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ABSTRACT: This paper is to inform about Part I of a joint research project on optimum reduction of boron-oxygen
related degradation and passivated contacts for PERC-based solar cells. It includes the application of investigated
technologies into potential future cell designs such as PERT and bifacial solar cells. The joint project was merged from
two individual project suggestions and therefore had two parts. This paper focuses on an industrial solution to minimize

the negative impact of light induced degradation (LID) by:
. Investigating and understanding the nature of the degradation effect

. Applying the experimental results and concepts to industrially suppress LID

" Developing an optimized integrated firing-regeneration process for industrial application

The second part of this project is also covered in this conference [1]. The detailed project report (in German) has been

published [2].
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1 INTRODUCTION & OVERVIEW

Part one of the project concentrates on light induced
degradation (LID) as described by Hashigami et al. [3].
The degradation conditions in all tests were limited to
<100 mW/em? light intensity at <40°C cell temperature.
The level of understanding at the beginning of the project
is summarized in [4]. There it is already suggested that a
fast method can permanently deactivate recombination
active boron-oxygen complexes in 30-40 s. This process
can also be referred to as “regeneration” and especially
“light induced regeneration™ if light is used in the process
[5. 6]. The industry partner in this project already had a
regeneration belt furnace available. The project part [
intention was to integrate the firing and regeneration
process into one combined furnace. The typical parameter
sel for a regeneration furnace was elaborated, and the
required firing process (including cooldown) for optimum
regeneration was developed. With this knowledge, a
shortened regeneration fumace was attached to a firing
furnace with arevised, extremely compact cooling section.
Towards the end of the project, a high intensity LED
illumination device was introduced into the regenerator.
The choice of illumination source was driven by optical
safety rules and the physical properties explained in [7].
The regeneration was investigated with samples processed
in an industrial regenerator and sister samples 1in
accompanying lab experiments. Regeneration and
degradation time constants have been determined for a
number of materials. All regeneration experiments were
confirmed by long-term LID tests of up to 1000 h. Stable
lifetime / efficiency results can be expected after 48 h
illuminated degradation test. Solar cells from standard
production of various manufacturers were analyzed
regarding the extent of BO-degradation and the ability to
regenerate these solar cells. At the beginning of the
project, for all surveyed manufacturers a significant
degradation of n was observed during illuminated
degradation test [8]. In all investigated cases, a
regeneration process was able to restore the efficiencies as
measured before degradation. During the project runtime,
the model and understanding of regeneration has greatly
improved. By the end of the project, a significantly deeper
understanding of the involved boron-oxygen (BO)
configurations has been established [9]. This can be
confirmed by simulation studies within the project [12].
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2 DETAILED WORK
The results are presented according to the work
packages (WP) in the project.

2.1 Material evaluation and screening of commercially
available solar cells (WP 2.1)

During the project time, 163 degradation experiments
with 10 different wafer materials processed by 39
manufacturers have been tested. The relative average
efficiency loss of unregenerated cells on p-type Cz
material was > 3%, with extreme values > 6%. In 2015-
2016, the regeneration process resulted in efficiency
“improvements” so that regenerated cells reached a higher
output as compared to as fired state (state A in the 3-state
model, Fig. 5). This situation settled because it was most
likely related to a not vet well established PERC cell
process. By the end of the project and in own experiments
with selected material, there was no more “improvement”
by applying the regeneration process. Throughout the
project, the long term stability of regenerated cells was
better than 1% rel. efficiency loss during up to 1000 hours
illumination. An extract from the manufacturer screening
is shown in Fig. 1.
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Fig. 1: Degradation and regeneration survey result of solar
cells on 1 Ohmrem Cz Si wafer material (from [10]).
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2.2 Experiments on selected material (WP 2.2)

Selected material (wafer, cell precursors and solar
cells) has been sourced from the free market for detailed
investigation. Additionally, the company Solarworld
provided wafers from their wafer production facility.

Fig. 2 shows an in-situ measurement of the cell current
through a solar cell in darkness which resulted from
applying a forward bias voltage of 520 mV. In parallel to
the cell current, also the electroluminescence signal (EL
Signal) was measured to determine the excess carrier
density. From the change in [cell the rate constant can
directly be determined.
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Fig. 2: In-situ measurement of the cell current through a
solar cell in darkness by applying a forward bias voltage
of 520 mV. In parallel to the cell current, also the
electroluminescence signal (EL Signal) was measured to
determine the excess carrier density. From the change in
leen the rate constant can directly be determined (from

[11]).

In our new developed setup to perform the
regeneration in the absence of illumination, applying a
constant forward bias Vipp voltage results in a rather
constant An within the solar cell over the complete
regeneration  process, From the measured EL-Signal,
shown in Fig. 2, the local junction voltage Vi was
determined and then translated into the excess carrier
concentration which is present under given regeneration
conditions (T = 140°C, Vi = 520 mV). By modifying the
external voltage Vapp, the desired excess carrier density An
in the current-driven degradation-regeneration experiment
can be selected. This even allows selecting identical An
regeneration conditions for different wafer materials. For
two PERC cells made of different matenals, the rate
constant Ri depending on An is shown in Fig. 3. The result
suggests a linear increase of Rae with An. For the first time,
a functional correlation between An and Rae of the
form  Ry.[h™'] = 0.66 x 107*5[cm3h~"] x An[cm™3]
[11] was determined for a fixed temperature of 140°C.

In illuminated regeneration experiments with cells
from various cell manufacturers, we determined the
regeneration rate constants at 185°C and 1.5 suns
equivalent illumination intensity. The result, plotted in
Fig. 4, shows a broad range of Rae values, which could
indicate different excess carrier densities within the cells
under the same applied regeneration conditions.
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Fig. 3: Two “different” solar cells based on 2 Ohm'cm and
on 2.5 Ohmrem material are shown at varying injection
levels imposed by the setting of the regeneration
apparatus. The regeneration rate constant Rse shows a
linear dependency on excess carrier concentration An,
which was calculated from the calibrated EL signal. (From
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Fig. 4: Determination of the regeneration rate constant on
selected material (commercially available solar cells in
2016). (From [10])

2.3 Refinement of the regeneration model (WP 3.1)

During the project runtime, the model refining for BO-
correlated degradation and regeneration was supported
with expeniments. The understanding at the end of the
project is published in [9]. For the considerations in this
paper, we refer to the simplified model in Fig. 5.

The regeneration process in an illuminated belt
fumace has been simulated using the simulation tool
Cassandra [12]. For cross-checking with the real light
intensity reached, a dedicated furnace intensity tracker has
been developed [11]. The sample to be regenerated is in
state A and then submitted to the regeneration process with
up to 12 suns equivalent illumination (see explanation in

L7D.
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Fig. 5 3-state model (simplified regeneration model) from

[9]

The aim of regeneration 1s to reach the highest possible
population of state C. The illumination intensity also heats
up the cell and overheating can destabilize recombination
centers into state A. Two important regions of regeneration
parameters have been identified:

e (-10suns illumination resulting in 250-300 °C cell
temperature: state C can be fully reached within
10-15 s regeneration time, thermal depletion of
state C is neglectable, the regeneration is stable

e > 10 suns illumination exceeding 300 °C sample
temperature: state C can be thermally depleted into
state A, the regeneration is incomplete.

For lab applications that tolerate a longer regeneration
time, a sample illumination with 3-6 suns resulting in
around 200°C sample temperature can be considered.

2.4 Industrial application of regeneration (WP 3.2)

Experiments and simulations in WP 3.1 (see previous
section) suggest that an optimized regeneration furnace
can be shortened to 10-15 s process time. Ideally, the cells
are already pre-heated from the firing furnace. A shortened
regenerator has been integrated into the fast firing furnace
at the University of Konstanz. The regeneration takes
place right after firing, before the cells cool down (Fig. 6).
The optimum setting for the combined firing-regeneration
process has been found in a parameter search experiment.
the result is illustrated in Fig. 7.
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Fig. 6: Combined firing-regeneration process in an
optimized firing-regeneration fumace. The fumace
temperature has been recorded with a conventional
temperature datalogger and thermocouples attached to the
wafer surface. [llustration taken from [14].
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Fig. 7: Result of the parameter search experiment for the
combined  firing-regeneration  furnace. For  this
experiment, the optimum result can be reached at a belt
speed of 6.5 m/min, 820 °C set firing temperature and 80%
regeneration light intensity (approx. 8 suns equivalent).
Ilustration taken from [13].

A parameter variation study with a wide spread of
regeneration light intensity and time has been performed
[ 14] to roughly cover the parameter range as compared to
the simulation (see previous section). Regeneration
stability has been deduced from Vo loss of regenerated
cells submitted to > 48 h illuminated degradation. The
resultl is 1llustrated in Fig. 8. Sufficient stability with the
integrated furmace has been reached with approx. 6 suns
equivalent irradiation. Cell temperatures > 300 °C are
acceptable for a short time. Please note that the cell
temperatures must be limited by water cooled sample
support plates at the bottom of the furnace tunnel. The
uncooled sample would overheat to > 400 °C.
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Fig. 8: Variation experiment for regenerator intensity and
imposed heating effect from illumination. The lower the
LID loss of the sample, the more complete is the
regeneration result (deactivated BO-complexes in state C).
Ilustration taken from [14].

2.5 Long term stability tests (WP 4)

As it was initially not clear whether ndustrially
regenerated cells are stable alter only 10-30 seconds of
regeneration, stability tests of regenerated cells have been
performed. Figure 9 shows a stability test at room
temperature and 0.1 suns light intensity for 45 cells
regenerated in the industrial belt furnace (red boxes) and
for two cells regenerated in a lab-type process (filled
symbols). A virtually identical long-term behavior is
observed after both processes with a significant gain of
about 20 mV compared to the non-regenerated state B
(after LID).
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Fig. 9: Stability test of solar cells at room temperature and
0.1 suns light intensity after regeneration. The red boxes
correspond to solar cells regenerated in the industrial belt
furnace, whereas the filled symbols correspond to
regenerated cells in a lab-type process. From [10].

Finally, to be sure that the regenerated cells do not
suffer from module manufacturing, regenerated lifetime
samples have been submitted to laminator temperature
profiles for 10, 15 and 20 minutes. The stability has been
tested for
= 150 h to see any tong term effects. The result is
illustrated in Fig. 10.
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Fig. 10: Regenerated lifetime samples have been

submitted to laminator temperature profiles followed by a
long term light degradation test

3 CONCLUSION

The joint R&D project “Upgrade Technologies for
Silicon Photovoltaics — Part 17 has demonstrated the
applicability of industrial regeneration of BO-complexes
in a wide range of materials. An industrial regenerator can
regenerate solar cells within a time range of 10-30
seconds. The regenerator can be made smaller and faster if
it is combined with a firing fumace and an optimized
parameter set is developed for the combination instrument.
The regenerated cells are confirmed long term stable and
do not suffer from thermal processing in module assembly.
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