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Abstract. This work aims to study the efficiency of ion implantation using P-III (Plasma-Immersion Ion Implantation) to
passivate the cut edges of half Silicon HeteroJuntion (SHJ) and Tunnel Oxide Passivated Contact (TOPCon) technologies.
The samples are cut using the Thermal Laser Separation process (TLS-Dicing™). Edge qualities and sample performances
are measured via Light Beam Induced Current (LBIC) and Suns-Voc to evaluate the degradation after the cutting process.
The Passivation by P-III is carried out under different conditions, varying the type of gas, the dose, the plasma mode and
the plasma potential. Results show no significant gain when SHJ and TOPCon half cells are implanted using H» plasma
gaz. However, the use of O, plasma to passivate TOPCon cut edges shows interesting results but need to be confirmed on
a larger group of samples.

INTRODUCTION

Silicon based solar cells have reached impressive conversion efficiencies, gradually approaching the Shockley-
Queisser limit with a record at 26.7% for an IBC (Interdigitated Back Contact) solar cell developed in 2017 by K.
Yoshikawa et al [1,2]. In parallel, the best module efficiency obtained with the same type of solar cell only reaches
24.4% [1,2]. Many studies have been published in order to understand and limit the losses when assembling the cells
into modules. Among other issues, those researches highlight the important role of the resistive losses in the cells
interconnections [3-10].

The use of cut cells has emerged as a possible alternative in order to limit these resistive losses. Indeed, with
smaller cells connected in series, the current generated is lower and so are the resistive losses. However, the fabrication
of cut cells brings new challenges such as the development of a low loss cutting technique or the passivation of the
cut edge. Despite those challenges, this topic is important enough to find itself as one of the main objectives of a
European project such as the H2020 HighLite project [11].

Regarding the cutting process challenges, different approaches have been studied in the literature: Mechanical
Cleaving (MC) [12-15], Laser Scribbing and Mechanical Cleaving (LSMC) [16-22] and Thermal Laser Separation
(TLS) [12,14,18,21-23]. Results show lower losses, higher mechanical strength and smoother edges when the latter
technique is used. Regarding the passivation of the cut edge, some researches have investigated the use of different



coating materials such as SiNx [16], AlOx [23,24] or a-Si:H [15,25], giving mitigated results. In the best case, the
coating and annealing process allowed to recover half of the losses due to the cutting process but in most studies, the
passivation gave no significant improvement of the cut cell performances.

In our research, we propose to study a new approach to passivate the cut edge using Plasma-Immersion Ion
Implantation (P-III). This method has the advantage of (i) already being used in the fabrication of some solar cells for
the doping and the passivation of layers [26] and (ii) unlike coating, not being very sensitive to the roughness quality
of the edge.

MATERIAL AND METHOD

The interest of passivation using P-III is investigated on two efficient technologies: SHJ (Silicon HeteroJunction)
and TOPCon (Tunnel Oxide Passivated Contact) solar cells whose best efficiency for large cells have reached
respectively 25.8% and 25.2% [1,27]. The cells are cut using the TLS-Dicing™ technique to ensure the best edge
quality. The degradation of the edge after the cut is observed using Light Beam Induced Current (LBIC) and quantified
by Suns-Voc measurements. They are then passivated in a plasma chamber using the ©PULSION implanter
(represented in Fig. 1). The cells are placed in the plasma chamber in such manner that the surfaces are protected and
that the cut edge is the most exposed to the ions.
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FIGURE 1. Schematic representation of the ©PULSION implanter.

Results of three campaigns of implantation are discussed in this article. Campaign n°1 aims to observe the impact
of Hz implantation and annealing on SHJ cut cells compared to full SHJ cells. Implantation and annealing parameters
for this campaign are written in Table 1. Campaign n°2 seeks to compare different H> implantation conditions
performed on SHJ half cells (parameters can be found in Table 2). Campaign n°3 explores this time the implantation
of Hz and Oz on TOPCon cut cells using different plasma mode. The implantation and annealing parameters for this
campaign are summarized in Table 3. In each campaign, several cells were kept un-implanted as references.

RESULTS AND DISCUSSIONS

Quality of the edges after the cut.

First, LBIC measurements were carried out on un-implanted samples. Figure 2 compares LBIC profiles probing
the cut edges (red curves) with LBIC profiles probing the uncut edges (black curves) for the two types of technologies.
TOPCon’s profiles (Fig. 2a) clearly show a more gradual decrease of the LBIC signal near the cut edge which attests
of its lower quality. SHJ’s profiles (Fig. 2b) are more difficult to analyze since the uncut edge appears to be wider
than the cut edge. This could be explained knowing that the TCO layer (Transparent Conductive Oxyde) is wider than
the absorber in the SHJ cells causing reflections and a larger apparent edge. Because of this reflection artefact and of
the metallization shading, it is difficult to quantify the degradation of the cut edges. However, one can still observe a



slightly decreased signal very near the cut edge. In the following sections, to properly quantify the degradation of the
cells after the cutting process and any possible gain after the implantation and annealing processes, Suns-Voc
measurements have been performed on different group of samples.
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FIGURE 2. Normalized LBIC profils perpendicular to a cut edge compared to the one perpendicular to an uncut edge of an un-
implanted (a) half TOPCon sample and (b) half SHJ sample.

Campaign n°1: Impact of the cut, implantation and annealing on SHJ solar cells.

TABLE 1. Implantation and annealing parameters used for the campaign n°1.
P-1I1 P-1I1 P-111 Plasma Annealing  Annealing Number of

Technology Format

gas  potential dose mode Temperature time samples
Full - - - - 170°C 10 min 2
SHJ Full H2 200V 10" cm? Continuous - - 3
Half H2 200V 10" cm? Continuous 170°C 10 min 12

In this campaign, the pseudo-performances of 5 full SHJ solar cells are measured before any treatment to assess
their initial quality. The same measurements are performed on a dozen of half SHJ cells and results are plotted in Fig.
3. A clear loss of approximately 0.2% of the pseudo-efficiency can be observed by comparing the performances of
the full and half cells. Then, the half cells are implanted at low potential and medium dose using a continuous Ha
plasma. Pseudo-efficiencies of the half cells measured right after the implantation show a slight decrease. We have
also performed the same implantation process but on 3 full SHJ solar cells showing the same order of magnitude of
degradation, proving that due to H> implantation, not only the cut edges can be damaged but also the uncut edges.
After the implantation, a 10 minutes annealing at 170°C is performed on the cut and implanted half SHJ cells and on
two full SHJ un-implanted cells. In both cases we observe a small increase in the measured pseudo-efficiency. The
fact that the same improvement in the performances can be observed on the full and un-implanted SHJ cells shows
that the increase of the pseudo-efficiency might not be related neither to the cut nor to the implantation but that
probably other areas of the samples are improved. We have also performed other series of annealing, but due to the
maximum temperature that can accept the amorphous layer in the SHJ structure, higher temperature annealed cells
only show a degradation of their performances again.
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FIGURE 3. Pseudo-efficiencies measured on five full SHJ cells compared with the pseudo-efficiency measured on a dozen of
half SHJ cells after the cut, after the H, implantation and after series of annealing at 170°C for 10 minutes then 190°C for 10
minutes.

Campaign n°2: Investigating several H, implantation conditions on SHJ half cells.

TABLE 2. Implantation and annealing parameters used for the campaign n°2.

Technology Format P-II1 P-III. P-I1I dose Plasma Annealing Ann.ealing Number of
gas  potential mode Temperature time samples
SHI Half - - - - 170°C 10 min 12
SHJ Half H: 200V 5x10"c¢cm?  Continuous 170°C 10 min 12
SHJ Half H: 200V 1x10'*cm?  Continuous 170°C 10 min 12
SHJ Half H» 2500V 5x10®c¢m?  Continuous 170°C 10 min 12
SHJ Half H» 4800V 5x10"c¢m?  Continuous 170°C 10 min 11
SHI Half H2 4800V 1x10*cm?  Continuous 170°C 10 min 9

In this part, more Hz implantation conditions have been investigated on a large group of samples after the cutting
process. Several half SHJ have been kept un-implanted as references to quantify the gain introduced by annealing
without prior implantation. Then, varying the dose and the potential of the continuous Hz plasma, five implantation
conditions have been performed on the half SHJ cells. Results are shown in Fig. 4. For most of the investigated
conditions, the same amount of degradation in the pseudo-efficiency is observed right after the implantation. After
annealing, it appears that the performances that was lost du to the implantation have been recovered so that in the end,
the implanted and annealed cells show the same performances than the un-implanted but annealed cells. Except for
the condition with the highest potential and the highest dose implanted, where the damage after the implantation was
to important.
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FIGURE 4. Pseudo-efficiency measured on a large group of SHJ half cells before any treatment, before and after annealing
without prior passivation and before and after annealing with prior implantation.
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Campaign n°3: Investigating several H; and O; implantation conditions on TOPCon half
cells.

TABLE 3. Implantation and annealing parameters used for the campaign n°3.

Technology Format P-II1 P-III. P-III dose Plasma Annealing Ann.ealing Number of
gas _ potential mode Temperature time samples
TOPCon Half - - - - 350°C 10 min 14
TOPCon Half 0 oV 1x10' cm™ Pulsed 350°C 10 min 2
TOPCon Half 0> 100V 1x10"7 cm™ Pulsed 350°C 10 min 2
TOPCon Half 0> 100V 5x10% cm? Pulsed 350°C 10 min 2
TOPCon Half O 5500V 5.5x10" cm™ Pulsed 350°C 10 min 2
TOPCon Half 0> 1000V 1x10' cm? Pulsed 350°C 10 min 2
TOPCon Half 0> 1000V 1x10'7 cm? Pulsed 350°C 10 min 2
TOPCon Half H 200V 5x10" cm™ Pulsed 350°C 10 min 1
TOPCon Half H 200V 1x10' cm™ Pulsed 350°C 10 min 1
TOPCon Half H> 2500V 5x10% cm? Pulsed 350°C 10 min 1
TOPCon Half H> 4800V  5x10"cm? Pulsed 350°C 10 min 1
TOPCon Half H: 4800V  1x10' cm™ Pulsed 350°C 10 min 1
TOPCon Half H> 200V 1x10' cm?  Continuous 350°C 10 min 2
TOPCon Half Ho 4800V  5x10™cm?  Continuous 350°C 10 min 2
TOPCon Half Ho 4800V  5x10"cm? Pulsed 350°C 10 min 2

In this last campaign of measurement, implantation on half TOPCon solar cells was this time investigated varying
the type of gas (Hz and O2), the plasma mode, the potential and the dose. Similar to previous campaigns, several cells
have been kept un-implanted to observe and quantify the evolution of the pseudo-performances after annealing. This
annealing process has been performed at a temperature of 350°C for 10 minutes. To give a statistical overview of the
Ha and Oz every sub-conditions of implantation has been regrouped in Fig. 5.
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FIGURE 5. Pseudo-efficiency measured on TOPCon solar cells before and after annealing without prior implantation, before
and after annealing with prior H, implantation and before and after annealing with prior O, implantation.

Hydrogen implanted half TOPCon cells show the same overall behavior than the SHJ half cells in the previous
campaign. First a degradation of the pseudo-efficiency after the implantation, that is then recovered after annealing.
However, Oxygen implanted cells show no degradation of the performances, even a slight increase can be observed
after the implantation. But no more gain is obtained from the annealing treatment so that, the oxygen implanted and
annealed cells are as efficient as the un-implanted but annealed cells. Figure 6 shows the pseudo-efficiency gains for
the different investigated oxygen implantations compared with the un-implanted cells. In this figure, interesting results
show a significative gain in the pseudo-efficiency just after the Oz implantation in some of the low potential conditions.
Such results are promising and need to be confirmed statistically.
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FIGURE 6. Absolute difference between the average pseudo-efficiency of each O, implanted cells and the average pseudo-
efficiency of the un-implanted cells before and after annealing.

CONCLUSION

The use of P-III using H2 and Oz plasma to passivate the cut edge of half SHJ and half TOPCon solar cells has
been investigated showing no significant gain. In fact, the H2 implantation degrades the performances of the cells. We
have shown that not only the cut edges are damaged by such implantation but also the uncut edges can be impacted
showing that in further studies those uncut edges need to be protected as well as the surfaces of the cells. If
crystallographic defects left by the implanted hydrogen as it passes through the material are electrically actives, then
DLTS measurements could help to characterize those defects and their density. The recovery of the performances after
annealing could be explained by two different mechanisms: (i) Either the deposited hydrogen migrates toward the
crystallographic defects to passivate them (ii) either the hydrogen is removed from the material. H> concentration
could be measured before and after annealing to understand which mechanism is involved. Also, significant gains just
after Oz implantation have been observed on few TOPCon half cells. In consequences, P-III using O2 to passivate the
cut edge deserves to be thoroughly investigated.
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