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a b s t r a c t

Ultimately, alternative ways of silicon purification for photovoltaic applications are developed and applied.

There is an ongoing debate about what are the acceptable contamination levels within the purified silicon

feedstock to specify the material as solar grade silicon. Applying a simple model and making some addi-

tional assumptions, we calculate the acceptable contamination levels of different characteristic impurities

for each fabrication step of a typical industrial mc-Si solar cell. The acceptable impurity concentrations

within the finished solar cell are calculated for SRH recombination exclusively and under low injection

conditions. It is assumed that during solar cell fabrication impurity concentrations are only altered by a

gettering step. During the crystallization process, impurity segregation at the solid-liquid interface and

at extended defects are taken into account. Finally, the initial contamination levels allowed within the

feedstock are deduced. The acceptable concentration of iron in the finished solar cell is determined to

be 9.7 × 10−3 ppma whereas the concentration in the silicon feedstock can be as high as 12.5 ppma. In

comparison, the titanium concentration admitted in the solar cell is calculated to be 2.7 × 10−4 ppma and

the allowed concentration of 2.2 × 10−2 ppma in the feedstock is only two orders of magnitude higher.

Finally, it is shown theoretically and experimentally that slow cooling rates can lead to a decrease of the

interstitial Fe concentration and thus relax the purity requirements in the feedstock.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The requirements on the silicon quality for photovoltaics (PV)

are not as high as for the electronic industry. Therefore, alternative

and cheaper methods to purify silicon are being developed for the

PV market. The key question is what contamination levels in sili-

con can be considered as acceptable, i.e. what contamination levels

are allowed to maintain the performance of the solar cell? Crite-

ria for the specification of solar grade silicon (SoG-Si) that have

been published by different authors differ in orders of magnitude

and the origin of these values is not always clearly justified [1–8].

Some of the data together with the contamination levels found in

electronic grade silicon (eg-Si) are given in Table 1. In the early

eighties, the well-known Westinghouse study was carried out: the

performance of solar cells that were made of intentionally contam-

inated Czochralski-grown single crystalline silicon (sc-Si) wafers

were investigated [1]. Recently, Geerligs et al. [7] have started to

repeat these extensive experiments for mc-Si.
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The objective of this work is to calculate the acceptable con-

tamination levels in silicon at different stages of the solar cell

fabrication cycle (see Fig. 1) employing a simple theoretical model

and some additional assumptions. An actual industrial process for

mc-Si has been considered. Cañizo et al. [6] have done similar cal-

culations for single sc-Si solar cells. In contrast to the sc-Si process,

the effects of impurity precipitates in mc-Si have to be taken into

account as they can act as impurity sources or as internal get-

tering sites. The allowed impurity concentration in the finished

solar cell Cc, in the silicon wafer Cw and in the silicon feedstock

Cu have been calculated for some typical impurities. Finally, sev-

eral process modifications are discussed that have the potential

to relax the previously established requirements on the silicon

purity.

2. Theoretical model

Calculations have been done for p-type silicon devices. The

starting point for our model calculations is an electron life-

time in the finished device of �e = 20 �s. PC1D simulations,

which corresponds to a typical industrial cell structure, have

shown that this lifetime value results in an efficiency of about

15%.
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Table 1
Literature threshold values of different impurity types for the specification of SoG-Si feedstock material (Cu) and wafers (Cw); multi- (mc) and single-crystalline (sc) wafers

materials are considered; the corresponding contamination levels found in electronic grade silicon (eg-Si) are also shown

Element Cu [36] eg-Si [ppma] Cu [8]- [ppma] Cu [7] mc [ppma] Cu [6] sc [ppma] Cw [6] sc [ppma] Cw [1] sc [ppma]

Ti <0.003 0.4 0.17 2 × 10−3 4 × 10−7 5 × 10−6

Cr <0.003 3 – 0.1 1 × 10−5 8 × 10−4

Fe <0.01 20 >16 9 5 × 10−4 1 × 10−3

Cu <0.003 6 – 8 0.02 1

2.1. Contamination level Cc in the silicon solar cell

In a first step, the acceptable concentration Cj
c of the impu-

rity type j in the finished solar cell has been calculated. Only

Shockley Read Hall (SRH) recombination at atomic point defects

as well as recombination at their precipitates have been consid-

ered. To account for the presence of other impurity types, it has

been assumed that the sum of all other impurities has the same

recombinative impact as the impurity type j:

1

�e
= 1

�j
+ 1

�other
= 2

�j
(1)

In Section 4 the influence of this assumption will be discussed. The

lifetime �j itself is composed of the following two terms:

1

�j
= Cj

c,i
�jvth + 4�r0DeNj

p. (2)

The first term describes the SRH recombination at atomic point

defects of concentration Cj
c,i

, which can have interstitial or sub-

stitutional form. �j is the electron capture cross-section of the

impurity type j and vth is the thermal electron velocity. Following a

model applied by Cañizo and Luque [9], the second term accounts

for recombination caused by precipitates of the considered impu-

rity type. The recombination at precipitates has been assumed to

depend only on the electron diffusion coefficient De, the density of

precipitates Nj
p and their radius r0 (precipitates are assumed to be

spherical). For our calculations, a precipitation radius of 100 nm has

been chosen, in accordance with results of Buonassisi et al. [10,11].

Hence, there are two unknown variables, Cj
c,i

and Nj
p, that deter-

mine the electron lifetime in the solar cell. Further assumptions

that depend on the particular contaminant type have had to be

made during calculation. They are discussed in detail in Section 3.

The concentration Cj
c,p of precipitated impurity atoms is propor-

tional to the density Nj
p and radius r0. In our model, Cu, Fe and Cr

are supposed to precipitate in form of silicides [11,10,12] while Ti is

supposed to form an oxide [13].

All in all, the acceptable concentration Cj
c of the impurity type

j in the finished solar cell is the sum of dissolved and precipitated

impurities:

Cj
c = Cj

c,i
+ Cj

c,p. (3)

This acceptable contamination level is mainly determined by the

contaminant electron capture cross-section and the precipitate

density. Table 2 shows the capture cross-sections of some metal

contaminants in silicon at room temperature.

Fig. 1. Scheme of the solar cell fabrication cycle considered in the calculations;

impurity concentrations Cu, Cw and Cc correspond to concentration in the silicon

feedstock, in the silicon wafer and in the finished solar cell.

2.2. Contamination level Cw in the silicon wafer

In a second step, based on the obtained values of Cj
c, the

acceptable contamination levels Cj
w in the silicon wafer have been

calculated. It has been assumed that, during solar cell fabrication,

the impurity concentration is only altered by a gettering step at

850 ◦ C during 20 min. The gettering takes place during the phos-

phorous emitter diffusion and allows impurity atoms (in interstitial

or substitutional form) to be partly extracted from the silicon wafer

[14,9].

The mathematical model applied for the gettering process is

described in detail in reference [9]. The effectiveness of the getter-

ing step mainly depends on the diffusivity Dj and the solid solubility

Sj of the particular impurity. Fast diffusing impurity atoms (e.g. Co,

Ni, Cu) are more easily extracted than “slow” impurity atoms of low

diffusivity (e.g. Ti, Zn). Furthermore, a high solid solubility facili-

tates the extraction as only mobile impurities in form of atomic

point defects can be gettered. Table 2 displays the diffusivities and

solid solubilities of several metal contaminants in silicon at 850 ◦C.

Again, the acceptable contamination level Cj
w in the silicon wafer

before solar cell fabrication is the sum of the concentrations of

dissolved Cj
i,w

and precipitated Cj
p,w impurities.

2.3. Contamination level Cu in the silicon feedstock

In the third step, the acceptable contamination level Cj
u within

the feedstock material before crystallization has been calculated.

During directional solidification (DS), a cast process for the pro-

duction of mc-Si, the ingot solidifies from the bottom to the top of

the crucible. Due to a much higher solubility in the liquid phase, the

vast majority of impurities stays in the molten fraction and thus is

driven to the top of the ingot. The segregation profile for a fixed

volume of solidifying liquid follows the Scheil equation [15,16]:

Cj
w = Cj

ukj
eff

(1 − fs)
kj

eff
−1

(4)

Here, kj
eff

is the effective segregation coefficient of the element j. It

depends on the equilibrium segregation coefficient kj
0

and on the

Table 2
Electron capture cross-sections of several metal impurities in silicon at room tem-

perature and their corresponding diffusion coefficients and solid solubilities at 850 ◦

C [37,38]

Element �e (RT) [cm2] D (850 ◦C) [cm2/s] S (850 ◦C) [cm−3]

Ti 5.1 × 10−14 1.35 × 10−10 6.97 × 1010

V 1.2 × 10−16 1.0 × 10−9 2.21 × 109

Cr 1.4 × 10−14 3.48 × 10−8 1.65 × 1012

Mn 2.4 × 10−15 1.04 × 10−6 1.66 × 1013

Fe 3.75 × 10−16 1.16 × 10−6 1.16 × 1013

Co 1.7 × 10−15 2.12 × 10−5 1.99 × 1013

Ni 6.0 × 10−17 1.56 × 10−5 3.54 × 1016

Cu 8.5 × 10−18 5.53 × 10−5 1.13 × 1017

Zn 3.0 × 10−15 5.4 × 10−11 1.36 × 1015

Pd 3.2 × 10−15 8.13 × 10−6 1.43 × 1015

Pt 7.0 × 10−15 9.12 × 10−18 6.15 × 1014

Aui 1.3 × 10−16 5.86 × 10−12 2.66 × 1013
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growth parameters of the crystallization process. fs is the solidified

fraction of the ingot which. Macdonald et al. [17] found that the

concentration profiles of some elements (Cu, Fe, Co) deviate signif-

icantly from the profile predicted by the Scheil equation, mainly at

the top and bottom of the ingot. In our model, the top 20% of the

ingot has been discarded (fs = 0.8) and the deviation at the bottom

due to contamination from the crucible has not been taken into

account.

In comparison to a sc-Si growth process, the keff of metal impu-

rities in mc-Si is higher due to an enhanced segregation at grain

boundaries [17,18]. Pizzini and Acciarri [18] have published effective

segregation coefficients of different metal impurities in DS grown

mc-Si ingots from purified metallurgical grade feedstock. These val-

ues have been employed in the Scheil equation to calculate the

acceptable contamination levels Cj
u within the silicon feedstock.

3. Model results

The acceptable contamination levels from feedstock to solar cell

have been calculated for four different metal contaminants of dif-

ferent recombination activity and diffusivity (see Table 2): titanium

(harmful and slow), chromium (harmful and intermediate veloc-

ity), iron (intermediate harmfulness and fast) and copper (benign

and very fast). All these metal contaminants form interstitial point

defects in silicon. In order to solve Eq. (2), the following assumptions

have been made for the particular contaminant types.

Due to the high solid solubility and the high diffusivity of Cu in

silicon, our model suggests that all Cu precipitates are dissolved

during the gettering step and that the interstitial concentration

increases. Thus, we have assumed that only Cu interstitials deter-

mine the electron lifetime of �e = 20 � s in the solar cell.

Ti and Cr atoms are relatively slow diffusers in silicon. Calcula-

tions have shown that their respective precipitate concentrations

do not vary noticeably during the gettering step and thus have been

assumed to be constant. The density of precipitates has been chosen

such that the lifetime is only reduced by less than 1%.

Iron is a relatively fast diffuser in silicon. We assume that in

the presence of Fe precipitates the interstitial impurity concen-

tration at 850 ◦ C immediately reaches its solid solubility value,

SFe = 1.16 × 1013 cm−3. This value has been taken as starting point

for our calculations. The results are shown in Fig. 2 where the

concentration of interstitial and precipitated impurity atoms have

been drawn separately. During crystallization, the total amount of

every contaminant is reduced by 2–3 orders of magnitude. The

total impurity concentration after crystallization is dominated by

precipitated impurity atoms. Their concentration is 1–3 orders

of magnitude higher than the concentration of interstitial point

Fig. 2. Acceptable concentration of interstitial and precipitated Ti, Cr, Fe and Cu

atoms, respectively, in a p-type solar cell (Cc,i/p) with 20 �s electron lifetime, in the

silicon wafer (Cw,i/p) and in the silicon feedstock (Cu,i/p).

Table 3
Acceptable contamination levels of metal impurities with distinct capture cross-

sections and diffusion coefficients (see Table 2)

Element Cc [ppma] Cw [ppma] Cu [ppma]

Ti 2.7 × 10−4 2.7 × 10−4 0.022

Cr 4.7 × 10−4 4.8 × 10−4 0.026

Fe 9.7 × 10−3 0.010 12.5

Cu 5.9 × 10−3 0.046 4.6

defects for all four impurity types considered. During the solar cell

fabrication process, only the concentration of dissolved Ti, Cr and

Fe impurities is noticeably reduced as mentioned before. Due to

the gettering step, the concentration of dissolved Fe is reduced by

74%, that of dissolved Cr by 77% and that of dissolved Ti by only 4%.

The concentration of dissolved Cu is increased almost by a factor 6

because all precipitates are dissolved.

The total acceptable contamination levels in ppma are shown in

Table 3. They correspond to the sum of interstitial and precipitated

impurity concentrations that are given in cm−3in Fig. 2. The total

amount of any of the impurity types is not noticeably decreased

during the gettering step except for Cu. The total amount of Fe is

reduced by 2%, that of Cr by 3% and that of Ti by only 0.01%. In con-

trast, the total amount of Cu is reduced by 87% during the gettering

step.

4. Model discussion

Comparing our model results with literature, a similar trend is

observed: the metallic impurity that has to be less abundant in

silicon is Ti, closely followed by Cr, while quite big amounts of Fe

and somewhat lower amounts of Cu are acceptable. The acceptable

Fe concentration in the feedstock Cu is of the same magnitude as the

experimental result for mc-Si solar cells by Geerligs et al. [7]. Their

threshold value for Ti is by a factor 8 higher than our calculated one.

The main difference with literature values for sc-Si is observed

for Cu values of Ti and Cr in the silicon feedstock. Our values are

at least one order of magnitude smaller than the literature ones.

This is due to the enhanced segregation coefficient that has been

applied in our model for mc-Si.

In contrast, our Cw values are higher than the values pub-

lished by Davis et al. [1] and Cañizo et al. [6] for sc-Si. This is

explained by the fact that in our model impurity precipitates are

considered, as in mc-Si extended defects (e.g. grain boundaries)

act as heterogeneous nucleation sites for supersaturated impuri-

ties [18]. Precipitates contain a great amount of impurity atoms

(108–109atoms/precipitate in silicides with r0 = 100 nm) but due

to their lower density, these precipitates have a lower recombina-

tive impact than dissolved metal impurities. Therefore, higher total

amounts of impurities can be allowed in the mc-Si wafer. It has to be

mentioned that the decoration of extended defects with impurities

may increase their recombination activity. But in the case of large

grain mc-Si, the electron diffusion length is not limited by recom-

bination at grain boundaries and internal gettering of impurities to

grain boundaries is advantageous [19].

The impurity reduction that results from our gettering model

is consistent with experimental results by Macdonald et al. [20]

except for Cu. As Cu is a very fast diffuser and its solid solubil-

ity decreases drastically with decreasing temperature it must be

assumed that Cu forms precipitates immediately during cooling

even for high cooling rates. This has not been considered in our

model calculations and will relax somewhat the purity require-

ments for Cu.

It has been shown by Heuer et al. [21] that co-precipitations of

different metal types take place. Intermetallic phases containing Cu,
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Ni, Fe and Si have been observed, partly showing the characteristics

of the corresponding metal silicides. However, in our model, only

the precipitate radius and density are assumed to have an influence

on the interaction between precipitates and dissolved impurities.

Chemical interactions between different impurity types have not

been taken into account as this is a complex subject on which more

investigation has to be carried out.

In the end, the influence of the previous assumptions on the final

results have been checked. Calculations have been repeated under

the new assumption, that all other impurities present in the solar

cell have three times the recombinative effect as the considered

impurity type j (see Eq. (1)). The resulting acceptable contamina-

tion level C ′j
c in the silicon feedstock is approximately half of Cj

c

calculated before. This shows that more restrictive lifetime require-

ments decrease the acceptable contamination levels but not their

order of magnitude.

5. Relaxation of purity requirements

There are mainly three tools to relax the purity requirements

on the silicon wafer that can be applied during the solar cell pro-

cess: passivation of recombination active point defects, extraction

of impurities by means of external gettering and reduction of the

interstitial impurity concentration by means of internal gettering.

In a typical industrial solar cell process, a co-firing step is

included at the end of the process to form the front and back

metallic contacts. During this fast annealing step at about 800 ◦C,

hydrogen contained in the silicon nitride anti-reflection coating dif-

fuses into the bulk of the silicon substrate. After hydrogenation, an

increase of the minority carrier lifetime between 50% and 400% has

been reported for mc-, dendritic web, EFG and string ribbon silicon

[22–26]. A hydrogenation step is not included in our calculations as

it seems to be mainly crystalline defects (e.g. dislocations) and not

metallic impurities that are passivated by the hydrogen [27,26].

It has been observed, that impurity extraction by means of a

standard gettering step is not as efficient for mc-Si as for sc-Si

[28,29,27]. Several research groups have proposed an extended get-

tering for mc-Si [30,31,10,32,26]. Buonassisi et al. [10] proposed a

two-step gettering process for mc-Si and its effectiveness has been

confirmed by Manshanden and Geerligs [32] and Tan et al. [26].

An increase in lifetime up to a factor 10 for low quality mc-Si was

reported. The inclusion of an extended gettering step into our model

is under investigation.

After a high temperature step, slow cooling is another tool to

relax the purity requirements by improving the intragrain diffusion

length in mc-Si. While fast cooling leads to supersaturation, spon-

taneous nucleation and thus to a high density of precipitates, a low

cooling rate is supposed to increase the size of existing precipitates

while maintaining the total precipitate density low. In other words,

existing precipitates act as internal gettering sites. This hypothe-

sis has been recently confirmed by Buonassisi et al. [33] in cooling

experiments with intentionally doped mc-Si. We have included a

slow cooling after the gettering step into our model. The follow-

ing time dependence of the concentration of dissolved impurities

is assumed [9]:

ıCi

ıt
= 4�r0NpDj(T(t))[Sj(T(t)) − Ci(t)]. (5)

Fig. 3. Effect of fast and slow cooling on lifetime; �-PCD mappings and average lifetime values of (a) initial and (b) final lifetime of two adjacent mc-Si wafers subjected to a

high temperature step at 850 ◦C.



J. Hofstetter et al. / Materials Science and Engineering B 159–160 (2009) 299–304 303

Here, Sj and Dj are the solid solubility and the diffusivity of the

impurity type j. The density Np and radius r0 of precipitates are

assumed to be constant. An exponential decay function has been

used as temperature profile.

Fe is the only of the four contaminant types considered for which

the final concentration of interstitials can be decreased noticeably.

The diffusivities of Ti and Cr within the silicon are too low to make

these impurities form clusters during cooling. On the other hand,

Cu is such a fast diffuser that the clustering will be the same for

slow and fast cooling.

Eq. (5) has been solved numerically via finite elements. It results

that, maintaining the electron lifetime at �e = 20 �s, the acceptable

Fe concentration in the wafer is raised from 0.010 to 0.011 ppma

and that in the feedstock from 12.5 to 13.9 ppma.

5.1. Experimental, results and discussion

A pair of bare, cleaned, adjacent mc-Si wafers have been sub-

jected to an oxidation step at 850 ◦ C during 45 min. Subsequently,

one wafer has been taken out of the furnace (“fast cooled”), the

remaining wafer has been taken out after a slow cool down to 400 ◦

C during 3 h. Then, the oxide has been removed. Before and after the

oxidation step, wafers have been cleaned, surface passivated with

silicon nitride and the bulk lifetime as well as the concentration of

interstitial Fe via Fe–B pair dissociation [34] have been measured by

means of QSSPC. Furthermore, differential lifetime mappings have

been measured by means of �-PCD and are shown in Fig. 3.

The “fast cooled” wafer shows a lifetime degradation of 41% from

its initial lifetime of 2.4 �s down to 1.7 �s. In contrast, the slowly

cooled wafer shows a lifetime enhancement of 36% from 1.4 �s up

to 1.9 �s. Average differential lifetime values are consistent with

the actual lifetime values measured by means of QSSPC although

the latter are somewhat lower. An explanation for the different

results of the two methods is given in reference [35]. For the fast

cooled wafer an increase of the interstitial Fe concentration [Fei]

from (3 ± 2) × 1013 to (5 ± 2) × 1013 cm−3is found. For the slowly

cooled wafer a decrease from [Fei] = (8 ± 2) × 1013 to (5 ± 2) × 1013

cm−3 is observed.

Results indicate that a slow cool down of a mc-Si wafer after a

high temperature step can lead to an enhancement of the minority

carrier lifetime. This lifetime enhancement seems to be correlated

with an apparent decrease of the interstitial Fe concentration [Fei].

In contrast, a fast cool down of the wafer leads to a lifetime degra-

dation and an apparent increase of [Fei].

The resulting [Fei] in both, the fast and the slowly cooled wafer,

are higher than the literature value of the solid solubility of Fe at

850 ◦ C (see Table 2). This is contradictory to our hypothesis that

[Fei] immediately reaches its solid solubility value at 850 ◦C. How-

ever, the uncertainty resulting from the applied method is of the

same magnitude as the resulting [Fei] values themselves. This is due

to the low initial lifetime of the small grain mc-Si wafers used for the

experiment. In such small grain mc-Si wafers, the electron diffusion

length is probably limited by recombination at grain boundaries.

Nevertheless, the trends observed for [Fei] are the same as for the

lifetime values measured by means of the two distinct methods

applied.

Introducing the measured initial value [Fei] = 8 × 1013 cm−3

into the slow cooling model (Eq. (5)), the final measured value

[Fei] = 5 × 1013 cm−3is reached during a 3 h cool down to 400 ◦

C in the presence of Np = 1.5 × 106 cm−3 precipitates of radius

100 nm. This corresponds to a total Fe concentration of CFe
tot =

2.5 × 1014 cm−3, a value in accordance with findings of several

researchers [28,17]. Assuming that the electron lifetime is exclu-

sively limited by Fe, the measured decrease of [Fei] leads to an

increase in lifetime from 3.3 �s to 5.2 �s according to Eq. (2). This

calculated enhancement of 63% is of the same magnitude as the

actual enhancement we have found experimentally.

6. Conclusions

We have calculated the acceptable contamination levels of Ti, Cr,

Fe and Cu in a p-type mc-Si solar cell, in the initial mc-Si wafer and

in the silicon feedstock. These four impurity types have been cho-

sen due to their different capture cross-sections and diffusivities

within silicon. It results that Fe and Cu may be present in the sili-

con feedstock in amounts of several ppma whereas Cr and Ti may

only have concentrations of some hundredths ppma. Because of the

presence of precipitates in mc-Si, a higher total impurity concentra-

tion is allowed in mc-Si wafers in comparison to sc-Si wafers. This

is because precipitates contain a great amount of impurity atoms

but are less recombination active than interstitial impurities due to

a lower density. On the other hand, the total impurity concentra-

tion in the feedstock has to be lower for the growth of mc-Si as the

segregation coefficient in mc-Si growth is enhanced due to grain

boundary segregation.

An effective tool to relax the purity requirements in mc-Si is slow

cooling after a high temperature step. Due to a slow cool down of

low quality mc-Si wafers, an increase in lifetime of 36% has been

observed. This increase is consistent with results from our model.
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[9] C. del Cañizo, A. Luque, J. Electrochem. Soc. 147 (2000) 2685–2692.

[10] T. Buonassisi, M.A. Marcus, A.A. Istratov, M. Heuer, T.F. Ciszek, B. Lai, Z. Cai, E.R.
Weber, J. Appl. Phys. 97 (2005) 635031–635039.

[11] T. Buonassisi, A.A. Istratov, M. Heuer, M.A. Marcus, R. Jonczyk, J. Isenberg, B. Lai,
Z. Cai, S. Heald, W. Warta, R. Schindler, G. Willeke, E.R. Weber, J. Appl. Phys. 97
(2005), 074901–1–074901–11.

[12] J. Mohr, S. Park, S. Schauer, D. Schroder, J. Kalejs, Proc. 21st IEEE PVSC, 1990, pp.
711–716.

[13] A. Rohatgi, J.R. Davis, R.H. Hopkins, P. Rai-Choudhury, P.G. McMullin, J.R.
McCormick, Solid-State Electron. 23 (1980) 415–422.

[14] J.S. Kang, D. Schroder, J. Appl. Phys. 65 (1989) 2974–2985.
[15] Z. Scheil, Metallkd. 34 (1942) 70.
[16] R. Brown, D. Kim, J. Cryst. Growth 109 (1991) 50–65.
[17] D. Macdonald, A. Cuevas, A. Kinomura, Y. Nakano, L.J. Geerligs, J. Appl. Phys. 97

(2005), 033523–1–033523–7.
[18] S.B.S. Pizzini, M. Acciarri, phys. Status Solidi (a) 202 (2005) 2928–2942.
[19] S. Martinuzzi, S. Pizzini, Advanced Silicon and Semiconducting Silicon-alloy

Based Materials and Devices, 1994.
[20] D. Macdonald, A. Cuevas, A. Kinomura, Y. Nakano, Proc. 29th IEEE PVSC, New

Orleans, Louisiana, 2002.
[21] M. Heuer, S. Langkau, T. Buonassisi, A.A. Istratov, A. Minor, E.R. Weber, Proc.

22nd EUPVSEC, Milan, Italy, 2007.
[22] H. Nagel, J. Schmidt, A.G. Aberle, R. Hezel, Proc. 14th EUPVSEC, Barcelona, Spain,

1997.
[23] F. Duerinckx, J. Szlufcik, Sol. Energy Mater. Sol. Cells 72 (2002) 231–246.
[24] S. Martinuzzi, I. Périchaud, F. Warchol, Sol. Energy Mater. Sol. Cells 80 (2003)

343–353.



304 J. Hofstetter et al. / Materials Science and Engineering B 159–160 (2009) 299–304

[25] A. Rohatgi, V. Yelundur, J. Jeong, 11th Workshop on Crystalline Silicon Solar Cell
Materials and Processes, Estes Park, Colorado, 2001.

[26] J. Tan, A. Cuevas, D. Macdonald, N. Bennett, I. Romijn, T. Trupke, R. Bardos, Proc.
22nd EUPVSEC, Milan, Italy, 2007, pp. 1309–1313.

[27] A. Bentzen, A. Holt, R. Kopecek, G. Stokkan, J.S. Christensen, B.G. Svensson, J.
Appl. Phys. 99 (2006) 093509.

[28] A.A. Istratov, T. Buonassisi, R.J. McDonald, A.R. Smith, R. Schindler, J.A. Rand, J.P.
Kalejs, E.R. Weber, J. Appl. Phys. 94 (2003) 6552–6559.

[29] T. Buonassisi, O.F. Vyvenko, A.A. Istratov, E.R. Weber, G. Hahn, D. Sontag, J.P.
Rakotoniaina, O. Breitenstein, J. Isenberg, R. Schindler, J. Appl. Phys. 95 (3)
(2004) 1556–1561.

[30] P. Plekhanov, R. Gafiteanu, U. Gsele, J.T.Y. Tan, J. Appl. Phys. 86 (1999) 2453–2458.
[31] J. Härkönen, V.-P. Lempinen, T. Juvonen, J. Kylmäluoma, Sol. Energy Mater. Sol.

Cells 73 (2003) 125–130.

[32] P. Manshanden, L. Geerligs, Sol. Energy Mater. Sol. Cells 90 (2006) 998–
1012.

[33] T. Buonassisi, A. Istratov, M. Marcus, S. Peters, C. Ballif, M. Heuer, T. Ciszek, Z.
Cai, B. Lai, R. Schindler, Proc. 31st IEEE PVSC, Lake Buena Vista, Florida, 2005,
pp. 1027–1030.

[34] D.H. Macdonald, L.J. Geerligs, A. Azzizi, J. Appl. Phys. 95 (3) (2004) 1021–1028.
[35] J. Schmidt, IEEE Trans. Electron. Dev. 46 (1999) 2018–2025.
[36] J.R. McCormick, Policrystalline silicon technology requirements for photo-

voltaic applications, in: Silicon Processing for Photovoltaics I, Elsevier Science,
1985, pp. 3–47 (Chapter 1).

[37] K. Graff, Metal Impurities in Silicon Device Fabrication, first Edition, Springer-
Verlag, 1995.

[38] U.o.V. Robert Hull (Ed.), Properties of Crystalline Silicon, INSPEC, The Institution
of Electrical Engineers, London, UK, 1999.


