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UV-Induced Degradation of Industrial PERC, TOPCon,
and H|T Solar Cells: The Next Big Reliability Challenge?

Fabian T. Thome,* Pascal Mefimer, Sebastian Mack, Erdmut Schnabel,

Florian Schindler, Wolfram Kwapil, and Martin C. Schubert

With the surge of UV-transparent module encapsulants in the photovoltaic
industry aiming to boost quantum efficiency, modern silicon solar cells must now
inherently withstand UV exposure. UV-induced degradation (UVID) of nonen-
capsulated laboratory and industrial solar cells from several manufacturers is
investigated. Passivated emitter rear contact (PERC), tunnel oxide passivating
contact (TOPCon), and silicon heterojunction (HJT) cells can suffer from severe
implied voltage degradation (>>20 mV) after UV exposure relating to 3.8 years of
module installation in the Negev desert. Front UV-exposure causes more
performance loss than an equal rear dose. This is connected to a higher UV
transmission of the cell layers outside the bulk, indicating the photons need to
reach the silicon surface to induce damage. Current—voltage measurements of
the TOPCon groups most sensitive to UV degradation show more than 7%,
efficiency loss with the V, as the main contributor. For two TOPCon groups, dark
storage for 14 days after UV exposure causes an additional voltage drop on a
similar scale as the UV damage itself, impeding straightforward reliability testing.
UVID appears to be a complex process general to all dominant cell architectures
with the potential to diminish efforts in efficiency optimization within only a few

overtaken and established itself as the pho-
tovoltaic (PV) industry’s working horse.
Yet, tunnel oxide passivating contact
(TOPCon) solar cells are predicted to
become the market leader within 2024.
With silicon heterojunction (HJT) cells,
another contender is already on the
horizon.™? It thus appears that the
lifetime of a technology generation
becomes shorter and shorter which bears
the risk of teething troubles going unno-
ticed until production and deployment is
already scaled up. One prominent example
of this is light and elevated temperature-
induced degradation (LeTID), which has
caused unforeseen losses in PERC
modules during field operation.”’ Recent
reports suggest that a similar scenario
could repeat itself due to UV-induced deg-
radation (UVID) for all three of the modern

years of field employment.

1. Introduction

After the long reign of the aluminum back surface field cell, the
passivated emitter rear contact (PERC) architecture had
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cell architectures, that is, PERC, TOPCon,
and HJT.H>

UVID thereby explicitly denotes
degradation caused by highly energetic
photons with an energy larger than
3.4 eV (365 nm).*! As such, it should be separated from charge
carrier-induced degradation processes as LeTID. High-energy
photons can degrade a solar cell via several mechanisms.
They can directly split Si—-H bonds and thus create recombina-
tion active dangling bonds.’'” UV photons can also
generate so-called hot carriers which have sufficient energy
to be injected into the surface passivation causing degradation.!'!
Here, the proposed mechanism is that the hot carriers
mobilize protons that depassivate the Si-H bonds by binding
to them.'” More indirectly, UV light can cause the
release of acetic acid from the module encapsulant which in
turn can corrode a solar cell’s contact grid."*'® The final
degradation extent observed in the field depends on many
factors that are not related to the cell design itself such as the
choice of encapsulant or the UV absorptivity of the module
components.

In this study, we focus on the inherent stability properties
of different modern cell architectures by exposing the
nonencapsulated cells directly to UV irradiation. We investigate
both industry- and lab-type cells from Fraunhofer ISE to 1) obtain
a status report of the current PV technologies’ UV susceptibility
and 2) gather insights into the wunderlying degradation
mechanisms.

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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2. Experimental Section

2.1. Samples

Table 1 gives an overview of the different solar cells that were
studied in this work. The groups denote slightly different proc-
essing routines in the case of laboratory cells (marked with an
asterisk) and cell manufacturers in the case of industrial cells.
For the laboratory cells, Figure 1 shows the structure schemati-
cally. The exact structure of the industrial cells is unknown to us
but they presumably share some of the shown features. The
initial implied open circuit voltage iV, and its counterpart at
the maximum power point iV, (see Section 2.3) are listed
in Table 1 as well. Since most cells were sourced from industrial
production lines in 2022 and 2023, the values resemble the state
of the art of these years. All cells but those of group P,* are
bifacial.

2.2. Test Sequences

To probe for the cells’ inherent UV stability, they were exposed to
radiation from UV-340 lamps without coverage. The associated
spectrum (Figure 2) is similar to the AM1.5G spectrum up to
365 nm, above which photons appear to carry too little energy
to cause UVID.*® Table 2 summarizes the intensity in the

Table 1. Summary of groups used for UV and LeTID testing. The asterisk
indicates laboratory groups. T, TOPCon; P, PERC; H, HJT. For the group
Ps*, industrial precursors were completed to cells at Fraunhofer ISE as
described in ref. [25].

Group  Architecture  Producer  Year iV, [MV] Vi, [MV]  Size [mm?]

Ti* TOPCon ISE 23 707 624 156.752
T* TOPCon ISE 22 708 623 156.752
Ts TOPCon n.a. 22 716 635 182 x 186
Ta TOPCon n.a. 23 726 652 182 x 188
Ts TOPCon n.a. 23 727 657 182 x 199
Ts TOPCon n.a. 23 706 637 1822

P, PERC n.a. 22 691 615 1662
P, PERC n.a. 22 690 616 1662
P, PERC n.a. 22 683 602 1662
Py PERC ISE 22 682 588 156.752
Pg* PERC®! ISE 21 699 620 1662
Hi HJT n.a. 22 747 675 210 x 105
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Figure 2. UVA-340 and AM1.5G spectra (Wnm™'m™? before scaling)
divided by their respective values at 350 nm. The integration limits at 365,
400, and 420 nm refer to the acceleration factors determined in Table 2.

Table 2. Intensity of UV treatment and comparison to the AMT.5
spectrum for different integration limits. The acceleration (acc.) factor
is the ratio between intensity in the UV chamber and AM1.5G spectrum.

Upper Intensity UV Intensity  Acc. Highest Yearly dose
integration chamber AM1.5G  factor tested dose Negev
limit [nm] Wm™? Wm3 [kWhm™2]  [kWhm™2a™]
365 169 22 7.7 45 59

400 226 46 4.9 60 122

420 243 70 35 65 183

chamber of the complete spectrum, i.e. up to 420 nm, and with
integration limits set to 400 and 365 nm, respectively. The choice
of integration limit is crucial for the acceleration factors that
compare the intensity of the laboratory setup with that of the
AM1.5G spectrum. To improve the comparability between stud-
ies concerning UVID, it is recommended to report the laboratory
intensity of the full spectrum and to a cutoff at 365 nm.

To establish a connection between laboratory tests and field
application, we analyzed spectrally resolved data from a test site
in the Negev desert (Israel) since 2019.”! The mean yearly dose
in the module plane is 59 kWhm™2a~" when using the UVID-
specific integration limit of 365 nm. Considering a damping fac-
tor of five due to module packaging,*! our full laboratory test
simulates the UV stress equivalent to 3.8 years of outdoor mod-
ule exposure in the Negev desert. For a test site in Freiburg im
Breisgau, Germany, mean yearly UV doses were collected from
integral sensors (280—400 nm, 10%,. uncertainty). A comparison
with data from identical sensors at the Israeli site shows that
exposure in Israel is 1.57 times higher than in Germany.

Front contact Thermal SiO,

i ARC SiNxCPIasma: n* Emitter

c-Si, p-Typ
AlO, CPlasma \Thermal SiO,
Rear contact SiN, Stack CPlasma

Figure 1. Schematic for Fraunhofer ISE TOPCon (left) and PERC (right) cells.
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Hence, the equivalent outdoor exposure time corresponding to
the full laboratory test for Freiburg im Breisgau is 6 years.

Please note that this rough comparison does not consider
potential intensity dependencies of the degradation phenomena
and the wide range of UV-absorptivity found in module encap-
sulants. To emulate the existing literature, the doses mentioned
in the following text and figures refer to an integration limit at
400 nm, though they can be translated with the use of Table 2.

In the UV test sequence, three cells per group were exposed to
the UV radiation from the front and two from the rear, with the
respective opposite sides covered. For groups P,* and Ps*, only
front exposure was possible due to nonbifaciality and a scarcity of
samples, respectively. For the groups T;* and T,~T, reference
cells covered from both sides were added. The ambient tempera-
ture in the test chamber was about 60 °C.

To detect potential LeTID, one cell of each group was tested
under 0.15 suns equivalent LED light (430-750 nm) at 75 °C and
open circuit condition for more than 1000h (~42 days). The
concept behind the unit “suns equivalent” requires equating
the generation induced by an arbitrary light source to that of
the AM1.5G spectrum, for example, with the help of a calibrated
solar cell. The J, measured under illumination with the
light source must be matched to the desired fraction of the Jg.
under AM1.5G conditions, that is, x suns equivalent mean

light source AM1.5G
sC = x] sc .

2.3. Characterization

Calibrated photoluminescence (PL) imaging!*®! was applied to
obtain the effective lifetime 7 and the implied open circuit voltage
iV,.. The samples were thereby always illuminated from the front
side with an 808 nm laser. The infrared radiation ensures most
charge carriers are excited in the silicon base. The method is thus
evenly sensitive to degradation of the rear and front surfaces. To
confirm this, two UVID-susceptible cells were UV exposed from
the rear and front and afterward measured with the PL-excitation
light incident from either side. The difference in iV,. between
measurements from both sides was less than 1% for both the
rear- and front-UV-exposed cells (data not shown).

The excitation intensity of the laser was set to 0.05suns
equivalent, which determines the minority charge carrier
density An during PL imaging. SunsV,. measurements showed
that the minority charge carrier density at 0.05 suns equivalent
corresponds to that at the maximum power point

(Rhosssus 1y (0.97 4 0.16), averaged over the complete data set).

Anypp
Thus, the iV, at 0.05 suns equivalent is reported as iVppp. To
calculate the absolute implied voltage values from the PL signal,
the doping concentrations were obtained via CV measurements
with a LOANA solar cell analysis system from pv-tools. The iV,
loss values were directly obtained from PL images via the

equation AiVy,, = kBTTlog (g—ig) where the Boltzmann factor
kg, the temperature T=25°C, the elementary electron charge
e, and the PL signal at the start (subscript 0) and any other point
of the experiment (subscript n) appear.

A voltage loss at the maximum power point is directly reflected
in the reduced power output of a solar cell. It thus serves as a

measure of performance degradation throughout this paper.
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To portray the amount of defect formation between measure-
ment points, the normalized defect density (NDD) is more suit-
able since it is directly proportional to the change in charge
carrier recombination rate. It is calculated from effective lifetime
measurements at 0.05 suns equivalent

nop— L1 (1)

Tn To

IV curves were taken for the groups T;* and T,—T,. For the
LeTID tests, SunsV,. measurements were used for
characterization.

3. Results and Discussion

3.1. UV Stress Test—Photoluminescence Imaging

3.1.1. Observations

Figure 3 shows the iV, loss as a function of the (front) UV dose
for the best- and worst-performing groups of each cell technol-
ogy. For several groups, the iVy,,, decreases strongly within the
first 15kWhm 2 and begins to saturate toward higher doses.
The depicted curve shape is representative of the other groups
and rear side exposure. The top axis of the figure shows the
calculated time equivalent for outdoor module exposure in the
Negev desert. Evidently, significant degradation must be
expected even within the first year of deployment.

To compare all groups, Figure 4 shows the iV, loss after
60 kWh m ™ for front and rear exposure. Common to all technol-
ogies is that front exposure has a greater impact than rear expo-
sure. The losses for front exposure range from within the noise
range (<3 mV, T1*) up to 38 mV (T¢). All tested cell technologies
thereby feature at least one group where the degradation is
remarkably high, that is, above 20 mV. The differences between
producers appear to be more relevant than those between the cell
technologies.

It should be noted that the iV,,,,;, loss does not linearly reflect
the number of defects induced by the treatment. Indeed, cells
with a higher degree of surface passivation will suffer a stronger
iVipp loss from a constant amount of additional interface
defects. To probe whether the initial quality of a cell dominates

Eq. outdoor exposure time [years]
3
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Figure 3. Loss in iV, due to front UV exposure as a function of the dose
for the best- and worst-performing groups of each cell technology. The top
axis shows the equivalent outdoor exposure time for modules stationed in
the Negev desert as calculated in Section 2.2. The iV, loss is calculated
from PL images taken via front excitation.
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Figure 4. Comparison of iV, loss for all groups after 60 kWh m™2 of UV
exposure from rear and front. The asterisk indicates laboratory groups. T,
TOPCon; P, PERC; H, H|T. The iV, loss is calculated from PL images
taken via front excitation.
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Figure 5. Loss in iV, after 60 kWh m™? of front exposure as a function of
the initial iVpp. The gray dotted line is a guide to the eye highlighting the
apparent correlation within the groups T;*—Ts and H;. The semitranspar-
ent diamonds show the iV, for groups T, and Ts after the exposure,
highlighting that the initial advantage of group Ts cells can be lost after
UV exposure. The iV, loss is calculated from PL images taken via front
excitation.

mpp

its performance in the stability testing, the iV, loss (front expo-
sure) is plotted in Figure 5 as a function of the initial iV,,,,p. High
losses are apparent for the PERC groups despite their low initial
values. Within the TOPCon groups and the HJT group, the iV,;
loss seems to correlate with the initial iVy,,, with the notable
exception of group Te. For groups T, and Ts, semitransparent
markers indicating the iV, after degradation are added.
This comparison shows that the initial advantage Ts had over
T4 can be lost after the degradation.

For a clearer depiction of recombination center formation due
to front UV exposure, Figure 6 shows the NDD calculated from
the effective lifetime according to Equation (1). The recombina-
tion activity of the PERC groups P,—Ps* has increased the most,
indicating a pronounced defect formation due to the treatment.
The groups T, Py, and H; show a medium defect level. The NDD
of H; is followed in rank by T,*, the industrial TOPCon groups
T3-Ts, and finally the ISE-produced laboratory cells of group Ty*.

3.1.2. Discussion

For all tested groups, rear exposure induced less degradation than
front exposure. This observation originates from the asymmetry

Sol. RRL 2024, 2400628 2400628 (4 of 8)
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Figure 6. Comparison of the normalized defect density arising from front
UV exposure calculated from the effective lifetime at 0.05 suns equivalent
for the different groups. The inset shows a magnification for the groups
where the NDD is significantly smaller. The asterisk indicates laboratory
groups. T, TOPCon; P, PERC; H, HJT. The effective lifetime was measured
via front excitation with the modulated PL setup.
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Figure 7. Reflection in the UV measured from the rear and front of pristine
cells. P,* has a full back contact and could thus not be measured from its
rear. The asterisk indicates laboratory groups. T, TOPCon; P, PERC; H,
HJT.

between the rear and front sides of a solar cell, manifested in dif-
ferent optical and electrical properties. One aspect of this is the
reflectance in the UV of pristine cells which was found to be
higher for the rear side (Figure 7). Rear exposure thus implies
a reduction (up to afactor 4) in the absorbed UV dose, leading
to lower defect formation and less iVy,p, losses. The exception
is group H;, where the similar reflectance on each side is in line
with the similar degradation extent for front and rear exposure.

Two other aspects were investigated with IQE measurements
in the UV. Here, measuring from the rear sides generally yielded
lower IQE values than from the front (Figure 8). A low IQE in the
UV is indicative of 1) parasitic absorption outside the c-Si bulk
and 2) recombination of the charge carriers at the surface near
which they are generated. Without detailed knowledge of the cell
stacks, it is difficult to assess the relative importance of both loss
channels. For the rear side of TOPCon cells, however, the almost
zero IQE most likely stems from the poly-Si layer absorbing any
light with a wavelength below 400 nm.['"”) The layer effectively
shields the bulk/tunnel-oxide interface, possibly explaining
why the groups T,~Ts show significant degradation upon
15kWhm 2 of front exposure but remarkable stability up to
60 kWh m™2 of rear exposure (compare Figure 4).

© 2024 The Author(s). Solar RRL published by Wiley-VCH GmbH
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Figure 8. Internal quantum efficiency in the UV measured from the rear
and front of pristine cells. P,* has a full back contact and could thus not be
measured from its rear. The asterisk indicates laboratory groups. T,
TOPCon; P, PERC; H, HJT.

A similar shielding effect could arise from the antireflection
layers!*” which are at the rear not primarily optimized for a broad
transmission window.”! Minor differences in thickness and
refractive index of SiN, layers between the rear and front could
thus also contribute to the observed higher susceptibility of front
layers to UV exposure.”! Overall, the photons reaching the bulk
surface (as opposed to being absorbed prematurely) appear to be
causing UVID.

In comparing the cell architectures’ performance upon
front exposure (Figure 4), none stood out with particularly high
or low iVp,pp losses. The upcoming technologies TOPCon and
HJT are thus not inherently more prone to UVID than the estab-
lished PERC cells. Quite the contrary, a detailed analysis of the
effective lifetime showed that the number of generated defects
tends to be higher for PERC. Only the groups T;* and T3-Ts
showed minimal additional NDD arising from the treatment.
One possible explanation for this observation could be connected
to the deposition of the front passivation layer in direct
contact with the Si-bulk. For PERC and HJT, plasma-enhanced
chemical vapor deposition (PECVD) is used to deposit SiN,, and
a-Si layers, respectively. Kamioka et al. have reported on
plasma-induced damage that can introduce a 50nm-thick
defect-rich layer in the c-Si.*® This defect layer is subsequently
passivated by hydrogen implying a high density of Si—H bonds
that could be a target for UV radiation. For TOPCon on the other
hand, the gentler atomic layer deposition (ALD) has been
adopted to produce ultrathin AlO, layers. The damage probability
of each UV photon reaching the silicon bulk could thus be
lower for the ALD method, where a high Si-H density can
likely be avoided. This explanation was suggested by Kamioka
et al' and would be in line with previous experimental
findings.[**!

Despite the higher generated NDD for PERC, all cell technol-
ogies suffer from comparable iV, losses. We attribute this to
the high initial quality of the surface passivation in TOPCon and
HJT cells which renders them particularly sensitive to slight addi-
tional defect formation. This phenomenon could also explain
the correlation between iV, loss and initial iV, within the
TOPCon and HJT groups (except Ts). However, in some cases,
an advantage in initial iVy,,, was lost due to extensive degrada-
tion during the UV test. This proves that factors other than the
initial surface passivation quality also influence UVID

Sol. RRL 2024, 2400628 2400628 (5 of 8)
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susceptibility. One example could be the choice of refractive
index of the antireflection coating. In summary, these findings
highlight the need for effective protection measures against
UVID specifically for state-of-the-art solar cells.

3.2. UV Stress Test—Contacted Measurements

The previous sections focused on noncontacting measurements
based on PL imaging. This had the advantage that degradation
mechanisms occurring in the base, emitter, or passivation layers
of the solar cell were probed. An increase in series resistance, for
example due to contact corrosion, would not have been detected.
We thus also measured IV curves for a fraction of the total
groups, namely T;* and T,~Tg.

Figure 9 shows the relative loss of V,, FF, I, and efficiency
() after 60 kWhm ™2 treatment of front and rear exposure, as
well as in a completely covered state. The trends in voltage loss
(a) are consistent with what was observed with PL measurements
and are thus not discussed in detail again. In the fill factor (b), the
rear-exposed and covered samples show a slight degradation,
although smaller than for front exposure. Since the covered sam-
ples degrade too, it is likely that the storage in the ambient at
60°C causes a part of the FF-degradation observed for the
exposed cells. This could arise from humidity corroding the
nonprotected contacts. Even with this additional contribution,
the relative losses in FF for front exposure are significantly lower
than those observed in the open circuit voltage.

For the I (c), all but group T, remain stable. The reduction in
I of T likely arises from a lower collection probability at the
front due to UV-induced defects. Indeed, the change of IQE
between pristine and degraded (60kWhm 2 front exposure)
state (Figure 10) peaks in the short wavelength region,
suggesting blue and UV photons are converted less efficiently
into current after the exposure. Such a reduction in IQE could
be caused by an increase in the front surface recombination
current.

The efficiency loss (d) reaches for the industrial groups
from above 2%, to more than 7%,.. The main contributor to
the efficiency degradation is the voltage loss, suggesting deterio-
ration of the surface passivation. Contact corrosion appears
to play a minor role, although this could be different within

(a) (b)

Il Covered
[ Rear-UV
I Front-UV

_a L

o N B
o N B

%ﬂﬂJ

()

SN

I

T, T, Ts Te

N

Isc-loss [Yorer] Voc-loss [Yorel]
N-loss [%rel] FF-loss [Yorel]

o w o

;.;.; |

T, T, Ts Tg

o

Figure 9. a—d) V,, FF, I, and efficiency loss after 60 kWh m~2 of front
and rear UV exposure of TOPCon groups. “Covered” denotes reference
samples that were shielded from exposure. The asterisk indicates
laboratory groups. T, TOPCon.
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Figure 10. Wavelength-dependent IQE loss due to 60 kWh m™2 of front

exposure. The IQE was extracted from front reflectance and EQE measure-

ments of one solar cell per group. The asterisk indicates laboratory groups.
T, TOPCon.

the module complex. Our findings thus indicate that UVID on
the cell level is a phenomenon occurring at the bulk/passivation
layer interface.

3.3. Post-UV Treatment—Dark Storage and Dark Annealing

We investigated the effects of post-UV treatments for single
front-exposed cells of the groups T;* and T,—Ts. After storing
the cells in the lab for 14 days at room temperature, they were
remeasured (PL) and afterward annealed at 85°C for over
150 h. These experiments were motivated by the partial healing
of UV damage during humidity freeze cycles in module
testing.[*?!

Figure 11 shows the iV, loss with respect to the initial state
prior to UV testing for the complete sequence. Since the UV
treatment has been discussed before, we will focus now on
the post-treatment. After dark storage for 14 days, an additional
decrease in iVy,p,, is noted for all groups. For T4 and Ts, the mag-
nitude of the reduction is with 6 and 22 mV comparable to the
degradation observed during the treatment. Note that the sister
cells that were covered during the UV treatment retained their
iVipp even after months of dark storage. The decrease during
dark storage is thus evidently a time-delayed degradation caused
by the UV treatment.

Interestingly, the two groups that show a large drop
during dark storage (T, and Ts) benefit from 20h of dark
anneal at 85°C (increase by ~3 mV) while the opposite trend

www.solar-rrl.com

is observed for the cell of group T;* (drop of ~5mV). For the
group T cell, no significant changes are apparent throughout
the dark anneal. The remaining 100h of dark annealing
shows only minor changes in iV, without a clear trend.
At the current state, we do not have an explanation for the
observed processes. It is peculiar that the cells undergo such
strong degradation after being stored in the dark at room tem-
perature when the energy for potentially harmful diffusion pro-
cesses is withdrawn.

Independent of the origin, our findings have direct implica-
tions for testing and the potential damage of UVID in the field
application. If dark storage at room temperature increases the
total performance loss due to UV exposure, this effect must
be expected to be present in the field due to the day and night
cycle. Appropriate testing on cell and module level should also
account for this phenomenon and allow for the degradation to
completely unfurl. Another important aspect that should be kept
in mind is the possible healing of UV damage via light soaking as
recently reported by Ye et al.”) The evolution of UVID in the field
might be more complicated than a simple test in a UV chamber
could reveal.

3.4. Light and Elevated Temperature-Induced Degradation

Single pristine sister cells of the TOPCon and PERC groups were
probed for LeTID at 0.15 suns equivalent and 75 °C. The solar
cells were characterized by SunsV,. measurements except for
the groups P;-P;, where full IV curves were measured.
Figure 12 shows the maximum observed voltage loss at the
(pseudo) maximum power point within the treatment time of
more than 1000 h (~42 days). The figures’ inset illustrates the
voltage progression for LeTID-susceptible and stable groups.

A full LeTID cycle including regeneration was observed only
for the Boron-doped cell of group P4*. For T3 and Ps*, the dura-
tion of 1000 h was still sufficient to reach the degradation maxi-
mum. The difference in degradation pace between P,* and Ps* is
due to the dissimilar kinetics of LeTID in boron- and gallium-
doped silicon.*”! For T3, an analysis of the minority charge car-
rier resolved effective lifetime!®” suggests that the observed loss
in voltage is due to surface-related degradation, rather than bulk-
LeTID (data not shown). The remaining industrial groups
P;—-P3 and T,~T remained stable throughout the complete test
(S5 mV loss).

uv Dark storage Dark anneal at 85 °C
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Figure 11. Evolution of the iVmpp loss throughout the (front) UV and post-treatment consisting of dark storage for 14 days and annealing in the dark at
85 °C for more than 150 h. The asterisk indicates laboratory groups. T, TOPCon. The iV, loss is calculated from PL images taken via front excitation.
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Figure 12. Results of LeTID testing at 0.15 suns equivalent and 75 °C.
The inset shows the progression of LeTID-susceptible and stable groups.
The asterisk indicates laboratory groups. T, TOPCon; P, PERC.

Overall, the industrial cells thus appear to be LeTID resistant.
This is an indicator that the mitigation strategies to prevent
LeTID***! have been adopted throughout the industry.
LeTID as such is thus no longer the main reliability issue for
silicon solar cells. Additionally, these results also ensure that
the stability issues observed during UV testing are not due to
the elevated temperature (60 °C) present in our UV chamber.

4, Conclusion

We investigated PERC, TOPCon, and HJT solar cells from
Fraunhofer ISE as well as different industrial producers for their
stability against UV exposure. By omitting any type of encapsu-
lation, the focus was set on the processes inherent to the
solar cells.

All industry groups showed iV, losses above 5mV after
60 kWh m™2 of front exposure. The worst performers of the three
technologies even lost more than 20 mV. Since the full test
relates to 3.8 years of module exposure in the field (Negev desert),
our research suggests that UVID could pose a major reliability
challenge for the silicon PV industry.

Although UVID was detectable for all industry groups, the
variation in degradation extent between groups suggests that
different processing routines can have a strong impact on UV
stability. A notable example of this was the laboratory
TOPCon group T;*, which was the only group to show no
significant degradation during the exposure.

Front exposure was thereby found to be more detrimental than
rear exposure which was attributed to the different optical and
electrical properties of the respective sides. It appears that UV
photons need to reach the c-Si surface to cause harm. This would
allow for the mitigation of UVID by increasing the UV absorp-
tion or reflection in all capping components, for example, the
module glass/encapsulant or the antireflection layers.
However, this certainly comes at the cost of a reduced I, and
could possibly shift the degradation to these components. 252!
Downshifting UV photons into visible light might be a more suit-
able alternative.*”!

Although UVID was detectable for all industrial groups, they
differed strongly in the extent of iVy,p, loss. This was partially
explained by a higher initial quality of the solar cells, rendering
them more sensitive to defect formation. However, an initial
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advantage in iVp,p, could also be lost due to the degradation,
meaning differences in the production process likely also influ-
ence the UVID susceptibility. Our analysis of the NDD suggested
that the ALD AlO, layer in TOPCon might enhance the UV
stability with respect to the PECVD layers typically utilized in
PERC and HJT. The difficulty for module producers lies in
the detection of solar cells that feature high efficiency and
stability.

Considering our preliminary results on the time-delayed deg-
radation during dark storage, this might turn out to be challeng-
ing. A degradation throughout the night could increase the
overall loss in the field application. On the other hand, reports
of UV damage being partially healed in phases of illumination
could signify a lessened impact in the field."”! These effects aggra-
vate a straightforward comparison of laboratory tests with the
field application. This highlights the importance of a root cause
analysis of UVID and the connected phenomena.

Finally, we probed TOPCon and PERC cells for their suscep-
tibility toward LeTID. All industrial groups showed a high level of
stability, with only one TOPCon group suffering from surface-
related degradation. It seems that the issue of LeTID can be
circumvented without hampering the initial efficiency. The
research community and the PV industry must now strive to
achieve the same for UVID.
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