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Introduction

Recycling solar panels is of increasing concern globally due to the large number of panels predicted to
enter the waste stream in the next twenty-five years (Tan et al, 2024). Without the ability to effectively
recycle the modules, they typically end up in landfill resulting in a larger environmental burden and the
removal of valuable materials like silver from the supply chain (Deng et al, 2021). Recently, a new
recycling technology, using pulsed lasers, has emerged, which has shown promise in the ability to both
delaminate the module and remove silver from the silicon cell (Bin Anwar et al, 2024, Khetri and Mool,
2024). While some research has already been conducted showing how this process works and
optimising parameters (Bin Anwar et al, 2024), exploration around the mechanisms that allow for
delamination have not been explored in detail. It is assumed that laser debonding takes place, whereby
the laser heats the surface of silicon, softening the ethylene vinyl acetate (EVA) encapsulant allowing
for removal (Khetri and Mool, 2025). However, whether this process also causes any chemical or
structural changes to the solar panel layers is unknown. Past experiments on the laser ablation of
silicon have shown several chemical and structural changes because of laser material interactions.
Chemically, the laser causes the region under the beam to very quickly reach melting and then boiling
point allowing for material removal (Lu et al, 2008). This melted region then cools and rehardens and
the conditions under which this cooling takes place can result in the melted region becoming
amorphous silicon, rather than maintaining its crystalline structure (Sun and Mool, 2018). Structurally,
intense thermal gradients can result in shockwaves and resulting cracks in the silicon surface,
damaging the integrity of the solar cell (Radziejewska et al, 2020). There is also the potential for the
cell to be heated to a point where material is ejected from the surface and then deposited elsewhere
(Lu et al, 2008). While these laser experiments have been conducted on silicon previously, using this
technique for solar panel recycling means that the glass, back sheet and EVA layers can also be
affected by interactions with the laser. For glass this has the potential to crack the surface due to
increased heat, whilst for EVA and back sheet materials chemical changes like thermal degradation
and burning are possible.

This study aimed to look at whether any chemical or structural changes occurred during laser
processing using nanosecond infrared, nanosecond green and picosecond green lasers.

Methodology

To examine whether the surface of silicon was structurally or chemically altered during the laser
processing, three separate pulsed laser treatments at different wavelengths were used. These included
infrared nanosecond (500 W, 50 ns), green nanosecond (9.72 W, 9.9 ns) and green picosecond (47
W, 9.8 ps) lasers. Solar cell wafers were used to examine structural changes at the silicon surface
because of laser treatment. This was done by performing a power sweep from 10-100% for each of
the different lasers each pulse creating its own area on the surface of the cell. These spots were then
examined using a scanning electron microscope (SEM), to examine surface changes. Due to the
changing spot size between the different laser configurations, only the nanosecond green and
picosecond green laser results were able to be studied using SEM.

To examine whether this process resulted in any chemical changes to the EVA, Raman spectroscopy
was applied to different processed samples, cut from solar modules, from previous experiments. Using
a 532 nm laser for analysis as this corresponds best with absorption in EVA, results were acquired for
EVA that had been processed using a nanosecond infrared, nanosecond green and picosecond green
laser. Given the differences in peak intensity count across the samples, the data was normalised to a
consistent peak for easy comparison.
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Results

The results of the SEM images comparing the nanosecond green and picosecond green lasers show
significant differences in spot shape and features between the different lasers at the same power
(Figure 1).
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Figure 1: SEM Images for nanosecond green and picosecond green lasers at the same power

The SEM images show significant differences in ablation pattern between the nanosecond and
picosecond laser regime. For the nanosecond green laser, there is a distinct melting and splash pattern
whereas for the picosecond laser, the beam spot remained consistent as power increased with only
the size of the spot getting larger. These images also do not contain the splash pattern as there is less
thermal diffusion when using a picosecond laser as the pulses are too short for thermal conductivity in
silicon resulting in less melting of material (Sun and Mool, 2018). Despite there being evidence of
melting, it is not currently known whether the melted and reformed surface has maintained its crystalline
structure or whether the laser conditions resulting in the melted material cooling into amorphous silicon
(Sun and Mool, 2018). Other than the melted region there is no other evidence of structural changes
in the solar cell, with no cracks visible in the solar cell or any material deposition in areas away from
the laser beam spot. The secondary ring that formed around the initial spot size is likely the result of
an inconsistent or imperfect beam profile.



# % ASIA-PACIFIC .
N ¢# SOLAR RESEARCH CONFERENCE 2-4 Dec 2025, Brisbane

Initial analysis involved comparing unprocessed EVA to EVA following treatment with a nanosecond
infrared (NSIR), nanosecond green (NSG) and picosecond green (PSG) pulsed laser, using Raman
spectroscopy. The results from all the trials were compared on the same axis shown in Figure 2.

45000

35000
)
=
=
o

© 25000
2
A%
j=
3

= 15000

5000

0 500 1000 1500 2000 2500 3000 3500
-5000

Raman shift (cm™)

Unprocessed =———NSIR NSG —PSG

Figure 2: Raw Raman Spectroscopy results comparing unprocessed EVA and EVA following different laser
treatments.

As can be seen in Figure 2, the characteristic curve from all the samples was very similar, particularly
in the 2700-3000 cm-! range, which corresponds with the carbon-hydrogen stretching region (Peike et
al, 2011). However, the intensity counts for each of the different tests varied significantly making
comparisons between the raw data challenging. To overcome this, each of the curves were normalised
so that the highest peak at approximately 2851 cm was 1000 counts and every other peak was
normalised to this standard, shown in Figure 3.
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Figure 3: Normalised Raman Spectroscopy results to the peak at 2851 cm-1

When the results are normalised as seen in Figure 3, differences in peak arise at 1000- 1200 cm-',
600-736 cm™' and 520 cm-'. The peak at 520 cm' corresponds to silicon as the unprocessed sample
was examined with the solar cell underneath the EVA, while the processed samples were only EVA
and glass. The broad peak between 1000 — 1200 cm-! corresponds with some of the major EVA
vibrations particularly carbon-carbon bond stretching in both the ethylene unit and acetates (Peike et
al, 2011). This suggests that the bonds have been weakened or have disappeared from the EVA as a
result of the laser treatment. The peak between 600 — 736 cm™' corresponds to the oxygen-carbon-
oxygen bending in the acetate group (Peike et al, 2011). The disappearance of this peak following
treatment can indicate degradation of the vinyl acetate component. The chemical changes in the EVA
chemistry could be the reason, samples are able to be delaminated, however further investigation of
other potential delamination mechanisms is required.
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