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A B S T R A C T

In this work, we have investigated the impact of interstitial Fe contamination on the effective minority carrier 
lifetime of n-type Cz silicon bulk material for high efficiency solar cells. The study covers a Fe concentration in 
the silicon bulk from 3.5 � 1012 cm-3 to 2.7 � 1014cm-3. We have added 5 different concentrations (30, 100, 300, 
1000 and 3000 ppb) of Fe intentionally to a wet chemical process tank and measured the transfer to the silicon 
wafer surface mimicking a possible contamination during wet chemical processing. In order to fabricate carrier 
lifetime test vehicles, the silicon wafer is then passivated with thermal silicon oxide from both sides. The surface 
contamination is driven into the bulk by mimicking a high temperature process during solar cell manufacturing. 
Effective minority carrier lifetime is measured at injection levels from 1 � 1013 cm-3 to 3 � 1015cm-3. We have 
fitted the theoretical curve for interstitial Fe derived from the SRH theory to the measured values and extracted 
the Fe contamination concentration. This value is comparable to the calculated value extracted from the surface 
contamination measurement. For low level injection (LLI), we extracted the capture cross section for interstitial 
Fe to be 6.45 � 10-17 cm/s � 2.23 � 10-17 cm/s. The measured Fe contamination levels are used for the con
version efficiency fitting of a n-type bifacial silicon solar cell using QUOKKA simulations. The simulations show 
that very low Fe contamination concentrations of [Fe]bulk ¼ 3.5 � 1012 cm-3 ([Fe]surf ¼ 6 � 1010cm-2) already 
degrade the solar cell efficiency by 10% relative.   

1. Introduction

Iron contamination can severely degrade the electrical performance
of silicon solar cells [1]. The contamination can originate in Silicon 
solidified from lower-grade feedstock or in an inevitably impure crucible 
[2,3]. Gettering processes, like Phosphorous doping, are known to 
reduce the detrimental impact of this contamination during solar cell 
processing [4]. Feedstock manufacturing for mono-crystalline substrates 
using the Czochralski (Cz) method typically do not contain intrinsic iron 
in levels that are significant enough to impact the device performance. 
However, such substrates are severely impacted by extrinsic sources of 
iron contamination that can be present at many steps of the solar cell 
manufacturing process. As a result, degradation of the bulk lifetime can 
have a negative impact especially in higher efficiency cell architectures, 
in which the suppression of surface recombination by advanced 
passivation schemes leads to a strong dependence of efficiency on bulk 
lifetime. 

In recent years the photovoltaic community has seen significant 
improvements in the efficiency of industrially produced solar cells as 
well as in the record efficiencies of elaborate lab-type cells [5–7]. This is 
due to improvements in surface passivation and process developments to 
utilize the high electrical quality of today’s silicon wafers [8,9]. This 
high quality has been achieved by optimized process routes that deac
tivate recombination-active bulk defects in commercially available 
material [10–12]. Metallic impurities are common in photovoltaic grade 
crystalline silicon. Neutron activation analysis [13,14] studies of 
directionally solidified silicon have revealed significant quantities of Fe, 
Cr, Cu, Mo, and Co. These contaminants are especially damaging when 
occurring at interstitial or substitutional lattice sites. 

Iron is a very common element in machine building and is difficult to 
eliminate on a production line. As a result, the unintentional iron 
contamination level in wafers is usually higher than that of other metal 
impurities [15]. The typical concentration of iron [Fe] in commercial 
multi-crystalline silicon ingots has been reported to be in the range of 
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1013–1015 cm� 3 as determined by neutron activation analysis (NAA) 
[16–19]. Iron can occur during crystal growth or wafer processing by 
either mechanical contact or liquid phase contact with 
iron-contaminated solutions. Once incorporated into a device, iron re
mains in either precipitated or dissolved form [20]. The precipitated 
iron in silicon contributes to increased leakage currents and reduced 
breakdown resistance, which causes degradation in device performance. 
Iron dissolved on interstitial lattice sites of silicon is electrically active 
and affects recombination in silicon and reduces the performance of 
solar cells. The major reasons why transition metals in general, and iron 
in particular, are detrimental for silicon devices are: (i) transition metals 
as well as their complexes and precipitates introduce deep levels in the 
band gap, reducing the minority carrier lifetime, or generating minority 
carriers in depleted regions; (ii) very high diffusion coefficients at high 
processing temperature (D ¼ 2.6 � 10� 6 cm2/s at 1000 �C for Fe, [21]) 
can result in fast contamination of large wafer volumes even from point 
sources and from the wafer backside [22]. Numerous experimental data, 
obtained on intentionally and unintentionally iron-contaminated sam
ples, suggested that dissolved Fe in silicon exhibits a donor level Fei

þ/0 in 
the lower half of the band gap [ET � Ev þ(0.38 � 0.05) eV] [23–33]. It 
took almost 20 years of research starting from the pioneering work of 
Collins and Carlson [34] to prove that this level is indeed the level of 
interstitial iron. Feichtinger provided experimental evidence that, 
within the limits from EC � 0.045 eV to EV þ 0.045 eV, interstitial iron 
exists in only two charge states: Fei

0 and Fei
þ [35]. 

In this paper, we focus on the impact of interstitial iron in bulk 
concentrations between 3.45 � 1012 cm-3 to 2.77 � 1014cm-3 on the 
effective minority carrier lifetime of n-type Cz-silicon material used for 
solar cell processing. The measured lifetime curves are fitted to the SRH 
theory taking one interstitial Fe impurity level at Et ¼ 0.38eV into ac
count. The extracted impurity concentration is compared with the 
measured Fe surface concentration. In addition, we have extracted 
capture cross sections of the intrinsic Fe impurity from the slope of the 
lifetime curves at low level injection for different impurity levels. 
Finally, we have used the extracted data (impurity concentration and 
impurity energy level) to simulate conversion efficiencies for contami
nated n-type silicon solar cells using the QUOKKA simulation tool. 

2. Experimental approach and study logic 

2.1. Experimental approach 

The wafers used for the experiment were commercially available n- 
type large-area (156 � 156 mm2) semi-square Cz-Silicon material (3–5 
Ω cm resistivity and 180–200 um thickness). 

The preparation of the samples includes a pre-clean for organic 
contamination removal, a saw damage etch in concentrated KOH to 
obtain a damage free, smooth surface and subsequent neutralization. 
The metal clean was done using a clean based on DIW:O3 þ HF:HCl 
mixtures as described by Haslinger et al. [36]. The clean was followed by 
an extra de-ionized water DIW:O3 treatment to create a clean chemical 
oxide and therefore have a stable hydrophilic surface. 

The contamination bath is a 13l quartz beaker that is cleaned over
night in HNO3 based chemistry, rinsed in DIW until a resistivity of 
>5MOhm. The holders are also cleaned in this solution and rinsed in 
DIW. The wafers were then immersed in a Fe-contaminated acidic so
lution1 for 5min and received a subsequent DIW overflow rinse for 5min 
and N2 spin drying. No feed and bleed dosing is applied. The chemicals 
are stirred during mixing but not during the 5 min contamination pro
cess. After this contamination process, a part of the wafers were 
measured using the combined method of VPD-DC (Vapor Phase 
Decomposition – Droplet Collection) and TXRF (Total Reflection X-Ray 
Fluorescence) as described by Hellin et al. [37], on another part of the 
wafers a thermal oxidation process was conducted (975 �C for 1 h), 
providing 20 nm SiO2 for surface passivation followed by an annealing 
under forming gas (5%H2 in N2) at 450 �C for 3 h. A schematic drawing 
for the detailed process flow can be found in Fig. 1. 

To measure the effective lifetime (τeff), quasi-steady-state photo
conductance (QSSPC) [38] measurements were conducted using a BT 
Imaging tool on a symmetric lifetime test vehicle where the effective 
surface recombination velocity at both the front side and the rear side of 

Fig. 1. A schematic representation with experimental splits of the process flow to investigate the effect of Fe contamination on bulk lifetime. Five wafers/split were 
used in this process. 

1 The solution is a diluted HCl:DIW mixture (pH 1.3) spiked with ICP- 
Standard solution at 1000 ppm to obtain Fe concentration of 30, 100, 300, 
1000 and 3000 ppb. A reference test is also done without any Fe contamination 
added (0 ppb). 
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the sample can be assumed equal and close to zero due to thermal oxide 
passivation on both surfaces, i.e. Seff-front ¼ Seff-rear ¼ Seff ¼ 0. The 
symmetric structure is then used to extract effective lifetime (τeff) using 
the Kane and Swanson approach [39]. 

In order to study the impact of surface contamination in the range as 
low as 1e10 cm-2, n-type cz-silicon material of high minority carrier 
lifetime has been used. The minority carrier lifetime of the non- 
contaminated material was determined to be well above 4 ms at 1e15 
cm-3. 

2.2. Study logic 

Here, we describe the study logic of our investigation in a step by step 
approach: 

Step 1. Intentionally controlled contamination of the acidic cleaning 
solution with Fe, mimicking a processing tank that has been loaded with 
metal impurities during solar cell manufacturing. Outcome: measured 
Fe concentration [Fe]liq in the liquid in ppb 

Step 2. Quantifying the metal transfer from the solution to the wafer 
surface by measuring the surface concentration of the added metal im
purity by VDP-DC-TXRF. Outcome: measured Fe concentration [Fe]surf 
on the wafer surface in cm-2 

Step 3. Applying a high temperature process step, like thermal 
oxidation, to diffuse the metal impurities from the surface into the bulk 
of the silicon wafer. Effective minority carrier lifetime is determined 
from the achieved symmetric test vehicles. The lifetime values of the 
contaminated samples are subtracted from the lifetime values of the 
non-contaminated sample to extract the lifetime degradation coming 
from the Fe impurity only (τFe). The extracted impurity surface con
centration from Step 2 is used to calculate the impurity bulk concen
tration assuming all the surface impurities are diffused into the bulk. 
This Fe impurity concentration value is called [Fe]bulk_calc. Outcome: 
calculated bulk iron impurity concentration [Fe] bulk_calc in cm-3 and 
measured τeff. τFe is calculated from τeff. 

Step 4. At low injection (dn « n0), the linear part of the iron 
contaminated minority carrier lifetime curve is fitted to the SRH mi
nority carrier lifetime model, to extract the capture cross section of the 
Fe impurity. Here we assume that all the Fe species from the surface are 
diffused into the bulk and are electrically active. Outcome: capture cross 
section σp of the Fe impurity by fitting 

Step 5. The injection independent part of the Fe contaminated lifetime 
curves is fitted to the SRH minority carrier lifetime model to determine 
the Fe impurity concentration. Here we use the extracted capture cross 
section from Step 4. This Fe impurity concentration value is call 
[Fe]bulk_fit. Outcome: Bulk iron impurity concentration [Fe] bulk_fit in cm- 

3 by fitting 

Step 6. Comparing the Fe bulk concentration values achieved from the 
two different approaches. If the values coincide, we can conclude that all 
the iron of the surface has diffused into the bulk and became electrically 
active and that the lifetime degradation we measure in n-type Cz-silicon 
is related to interstitial iron in the silicon bulk. 

Step 7. The achieved capture cross section and Fe bulk concentrations 
are used in the QUOKKA device simulator to predict solar cell effi
ciencies depending on metal impurity level. 

3. Theoretical background 

3.1. Deriving the Shockley-Read-Hall lifetime limit for a single defect trap 
level 

In the contamination process, control wafers without Fe contami
nation were co-processed. The effective carrier lifetimes τeff for both 

contaminated (τdiffused) and control wafers without Fe diffusion (τcontrol) 
were measured in the same injection level range. Therefore, the carrier 
lifetime only due to the introduced Fei (τFe) can be extracted using Eq. 
(1) [40] 

1
τFe
¼

1
τdiffused ​

�
1

τcontrol
(1) 

This procedure subtracts out the influence of other recombination 
effects such as Auger and surface recombination. Also, to correlate be
tween the bulk and the surface concentration, Eq. (2) is used, if all the Fe 
species on the surface are diffused into the bulk after a thermal oxidation 
treatment. 

½Fe�bulk calc¼
2� ½Fe�surface

W
(2) 

In the above equation, W is the thickness of the wafer, [Fe]surf is the 
amount of Fe impurities injected in the solution and measured at the 
surface of the wafer, and [Fe]bulk is the amount of Fe impurities expected 
in the bulk of the wafer after the thermal diffusion process. 

Based on the Shockley–Read–Hall theory (SRH theory) of carrier 
generation and recombination at a single defect level with energy Et, the 
SRH lifetime (i.e. Δn ¼ Δp) can be expressed as: 

τSRH ¼
τnoðp1 þ po þ ΔnÞ þ τpoðn1 þ no þ ΔnÞ

po þ no þ Δn
(3)  

where τno and τpo are the capture time constants, Δn is the excess carrier 
density from injection, no and po are the equilibrium densities of elec
trons and holes respectively, and finally, p1 and n1 are the carrier den
sities which are defined in Eq. (4) and Eq. (5) as 

n1¼Ncexp

�

�
Ec � Et
kT

�

(4)  

p1¼Nvexp

�

�
Et � Ev
kT

�

(5) 

Here Nc and Nv are the effective densities of states in the conduction 
and the valence bands respectively, Et is the energy level of the 
recombination center, Ec is the conduction band energy, while Ev is the 
energy in the valence band. 

In the limit of low-level injection (LLI: Δn « no þ po), the SRH life
time, Eq. (3), for a n-type (no ≫ po) semiconductor can be written as 
shown in Eq. (6) 

τLLI;nSRH ¼ τpo
��

1þ
n1

no

�

þ

�
p1

no

��

(6) 

Fei
þ/0 impurities in n-type Silicon are most effective for recombina

tion because they are deep defects with energy levels close to the mid- 
bandgap. In such defects, the minority capture time constant is the 
limiting process over a large injection level range [41]. Hence, the 
resulting low-level injection SRH lifetime is independent of doping 
concentration and equal to the minority capture time constant [ i.e. 
τLLI;n

SRH � τpo]. However, in the limit of high-level injection (HLI: Δn ≫ no 
þ po, n1, p1), the SRH lifetime becomes independent of both the doping 
concentration and the injection level and is only limited by the slower of 
the two capture processes (i.e. τHLI;n

SRH ¼ τpo ​ for ​ n �
type ​ semiconductor ​ ). 

If the SRH lifetime is injection independent 
�
i:e:ΔτSRH¼ τHLI;nSRH � τ

LLI;n
SRH ¼ 0

�
;

τSRH will simplify to: 

τSRH ¼ ​ τpo¼ ​
�
Ntσpvth

�� 1 (7)  

with. 
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Nt ¼ [Fei] in cm-3 (impurity concentration in the bulk) 
σp ¼ 4.54 � 1016 (-0.05 � T/kB) cm-2 (capture cross section) 
vth ¼ 1.1 � 107 cm/s (thermal velocity) 

3.2. Deriving the capture cross section for interstitial Fe 

The capture cross section can be extracted by fitting the teff at low 
level injection (LLI: Δn « no) with the linear function: 

τSRH ¼
τnoðp1 þ poÞ þ τpoðn1 þ noÞ

no
þ
τno
no

Δn¼ bþ mΔn (8) 

For n-type silicon the capture cross section for interstitial Fe can be 
extracted following B. Paudyal et al. [42]. 

σp¼
�
Ntτpovth

�� 1
¼ðslope� novthNtÞ� 1 (9)  

with n0 ¼ 9 � 1014 cm-3 (n-type Cz-silicon background doping level). 

4. Results and discussion 

In this chapter the results of the experiments described in the study 
logic plan are presented. 

4.1. Step 1 And 2: intentionally contaminated process bath and metal 
impurity determination at the wafer surface 

From the five Fe contamination levels Cliq (see Table 1) we have 
intentionally added to the cleaning solution (Step 1), we could measure 
the resulting Fe surface concentrations transferred to the silicon wafer 

surface with VPC-DC-TXRF (Step 2). The surface concentrations [Fe]surf 
are shown in the 2nd column of Table 2. 

4.2. Step 3: Calculating the metal impurity concentration in the silicon 
bulk material after a high temperature process step 

From these values the diffused bulk concentrations are calculated 
using eq. (2), assuming that all the Fe is diffused from the surface into 
the bulk after the high temperature process of thermal oxidation (Step 
3). The resulting bulk concentrations [Fe]bulk_calc are listed in the 3rd 
column of Table 2. 

4.3. Step 4: Extracting the capture cross section from the slope of the 
minority carrier lifetime curve 

Fig. 2 shows the Fe contaminated lifetime values (Step 3) and the 
theoretical fit at low level injection (LLI) over an excess carrier density 
range from 1 � 1013 cm-3 to 1.5 � 1014 cm-3. We have chosen 4 lifetime 
value sets (100 ppb, 300 ppb, 1000 ppb and 3000 ppb) to extract the 
slope and calculate the capture cross section following equations (8) and 
(9). The lifetime curve for 30 ppb in LLI is not depicted because of a 
limited amount of data points. Nevertheless, we could extract the cap
ture cross section also from this lifetime curve but with increased error 
margin. The capture cross section of interstitial iron varies in literature 
depending on the applied measurement method. The capture cross 
section values sp(Fei)_fit (at room temperature) extracted from the slope 
of the iron contaminated minority carrier lifetime curve at LLI are 
depicted in the 4th column of Table 2. The extracted capture cross 
section values compare well with the literature values for interstitial Fe 
which are varying between 3 � 10-17 cm/s [43] and 14 � 10-17 cm/s 
[44] at room temperature. 

4.4. Step 5: Extracting the metal impurity concentration from minority 
carrier lifetime curves 

The measured effective minority carrier lifetime vs injection level per 
contamination level has been fitted with eq. (7) over an excess carrier 
density range from 1 � 1014 to 3 � 1015 cm-3, depicted in Fig. 3. The 
impurity concentration in the bulk (Nt) extracted from this fit gives the 
Fe concentration and type of the Fe impurity (Step 5). We could fit the 

Table 1 
Fe concentration in the acidic cleaning solutions in ppb and in mol/L.  

Concentration in 
ppb 

30 100 300 1000 3000 

Concentration in 
mol/L 

5.79�
10-7  

1.79 �
10-6 

5.79�
10-6  

1.79 �
10-5 

5.79�
10-5   

Table 2 
Summary of the values for interstitial Fe concentration and capture cross sec
tion. The errors are determined from the best-fit of the measured data to the 
model equations. For the values extracted by the TXRF measurement in column 
2 we assume a 10% error margin.  

[Fe]liq [ppb] [Fe]surf [cm-2] [Fe]bulk_calc 

[cm-3] 
σp(Fei)_fit 

[cm/s] 
[Fe]bulk_fit 

[cm-3] 

[Fe] in ppb 
concentration 
added as 
intentionally 
controlled 
contamination 

[Fe]surf 

measured 
surface 
concentration 
in cm-2 

[Fe]bulk_calc ¼

Nt from 
[Fe]surf 

calculated 
bulk 
concentration 
in cm-3 

capture 
cross 
section 
extracted 
from the 
fitted 
model in 
cm/s 

[Fe]bulk_fit ¼

Nt bulk 
concentration 
extracted from 
the fitted 
model in cm-3 

30 6.11⋅1010 4.50E þ 12 8.06E-17 
± 2.38E- 
17 

3.45E þ 12 ± 
0.96E þ 12 

100 1.00⋅1011 4.03E þ 13 5.13E-17 
± 1.69E- 
17 

4.30E13 ± 
1.41E13 

300 2.73⋅1011 1.13E þ 14 6.89E-17 
± 0.83E- 
17 

9.85E13 ± 
1.18E13 

1000 1.34⋅1012 1.68E þ 14 5.04E-17 
± 0.86E- 
17 

1.94E14 ± 
0.33E14 

3000 3.14⋅1012 2.26E þ 14 4.55E-17 
± 0.23E- 
17 

2.77E14 ± 
0.14E14  

Fig. 2. Effective minority carrier lifetime vs excess carrier density at low level 
injection (LLI) for the liquid contamination concentrations in the range 
100–3000 ppb. From the slope of the fitted curves the capture cross section 
is extracted. 
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lifetime values with the assumption that there is a single trap of inter
stitial iron. The resulting Fe concentrations [Fe]bulk_fit are shown in the 
5th column of Table 2. The errors are determined from the best-fit of the 
measured data to the model equations. 

4.5. Step 6: Comparing the bulk Fe concentrations calculated from the 
surface and from the fit model 

The Fe concentration in the silicon bulk is determined using two 
different methods (see steps 3 and 5). In Table 3 we compare the results 
of the two methods and give the deviation. The deviation of the two 
methods is in the range of 10–20% depending on the contamination 
concentration. Taking this relatively small deviation into account we 
can conclude that the fit model is valid, and the minority carrier lifetime 
of the silicon wafer can be described by the SRH theory assuming a 
single trap of interstitial Fe. 

4.6. Step 7: Introducing the achieved results into the QUOKKA device 
simulator 

The Quokka device simulator [45] provides a feature to determine 
conversion efficiency of silicon solar cells with increased SRH genera
tion and recombination due to metal contamination. For this the 
following parameters need to be introduced in the simulation tool: name 
of the metal impurity, interband trap energy Et, impurity concentration 
Nt, capture cross section s. 

Fig. 4 depicts a Quokka simulation of a n-type bifacial PERT silicon 
solar cell with a measured efficiency of 22% [46]. The degradation of the 
efficiency as a function of Fe contamination is simulated using the 
extracted values (Nt and σp) for interstitial Fei (Et ¼ 0.38 eV). As a 
comparison, literature values [47] extracted by SENTAURUS DEVICE 
simulation software is depicted, simulating the impact of interstitial Fe 
contamination on a n-type PERC cell with 21.4% non-contaminated 
efficiency. Both simulations show the expected similar behaviour. A 
10% relative reduction in efficiency is expected with a Fe impurity 
concentration of 3 � 1012 at/cm3 in the bulk. For Fe concentrations 
above 1014 at/cm3 the expected efficiency loss is more that 6% absolute. 

5. Conclusion 

The presented intentionally controlled contamination approach de
livers a reproducible procedure for investigation of metal impurities in 
silicon bulk material for impurity levels from 3.5 � 1012 to 2.75 � 1014 

cm-3 [48]. 
Fe bulk concentration is determined applying two different methods. 

The fact that both independent methods provide the same results, sup
ports the assumption that all the Fe atoms originally present at the 
surface have been driven into the bulk and become electrically active as 
interstitial Fe after a thermal oxidation at 975 �C for 1 h. 

The capture cross section for interstitial iron in n-type silicon is 
extracted by fitting the slope of the Fe contaminated lifetime curve at 
low level injection. This method provides capture cross section values of 
6.45 � 10-17 cm/s � 2.23 � 10-17cm/s. This value is consistent to 
published literature values varying from 3 � 10-17 to 14 � 10-17 cm/s. 

QUOKKA device simulations have been executed using the extracted 
values for iron bulk concentrations and capture cross section. The 
simulated values for a bifacial n-type silicon solar cell with a starting, 
non-contaminated, conversion efficiency of 22% are showing the 
detrimental impact of the Fe contamination on the solar cell efficiency. 
A contamination level of [Fe]bulk ¼ 3.5 � 1012 cm-3 ([Fe]surf ¼ 6 �
1010cm-2) degrades the solar cell by 10% relative. 
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Fig. 3. Fe contaminated minority carrier lifetime level vs excess carrier 
concentration. 

Table 3 
Comparison of the Fe concentration in the silicon bulk determined with two different methods.   

30 ppb 100 ppb 300 ppb 1000 ppb 3000 ppb 

[Fe] in cm-3 calculated from the surface 
concentration 

4.50Eþ12 �
0.45Eþ12 

4.03Eþ13 �
0.40Eþ13 

1.13Eþ14 �
0.11Eþ14 

1.68Eþ14 �
0.17Eþ14 

2.26Eþ14 �
0.23Eþ14 

[Fe] in cm-3 extracted from the fit to the lifetime 
curve 

3.45Eþ12 �
0.96Eþ12 

4.30Eþ13 �
1.41Eþ13 

9.85Eþ13 �
1.18Eþ13 

1.94Eþ14 �
0.33Eþ14 

2.77E14 � 0.28E14 

Mean Deviation 1.05Eþ12 1.2Eþ12 1.45eþ13 2.6Eþ13 5.1Eþ13  

Fig. 4. The input parameter for the device simulation are the interstitial Fe trap 
energy level (Et ¼ 0.38 eV), the impurity concentration in the silicon bulk 
material [Fei] and the capture cross section. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Appendix 

Determination of the solubility of interstitial iron 

The achieved values for capture cross section are compared with literature data for interstitial Fe in n-type silicon and the Fe concentration is 
compared with the amount measured at the surface. The extracted values can be explained by assuming a single impurity state of interstitial Fe using 
the SRH theory. 

In order to check the physical constrains of our findings, we have calculated the solubility of Fe in the applied experimental set up. Graff [20] gives 
an empirical equation for the solubility of Fei in crystalline silicon  

S ¼ 5 � 1022 � exp(8.2 – 2.94/kT)                                                                                                                                                                          

Using our process temperature of 980 �C (1253 K), we calculate kT ¼ 0.1081 eV. Which provides a solubility of  

S ¼ 2.8 � 1014 cm-3                                                                                                                                                                                              

Our highest value for Fe concentration is calculated to be 2.77 � 1014 cm-3. Hence, with our highest contamination level we are just under the 
solubility limit of interstitial Fe, i.e. in this work we are still under the limit to form Fe precipitates. 

The result also shows the limited influence of oxide precipitates on the effective minority carrier lifetime. 

Parameters 

Table 4 
Parameters used in simulations  

Parameter Value 

ni 9.95E9 cm-3 

no ¼ Nd 1E15 cm-3 

po ¼ Na ¼ ni2/Nd 99.0025E3 cm-3 

Eg 1.12 eV 
Et-Ev 0.39 eV 
Ec-Et 0.73 eV 
Nc 2.82E19 cm-3 

Nv 1.83E19 cm-3 

Vth 1E7 eV 
Boltzmann constant (k) 8.62E-5 eV.K-1 

n1 15508962.97 cm-3 

p1 5.16139E12 cm-3  
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