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Abstract/Summary:

Understanding ultraviolet (UV)-induced degradation (UVID) in tunnel oxide passivated contact
(TOPCon) solar cells is crucial, as this technology dominates the photovoltaic (PV) market with over
50% market share [1]. However, current testing standards are inadequate to predict real-world UVID
behaviour. To address this gap, we are developing an experimental-simulation-modelling framework
to characterise UVID behaviour and translate laboratory results into field performance predictions.
In the experiment, TOPCon precursors were exposed to 102 W/m? UV-A radiation at temperatures
of 45°C, 60°C, and 80°C. At 60°C with a 16.6 kWh/m? UV dose, samples exhibited a 21.5% reduction
in effective lifetime (1) and a 45% increase in surface saturation current density (Jo). Unexpectedly,
samples at 80°C with a 27 kWh/m? dose exhibited initial degradation followed by partial recovery,
revealing a temperature-dependent recovery not previously reported.

Introduction

As the industry transitions to TOPCon technology, understanding UVID, which refers to the reduction
in power output due to UV irradiance, is crucial. It can influence the energy yield and financial returns
of solar installations over the typical 25-year module lifespan. However, the behaviour of UVID in
TOPCon is still insufficiently studied, particularly in temperature dependence and recovery
processes. This knowledge gap poses a significant risk to the industry since past experience has
shown that each technological evolution has uncovered new, previously unknown degradation
pathways.

In TOPCon, UVID is linked to Si-H bond breakage in passivated dielectric layers when exposed to
photons with energies above 3.4 eV [2], [3]. This process breaks the passivation bonds, resulting in
an increase in surface recombination and a decrease in cell efficiency. In laboratory experiments,
Thome et al. reported a 7% efficiency loss in TOPCon, primarily due to a reduction in the open-circuit
voltage (Voc) [4]. Although this mechanism has been identified in laboratory studies, the precise
degradation pathways and their temperature dependence in TOPCon structures remain unclear,
leaving significant gaps in the understanding of how these cells will perform under real-world
conditions.

Current trends in module design and deployment conditions increase the urgency of addressing
these knowledge gaps. The increasing use of UV-transparent encapsulants, aimed at maximising
light transmission and boosting energy yield, also exposes cells to higher UV radiation levels.
Furthermore, the growing adoption of bifacial modules also introduces new exposure scenarios
where cells are exposed to UV radiation from both front and rear, potentially increasing the effect of
UVID [1]. While these trends improve energy production, they may also accelerate UVID.

The industry testing standards are also insufficient for understanding UVID. IEC 61215 accelerated
testing uses only 15 kWh/m? UV exposure [5], equal to ~46 days of field operation in high-irradiance
regions such as Arizona [6]. Lab-based experiments occur in a controlled environment and often
don’t represent complex atmospheric parameters like clouds, aerosols, etc, such as clouds and
aerosols, which can lead to horizon brightening and darkening, and can result in rightening, leading
to higher levels of UV radiation on tracking systems. Due to the difference in atmospheric
composition, climate zone and location, a similar type of module can experience varying levels of
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UV radiation when located in different regions. This can result in varying rates of UVID geographically
for similar module technologies. Additionally, these tests also oversimplify real-world conditions by
testing stressors in isolation, while actual modules experience multiple stressors simultaneously,
including temperature, humidity, and UV radiation. These stressors can interact and produce
complex degradation behaviours that cannot be predicted from single-stressor tests.

The primary goal of all accelerated testing is to establish correlations between laboratory results and
real-world performance over the 25-30 years of a module’s lifespan. Despite all the research in UVID,
there is no standardised lab-to-field translation model for better understanding UVID rates in
TOPCon. To the best of our knowledge, this is the first modelling framework that will address these
knowledge gaps by developing an experimental-simulation-modelling framework to characterise
UVID in TOPCon solar cells. We aim to conduct accelerated tests for degradation experiments,
which will inform our simulation tool and enable the determination of the optical parameters. We aim
to use this framework to calculate UVID for modules located in different geographical locations. In
future, we aim to expand this framework to develop a predictive model that forecasts future UVID
rates.

Experimental and Modelling Approach

This method involves accelerated laboratory testing under controlled conditions, device simulation,
and equivalent circuit modelling to fully understand the degradation mechanism of UVID in TOPCon
cells, as shown in Fig.1.
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Figure 1. Experimental-simulation-modelling framework used in this research.

For the experimental phase, TOPCon precursors were used. They were prepared in a commercial
production line and fired using a belt furnace at a setpoint temperature of 850°C. Subsequently, they
were cut into 4x4 cm tokens. These tokens were then exposed to UV-A irradiation under Ushio
F8T5BL lamps with an intensity of 102 W/m? at various temperatures (45°C, 60°C, and 80°C),
enabling the observation of degradation behaviours, temperature dependence and potential
recovery mechanisms that standard tests cannot show. Throughout the exposure, effective lifetime
(Ter) and saturation current density (Jo) are measured regularly using calibrated Sinton lifetime
measurement systems.

The simulation component uses both PC1D and Quokka3 to convert experimental J, degradation
data into IV curves and performance parameters, including short-circuit current, open-circuit voltage,
fill factor, and maximum power output [7], [8]. This method allows cross-validation and enables
assessment of tool-dependent variations in the simulation results.

The modelling framework uses both the single diode model (SDM) and double diode model (DDM)
to develop equivalent circuit representations of UVID. The SDM provides a baseline framework using

Eq.1.
V + JR, V + JR,
=T~ Jo [exp (%) - 1] - (1)
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To better understand the physics behind, the DDM shown in Eq.2 is used.

V +JR V +JR; V+JRs
T T e L B L

In the DDM, the first diode represents baseline cell behaviour with fixed parameters (n1, Rs, and Rsh)
that characterise the fundamental properties of the samples before UV exposure. The second diode
term captures additional recombination created after UV exposure, with Jo.uvio being the difference
between the initial Jo and the measured Jo at each time step.

Results and Future Scope

We obtained UV irradiance for Figure 2a and b, using ray-scattering from SunSolve. We observe
clear differences in UV radiation at various panel tilt angles (Figure 2a), indicating that module tilt
has a direct impact on UV exposure and degradation. Even with the same setup, modules can
degrade differently depending on location, since the UV spectrum varies geographically (Figure 2b).
For example, Alice Springs receives significantly higher horizontal UV radiation (49 W/m?) than Paris
(16.8 W/m?), due to factors such as altitude, ozone, and atmospheric conditions. Therefore, it is
important to test the modules for failure depending on the maximum UV dose.

| [ France
«sese Paris, Frai
1.0

1.01— Module tilt at 0° =~ Alice Springs, Australia

..... Module tilt at 30°

==+ Module tilt at 60°

0.81 0.8

0.61 0.6

0.41 0.4

Irradiance (W/m</nm)
Irradiance (W/m?2/nm)

0.24 0.2

0.0 0.0 P iiiiiiiesee et e T T ey, oo 0

200 220 240 260 280 300 320 340 360 380 200 220 240 260 280 300 320 340 360 380
Wavelength (nm) Wavelength (nm)

(a) (b)

Figure 2. (a) UV spectral irradiance for Alice springs, Australia showing different irradiance
components for module with tilt angles of 0° (shown in bold line), 30° (shown in dotted line) and
60° (shown in dashed line). (b) UV spectral irradiance for Alice springs, Australia (shown in bold

line) and Paris, France (shown in dotted line) showing different irradiance components for

module with tilt angle of 0°. Global, direct and diffuse irradiance are shown in blue, red and
green colours respectively for all the plots.

To accommodate the regional differences in UV dose and module temperature, we performed
accelerated testing at a constant UV-A irradiance of 102 W/m? across three setpoint temperatures
(45°C, 60°C, and 80°C), with exposure durations varied to achieve different cumulative doses
representing two to three months of irradiation in Alice Springs (16.6 kWh/m? at 60°C and 27 kWh/m?
at 80°C).

The experimental result at 60°C is shown in Fig.3, with A to L representing the 12 samples used.
The 16.6 kWh/m? UV dose on TOPCon samples showed a 21.5% decrease in Ter With a 45%
increase in Jo. The samples homogenously show faster degradation in the initial phase, with a slower
degradation towards the end of the experiment. This highlights a non-linear degradation rate,
contrary to the modelling approaches that assume linear degradation rates [9].
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Figure 3. (a) Effective lifetime and (b) saturation current density of UV-A at 60°C on TOPcon

Our results show that when the samples are exposed at higher temperature and higher UV dose
(80°C with a 27 kWh/m? dose), the samples record an initial degradation (12.4% T decrease and
20.6% J, increase) followed by partial recovery (5.6% Terimprovement and 4.8% J, reduction). This
temperature-dependent recovery phenomenon has not been previously reported and highlights that
the temperature dependence of UVID can be more complex than expected.
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Figure 4. (a) Effective lifetime and (b) saturation current density of UV-A at 80°C on TOPcon

These experimental results demonstrate the complex temperature-dependent behaviour of UVID in
TOPCon cells, including the unexpected recovery phenomenon at higher temperatures. The next
step involves applying the simulation and modelling framework to convert these experimental Jo
measurements into power degradation predictions using both PC1D and Quokka3 simulations,
followed by equivalent circuit modelling with single and double diode models to develop a
comprehensive lab-to-field translation model for TOPCon UVID. The DDM is used because the SDM
alone cannot fully capture the additional recombination pathways introduced by UV exposure.

This UVID degradation modelling framework for TOPCon solar cells will help us understand the UVID
susceptibility between similar cell technologies and cell architectures for different geographical
locations. This research will help us gain insights into the role of local climate and weather in different
UVID rates. This framework will provide insights about the UV tolerance of TOPCon and help the
manufacturers and researchers understand the climate-specific behaviour of these technologies
when deployed in the field.
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