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ABSTRACT: One important aim of the photovoltaic industry is the continuous decrease of manufacturing costs of solar 
cells. For this reason, the use of upgraded metallurgical silicon (UMG-Si) instead of highly purified silicon or electronic 
grade silicon (EG-Si) is widely discussed. However, the direct application of this material for solar cells is difficult 
because of its higher amounts of dopants and metal impurities of up to several orders of magnitude in comparison to EG-
Si. Therefore, additional purification steps are necessary. In our approach we investigate the efficiency of segregation 
during crystallization of silicon feedstock with various purities from 99.99999% to 99.8%. Results of standard analysis 
methods like Atomic Absorption Spectroscopy (AAS), Inductively Coupled Plasma with Optical Emission Spectroscopy 
(ICP-OES) and Instrumental Neutron Activation Analysis (INAA) confirm the successful increase of the purity of the 
crystallized silicon up to a factor of 1000. Finally, solar cells produced from 99.999% pure silicon achieve an average 
efficiency near 15%. 
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1 INTRODUCTION 
 

The enhanced utilization of upgraded metallurgical 
silicon (UMG-Si) promise a slightly substantial reduction 
of material cost for silicon wafers whose part is over 40% 
on the total cost of solar modules. However, one great 
disadvantage of this silicon feedstock is its high amount 
of dopants and metal impurities of up to several orders of 
magnitude in comparison to high purity silicon or 
electronic grade silicon (EG-Si) [1, 2]. In particular 
transition metals like Cr, Co, Fe, Mn, Ni and Ti degrade 
the minority carrier lifetime by forming additional 
recombination centers in the band gap of silicon. 

Furthermore, the influence of such high impurity 
amounts on crystallization properties such as the macro 
and micro segregation and the grain size as well as their 
distribution within the block during solidification is not 
fully understood. Therefore, a further purification of this 
silicon feedstock is required to obtain solar grade silicon 
(SoG-Si). But a commonly accepted definition about the 
maximum acceptable amounts of dopants and metal 
impurities in SoG-Si for efficient solar cells does not yet 
exist [3]. 

Possible purification treatments are gettering with 
phosphorous, aluminum or HCl gas to decrease the 
impurities on an acceptable level. Another method is the 
unidirectional solidification which we apply at the 
SIMTEC laboratory (Silicon Materials Technology and 
Evaluation Centre) at Fraunhofer ISE. We are able to 
crystallize ingots of 20 kg, 80 kg or 240 kg silicon 
feedstock, cut them into blocks and finally saw the 
blocks into wafers with a multi-wire saw [4]. 

Due to segregation during the unidirectional 
solidification, dopants and metal impurities accumulate 
at the edges, the bottom and most on the top of the 
crystallized block. After removal of these block pieces of 
some centimeters in width the core of the silicon block 
has a higher purity of several orders of magnitude than 
the silicon feedstock. 

For determination of total concentrations of dopants 
and metal impurities in various silicon feedstocks and in 
solar wafers after the crystallization we use standard 
analysis methods like Inductively Coupled Plasma 

Optical Emission Spectrometry (ICP-OES), Atomic 
Absorption Spectroscopy (AAS), Instrumental Neutron 
Activation Analysis (INAA) and Glow-Discharge Mass 
Spectrometry (GD-MS). By comparison of the 
measurement data of the different methods, high 
measurement reliability can be achieved. 
 
 
2 EXPERIMENTAL APPROACH 
 

Silicon feedstock with different purities of 
99.99999% (7N), 99.999% (5N), 99.97% (3.7N) and 
99.8% (2.8N) was analyzed by ICP-OES and AAS before 
and after one crystallization process to determine the 
total amounts of dopants (B, P, Al) and metal trace 
elements (Ca, Cr, Mn, Fe, Co, Ni, Cu and Ti). In 
addition, INAA measurements in the TRIGA Mark II 
reactor at the University of Mainz [5] and GD-MS 
measurements were carried out to verify the ICP-OES 
and AAS results. 

The crystallization of each silicon feedstock was 
performed once in an industrial type of Vertical Gradient 
Freeze (VGF) furnace at the SIMTEC laboratory at 
Fraunhofer ISE. The unidirectional solidification of 82 
kg silicon feedstock (see Figure 2) took place in a quartz 
crucible with Si3N4 coating on the inside. The 
crystallization rate was roughly 10 mm/h, the overall 
cycle time 80 h. Afterwards each ingot was cut into four 
blocks and partly wafered. Some blocks were 
characterized by means of resistivity measurements 
based on the eddy current principle. 

Solar cells from different pure silicon wafers were 
fabricated by a standard solar cell production process at 
Fraunhofer ISE to evaluate their efficiencies. The 
standard solar cell process included the following steps: 
deposition of 1 μm aluminum on the back side, 
phosphorous diffusion forming a 120 Ohm/sq. emitter, 
phosphorous silicate glass removal, oxidation, deposition 
of 2 μm aluminum on the back side, sintering, Ti/Pd/Ag 
front side grid by screen printing, one-step galvanic, 
double-layer anti-reflection coating (ARC), laser edge 
isolation and final sintering. 



3 RESULTS AND DISCUSSION 
 

Table I presents an overview over the total element 
amounts of each silicon feedstock measured by ICP-OES 
analysis before the crystallization. 
 
Table I: Element amounts in silicon feedstock with 
different purities obtained by ICP-OES analysis (D.L = 
Detection Limit <0.01 ppmw) 
 
Element 2.8N 3.7N 5N 7N 
ppmw 
Al 3810 185 0.5 0.1 

B 42 155 - - 

P - - 13 3.3 

Ca 13 465 0.5 0.1 

Co 1.6 1.4 0.1 0.1 

Cr 0.7 1.3 0.06 0.02 

Cu 1.9 0.4 - D.L 

Fe 18 461 0.1 D.L 

Mn 1.1 39 D.L D.L  

Ti - 7 0.06 0.03 

 
Strong differences of element concentrations from 

several 100 ppmw (3.7N) to concentrations smaller than 
10 ppbw and below (7N) were measured. The 2.8N 
feedstock has the highest amount of Al of nearly 4000 
ppmw. Except the values for Al and Cu an abrupt rise of 
the concentration levels of all other elements is observed 
in the 3.7N feedstock. However, technical problems of 
the ICP-OES do not allow the detection of B und P at 
low concentrations. 

For a consideration in more detail chemical analysis 
of the 3.7N feedstock was repeated and performed with 
different methods (see Table II).  

 
Table II: Element amounts in highly impure upgraded 
silicon feedstock (3.7N) measured by different analysis 
methods 
 
Element ICP-OES INAA  AAS GD-MS 
ppmw 
Al 185 - 183 10 

B 155 - - 15 

P - - 13 31 

Ca 758 - 1239 18 

Co 1.4 0.2 0.2 0.2 

Cr 1.3 0.8 - 0.6 

Cu 0.4 1.9 - <0.02 

Fe 461 18 0.1 <0.1 

Mn 39 1.1 <0.01 <0.02 

Ti 7 - 0.06 0.03 

 

The respective results vary very strong partly about 
more than 2 orders of magnitude although all samples are 
from the same silicon feedstock and even from the same 
batch. It is to note that based on technical reasons 
measurement values of Al, B, Ca and P can not be 
received from INAA analysis. 

To identify whether this extreme fluctuation is 
caused by varying sample properties or by the methods 
themselves, the measurements were repeated with several 
sample sets. These measurements show similar variation 
of the measurement values as displayed in Figure 1.  
 

1000
Al ICP-OES 
Ca

800

A
m

ou
nt

/ p
pm

w
 

Fe

 

 
 
Figure 1: Impurity concentration measured at different 
sample sets of 3.7N feedstock by ICP-OES (top) and 
INAA analysis (bottom). 
 

Especially the concentration values of Fe alternate up 
to some orders of magnitude. The showed facts can be a 
feasible explanation for the broad variation of 
measurement values illustrated in Table II. 

In consequence, a specific attention is necessary 
regarding sampling, sample preparation, pre-cleaning and 
the choice of analysis method. In the case of GD-MS 
analysis the detection of trace elements is locally limited 
within a small sample region. In contrast for ICP-OES, 
AAS or INAA analysis the samples are completely 
dissolved in acid or irradiated, respectively, before 
measurement, is evaluated as a whole. 

Figure 2 presents the uncut multicrystalline silicon 
ingot directly after the crystallization of 7N and 3.7N 
feedstock. In comparison to the 7N silicon ingot the 3.7N 
silicon ingot shows an enhanced adhesion on the crucible 
based on the Si3N4 coating that is visible on the white 
areas at the front side (see bottom Figure 2). 
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Figure 2: Multicrystalline silicon ingots (Weight: 82kg; 
Size: 422 x 422 x 250 mm³) after crystallization of 7N 
(top) and 3.7N silicon feedstock (bottom). 
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Figure 3: Results of eddy current measurements on 
blocks of the 3.7N ingot (top) and of the 2.8N ingot 
(bottom), respectively with view on the block edge (left) 
and the block inner face (right). 
 
Also more detrimental effects due to segregation can be 
observed for the 3.7N ingot at the top and edge of the 
ingot. 

Furthermore, resistivity measurements were used to 
study the segregation effect on dopants (B, P and Al) 

within silicon ingots of 3.7N and 2.8N with a high 
amount of Al, respectively. The images of the 3.7N block 
(see Figure 3, top) show a consistent resistance of about 
0.2 Ohm cm. Only on the top and on the edges a slightly 
decrease of the resistance values is noticed. This means 
that the dopant B is distributed equally and the dopant P 
is segregated. Boundary effects due to convec
generate higher resistance values mainly on the top. 
In contrast boundary effects induce higher resistance 
values up to 0.6 Ohm cm mainly on the bottom of the 
block edges of the 2.8N ingot (see Figure 3, bottom). The 
stronger decrease of the resistance values is caused 
clearly by the additional segregation of Al in this silicon. 
The high amount of Al within the 2.8N feedstock does 
not allow the application for solar cells although the 
amounts of other transition metals are

 3.7N feedstock (see also Table I). 
Results from ICP-OES and INAA measurements 

performed before and after the crystallization of 3.7N 
demonstrate the successful purification by segregatio
T
 
Table III: Element amounts in highly impure UMG-Si 
feedstock (3.7N) before and after crystallization obtained 
by ICP-
p
 
Elemen  Concentration Ratio
ppmw   Feedstock / Wafer 
Al 185 1.3 142 

Ca 465 0.7 664 

Co 1.4 D.L >140 
mm 

Cr 1.3 0.03 43 

Cu 0.4 D.L >40 

Fe 461 0.1 4610 

Mn 39 D.L >3900 

Ti 7 D.L >700 

 solar 
cel

ved solar cell efficiencies are 

s leading to 
overcompensation of the p-type dopants. 

 
The decrease of metal impurities for all determined 
elements is in the range of 2-3 orders of magnitude or 
higher. For several elements their amounts are below the 
detection limit of 10 ppbw. With regard to the metal 
amounts this silicon has nearly the purity of solar grade 
silicon. Critical is the amount of dopants for the suitable 
doping of the silicon in order to use it directly for

ls. However, this is not possible at the moment. 
For this reason, silicon wafers of crystallized 5N 

silicon (UMG-Si) were used to produce p-type solar cells 
by a standard solar cell procedure at the Fraunhofer ISE 
to compare them with p-type solar cells of 7N silicon 
(SoG-Si). The achie
displayed in Figure 4. 
The average efficiency of the 7N solar cells is about 
15.5% and shows a small variation dependent on the 
ingot height. The 5N solar cells have both about 1% 
lower efficiency values and a little stronger dependency 
on the ingot height. Unfortunately, the yield of p-type 
solar cells from this 5N ingot and block respectively is 
just under 50% because of a switch from p-type to n-type 
due to segregation of Phosphorou
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Figure 4: Solar cell (Size: 156 x 156 mm²) efficiencies 
fabricated from 7N and 5N silicon depending on the 
ingot position. 
 
 
4 CONCLUSIONS 
 
The ICP-OES analysis enables the determination of 
dopants and metal concentrations with reliable 
measurements values verified by INAA and AAS. 
A specific attention regarding sampling, sample 
preparation and the choice of analysis method is 
required. 
The unidirectional solidification is a very effective tool 
for purifying UMG-Si with purities of 5N, 3.7N and 
2.8N. Results of ICP-OES and INAA measurements 
confirm the decrease of metal impurities by segregation 
during crystallization of at least 2-3 orders of magnitude. 
Solar cells produced from UMG-Si feedstock (5N) 
achieve nearly the same efficiencies as solar cells from 
SoG-Si feedstock (7N). 
Further studies are necessary to optimize the 
crystallization parameters to obtain higher yield of usable 
solar wafers from UMG-Si ingots and to increase their 
efficiency. 
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