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This paper first appeared in the fifteenth print edition of the Photovoltaics International journal, published in February 2012.
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Most high-efficiency solar cells are fabricated from monocrystalline Czochralski silicon (Cz-Si) wafers because
the material quality is higher than multicrystalline silicon (mc-Si) wafers. However, the material study presented in
this paper reveals strong variations in the material quality of commercially available Cz-Si wafers, leading to a loss
in solar cell efficiency of 4% absolute. The reason for this is the presence of defects, which appear as dark rings in
photoluminescence (PL) images of the finished solar cells. It is shown that these efficiency-limiting defects originate
from oxygen precipitation during emitter diffusion. It is demonstrated that an incoming inspection in the as-cut state
is difficult, as strong ring structures in as-cut wafers turn out to originate most often from thermal donors. These are
dissolved during high-temperature treatments and are therefore harmless, whereas moderate ring structures in the
as-cut state may become severe. That is why critical wafers can be identified and sorted out reliably only after emitter
diffusion, by using QSSPC-based lifetime measurements or PL imaging. The two-year statistics gathered from the
research line at Fraunhofer ISE on the occurrence of ring defects in Cz-Si wafers indicate that ring defects are highly

relevant in terms of material yield.

It was only six years ago that Fuyuki et al.
[1] and Trupke et al. [2] proposed electro-
and photoluminescence imaging (EL, PL)
as characterization tools for solar cells
and wafers. Since then, these techniques
have become widely used. According to
the yearly market survey by PHOTON
[3], the number of companies selling EL
tools is increasing and new companies
are entering the market in the field of PL.
Luminescence imaging owes its success
to the fact that it is a very fast and non-
destructive technique which allows
electrical parameters to be characterized
with high spatial resolution [4,5]. Defects
do not appear as a single value, but as a
pattern in the images. With knowledge
of the specific pattern caused by a certain
defect, the images can be interpreted
in terms of physics, which allows a more
precise quality and process control [6].
One of the most promising applications
for PL imaging is the incoming quality
control (IQC) of multicrystalline silicon
(mc-Si) wafers in the as-cut state. In IQC
all wafers whose mechanical or electrical
quality is not sufficient for producing
high-performance solar cells should
be rejected or sorted into an adequate
production process. However, in the
as-cut state, bulk lifetime information is
highly masked by surface recombination
due to the saw damage of the wafers and
is therefore almost invisible to state-of-
the-art characterization tools. Approaches
for overcoming this problem are currently
being researched [7,8]. The limited lifetime
information is also an issue for PL imaging,
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but fortunately most electrical defects
formed during crystallization appear
as very distinct patterns in PL images.
By applying pattern recognition, it has
been shown that open-circuit voltage,
short-circuit current and efficiency
can be predicted for a known solar cell
process [9,10]. Current research aims at
establishing a reliable wafer rating based
on an automatic evaluation of PL images
which can be acquired with high resolution
at in-line speed.

In general, material quality of
Czochralski-grown monocrystalline
silicon (Cz-Si) is higher than that of
multicrystalline silicon (mc-Si). That is why
PL-based IQC has so far focused on mc-Si.
However, recent studies have revealed that
material quality in Cz-Si wafers may differ
significantly as well [11,12]. Particularly
when using Cz-Si wafers for high-
efficiency solar cell concepts exceeding
20% efficiency, minor defects can already
limit cell performance [13]. It has to be
emphasized that the defects observed in
these studies and discussed in this paper
do not relate to the well-known metastable
defect formed by boron—oxygen pairing
(BO) [14,15], but rather to more severe
background defects.

In a recent study [12,16] the varying
impact of such oxygen-related defects
on solar cell performance was evaluated
and the possibility of detecting them
by means of in-line measurements was
investigated. The present paper gives an
overview of these results and adds some
new results from ongoing work. First,
a short overview is given on oxygen-

related defects, the material compilation
underlying this study and the solar cell
process applied. Before investigating the
possibilities of detecting severe ring defects
by different characterization techniques
in different process steps, the impact of
ring defects on the efficiency of finished
solar cells will be demonstrated. Finally,
new results concerning the identification
of oxygen precipitates as the main defect
are presented, together with data about the
statistical relevance of these defects for the
PV industry.

Oxygen-related defects in Cz-Si have
been characterized thoroughly for
semiconductor devices [17,18]. The
impact of these types of defect on solar
cell performance is currently gaining in
importance, as highly efficient solar cell
concepts require materials of the highest
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quality. Typical oxygen concentrations
in Cz-Si are of the order of 10"7-10"cm™.
Oxygen enters into the silicon melt
primarily by out-diffusion from the quartz
crucible and is built into the silicon lattice
during crystallization. Depending on
temperature gradients and pulling speed
during crystallization, interstitial- and
vacancy-rich regions can form. These
intrinsic defects have direct and different
impacts on oxygen precipitation and the
formation of oxygen defects [19]. The
variety of these oxygen-related defects
is wide and their influence on carrier
lifetime varies. They can be activated and
deactivated by high-temperature steps,
depending on the plateau temperatures and
the heating and cooling ramps of the high-
temperature steps applied during solar cell
processing. The most prominent defects
are thermal donors [20,21], which strongly
influence resistivity measurements, and the
metastable boron—oxygen complex [14,15],
which leads to light-induced degradation in
the final solar cells.

In semiconductor technology, oxygen
precipitation is another well-known effect
[22,23]. If uncontrolled, precipitation may
lead to severe defects which can cause
failure of integrated circuits. However,
by applying special thermal treatments
during production, precipitate growth can
be carefully controlled to take place only
in the bulk, and impurities are gettered
from the regions near the surface, thus
increasing material quality in the so-called
‘denuded zone! In photovoltaics, however,
both the bulk and the surface need to be
free of precipitates. The formation of
oxygen precipitates has only recently been
observed with respect to solar cells [24],
and has not yet been investigated in depth.

Definition of suitable IQC measures
for Cz-Si first requires a representative

picture of the defect classes present
in Cz-Si. To obtain this, Cz-Si wafers
were investigated from different
crystal positions, manufacturers and
crystallization processes within a broad
material evaluation. Two hundred wafers
with resistivities specified in the range
1-6Qcm were grouped in different quality
classes according to their appearance
in the PL image taken in the as-cut state.
Half of the wafers were fabricated into
solar cells using a standard 156mm x
156mm solar cell process, which included
alkaline texturing, two-sided emitter
diffusion, phosphorus silicate glass etching,
antireflection coating, screen-printing, fast
firing and laser-edge isolation. The other
half of the wafers, consisting of wafers
adjacent to the processed wafers, were
used for a more detailed characterization.
Solar cells whose efficiency was limited by
process-induced defects such as shunts or
high series resistances were identified by
applying thermographical measurements

and quantitative PL imaging [25] and were
excluded from the study in order to focus
only on material-related issues.

PL imaging was performed on the setup
build at Fraunhofer ISE, where a laser at
790nm irradiates the sample area with an
illumination equivalent to up to two suns.
The radiative band-to-band recombination
of the excited charge carriers is detected by
means of a Si-CCD camera with appropriate
filters mounted in front of the camera lens
to block reflected excitation light.

The results from I-V curve measurements
reveal that the efficiency ranges from 14.4%
up to 18.4% in the non-degraded state. PL
images of a solar cell with a high efficiency
and with a low efficency are shown in
Fig. 1. As process-related problems can
be excluded, efficiency is limited by the
ring-like defect structure, which is highly
recombination active and thus appears
dark in the PL image of sample B in Fig.
1. The observed efficiency drop of 4%
(absolute) can thus be attributed to poor
material quality.

In order to find out if the differences in
efficiency scale with the intensity of the
rings visible in PL images, a simple metric
- ring defect strength (RDS) — was set
up in which the mean count rates of the
edge region of the luminescence signal
were divided by the mean count rates
of the inner region under open-circuit
conditions, as marked in Fig. 1(b). Both
regions are symmetric with respect to the
centre of the solar cells. The position of
the circle was chosen to cover the largest
extension of rings in this study and is
applied to all solar cells. Note that this
procedure is only feasible if the PL image is
not completely covered by rings.
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Figure 3. PL images of Cz-Si as-cut wafers: a typical homogeneous image is shown in (c), while different kinds of ring patterns
are shown in (a), (b) and (d). The rings are caused by lateral differences in lifetimes and doping levels. The efficiencies represent
the values of the finished solar cells processed from these wafers.

The ring defect strength is expressed as:

<Ipr(x,y) >|Edge

<Ipp(x,)) >|Inner (1)

Fig. 2 shows the correlation of RDS to
the solar cell efficiency, with a correlation
coefficient of R* = 0.94. The loss of
efficiency in this batch can be therefore
clearly attributed to material defects
within the Cz-Si wafers which appear as
concentric ring-like defect patterns in the
PL images.

“Strong material defects
have been found in
commercially available Cz

wafers labelled as ‘high quality”

It should be stressed that strong material
defects have been found in commercially
available Cz wafers labelled as ‘high
quality! The difference in efficiencies of 4%
absolute is not tolerable for industrial solar
cell processing. High-efficiency solar cell
concepts in particular can be expected to
suffer even more if material quality limits
the efficiency to below 15%. Now two
questions arise:

1. Can these defects be detected in the
early stages of production so that a
reliable IQC can allow the wafers in
question to be directly rejected?

2. What is their physical origin?

Defect characteristics in
different productions states

As-cut characteristics

When characterizing Cz-Si wafers by
PL, the resulting image is expected to
look homogeneous, because no major
material defects should be present.
However, a random sampling from wafers
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from the storage at Fraunhofer ISE has
revealed different kinds of ring- and swirl-
structures. Four representative samples
are presented in Fig. 3, along with their
solar cell efficiencies. The images in Figs.
3(a) and 3(b) are the same samples as
in Fig. 1 (but in the as-cut state here).
Although the resulting efficiencies were
quite different, both of these PL images
show rings of medium intensity. Sample
C in Fig. 3(c) looks homogeneous, as do
most PL images of Cz-Si as-cut wafers, and
resulted in a high efficiency. Fig. 3(d) shows
bright edges, with the centre yielding
almost no signal, but the finished solar cell
surprisingly had a high efficiency.

All wafers in the batch can be sorted into
one of four groups corresponding to the PL
images in Fig. 3. Group A shows medium
rings, resulting in high solar cell efficiency.
Group B, also having medium rings but
resulting in low efficiency, will be the main
focus. Wafers from group C show no rings
and result in high efficiency, while group
D wafers have strong rings, but also result

in highly efficient solar cells. It would be
desirable to identify wafers with a material
quality during incoming inspection that
is too low (group B), in order to allow
their direct rejection or their transfer to
specially adjusted production lines. Fig. 3
demonstrates that this is not possible solely
by PL imaging, as groups A and B yield the
same ring pattern.

In Fig. 4(a), solar cell efficiency is
plotted as a function of the effective
charge carrier lifetime measured on the
individual wafers in the as-cut state using
the quasi-steady state photoconductance
(QSSPC) technique. With the in-line
setup used, the measurement is
performed on a coil with a diameter
of 55mm in the centre of the wafer, and
the lifetime values are extracted at an
injection density An = 5x10'cm™. The
four wafer groups A-D are marked
on the graph. For groups A and C, with
as-cut lifetimes in the range of 0.7ys, the
small differences in carrier lifetime do
not correlate to small differences in cell
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Figure 4. (a) Solar cell efficiency as a function of effective carrier lifetime, measured
by means of QSSPC on the as-cut wafers; (b) cell efficiency as a function of trap

density. Lifetime is limited by surface recombination and increased by charge
carrier trapping, which may be corrected.
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Figure 5. Reduction in resistivity after annealing plotted
against solar cell efficiency. Wafers from group C show the

noise of the measurement, while resistivities of groups A, B
and D are reduced by more than 1Qcm.

efficiency. In this case the lifetime of the finished cell is obviously
high enough to reach the efficiency limit of the process. For
group B, with as-cut lifetimes in the same range, cell efficiencies
vary significantly, from 14.4% to 17.6%, which is not reflected in
the lifetimes in the as-cut state. Group D wafers, with high as-cut
lifetimes above 1.0us, did not result in higher efficiencies.

In Fig. 4(b) trap density, extracted according to Sinton et al. [8],
shows that the lifetime values of group D are increased by trapping
artefacts, which cannot be completely removed despite a trapping
correction, while wafers from groups A-C are not affected by
trapping.

As in the case of PL imaging, lifetime measurements and the
investigation of trap density do not allow a distinction to be made
between groups A and B. This inability to distinguish between the
groups is a result of either the surface limitation of carrier lifetime or a
defect activation at a later process stage. If this is the case, the harmful
effect from group B wafers may not be detected unambiguously in the
as-cut state. Further research is required in this area.

Check for thermal donors
An in-line measurement of the base resistance yields values between
1.19 and 82.7Qcm, which falls outside the material specification
(1-6Qcm). Increased and inhomogeneous resistance values of as-cut
walfers are (in most cases) caused by the well-known thermal donor
(TD) defect. TDs can be destroyed in a high-temperature step (e.g.
emitter diffusion) and should have no effect on final solar cell results.
The results of an in-line test before and after a thermal treatment,
performed in an in-line furnace with a peak temperature of 800°C
for 10 seconds, are plotted in Fig. 5. After the treatment, all TDs had
dissolved and resistivity for all tested wafers was in the expected
range. The graph shows the absolute reduction in resistivity after
annealing plotted against the solar cell efficiency. If no rings in the
PL images are present (group C), the resistivity of the wafers does
not change significantly, whereas the change for wafers from groups
A and B is of the order of 1-10Qcm; for group D the difference is
greater than 10Qcm. Therefore, we can conclude that Groups A and
B have weak TDs, group C has no TDs and group D has strong TDs.
Although groups A and B cannot be distinguished by their changes
in resistivity, the rings in the PL images of group A vanish, while they
get stronger for group B. The same effect occurs after emitter diffusion
and is discussed in the following section.

Characterization after emitter diffusion
Fig. 6 shows the PL images of the wafers from Fig. 3 in the as-cut
state and the same wafers after emitter diffusion. Wafers from group
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A give homogeneous PL images, leading to the conclusion that the
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ring effect in the as-cut state was caused by
weak TDs. Wafers from group B, however,
give a PL image with a dark centre of
low lifetime. In addition to weak TDs, a
more severe background defect must be
present, which is activated during high-
temperature processing. Group C wafers
show no change, while the very dark rings
of group D vanish. Pronounced rings in PL
images of as-cut wafers can therefore be
attributed to strong but harmless TDs.

Fig. 7 shows the solar cell efficiencies
plotted as a function of the effective
lifetime obtained from in-line QSSPC
(Fig. 7a), and as a function of the ring
defect strength extracted from PL images
(Fig. 7b), both quantities measured after
emitter diffusion. While low efficiencies
can obviously be attributed to low carrier
lifetimes, above approximately 20us the
cell efficiency is limited by the solar cell
process. The PL RDS evaluation yields
similar results and confirms that the low
lifetimes originate from ring features.
Therefore, both methods can be used for
rating a wafer after emitter diffusion.

In addition to the investigation of the
boron-doped samples, a group of gallium-
doped silicon wafers was analysed. As
shown in Fig. 8(a), ring patterns were
found in the PL images of the as-cut wafers
during incoming inspection. After emitter
diffusion (Fig. 8b), a circular low-lifetime
region forms around the centre: it covers
almost the entire wafer and resembles the
defect structures observed in sample B of
the boron-doped silicon (see Fig. 6d). The
fact that the same defect structures are
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Figure 9. (a) PL image of sample C after preferential etching; (b,c) optical microscope pictures of the marked positions — no
precipitates can be observed; (d) interstitial oxygen concentration of neighbouring samples of sample C; (e) PL image of sample
B after preferential etching; (f,g) optical microscope pictures of the marked positions — the darker the PL image, the higher the
density of precipitates; (h) interstitial oxygen concentration of neighbouring samples of sample B.

found in both gallium-doped and boron-
doped silicon indicates that the formation
of the observed severe ring defects is
independent of the dopant, and is induced
by more intrinsic effects such as oxygen
precipitation after high-temperature
treatments. Oxygen precipitates grow
independently of the wafers’ doping during
high-temperature processing steps. That is
why the observed phenomenon seems to
be relevant for all Cz-Si materials.

“Oxygen precipitates grow
independently of the wafers’
doping during high-temperature

processing steps.”

Defect characterization

To shed some light on the physical origin
of the observed defect structures, a more
detailed defect characterization was
performed on adjacent wafers for selected
material types. By using Fourier transform
infrared (FTIR) spectroscopy, the
interstitial oxygen content of neighbouring
samples was measured in the as-cut state
and after emitter diffusion. For wafers
similar to sample C (without rings), the
interstitial oxygen concentrations were
measured to be [0;]=7x107cm™ in both
states; for wafers similar to sample B (with
rings), the concentrations changed from
[O;]=1x10"%cm™ in the as-cut state to
[0,]=1x10"cm? after emitter diffusion (see
Figs. 9d and 9h). For the sample with ring
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defects, the fact that the interstitial oxygen
concentration is reduced during solar cell
processing indicates that more oxygen
precipitates are formed, which cannot be
measured by means of an FTIR analysis.

In order to prove the presence of oxygen
precipitates, the samples were polished
and wet-chemically etched using the Sirtl
etch [26]. Fig. 9(a) shows the PL image
of sample C; the microscope pictures
of small areas of the same sample can be
seen in Figs. 9(b) and 9(c). Apart from dust

particles and a scratch, no precipitates are
present. Fig. 9(e) shows the PL image of
sample B with ring defects. For this sample,
the images of the optical microscope
(Figs. 9f and 9g) reveal that in the outer
region of the wafer, with high PL signal,
no precipitates are present, while in the
inner region, with low PL signal, lots of
precipitates can be found. Therefore, the
drop in lifetime and efficiency of group B
can be attributed to the presence of oxygen
precipitates.

B No Defects

O Thermal Donors

4%

B Oxygen Precipitates + TD

Figure 10. Statistics of the defects in commercially available Cz-Si wafers used at
Fraunhofer ISE since 2010. The classification is based on PL imaging performed
on random samples of all incoming wafers. Only two-thirds of the Cz-Si wafers are
defect free; 29% exhibit thermal donors and 4% severe oxygen precipitates.
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In order to estimate, in a more quantitative
way, the practical relevance of the
defect classes discussed above, the IQC
results obtained at Fraunhofer ISE were
evaluated statistically. Since September
2010 all incoming Cz-Si wafers have had
to pass the IQC based on PL imaging.
Between 1 and 5% of the samples are
selected randomly from each wafer
box, and PL measurements are carried
out. Our statistics are currently based
on PL measurements of 1529 wafers,
representing approximately 40,000 wafers.

Fig. 10 shows that ring structures were
found in 33% of the investigated Cz-Si
samples. Most of these ring structures
could be identified as being related to
harmless thermal donors, which vanish
after high-temperature treatments.
However, in 4% of the samples with ring
structures in the as-cut state, the critical
lifetime-limiting ring defects could be
activated. These particular samples cannot
be used for solar cell production, as the
oxygen precipitates limit the solar cell
efficiency to a low level. Although these
statistics do not claim to be representative
or precise, they strongly suggest that the
observed phenomenon is highly relevant in
terms of material yield.

This study has shown that commercially
available Cz-Si materials labelled as
‘high quality’ may be affected by oxygen
precipitates, which may reduce solar cell
efficiency by 4% (absolute). Nucleation
centres for oxygen precipitates have
already been formed during crystallization;
they strongly depend on the temperature
cycles applied and may grow during
high-temperature steps in the solar cell
process, irrespective of the wafer doping.
The critical defects appear throughout
the production process as dark concentric
rings in PL images.

Detection of oxygen precipitates in the
as-cut state during incoming inspection is
rather difficult, as the presence of harmless
thermal donors can form similar patterns.
Up till now, wafers that form efficiency-
limiting oxygen precipitates during
emitter diffusion could be detected with
PL imaging in incoming inspections only
if the presence of thermal donors could
be excluded. If thermal donors cannot
be excluded, reliable quality control after
emitter diffusion is only possible using
lifetime measurements or PL imaging.

Use of these results has allowed an
incoming quality control based on PL
imaging to be developed and introduced
in the PV-TEC research line at Fraunhofer
ISE. Two years of statistics have revealed
that approximately 33% of all Cz-Si wafers
show ring defects caused by thermal
donors, and 4% form critical defects related
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to oxygen precipitates, demonstrating the
relevance of the phenomenon in terms of
material yield.

We thank our colleagues at Fraunhofer ISE
for their fruitful discussions and support
in solar cell processing. This work was
partially supported by the Fraunhofer
Society under the framework of the
ABICS-LUM project.
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