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Defects in multicrystalline silicon for photovoltaic appli-
cations and their impact on solar cell parameters have 
been investigated in the material research network project 
SolarFocus. A series of multicrystalline silicon ingots of 
ultrapure feedstock material were cast with intentional 
addition of typical transition metal impurities (Fe, Cu, 
Cr) and Ge as doping elements. The results of lifetime 
measurements, NAA and FTIR analysis, solar cell proc-
essing and microscopic investigations are presented in 
this study. For ingots intentionally contaminated with 
transition metals, the combined analysis reveals that de-
spite the overall high impurity content, good solar cell ef-
ficiencies can be reached. A strong influence of the in-
diffusion of metal impurities from the crucible as well as 

the back-diffusion from the top region of the ingot ca still 
be observed. All metals show a strong precipitation be-
haviour throughout the whole ingot. The solar cell effi-
ciency is both limited by multiple recombination active 
defects and shunts, induced by a high metal contamina-
tion via indirect mechanisms. Solar cells with efficiencies 
up to 15.2 % for material contaminated with 20 ppma Fe 
in the melt, 15.7 % for 20 ppma Cu and 15.1 % for 
20 ppma Cr were processed. A positive effect of Cu 
added to the feedstock could not be found. Ge-rich ingots 
showed strong effects of increasing silicon carbide and 
silicon nitride formation with increasing Ge content lar-
ger than 0.5 wt.% thus reducing solar cell efficiency.  

 

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  

1 Introduction Impurities in silicon can drastically 
modify the material properties relevant for solar cells made 
out of silicon wafers in different ways. Transition metal 
impurities such as iron, copper and chromium are known 
to enhance the net recombination of minority carriers 
within the bulk material or negatively influence the emitter 
region and thus are detrimental for the cell efficiency [1]. 

In contrast, elements such as germanium are investigated 
as dopants for monocrystalline silicon in semiconductor 
industry in order to positively influence the internal getter-
ing characteristics [2]. However, the production of solar 
cells from SixGey-alloys with Ge-content up to 16 at.% 
proved rather difficult [3]. The knowledge about defect in-
teractions and their relative importance in the face of mul-
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tiple impurities, which are inadvertedly present in solar cell 
material, is of utmost interest for the use of alternative 
feedstock materials such as upgraded metallurgical silicon 
(UMG-Si) feedstock [4,5] and for the improvement of ac-
tual industrial materials for solar cell production. Therefore, 
multicrystalline silicon (mc-Si) materials with well defined 
impurity concentrations have been crystallized and subse-
quently characterized with a set of different methods to in-
vestigate interactions of metal impurities, dopants and mi-
crostructural defects. Thus the incorporation mechanisms 
and limits of tolerable amounts of impurities in solar sili-
con could be analysed. The platform for this research has 
been the SolarFocus-project, a German-based joint venture 
project consisting of twelve industry partners and twelve 
universities/research institutions in the field of silicon 
photovoltaics [6]. 

 
2 Experimental approach For the investigation of 

the effect of Fe, Cu, Cr and Ge introduced into mc-Si ma-
terial either in the feedstock itself or during crystallization, 
a series of experimental mc-Si ingots have been grown by 
the directional solidification (DS) technique with a solidi-
fication velocity of 1.0–1.1 cm/h in an experimental cast-
ing furnace at Deutsche Solar AG [7]. The feedstock was 
melted in a quartz crucible and cast into a rectangular so-
lidification crucible, coated with industrial quality Si3N4 
lining. The ingots generated two bricks of 125 mm side 
length or one brick of 156 mm side length with three sides 
influenced by indiffusion of impurities from the crucible 
system, the fourth side having a distance of 80 mm to the 
crucible. In order to minimize cross contamination of 
added impurities, three different melting crucibles were 
used. The block height was between 200 mm and 220 mm. 
Table 1 gives an overview over the investigated ingots. 

 
Table 1 Overview of ingots with intentionally added elements  

 Ingot description Added elements 
(1) reference ingot pure Si feedstock 
(2) low iron level   2 ppma Fe 
(3) high iron level 20 ppma Fe 
(4) high copper level   0 ppma Fe, 20 ppma Cu 
(5) low iron, high copper level   2 ppma Fe, 20 ppma Cu 
(6) high iron, high copper level 20 ppma Fe, 20 ppma Cu 
(7) high chromium level 20 ppma Cr 
(8) reference ingot 2 pure Si feedstock 
  
(9) low germanium level 0.5 wt.% Ge 
(10) medium germanium level 1.0 wt.% Ge 
(11) high germanium level 2.0 wt.% Ge 

 
In two reference ingots, ultrapure feedstock was inten-

tionally doped with boron to give a material with a resistiv-
ity of about 0.7-1 Ωcm throughout the entire ingot. In five 
other ingots, Fe, Cu and Cr in form of small discs of pure 
elemental metal were added to the B-doped feedstock aim-

ing at a lower concentration level (2 ppma Fe or Cu) or a 
higher concentration level (20 ppma Fe, Cu or Cr) in the 
melt or combinations thereof. Thus the interaction between 
metal impurities and their precipitation behaviour with re-
spect to microstructural defects could be studied. In a sec-
ond series of ingots, pure metallic germanium was added 
to the feedstock in three concentration levels. Bricks of 
125 mm or 156 mm side length were cut out of each ingot 
and subsequently wafered. Every 10th wafer was proc-
essed into a solar cell by an industrial-type cell process 
with an emitter indiffused via a gas phase process and 
screen printed back contacts [7]. Lifetime measurements 
and other electrical and microstructural analyses were per-
formed on brick and wafer level. A vertical slab of 3 mm 
thickness perpendicular to the long side of the ingot was 
cut for Infra Red Microscopy (IRM) and Fourier Trans-
form Infrared Spectroscopy (FTIR) measurements. From 
the remaining material, analytical samples from seven to 
eight different block heights for Neutron Activation Analy-
sis (NAA) were prepared. 

 

3 Influence of iron, copper and chromium 
 3.1 Metal distribution Figure 1 shows the pro-

files of the total Fe (upper diagram) and Cu content (lower 
diagram), measured by height-dependent NAA.  
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Figure 1 Height-dependent total Fe (top) and Cu (bottom) con-
centration profiles, measured by NAA method. 
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Concentrations for Cr and Ni were measured as well 
for all ingots (not shown here). They are within a range of 
3×1011 at/cm3 to 2×1014 at/cm3 for Cr and 8×1012 at/cm3 to 
5×1014 at/cm3 for Ni. In all profiles, a mixture of transition 
metals was found independent of intentional contamination. 
For all ingots, profiles for the evaluated transition metals 
showed similar values at the block bottom: 
7-13×1014 at/cm3 for Fe, 5-14×1014 at/cm3 for Cu, 
1-12×1013 at/cm3 for Cr and 2-12×1013 at/cm3 for Ni. The 
Cu profile in ingot (3) and the Fe profile in ingot (4) are 
located in between two groups of profiles with high and 
low concentration levels. This may point to an interaction 
between Fe and Cu, but a cross contamination for these in-
gots cannot be ruled out. 

The height-dependent total impurity content was mod-
eled by taking four different mechanisms into account [8]: 
(i) Incorporation of impurities into the crystal with initial 
concentration c0 in the melt is described by the Scheil 
model [9] with an effective segregation coefficient keff . 
(ii) Crucible and lining of industrial production quality act 
as sources of metal impurities [10]. Thus, impurities can be 
continously incorporated into the melt over crystallization 
time, modeled by an effective transfer rate. 
(iii) After solidification, mobile species diffuse from the 
crucible through the lining into the solidified crystal. 
(iv) Diffusion from the utmost top of the block with very 
high impurity concentration back into the block volume 
occurs directly after solidification. It can be modeled by a 
solid state diffusion and can significantly differ for slow 
and fast diffusing elements. 

The upper diagram in Fig. 2 shows the simulated and 
measured profile for the total Fe concentration in ingot (3) 
with 20 ppma Fe added to the feedstock. The shape of the 
simulated profile in the upper part is due to back-diffusion 
and simulated precipitation of Fe based on the Fokker 
Planck Equation [8]. The segregation coefficient is found 
to be keff, Fe (multi) = 1.7-2.2×10-5, which is 3-4 times 
higher than literature data for monocrystalline silicon 
keff, Fe(mono) = 5-7×10-6 [11,12]. It has been discussed that 
this might be due to an increased incorporation of Fe at ar-
eas with high density of structural defects [13]. Modeling 
via an increased solid solubility in combination with pre-
cipitation can describe the data [8], but thermodynamical 
considerations imply a more complex mechanism. 
Whereas the interstitial iron concentration Fei in the block 
middle is on the order of a factor 10 lower than Fetotal, in 
the top and bottom region, this factor can be as high as 200 
due to in- and backdiffusion in the crystal [7,8]. 

The lower diagram in Fig. 2 displays the simulated Cu 
profile for ingot (5) without a specific precipitation model, 
together with NAA data points of ingots (4)-(6). The diffu-
sion regions at block bottom and top are largely extended 
due to the high diffusion coefficient of Cu in the silicon 
crystal in comparison to Fe [14]. For ingots (1) and (2), 
where no metallic Cu was initially added to the feedstock, 
in-diffusion from the crucible and back-diffusion from the 
top dominate the whole profile (see also Fig. 1).  
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Figure 2 Modeling of height dependent profiles for total metal 
concentration of Fe (upper diagram) and Cu (lower diagram).  

 
The applied effective segregation coefficient 

keff, multi(Cu) = 4×10-4 is in good agreement with literature 
values for mono-Si. 

Evaluation of the Cr concentration in ingot (7) yields 
an effective segregation coefficient keff, multi(Cr) = 5×10-6 
and a profile comparable to Fe in ingot (3). 

 
 
3.2 Oxygen and carbon distribution Height-

dependent measurements of the interstitial oxygen concen-
tration Oi showed a decrease from bottom to top in accor-
dance with the segregation mechanism (see Fig. 3).  
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Figure 3 Height dependent Oi-profiles, measured by FTIR on
vertical slabs. 



736 S. Riepe et al.: Efficiency limiting defects and defect engineering in silicon solar cells 
 

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  www.pss-c.com 

p
h

ys
ic

ap s sst
at

u
s

so
lid

i c

While the addition of Cu in ingots (4) and (5) is lead-
ing to an increase in the Oi-content by up to 40%, the addi-
tion of a high amount of Fe results in more than doubling 
the Oi-content in the bottom half of both ingots with 
20 ppma metal content. Please note, that the total oxygen 
content might be significantly higher. 

FTIR measurements of substitutional carbon Cs show 
an almost linear increase from 1.2×1017 at/cm3 at the block 
bottom to 7.6×1017 at/cm3 at 180 mm block height. 
Whereas in the reference material, Cs concentration in the 
block top higher than 180 mm is above 1018 at/cm3, it sig-
nificantly drops for ingots (2) and (5) with additional metal 
impurities.  

 
3.3 Precipitates It is generally known that most of 

the oxygen in the silicon matrix is bound as precipitates 
surrounded by its interstitial species Oi. Large quantities of 
iron seem to alter the precipitation behaviour of oxygen di-
rectly or indirectly (see Fig. 3). Interactions with crystal 
defects or iron precipitates probably play a role for this ef-
fect. Our results suggest that these mechanisms are not 
present in silicon only contaminated with Cu. 

In the top parts of all ingots, IRM analyses find SiC 
and Si3N4 precipitates in varying densities. In the reference 
material, a zone with high density of precipitates is found 
above 190 mm block height. For ingot (2), this zone is 
found to begin at a significantly lower block height of 
approx. 180 mm correlating with the reduction of Cs at this 
position. Interestingly, the amount of precipitates found in 
the top of ingot (5) is less than in ingot (2). 

In the top regions of ingots (5) and (6), star-shaped and 
dot-shaped precipitates of FeSi2 and Cu3Si were identified 
by IRM and EBIC analyses [7] (see Fig. 4 left). TEM char-
acterization reveals, that either single FeSi2 or Cu3Si ap-
pear as individual precipitates, or both metal silicides are 
colocated, meaning that they are found at the same location. 
A ternary phase of FexCuySi does not seem to form. Inter-
estingly, some colocated precipitates with oxygen on the 
interface layer between Cu3Si and the silicon matrix were 
found (see Fig. 4 right). 
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Figure 4 EBIC image (left) of dot-shaped precipitates and TEM
image (right) of colocated precipitates with oxygen surrounding
the Cu3Si precipitate, found in ingots with additional Fe and Cu. 

 

3.4 Solar cell analysis Fig. 5 shows cell efficiencies 
over block height of the highly metal contaminated ingots 
in comparison to the reference material. Efficiencies up to 
15.2 % for material contaminated with 20 ppma Fe and 
15.7 % for 20 ppma Cu were be reached. A discussion of 
the height dependent open circuit voltage Voc and effi-
ciency η results of all ingots is given in [7]. The efficiency 
limit for the applied solar cell structure and processing se-
quence on the experimentally cast reference material was 
16.1 % for ingot (1) and 15.3 % for ingot (8), indicating 
significant material variations over the whole experiment. 
All solar cells out of intentionally contaminated material 
show lower efficiencies.  
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Figure 5 Height dependent cell efficiency profiles of reference
ingots and ingots with addition of 20 ppma metal impurities –
work done at Sunways, Arnstadt. 

 
In addition to the evaluation of efficiency, reverse bias 

characteristics of cells from metal contaminated material 
were investigated. It was found, that a secondary effect of 
metal precipitates consists in the induction of soft diode 
breakdown [15]. This may result in a severe reduction of 
the solar module lifetime in case that so called hot-spots 
develop, and has to be taken into account for the assess-
ment of tolerable amounts of metal in the feedstock. 

 
3.5 Discussion For the assessment of the influence 

of metal impurities on the efficiency for solar cell produc-
tion, a normalized efficiency defined as the product of Voc, 
Isc and a scaling factor, representing a fill factor of 0.78, is 
shown as a function of the total metal content measured via 
NAA (see Fig. 6). Thus technological problems related to a 
varying fill factor are taken out of consideration here. 
However, it has to be noted that the fill factor itself might 
strongly be influenced by the material properties. The limi-
tation by the applied cell structure and cell process is indi-
cated by the shaded region with upper limit of 16.1 %.  

A total Fe concentration in the crystallized material 
above approx. 2×1013 at/cm3 starts limiting the cell effiency, 
with an increasingly severe reduction for Fe concentrations 
higher than 1×1014 at/cm3. Taking the effective segregation 
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coefficient for these experiments into account and evaluat-
ing only material not influenced by in-diffusion from the 
crucible in the block bottom, a concentration of up to 
1.2×1017 at/cm3 of iron in the feedstock material (equiva-
lent to 2.4 ppma) would yield solar cell efficiencies com-
parable to standard material from the block middle up to 
90% block height. Depending on the crystallization proc-
ess and contamination level, reduced efficiencies in the 
block bottom may account for about 10–15 % of ingot 
height (see Fig. 5). Thus up to 75-80 % of the ingot mate-
rial could yield solar cells with efficiencies higher than 
15 %. 
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Figure 6 Normalized cell efficiency plotted versus total metal
concentration. The lines serve as guides to the eye. 

 
With an analogous argumentation, a Cu concentration 

of about 3×1014 at/cm3 on wafer level and thus about 
9×1016 at/cm3 in the feedstock (equivalent to 1.8 ppma), or 
a Cr concentration of about 3×1012 at/cm3 and 6×1016 

at/cm3 (equivalent to 1.2 ppma), respectively, would lead 
to the same results. Since this evaluation does not distin-
guish between interstitial or precipitated metal atoms and 
thus cannot judge secondary effects as induced by defor-
mation of the silicon matrix and dislocation generation, 
these values give only a qualitative estimation. The value 
for Cu is in good agreement with results presented by Ro-
hatgi et al. [16]. The deviation in the assessment of Fe may 
be due to the assessment of total metal content and a higher 
efficiency limit for this study. Contrary to postulations in 
literature [17], a positive effect of the addition of Cu to the 
feedstock in presence of other metal impurities could not 
be found.  

4 Solar cells on germanium doped mc-Si 
The internal gettering behaviour in Czochralski grown 

silicon, which is exploited in semiconductor technology, 
can be enhanced by Ge doping of up to 2 ppma [2]. In or-
der to investigate a proposed positive influence of Ge on 
solar cell efficiency [3], a series of three mc-Si ingots with 
addition of Ge was cast (see Table 1) and processed. 

4.1 Material analysis Height-dependent profiles of 
Ge concentration, measured by NAA for the ingots with 
0.5 wt.% and 1.0 wt.%, could be modeled with an effective 
segregation coefficient of keff, Ge (multi) = 0.32. Infrared 
microscopy analysis and minority carrier lifetime mapping 
on a vertical cross section of ingot (10) show pronounced 
inhomogeneities over block height (Fig. 7 and 8). 
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Figure 7 Microscopy analysis 
of vertical slab of ingot (10) of 
205 mm height with 1 wt.% Ge 
showing high precipitate density 
in upper block part.  

Figure 8 Lifetime mapping
of unpassivated adjacent
brick (blue colour indicates
high lifetime, red colour indi-
cates low lifetime values). 

 
A significant reduction in lifetime starting above 75% 

block height in ingot (10) correlates with a region of high 
density of Si3N4 and SiC precipitates which were identified 
by IRM analyses. The curved shape of the interface zone 
reflects the non-planar liquid-solid interface for this spe-
cific crystallization and block height. A similar region is 
found in ingot (9) starting at 82 % block height in combi-
nation with shaded regions in the block bottom, visible by 
IR inspection. Strong shading is also found in the bottom 
region of ingot (11) and a high density of SiC and Si3N4 
above 57 % block height. No shading or regions of high 
inclusion density were observed in a reference ingot with-
out added Ge. FTIR measurements (Fig. 9) of Cs show a 
significant reduction above these heights in ingot regions 
with pronounced SiC and Si3N4 precipitate formation. 

 
 

 

Figure 9 Height-
dependent Cs pro-
files for ingots with
up to 2 wt.% of Ge
added to the feed-
stock, measured by
FTIR. 
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4.2 Solar cell characterization and discussion 
Solar cells processed from ingot (9) and (10) possess cell 
efficiencies in the middle of the ingots of up to 16.1 % 
comparable to results of the reference material (see Fig. 5) 
and are not shown here. Significant efficiency reduction 
correlates with the aforementioned regions of high precipi-
tate density and shading. The reverse bias characterisitic of 
cells from these regions, analysed by Dark Lock-In Ther-
mography DLIT, show areas of high local current flow 
identifying ohmic shunts. The IV-characteristics indicate 
material induced shunts caused by SiC filaments [18].  

Additionally, SiC precipitates can introduce disloca-
tions and stress into the silicon matrix. Since there is al-
ways a certain amount of transition metals in the melt due 
to the influence of the crucible system, these metals inevi-
tably decorate microstructural defects and can form metal 
precipitates. In combination with residual stress around 
these defects, high recombation activity occurs resulting in 
low lifetime and thus solar cell efficiencies.  

SiC clustering seems to be amplified above a certain 
threshold concentration of Ge in the Si melt thus impairing 
solar cell properties. NAA measurements reveal that this 
effect starts at a Ge concentration of approx. 0.5 wt.% in 
the crystal. Therefore a concentration ≤ 0.3 wt.% of Ge in 
the feedstock should be maintained in order to avoid re-
gions with high precipitate density up to 90 % block height 
for a similar crystallization process. An increase in lifetime 
due to a reduced dislocation density could not be observed. 
Based on this study and literature values, a possible in-
crease in solar cell efficiency by addition of Ge to the sili-
con feedstock would be expected in a region of about 
1017-1019 at/cm3 equivalent to 5–500 ppmw. 

 
5 Conclusions The combined analysis of material 

and solar cells reveals a complex picture of defects in in-
tentionally metal contaminated materials. Only high levels 
of contamination of transition metals in the range of 
20 ppma in the melt result in significant higher impurity 
levels in the middle of the ingots and thus reduce solar cell 
efficiencies. Strong interactions in the precipitation of dif-
ferent species are found. Our results imply, that feedstock 
containing 1-2 ppma of the investigated metal impurities is 
able to yield solar cells with efficiencies up to 16 %. The 
in-diffusion of metal impurities from the crucible as well 
as the back-diffusion from the top of the block dominate 
the impurity profiles for standard as well as lightly con-
taminated mc-Si material. In combination with microstruc-
tural defects induced by the crystallization process, these 
impurities limit the solar cell efficiencies. A positive effect 
on solar cell efficiency by addition of Cu to the feedstock 
could not be found.  

Mc-Si ingots with up to 2 wt.% Ge showed increased 
precipitate density and reduced solar cell efficiencies in the 
upper block parts with Ge concentration larger than approx. 
0.5 wt.%. An increase in cell efficiencies could not be ob-
served for material with a Ge content of 0.5 wt.% or above 
in the feedstock. 
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