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Abstract. This work focuses on reducing In-based TCO thicknesses to their minimum in SHJ
solar cells with the goal to demonstrate the possibility of a drastic reduction of indium con-
sumption in the fabrication process. On the front side, the reduction of the ITO thickness down
to 15 nm implies to deposit an additional anti-reflective layer. Three anti-reflective dielectric
layers have been studied (SiNx, SiOx and a bilayer SiN,/SiOy) in solar cell and module config-
urations to maximize the performances and evaluate the module stability under UV exposure.
Lower Jsc losses after 120 kWh of UV exposure are measured with the use of thinner ITO
layers, in agreement with a lower EQE deterioration in the IR range. The use of SiNx dielectric
results in the highest stability under UV and to the best performances after 120 kWh. Following
further optimizations of the dielectrics and TCO, the 15 nm of ITO/SiNx option was combined
with a thin IMO:H TCO on the rear side. TCO thicknesses down to 30 nm were studied on the
rear side resulting in overall indium reduction of 77.2% with very limited efficiency loss at the
cell level (below 0.1% absolute after light-soaking). Module reliability of these very low indium
content solar cells was studied under UV and damp heat treatments highlighting lower degra-
dations than reference cells for UV and promising results after damp heat test.

Keywords: Silicon Solar Cells, Heterojunction, Indium, Transparent Conductive Oxide, Relia-
bility, UV, Damp Heat.

1. Introduction

While heterojunction solar cells (SHJ) demonstrate the highest performances for single junc-
tion solar cells based on crystalline silicon with efficiency reaching 27.09% [1], SHJ technology
is an attractive candidate for new industrial productions due to several other advantages.
Among them we can note the low temperature (<230°C) and low number of process steps
required [2], the low temperature coefficient (< -0.27 %/°C), the compatibility with thin wafers
below 100 ym and the strong adaptability to the tandem technology. In SHJ cells, the carrier
selective layers are based on intrinsic and doped hydrogenated amorphous silicon layer (a-
Si:H), contacted by a transparent conductive oxide (TCO) layer and metal electrodes. This
TCO layer must fulfill several requirements in order to maximize the cell efficiency. It includes
a low contact resistance with the active layers and the metal grids, a low sheet resistance to
provide a high lateral transport toward the electrode, but also a high transmittance and it must
play the role of an efficient antireflective layer. All these requirements are provided by indium
based materials, leading to the current use of indium tin oxide (ITO) as mainstream TCO.

However indium increases the dependency of SHJ solar cells on scarce raw materials
due to its limited production and its use in other competitive high value-added technologies [3].
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The use of indium limits today the potential increase of the SHJ annual production capacity
below 100 GW!/year for a consumption of 20% of the 2019 global indium supply as calculated
in [4]. In consequence, to allow a strong increase of the volume production, the usage of indium
must be reduced or removed from SHJ solar cells [5] and active researches are conducted in
that way. One option, shown in Figure 1, is to reduce the indium-based TCO layer thickness
while adding a dielectric (SiNx:H, SiOx:H, ...) as a double antireflective coating (DARC) layer
[6], [7]. Another way is based on the development of indium-free TCO such as AZO or SnO;
[8], [9], [10], or the use of multilayers of In-free and In-based TCO [11], [12] as In-free TCO are
facing stability issues under humidity [13], [14].

Thin ITO + ARC In-free TCO TCO Multilayers

Figure 1. SHJ solar cells schemes with three Indium reduction approaches.

In this context, this work has been focused on keeping indium based TCO layers while
reducing their thicknesses to the lowest on the front and rear side of the cell with the aim to
investigate the module reliability of this approach. On the front side (FS), we used a highly
conductive thin ITO layer of 15 nm [15] and studied the impact of the dielectric layer on the
module degradation under UV. The FS 15 nm of ITO was then combined with a hydrogenated
indium metal oxide (IMO:H) on the rear side (RS) [16], with thickness reduced down to 30 nm
before performing aging tests in module configuration.

2. Experimental

In this work, standard rear emitter 6 busbars SHJ solar cells were processed on M2 n-type Cz
wafers with a-Si:H based carrier selective layers. For “reference” solar cells, 100 nm of ITO is
deposited on the front side and 100 nm of IMO:H on the rear by PVD before screen-printing of
the metallic grid with a silver paste. Here and in all this paper the TCO thicknesses correspond
to equivalent thicknesses measured on flat surface by ellipsometry. To study the front dielec-
tric, the reference cells were compared to a front thin ITO of 15 nm with an anti-reflective
dielectric deposited by PECVD after the metallization step, forming a double antireflective coat-
ing (DARC). This front side structure was later combined with a highly conductive 40 nm or 30
nm of IMO:H layer on the rear side. For this integration, a selective layer based on hydrogen-
ated nanocrystalline silicon ((n) nc-Si:H) was also investigated on the front to relax the con-
ductivity required for the TCO. The metallization grid was identical on all cells in this paper.

Solar cells were interconnected in one V2 cell or two %% cells strings, followed by lami-
nation in glass-glass (GG) or glass-backsheet (GBS) configuration. A TPO low cut off encap-
sulant was used for UV aging treatments, that were performed in irradiance of 200 W/m? at
80°C and a POE encapsulant was used for damp heat (DH) tests, performed in a chamber at
85°C with 85% relative humidity. All the tests followed the standards IEC 61215 - MQT16 [17].
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3. Results and Discussion

3.1 Study of the front dielectric

Three dielectrics options were studied as DARC layers on the top of the FS 15 nm ITO: SiN,,
SiOy, and a bilayer SiN,/SiOx. In this study the dielectric thicknesses were optimized to max-
imize the solar cell efficiency in air, without taking into account the impact of the module en-
capsulant. After optimization, SHJ solar cells were fabricated with the three DARC approaches
and compared to reference SHJ with a front 100 nm of ITO. The cells with the SiOx DARC and
the bilayer DARC featured an improved current as compared to the reference cells (Jscincrease
of 0.2 mA/cm?) resulting in a higher median efficiency values of 22.6% and 22.7% respectively
as compared to 22.5% of efficiency for the reference cells and 22.4% for the SiNx DARC cells.

Four one %2 cell mono-modules in GG configuration were laminated for each cell batch:
Reference, DARC SiO4, DARC SiN,/SiOx and DARC SiNy. After lamination the modules with
DARC SiN,/SiOx show a maximal power (Pmax) similar to the reference (see Figure 2) while
modules with DARC SiOyx exhibit a slightly lower Pmax than others due to a lower Js value.
Figure 3 presents the EQE measurements before and after UV exposure. Before UV, an im-
proved EQE response in the short wavelength range was observed for all the thin ITO modules
with DARC layer. This improvement was attributed to a reduced parasitic light absorption in
thin ITO layer of 15 nm as compared to the ITO of 100 nm in the reference cells.
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Figure 2. (leff) Maximal power measured on the four individual modules fabricated per batch before
UV exposure and (right) its relative variation after 120 kWh of UV exposure.
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Figure 3. (left) EQE curves of the modules before UV exposure and (right) their relative variations af-
ter 120kWh of UV exposure. Each curve corresponds to the average curve of the four individual mod-
ules measured per batch.
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After 120 kWh of UV, a lower degradation of Pmax was measured for all modules with a
thin ITO and DARC layer as compared to the reference modules (cf. Figure 2). The deteriora-
tion of the reference modules under UV is explained by higher Jsc losses, which can be corre-
lated to an important decrease of the EQE in the IR range (green curve of Figure 3). This EQE
behavior of reference SHJ modules was previously observed in our work [15], one possible
explanation is an increase of the free carrier absorption in the ITO due to hydrogen migration
and doping of the TCO [18]. In conclusion, the SiNx capping modules demonstrate the best
stability under UV in agreement with lower EQE losses in the short wavelength range than
other DARC modules. After 120 kWh of UV, SiNx modules feature the highest average Pmax,
exceeding the reference.

3.2 Combination of front and rear Indium reduction

3.2.1 Solar cells performances

Following previous results, the front stack of 15 nm of ITO with SiNy DARC was further opti-
mize. Particularly, the SiNy thickness was modified to maximize the module efficiency. This
front structure was then combined with a reduced TCO thicknesses on the rear side. In that
goal, rear IMO:H layers of 40 nm and 30 nm were developed and integrated in SHJ with a front
15 nm of ITO, resulting in an overall indium reduction of 72.1% and 77.2% respectively as
compared to solar cells with 200 nm of ITO (FS + RS). Reference cells (ITO 100 nm + IMO:H
100 nm) and low indium content solar cells (ITO 15 nm + IMO:H 40 nm or 30 nm) were fabri-
cated either with a front (n) a-Si:H selective layer, or with a (n) nc-Si:H layer. The solar cells
I(V) parameters were then measured before and after a light soaking (LS) treatment (per-
formed on a limited number of cell, cf. Figure 4).

Results before LS are shown in Table 1, they highlight a decrease of the FF and Vo
with the reduction of the TCO thicknesses along with an opposite improvement of the Js.. The
FF decrease is related to a small sheet resistance increase for the 15 nm thin ITO layer as
compared to the 100 nm ITO layer, which induces a reduction of the lateral transport. The Vo
deterioration can be explained by an increase of the remaining sputtering damages with thinner
TCO deposition that were not sufficiently annealed as observed in [19]. Finally the higher Jsc
is linked to better transparency and the light management in the FS DARC along with a back
reflector effect from thinner TCO at the rear side.

We can also notice that due to higher conductivity and better contact with the FS thin
TCO, the use of a (n) nc-Si:H as active layer leads to limit FF loss and improved cells efficiency.
The median efficiency loss measured for an indium reduction of 77.2%, is then reduced down
to 0.16% absolute, against 0.4% absolute with a (n) a-Si:H active layer.

Table 1. (V) parameters measured on each solar cells batch (median values of 20 to 50 cells). All
cells with 15 nm of ITO have a SiNx DARC layer.

. In reduction Batches
{R}:&'e:r' 2121) :'x'g)” from 200 nm 2":\,) :m Alom?) | FF (%) :E;f) used for
y of ITO ° Module
a-Si:H 100 100 +1% 737.3 | 38.08 80.0 22.44 X
a-Si:H 15 40 -72.1% 736.2 | 38.19 79.0 22.19 X
a-Si:H 15 30 -77.2% 735.2 | 38.27 78.3 22.04
nc-SitH | 100 | 100 | +1% 737.4 | 38.22 80.1 | 22.52
nc-SitH | 15 40 72.1% 736.7 | 38.23 796 |22.38 X
nc-Si:H 15 30 -77.2% 736.5 | 38.26 79.5 22.36 X

After light soaking, similar FF and V.. improvements are observed for reference cells
and low indium content cells (cf. Figure 4), showing no specific impact of the indium reduction
on the light-soaking effect. The main factors explaining the FF and V.. gains are described in
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[20], among them an improvement of the TCO conductivity was previously observed under
light-soaking along with a decrease of the contact resistivity [20].
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Figure 4. Efficiency, FF and V.. before (metal) and after light soaking treatment (LS), performed on a
limited number of cell of each batch of Table 1. All cells with 15 nm of ITO have a SiNy DARC layer.

After LS, an even lower median efficiency loss of only 0.08% was measured for indium
reduction of 77.2% with the nc-Si:H selective layer.

3.2.2 Module Reliability

After light soaking, solar cells of four batches were integrated in mini-module to investigate
their reliability. The four batches are identified on Table 1 and modules integrating the SHJ

solar cells of the first batch, with TCO of 100 nm on the front and rear sides, will be noted “REF
a-Si” or “Reference”.

To study their degradation under UV, three %2 cell mono-modules in GBS configuration
were laminated with a TPO low cut-off encapsulant. After 30 kWh, modules with thin TCO
layers show lower Jsc decrease than the reference and a better EQE stability (see Figure 5
right). The reduction of the rear TCO did not impact the UV stability of the cells with a front 15
nm of ITO and SiNx capping. The results confirm the advantages of using a thin ITO with SiNy
for UV stability, as highlighted in the previous study.
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Figure 5. (leff) EQE curves of the modules before UV exposure and (right) their relative variations af-
ter 30kWh of UV exposure. Each curve corresponds to the average curve of the three individual mod-
ules measured per batch.

The reliability under DH was then evaluated with mini-module of two %% cells in glass-
glass configuration using a POE encapsulant. Three modules were laminated for each solar
cells batch. Their initial performances, shown in Table 2, are not directly correlated to the solar
cell performances due to the use of non-representative cells of each batch. We can notice that
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the high FF obtained with the low indium content configurations, demonstrates the absence of
interconnection issue with the deposition of a dielectric above the metallization.

Table 2. Average I(V) parameters of mini-modules before DH treatment.

. In reduction
f:))( Selective '(Iz) :'r\:lrg)H from 200 nm of | L (A V__ (V) FF (%) | P, (W)
a-Si:H 100|100 | +1% 4.600 | 5.921 777 | 2147
a-Si:H 15 40 -712.1% 4599 |5.919 78.0 21.24
nc-Si:H 15 40 -712.1% 4.566 | 5.919 79.0 21.34
nc-Si:H 15 30 -77.2% 4597 | 5.919 78.5 21.36

The module performances were evaluated after damp heat aging test. FF and V. var-
iations are presented in Figure 6 and no variation of the V,c was measured after DH. Up to
1000h of DH, modules with thin TCO thicknesses first exhibit a similar FF deterioration than
reference SHJ. After 2000h and 3000h of DH, additional deteriorations of the FF for low-indium
content modules are observed. However the limited extend of these drops results in promising
APmax variation of only 1.8% to 2.3% for the three low-indium batches after 2000h, thanks to
very limited Jsc losses under DH. After 3000h of DH, modules with nc-Si:H layers succeed to
pass three times the standard with Pmax losses below 5% [17].
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ITO 15nm ITO 15nm ITO 15nm ITO 15nm ITO 15nm ITO 15nm
Reference IMO:H 40nm IMO:H 40nm IMO:H 30nm Reference IMO:H 40nm [ IMO:H 40nm IMO:H 30nm
0.00% —I I I I 1.00%
1.00% L 0.00% — u — —
z = -1.00%
o -2.00% S00h &
w n 8 0
< 2 2.00% ®500h
-3.00% 1000h
-3.00% 1000h
2000h
-4.00% -4.00% 2000h
™ 3000h Ll ’
m 3000h
-5.00% - -5.00%

Figure 6. FF and V.. relative variation after DH exposure. Average values of three mini-module.

4. Conclusion

In conclusion the possibility to reduce indium content in SHJ solar cells by 77.2% while reduc-
ing the cell efficiency of less than 0.1% absolute was demonstrated. Ultra-thin ITO of 15 nm
was used on the front side for this demonstration with an additional DARC SiNy layer combined
with a reduced optimized IMO:H layer of only 30 nm on the rear. Module reliability of these
cells were investigated. On the front side DARC SiN layer show better stability under UV than
alternative SiOx or SiN,/SiOx layers. But all SHJ modules with solar cells integrating 15 nm of
ITO layer with DARC dielectrics exhibit an improved stability under UV as compared to refer-
ence modules with thick ITO, thanks to a lower EQE degradation especially in the IR range.
Finally, modules with ultra-low indium-content SHJ solar cells show promising results under
DH test with losses limited below 2.3% after 2000h using a glass-glass module configuration
and only 30 nm of IMO:H on the rear side of the cells without any dielectric layers.
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