using energy dispersive X-ray spec-
troscopy and EBIC measurements and by Ihlal et al. [73] on
Cu- and Ni-contaminated Σ = 25, Σ = 13 and Σ = 9
bi-crystals annealed at 1100°C. These last authors were able
to identify, using EBIC measurements, the formation of
about 100–150 µm thick denuded zone on both sides of the
interface, and the formation of silicides precipitates in the
bulk of the grains. Here, the authors tentatively correlate the
gettering efficiency of individual GBs to the extension of the
denuded zone by modelling the excess interface energy and
of the associated strain fields.

Recent work showed also that metals segregate in form
of submicron-size precipitates,

The segregation of submicron-size precipitates of Cr, Fe
and Ni in mc-Si in regions of high minority carrier recombi-
nations, which could be identified to represent GB regions,
was, in fact, detected by S. McHugo et al. using synchrotron
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Fig. 11 Segregation of Cu, Ni
and Fe and Ti in mc-Si. The
difference between Cu and Ni
and Fe and Ti is immediate.
After Buonassisi [76]

based XR fluorescence [74]. The same authors clarified in a
later paper [75] using the near edge structure of XR absorp-
tion spectra, that the iron precipitates consist of iron oxides
or silicates, which are more stable than the corresponding
silicides.

Similar experiments were carried out by Buonassisi et al.
[76] for the analysis of copper-rich precipitates in silicon,
who showed that copper is an ubiquitous contaminant of sil-
icon and that its segregation features (composition of the
phase) depend on the defect structure and on the oxygen
content of the silicon matrix.

In addition, they showed also that in as-grown mc-silicon
copper-rich clusters were located at GBs, together with
nickel, both not intentionally added to the melt from which
the ingots were solidified.

Some metal segregation maps are reported in Fig. 11,
which shows that Cu and Ni segregate in close correspon-
dence of the GBs, titanium is almost fully dispersed in the
matrix, while iron is in an intermediate situation.

It is interesting to note that the plot of the fraction of
metal particles segregated off-GB as a function of the prod-
uct � = D × S (see Fig. 12), where D is the diffusivity
and S the solubility, shows that high � values favours the
segregation of particles in correspondence to GBs, as is the
case of Cu and Ni, which, in fact, tend to accumulate at a
few energetically favourable regions within the device (e.g.
high-sigma twins, non-twinning GBs), while Ti and Fe tend
to be more dispersed throughout the device. These results
are extremely useful for the design of appropriate gettering
procedures, addressed at the removal of excess metallic im-
purity content in solar silicon feedstocks. A conventional ex-
ternal gettering process should be favourable for Fe and Ti
removal, while extended defects will compete with surface
traps in the case of Cu and Ni. According to Seibt et al. [77]
NiSi2 nano-precipitates are efficient recombination centres,
which can be passivated in p-type Si, while their activity re-
mains unchanged in n-type silicon.

As already anticipated by the present author for the case
of Er-O-dislocation interaction [78] it should also be taken

Fig. 12 Off-grain and in-grain segregation of Cu, Ni and Fe and Ti in
mc-Si. After Buonassisi [76]

into account that oxygen competes strongly with metals on
the interaction with silicon atoms at the interface or at the
boundary of an extended defect, depending on the Me–O,
Si–Me and Si–O bonding energies. When the Me–O bond
formation prevails, extended defects work as heterogeneous
nucleation centres, while, when the Si–O interaction pre-
vails, metals might be gettered at extended defects with
Me–O bonds.

These results might also be used to explain why extrinsic
gettering processes using near surface phosphorous and alu-
minium deposition are shown to be very effective in the case
of silicon microelectronic processes [79] as well as for im-
purity gettering from EG-dislocated silicon [80], but might
work poorly with mc-Si. It can be argued, in fact, that once
the metallic impurities interact with extended defects giving
origin to stable oxide or silicate bonds, their extraction by
gettering processes is a very difficult task.

5 Processes potentially interesting for the procurement
of solar silicon feedstocks

Two main streams are considered now of potential interest
for solar grade feedstocks.

The first still relies on the use of gaseous precursors of
silicon, i.e. of silane and chlorosilanes, the second on metal-
lurgical silicon.
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5.1 Gas phase processes

The most important gas phase process, characterized by an
extremely high rejection rate for boron, is still the Siemens
C process, which, as it is well-known, is based on the high-
temperature reduction of purified trichlorosilane (SiHCl3 or
TCS) with hydrogen to poly-crystalline silicon in vertical
batch reactors operating at around 1150°C.

TCS itself is produced by reacting MG silicon with dry
hydrochloric acid in a fluidized bed reactor in the presence
of copper as catalyst at moderate temperatures (250°C): the
crude product, consisting of about 90% of TCS, is then pu-
rified by distillation and exchange resins absorption.

The reduction reaction, formally written as

SiHCl3 + H2 ↔ Si + 3HCl (7)

occurs with conversion rates which depend on the H2/TCS
ratio and amounts to about 30% in a single-step process. Ac-
tually, the reactor outstream contains a mixture of chlorosi-
lanes, whose relative amount depends on the reactor para-
meters.

To get higher process efficiencies, the recycling of unre-
acted TCS and the catalytic conversion of chlorosilanes to
TCS is systematically carried out in its more modern ver-
sions, in which the input product is crude TCS and the out-
put is high-purity poly-silicon. The major drawback of the
Siemens C process is its high energy intensity, with a lim-
iting target value less than 120 kWh/kg. This value seems
to be hard to be reduced, although the most modern ver-
sions of the multibar reactors could provide further improve-
ments.

The final production costs depend on many factors, of
which that of the electric energy is one of the most relevant,
but a figure around 40–50 €/kg seems to be realistic.

An already working process, alternative to the, Siemens
C route and originally developed by Ethil Corp., is operated
by MEMC Electronic Materials in Pasadena (USA) [81].

This process is based on the pyrolitic decomposition of
monosilane (SiH4) in a fluidized bed reactor, where the sil-
icon powder provides the sites for the heterogeneous nucle-
ation and further growth to silicon grains.

SiH4 itself is produced with a proprietary process start-
ing from MG silicon, which is reacted in a fluidized bed with
HF at low pressure, and is characterized by a high rejection
ratio for metallic and non-metallic impurities except for car-
bon. Carbon fluoride gaseous compounds and hydrocarbons
are converted to methane with the use of a catalyst. SiF4

is purified in a regenerated absorber with removal of traces
of HF and H2O and condensed in a cryogenic condenser–
evaporator under pressure.

SiF4 is then reacted with calcium hydride in a reactor of
proprietary design, where calcium hydride is dissolved in a
molten mixture of CaF2.

In this case the product is an ultra-pure granular poly-
silicon, which provides tremendous cost and productiv-
ity advantages over traditional “chunk” of poly-silicon in
the CZ growth process. According to MEMC Electronic
materials the total electric energy consumption is around
19 kWh/kg and the production cost is around 25 $/kg.

Eventually, Deutsche Solar [82–84] announced the intro-
duction into the market of powder silicon produced by de-
composition of silane. Here, SiH4 is produced on the base
of a Degussa patent via the disproportionation of TCS pro-
duced from MG silicon

4SiHCl3 ↔ SiH4 + 3SiCl4 (8)

After several purification steps, pure silane is pyrolized in an
open space reactor. The product is a very fine silicon powder
which must be mechanically compacted before its use in a
casting furnace.

Today also SiH4 is considered also as a possible reactant
in a Siemens type of reactor.

5.2 Solar silicon from MG silicon

Very complex looked [85] and still looks [86–88] the so-
lution of problems associated with the production of solar
grade silicon using variants of the metallurgical (MG) sil-
icon process, with the aim to find an alternative route for
the production of a low-cost, low-energy intensive poly-
crystalline feedstock. In the past it was, in fact, figured that
any material based on this process would contain a too large
amount of impurities and structural defects. For this reason,
the MG silicon route was considered almost impracticable,
due to the difficulty of removal of tens of ppmw of boron and
phosphorous, hundreds of ppmw of carbon and thousands of
ppma of metallic impurities.

More recently, the abrupt increase of the worldwide re-
quest of EG-Si feedstocks and the subsequent silicon mate-
rial shortage, addressed a major interest to the MG silicon
route. The objective is to produce clean MG silicon by the
understanding of the role of impurities and crystal defects
on the minority carrier lifetime and minority and majority
carrier’s mobility and to discover/develop remedies in their
presence.

Taking as demonstrated that silicon poly-crystal feed-
stocks from the gas-phase routes will be mostly employed
for the Cz growth of single-crystal ingots, and then for the
manufacture of thin highly efficient (�18%) single-crystal
solar cells, the solar silicon from the MG route would be the
main feedstock for the multi-crystalline silicon route.

This means that here is the problem is two-fold, as there
is the need to develop innovative routes for the production of
high-quality MG silicon and to improve its properties before
or during the solar cell manufacturing process. This requires
developing an appropriate gettering and defect passivation
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Table 1 Impurity distribution
in ppmw along a DS ingot
grown from a lightly purified
MG silicon (slice number
counted from the bottom to top
of the solidification front)

Element Starting Slice nr

concentration

(ppmw)

19 21 23 50 52 54 Top

Al 52 2.0 3.0 2.0 4.0 2.7 5.5 >1500

B 3.0 2.5 2.1 2.2 2.4 3.1 3.1 8.7

P 6.0 3.2 3.4 6.8 8.8 6.1 11 300

Ca 36 48 67 91 135 >150 >150 >1500

Mg 14 19 27 40 62 70 60 250

Fe 33 3.4 <1 <1 1.7 <1 2.0 >6000

Ti 32 <1 <1 <1 <1 <1 1,7 >1500

Table 2 Effective segregation coefficients of metallic impurities in DS
grown multi-crystalline silicon ingots from purified MG feedstocks in
comparison to CZ silicon

Element Effective Cz Effective DS

Cu 6.9 × 10−4 2 × 10−3

Cr 1.1 × 10−5 3.7 × 10−3

Fe 6.4 × 10−6 1.6 × 10−4

Ni 3.2 × 10−5 9 × 10−4

Ti 3.6 × 10−6 2.5 × 10−3

Zr 1.5 × 10−8 7.7 × 10−4

techniques, in the presence of extended defects, which could
behave as deep sinks for residual impurities and then com-
pete with external sinks.

5.3 Towards the use of solar grade silicon

This kind of material should be obtained by the development
of a new technology either based on appropriate refining
processes of commercial MG silicon or on a new/improved
MG silicon production process.

The results of systematic studies carried out in the last
twenty years showed already where the problems are that
should be overcome to succeed in the industrialisation of
solar silicon production via the MG route.

As an example, our past studies [89] about the segre-
gation profile of impurities in DS ingots grown from a
pre-purified MG silicon feedstock showed (see as example
Table 1) that most of the impurities collect on the very top
of the ingot. As forecasted, metallic impurities behave better
than alkali earth impurities, while B and P could not be re-
moved, although the behaviour of P is better than that of B.

It is quite apparent that this material is very far from solar
grade quality and remains this way even after two DS crys-
tallizations, as B and P could not be brought to the proper

level. Therefore, a preliminary refining step should be car-
ried out should before the final directional solidification, in
order to remove B and P and to decrease the concentration of
the other impurities. It was also demonstrated (see Table 2)
that the effective segregation coefficients of impurities in a
DS growth deviate systematically from those experimented
in the conventional crucible CZ growth.

The differences are particularly large in the case of Ti and
Zr, important in the case of iron, but they are still sufficiently
small to get in any case a significant purification of a silicon
feedstock of MG origin.

These last results show also that the thermodynamics of
impurity segregation during the liquid/solid equilibrium is
influenced by the presence of extended defects (GBs and
dislocations) at the solid branch of the (moving) interface
where the growth occurs epitaxially. Extended defects be-
have apparently as heterogeneous nucleation centres for su-
persaturated impurities as well as gettering sites. The strong
deviations relative to Zr and Ti, both very reactive with oxy-
gen, indicate also a possible influence of dissolved oxygen
on their effective segregation coefficient, in good agreement
with previous considerations about the interaction of oxygen
with extended defects.

A penalty to be paid, therefore, when mc-solar grade sili-
con is used as a solar cell substrate, is associated with the si-
multaneous presence of impurity contaminated grain bound-
aries and dislocations, which invariably will worsen the con-
version efficiency of solar cells fabricated with this material,
unless these materials are submitted to appropriate gettering
procedures [69].

5.4 Solar grade silicon purification procedures

The main stream for the production of solar grade silicon
consists in a series of processes aimed at the selective re-
moval of different impurities from commercial metallurgi-
cal grade silicon. Generally, the first step is a treatment of
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liquid silicon, directly poured in a ladle from the carboth-
ermic furnace, with suitable gases or slags for the (partial)
removal of B and P. The second step consists in the acid
leaching of the material obtained in the first step, after crush-
ing and milling to fine powder. This step is addressed at the
removal of metallic impurities. The final step is the direc-
tional solidification of the material obtained with the leach-
ing treatment, after melting in a conventional growth fur-
nace.

Boron and phosphorous removal We have seen in the pre-
vious section that directional solidification is unable to re-
move B and P from a highly doped ingot, due to the values
of the segregation coefficients which are close to one.

The problem of B removal was tackled, among others, by
Khattak and co-workers [90, 91], which showed that wet ar-
gon bubbling is very effective in B removal. In fact, it was
demonstrated that the B could reduced to 0.3 ppma from
original levels of 40–60 ppma. The experiments were car-
ried out in a heat exchanger method (HEM) furnace, with
silicon charges up to 300 kg. The chemistry of this process
is based on the formation of volatile HBOx species, which
escape from the reaction phase and give rise to a conden-
sate on the cold walls of the reactor. With these procedures,
also the P content is reduced to less than 7 ppma from an
average content of 45 ppma. However, the final P content is
still too high for PV applications, and it should be removed
in a second process step, based on a liquid–liquid extraction
technique.

Liquid–liquid extraction with basic slags are, in fact, very
effective in P removal [92] as was also demonstrated by
Pizzini and co-workers [93], who showed that this technique
works satisfactorily also with B.

Liquid–liquid extraction techniques with acid slags un-
der oxidizing conditions are also effective in removing al-
kali earth impurities (Ca, Sr, Ba and Mg) and Al [92]. Here
the simultaneous bubbling of oxygen is necessary in order to
oxidize metals to oxides, which then dissolve in the molten
silicate/carbonate slags.

Liquid–liquid extraction techniques based on the use of
oxynitride slags, which are shown to work as sinks for B and
P, were also proposed [94].

All these processes must be, however, applied, under any
industrial application conditions, on charges of several hun-
dreds of Kg, in suitable ladles where the silicon charge
should be maintained liquid for the time requested for its
purification without unwanted impurity contamination aris-
ing from the internal lining of the process ladle.

In the work of Khattak previously cited [92] it was also
shown that only pure quartz crucibles work in the proper
conditions, as any other kind of refractory container or liner
causes severe contamination problems.

An alternative approach for P removal from highly
P-doped feedstocks or from MG silicon could be based on

selective P evaporation procedures, considering that the P
partial pressure in P-doped silicon at the melting temper-
ature of silicon is well-known to be much lower than that
of Si. However, P-evaporation under vacuum suffers of
problems associated to the removal of condensed P at the
reactor walls and extensive Si losses, which, to the author’s
experience, might limit the applicability of this process to
industrial applications, without radical changes in the con-
duction of the evaporation process.

More recently, the problem was tackled starting from the
solution of Si or quartz in suitable acids and to conduct the
B and P removal directly in solution [95]. Another way to
do it might be via the use of plasma torch techniques, as
done by Amouroux et al. [96, 97]. In this case, the addition
of minute amounts (0.1%) of oxygen to the process argon
plasma enhances the removal of B from MG-Si due to the
formation of volatile boron oxides.

The process developed by Kawasaki Steel [98, 99] con-
sists instead of a first stage where P is removed under vac-
uum and of a second stage where B is removed using a
non transfer arc wet argon plasma. Solar cells manufactured
with this material showed conversion efficiency of the order
of 12%.

Today, therefore, the B and P removal from highly doped
silicon remains a problem which has not yet found a defini-
tive solution, in spite of recent Timminco claims [100].

Metallic impurities removal Most of the metallic impuri-
ties might be removed by DS processes, but their concen-
tration could be reduced by one single DS step to solar
quality provided their initial concentration ranges around
few ppma, as the average values of the segregation coef-
ficients are around 10−3. In the case of commercial MG
Si their average content is much greater than 100 ppma,
and, therefore their content should be reduced of a fac-
tor at least 100 or more by different methodologies be-
fore DS solidification. The process adopted since the early
1980s at the Wicker [101] and Heliosil Laboratories was
based on the acid leaching of MG-Si powder, obtained by
grinding the silicon metal to a 20 µm powder, possibly
after a preliminary liquid–liquid extraction step addressed
at B and P removal [92]. As it is well-known from ther-
modynamics, the surface composition of a multicompo-
nent phase is different from that of the bulk, and impuri-
ties therefore might segregate at the surface if there is a
net energy advantage. We have already tackled this prob-
lem while considering the effect of grain boundaries show-
ing that the chemical potential of an impurity at a surface
is different from that in the bulk as a consequence of dif-
ferent coordination and, possibly, of a different oxidation
state [102].

Leaching therefore must succeed in a selective removal
of the slag phase and of the metals segregated at the surface
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of the silicon grains. This procedure, as it is well-known,
is based on the fact that silicon is un-soluble in HCl and
only slightly soluble in HF alone, leaving to these acids the
potential of dissolving only a second non-metallic phase, if
present, and of the impurities segregated at the surface.

This process suffers, however, of several drawbacks, as
the fine silicon powder is pyrophoric and hydrogen evolves
during the acid leaching of silicon, possibly causing explo-
sive consequences. Moreover, melting a fine silicon pow-
der is a very difficult task as it is known from recent litera-
ture concerning, as an example, the Deutsche Solar Process
[82, 83] (see Sect. 5.1).

5.5 The Elkem process

The Elkem process today is already close to the industrial-
ization and consists essentially in a preliminary boron re-
moval step from MG silicon via a liquid–liquid extraction
procedure, using an alkali metal silicate as the extractant.
Then silicon is crushed to a fine powder and metallic impu-
rities are removed by acid leaching. Eventually, the material
is melted in a DS furnace, where the final purification is car-
ried out [103, 104].

Solar cells manufactured from this material showed effi-
ciency greater than 15%.

The approach used follows practices already set-up in the
1980s, as shown in the former Sections, and presents the ad-
vantage to start from a very cheap material, produced with a
much known technology worldwide in million ton amounts.

6 Conclusions

Reduction in silicon wafer thickness and kerf loss in wafer-
ing procedures will certainly lower the silicon feedstock
consumption problems in the years to come giving EG poly-
crystalline silicon the major chance to sustain the annual PV
growth [105] considering the today’s forecasts that it will be
available in more than in amounts of 60,000 tons/year after
the year 2010.

It is, however, easy to forecast that severe environmen-
tal problems, mostly associated to the use of silicon halides
and the high energy costs, will limit the expansion of the
gas-phase processes leaving the best opportunities to solar
silicon of metallurgical (MG) origin. As it has been shown
here, this is still a chance and a challenge but not an impos-
sible target.
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