UV-Induced Degradation in
TOPCon Modules:

Linking Accelerated Testing and
Field Evidence

Archana Sinha, Jean-Nicolas Jaubert, Todd Karin (Kiwa PVEL)
Dana B. Kern (NLR)

kiwa

creating trust, driving progress



Kiwa PVEL

8 Independent lab for PV Module
Performance and Reliability Testing.

s Headquarter test lab at Napa, US and
a sister company at Suzhou, China.

s Known for PQP test sequences, which
gets updated every 2 years.

See more details at kiwa.com/pvel

12+ 700+ 400+

Years of Bills of materials Downstream
experience tested in the lab partners

Our mission is to support the worldwide solar and
energy storage buyer community by generating data
that accelerates adoption of solar technology.
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Why UVID?

High-interest topic within the PV reliability
community as newer cell architectures
and module materials are deployed at
scale

Degradation occurs at cell level and
adversely impacts the system performance
and warranty in the field.
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UVID: Risks, detection, and
impact on solar projects
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Solving the UV problem of n-type solar

Laboratory testing has revealed that some negatively-doped, “n-type” tunnel oxide
passivated contact (TOPCon) and heterojunction (HJT) solar meodules are susceptible to
ultraviolet (UV) light-related damage and degradation. That could mean trouble down
the line, if modules in the field begin to show UV-related performance loss.
Manufacturers are implementing solutions at cell and module level.

OCTOBER 21, 2024 MARK HUTCHINS
L ncnocor | [vons |

Solving the UV problem of n-type solar — pv magazine USA

New research warns of unexpected UV-
induced degradation in TOPCon solar
cells from invisible light

Researchers from UNSW have found that invisible light accelerates Uv-induced
degradation in TOPCon solar cells, producing the same degradation effects as visible
light but at a much faster rate. This can lead to significant open-circuit voltage losses
and reduce cell efficiency.

AUGUST 11, 2025 EMILIANO BELLINT
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New research warns of unexpected UV-induced degradation in TOPCon
solar cells from invisible light — pv magazine International

NREL researchers quantify UV-induced
degradation levels in TOPCon solar cells

Researchers at NREL found that UV exposure can cause significant, partly non-
recoverable degradation in TOPCon solar cells, with strong cell-to-cell and intra-cell
variability linked to passivation and processing inconsistencies. While some UV-
related losses recover quickly under light and are unlikely to affect field performance,
the findings highlight gaps in current qualification tests and the need for improved UV
aging standards.

FEBRUARY 18, 2026 EMILIANO BELLINI

TECHNOLOGY [l TECHNOLOGY AND K0 Jil UNITED STATES:

NREL researchers quantify UV-induced degradation levels in TOPCon
solar cells — pv magazine USA
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UV-induced degradation of high-efficiency silicon PV modules
with different cell architectures
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UVID Concern for N-Type Modules

= Rapid shift to n-type topologies.

®= TOPCon is the predominant technology.

Kiwa PVEL’s UVID testing

UVID 120 kWh/m?2

2.5 1
= Offers higher module efficiency (>23%)

= Greater power gain with transparent encapsulants. 0.0

= Marketed with improved first year (1%) and annual
degradation rates (<0.4%).

= Resilience to LID and LETID. Combined loss <1%.

-2.5 1
-5.0
-75 -

® Higher vulnerability to UVID due to increased cell —10.0 1

sensitivity to UV radiation (280-360 nm).

Pmpp Degradation (%)

-12.5 A

= TOPCon and HJT modules showed a broad range of UV — TCPCon
susceptibility (0.4% to 16.6% deg) 1504 — PERC
T . . . = HJT
® Variability in bill of materials, cell architecture, and : . | |
process non-uniformities. 0 30 60 90 120

Equivalent UV Dose (kWh/m2)
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Kiwa PVEL’s UVID Testing

® UV Testing with front-side exposure.

® UV exposure dose 120 kWh/m? of UV (280-400 nm)
when using metal-halide lamps (PI China) or 55
kWh/m?2 when using UV fluorescent lamps (Napa).

®= Module temperature 60°C + 5°C, under short-circuit

fpi uviD
condition. o
Sensitivity
= I UV 60 kWh/m
4 60°C front
Es
E
E A
g2 4
g .‘
3 /N V i UV 60 kWh/m?
) 1 60°C front

T T
260 280 300 320 340 360 380 400
Wavelength (nm)

UVF chamber at Napa, CA

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 6



Indoor UVID Testing
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Test Population

= Largest “public” UVID dataset (2024-2026):
" Total 370 modules

= All industrial modules, manufactured at different locations
globally (China, India, US...).

® TOPCon constitutes 78% of test population.

® General BOM trends:
® Most of them are bifacial G/G modules

® Encapsulants are a mix bag — EVA, POE, EPE, UV down
conversion

®= xBC and CdTe technology modules also tested but not
included in this study.

kiwa ®PVEL LLC (“Kiwa PVEL”), 2026.
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UVID Test Results

® Characteristic “Checkerboard” pattern in
EL images.

® More pronounced with prolonged UV
exposure.

® Degradation is not uniform across the cells.

= Pposition-independent (unlike PID-s).

" UV susceptibility can vary from cell to cell
within the same module.

= Testing based on one-cell sample is not
sufficient.

= Test multiple cells or modules from
different batches.

kiwa
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UVID Degradation Pathways

® UVID mechanisms vary by cell types.
®" TOPCon: 0.4-16.6% deg, median 3.0%

® Voc most affected 2> cell ARC or
passivation degradation

® Greater Isc & FF losses in few BOMs >
mismatch loss

® HJT: 1.5-8.6% deg, median 5.2% (limited
sample size)

® Isc and FF losses are significant >
front TCO/a-Si interface degradation

® Voc is fairly stable

® PERC: lower degradation, median 2.1%
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Voc UVID120 Degradation (%)

FF UVID120 Degradation (%)
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Dark Storage Degradation (Metastability)

Other’s work
= Signs of metastability observed in the modules following

. 1] Cell: 0.5%-3.0% degradation in dark
UV exposure when stored in the dark. 0] ° o deg
s e uv Dark storage Dark anneal at 85 °C
= Significant power loss and pronounced checkerboard pattern. oFe——= y - ¢ d r r
A B A
= Higher degradation with longer dark storage period. S 10 N T S
= NS
" Maximum degradation up to 1%/day. 2 2 R
o “a
g "
£ 30 =
z -4-T] k- T
2 days dark 14 days dark 40F-»- T, -¥- T
Post-LID UVID-60 UvID-120 storage storage 5 35 )
T’j | Dose [kWh/m?] Days in dark Hours on HP
= ==
= 0
%r* ! i —= —— 1. Dark Storage -> 2. High Temperature

— 1. Dark Storage -> 2. Current Soaking
[2] TOPCon modules -2

: —— HF10

=5 degraded under dark N
S e | = storage post UV test. ?§-4
g o | g
CT IS0 T T
ES=E= .
ESS= )

UV55 Step 1 Step 2

[1] Thome et. al. Solar RRL (2024), 8, 2400628
[2] Gebhardt, P., Kraling, (2024), Prog Photovolt Res Appl.
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Dark Storage Degradation and Stabilization

LID

= = e
—— | ——
S==s=| EESSES

® Dark storage degradation is partially or fully recoverable
via full-spectrum light soak.
| TOPCon

® UV induced degradation isn’t recovered.

® |n general,

= TOPCon (extensive) - Fast and effective recovery.

® HJT (moderate) - Slower recovery.

® PERC (minimal) - No metastability.

Bad Good Bad Good
Pmax| PERC PERC TOPCon TOPCon HIT

UVvID120

Dark Storage| -3.8% -2.3%
LS 0.5kWh/m?|  -3.8% -2.4% -5.7% -2.4% -6.0%
LS 1kWh/m?3  -3.7% -2.3% -5.6% -2.3% -5.5%
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Light Soak Stabilization

Kiwa PVEL implemented a LS stabilization step post-
UVID120 (via 0.5-1 kWh/m? of full spectrum light soak).

_—
o
® For UVID-sensitive samples, light soak is crucial to get é
accurate results. c
()
®= Many test samples are not affected by LS (change is )
<0.4%), but some are very affected. g
©
® Characterization window to flash test UVID modules is a
controlled within 48 hours after test completion. 8
Q
Q
30 e
o

£ 201
3 T T T T
10 (’v\r\o \1\0()0 \0\7'0 c}r\"%
Q0 \) W <0
0 ol
0 2 4 6
Pmpp A (Post-LS — UVID120)
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UVID Stability is Improving, But is Not Solved!

® Downstream customers batch vs manufacturer PQP
testing results:

® Projects tested during 2023 — 2026 period
® TOPCon and PERC

® Post-UVID60 Pmax losses

= UVID not yet solved in mass production:
= Higher Pmax losses for TOPCon in batch testing.
®= Manufacturing inconsistency
= Defect process shifts or material issues

®= TOPCon (~2.4%) median degradations.

= Batch testing is useful to detect UV susceptibility on
random samples.

kiwa

Pmax UVID60 degradation (%)

1
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|
N}

I
w

|
A

Napa test lab data only

d . o ¢ .
[ " *
L ] - ..\. .. [ ]
o oo | L &
) .
0. .0 -x. o
‘.. E ﬂ":i
: - PQP
* Batch
TOPCon PERC
PQP Batch PQP Batch
Median -1.8% -2.4% -1.0% -1.3%
Average -1.7% -2.1% -0.9% -1.3%
Samples 69 40 14 16
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Outdoor Field Testing
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modules - median of 2.2%

1.7%

Field Exposure Testing & UVID Signatures Pmp
2:5+1 Med’i\‘:nl:z-gl% Me; N='16 %
® 1-year outdoor exposure in Davis, CA. 5 .
= Modules installed in 2023-2025 period. 3 o
= Control modules exhibited stable performance. g £ L
2—10.0 4 “
" Significant Pmp degradation in field-exposed (FE) .
= Driven by Voc and some Isc losses, while FF is stable. 12 Month Control
® Combined LID and LETID Pmp loss <1%. Isc
= UVID checkerboard pattern is visible in EL images. '
22% | 8.0% N : ;
=9.8% Bl i LB L = i g °f é ?
[ mmEm 1 I
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Degradation (%)

Voc

Degradation (%)

FF

4 -
2
o - R
=2
—4
—6 2
-8
N=122 N=76
~10 4 Median=-1.5% Median=0.1%
-12 T T
12-Month Control
4
2 4
7 %
2 =
—a
=6 -
-8
=122 N=76
—10 4 Median=-0.2% Median=0.0%

—-12

12-Month

Control

Most FE BOMs would not meet a <1% degradation warranty
at the end of first year.
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Correlation Between Outdoor Field and Indoor UVID Testing

FE Initial FE 6month FE 12month
®= Common TOPCon BOMs between FE and UVID testing data. ) =

® Voc exhibited a better correlation: 120 kWh/m? UVID test ==
corresponds to ~1.4 years of outdoor exposure in Davis, CA.

1
NN
T1

®= Pmp showed a weaker correlation: Impact of additional FE —_——c
degradation modes (e.g. encapsulant yellowing, soiling, 1
delamination etc.). :

s |
|
i

= Short-circuit condition in UVID test accelerates degradation. : = =%

Voc Pmp

h=20

0 r=os o | oS S uvo uveo UV120
-1 ® ﬁ, £ ¢ ¢ ’// /
- ,2— /’
—z4 Outliers — no LS o‘," ° - v
o ® 1 ERE
uviD |

N,

FE Post-FE 180 #2 Change [%)]
b
FE Post-FE 180 #2 Change [%

[
=51 -84 1
o I
—61 . 104 7
1% T T T T T T T T T T T T T
-7 -6 -5 -4 -3 -2 -1 0 -10 -8 -6 -4 -2 0 —
UVID Post-UV 60 #2 Change [%] UVID Post-UV 60 #2 Change [%] e = = =
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Long-term Reliability Testing

uveo uv120 uv180 uv240

= UVID test run extended to 240 kWh/m?2.
® Project 1 (UV-stable modules) — Degradation
reached saturation after UV120.
® Project 2 (UV-sensitive modules) - Degradation
continued up to UV240, without stabilization.
-2.75% -2.69% -2.59%

UV dose (kWh/mZ)

o 60 120 180 240 300 360
0%
2 et
[ LT ... @ L @ ()
E 4 .‘o.‘
5
" .
HE
&
Y R —
E -12 q
L S B ®-...
®

-16
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UVID Mitigation Strategies
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UVID Mitigation at Cell Level

® Cell design improvements:

* Front cell ARC/passivation layer process controls m 2024 Q4

(thicker AlOx, ARC and passivation stack uniformity)

® These fixes can come at the cost of cell efficiency
and/or higher production costs.

= Example: A TOPCon BOM tested in 2024 Q2 with
a retest in 2024 Q4.

® QOriginal: deg 6.5% (average), strong
checkerboard pattern.

® Retest: deg 1.3% (average), no EL anomalies.

®= Many cell suppliers have improved their
production quality processes.

= Better performance in 2025 compared to 2024.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026.

Mean Pmpp Degradation [%]
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Note: Each line is an individual cell supplier.
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UVID Mitigation at Module Level

Additives and UV cut-off wavelength can help

mitigate UVID.
= Cut-off wavelength of front encapsulant varies in

the range of 220-380 nm. Uvo uv120 uvo uv120

® Higher degradation below 300 nhm cut-off.

® Example: TOPCon BOMs, same cell supplier and =
same encapsulant type but different UV cut-off. ~

= BOM1 - EPE (cut off <290 nm) | EPE

= BOM2 - EPE (cut off >290 nm) | EVA

® UVID extent can be lowered when tailoring the
encapsulant cut-off band.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 21



UVID Mitigation at Module Level

= UV down-conversion encapsulants.

higher efficiency and less prone to UVID. uvo Uv120 uvo uv120

= Example: same cell supplier but two different
encapsulation schemes.

= BOM1 - POE (UV transparent) | POE

= BOM2 - EPE (UV down conversion) | EVA

® Currently used in HJT module designs, not much in
TOPCon.

= Other reliability issues may trigger, need to be
tested further to validate stability.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 22



Degradation Mechanism other than UVID

Not all UV degradation is cell-related. % T%

Example: TOPCon BOMs, same encapsulant type and ]
UV cut-off <290 nm |

* BOM1 — EPE (cut off 280 nm) | EVA - [ J ’ 1 B
= BOM2 - EPE (cut off 240 nm) | EVA =i L] [ l i
®= BOM1 has no signs of degradation. K fj( J 1 T T* T
= BOM2 has negligible Voc loss and no checkerboard ji_o_?%%% iQG‘%
pattern in EL but significant Isc loss > severe . - L e

yellowing on the entire module.

® Encapsulant additives/stabilizers play a role in
degradation, that might be UV-unstable.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 23



New Development in UVID Testing

= Streamlined UVID sequence in newer version of PQP

= Eliminate the interim UV60 characterization in favor

= Option to extend up to 360 kWh/m?2 for BOMs that

of a continuous 120 kWh/m? exposure

® to avoid any influence of dark-storage degradation
on the flash measurements.

show higher UVID susceptibility

® to investigate the long-term reliability impacts.

® UVID test standard draft is in development

= |[EC TS 63624-1Ed 1 (2025): Photovoltaic (PV)

kiwa

Modules — Test method for ultraviolet-induced
degradation Part 1: Crystalline Silicon

IEC TS 63624-1 DRAFT & IEC 2025 ADTS#1 exported
ED1 ©IEC 2025 from OSD by Tac
XU on 2025-11:21

INTERNATIONAL ELECTROTECHNICAL COMMISSION

Photovoltaic (PV) modules - Test method for ultravielet-induced
iegradation -
Part 1: Crystalline Silicon

FOREWORD

1) The International Eleetrotechnical Commission (IEC) is a werldwide organization. for
national c
The object of IEC is to’ promote intemational co-operaion on all qusstions cancerning
standardization in the electrical and electronic fields. To this end and in addition to other
actiities, IEC publishes Intermational Standards. Technical Specifications. Technical Reports
Publicly ‘Available Specifications (PAS) and Guides (hereaier referred 1o as IEC
Publication(s)"). Their preparation is enirusted to technical committees; any IEC National

mmitee interested in the subject dealt with may pariicipate in this preparatory work.
International, and liaising wih the [EC also
paricipate in nis preparation. IEC collaboraies closely wilh the International Organizaiion for
ditions determined by agreement between the two

organizations.

2) The formal decisions or agreements of IEC on fechnical matters express, as nearly as
possible, an intermational consensus of opinion on the relevant subjects since each technical
committee has representation from all interested IEC National Committees.

3) IEC Publications have the form of recommendations for intemational use and are accepted
by IEC National Committees in that sense. While all reasonable efforts are made o ensure that
the technical content of IEG Publications i accurate, IEG cannot be held responsible for the:
way in which they are used or for any misinterpretation by any end user.

4) In order to promote 7 IEC National C: to apply IEC
Bublications {ransparently to the maximum exient possible in their national and regional
publications. Any divergence between any IEC Publication and the corresponding national or
regional publication shall be clearly indicated n the latter_

§) IEC itself does not provide any attestation of conformity. Independent certification bodies.
. - access s of conformity.
IEC is not responsible for any services carried out by independent certiication bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC o its directors, employees, servants or agents including
individual experts and members of its technical commitiees and IEC National Committees for
any personal injury. property damage or other damage of any nature whatsoever, whether direct
o indirect, or for costs (including legal fees) and expenses arising out of the publication, use.
of, or reliance upon, this IEG Publication or any other IEG Publications.

&) Atiention is drawn to the Normative references cited in this publication. Use of the referenced
blicatl i of this publicat

9) IEC draws attention to the pe the of this invelve
the use of (a) patent(s). IEC takes no position concarning the evidence, validity or applicability

2
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Sensitivity

UV 60 kWh/m?
60°C front

UV 60 kWh/m?
60°C front

Optional
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Key Takeaways

Kiwa PVEL’s UVID test results (TOPCon only)

® UVID is a reliability concern for n-type modules,
identified both in the lab and field. Not all TOPCon and
HJT BOMs exhibited higher susceptibility to UVID. 0 - ©

=

= UVID sensitivity depends not only on the cell architecture
but also on the BOM.

= A short light soak under full spectrum can stabilize
modules from metastability behavior in the dark post-UV
exposure.

® Front cell ARC/passivation layer process controls and —10 +

better encapsulant additives selection can help in

mitigating UVID.

Pmpp Degradation (%)

= Recent UVID testing on TOPCon modules showed a —15 + 0]
significant improvement in UV susceptibility.

I I 1 I I
2022 2023 2024 2025 2026
UVID Stability is Improving, But is Not Solved Yet. Audit Year

Note: Some big outliers are partially a result of dark metastability.
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