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a b s t r a c t

Several industrial n-type Czochralski silicon ingots were analysed on wafer and cell levels with ECN's
bifacial n-type solar cell process. In some of the ingots, the solar cell performance in the very top drop of
about 1% absolute with respect to cell from the middle part of the ingot. These cells show typical ring
shaped pattern. After receiving a post-process anneal treatment at 200 1C, the efficiency nearly
completly recover. We demonstrated that the improvement is due to bulk lifetime enhancement. The
recovery is stable in storage conditions, under illumination and high temperature treatments up to
600 1C. The same effect cannot be reproduced in p-type Cz silicon solar cells with similar ring shaped
patterns. This indicates that the defects responsible for lifetime and efficiency degradation in wafers
affected by ring patterns differ in n-type and p-type.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Currently n-type crystalline silicon solar cells and modules are
manufactured in mass production. In 2014 it is predicted to
account of 6% of the total PV module production (49.7GW) [1]
and according to the last edition of the International Technology
Roadmap for Photovoltaic (ITRPV) the n-type share will grow to
more than 30% in 2023 [2].

The background reasons for this trend rely on the specific
characteristics of n-type silicon. Indeed, the lifetime of n-type
wafers is generally much higher than p-type wafers for the absence
of boron–oxygen (B–O) complex responsible for light induced
degradation [3,4] and for the smaller recombination strength of
metal impurities like Fe [5,6]. Although implementation of Dash's
process has removed the most severe effects of dislocations [7], Cz
crystals are still not defect-free [8]. While p-type ingots are
dominated by B–O complexes and impurities, the general higher
lifetime in n-type cause other defects, like intrinsic defects, disloca-
tions, etc., to become relevants. In particular very detrimental for
the solar cell performance is the so called P-band ring which
coincides with a band of grown-in oxide precipitates. These con-
dense in stacking fault after a rapid wet oxidation which release
interstitials under the oxide surface forming the so-called OISF ring.
A review of this defect and their characterization has been given
recently by Hu in [9]. This P-band is responsible for ring-shape or

disk regions of very low lifetime, affecting dramatically the solar cell
performance [10]. Fortunately experienced crystal growers and
optimized pullers can modify the position of the OISF-ring (P-band),
which is triggered by the V/G critical ratio [11,12], pushing this
defect region outside the wafering region of the crystals and,
therefore, improving the ingot yield. In addition to the P-band, as
the crystal grows, helical growth geometries are produced as
consequence of the rotation of seed and crucible. Indeed any small
variation in the temperature and/or unsteady pulling speed and
melt convection, produce fluctuation in the growth rate leading to
formation of so called swirls or striations [13]. Striations can be of
different nature (e.g. due to doping or oxygen content) and in
general, impurities, vacancies and interstitials produce complex
micro-defects often distributed in a concentric or rings pattern. In
this study, the effect of striations on the silicon solar cell perfor-
mance and their recovery are investigated in details.

2. Method

A set of industrial scale Cz ingots have been produced in
different furnaces and at different suppliers. The ingots are n-
type doped and their specifications (resistivity and interstitial
oxygen level (Oi)) are reported in Table 1.

The ingots have been cut into wafers according to the scheme in
Fig. 1 and used for the manufacturing of n-type silicon solar cells.

For the fabrication of n-type solar cells from these wafers, a
simplified version of the N-PASHA process [14] was used. The
bifacial solar cell consists of a H-pattern screen print on each side
of the solar cell. In addition, half-fabricates were manufactured to
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study the lifetime, using the same process of the solar cells
excluding the metallization.

The solar cells results are reported in Fig. 2.
After characterization both the solar cells and the half-

fabricates were subjected to a 10 min anneal at 200 1C in air. This
type of anneal is common practice for p-type solar cells to split the
boron–oxygen complex responsible for light induced degradation.
Prior to the anneal, the cells and wafers were stored at room
temperature in the dark. The cells and wafers were analysed by
current–voltage (IV) measurements, Internal Quantum Efficiency
(IQE) measurements, Microwave Photo-Conductance Decay (mW-
PCD), Light Beam Induced Current (LBIC), Electro-Luminescence
(EL) and Photo-Luminescence (PL) measurements both prior and
after the anneal.

3. Results

The solar cell performance throughout the ingot generally
forms a flat curve along the ingot height. However, some ingots

show a significant decrease of the efficiency in the really top with
respect to the top (remainder of), middle and bottom regions.
These solar cells exhibit an efficiency drop up to 1% abs with
respect to cells from the middle of the same ingot (see Fig. 2). The
size of the drop depends on the ingot characteristics (e.g. oxygen
and phosphorous levels), and strong correlation was observed
between the occurrence and size of the drop and the presence of
striations in the wafer (see Fig. 6).

For the solar cells from the seed end a large improvement of
the cell efficiency can be observed after the proposed annealing.
For the cells from the centre of the ingot body the annealing step
has hardly any effect on the cell efficiency (see Fig. 3a). For ingots A
and B, we observe that JSC and VOC improve significantly (see
Fig. 3b). Ingot C has also an efficiency increase which is almost
entirely due to an increase in fill factor. A similar increase in fill
factor is found also in the other two ingots A and B. The increase in
fill factor for ingot D is also present, but to a somewhat lesser
degree. This increase in fill factor corresponds completely to an
increase in pseudo-fill factor, which indicates that the improve-
ment is not the result of a series resistance decrease, related, for
example, to an improved metallisation. This is instead due to an
increase in the homogeneity of the lateral lifetime distribution
over the solar cells (see Fig. 6).

In lower quality ingots, not reported here, we observe even
larger efficiency drop and a nearly equivalent recovery.

The effect of the annealing treatment is stable under 18 h
illumination at 1 sun (see Fig. 4), which provides further evidence
that the effect is not related to any B–O complex formation. A
higher temperature treatment at 600 1C, which is about the high-
est temperature than can safely be applied to finished solar cells,
gives neither further improvement, nor further degradation (see
Fig. 4).

In order to understand the effect of the annealing, we carried
out spectral response and reflectance measurements to calculate
the IQE. In Fig. 5a the ratio of the IQE after and before annealing as
a function of wavelength is compared for a solar cell from the
centre and a cell from a position closer to the seed end of ingot A.
For the cell from the middle of the ingot, this ratio is about 1 for
the full spectrum since there is negligible change in the cell
performance. The cell from the seed end of the ingot, however,
displays a significant increase for wavelengths greater than
900 nm, which is commonly related to an increase in bulk carrier
lifetime. However the rear side passivation plays also a role at
longer wavelength. In order to discern the bulk from the rear
passivation we measure the IQE spectra from the rear side of these
solar cells (see Fig. 5b). In a rear IQE graph, the short wavelength is
representative for the surface passivation and the back surface
field (BSF) quality and the remainder of the visible spectrum
indicates the bulk quality. Results in Fig. 5 confirm that it is indeed
the bulk quality and not the surface passivation at the rear side of
the cell which improves due to the annealing step.

mW-PCD maps were made of half-fabricates from the seed end
of all ingots before and after the annealing treatment. An example
of the resulting maps is shown in Fig. 6a and b. Also IQE maps
acquired on neighbouring cells using the LBIC technique combined
with local reflectance maps resulted in qualitatively similar images
in which the rings disappeared.

The improvement in minority carrier lifetime is present over
almost the entire wafer. Faint evidence of rings can be found after
anneal for some wafers and usually disappear after a second
annealing.

3.1. Comparison to p-type rings

Sometimes rings pattern are also observed in p-type ingot as
mentioned earlier [15]. In another study [16] p-type solar cells

Table 1
Ingot description.

Ingot
designation

Description Type Resistivity
level in the
top
[ohm� cm]

Oi level
(in the
top)
[ppma]

A Furnace A n-Type 5 o18
B Furnace B n-Type 5 o18
C Furnace C n-Type 5 o16
D Furnace D n-Type 13 o20
E Furnace E n-Type 8 o18
F Furnace F n-Type 20 o18

Fig. 1. Schematic of the ingot and sections used for the investigation.
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Fig. 2. Solar cell efficiency as function of position in the ingot (not in scale).

G. Coletti et al. / Solar Energy Materials & Solar Cells 130 (2014) 647–651648



were manufactured using a standard phosphorus emitter, Al BSF
and H-pattern screen print. Also in this case rings pattern have
been observed. These cells were subject to the same 10 min anneal
at 200 1C.

The annealing treatment did not cause any improvement for
p-type solar cells in which a similar ring pattern was observed by
EL (Fig. 7a and b). Neither the rings disappeared nor the cell
efficiency improved after this annealing. Indeed this cell was not
subject to illumination before annealing therefore no B–O complex
was present.

4. Discussion

In this experiment we discover the presence of a bulk defect
strongly reducing the efficiency of n-type solar cells. It is localized
near the seed side of n-type ingot (Fig. 1) and it is visible as low
lifetime ring shape regions on solar cells (Fig. 6a). This defect is de-
activated by a low temperature anneal at 200 1C for 10 min. The
main question is what type of defect is in agreement with such
low de-activation temperature. In the following we will review

different hypothesis on the nature of the striations with the
intention to help the further microscopic investigation.

We also notice that not all the ingots are affected by these ring
shape regions and by the reduced efficiency. In particular an ingot
with less Oi concentration and similarly another ingot with lower
doping level show no evidence of this type of bulk lifetime
degradation. On the other side an ingot with even lower level of
P does report, although only in a limited manner, striations
sensitive to low T anneal. The relation of Oi with the formation
of this defect is not clear yet. Also if and why phosphorous plays
a role.

The n-type ingots were mostly grown from high quality feed-
stock, without any boron contamination. Therefore the only boron
in the n-type solar cells and half-fabricates results from the
emitter layer diffusion in the front side of the cell. In this highly
doped layer, any detrimental effect of B–O complex formation can
be considered negligible compared to the Auger recombination
dominating the emitter region. Considering also the missing defect
re-formation under illumination (see Fig. 4), we conclude that B–O
pairs cannot be responsible of this degradation. Also we consid-
ered hydrogenation as a possible mechanism for the interpretation
of this phenomenon. However according to the hydrogenation
formulation as described in [22] and [23], this can be ruled out due
to the opposite formation kinetics.

Although not much is known about the nature of these
striations, oxygen is surely the first candidate since the seed side
of the ingot is affected by high O concentration. However oxygen
induced type of defects are formed or annealed at much higher
temperature [17,18,8,19,20]. On the other hand, more recombina-
tion centre can be introduced when oxide precipitates are deco-
rated by transitions metals as recently found for Fe in p-type by
Murphy et al. [24] then the formation kinetics should also change.

In his studies Watkins [20] reported the existence of a vacancy-
phosphorus pair. This complex has a defect level at 0.43 eV below
the conduction band. In addition this pair is de-activated at
temperature in the 100–200 1C range. Is this the type of defect
responsible for the phenomena reported in this work? On one side
this is supported by the finding that rings are not de-activated in
p-type silicon wafers showing that the complex responsible must
have a different nature. On the other side, Watkins itself in an
earlier study reports that, in pulled crystals containing oxygen in
the 2–20 ppma range, this defect is not observed [21] since the
dominant defect is vacancy trapped by oxygen. Of course in the
formation, the actual oxygen dissolved and precipitated has to be
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Fig. 6. (a) uPCD of half fabricate before anneal. (b) uPCD of half fabricate after anneal.

Fig. 7. (a) Electro-luminescence of p-type sample before anneal. (b) Electro-luminescence of p-type sample after anneal.

Fig. 5. (a) Internal quantum efficiency ratio after and before anneal. Front side illumination (emitter side). Ingot A middle and seed side cells. The dashed lines denote the
uncertainty in the measurement. (b) Internal quantum efficiency ratio of same cells in (a) using rear side illumination (BSF side).
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considered. However since nothing is known about the carrier
capture cross section of either V–P or V–O, it is not possible at this
stage to formulate their recombination properties and determine
which one dominate the recombination even at low defect con-
centrations. The identification of the defect responsible for this
phenomena requires further investigation on microscopic level.

5. Conclusions

A set of several industrial n-type ingots have been analysed on
cell level. The efficiency distribution in the top, middle and tails of
ingots is reported. The presence of striations for wafers near the
outmost seed end of some Cz ingots reduces the solar cell
performance. The impact on solar cell efficiency has been shown
here to be up to �1% absolute with respect to cells from the
middle region of the same ingots. In this work it is demonstrated
that the striation patterns visible on solar cells can be fully
eliminated by a simple anneal at 200 1C. This recovery is stable
in storage conditions, under illumination and high temperature
treatments up to 600 1C. The increase in both VOC and JSC is almost
entirely related to an increase in the bulk lifetime, as confirmed by
IQE measurements. The pseudo FF, and therefore the FF also
increases, due to an increase in the homogeneity of the lateral
lifetime distribution over the solar cells. The same recovery cannot
be reproduced in p-type Cz silicon solar cells with similar ring
shaped patterns. This suggests that the bulk defect that degrades
the lifetime at the location of the striations is not identical for p-
and n-type wafers. Partially inspired by this, the formation of
vacancy-phosphorous pairs is suggested in this contribution due
to their low deactivation temperature and defect energy level in
the band-gap. Although these defects identification requires more
microscopic and fundamental studies, this result reported here can
be considered a first step towards the understanding and the
mitigation of the detrimental effect of striations in n-type
solar cells.
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