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A B S T R A C T

In this study, the edge passivation effectiveness and long-term stability of Nafion polymer in n-type interdigi-
tated back contact (IBC) solar cells are investigated. For new module technologies such as half-cut, triple-cut,
or shingled modules, cutting of the cells introduces unpassivated edges with a high recombination rate and
this limits the module power. These cut edges can be ‘‘repassivated’’ after cutting and in this work Nafion
polymer is used to achieve this. First, different edge types, namely emitter edges (n+/n/p+) and back surface
field (BSF) edges (n+/n/n+), as well as different cutting techniques such as laser cut and cleave (L&C), thermal
laser separation (TLS), and mechanical cleaving are evaluated. It is found that TLS and mechanical cleaving
enable good repassivation on both BSF and emitter edges. Second, industrial-size IBC solar cells are made to
assess the effect of the edge repassivation on performance. On 1/4-cut M2 size IBC cells with two emitter
edges, efficiency is improved by over 0.3%abs. However, an efficiency improvement was not observed for
similar cells with BSF edges, due to an insufficient passivation at the bulk edges. Last, the real-world stability
of the Nafion repassivation is evaluated in industrially relevant module stacks by laminating the repassivated
wafers with ethylvinylacetate (EVA) or polyolefin elastomer (POE) encapsulants and then exposing them to
industry standard testing of 1000 h under damp heat conditions (85 ◦C, 85% relative humidity). The tests
reveal that the repassivation is stable in EVA encapsulants but not in POE.
. Introduction

The passivation of silicon solar cells has been continuously devel-
ped for many years and the combination of advanced cell structures
ith different passivation materials has been key to boosting the con-
ersion efficiency. Since aluminum back surface field (Al-BSF) solar
ells were introduced, the front n+emitter in p-type silicon solar cells
as been well passivated with SiN𝑥. Likewise, on passivated emitter
nd rear cells (PERC), the rear side is well passivated with Al2O3 [1].
assivation strategies have also been developed for metal contact areas
nd these are commonly used in n-type solar cells. Examples include
unnel oxide passivated contacts (TOPCon) cells, where the passivation
s based on polysilicon/SiO𝑥 structures [2], and silicon heterojunction
SHJ) solar cells based on the passivation of amorphous silicon [3]. In
ontrast, edge passivation is generally less effective than surface passi-
ation. However, the edges also play a significant role in the efficiency
f solar cells. For traditional Al-BSF cells, Wong et al. state that ‘‘there
an be ∼0.25%–0.6% absolute efficiency gain if the peripheral and edge

∗ Corresponding author at: International Solar Energy Research Center (ISC) Konstanz, Rudolf-Diesel-Str. 15, Konstanz, 78467, Germany.
∗∗ Corresponding author.

E-mail addresses: ning.chen@isc-konstanz.de (N. Chen), daniel.tune@isc-konstanz.de (D. Tune).

recombination sources are eliminated’’ [4]. PERC cells show better edge
passivation than Al-BSF cells, with edge recombination losses up to
0.2%abs for a 21% efficient M0 size (156 mm × 156 mm) cell [5].
The TOPCon cell concept has an edge recombination loss of 0.5%abs
based on the modeling of an M0 cell with a full edge recombination and
without edge recombination [6]. The SHJ cells suffer edge recombina-
tion losses due to both imperfect edge passivation and the transparent
conductive oxide (TCO) gap that prevents short circuits from front
to back [7]. Advanced module technologies such as half-cut, triple-
cut, or shingled modules can provide significant increases in module
power. However, the cutting and/or cleaving processes introduce new
unpassivated edges which cause additional edge recombination and
reduce the efficiency potential. For high efficiency solar cells such as
TOPCon and SHJ cells, edge recombination has a greater effect on
absolute efficiency losses after cutting than for lower efficiency PERC
cells. When the cell area becomes small with a high edge-to-area ratio,
the edge recombination effects become more severe.
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The traditional industrial solution for edge treatment focuses pri-
marily on isolation of the edge [8]. Edge passivation is mainly achieved
as a beneficial side effect of the surface passivation process of a solar
cell and there is no cost-effective industrial solution for passivating just
the cut edges of half, triple or shingled cells. In the lab, researchers have
developed several small-scale solutions, including:

• Partially passivating the edges during front-end processes [9,10].
• Creating a structure to avoid cutting through the emitter region.

For example, the emitter window approach or similar [11,12], or
simply cutting through BSF regions for interdigitated back contact
(IBC) solar cells [13].

• Using advanced cutting methods to reduce laser damage. Me-
chanical damage can be reduced using thermal laser separation
(TLS) [14,15], and module power gains have been reported [16].
Another method is to cleave without causing any laser damage to
the edge. For this, the wafers should be cut from the ingot such
that the crystal orientation is parallel to the wafer edges [17].

• Passivating the edge using Al2O3 after laser cutting, namely ‘‘Pas-
sivated Edge Technology’’ [18]. Using this technique, very good
passivation has been achieved on both PERC and SHJ cells [18–
21].

Among the methods, the Al2O3 passivation method has great poten-
tial to become a standard process for industry. However, there are still
bottlenecks to overcome. For example, the Al2O3 is usually deposited
under vacuum and in heated conditions, and post annealing or thermal
treatment is needed to activate the passivation.

As an alternative, it is possible to use the very strong field effect
passivation provided by certain Lewis acid organic polymer thin films,
especially the so-called superacids. After the first reports of silicon
surface passivation from Biro and Warta in 1998–2002 [22,23], this
technique has been attracting significant renewed interest in recent
years, starting with the 2016 reports of Bullock et al. [24] and Hos-
sain et al. [25] and continuing through a growing number of other
works [26–31]. Compared to other methods of silicon surface passi-
vation, these organic polymer films have the advantage that they can
be deposited at room temperature using non-vacuum processes such as
spin-, dip-, spray- or slot-die coating. Of the various superacids studied,
Nafion (sulfonated tetrafluoroethylene) is particularly promising for
industrial application due to its relatively low reactivity and thus
stability potential. Recently, we extended the application of Nafion
passivation to the edges of laser-cut silicon solar cells and demonstrated
the critical importance of the morphology of the edge surface, whether
laser damaged or cleanly cleaved, in determining the extend of edge
passivation achievable through this technique [32,33]. Similarly, Li
et al. used Nafion edge passivation on a 9 cm2 SHJ cell, showing a
𝑉𝑜𝑐 improvement of 8 mV, and an improvement of 1–2%abs in effi-
ciency [34], while Chen et al. showed that an alkaline etching and
cleaning procedure can improve the edge passivation by removing laser
damage [35].

In this work, we further extend the Nafion edge passivation concept
through a systematic study on industrial size n-type silicon solar cells.
The edge passivation is applied on the newly cut or cleaved edges to
recover partly the cut losses, which is also referred to as edge repas-
sivation hereafter. Different types of industrially relevant cut edges
were evaluated, including emitter edges (n+/n/p+) and BSF edges
(n+/n/n+), as well as different cutting techniques. The edge repassiva-
tion was tested on n-type IBC solar cells and electrical parameters were
compared before and after repassivation. Importantly for commercial
application, we show for the first time that the Nafion passivation can
withstand the accelerated damp-heat testing regime of the IEC 61215
industrial qualification standard for photovoltaic modules when the
2

modules are manufactured using a standard industrial bill of materials.
Fig. 1. Images of a solar cell fabricated for edge repassivation evaluation. The left
image is the front side of a cell. The right image is the rear side of a cell, and the cell
was cut into 1/4 sizes through the gaps.

Table 1
Solar cells’ IV changes (𝛥) after repassivation, with and without HF clean. Cells are
TLS emitter cut with 1-edge.

Group Cell 𝛥𝑉𝑜𝑐 𝛥𝐽𝑠𝑐 𝛥𝐹𝐹 𝛥𝜂
number (mV) (mA/cm2) (%) (%)

HF clean 3 −0.10 ± 0.13 0.08 ± 0.00 0.31 ± 0.07 0.13 ± 0.03
non-HF clean 3 0.26 ± 0.07 0.19 ± 0.02 0.31 ± 0.05 0.15 ± 0.04

2. Experimental

2.1. Lifetime and solar cell samples

M2 (156.75 mm × 156.75 mm) n-type Czochralski (CZ) (100)
oriented wafers, with a thickness of 175 μm and a base resistivity of
4 ±1 Ω cm were used as lifetime test structures as well as solar cell
samples. All wafers were saw damage etched in a KOH solution and
cleaned in a piranha solution. The emitter edge samples were doped
using BBr3 and POCl3 diffusion, respectively. The BSF edges samples
were first textured in a KOH bath with a texture additive, and then
double-sided diffused with POCl3. Solar cells were fabricated using our
best-known method (BKM) described previously [36,37]. One of the
features is that the passivation layer was in-situ grown SiO2 and then
capped with SiN𝑥 [38].

The IBC cells were designed to be cut into 1/4 sizes through either
the emitter or BSF regions [13], and the images are shown in Fig. 1.
The lifetime samples were cut into 4 mm × 4 mm. Different methods
were used to cut the edges, including (1) TLS cut, using an industrial
tool (3D-Micromac); (2) Laser cut and cleave (L&C) using a nanosecond
laser with a laser damage depth around 80 μm (F20, InnoLas); (3)
Cleaving was done manually. After scribing the wafer edge with a
diamond pen, the wafer edge was manually cleaved to a 45◦ angle.

2.2. Edge repassivation using Nafion

Nafion perfluorinated resin solution, 5 wt% in mixture of lower
aliphatic alcohols and water, contains 15%–20% water, from Sigma-
Aldrich was used in the study. To remove native oxide from the wafer
edges, the wafer edges were dipped into 5vol.% HF for 10 s followed
by a DI water rinse and N2 blow drying.

Passivation was achieved by dipping the cell edges in Nafion so-
lution for 10 s, followed by N2 blow drying. In the case of solar
cell repassivation, two groups of solar cells were also tested with and
without HF cleaning before Nafion, to check whether the HF cleaning
can be skipped (to avoid HF corrosion to solar cells). The edge of
the cell was dipped into Nafion solution and then dried with N2. The
process flow of edge repassivation on solar cells is shown in Fig. 2.
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Fig. 2. Process flow of edge repassivation on solar cells. M2 size IBC solar cells were cut into 1/4 sizes; then repassivated by Nafion using dip coating.
Fig. 3. Samples for edge repassivation evaluation and results. (a), (b), (c), and (d) are n-type silicon wafer samples with different types of edges; (e) shows PL images of the (a–d)
samples before Nafion repassivation while (f) shows PL images of the samples after Nafion repassivation; (g) shows PL intensity profiles of different types of edges before and
after repassivation, measured from the square areas marked in (e) and (f); (h) shows normalized PL intensity profiles (measured PL intensity divided by maximum of PL intensity
of each curve) of TLS edges before and after repassivation.
2.3. PL and IV characterizations

Photoluminescence (PL) and IV were measured for the samples to
evaluate the edge repassivation. The PL was measured using a custom-
built PL system (ISC Konstanz), integrated with a macro lens described
in a previous publication [33]. A Class AAA xenon flasher (Halm Elek-
tronik) was used for IV characterization under standard test conditions.
A measurement chuck, based on printed circuit board technology, was
specifically designed for back contact cells.

2.4. Encapsulated samples and damp heat tests

The wafer samples were laminated in a solar module laminator
(Phototrade - P. Energy). Module structure comprises 2 mm thick glass
and transparent backsheet (Dunmore DS450). In the case of EVA, the
3

lamination temperature is 145 ◦C, and the lamination time is 10 min;
the lamination temperature for POE is 150 ◦C, and the lamination time
is 13 min. The damp heat test was conducted in a climate chamber
(Vötsch) at 85 ◦C, 85% relative humidity for 1000 h in accordance with
IEC 61215. The PL was measured at various intervals during the test,
including before lamination, after lamination, at DH 0 h, 25 h, 100 h,
260 h, 500 h, 785 h, and 1000 h.

3. Results and discussion

3.1. Nafion passivation of the different edges

PL is a useful tool for qualitative lifetime analysis of wafers as
well as the passivation of their edges [39,40]. A high-resolution PL
imaging technique was used in this study for the evaluation of edge
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Table 2
Solar cells’ IV changes (𝛥) after repassivation.
Group Cell 𝛥𝑉𝑜𝑐 𝛥𝐽𝑠𝑐 𝛥𝐹𝐹 𝛥𝜂

number (mV) (mA/cm2) (%) (%)

L&C, BSF 1-edge 3 0.02 ± 0.22 −0.02 ± 0.00 −0.03 ± 0.02 −0.02 ± 0.00
L&C, emitter 1-edge 3 −0.05 ± 0.04 −0.01 ± 0.00 −0.05 ± 0.02 −0.01 ± 0.02
TLS, emitter 1-edge 6 0.10 ± 0.19 0.08 ± 0.01 0.31 ± 0.08 0.14 ± 0.03
TLS, emitter 2-edge 5 0.76 ± 0.11 0.17 ± 0.01 0.68 ± 0.10 0.32 ± 0.04
TLS, BSF 1-edge 6 −0.16 ± 0.14 0.01 ± 0.01 −0.03 ± 0.02 0.00 ± 0.01
TLS, BSF 2-edge 5 0.18 ± 0.25 0.00 ± 0.02 −0.01 ± 0.05 0.01 ± 0.03
Reference (no repassivation) 5 −0.03 ± 0.24 0.00 ± 0.04 −0.01 ± 0.09 0.00 ± 0.02
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Fig. 4. Quokka3 simulation results of potential efficiency improved with different
dge recombination parameters. The simulation was done for a M2 1/4-cell with two
ecombining edges, either BSF or emitter edges. Efficiency improvement was simulated
ompared with cells with very high edge recombination (𝐽02, edge = 19 nA/cm and

recombination of 𝑞𝑛 bulk 𝑆𝑒𝑓𝑓 = 106 cm∕s. The horizontal dashed line represents the
.32%abs efficiency improvement measured on emitter cells, and the vertical dotted
ine corresponds to the 𝑆𝑒𝑓𝑓 value at which 𝐽02, edge = 3 nA/cm.

assivation [32] and both lifetime samples and solar cells can be
uickly evaluated using this technique. Lifetime samples were prepared
o represent different types of edges and cutting methods of n-type
ells. Based on the cell structure, there can be two types of wafer
dges, emitter edges (n+/n/p+) and BSF edges (n+/n/n+). Depending
n the application, emitter edges might represent (1) all front and rear
ontact cells edges when the cut is always through emitter regions or
2) for IBC cells, when the cut is through emitter regions. The BSF
dges represent a special case for IBC cells, when the cut is through BSF
egions. Additionally, different cutting methods were also evaluated,
ncluding TLS, L&C [41], and mechanical cleaving. Four types of edges
ere included in the test as shown in Fig. 3:

• (a) Emitter edge (n+/n/p+) with TLS cut;
• (b) Emitter edge (n+/n/p+) with L&C on the n+side;
• (c) Emitter edge (n+/n/p+) with no laser damage, only cleaving

through the emitter regions;
• (d) BSF edge (n+/n/n+) with TLS cut.

Qualitative differences in edge repassivation of the four types of
amples can be clearly observed in the PL images shown in Fig. 3. Prior
o repassivation (Fig. 3(e)), all edges appear blurry and indistinct from
he black background. However, after repassivation (Fig. 3(f)) the TLS-
ut and the mechanically cleaved edges have become much sharper and
re clearly distinguishable from the black background, indicating an
mprovement in edge passivation.

To better quantify the effect of edge repassivation, the PL intensity
f different samples was plotted along a line from the wafer edge
4

0 mm) towards the center of the wafer up to a distance of 4 mm and e
the resulting PL intensity profiles are shown in Fig. 3(g) for each type of
cutting process. The blue curves were taken from the PL images before
repassivation whereas the red curves from the images after Nafion
repassivation. For all samples, the PL signal increases gradually from
the edge towards the center of the wafer and saturates at a level limited
by bulk and surface passivation (a typical distance of several times the
minority carrier diffusion length).

In the case of emitter samples (the upper three plots of Fig. 3(g), and
shown schematically in Fig. 3(a–c)), the profiles before repassivation
are similar. After repassivation, TLS and mechanical cleaving show
similar repassivation effectiveness as indicated by identical PL profiles.
There was no repassivation on the L&C sample due to severe laser
damage to the edge. For repassivation, a smooth cut edge (from either
TLS or 45◦ cleaving) is essential [42]. In the TLS BSF samples (with

LS cut through the n+/n/n+edge), the initial passivation quality is
oor due to the passivation of BSF samples is not as good as that of the
mitter samples. A better comparison of repassivation between BSF and
mitter samples can be achieved by comparing normalized PL profile
urves as shown in Fig. 3(h). By normalizing the PL profile curves,
he initial passivation difference between the two samples can be ex-
luded. From 3(h) we observed that the TLS BSF cut edge shows better
epassivation than TLS emitter cut edge before repassivation process.
hereas after repassivation the two profiles are similar to each other.
quantitative modeling of edge recombination using Quokka3 tool

as previously presented by Fell [6]. This simulation model accounts
or the recombination at the edge from the space-charge-region (SCR)
f the emitter and the quasi-neutral (𝑞𝑛) bulk of the Si base. Thus,
or BSF cut edges, only the 𝑞𝑛 recombination losses are dominant.
or the emitter cut edges, the recombination losses are caused from
oth SCR and 𝑞𝑛 regions. Before repassivation, the difference between
hem was the SCR recombination. Following repassivation, the PL
rofiles of both edges become similar, indicating a significant reduction
n SCR recombination. The repassivation quality of both edges after
epassivation is constrained by the 𝑞𝑛 bulk edge.

.2. Repassivation on solar cells

To evaluate the Nafion repassivation at the cell level, n-type IBC
olar cells were prepared. M2 size IBC cells were prepared and cut into
/4 sizes using TLS and L&C. Nafion repassivation was performed using
ip coating and the IV characteristic were measured before and after
epassivation.

First, a test was conducted to determine whether the HF cleaning
tep could be skipped. The results are summarized in Table 1. As can
e seen in Table 1, a similar efficiency gain can be achieved without
he use of HF cleaning. The presence of native SiO𝑥 on the edge
as the potential to influence the repassivation quality of Nafion and
s usually removed by HF etching. However, Table 1 shows that no
mprovement in repassivation quality was observed after additional HF
tching before Nafion treatment. For a cost-effective industrial process,
his HF etching post metallization should anyway be avoided. In the
ollowing experiment, all cells were treated without HF cleaning.

Different groups of samples were evaluated including different cut-
ing methods (L&C and TLS), different edge types (emitter and BSF

dges), as well as different cut-edge numbers (1-edge and 2-edge),
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Fig. 5. IV curves measured on a 1/4 M2 cell before (blue cross) and after repassivation (red dots), the cell was with 2-edge cut through emitter by TLS. The IV parameters and
the cell images are also indicated.
Fig. 6. PL results of edge repassivation over time, when the edge was exposed in the
air.

and reference samples (L&C BSF cut cells with 2-edge) without repas-
sivation were also measured to confirm the repeatability. Table 2
summarizes the IV results in detail. No repassivation was observed
on either BSF or emitter edges of L&C cut samples. On TLS emitter
cut samples, a clear improvement in efficiency was observed. In 1-
edge cells, efficiency was improved by 0.14%abs; and in 2-edge cells,
efficiency was improved by 0.32%abs. However, on BSF cut samples,
no repassivation was observed. Factors contributing to this include:

• The edge recombination on BSF samples is relatively small. This
is demonstrated by the Quokka3 simulation results in Table 3,
which show the change in the IV parameters of a 1/4-cell with
and without edge recombination. These simulation results were
taken from [13] and were confirmed by the experimental data. As
can be seen from Table 3, when cutting through the BSF regions,
the efficiency losses are only around one-third compared with
cutting through emitter regions. Therefore the potential efficiency
gain from repassivation is relatively small for BSF cut region. For
emitter samples, there was approximately 30 to 40%rel of initial
efficiency loss was recovered by Nafion repassivation.

• Quokka3 simulation was performed to evaluate how SCR (defined
by 𝐽 ) and 𝑞𝑛 bulk edge (defined by 𝑆 ) recombination
5

02, edge 𝑒𝑓𝑓
parameters influence the cell efficiency. The results are shown
in Fig. 4. The simulation results agree with the experimental
observed 2-edge repassivation improvement for TLS cut emitter
and BSF cells in Table 2 if one assume a 𝐽02, edge ≤ 3 nA/cm and
a 𝑆𝑒𝑓𝑓 in a range of 4000–8000 cm/s. By comparing the 𝐽02, edge
and 𝑆𝑒𝑓𝑓 values required to fit the experimental cut cells before
and after repassivation, one can see that the largest effect of
Nafion repassivation consist in significant reduction of edge SCR
recombination (𝐽02, edge). The additional reduction in 𝑆𝑒𝑓𝑓 from
𝑆𝑒𝑓𝑓 = 106 cm∕s to 𝑆𝑒𝑓𝑓 = 4000 cm∕s only seems to be beneficial
for emitter cut. For BSF cut cells a 𝑆𝑒𝑓𝑓 below ∼ 1000 cm/s would
be needed to observe a repassivation effect.

• The final significant factor to consider is the uniformity of repas-
sivation along the cut edge. From PL measurements, it was ob-
served that the repassivation uniformity on solar cells is lower
than that on lifetime samples. The PL profiles for the lifetime
samples in Fig. 3 are taken locally in a part of the cut edge
with fewer defects in order to assess the maximum repassivation
capability whereas the solar cell IV measurements take into ac-
count the effect of repassivation over the entire length of the cut
edge. This non uniformity in the edge repassivation effect may
explain the apparent discrepancy between the results on lifetime
samples and the magnitude of the efficiency improvements upon
Nafion treatment of the BSF and emitter cut cells. Therefore, it is
conceivable that by improving the uniformity of the repassivation
by Nafion treatment of the cut edge, a higher improvement in cell
efficiency would be possible. The potential for such improvements
is shown in Fig. 4 if one assume further reduction in 𝐽02, edge and
especially in 𝑆𝑒𝑓𝑓 values.

Nevertheless, an average of 0.32%abs efficiency gain from Nafion
edge repassivation is still significant improvement. One of the best cells
with repassivation on two edges can be observed in the IV curves shown
in Fig. 5. It is evident from the IV curve and IV parameters that the
improvement was predominantly due to increased FF, with only slight
improvements in 𝐽𝑠𝑐 and 𝑉𝑜𝑐 .

3.3. Damp heat test results

In air, the Nafion repassivation is not stable and the edge repas-
sivation effect on the solar cell level rapidly wears off. This can be
readily observed in Fig. 6, where the initially excellent repassivation of
an unencapsulated TLS emitter cut sample degrades over several hours
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Fig. 7. PL results of samples encapsulated with either EVA or POE and tested before and after exposure to damp heat (DH) conditions. The results of the PL measurements were
taken before DH (DH0), after 100 h of damp heat exposure (DH100), and after 1000 h (DH1000), measured from the square areas marked. The normalized PL intensity profiles
of Nafion passivated edges in EVA and POE are shown in (b) and (c), respectively.
of air exposure. The degradation can be observed from the gradient
changes (from sharp to flat) of PL profiles measured at different time
intervals.

An adhesive foil has been used in previous studies to protect the
Nafion passivated samples from degrading [23]. However, this solu-
tion is not relevant for industrial production where several standard
encapsulating materials are instead used to protect the solar cells. In
this work, we studied whether or not such standard industrial encap-
sulation materials can preserve the passivation, as well as whether the
Nafion passivation can withstand the heating and mechanical pressures
introduced during the module assembly process.

After assembling modules with standard industrial processes and
materials, the stability of the edge repassivation was evaluated by
damp heat (DH) testing according to the IEC 61215 standard. For
the evaluation of edge repassivation stability, lifetime samples and
high-resolution PL were again used. TLS cut samples were used since
these showed encouraging results in the previous experiment and the
tools are already commercially available. Samples were encapsulated
with ethylene vinyl acetate (EVA) or polyolefin elastomers (POE) in a
glass/backsheet structure.

PL images taken immediately after encapsulation and after 100 h
of damp heat exposure (DH100) and 1000 h of exposure (DH1000)
are shown in Fig. 7(a). Combined with the PL intensity plots shown
in Figs. 7(b) and 7(c), these show the extent of the repassivation effect
of Nafion following the lamination process with both EVA and POE,
as well as clearly demonstrating that the repassivation can survive the
lamination process. However, the level of repassivation after lamination
reduced in the POE case (starting point at 𝑥 = 0 mm), relative to
that of the EVA (starting point at 𝑥 = 0 mm). In addition, signifi-
cant differences are observed between the rates of degradation of the
6

Table 3
Quokka3 simulation results from [13], solar cells’ IV changes (𝛥) before and cutting.

Group 𝛥𝑉𝑜𝑐 𝛥𝐽𝑠𝑐 𝛥𝐹𝐹 𝛥𝜂
(mV) (mA/cm2) (%) (%)

emitter 1-edge −2.04 −0.09 −1.15 −0.45
emitter 2-edge −3.97 −0.19 −2.20 −0.85
BSF 1-edge −0.84 −0.17 −0.16 −0.17
BSF 2-edge −1.68 −0.33 −0.32 −0.33

repassivation using EVA and POE, with the repassivation almost fully
degraded after only 100 h in POE but with the repassivation remaining
relatively stable even after 1000 h in EVA. POE is usually preferred
over EVA for encapsulation, especially for n-type solar cell because of
its better resistance against potential-induced degradation (PID) and
superior moisture barrier performance. However, this work clearly
demonstrates that EVA performs better in regards to maintaining the
repassivation effect of the Nafion polymer.

4. Conclusion

In this study, edge repassivation of cut n-type silicon IBC so-
lar cells using Nafion polymer was investigated. It was shown that
Nafion can be used to passivate the cut edges of both n+/n/n+and
n+/n/p+sample structures, but that the repassivation is more effective
on n+/n/p+structures (a solar cell) than on n+/n/n+structures (a sym-
metric BSF sample). Furthermore, the effectiveness of the repassivation
depends strongly on the cutting method used, with edges that have less
laser damage after cutting (such as TLS) or mechanically cleaved edges
being more susceptible to repassivation. An efficiency improvement of
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over 0.3%abs was measured on 1/4-cut M2-size IBC solar cells with
LS cut emitter (n+/n/p+) edges, but there was no edge passivation
bserved on cut edges of symmetric n+/n/n+structures or on solar cells

with L&C cuts which is limited by passivation on bulk edge region.
Importantly for industrial application of this material, encapsulation
using EVA and POE were demonstrated to provide protection of the
passivation through the solar module lamination process. However,
only the EVA encapsulation provided protection against degradation of
the passivation over time, with the edge passivation remaining stable
even in harsh damp heat conditions (85 ◦C, 85% relative humidity) for
1000 h as per the IEC 61215 standard. In contrast, POE failed to provide
such protection, with almost complete degradation of the encapsulant
with only 100 h of damp heat exposure.

In summary, this work has shown that Nafion polymer can be used
to repassivate the edges of cut n-type solar cells, but that the degree of
repassivation provided depends heavily on the method used to cut the
cells. Furthermore, this work has also shown for the first time that the
repassivation provided by this material can be stable under harsh ac-
celerated aging conditions when encapsulated with industrial standard
EVA polymer. The repassivation can be achieved with a simple solution
process at room temperature and without the use of vacuum, and this
process could be simply integrated into the inline wet chemistry tools of
industrial module manufacturing lines. Further research is necessary to
improve the repassivation of n-type bulk regions and achieve uniform
passivation on cell edges. Additionally, it is important to investigate
the observed degradation in POE samples. Nevertheless, the results of
this work firmly establish the viability of Nafion polymer, or analogues
thereof, for edge passivation of industrial solar cells.
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