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ABSTRACT

For the first time, the sensitivity to impurities of the solar cell conversion efficiency is reported for a state-of-the-art
(i.e., 18%) and advanced device architecture (i.e., 23%). The data are based on the experimental results obtained in
the CrystalClear project for the state-of-the-art cell process and extrapolated to a device with excellent front and rear
surface passivation. Both device structures are not assumed to work in low injection level as several studies assumed
before, but real operating conditions are considered. This is a fundamental difference with the past and required for
modeling future high efficiency devices. The impurity with highest impact is Ti, followed by Cu, Cr, Ni and Fe,
which form together a group two order of magnitude less sensitive than the former. In high efficiency devices, a
large reduction of the impurity impact is visible for impurities with large capture cross-section ratio like Fe, which
reduces its relative difference in comparison with, for example, Cr, which has a small capture cross-section ratio. In
general, advanced devices will be more sensitive to the impurity content than the state-of-the-art cell design. This
effect is partly compensated by a reduction of the substrate thickness. The impurity sensitivity as function of the
substrate thickness is reported. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Energy supply from photovoltaics (PV) will be dominating
in the next decades. The European commission sets a target
of 20% of energy production to come from renewable
sources by 2020, and solar energy will have a large role
[1]. Currently, crystalline silicon solar cells contribute to
over 80% of the total supply of PV modules. It is therefore
reasonable that the technology, which will most probably
dominate the supply of PV in the years to come, will be
based on crystalline silicon substrates. The substrate
characteristics, which are the topic of this letter, should
not limit the solar cell conversion efficiency and should
enable architectures suited to obtain high efficiency and
optimized cost/performance ratio. In Figure 1, the sensitivity
of the efficiency towards the diffusion length for a
state-of-the-art and an advanced device (as defined inTable I)
is reported. It shows that for a state-of-the-art device, the
relative efficiency saturates (>98%) for diffusion lengths
Copyright © 2012 John Wiley & Sons, Ltd.
three times above the wafer thickness. This is because the
surface passivation is limiting the effective lifetime of the
device. An advanced device with excellent surface passiv-
ation is still sensitive to increases in the diffusion length in
this range. This shows that the sensitivity to impurities of
crystalline silicon solar cells will largely increase for higher
efficiency devices, which is the topic of this letter.
2. BACKGROUND AND
COMPARISON BETWEEN
WESTINGHOUSE AND
CRYSTALCLEAR STUDIES

The minority carrier diffusion length of crystalline silicon is
intrinsically limited by Auger and band-to-band recombina-
tion which cannot be avoided [2]. A substrate with resistivity
of 1Ω cm and injection level (operation condition) of
Δn= 1 � 1015 cm�3 is ideally limited by a diffusion length



Figure 1. Relative efficiency as function of the diffusion length
for a state-of-the-art and advanced device. The diffusion length

is reported in unit of wafer thickness (200 mm).
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of about 3mm. In practice, substrates are dominated by
recombination via, for example, impurities, dislocations
and grain boundaries. The impact of impurities on solar cell
device has been extensively investigated within the frame-
work of the CrystalClear project [3] (CC study). The effect
of several impurities known for their severe impact on device
performances was studied by growing multicrystalline
silicon ingots with intentional contamination of a known
amount of each element. Results of this work were reported
in [4]. The groundbreaking research performed in the
1970s and 1980s by Westinghouse Corp[5] (WH study) is
still used as a reference for the effect of impurities on solar
cell performance despite the large amount of research pro-
duced later [6–11]. In this letter, for the first time, the updated
efficiency degradation curves for several impurities based on
the recent experimental data from the CC study are reported.

One of the most important differences between the WH
and CC investigations is that the CC data refers to a
modern, state-of-the-art p-type industrial screen-print solar
cell process[4], and that the impact of impurities is investi-
gated on directionally solidified multicrystalline material,
as opposed to Czochralski silicon ingots. In the CC study,
the direct relationship between impurities in the feedstock
and the final solar cell performance is analyzed. This
provides a very straightforward and meaningful interpreta-
tion, especially addressed at specifying feedstock impurity
tolerances. The CC conclusions, therefore, do not rely on
impurity analysis or estimated segregation coefficients.
By comparison, the previous Westinghouse studies rely
on the estimated effective segregation coefficient to
Table I. Device model parameters, for a p-type substrate with an n-
and an advanced so

Parameter device Resistivity (Ω cm) Thickness (mm) Em

State of the art 2010* 1.1 200

Advanced 1.1 100

*Typical values for a multicrystalline p-type solar cell
determine the impurity concentration in the wafers and
relate the latter with the solar cell performance.

In addition, in this study, the total ingot height,
corresponding to 100% of the melt weight, was used for
the experiments and the evaluation, as opposed to only one
ingot section, analyzed in the WH project. Therefore, each
ingot provides a broad range of impurity concentration levels
in the wafers. For example, at 90% of the ingot height, the
impurity concentration for the majority of metal impurities
is about 10 times higher than that in the bottom because of
the segregation of impurities. To gain insight into the
impurity contamination level allowed, it is of great impor-
tance to relate the impact of impurities to the fully usable
fraction of the ingot as carried out in the CC approach. An
example of this is reported in Figure 2, where a degradation
of the solar cell performance from the bottom to the top
of the ingots is visible. From this example, it could be
concluded that 90% of the ingot height can be considered
an indicative limit to calculate the impact of impurities.
According to the normal freezing equation, at an ingot height
of 99%, the impurity concentration is 100 times higher than
that in the bottom, therefore, data extrapolation to different
ingot height is relatively straightforward.

Another major difference between CC and WH is in the
model used for the data analysis. The WH study relies on
an analytical solution of the transport equations, which
results in a device illuminated by monochromatic light
(not full AM1.5 solar spectrum) and assumed to be
diffusion length limited. In this way, WH avoided the
direct (and time-consuming) measurements of diffusion
length relying only on the short circuit current measure-
ments (which in this assumption is directly related to the
diffusion length). The CC study used a software tool
(PC1D) [12] for the numerical solution of transport
equations and the full AM1.5 solar spectrum. The internal
quantum efficiency was used together with the IV-parameters
to model the solar cell with PC1D, considering both the
bulk and emitter regions [4]. In both these studies and other
studies [8,11,13] as well, the device was considered operating
in low injection level conditions.

In this letter, we illustrate the developments carried out
to model the device at the operating injection level (no low
injection level assumption, see Figure 3), therefore, also
opening the possibility to model a future device with
excellent surface passivation and with higher efficiency.
To our knowledge, this approach has not been used before.
type front emitter. Parameters are reported for a state-of-the-art
lar cell design.

itter (Ω/□) Front SRV Rear SRV Rear reflector (%)

60 1� 105 cm/s 350 cm/s 67
400 fA/cm2 400 fA/cm2

100 2000 cm/s 10 cm/s 85
20 fA/cm2 20 fA/cm2

Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip



Figure 2. The product of short-circuit current and open-circuit
voltage versus position in the ingot from the bottom, for the
ingots contaminated with chromium. The model used is based
on the degradation of the base-bulk recombination. The parame-
ter fitting was carried out on the ingot with 22 ppma of
chromium, with excellent result. The model has been validated

using the ingots with 2.2 and 110 ppma.
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3. MODEL

This letter addresses the impact on current and future
device architectures of main metal impurities present in
commercial silicon substrates. In the model developed
here, the effect of operational injection level, which is
important for high efficiency devices, is taken into account.
Therefore, we need to know both the majority and minority
carrier recombination parameters. In previous publications,
the solar cell is always assumed to work in low injection
level conditions. This is a good assumption for state-of-
the-art industrial p-type multicrystalline silicon solar cells
based on screen print, SiNx firing through and Al-BSF
process. This assumption is no longer valid in high
efficiency solar cells and when substrates from improved
crystallization method are employed (e.g., for the growth
of multicrystalline silicon ingots).
Figure 3. Lifetime versus excess carrier density for interstitial Fe an
have the same low injection level lifetime (5� 1011 atm/cm3 and 3�
than for CrB owing to the high capture cross section ratio of Fei in c
sun is reported for a state-of-the-art and advanced devices as defin
and, therefore, lifetime at 1 sun in an advanced device owing to the

for CrB, where the relatively flat lifetime-injection level dependenc
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In this model, the substrate is only assumed to be limited
by Auger and band-to-band recombination in addition to the
impurity to study. Therefore, the model can be adapted to
any type of material monocrystalline or multicrystalline, with
different levels of other defects as crystallographic defects
for multicrystalline wafers and boron-oxygen (BO) complex
for monocrystalline wafers.

The assumptions for the formulation of this model are
listed as follows:

(i) The impurity distribution along the ingot height
scales according to the normal freezing equation

Cs ¼ keffC0 1� fð Þ keff�1ð Þ (1)

where Cs is the total impurity concentration in the
solid, C0 is the starting impurity concentration in
molten silicon or in the feedstock, keff is the effective
segregation coefficient and f is the solidified fraction.
Impurities segregate towards the last solidified part of
ingots. In this letter, we consider the effect at 90% of
the ingot height because at lower height, the impurity
impact will be lower, and we are interested here in
taking into account the usable fraction of an ingot
when considering the impurity impact. Therefore,
Cs becomes Cs = 10� keffC0 for f=90% and keff< 1,
10 times larger than for f=0% (ingot bottom).

(ii) The concentration of electrically active impurities
(Nt) is proportional to the total concentration of
impurities (Cs),

Nt ¼ aCs (2)

(iii) The minority carrier lifetime in the base-bulk or in the
d CrB.
1011 at
omparis
ed in T
steep
e does
emitter can be described by the Shockley–Read–Hall
The concentration of Fei and CrB are chosen in order to
m/cm3, respectively). The curve for Fei is much steeper
on to CrB. The solar cell operational injection level at 1
able I. In case of Fei, note the increased injection level
lifetime-injection level dependence. This is not the case
not increase considerably the injection level at 1 sun.



(iv)

Impurit

Cr

Fe

Ti
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(SRH) theory [14]. No assumption has been made on
solar cells working in low injection level in the base.
The effect of impurities on the solar cell is that of
increasing the recombination in the base and in the
emitter regions. The solar cell performance as a
function of base and emitter lifetime has been
modeled using PC1D [12]. The devices modeled
are a state-of-the-art 2010 design and an advanced
design (see Table I for the definitions).
The assumption in (i) has been verified by neutron
activation analysis on several samples as reported in Reference
[15]. The electrical activity of a specific impurity is influenced
by phenomena such as precipitation, gettering and hydrogena-
tion, which are process dependent. Therefore, the proportion-
ality constant (a) is element and process dependent and is a
global parameter because it correlates the electrical activity
of an impurity at solar cell level with the total solid impurity
concentration Cs in the wafer.

The device minority carrier lifetime in (iii) is assumed
to be dominated by a single impurity. Therefore, the Auger
and band-to-band recombination are the only second-order
limiting factors considered:

1
tbulk

¼ 1
timpurity

þ 1
tAugerþradiative

(3)

This means that in the model, other defects like crystallo-
graphic defects or other impurities are neglected because we
are studying a single defect (here an impurity) per time. In
monocrystalline and multicrystalline silicon wafers, one
could argue that, especially at low impurity concentration,
other defects contribute to the recombination as well and
cannot be neglected. This is the case, for example, of BO
complex and crystallographic defects dominant inmonocrys-
talline and multicrystalline silicon device, respectively.
When they dominate the recombination, a specific term
relative to their recombination should be added to
Equation (3). In this case, the figures on the impurity sensitiv-
ity reported in this letter are restrictive because the sensitivity
towards impurity concentration reduces in the presence of
other dominating defects.

In this model, we use the parameters inferred on
intentionally contaminated ingots with iron, titanium,
chromium, nickel and copper in p-type silicon reported in
[4] (see Table II).
Table II. Segregation coefficient, recombination parameter a

y

Effective segr. coeff. [4] Minority carrier capt

keff [�] sn [cm

3.1� 10�6 snCrB = 4.5
spCrB = 1.1

1.5� 10�5 snFei = 4�
spFei = 7�

3.5� 10�5 snTidd = 1.5
spTidd = 3.7
The assumption is that impurity segregation in the
ingot, electrical activity and recombination parameters are
similar in both the devices modeled. This is reasonable be-
cause in [4], the effect of the impurities have been
decoupled from other sources of recombination, such as
crystallographic defects present in uncontaminated
reference material. Therefore, the parameters inferred are
relative to the only effect of the single impurity added.
On the other hand, the effect of the additional crystallo-
graphic defects caused by the interaction between impurity
and crystal growth, observed at high impurity concentrations,
is intrinsically taken in consideration when the experimental
data were fitted in the model in [3]. We assume that the
impact of added impurity results in a recombination that is
proportional to the concentration of the added impurity.
Therefore, the value of electrical activity a is the same (for
each specific impurity) for any impurity concentration
considered (assumption (ii) in the model).

In assumption (iii), the effect of the lifetime-injection
level dependence [16] is taken into account. This is
especially relevant for impurities such as interstitial Fe
(Fei is dominant under illumination condition), which has
a larger minority carrier capture cross section than the
majority rate (ratio sn/sp ~ 500). In Figure 3, this effect
is visible on the lifetime versus excess carrier density
curves. For Fei, the curve is very steep towards higher
injection level in comparison to the one for CrB (CrB is
dominant under cell operation condition than interstitial
Cr). This is because for the latter, the carrier capture cross
section ratio is small. By improving the surface passivation,
as in advanced devices, the injection level, corresponding
to one-sun illumination, increases from the low injection
level as the surface recombination reduces. At higher injection
levels, the lifetime is controlled by both minority and majority
capture rates, therefore, for Fei, the lifetime increases consider-
ably in comparison to CrB (see Figure 3).

The operational injection level for a solar is determined
by the total recombination in the device. Therefore, the
injection level increases also as a consequence of the
reduction of other bulk defects, as is seen in improved
crystallization techniques. The increased injection level
has a large impact on the solar cell performance because
the bulk lifetime at which the solar cell operates is higher.

In case of copper, it was not possible in [4] to estimate its
electrical activity. The reason is that there is no agreement in
the recombination parameters for both electron and holes,
nd electrical activity of impurities used for the modeling.

ure cross section

Ec–Et

Electrical activity [4]

2] a [%]

� 10�15 0.844 [18] 5.90
� 10�14

10�14 0.745 [19] 0.11
10�17

� 10�15 0.865 [20] 93
� 10�17

Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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therefore, the lifetime is modeled at same operation condition
as a present device [4] and therefore in low injection level.
The emitter is always considered in low injection level owing
to the high doping level. In addition to the SRH recombina-
tion caused by the impurity under investigation, Auger and
band-to-band recombination are considered in the model as
the only additional recombination mechanisms because they
are a fundamental limit. These recombinations become
relevant especially at low resistivity, high injection levels
and in general at very low defects density.

Impurities like titanium, chromium and iron have been
reported to reduce the bulk recombination (diffusion length),
therefore, the SRH theory is used to model the bulk lifetime
in PC1D. Contrarily, nickel only affects the emitter recombi-
nation [4], therefore, the emitter lifetime is used in the PC1D
model. On the other hand, Cu affects both bulk and emitter
recombination, therefore, both recombinations have been used
to model its effect in PC1D [4]. For the explanation and the
description of the modeling fitting parameters, we refer to [4].
4. RESULTS AND DISCUSSION

The device model parameters, for the state-of-the-art 2010
design with a p-type substrate and an n-type front emitter,
are reported in Table I. In case of absence of bulk defects
(device limited only by Auger and band-to-band recombi-
nation), an efficiency of about 17.5% is obtained. In
Figure 4, the solar cell efficiency calculated at 90% of the
ingot height is plotted versus the impurity concentration
in the feedstock.

Note that the efficiency is very sensitive to the presence
of Ti. Cu, Cr, Ni and Fe, which form together a group, two
orders of magnitude less sensitive than the former. The
reason is that Ti, being a slow diffuser, has small or
negligible relaxation and segregation gettering [17]
effectiveness as expressed from its electrical activity close
to one (100% active, see Table II). On the other hand, Fe,
but also Cu and Ni, being fast or relatively fast diffusing
Figure 4. Relative efficiency at 90% of the ingot versus impurity
conversion in the feedstock. Device is a state-of-the-art cell process
with 17.5% cell efficiency limited by Auger and band-to-band

recombination with 200mm cell thickness.
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impurities, are more sensitive to gettering. The effect of
nickel is to increase the recombination in the emitter, and
no effect was reported on the bulk recombination [4].
However, in the case of a device limited by Auger and
band-to-band recombination (e.g., negligible presence of
other defects), the lifetime is much higher than in the
experimental case studied, and therefore, the effect of
nickel can potentially extend to the bulk as well, similarly
to the case of Cu. Therefore, the effect of Ni in this model
should be considered as an upper limit.

Many studies report that, despite of a high level of metal
contamination, similar solar cell performance can be
achieved as that obtained using electronic grade purity
feedstock [4,7,21,22]. These studies have been carried
out for a state-of-the-art industrial type process for both
the solar cell and the ingot growth procedures. It is
expected that with improved crystallization and solar cell
processing, the sensitivity towards impurity will increase.
The feedstock purity limits are therefore a strong function
of the device architecture and substrate material quality.
We are interested to estimate the impact of impurities on
a device that meets the characteristics [23] of a future solar
cell. Therefore, we model a device, which is not limited by
front and rear surface passivation, meaning cells with
excellent surface passivation. Most likely, the substrate
thickness will be reduced as shown by the steep trend in
the last several years. In Table I, the device model
parameters for excellent surfaces and substrate thickness
of 100mm are reported. In case of absence of bulk defects
(device limited only by Auger and band-to-band recombi-
nation), an efficiency of about 23% is obtained.

We do not know the impact of Ni and Cu on such
advanced emitter, consequently, they cannot be modeled
here. Note that the improved surface passivation might
increase considerably the impact of those impurities that af-
fect the emitter recombination (such as Cu and Ni), therefore,
effort should be put in reducing their effect (e.g., by dedicated
etching and cleaning) and/or in reducing their presence.

To model the minority carrier lifetime for this device,
we use the same assumption and parameters for the
state-of-the-art device considered here. This means that
the impurity global electrical activity is considered the
same as on the state-of-the-art device, and that proportion-
ality is kept between total impurity concentration and
active impurity concentration. In Figure 5, the efficiency
at 90% of the ingot height for this device is plotted versus
the impurity concentration in the feedstock. One could
note that the relative difference between Cr and Fe changed
(Figure 6). This is because in this advanced device, and
especially at relatively low impurity concentration, the
solar cells do not operate anymore at low injection level.
Actually, the smaller the impurity level, the higher the
injection level. The effect of impurities like Fe, with a high
capture cross section ratio sn/sp, therefore, with a steep
lifetime injection level dependence, benefit from an
increasing lifetime because the injection level increases
[24]. This is also mirrored in a more steep sensitivity curve
in the case of Fe (i.e., from right to the left of Figure 5), this



Figure 6. Relative efficiency degradation curve at 90% of the
ingot versus impurity concentration in the feedstock for the
state-of-the-art 200-mm thick device (full lines) and for

advanced 100-mm thick device (dash lines).

Figure 5. Relative efficiency at 90% of the ingot versus impurity
concentration in the feedstock. Device has a cell efficiency of
23% limited by Auger and band-to-band recombination with

100 mm cell thickness.

Figure 7. Relative efficiency at 90% of the ingot versus impurity
concentration in the feedstock. Device has a cell efficiency of
23% limited by Auger and band-to-band recombination with
50, 100 and 200 mm cell thickness. Cu was plotted considering

the impact on the diffusion length only.
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is due to the increase in the injection level when the
amount of Fe reduces. This reduced sensitivity for Fe
partly compensates the requirements of higher lifetime in
advanced devices, and together with the reduced substrate
thickness make the impact of Fe similar in both device
architectures. Instead, Cr with small capture cross sections
ratio (flat injection level dependency) is less sensitive to
this effect, and it impact increases. In case of Cu, the only
effect on bulk lifetime is taken into account.

Note that the operational injection level is determined
by the total recombination in the device. The presence of
other defects like other impurities, BO complexes and
crystallographic defects reduce the operation injection
level and therefore the operating lifetime. This means that
in the presence of these other defects, the cell performance
sensitivity towards Fe will increase.

Note that in general, the efficiency sensitivity towards
impurity increases significantly in a high efficiency device
despite the reduction of half the base thickness that only
partly compensates the increased sensitivity. The sensitiv-
ity to the wafer thickness is shown in Figure 7, where
impurity sensitivity curves are plotted for substrates as
thick as 50, 100 and 200 mm.

The efficiency degradation curves can be used to define
the relative impact of impurities. This is relevant for
feedstock and ingot producers to define roadmap and
technologies for improvement programs and cost reduction.
It is important to note that interaction of defects can cause a
non-linear behavior, and the combination of dominating
impurities complicates the analysis and the estimate in the
specific case.

This assumption on the electrical activity means that in
the future device, the same optimum gettering and hydro-
genation of current device is used so as to have a realistic
model. Depending on the nature of the device architecture
implemented (for example, hetero-junction where the
temperature employed and gettering effect is low),
the electrical activity can increase, and consequently, the
impact of impurities on the device increases as well. On
the other hand R&D effort to improve the wafer quality,
optimize gettering and hydrogenation and reduce the
impact on emitter recombination will definitely be
implemented in the future solar cell process. Therefore,
the predictions of this work should be considered
conservative. Note that a more effective gettering and
hydrogenation, which results in a 10 times reduction of
electrical activity will give similar efficiency as 10 times
less impurities concentration (without considering the
injection level dependence effect), shifting the sensitivity
curve in Figure 5, leftwards.
5. CONCLUSIONS

For the first time, the sensitivity to impurities of the solar
cell conversion efficiency is reported for state-of-the-art
and advanced device architectures. In a state-of-the-art
Prog. Photovolt: Res. Appl. (2012) © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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device, Ti is the most impacting impurity, followed by Cu,
Cr, Ni and Fe, which form together a group, two order of
magnitude less sensitive than the former. Contrarily to
previous modeling, it is not assumed that the device is
working in low injection level conditions, but in real
operating conditions. This is of fundamental importance
for modeling high efficiency devices. In high efficiency
devices, as opposite to state of the art, a large reduction
of the impurity impact is visible for impurities having
large capture cross section ratio such as Fe. This reduction
partly compensates the requirements of higher lifetime in
advanced devices. By contrast, the sensitivity of Cr
increases because it is not compensated by higher lifetime
owing to the small capture cross section ratio.

In general, future devices will be more sensitive to
impurity content than state-of-the-art devices. This effect
could be partly compensated by reducing the base
thickness as shown.

The data provided in this study and the efficiency
degradation curves for the different cases studied
make it possible to calculate impurity acceptable levels.
Specifications of acceptable levels are function of accept-
able efficiency, cell architecture and process technology,
crystallization method, substrate defect content and wafer
thickness. In conclusion, the data reported allows, on one
side, to focus R&D efforts towards a selective control of
the feedstock impurity content and, on the other side, to
perform sensitivity analysis at different stages of the solar
cell manufacturing, keeping in mind the different impurity
cell performance sensitivities.
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