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ABSTRACT: In order to estimate the quality of the tajlsation process of multi-crystalline Silicorgiots, we have
developed a new optical method for the determinatibgrain sizes on as-cut wafers that were takem ifferent
height positions of the ingot. This fast methoflased on image analysis and allows in a simpletovggt numerical
data which represent the crystallographic qualitgilicon wafers. The obtained data were used toutate a grain
size distribution over the analysed wafer area el a an average grain size by using two diffeedgorithms. It
was thus possible to represent the average graenasi a function of ingot height, which indicategat regions of
lower crystalline quality, for example regions afugaxed growth of very small grains (“grit”). Thischnique was
used for the characterisation of different multistalline Silicon ingots, using Silicon feedstodkdifferent quality
(electronic, upgraded metallurgical or solar gradey also to monitor the impact of modificatiorighe crystallisa-
tion process parameters on the grain sizes disivinult was found that this method is able to givérst qualitative
impression of the multi-crystalline ingots and wafevhich in the end are used to produce solar.cells

Keywords: crystallization, silicon, grain.

1 INTRODUCTION

Multi-crystalline Silicon (mc-Si) is the materialitiv
the largest market share in photovoltaic cells amati-
ules production. Mc-Si is usually produced in foah
square shaped ingots that are crystallized by titbresl
solidification of molten Silicon feedstock. The alted
ingots are cut into bricks and wafers, which aenthsed
for the processing of solar cells.

The quality of mc-Silicon wafers in terms of eléctr
cal performance depends on both, the purity ofStie
con feedstock, i.e. the concentration of remaitimguri-
ties, and the crystalline quality of the ingotseThtter is
strongly related to the crystallization processlitshow-
ever the impurity content in the Silicon can beaoter-
tain influence. This work focuses on crystal defettiat
result from the crystallisation process itself, gthis of
relative importance on the degradation of the &t
performance of the material, especially when thése
fects become highly recombinant due to decoratigh w
impurities.

We have developed a simple optical method to quan-
tify the crystallization quality of mc-Si wafers bsn
image analysis routine and the treatment of nurakric
data. Similar methods already exist in the fieldvatal-
lurgy, but are used to measure micrometric gram3 a
require optical and/or secondary electron microgdap
or even use the electron backscattering diffraction
(EBSD) technique [2]. Our aim is to measure thergrai
sizes over the entire surface of a wafer, typichli§x125
mm?2 in dimension, with a simple and fast method. We
present here some typical results obtained with our
method on a directional crystallisation procesgcaily
developed by Cyberstar and Apollonsolar.

2 CRYSTALLIZATION PROCESS PRESENTATION

Three different qualities of silicon have been taiss
lized in this study: Electronic grade (EG), convenal
solar grade (SoG) and upgraded metallurgical grade
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silicon (UMG). The crystallization process has been
carried out in a furnace developed by Cyberstar and
Apollonsolar, which has already been presented ghd

is shown in Figure 1. The process is similar toiracd
tional solidification, Bridgman-type. However therfu
nace used in this study comports two major improve-
ments, which are briefly presented in the following
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Figure 1: Schematic view of the configuration of th
Cyberstar/AS crystallisation furnace.

This furnace features two independently controlled
inductive heating elements, and a quartz crucihta &
transparent bottom plate. This configuration resuit a
preferred heat transfer by infrared radiation tigtothe
crucible bottom during the crystallization proce3sie
thermal configuration of both, furnace and crucible
lows thus high temperature gradients at the sajidd
interface to be established and controlled durihg t
solidification step. The purpose is to obtain afeely
planar and stable solidification front during cejbta-
tion, from bottom to top. Both conditions are eswfior
an efficient segregation of impurities during cayst
growth, which is especially important for the cafbtza-
tion of lower quality Silicon such as upgraded rteta
gical Silicon. The control of the temperature gesdi
permits also a better control of the germinatioacpss,
and hence an improvement in the grain size on #&im
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substrate.

3 OPTICAL CHARACTERIZATION
OF THE WAFER

After solidification, the ingot is cut into waferghe
characterisation method presented here consistheof
digitization of the wafer surface by an optical raer.
The obtained image (Figure 2-a) is then treatedh &it
succession of functions using the ImageJ publicaiom
and open source software [5].

3.1 Method

The ImageJ treatment enables us to get a binary pic
ture (Figure 2-b), with the grain area being blaokl the
grain boundaries being white, which allows to deiae
the surface of each grain by counting the numbegaiof
els within each grain. Images are shown beforeadted
ImageJ treatment in Figure 2. It is important foet
measurement that the surface of the wafer is cl€an.
guaranty a precise measurement, it is advantagepus
work with anisotropically textured wafers, obtaineidh
KOH chemical etching for instance. This ensuresang
optical contrast between the different grains, #mas
allows better recognition of grain boundaries. Tie
tained data are then treated with a spreadshe=ilta-
late the average grain size and the distributiodifiér-
ent grains sizes over the wafer surface.
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Figure 2: Scanned image of a typical mc-Si
125x125 mm? wafer before (a) and after (b) the numeri-

cal image processing.

3

We can then represent the results in two different
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ways. First, we can represent the cumulative péagen
of the number of grains for each size. For examplée
red curve of Figure 3, we can read that 50% ofjtiaéns
of the analyzed wafer are smaller than 0,015 crofvH
ever, this representation does not give any inftiona
about the proportion of the wafer surface whicltas-
ered by grains smaller than 0.015 cm2. A secondcdep
tion shows the cumulative percentage of the océnipat
of the wafers surface by grains sizes. The blugecon
the Figure 3 tells us that less than 10% of theswaifir-
face is occupied by grains that are smaller than
0.015 cm?. This second representation seems todoe m
relevant to qualify the structural quality of a emfas the
electrical properties of the solar cells will degemn the
proportion of the surface occupied by small graive
can note that this grain size distribution follogenerally
an exponential law.
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Figure 3: 2 different types of representation far tistri-
bution of grains sizes over the wafer surface.

A calculation of the average grain size can be done
for the two different types of representation. Tingt one

represents the average of the grains siE@s(Eq. 1)
depending on the number of grain of each size:

§, = Z s kl

i N

whereN is the total number of graing, the number of
grains with the surfac8.

The second represents the size of the graﬁ‘gs

(Eqg. 2) by which the wafer’'s surface is in averageu-

pied.
5=Ysi
S iS S

where S is the total surface of the wafer.
In the following the grain size average will be €on

sidered as equal t§, .

Eq. 11

Eq. 2

3.2 Limitation of the method

Figure 4 gives an example of a scanned wafer aad th
related processed image for a wafer from a top qfaain
ingot, containing small equiaxed grains. These ngrai
(“grit”) present a very high ratio of thgrain boundary
surface to thegrain surface , which makes them difficult
to quantify with accuracy, since the grain bounelare
very close to each other and the grain surfacexis e
tremely small. Figure 5 shows the correspondingitis
tion curves of the two wafers presented in Figuen@ 4.
In the case of the wafer with small equiaxed gransre
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than 50% of the surface is covered with grains Emal
than 0.1 cm2.
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Figure 4: Scanned image of a mc-Sl wafer with large
areas of equiaxed small grains, before (a) and @fjehe
numerical image treatment.
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Figure 5: Cumulative surface occupation of different
grain sizes for wafers with standard grain sizes zomes
of small equiaxed grains.

4 RESULTS

4.1 Influence of the silicon feedstock

Grain size measurements have been carried out on

wafers from different height positions of 3 diffaten-
gots, crystallized with upgraded metallurgical grasili-
con (UMG-SI), solar grade silicon (SG-Si) and elecic
grade silicon (EG-Si) feedstock, by applying thensa
crystallization conditions. The obtained resultg(iFe 6)

1288

show a dependence of the grains sizes on the éedst
quality, i.e. the total impurity concentration. Weave
measured grains size averages in a range frontHaas
0.1cm? to 0.5cm? for the UMG-Si, from 0.3 cm? to
1.6 cm? for the SoG-Si and from 0.5 cm? to 2.1 fon?
the EG-Si. This can be explained by the fact thmgduri-
ties act as nucleation sites for the formationef/grains
during crystallization.

2,5

Av?rage grain SG-Si
size (cm?)

== UMG-Si

EG-Si

o~

Height of the wafer in the ingot
T 1

7

0,00% 20,00% 40,00% 60,00% 80,00%

100,00%
Figure 6: Evolution of the average grain size witttie
height of the ingot, depending on the Silicon féeds
quality.

We can also notice an evolution of the grain siee d
pending on the vertical position of the waferstie in-
gots. Grains sizes are smaller in the bottom ofirigets
because of the random germination which occurhet t
beginning of crystallization, due to a high coolirage.
The grains sizes then increases with the heightutdsy
the middle of the ingot and finally decreases talsahe
top. This can be explained by different effect3:q@gre-
gation of impurities in the upper ingot region, @xcu-
mulation of non metal complexes like SiC and/or 8iN
this region, (c) a slight decrease of the vertieatpera-
ture gradient at the end of the crystallization tlwethe
presence of an insulating mass of silicon solidifie

4.2 Comparison between lifetime values and graia siz

Figure 7 presents the average grain surfaces and th
related average effective lifetime value, for wafeming
from an UMG-Si ingot. The effective lifetime hasele
measured by the QSSPCD technique, using iodine-
ethanol for the wafer surface passivation.
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Flgure 7. Comparlson between average grain size and

effective lifetime value (UMG-Si).

This UMG ingot contains a relatively large quantity
of impurities, and exhibits smaller grains, complate
ingots from SoG Silicon. A small grain size coulavh a
strong impact on the lifetime values, if the grdimen-
sions are of the same order of magnitude or smidléer
the diffusion length of the minority carrier (typity
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100 um). We can thus notice that the lifetime value
follow the increase of grain size throughout the ¢ the
ingot.

4.2 Influence of the temperature profile duringstayli-
sation

On Figure 8 is compared the average grain siz& for
UMG-Si ingot, with different temperature profilep-a
plied during the solidification step. The ingot Aepents
very small grain sizes, and also exhibits somet™gni
the centre of the wafers, starting in the middlettoe#
ingot. In such area of the wafer the average gsain
remains smaller than 0.1 cm2. A typical wafer frews
region is presented in Figure 4. Since the gria arethe
wafer is located in the centre of the wafers, therage
grain size does not increase with the ingot height
remains very low.

On ingot B the temperature profile has been im-
proved. The average grain size is higher thanrfgot A,
and no more grit is visible. The average grain $imes
increases with the height of the ingot.
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Figure 8: Influence of the temperature profile dgri
crystallisation: comparison of wafer grain size ostan-
dard (A) and an optimised profile (B).

4.3 Influence of other crystallization parameters

Figure 9 shows the average grain size distribugion
a function of the ingot height for two ingots, batlystal-
lized using upgraded metallurgical grade SilicomeT
only difference between the two ingots A and B is a
modification concerning the geometry of the Argojec-
tion system inside the crystallisation chamber. Ahgon
injection towards the surface of the liquid Silicbas an
influence on the carbon content inside the Silicence
it allows evacuating both SiO and gMat have formed
inside the crystallisation chamber due to the presef
graphite and quartz elements inside the furnagmot|B
was crystallised with an optimised injection geamyet
and flow rate and shows a larger average graindiize
tribution, especially in the middle section of timgot.
This tends to prove that the optimised Argon ingect
has been efficient enough to evacuate C from the mel
and thus limit the grit formation.
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Figure 9: Average grain size distribution compatiso
between the “standard” process (ingot A) and a fieatli
process (ingot B).

4 CONCLUSION

We have developed a simple method of optical analy-
sis to quantify the crystalline quality of silicavafer in
the early stages of production. This method giveEess
to numerical results, which can be used in thenuipt-
tion of a directional solidification process ofigin. We
have applied this method to different ingots, asdduit
to study the influence of the Si-feedstock quaditgd the
thermal parameters of a new type of furnace. Thalte
obtained have led to the improvement of the tempeza
and time profiles used during the crystallisatit@psas
well as to the geometry of some furnace elements.
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