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A B S T R A C T

The benefit of sophisticated rear surface passivation quality in highly efficient solar cell structures made of boron-
doped oxygen-rich Cz-Si wafers (e.g. PERC) can be reduced if bulk lifetime becomes a limiting factor due to boron-
oxygen related light-induced degradation (BO-LID). A permanent lifetime recovery can be achieved through a
regeneration treatment under illumination at elevated temperature. To evaluate the applicability of BO mitigation
by means of regeneration at industrial relevant conditions, industrially-made PERC solar cell precursors were
processed in a coupled fast firing and regeneration tool where the latter comprises an illuminated zone through
which the solar cells transit on a belt. The treatment was evaluated by a subsequent intentional degradation. The
results show that untreated solar cells suffer from BO-LID while properly treated samples are almost free of BO-LID
demonstrating the applicability of a fast (around 15–30 s) and coupled regeneration process in mass production.
Furthermore, it is found that fluctuations in precursor quality and/or variations in firing conditions are of minor
significance for the BO-LID mitigation process. The firing conditions process window (peak firing temperature and
belt velocity) overlaps with the treatment conditions window having the benefit of independent optimization.

1. Introduction

The boron-oxygen (BO) related defect in Cz-Si [1–4] can be a serious
threat for the development of highly efficient solar cell structures like the
passivated emitter and rear cell (PERC) [5,6] design that generally
benefits from sophisticated rear side surface passivation quality and high
bulk minority charge carrier lifetime. The formation/activation of BO-
related defects is responsible for degradation during carrier injection
observable in a deterioration of minority charge carrier lifetime in a si-
licon sample or, in case of a solar cell, as loss in open circuit voltage (Voc),
short circuit current density (jsc), fill factor (FF) and therefore efficiency.
For more than two decades now, the BO defect system has been in-
vestigated intensively [2,7–26] and findings were described within dif-
ferent models that generally include at least three fundamentally dif-
ferent states. Although more advanced models exist [4,25,27], the well-
known three state model [12,15,21,28] and its terminology will be used
to describe experimental results within this work. In general, dynamics
between different states depend on material properties, temperature,
excess charge carrier injection level and treatment duration. A transition

from the unstable and recombination-inactive state (later referred as
state A or annealed), characterised by high lifetimes (high Voc), into the
stable but recombination-active state (state B or degraded) with low
lifetimes (low Voc), already occurs at room temperature during low il-
lumination conditions (≈0.1 sun). Under these conditions saturation is
reached within hours [11]. However, this reaction is accelerated by
higher illumination intensities at elevated temperatures and saturation
can therefore be reached within seconds [20]. A reverse reaction from
the degraded to the annealed state can be observed for samples which are
treated in the dark for a few minutes at around 200 °C [1,8]. An under
field conditions stable and recombination-inactive state (state C or re-
generated) of the BO related defect can be reached under illumination at
elevated temperatures provided that the silicon bulk is well hydro-
genated. This process is, depending on the authors’ preference, either
called regeneration [12,15,28], permanent deactivation [13] or hy-
drogen passivation [29,30].

The transition (or regeneration) rate to the regenerated state is
mainly influenced by boron concentration [14], bulk hydrogen con-
centration [18,31] and firing conditions, including peak temperature
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and cooling rate [17,19]. Furthermore, the regeneration rate is also
influenced by illumination intensity (or more generally injection level)
and the thermal conditions during regeneration treatment. The re-
generation rate under carrier injection is increasing with temperature
(described by an Arrhenius relation [12]). However, a reverse reaction
called redegradation [15] will become dominant if temperature be-
comes too high and samples would, after intermediate occupation of the
degraded state B, favor the annealed state A.

The hydrogen, essential for the occurrence of a regeneration reaction
[18,30,31], typically originates from SiNx:H passivation layers and is
released during the fast firing step for the metal contact formation at
temperatures above 600 °C [32]. The peak firing temperature and the
cooling rate are known to influence the regeneration rate [17–19]. In this
context a higher temperature is preferable to release more hydrogen
[17,19] and to increase the regeneration rate. An increase in the re-
generation rate is also observed for higher cooling rates between 700 and
550 °C after reaching the firing peak temperature, which was interpreted
in Ref. [17] as a more efficient suppression of the hydrogen effusion from
the silicon bulk. Fortunately, requirements for fast BO regeneration are
met in a range of industrial relevant firing conditions which makes the
entire regeneration process attractive for manufacturers.

In summary, the BO related defect residing in the annealed state A
right after firing first converts into the degraded state B and then sub-
sequently into the regenerated state C during illuminated annealing (at
least if process temperature remains below a certain threshold [33]).
The objective of an industrially applicable regeneration process is to
convert as many BO-related defects into the regenerated state as pos-
sible while not negatively impacting other cell components (passivation
layers, metallization etc.).

The possibility to regenerate solar cells, that would otherwise suffer
from BO-related degradation, has led to the development of several
standalone and coupled/inline tools that combine a high illumination
intensity light source and elevated temperatures. A standalone system
has the benefit to perform BO mitigation anywhere between firing and
module encapsulation while inline or coupled systems (the latter is used
in this work) allow the production of stabilized solar cells right away [3].
The different terminology - coupled and inline - for these tools is used to
emphasize that inline systems can simply be added to production lines, if
footprint is not a problem, while coupled systems are integrated into
existing belt furnaces to reduce the required footprint. Inline and coupled
regeneration tools have the advantage of automation through a belt
transfer system compared to an otherwise required wafer handling
system for a standalone system. In any case, a regeneration process must
be applicable at typical production rate and a dynamic process window
regarding illumination and temperature is required to adjust, if neces-
sary, for differences in material quality or firing conditions.

Commercially available regeneration tools are either based on ha-
logen lamps (e.g. centrotherm international AG, Blaubeuren (Germany)
[34–37] or Gebr. SCHMID GmbH, Freudenstadt (Germany) [3,38]),
LASER (e.g. Rehm Thermal Systems GmbH, Blaubeuren-Seissen (Ger-
many) [39] or DR Laser, Wuhan (China) [3,40,41]) or LEDs (e.g. Asia
Neo Tech, Taoyuan City (Taiwan) [3,41,42] or Despatch Industries,
Minneapolis (USA) [3,43]).

At first glance, higher illumination intensities seem to be preferable
as this is an essential factor for fast degradation and regeneration. Most
tools offer intensities up to a maximum of 10–25 suns [3,36,39,44,45],
however, as temperature and illumination are, at least to some point,
coupled (even with active cooling), a suitable setting must be found or
otherwise unintentional temperature related redegradation might occur
[15,33]. Higher injection means unfortunately also stronger Auger re-
combination and stronger recombination at surfaces (emitter and rear)
or in other words decreasing lifetime. Doubling intensity does imply not
a doubled, but less than doubled injection. Thus it becomes harder and
harder to increase injection with more intensity. Nevertheless, in-
creasing intensity is still beneficial to a certain extent. How much in-
tensity is applicable, depends strongly on the active/passive cooling

and on the ratio of generated injection per absorbed heat by light and
the surroundings. In contrast, higher intensities and insufficient tem-
perature is also unfavourable as regeneration might not occur or be
significantly delayed. Therefore, any regeneration tool must be able to
dynamically adapt the treatment process to yield stable solar cells.

Within this contribution solar cells are fired at different peak tem-
peratures and belt velocities with a following treatment at different
illumination intensities in a coupled fast firing and regeneration tool,
and results in regard to the mitigation of the BO related defect are
presented.

2. Experimental details

2.1. Sample preparation, experimental layout and characterization

Standard 6″ boron-doped Czochralski (Cz) Si PERC solar cell pre-
cursors (≈1.6 ̀cm, ≈150 ̀m base thickness, SiOx/SiNx:H rear side pas-
sivation, screen printed metallization) provided by an industrial manu-
facturer were fired and treated in a coupled belt furnace and regeneration
tool (c.FIRE REG 9.600, centrotherm international AG) providing an ap-
proximately 3m long zone lit by adjustable incandescent halogen lamps
for illumination treatment. A number of precursor samples were system-
atically processed under different firing conditions to determine ranges for
belt velocity and peak firing temperature that yield high efficiency. The
results were later used as starting point for the actual regeneration ex-
periment. The firing conditions do not only determine solar cell perfor-
mance but also influence the regeneration process. Within the investigated
parameter range firing temperatures were always above 700 °C, and en-
ough hydrogen should therefore be released from the PECVD (plasma-
enhanced chemical vapor deposition) SiNx:H layers to the bulk [17,19,32].
Chosen belt velocities resulted in a fast cool-down that should lead to high
regeneration rates [18,19]. Belt velocity does not only influence the cool-
down ramp and peak temperature during the fast firing process but also
the temperature profile and the duration the solar cell remains in the re-
generation tool. Solar cell temperature during regeneration is influenced
by heating through illumination and cooling by the surroundings. This
temperature, in addition to illumination intensity and duration, is a critical
parameter for BO regeneration. Temperatures too high are potentially
detrimental regarding BO regeneration as redegradation becomes domi-
nant even for higher illumination intensities [15,33].

The initial firing conditions (TCP=815 °C set peak temperature,
vCP=6.6m/min), later also referred to as center point firing condi-
tions, were used in a three parameter design of experiment (DoE) ap-
proach for the accessible main influencing factors firing temperature
(TCP ± 20 °C & TCP ± 40 °C), belt velocity (vCP ± 0.3m/min &
vCP ± 0.6m/min) and illumination intensity (up to roughly 10 suns).
Samples were separated into two major groups: The first group was
processed at different firing conditions according to the DoE with the
regeneration tool switched off in order to obtain a baseline reference
whereas for the second group the same firing conditions were used but
different intensity treatments were applied directly after firing leading
to several subgroups for each firing condition. In total 114 solar cells
were processed and analysed within 26 treatment and 8 reference
groups. After processing, all samples were stored in the dark for several
days before performing the first measurement.

Temperature profiles were recorded for every setting by a thermo-
couple tracker system on a separate reference cell (see Fig. 1). Major
differences in cool-down profiles between reference groups (without
regenerator usage) and groups with illumination treatment (gray solid
line versus coloured solid lines in Fig. 1) occur for temperatures below
500 °C. Belt speed variation results only in minor differences in cool-
down behaviour (see dotted/dashed black lines and coloured solid lines
in Fig. 1). In all cases a cool-down rate of 75–85 K/s in the temperature
range from 700 to 550 °C was found which should result in high re-
generation rates [17]. Peak temperature during the regeneration pro-
cess (between≈120 and≈315 °C) is mainly influenced by the intensity



setting while peak width (treatment duration) is affected by belt velo-
city (see bright blue line with 60% setting and black dotted/dashed
lines in Fig. 1). Illumination intensity was determined by measuring the
short circuit current Isc of a small, air-cooled test solar cell under re-
versed bias at the solar cell position on the belt within the regeneration
tool. Illumination intensity for different regenerator settings can be
estimated from the increase in Isc with 10%≈1 sun.

Solar cell characterization was performed on a commercial IV setup
(h.a.l.m. Cetis PV-Celltest 3) under standard test conditions (IEC
Standard 60904–1). Every measurement was repeated five times with
20 s intervals. Values for solar cell properties presented in this work are
always averages resulting from these measurements.

To reveal solar cell stability and therefore treatment effectiveness,
an intentional degradation (stability/degradation test for BO re-
generation) was performed by using a setup with halogen incandescent

lamps at low intensity (≈0.15 suns jsc equivalent [47]) and at low
temperature (≈35 °C). These conditions are suitable for BO degradation
and avoid temperatures and/or injection levels that would result in an
unintentional regeneration process and, consequently, a mis-
interpretation of the results [48].

2.2. Interpretation of BO regeneration treatments on solar cell level

Evaluation of the BO-LID mitigation treatment in solar cells can be
achieved by observing the change in efficiency, Voc, jsc or in the FF.
Fig. 2 shows the efficiency loss for each illumination intensity after BO
degradation (≈24 h, ≈0.1 sun, ≈35 °C for every sample) and the
fraction of the respective FF, Voc and jsc related loss. Each loss represents
an average across all samples treated at the respective intensity which
includes different firing conditions (in section 3.1 it is shown that the
influence of different firing conditions is negligible within the in-
vestigated parameter range). The error bars for each property were
calculated by adding the standard deviation of the sample scattering
and the reproducibility uncertainty of the IV setup. The reproducibility
uncertainty of the IV setup for each solar cell property was determined
independently and considered with twice the standard deviation in the
calculation, however, scattering affects the total error stronger than
these measurement uncertainties. All samples in Fig. 2 were measured
and degraded within a few days to avoid potential influences from
extended storage. Furthermore, all samples were stored in the dark
before any IV measurement was performed to avoid the influence of
FeB splitting. As can be seen, samples without treatment show an
average efficiency loss of ≈0.60 ± 0.16%abs whereas a treatment at
proper conditions reduced the efficiency losses to ≈0.1%abs. The in-
fluence of the BO treatment can be seen in all solar cell properties,
however, efficiency and FF are in addition influenced by a potentially
unstable series resistance resulting in larger error bars for these prop-
erties. As a result, the error bars for jsc and Voc losses are in most cases
much smaller than for FF or efficiency. Even though the solar cells are
not completely regenerated in this experiment, the results clearly in-
dicate an improvement in stability and a reduction of BO related de-
gradation of around 80%rel.

Several possible situations regarding the occupation of BO-defect
states and not BO-LID related influences on Voc (discussed later) might
occur that require additional consideration. If, for example, solar cells
manufactured with same firing and treatment conditions show differ-
ences in Voc (and of course all other properties, too) before the inten-
tional degradation (later referred to as precursor quality fluctuations),
then only comparing absolute values might lead to a misinterpretation
of the treatment. In this case using the change in Voc before and after
degradation has the benefit to eliminate that specific aspect. In addi-
tion, results can be averaged for every parameter combination under
the assumption that precursor quality fluctuations have no influence on
a BO-LID treatment. Considering only changes in Voc could un-
fortunately lead to a misinterpretation of the treatment as well. A
completely regenerated (high Voc) and a completely degraded (low Voc)
solar cell would show no change in Voc and only be distinguishable in
the respective absolute Voc. In reality, a distribution across all three BO-
defect states with different values for Voc for the same processing con-
ditions can be expected and an evaluation should be done by degrading
samples first and comparing Voc and the change in Voc.

2.3. Influence of FeB splitting

As previously mentioned, additional factors might have an impact
on the treatment's evaluation especially if a single effect or the sum of
effects have a comparable influence on Voc as the change in Voc caused
by BO-LID. Such an influence can be the metastable iron-boron related
defect (FeB) caused by the presence of interstitial iron (Fei). In solar
cells, FeB splitting can be identified due to a characteristic injection
dependent lifetime [49–52] for the dissociated state after illumination

Fig. 1. Temperature profiles for sub-groups fired under same conditions with
the regeneration tool switched off (gray solid line) and with varying illumina-
tion intensity at constant belt velocity (coloured solid lines). Temperature
profiles for samples fired with highest (black dashed line) and lowest (black
dotted line) belt velocity, but same peak firing temperature and regenerator
intensity setting (60%), are included. Plateau temperature in the regeneration
tool is specific to the intensity setting, however, plateau width and therefore
temperature load is modified by belt velocity. The time for regeneration within
this experiment is about 15–30 s. Part of the data has been shown in Ref. [46].

Fig. 2. Solar cell efficiency loss caused by BO-LID for samples treated at dif-
ferent illumination intensities within the regeneration tool. Efficiency losses
were separated by their respective change in FF, Voc and jsc. Error bars include
the sample scattering through all groups per intensity and the measurement
reproducibility uncertainty.



visible in a higher Voc and a lower jsc, respectively. If samples are de-
spite BO-LID suffering from the FeB related defect, the change in a
property due to BO-LID should be compared in either the dissociated Fei
or the associated FeB state for a meaningful interpretation [53,54].

There are two sets of samples in the presented study. The majority of
samples (SET 1) was degraded for 24 h whereas the remaining samples
were degraded for 96 h (SET 2). For both sets a measurement was
performed before degradation in the paired FeB state and after 24 h in
the Fei state. After degradation samples were stored in the dark to form
the paired FeB state for the determination of the respective BO de-
gradation. However, for SET 2 there is a continuing degradation be-
tween 24 h and 96 h (see Fig. 6) but there is no data available in the
paired FeB state after 24 h. Therefore, a comparison in the paired FeB
state for SET 2 at 24 h (to exclude the continuing degradation) was not
directly possible. The missing value for Voc in the paired FeB state for
this time was calculated from a subsequent determination of the FeB
splitting and considered in all measurements at the 24 h point.

Due to the strong injection dependence of interstitial Fei and the
possible extraction of Voc at different injections (due to the continuing
changes), this simple approach for the change in Voc due to the FeB
splitting might not be completely accurate. However, a calculation for a
solar cell affected by FeB splitting revealed that the error of this method
for the investigated samples can be expected within 2σ of the general
measurement reproducibility uncertainty of the IV setup. At the end,
the impact of this error is, in consideration of the general measurement
uncertainties, not significant.

3. Results and discussion

3.1. Evaluation of the BO-LID mitigation treatment

Fig. 3 shows a comparison of Voc values of different solar cells after
intentional degradation at 35 °C and 0.15 suns illumination (24 h)
versus Voc directly before the intentional degradation, both in the
paired FeB state (see section 2.3), for four different treatment condi-
tions (coloured symbols and linear fits, respectively) and all DoE

reference sub-groups (black symbols, dashed line). For every intensity
setting in Fig. 3 several DoE sub-groups exist, each containing a dif-
ferent number of samples processed using the same settings (e.g., the
40% treatment intensity contains 12 samples in four sub-groups with
different firing conditions).

As can be seen in Fig. 3, solar cells without (black symbols) or with
low intensity regeneration treatment (orange symbols) show high losses
in Voc while higher intensities result in a parallel shift of linear slopes
(referred as iso-intensity lines) towards a limit at which Voc before and
after degradation stays constant (dash-dotted BO-LID free line). This
result, similar to Fig. 2, also demonstrates the possibility to reduce or
almost completely eliminate BO-LID on solar cell level under mass
production conditions, however, a few questions regarding the general
applicability of such a treatment remain: (I) What is the effect of
changes in firing conditions? (II) Do precursor quality fluctuations have
an influence on the regeneration process? (III) How broad is the process
window with respect to the illumination intensity (and corresponding
temperature) for complete regeneration?
(I) Scattering of data points along the iso-intensity lines and the

parallel shift for different treatment intensities demonstrates that
within the investigated parameter range the success of BO-LID mitiga-
tion is neither very sensitive to the firing conditions or to the duration
in the regeneration tool, nor to solar cell precursor fluctuations, and
depends mostly on the selected intensity (temperature) during re-
generation. The aspect of an almost complete regeneration within 30 s
can be interpreted with respect to a peak firing temperature above
700 °C for all sub-groups as the result of an adequate release of hy-
drogen in combination with high cooling rates (75–85 K/s) that should
suppress hydrogen effusion efficiently [17] resulting in high regenera-
tion rates.
(II) Precursor quality fluctuations, similar to different firing condi-

tions, result only in a shift of Voc along the iso-intensity lines. This is of
particular interest for solar cell manufacturers as a stable regeneration
process can be maintained even for materials with varying quality and
small changes in the firing conditions.
(III) To answer the last question regarding the process window for

the regeneration treatment, the change in Voc (to eliminate precursor
fluctuations) across all samples is illustrated in Fig. 4 as function of the
applied illumination intensity (temperature) in the regeneration tool.
Samples without treatment or with treatment at lower illumination
intensities are unstable and show the high losses in Voc.With increasing
intensity losses are reduced and seem to saturate at illumination levels
exceeding the 50% setting. Since temperature and illumination in-
tensity in the regeneration tool are coupled (see Fig. 1), a similar de-
pendency for the temperature during the treatment in the regeneration
tool can be found (see temperature notes in Fig. 4). This partly explains
the systematic behaviour for lower intensities as temperature or dura-
tion are not sufficient to achieve complete regeneration. The result for
the treatment with 20% intensity setting (roughly 2 suns current
equivalent) is similar compared to the reference samples and indicates,
therefore, that BO-defects in these samples have remained almost
completely in the annealed state A. This could also indicate that de-
gradation towards state B might be the limiting factor. Furthermore, at
100% illumination (plateau peak temperature exceeding 300 °C) the
data might point to an upper useable intensity limit as it seems that
redegradation [15] for the investigated solar cells might occur. How-
ever, measurement reproducibility uncertainty, but more important the
statistical uncertainty (number of samples), are not suited for a reliable
statement in that regard.

Another interesting aspect visible in Fig. 4 is that losses for higher
intensities in most cases seem to saturate around 1mV even for high
illumination intensity treatments (60–80% range, excluding the 100%
setting that might already show redegradation). It should be mentioned
that without considering the impact of FeB splitting, data points will, in
some extent, be placed above 0mV indicating a gain in Voc for samples
where BO-LID has been reduced significantly.

Fig. 3. Comparison of Voc measured before and after intentional degradation
for different illumination intensities during the treatment within the re-
generation tool. Each illumination intensity group contains samples from sub-
groups fired at different conditions that scatter along an iso-intensity line. The
subgroups fired at the DoE center point conditions (CPG) are marked as filled
symbols. For increasing intensities, a parallel shift of the iso-intensity lines to-
wards a BO-LID free line (dash-dotted line) is observed. Every data point re-
presents the averaged value of five measurements and standard deviation was
used for error bars. Measurements after degradation were considered with an
offset from the FeB splitting and represent the FeB state. Part of the data has
been shown in Ref. [46].



As mentioned before, a focus on changes in Voc alone could lead to a
misinterpretation of the treatment due to the same response from a
completely degraded and completely regenerated solar cell. To exclude
such a misinterpretation, a comparison of absolute values before and
after intentional degradation is illustrated in Fig. 5. As can be seen, Voc
after degradation (black squares) for the investigated samples is within
661–667mV due to different firing conditions and precursor quality
fluctuations. After BO-LID (red circles) the success of the treatment
becomes visible in Voc (mainly within 656–666mV) according to the
treatment conditions which confirms the validity of the previous in-
terpretation.

3.2. Evolution of Voc during intentional degradation

In Fig. 6 samples from DoE subgroups processed with same firing
conditions but treated at different regeneration illumination intensities

(open symbols with and closed symbols without consideration of FeB
splitting) are shown on a non-linear time axis. The 30% and 80% set-
tings (closed symbols) in Fig. 6 demonstrate the influence of FeB
splitting for the interpretation of the solar cells stability. In general,
samples would shift towards lower losses and therefore imply a higher
stability or, if the increase due to FeB splitting under illumination and
the loss through BO are similar, lead to a misinterpretation of stable
samples or even indicate a gain. Besides BO and FeB there are two
additional degradation effects visible through a change in Voc. The first
one occurs after dark storage at room temperature (in Fig. 6 between
post firing and before degradation) and the second one through a long
term instability in solar cell properties during the intentional de-
gradation (24 h–96 h).

The first measurement (post firing) was performed several days after
manufacturing and samples were stored in the dark in the meantime. A
second measurement (after continued dark storage) was performed
directly before the intentional degradation (which was used as re-
ference point for the change in Voc). Meanwhile, solar cells suffered
from what could be described as dark degradation. This kind of de-
gradation seems to saturate within several days to weeks and samples
remained stable after the initial drop for a prolonged period of dark
storage (several months) according to later measurements (not shown).
Interestingly the magnitude of the change in Voc of the dark degradation
correlates with firing temperature (see Fig. 7 black filled squares) with
an increase for higher temperatures. The stability test was performed
after saturation of the dark degradation during storage in the dark. This
effect should have no impact on the BO-LID evaluation unless it is also
influenced by either temperature and/or illumination during the in-
tentional degradation. A temperature and/or illumination dependence
in this case might explain the remaining losses shown in Figs. 3 and 4.
The third point in Fig. 6 (after 24 h of intentional degradation) is re-
lated (mostly) to BO and FeB, and shows the expected behaviour for
these two defects as discussed before. Further analysis revealed that the
change in Voc due to FeB pairing/dissociation also increases with higher
firing temperatures and lies for the investigated solar cells at roughly
7 ̀V/K for Voc (see Fig. 7, red open squares).

Fig. 4. Change in Voc (open symbols) with illumination intensity setting. DoE
center point firing conditions sub-groups are highlighted (closed symbols, black
edge). A logistic growth curve fit across all sub-groups (black dashed line)
serves as guide to the eye. Temperature annotations are related to the tem-
perature plateau during regeneration (see Fig. 1). Part of the data has been
shown in Ref. [46].

Fig. 5. Averaged open circuit voltage for all sub-groups before (black squares)
and after (red circles) the intentional degradation as function of the applied
intensity during treatment in the regeneration tool. Each bar contains samples
treated with same intensity. Part of the data has been shown in Ref. [46]. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 6. Change in Voc during storage in the dark (black background, paired FeB
state) and during the subsequent intentional degradation (0.15 suns, 35 °C, red
background) for sub-groups with identical firing conditions (815 °C, 6.6 m/min)
without treatment (dashed line) and with varying illumination intensity (solid
lines). The reference point is marked with before degradation. Filled symbols
represent samples in the Fei state without the offset for the influence due to FeB
splitting (shown for 30% and 80% setting) under illumination whereas open
symbols show samples in the FeB state. The post firing measurement was per-
formed several days after processing. Part of the data has already been shown in
Ref. [46]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)



Another degradation effect that is neither BO-LID nor FeB related
was observed for an extended intentional degradation presented in
Fig. 6 (24 h–96 h) and losses are around 0.1–0.3 mV/day. As for the
cause behind this degradation one might speculate towards the occur-
rence of light and elevated temperature induced degradation (LeTID) in
Cz-Si, as recently discussed in Refs. [55,56], or surface related de-
gradation [57,58]. At the end the available data is not sufficient for an
analysis, however, this additional degradation limits the time for the
BO degradation to around 24 h.

Fig. 8 shows the corresponding change in jsc due to FeB splitting (red
open circles) and a linear trend with firing temperature. For FeB jsc
behaves as expected to the injection dependence while the change in jsc
data for dark degradation (black closed squares) is showing randomly
distributed data which allows no further conclusion.
Dark degradation and FeB splitting are becoming stronger in Voc with

increasing firing temperature and have to be considered for the BO
analysis. While FeB splitting can be considered, through either per-
forming all measurements after dark storage and therefore in the same
FeB state or by determine the offset due to splitting through a

subsequent measurement, dark degradation remains an uncertainty. The
best approach in this case is to wait until a saturation occurs which
should eliminate the influence of this effect for the BO-LID evaluation,
however, if there is an injection dependent kinetic, an influence for the
interpretation might not be avoidable.

3.3. Regeneration process window

A polynomial approach with terms up to a second order correlation
for the three main influencing factors was used to determine a fit de-
scribing the resulting changes in cell properties across all sub-groups
with BO-LID mitigation treatment in the DoE parameter space. The data
includes the considerations for the influence of FeB splitting (section
2.3) and different precursor qualities as discussed before. Therefore,
only changes between the state before and after intentional degradation
were used. Fig. 9 shows the change in Voc for peak firing temperature
and belt velocities at a constant illumination intensity of 60%. The fit
confirms, similar to the iso-intensity lines presented in Fig. 3, that var-
iations in both parameters hardly affect the BO-LID mitigation treat-
ment if not varied strongly. An estimation for the range of a variation in
both firing parameters in regard to the BO-LID mitigation can be made
from Fig. 9. This demonstrates that an adjustment of the firing process
regarding solar cell efficiency can be performed and is, if not varied
strongly, almost without impact on the BO-LID mitigation treatment
which then can be optimized separately. Increasing losses in Voc in
Fig. 9 extrapolated by the fit for high belt velocities and low firing
temperatures (towards 7.2 m/min and 775 °C) could be interpreted as a
reduced release of hydrogen (and therefore a lower regeneration rate)
in combination with insufficient intensity (temperature) or duration for
regeneration.

Fig. 10 shows the influence of a variation in peak firing temperature
and illumination intensity during regeneration and emphasizes the
expected strong correlation between regeneration completeness and
intensity setting for Voc and efficiency. Furthermore, the data shows
that almost complete regeneration can be expected within the 60–85%
intensity range and that higher intensities might be unfavourable. A
very similar result (not shown) can be found if belt velocity is used
instead of peak firing temperature.

Fig. 7. Impact of measured peak firing temperature on Voc due to FeB splitting
and dark storage related degradation with linear fit and 95% confidence band.
Error bars in the legend represent the respective median value for both effects.

Fig. 8. Impact of measured peak firing temperature on jsc due to FeB splitting
and dark storage related degradation with linear fit and 95% confidence band.
Error bars in the legend represent the respective median value for both effects.

Fig. 9. Representation of a plane of a polynomial fit with terms up to a second
order correlation for the three main influencing factors regarding the impact of
belt velocity and peak firing temperature on the change in Voc at a fixed in-
tensity (60%). DoE layout positions in the parameter space (inscribed central-
composite-design) are marked by white points. The white dashed lines show the
position of the center point whereas the black point (black dashed lines) in-
dicates the position of the maximum found by the fit.



3.4. General applicability

While the presented results on regeneration completeness are valid
for the specific batch of solar cells used in this experiment and for the
specific regeneration tool, they show the possibility to regenerate BO-
LID to a high degree under near industrial conditions. The resulting
intensity-dependent temperature profiles (see Fig. 1) are generally valid
for this specific tool if samples of comparable optical and geometrical
properties are used. The obtained temperature profiles of this specific
tool in this experiment for wafers with standard thickness (150 ̀m) and
random pyramid texture are likely transferable to the mass production
of Cz-Si solar cells. However, the regeneration completeness depends,
beside temperature during the regeneration treatment, also on suffi-
cient hydrogenation during the firing process and even though the used
solar cells are considered representative for today's mainstream Cz-Si
solar cells, it cannot be ruled out that a regeneration treatment for solar
cells with deviating properties or a change in mainstream technology
(like changes in the composition of passivation layers or by switching to
low-temperature firing metallization) could lead to different results.

The transferability to other tools is limited because intensity and
temperature are not independent but linked to the specific properties of
every regeneration tool. Nevertheless, two extreme cases are probably
found for every regeneration tool. As temperature is the dominant
parameter regarding the kinetics of the BO defect system, a successful
regeneration treatment is in practice always limited to a certain tem-
perature range. On the one hand, insufficient temperature can be a
limitation if samples do not regenerate fast enough or if the time for
regeneration is too short (e.g. due to footprint requirements). Increasing
illumination intensity can reduce this issue by both accelerating the
degradation and regeneration reaction by increasing not only the in-
jection level, but (without further countermeasures) temperature as
well. On the other hand, if temperature exceeds a certain threshold,
redegradation gains importance leading to a lower regeneration com-
pleteness getting worse for higher temperatures [33]. As this threshold
temperature depends on the ratio of forward reactions (degradation and
regeneration) and reverse reactions (anneal and redegradation), it can
be adjusted to a certain degree by illumination intensity, however, a
further increase in temperature must be avoided. As pointed out in the
introduction, there are also regeneration tools that utilize LED or LASER
as illumination source and offer higher illumination intensities com-
pared to halogen lamps of the tool used in this investigation, but most
importantly higher intensities at similar temperatures. If a high tem-
perature within a regeneration tool is the limiting factor, then choosing
a different illumination source might most likely be the only option
even if increasing intensity is maybe less beneficial than expected due
to increasing recombination with higher injection.

4. Summary

Mitigation of BO-LID under near industrial relevant manufacturing

conditions in a coupled fast firing and regeneration tool has been in-
vestigated with industrially-made solar cell precursors. It was shown
that almost complete regeneration can be achieved during conveyance
(15 s–30 s) in the 4m long regeneration module and that the process
mainly depends on the applied intensity which follows a logistic growth
curve. Process parameters for optimal firing and regeneration condi-
tions overlap and therefore allow, if not varied strongly, independent
optimization. Fluctuations in precursor quality were found to be of
minor significance for the BO-LID mitigation treatment which allows a
stable regeneration process even though differences in material quality
exist. As the effects only have a small impact on the regeneration pro-
cess, a parallel shift of the iso-intensity lines with increasing intensities
towards the BO-LID free line can be observed.

The influence of FeB pair dissociation during the intentional de-
gradation and the influence of dark degradation have to be considered
for a meaningful interpretation of the BO-LID mitigation treatment.
Both effects were found to be depending on the peak firing temperature.
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