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ABSTRACT
Lightweight photovoltaic applications are essential for diversifying the solar energy supply. This opens up vast new scenarios for 
solar modules and significantly boosts the capacity of renewable energy. To ensure high efficiency and stability of the solar mod-
ules, several challenges need to be overcome. Degradation due to elevated temperature and/or humidity is a critical concern for 
silicon heterojunction (SHJ) solar modules. Here, we investigated the stability and degradation mechanism of encapsulated cells 
with lightweight configurations where the cells are based on three different types of transparent-conductive oxide (TCO): indium 
tin oxide (ITO), aluminum-doped zinc oxide (AZO), and a combination of ITO/AZO/ITO under humid and thermal environmen-
tal conditions. A damp heat (DH) test at a temperature of 85°C and relative humidity (RH) of 85% was performed on lightweight 
modules for 1000 h. Our results show that AZO is the most susceptible to DH degradation. The AZO film was damaged by the 
combined effects of moisture ingress and delamination of the interconnection foil, resulting in a decrease in the conductivity of 
the AZO film, leading to a dramatic increase in Rs and a decrease in FF of the modules. Consequently, moisture has a greater 
chance of percolating through the damaged AZO layer into the a-Si:H passivation layer, causing passivation degradation, which 
leads to an increase in recombination, resulting in a decrease in Voc of the modules. In particular, after capping the AZO film 
with an ITO film, the efficiency loss of the ITO/AZO/ITO module was significantly reduced. This suggests that the ITO film 
could be a promising protective capping layer for the AZO-based solar cells.

1   |   Introduction

Global photovoltaic (PV) module manufacturing capacity in-
creased to nearly 450 GW in 2022. According to the International 
Energy Agency (IEA), the global solar PV manufacturing capac-
ity will nearly double by 2024, reaching almost 1 TW [1, 2]. In 

addition, integrated photovoltaics, such as building-integrated 
photovoltaics (BIPV) and vehicle-integrated photovoltaics (VIPV), 
have gained increasing attention in recent years, broadening the 
application scenario for PV technology. For these new applications, 
the combination of lightweight and high performance is becom-
ing more important in the design of solar modules. Additionally, 
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lightweight modules can be installed on roofs with low load capac-
ities, which is not possible for traditional glass modules [3]. Silicon 
heterojunction (SHJ) solar cells have been recognized as one of the 
most advanced technologies for improving solar power generation 
[4–7]. They can achieve high power conversion efficiencies (PCE) 
owing to their excellent surface passivation, which minimizes 
surface recombination, resulting in a higher open-circuit voltage 
(Voc), and fill factor (FF) compared with other crystalline silicon 
(c-Si)–based technologies, such as aluminum back-surface field 
(Al-BSF) and passivated rear-emitter cell (PERC) [8]. The world 
record highest PCE of 26.81% for a large M6 (274.4 cm2) both sides 
contacted SHJ cell was reported by LONGi in November 2022 [9]. 
In addition, the ideal passivated surfaces and the low temperature 
used during processing of the SHJ solar cell allow a thinner wafer 
to be used. SHJ solar cells are highly compatible with bifacial PV 
module designs and integrated PV applications owing to their 
symmetrical architecture.

Reducing the weight of modules and replacing glass and frame 
with alternative materials are emerging research topics in the 
PV industry. However, the stability and reliability of lightweight 
modules using the SHJ cell technology have not been widely in-
vestigated and reported. In addition to the various advantages 
mentioned above, there are some disadvantages associated with 
this technology. A major disadvantage compared with other 
solar cell concepts is the need for a transparent-conductive oxide 
(TCO) layer for lateral carrier transportation, such as indium tin 
oxide (ITO), which is widely used in industry. The power out-
put of PV modules is affected by various environmental factors, 
such as irradiation, temperature, moisture ingress, wind and 
snow load, and soiling during long-term field operation. These 
environmental factors would degrade the modules and reduce 
their power output over time [10–14]. SHJ modules typically de-
grade at a rate of less than 1% per year in solar farms [15, 16]. 
The degradation is mainly in Voc, with some increase in series 
resistance (Rs), which can differ from other technologies [17, 18]. 
Moreover, new failure modes can occur in field applications. 
The correct choice of encapsulants would protect the modules 
from environmental factors and weathering degradation, which 
significantly affects the performance and stability of the mod-
ules. In essence, this affects the cost and quality of the PV mod-
ules, and the appropriate combination of encapsulants and cell 
technology is critical to the longevity of the modules. Damp heat 
(DH) test generates a large amount of water vapor on the surface 
of the PV modules and drives it into the module. Elevated tem-
peratures can correspondingly accelerate the water vapor pen-
etration process, which can lead to various degradations such 
as corrosion, delamination, or discoloration [19–24]. This damp-
heat–induced degradation (DHID) is typically accompanied by 
severe reductions in module performance [25]. Regarding the 
long-term reliability of the SHJ cells and modules, the stabil-
ity of the TCO film is always a hot topic for the PV community. 
TCO is generally highly susceptible to degradation due to water 
vapor ingress and acid corrosion [26, 27], which requires bet-
ter encapsulation to enhance the lifetime of the SHJ module. 
Another potential bottleneck in the large-scale development and 
production of SHJ solar cell technology is the use of rare ele-
ments and materials, such as indium (In). ITO is widely used in 
the electronics industry and as a TCO layer in PV industry [28]. 
To address this issue, intensive efforts have been made in recent 
years to overcome this potential limitation. Potential solutions 

being investigated include indium-free TCO, indium-less TCO, 
and TCO-free concepts [29, 30]. The aim of indium-free TCO is 
to get rid of indium completely [31, 32]. One possible and ongo-
ing research is to replace ITO with aluminum-doped zinc oxide 
(AZO). However, the pure AZO film has lower carrier mobility 
and higher resistivity [33] and is more susceptible to water vapor 
corrosion. This results in a reported loss of conductivity [34]. 
AZO grows in a polycrystalline structure that favors rapid pen-
etration of water molecules into the crystal boundaries, leading 
to degradation of the electrical properties of the material [35]. 
Therefore, in order to improve the electrical properties of AZO 
and to enhance the damp heat stability of the AZO film, different 
capping layers have been introduced and investigated at the cell 
level, such as Al2O3, SiOx, and SiNx. Adachi et al. reported that 
a SiOx capping layer on the ITO layer improved the damp heat 
stability of SHJ solar cells [26]. Morales-Vilches et al. reported 
that the damp heat stability of cells with AZO front TCO was 
improved when capped with SiO2; SiO2 capping layer hindered 
the moisture-induced degradation of AZO at the grain boundar-
ies [36]. Indium-less TCO mainly consist of, for example, AZO, 
which is capped by a very thin ITO layer, possibly also an ITO 
seed layer [33]. In our previous study [33], a 10-nm ITO layer was 
introduced between the AZO and n-type doping hydrogenated 
amorphous silicon [a-Si:H(n)] as a seed layer to reduce the con-
tact resistance of the AZO with a-Si:H(n), and a 10-nm ITO layer 
was introduced on top of the AZO as a capping layer. The device 
with ITO/AZO/ITO as front TCO and pure AZO as rear TCO 
was successfully fabricated with high efficiency and reduced the 
indium consumption by 85% [33].

To thoroughly investigate the damp heat stability of SHJ cells 
based on three types of TCO films (ITO/AZO/ITO, AZO, and 
ITO) within a lightweight module architecture, the modules 
were fabricated and tested accordingly. This work reports the 
damp heat stability of an AZO film–based SHJ module with a 
lightweight configuration. The degradation mechanism was ex-
plicitly analyzed. The results of this work could provide valuable 
reference information for the development of damp heat stable 
AZO-based lightweight SHJ solar modules.

2   |   Method and Approach

2.1   |   Preparation of Tested Samples

2.1.1   |   The Solar Cells Used for Fabrication of Modules

All solar modules were prepared as 200 mm × 200 mm single-
cell minimodule samples using M2+ (245.72 cm2) bifacial 
monocrystalline busbar-free n-type rear-junction SHJ solar cells 
with three types of TCO layers. Figure 1 shows the structures 
of the SHJ cells with different TCO layers. ITO was used as a 
reference. AZO and capped ITO/AZO/ITO were used as alter-
native TCO. The first one used 70-nm ITO as the front and rear 
TCO layers. The second one used 70-nm AZO as the front and 
rear TCO layers. The third one used a triple-layer structure ITO 
(10 nm)/AZO (50 nm)/ITO (10 nm) stack as the front TCO layer 
and 70-nm AZO as the rear TCO layer. Here, the ITO on top of 
the AZO acts as a capping layer, whereas the ITO on the bot-
tom of the AZO acts as a seed layer. The fabrication process of 
the solar cells was done at our SHJ solar cell baseline [37]. The 
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parameter optimization of the films and devices regarding the 
counterbalance between optical and electrical properties was 
already reported from our previous work [33].

2.1.2   |   Choice of the Encapsulants

Two types of encapsulants were introduced when we designed 
and fabricated modules. One was EPE, which is a co-extruded 
ethylene vinyl acetate (EVA) and polyolefin elastomer (POE), 
with a stack structure of EVA/POE/EVA. The other was ther-
moplastic polyolefin (TPO). The specifications of the encapsu-
lants are shown in Table  S1 and the optical properties of the 
encapsulants are shown in Figure S1. We made a comparison 
between the EPE encapsulated module and the TPO encapsu-
lated module in the DH test at 85°C and 85% relative humidity 
(RH) conditions. Table S2 lists the configurations of the TPO/
TPO encapsulated and EPE/TPO encapsulated module samples. 
The variations in the electrical parameters from cell to module 
(CTM) are shown in Figure  S2. The optical properties of the 
modules were characterized by the external quantum efficiency 
(EQE), as shown in Figure  S3. The DH results are shown in 
Figures S4–S7. The 1000-h DH results show that the TPO en-
capsulated module is more stable than the EPE encapsulated 
module. Therefore, the TPO was used as the front and rear en-
capsulant to fabricate the modules based on cells with different 
TCO films in order to minimize the impact of the encapsulant 
materials on the cells during the DH test.

2.1.3   |   Fabrication of the Modules

Figure  2 shows the schematic cross-section of the single-cell 
minimodules. In terms of module encapsulation, poly-ethene-co-
tetrafluoroethene (ETFE) was used as the front cover material, 
which has a higher transmittance than glass commonly used in 
the PV industry; see Figure S8. The specification of the ETFE is 
shown in Table S3. The solar cell is located between the front and 
rear encapsulants (TPO). The cells were connected using multi-
wire interconnection technology consisting of 18 coated copper 
wires with polyolefin as the carrier foil (interconnection foil). 

Sn-Pb-coated copper ribbons (5 mm wide, 0.2 mm thick) were used 
as connectors. A polyolefin-based foil with fluorine-free coating 
was used as the back sheet (hereafter referred to as Px-bs). The 
specification of the Px-bs is shown in Table S3.

After all the foils had been layered, the vacuum lamination pro-
cess was carried out at 125°C and 750 mbar for 14 min. All the 
modules were laminated using an SM Innotech membrane lam-
inator. After lamination, the edges of all modules were sealed 
with acrylic foam adhesive tape to prevent moisture from in-
gress into the module. The specification of the edge sealant is 
shown in Table S4. Table 1 lists the configurations of the test 
module samples. Two identical modules were fabricated for each 
configuration in subsequent tests.

Prior to making the cell into the module, the electrical proper-
ties (electroluminescence [EL] images and current–voltage [I-V] 
characteristics) of the cells were characterized. After lamina-
tion, the module samples were characterized by visual inspec-
tion, optical properties (external quantum efficiency [EQE] and 
reflectance), and electrical properties (EL, photoluminescence 
[PL] images, and I-V characteristics).

2.2   |   Damp Heat Accelerated Aging Test

After the module samples were prepared, the modules were sub-
jected to a cumulative 1000 h of damp heat test at 85°C and 85% 

FIGURE 1    |    Schematic cross-section of SHJ solar cells with different TCO layers: (a) ITO at the front and rear sides, (b) AZO at the front and rear 
sides, and (c) ITO/AZO/ITO at the front and AZO at the rear side.

FIGURE 2    |    Schematic cross-section of SHJ solar module.

TABLE 1    |    Configurations of the test module samples.

No.
Front 
sheet

Encapsulants 
(front/rear)

Cell with 
different 

TCO layers
Back 
sheet

1 ETFE TPO/TPO ITO Px-bs

2 ETFE TPO/TPO AZO Px-bs

3 ETFE TPO/TPO ITO/AZO/
ITO

Px-bs
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RH in a climate chamber according to IEC 61215: 2021 [38]. The 
I-V characteristics and EL images of modules were periodically 
characterized at 200-h intervals during the DH test to track the 
aging process.

2.3   |   Characterization of the Samples

The I-V characteristics of the tested module samples were char-
acterized using a flash system (Spi-Sun Simulator 4600SLP) 
under standard test conditions (25°C, AM 1.5G, 1000 W/m2): 
(i) before (initial state), (ii) at intermediate assessment points 
(every 200 h of the DH test), and (iii) at the final state (after 
1000 h of the DH test). Open-circuit voltage (Voc), short-circuit 
current density (Jsc), series resistance (Rs), shunt/parallel re-
sistance (Rsh), fill factor (FF), power at maximum power point 
(MPP) (PMPP), voltage at MPP (VMPP), and current at MPP 
(IMPP) were determined.

EQE and integral reflectance were measured using mono-
chromatic illumination and an integrating sphere. The mea-
surements were performed using a LOANA solar cell analysis 
system from PV-Tools.

EL imaging was used to identify electrical homogeneity and 
visualize the defects that affect module performance [39–42]. 
Electrical inhomogeneities caused by cell cracks, corrosion, or 
contact failure can be detected [31]. However, the evaluation of 
EL images alone risks convoluting material quality with elec-
trical contact issues, whereas PL imaging optically excites all 
materials regardless of electrical connectivity. The combination 

of both approaches can provide important insight into module 
characteristics and causes of degradation [43].

3   |   Results and Discussion

3.1   |   CTM Analysis

The electrical properties of the module were characterized 
using a flash system. The variations in the electrical parameters 
from CTM are shown in Figure 3. The efficiency loss from the 
cell to the module is approximately 2% (abs.). This was mainly 
attributed to the loss of FF and Jsc. The FF loss is mainly due 
to the increase in Rs after cell interconnection. The Jsc loss is 
mainly due to the light reflection from the front surface and 
light absorption by the front sheet and encapsulant materials. 
The optical properties of the modules were characterized by the 
EQE. The EQE of the modules with three types of TCO layers are 
shown in Figure 4. The ITO module shows a slightly higher EQE 
than the AZO and ITO/AZO/ITO modules. The slightly lower 
EQE of the AZO module can be ascribed to higher absorption of 
the AZO layer [33].

3.2   |   DHID on Different TCO Films–Based SHJ 
Lightweight Modules

Figure 5 shows the time evolution of the degradation of the elec-
trical properties of the SHJ modules with different TCO films at 
fixed time intervals during the DH test. Each value was normal-
ized to its initial value (before the DH test). The raw data and I-V 

FIGURE 3    |    CTM analysis of (a) efficiency (η), (b) fill factor (FF), (c) open-circuit voltage (Voc), (d) short-circuit current density (Jsc). C stands for 
cell and M stands for module.
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curves are shown in Figure S9. The AZO film module was found 
to degrade by 58.57% in efficiency after 1000 h of DH test, which 
is due to the losses in FF (44.24%) and Jsc (23.47%). The FF deg-
radation is primarily caused by the dramatic increase in Rs [17]. 
A significant increase in Rs could be attributed to an increase 
in sheet resistance of the AZO front electrode or deterioration 
of the AZO/a-Si interface. It is assumed that this degradation is 
due to the effect of the humidity on the AZO film, which causes 
a decrease in conductivity when the sample is exposed to damp 
heat conditions, as observed by Greiner et  al. [34, 35]. AZO 
grows in a crystalline structure that favors a rapid penetration 
of the water molecules into the crystal boundaries, leading to a 
degradation of the electrical properties of the material [36]. D. 
Greiner et al. also reported that the non-encapsulated modules 
after damp heat exposure show an increased series resistance, 
which is mostly attributed to the increase in the lateral sheet 
resistance of the transparent AZO front contact [34]. In general, 
AZO cells with glass/glass encapsulation are able to show stable 
performance in the DH test, as shown by the red star in Figure 5. 
Regarding the ITO/AZO/ITO module samples, a small decrease 
in FF is observed compared with the AZO samples, indicating 
the effectiveness of the ITO as a protective capping layer.

From the EL images in Figure 6b, two different defects can be 
clearly identified. The circular dark area (white dashed line) in 
the center of the AZO film module as prepared before the DH 
test was caused by sputter damage on a-Si:H due to ion bom-
bardment [44] during the AZO deposition process, as reported 
in our previous study [33]. This circular dark area became 
darker with prolonged DH test, indicating that the passivation 
damage of the cell increased and higher carrier recombination 
led to a decrease in module Voc. This indicates that the passiva-
tion of the cell was gradually further degraded by moisture in-
gress through the AZO layer with DH exposure time. In order 
to determine this, the AZO film was deposited on glass and 
subjected to a 600-h DH test under the same conditions as the 

tested modules. The morphological changes (becoming more 
porous) observed in the AZO films by scanning electron micros-
copy (SEM) after 600 h of the DH test indicate that water vapor 
molecules diffuse and percolate through the AZO films [45]. 
The SEM images are shown in Figure 7. However, the sputter 
damage was not observed when a 10-nm ITO seed layer was in-
troduced between the AZO and n-type a-Si:H [33]. In contrast, 
the rectangular dark area (red dashed line) defects formed in 
the DH test were due to the degradation of the AZO layer by 
moisture ingress. This failure mode was further confirmed by 
PL measurements under open-circuit conditions. The rectangu-
lar dark area appeared only in the EL image and not in the PL 
image, suggesting that this defect was due to electrical degrada-
tion of the AZO film rather than passivation degradation. The 
cracks in the modules shown in the PL images were caused by 
the transport of the modules. The difference between the PL and 
EL patterns indicates a local increase in Rs with long-term field 
exposure [46]. The lower EL intensity is caused by drops in local 
junction voltage due to higher Rs, whereas the open-circuit PL 
is dominated by semiconductor quality and local defect config-
uration, which should not be affected by contact issues causing 
an increase in Rs [18]. Thus, the rectangular dark area defects 
in EL indicate that the carriers cannot be properly transported 
through the deteriorated AZO film. Therefore, we can conclude 
that the electrical properties of the AZO film have changed after 
1000 h of the DH test, resulting in an increase in the resistiv-
ity of the AZO films, leading to a dramatic increase in Rs and 
a corresponding decrease in FF. One hypothesis for the cause 
of this rectangular dark area defect is that the adhesion of the 
AZO layer to the interconnection foil is weaker than that of ITO. 
Moisture ingress caused the interconnection foil to delaminate 
from the AZO layer during the DH test, thereby damaging the 
AZO layer. From the visual inspection of the module as shown 
in Figure  S10, we found that a severe delamination occurred 
along the wires on the AZO modules. We can clearly see the 
voids in this area. This is more likely to be the interconnection 

FIGURE 4    |    EQE (solid symbols) and reflectance (hollow symbols) of the modules with three types of TCO layers. A schematic of the single-cell 
minimodule sample is shown in the inset.
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foil delaminating from the AZO layer than the AZO delaminat-
ing from the wafer. However, this delamination defect is very 
small in the ITO module samples. Another hypothesis is that the 
AZO layer was degraded by substances released from the inter-
connection foil that reacted with the water molecules. Both hy-
pothesized degradation modes were highly correlated with the 
interconnection foil. Therefore, an additional experiment was 
conducted to validate these hypotheses. We manually removed 
half of the interconnection foil, leaving only the wires, and left 
the other half intact, and then performed interconnection and 
lamination. The details are shown in Figure  S11. The EL im-
ages taken after 1000 h of the DH test show that the rectangular 
dark area is not visible at the sample position where the inter-
connection foil has been removed. It is thus identified that the 
rectangular dark area defect in the AZO module samples was 
caused by the interconnection foil. In contrast, the rectangular 

dark area in the module with ITO/AZO/ITO as the front TCO 
layer is not as dark as that in the module with pure AZO as the 
front TCO layer. As shown in Figure 5a, the efficiency loss of 
the ITO/AZO/ITO module is significantly lower than that of the 
AZO module. The DH stability of the AZO film was found to be 
further improved after capping with ITO as a protective layer. 
However, the 10-nm-thick ITO capping layer did not provide 
sufficient adhesion to the interconnection foil. Delamination 
defects could also be observed in the ITO/AZO/ITO module but 
were not severe compared with the AZO module, as shown in 
Figure S10.

In contrast, the ITO module showed a diametrically opposite 
phenomenon to that of the AZO module. The EL images of the 
ITO module show a higher intensity in the rectangular area 
where the interconnection foil is located (as indicated by the 

FIGURE 5    |    Normalized values of (a) efficiency (η), (b) fill factor (FF), (c) open-circuit voltage (Voc), (d) short-circuit current (Jsc), and (e) series 
resistance (Rs) as a function of damp heat time for modules with different TCO. The red star shows the degradation of a glass/glass encapsulated 
AZO module after 1000 h of the DH test. The gray star shows the degradation of a glass/glass encapsulated ITO module after 1000 h of the DH test.
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yellow dashed line in Figure 6a) than at the edges of the module. 
This is more like an edge effect. The ITO film modules show 
almost no delamination. These indicate that the interconnection 
foil has better adhesion to the ITO layer than to the AZO layer. 
Therefore, the interconnection foil can be considered an addi-
tional encapsulation foil to provide additional protection to the 

ITO layer against moisture ingress. As a result, the edges of the 
module where there is no interconnection foil are more suscep-
tible to moisture ingress. Therefore, we found that the central 
area of the ITO module, where there is an interconnection foil, 
showed a higher EL intensity than the areas where there is no 
interconnection foil in the EL images.

FIGURE 6    |    EL and PL images of the (a) ITO, (b) AZO, and (c) ITO/AZO/ITO film–based SHJ modules before and after the DH test. The severe 
cracking of the module shown in the PL images was due to the transport after the I-V and EL measurements.

FIGURE 7    |    Scanning electron microscopy (SEM) images of the surface morphology of the AZO films before and after 600 h of the DH test. The 
AZO film was deposited on corning glass using the same sputtering process as that used for cell fabrication.
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3.3   |   Interpretation of Degradation Mechanisms

Based on the above analyses, we interpret the degradation mech-
anisms of the AZO film module as follows: (1) The delamination 
of the interconnection foil with the AZO film is due to moisture 
ingress and poor adhesion of the AZO film to the interconnec-
tion foil. (2) Delamination allows moisture to easily penetrate 
the AZO film. The AZO film was damaged by the combined ef-
fects of delamination and moisture ingress, causing vacancies in 
the AZO layer and resulting in a decrease in the conductivity of 
the AZO film, leading to a dramatic increase in Rs and a corre-
sponding decrease in the FF of the AZO modules. The dramatic 
increase in Rs leads to a decrease in carrier collection efficiency, 
resulting in a significant decrease in Jsc. (3) Consequently, mois-
ture has a greater chance of percolating through the damaged 
AZO layer into the a-Si:H passivation layer, causing passiva-
tion degradation, which leads to an increase in recombination, 
resulting in a decrease in Voc of the AZO modules. The above 
phenomena occurred primarily in the area where the intercon-
nection foil is located. This also explains why the EQE intensity 
(shown in Figure 8b) decreased significantly at the center rather 
than at the edges of the module after 1000 h of the DH test.

It is currently not easy to quantify the extent of moisture pen-
etration through the encapsulation foil into the TCO and pas-
sivation layers. Nevertheless, this study clearly elucidates the 
degradation behavior of the AZO-based lightweight SHJ mod-
ules and demonstrates the importance of the capping layer to 
prevent moisture diffusion in AZO-based SHJ solar cells and 
modules. In addition, other possible capping layers should be 
investigated to further improve their ability to prevent mois-
ture diffusion and to provide strong adhesion to the intercon-
nection foil.

In addition, some small cracks appeared on the edges of the 
module during the DH process. This was due to the soften-
ing and slight bending of the edges of the modules during the 
DH process at temperatures up to 85°C, as the modules were 
placed vertically in the climate chamber. Therefore, we be-
lieve that the thermal expansion and shrinkage of the polymer 
front sheet are more severe than those of the glass during the 
DH process and would be even more severe during the ther-
mal cycling (TC) process. This will be further investigated in 
our future studies.

4   |   Conclusions

In this study, we investigated the DH stability of the special 
lightweight mini-SHJ solar modules based on three TCO films 
through an accelerated DH aging test. A comparison of the 
three types of TCO film modules shows that AZO is the most 
susceptible to damp heat degradation. The efficiency of the AZO 
module decreased by 58.57%, which was dominated by a large 
increase in Rs and significant decrease in FF. The poor adhesion 
of the AZO layer to the interconnection foil accelerates the pen-
etration of moisture, leading to severe degradation of the AZO 
layer. In addition, moisture penetrates through the AZO layer 
and damages the passivation layer. Therefore, it is important to 
consider the adhesion of the polymer interconnection foil to the 
AZO layer to ensure that the module has a sufficient lifetime 
and stability for large-scale applications. Notably, the efficiency 
loss of the ITO/AZO/ITO module was effectively reduced to 
18.92% after capping the AZO with an ITO layer, which suggests 
that the ITO layer has potential to enhance the moisture resis-
tance and improve the DH stability, and thus is expected to be 
a promising protective capping layer for AZO-based SHJ solar 
cells. This study focused on a very specific type of lightweight 
module. The results of this study can provide valuable reference 
information for the development of damp heat stable AZO-based 
lightweight SHJ solar modules.
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