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Abstract 
Potential-induced degradation (PID)-test results of modules fabricated from the 
rear- and front-emitter silicon heterojunction (SHJ) solar cells were compared to 
clarify the influence of the emitter position of SHJ photovoltaic (PV) cell modules 
on their PID behaviors. The PID tests were performed by applying a bias of 
−2000 V to the shorted interconnector ribbons from the front surface of the cover 
glass, at 85 °C. In the initial stage, both modules showed the same degradation 
characterized by a reduction in the short-circuit current density (Jsc). After the first-
stage degradation, the rear-emitter SHJ PV modules exhibited subsequent 
degradation characterized by a significant reduction in the Jsc and open-circuit 
voltage (Voc), due to the enhancement of the minority-carrier recombination in the 
front surface region of the n-type crystalline silicon base. The front-emitter SHJ PV 
modules, on the other hand, showed a reduction in the fill factor (FF), in addition 
to moderate reductions in Jsc and Voc. The FF reduction of the front-emitter SHJ PV 
modules is considered to be caused by the enhancement of the recombination in the 
front surface region of the n-type crystalline-silicon base as the region corresponds 
to the pn junction interface of the front-emitter configuration. The moderate 
reductions in both Jsc and Voc may be due to further progression of the first-stage 
degradation. These findings are essential for understanding the mechanism of PID 
in SHJ PV cell modules. 
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1. Introduction 
Recently, there has been considerable interest in silicon heterojunction (SHJ) 

photovoltaic (PV) cells owing to their potential to achieve high energy-conversion 
efficiencies. [1–8]. The SHJ PV cells feature a high-quality n-type crystalline-
silicon (c-Si) base and hydrogenated amorphous-Si (a-Si) passivation films on both 
sides of the base, which provide remarkably high open-circuit voltages (Vocs) and 
thus exceptionally high power-conversion efficiencies (PCEs). For example, SHJ 
PV cells with contact on both sides have achieved Vocs higher than 730 mV, and 
PCEs of around 25% [4, 5]. Additionally, for more advanced SHJ cells featuring 
interdigitated back-contact configurations, higher PCEs have been achieved owing 
to the reduced shadowing losses due to the front contact grids [6–8]. According to 
the International Technology Roadmap for Photovoltaic (tenth edition) [9], the 
market share (and thus the importance) of these types of PV cells is expected to 
increase continuously. 

It is essential to understand the possible degradation behaviors of the SHJ PV 
cells to ensure reliability and long-term stability. Although these PV cells have 
already been commercialized and installed in currently operational PV systems, the 
current understanding of the possible degradation behaviors in these cells is still 
inadequate. Potential-induced degradation (PID) [10–13] is considered one of the 
most important reliability issues of PV modules as it often causes significant 
performance losses in a relatively short time. PID is a type of performance 
deterioration that is triggered by electric potential differences between the grounded 
frames and the cells. It is found mainly in large-scale PV systems, as the system 
bias in such installations is very high. PID has been reported in various types of PV 
modules fabricated from conventional p-type c-Si cells [11–15]; conventional n-
type c-Si cells [16–20]; n-type c-Si cells with rear-side emitters [20, 21]; n-type 
interdigitated back contact cells [22, 23], including those with front floating 
emitters [24]; thin-film a-Si cells [25–27]; copper indium gallium selenide thin-film 
cells [28–30]; and cadmium telluride thin-film cells [27, 30, 31]. Since the 
degradation behavior of PV modules is known to be strongly affected by their cell 
and module structures, PID should be investigated for each type of PV cell or 
module. 

There are a few reports on the PID in SHJ PV modules [32–36]. Certain groups 
have reported that commercial SHJ PV modules do not undergo any degradation 
under negative- and positive-bias stresses [32–34], thus demonstrating that they 
have an excellent resistance to PID. However, in our previous studies [35, 36], 
where rear-emitter SHJ PV cell modules with traditional, low-cost encapsulation 
materials were used, SHJ PV cell modules were found to undergo PID characterized 
mainly by the reduction in the short-circuit current density (Jsc). This implies that a 
high PID resistance is mainly due to their encapsulation materials. The Jsc reduction 
was confirmed to be due to the chemical reduction of indium oxide in the front 
transparent conductive oxide (TCO) films [36]. The first-stage degradation does not 
show a significant regeneration by applying an opposite bias [35], unlike the PID 
of many other types of modules. This irreversibility may be because the degradation 
is caused by an irreversible chemical reaction. Additionally, if the degradation 
proceeds further, the Voc will reduce significantly, potentially due to the 
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enhancement of the recombination in the front a-Si/c-Si interface regions caused by 
sodium introduction [36]. (In this paper, these degradations are referred to as the 
first-stage and second-stage degradations, respectively.) However, the PID 
behaviors of front-emitter SHJ PV cell modules have not yet been reported. 

In this paper, we clarify the influence of the emitter position of SHJ PV cell 
modules on their potential-induced degradation behaviors by comparing the PID-
test results of rear- and front-emitter SHJ PV cell modules. For the first-stage 
degradation the cause is the darkening of the front TCO, and, therefore, the 
degradation behavior is expected to be unchanged regardless of the emitter position. 
To confirm this can be an indirect evidence of hypothesis for a proposed 
degradation mechanism in previous studies [35, 36]. However, in the second-stage 
degradation, rear- and front-emitters of the SHJ PV modules may show different 
PID behaviors. These findings improve the understanding of PID in SHJ PV 
modules and may contribute to improvements in the reliability and long-term 
stability of SHJ PV cell modules. 

 
2. Experimental procedures 

Single-cell 180×180 mm2 SHJ PV cell modules were fabricated using 156×156-
mm2 commercial bifacial n-type SHJ solar cells with a rear-side emitter and 
tungsten-doped indium oxide (IWO) TCO films. Fig. 1 shows the cell structure. 
The modules had the following structure: a 3.2-mm-thick tempered white cover 
glass, a 450-μm-thick ethylene-vinyl acetate copolymer (EVA) sheet (fast cure 
type), the SHJ solar cell, a 450-μm-thick EVA sheet (fast cure type), and a typical 
white back sheet [38-μm-thick poly(vinyl fluoride) sheet, a 250-μm-thick 
poly(ethylene terephthalate) sheet, and a 38-μm-thick poly(vinyl fluoride) sheet]. 
The rear- and front-emitter modules were fabricated by laminating the cells with 
the emitter side down and up, respectively. Standard EVA sheets, used in this study, 
had a relatively low volume resistivity of 1.5×1014 Ω·cm and were not capable of 
preventing PID. The module lamination process consisted of two stages, namely, a 
degassing stage, lasting 5 min, and an adhesion stage, lasting 15 min. Both 
processes were conducted on a hot plate maintained at 135 °C. 

Accelerated PID tests were performed by applying a high negative bias of 
−2000 V to shorted module-interconnector ribbons, relative to a grounded 
aluminum plate placed on the front surface of the module cover glass in a heating 
chamber maintained at 85 °C. When the rear- (front-) emitter modules were tested, 
electric fields were mainly formed between the glass surface and n (p) side. Herein, 
the term “negative bias” indicates a bias that produces cells with negative potentials 
with respect to the aluminum plate. We used such a high negative bias as it is known 
to improve the repeatability of the PID tests significantly [35, 36]. The relative 
humidity in the heating chamber was very low (<2% RH). Note that humidity (and 
resulting moisture ingress) influences the degradation, which is significantly 
accelerated under humid conditions [37]. We performed one-sun-illuminated and 
dark current density–voltage (J–V) measurements, and external quantum efficiency 
(EQE) measurements on the modules before and after the PID tests to evaluate the 
degradation. 
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3. Results 
One-sun-illuminated J–V measurements were taken at the rear- and front-

emitter SHJ PV cell modules before and after the PID tests to clarify the influence 
of the emitter position. Fig. 2 shows the representative one-sun-illuminated J–V 
characteristics of the SHJ PV cell modules before and after the PID tests with a 
negative bias of −2000 V, for 30 and 72 days, at 85 °C. With regard to the initial PV 
cell performance, the front-emitter SHJ PV cell module shows a lower Jsc than that 
of the rear-emitter module. This is mainly caused by a difference in the areas of the 
front surface grid electrodes. Both modules exhibit the first-stage degradation 
characterized by reductions in the Jsc within 30 days. However, different behaviors 
were observed in the second-stage degradation. 

The rear-emitter SHJ PV cell module shows an even larger reduction in Jsc and 
Voc, which are the same as reported previously. However, the reductions in the Jsc 
and Voc in the front-emitter SHJ PV cell module were considerably smaller than 
those observed in the rear-emitter module. The front-emitter SHJ PV cell module 
shows a moderately reduced fill factor (FF), which is not observed in the PID in the 
rear-emitter module. Fig. 3 shows the detailed PID-stress-duration dependence of 
the normalized Jsc, Voc, FF, and maximum output power (Pmax), where Jsc,0, Voc,0, 
FF0, and Pmax,0 are the initial Jsc, Voc, FF, and Pmax, respectively. For both types of 
modules, the Jsc decreases at almost the same degradation rate until the PID-stress 
duration reaches 30 days. No differences were observed in the behavior in the first-
stage degradation. However, differences were observed in the behaviors of the two 
kinds of modules in the second-stage degradation (observed beyond the 30-day 
mark). The Jsc reduction of the rear-emitter SHJ PV cell modules is significantly 
accelerated and is accompanied by a substantial reduction in the Voc. Contrarily, the 
rate of reduction of the Jsc of the front-emitter modules is maintained even after 30 
days, and no significant Voc reduction is observed. Additionally, the FF increases 
for the rear-emitter SHJ PV modules, whereas it reduces for the front-emitter 
modules. As a result of the above differences, the rear-emitter SHJ PV cell modules 
showed more significant degradation in the Pmax. 

Dark J–V measurements were also performed to observe changes in the diode 
characteristics. Fig. 4 shows the representative dark J–V characteristics of the rear- 
and front-emitter SHJ PV cell modules, before and after the PID tests in which a 
negative bias of −2000 V was applied for 30 and 72 days. The first-stage 
degradation has been reported to be caused by the darkening of the front IWO films 
[36]. Therefore, the first-stage degradation cannot be observed as changes in the 
dark J–V characteristics. After the 72-day PID test, the rear-emitter SHJ PV cell 
modules showed a significant increase in the diffusion currents (V ≥ 0.35 V), 
implying enhancement in the bulk and/or interface recombination. This can be 
considered as the beginning of the second-stage degradation, characterized by 
reductions in the Jsc and Voc. In contrast, the front-emitter SHJ PV cell modules do 
not show an enhancement in the diffusion currents, and instead, exhibit an increase 
in recombination currents (V ≤ 0.35 V), implying an enhancement in the 
recombination between majority carriers that diffuse into the interface depletion 
region, from both sides of the pn junction. 

The representative EQE spectra of the rear- and front-emitter SHJ PV cell 
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modules, before and after the PID tests with a negative bias of −2000 V for 30 and 
72 days, are shown in Fig. 5. Both modules show a reduction in the EQE over the 
entire wavelength range after the PID tests for 30 days. This corresponds with the 
first-stage degradation, characterized by a reduction in Jsc. The EQE reduction is 
reported to be mainly caused by the darkening of the front TCO films [36]. After 
the PID tests for 72 days, the rear-emitter SHJ PV cell module shows a further 
reduction in the EQE over the entire wavelength range, particularly in the short-
wavelength range. This indicates a potential enhancement in the interface and/or 
bulk recombination in the vicinity of the front surface of the n-type c-Si base. In 
contrast, the front-emitter SHJ PV cell module shows no significant reduction in 
the EQE. 

 
4. Discussion 

As shown in Figs. 2a and 3, the rear-emitter PV modules showed the first-stage 
degradation, characterized by a reduction in the Jsc, and the second-stage 
degradation, characterized by an additional reduction in the Jsc and a decrease in 
the Voc. In contrast, the front-emitter SHJ PV cell modules exhibited the first-stage 
degradation behavior similar to that observed in the rear-emitter modules, and, 
however, it underwent a different second-stage degradation, characterized by 
moderate reductions in Jsc, Voc, and FF (Fig. 2b and Fig. 3). This indicates that the 
rear- and front-emitters SHJ PV cell modules undergo the same first-stage 
degradation but show different behaviors in the second-stage of degradation. 

In the first-stage degradation, the same degradation occurs in both the rear- and 
front-emitter SHJ PV cell modules as they have the same kind of front TCO layers. 
The origin of the first-stage degradation has been identified as the darkening of the 
front TCO, caused by the precipitation of metal indium resulting from the chemical 
reduction of indium oxides [36]. Both modules have the same IWO TCO, and the 
same chemical reduction reaction should occur in both modules. 

In contrast, the emitter position impacts the behavior of the second-stage 
degradation of the rear- and front-emitter PV cell modules. The second-stage 
degradation has been reported to be triggered by the enhancement of the 
bulk/interface recombination caused by the formation of defect levels with sodium 
introduction into the front surface region of the n-type base and/or damage to the 
front a-Si passivation layer [36]. Thus, the defect levels in the vicinity of the front 
side of the c-Si base are introduced regardless of the emitter position. In the rear-
emitter SHJ PV cells, the front surface region is far from the pn junction interface. 
The introduced defect levels cause the recombination of the photo-generated excess 
carriers and the enhancement of the diffusion currents of the pn junction, leading to 
reductions in Jsc and Voc, respectively. This is consistent with the results of the dark 
J–V characteristics, shown in Fig. 4a, and the EQE spectra. In Fig. 4a, an increase 
in the diffusion current is observed. The EQE, as shown in Fig. 5a, exhibited a 
reduction in the EQE in the short-wavelength range, implying an enhancement in 
the photo-generated carrier recombination in the vicinity of the surface region of 
the n-type c-Si base. However, the front-surface region of the n-type c-Si base 
corresponds to the pn junction interface region for the front-emitter SHJ PV cells. 
Therefore, if defect levels are introduced there, diffusion currents do not increase 



 

 7 

and do not lead to reductions in the Jsc and Voc. (Moderate reductions in the Jsc and 
Voc were observed potentially caused by the progression of the first-stage 
degradation. The Voc reduction is due to the reduction in the Jsc, namely, the 
decrease in the photo-generated excess carriers.) Instead, recombination in the pn 
junction interface is enhanced, which may, in turn, enhance the recombination 
currents and, therefore, decrease the FF. (Here, “recombination currents” refers to 
currents via the recombination between majority carriers from both sides of the pn 
junction.) 

From the perspective of large-scale PV system installations, front-emitter SHJ 
PV cell modules may be superior to rear-emitter modules owing to the considerably 
lower second-stage degradation in front-emitter SHJ PV cell modules. The type of 
PV cell module to be used should be determined after considering the initial 
performance. The findings obtained in this study will, however, be useful in 
selecting PV cell modules used in large-scale PV systems. 

The acceleration factor should also be considered from the perspective of the 
field relevance. However, it is difficult to discuss the acceleration factor of this test 
because of the lack of findings of the field degradation. In this study, to observe the 
second-stage degradation, a high negative bias of −2000 V was applied to the 
modules for a relatively long time. The condition is severe compared to the standard 
PID test conditions. However, the absence of second-stage degradation in the field 
cannot be predicted. In this study, the relative humidity was <2%. We have reported 
that SHJ PV modules pre-stressed in a conventional damp heat test for 700 h 
showed approximately 20-times faster PID [37], implying that the SHJ modules 
stressed in a humid environment are more easily degraded by PID stress. There are 
open questions related to the field relevance, including the acceleration factor. 
Additional work is required to discuss the on-ground relevance of this study in 
detail. 

 
5. Conclusions 

We investigated the influence of the emitter position on the PID behaviors of 
SHJ PV cell modules by comparing the results of the rapid PID tests of the rear- 
and front-emitter modules. 

We found that the SHJ PV cell modules show the same first-stage degradation, 
characterized by a reduction in the Jsc, regardless of the emitter position. This 
degradation is known to be caused by the darkening of the front TCO layer. Both 
the rear- and front-emitter SHJ PV modules had the same IWO TCO in the front, 
resulting in a similar degradation. 

In the second-stage degradation, the rear-emitter SHJ PV cell modules showed 
a degradation characterized by significant reductions in both the Jsc and Voc. Based 
on the dark J–V and EQE characteristics, we found that the degradation was due to 
an enhancement in the bulk/interface recombination in the vicinity of the front 
surface of the n-type c-Si base. However, the front-emitter SHJ PV modules showed 
a moderate reduction in the FF, potentially caused by the enhanced recombination 
at the pn junction interface. This difference in the second-stage degradation may be 
because the surface region of the n-type c-Si base in the rear-emitter cells is far from 
the pn junction interface, whereas that of the base in the front-emitter cells 
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corresponds to the pn junction interface. The front-emitter modules also showed 
moderate reductions in the Jsc and Voc. However, these reductions were due to the 
progression of the first-stage degradation. As a result of the second-stage 
degradation, the rear-emitter SHJ PV cell modules exhibited a larger performance 
deterioration than that in front-emitter SHJ PV cell modules. 

These findings improve the understanding of PID in SHJ PV cell modules and 
may contribute to improvements in their reliability and long-term stability. 
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Figure captions 
Figure 1. Schematic diagram of the structure of the bifacial SHJ PV cells used in 
this study. 
 
 
Figure 2. Representative one-sun-illuminated J–V characteristics of (a) rear- and 
(b) front-emitter SHJ PV cell modules before and after the PID tests for 30 and 72 
days. 
 
 
Figure 3. (a) Jsc/Jsc,0, (b) Voc/Voc,0, (c) FF/FF0, and (d) Pmax/Pmax,0 as a function of 
PID-stress duration. The data points represent the mean values of two identical 
modules. The solid and dashed lines are visual guides. 
 
 
Figure 4. Representative dark J–V characteristics of (a) rear- and (b) front-emitter 
SHJ PV cell modules before and after the PID tests for 30 and 72 days. 
 
 
Figure 5. Representative EQE spectra of (a) rear- and (b) front-emitter SHJ PV 
cell modules before and after the PID tests for 30 and 72 days. 
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Fig. 2  
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Fig. 3 
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Fig. 4 
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Fig. 5 
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