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Abstract. This work aims at understanding the short-circuit current density losses observed 
on TOPCon² solar cells after AlOx layer deposition and annealing. This approach is the one 
most often considered in literature for edge passivation of shingle solar cells, which suffer from 
heavy edge recombination losses after cutting procedures. Our solar cells feature Transparent 
Conductive Oxide (TCO) layers at the front and rear sides, on top of which the AlOx edge 
passivation layer is deposited during Atomic Layer Deposition (ALD) process. We focus on the 
effect of the AlOx layer thickness and the annealing conditions on the optical and electrical 
properties of the front AlOx/TCO stack. It is found that the annealing of thick AlOx layers induces 
an increase of the free carrier concentration in the TCO layer, resulting in additional parasitic 
absorption. A thinner AlOx layer and/or cooler annealing conditions would limit this phenome-
non, however compromising with the shingle edge passivation goal. Indeed, we see that ap-
plied to the TOPCon² shingle solar cells, less current density loss comes along with lower edge 
passivation level. 
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1. Introduction

Photovoltaic technologies on the market evolve simultaneously towards high-efficiency solar 
cells implementing passivating contacts (TOPCon, SHJ) and cell interconnection approaches 
featuring small-size solar cells. One of the promising interconnection methods relies on over-
lapping shingle-shaped solar cells and is expected to emerge in the next few years [1]. The 
advantages of such a module architecture are better shading resilience [2] and reliability [3], 
but mostly an increased output power when compared to conventional interconnection meth-
ods [4]. This last improvement is due to an increase in the active area of the panel, which 
results from a metallization shading reduction (no ribbon on the front surface), the removal of 
in-between cell spaces, and the reduction of resistive losses allowed by a reduction of current 
[5]. However, high-VOC (Open Circuit Voltage) solar cells performances are heavily affected by 
carrier recombination occurring at the edges as the perimeter-over-area ratio increases for 
small-size formats [6]. Moreover, the cutting of standard large solar cells into shingles created 
highly defective unpassivated edges. Overall, the efficiency of shingles typically drops by the 
order of 1%abs [7].  

Edge passivation of silicon solar cells is therefore a subject that has recently attracted 
interest. The main approaches focus on edge passivation treatments after metallization, re-
cently investigating Nafion solution sputtering [8], but mainly considering an aluminum oxide 
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(AlOx) layer. The latter is formed by atomic layer deposition (ALD) and associated with a sub-
sequent annealing step [9]-[12]. ALD is a powerful tool for depositing good-quality AlOx layers 
with excellent edge conformity, as deposition takes place on all the surfaces that the gaseous 
chemical precursor can reach. However, this strength can also be a drawback if the layer has 
a negative impact on the front surface due to optical or electrical problems.  

Therefore, the work presented here investigates the optical and electrical properties of 
AlOx/TCO (Transparent Conductive Oxide) stacks on glass substrates. Also, we consider the 
feasibility of mitigating the impacts of an AlOx layer deposition on the whole TOPCon² (double-
side poly-Si/SiOx passivated) solar cell surface by AlOx thickness variation.  

2. Experimental details 

For the investigation of the optical properties of the solar cells front stack, around 70 nm of 
ITO:H has been sputtered on a glass substrate. As presented in Figure 1(a), four sample 
groups are then processed with either 7- or 15-nm-thick AlOx layers and annealed either at 
400°C for 3 minutes or at 350°C for 5 minutes. Optical behavior of the samples along those 
steps has been evaluated by spectrophotometry. Electrical properties of the TCO layer have 
been assessed by Hall effect.  

Figure 1: Design of Experiments of (a) TCO/AlOx optical and electrical behavior and (b) reduction of 
AlOx thickness for shingle edge passivation 

For the investigation of the AlOx thickness reduction effect when applied to shingle cells, 
we separated TOPCon² host cells into 4 groups with different AlOx thicknesses, as presented 
in Figure 1(b). Once the cells separated into shingles, depending on their group, they under-
went an AlOx deposition of 5 to 10 nm and an annealing step at 350°C for 5 min under N2 gas 
flow. For each group, some cells were kept full as references of the AlOx deposition and an-
nealing steps impact, independent from the edge effects. The IV and pseudo-IV parameters of 
the different shingle groups (measured reassembled) are compared to their respective perfor-
mances before separation. Pseudo-FF is considered as an indicator of edge passivation, and 
short-circuit current density (Jsc) is monitored to evaluate the impact of AlOx layers on the opti-
cal properties of the devices. 

3. Results & discussion 

Figure 2 presents the spectrophotometry measurements results. We can see that the varia-
tions induced by the AlOx deposition, in Figure 2(a), appear only at short wavelengths. The 
parasitic absorption is also stronger for the thickest AlOx layer. This evolution is consistent with 
an absorption solely from the AlOx itself, without any modification of the TCO layer, as the AlOx 
absorption coefficient is very low for the overall spectrum but increases for wavelengths < 350 
nm [13]. 
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Figure 2: Absolute evolution of the absorption following (a) AlOx deposition (b) annealing steps (5 
minutes at 350°C or 3 minutes at 400°C, under N2 gas flow) 

In Figure 2(b), we can see that the evolution of the absorption between the annealed state 
and the as-dep state seems influenced by both AlOx thickness and annealing temperature. 
The divergent behaviors for the short wavelengths (< 400 nm) could be attributed to a differ-
ence in the evolution of AlOx optical parameters (refraction and absorption indexes) after an-
nealing, depending mainly on the film thickness. For longer wavelengths (> 600 nm), we notice 
a significant parasitic absorption for the samples with 15 nm AlOx, which seems enhanced for 
high annealing temperature. This observation may lead to current density losses on the TOP-
Con² cell after AlOx layer deposition and annealing. The hypothesis here would be that a mod-
ification of the TCO properties is induced by thicker AlOx layers. 

The results of Hall effect measurements of each sample group are presented in Figure 3. 
We see that the annealing of a 15 nm-thick AlOx layer increases the free carrier’s concentration 
in the TCO layer. We can also notice that the concentration levels are lower for thinner AlOx 
films. This observation indicates that the excess parasitic absorption highlighted by the spec-
trophotometry results is in part due to free carrier absorption phenomena. 

Figure 3: Free carrier concentration in the TCO depending on the AlOx thickness and the annealing 
conditions 

Notice that possible changes in the thickness of the TCO layer during the annealing step, 
which were not assessed here, could induce slight changes in the extracted carrier concentra-
tions. This hypothesis should be further explored. On the other hand, it has been shown in the 
literature that hydrogenation of an ITO can increase its free carrier’s concentration [14]. Fur-
thermore, AlOx layers deposited by ALD at 100°C from TMA/H2O are hydrogen-rich [15]. Thus, 
this would be in agreement with the effects of both the temperature (enhanced hydrogen dif-
fusivity) and AlOx thickness (higher source of hydrogen) on the free carrier concentration in the 
ITO film.  
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The results at the cell level of the IV and pseudo-IV measurements are displayed in the 
Error! Reference source not found.. We confirm here the hypothesis that a reduced AlOx 
thickness induces less degradation on the current density. The evolution of the p-FF can be 
interpreted as a lower edge passivation level with a thinner AlOx layer. Indeed, no significant 
effect of the AlOx layer is seen on the p-FF of the full cells, while we notice a lower cut-related 
p-FF loss for shingles with a thicker AlOx layer on the edge. This is consistent with a better 
level of silicon surface passivation with increasing AlOx layer thickness [16]. The overall effi-
ciency losses are reduced when compared to the as-cut reference group, with an optimum 
compromise with a 5 nm AlOx layer.  

Table 1. Evolution of IV and pseudo-IV parameters between host cells and processed cells. The per-
formance of the shingle is compared with that obtained before cutting, deposition and annealing, while 

the performance of the whole cell is compared with that obtained before deposition and annealing. 

Group Δ p-FF (%abs) Δ JSC (mA.cm-2) Δ η (%abs) 

As-cut shingle ref. -2.1 [- 0.1; 0] -0.9 
Shingle 10 nm AlOx + anneal -0.9 -0.4 -0.7 
Shingle 7 nm AlOx + anneal -0.9 -0.3 -0.8 
Shingle 5 nm AlOx + anneal -1.6 -0.2 -0.6 
Full cell 10 nm AlOx + anneal -0.1 -0.4 -0.2 
Full cell 7 nm AlOx + anneal 0 -0.3 -0.1 
Full cell 5 nm AlOx + anneal 0.1 0 0.1 

4. Conclusion 

By investigating the source of Jsc losses observed on TCO-based TOPCon² solar cells after 
AlOx deposition and annealing, we found an excess parasitic light absorption from an increased 
free carrier concentration in the TCO layer, specifically for the 15 nm thick AlOx layer. This 
phenomenon is also dependent on the post-deposition annealing temperature. 

To overcome this drawback, the AlOx layer by ALD could be localized on the edges to 
avoid its deposition on the front side of the cells, but that could represent an additional and 
potentially complex step. The reduction of the AlOx layer thickness on the solar cells investi-
gated here also limits these optical losses but is associated with a reduced effective edge 
passivation. 
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