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Abstract

Accelerated tests were used to study potential-induced degradation (PID) in
photovoltaic (PV) modules fabricated from silicon heterojunction (SHJ) solar cells
containing tungsten-doped indium oxide (IWO) transparent conductive films on
both sides of the cells and a rear-side emitter. A negative bias of —1000 V was
applied to a module with respect to the cover glass surface in a chamber maintained
at 85 °C, which significantly reduced the cell’s short-circuit current density (Jsc)
within several days. Based on dark current density—voltage and external quantum
efficiency measurements, the reduction in the Jsc was attributed to optical losses
rather than carrier recombination. X-ray absorption fine structure spectroscopy
showed the formation of metallic indium (In) in the IWO layers of a degraded cell,
which suggests that the root cause of the optical loss was a darkening of the front
IWO layers caused by the precipitation of metallic In. In extremely severe PID tests,
the SHJ PV modules exhibited not only a further reduction in the Js but also a
moderate reduction in the open-circuit voltage (Voc). These Jsc and Vo reductions
were probably caused by sodium being introduced into the base region of the cells.
A comparison of the PID test results of the SHJ PV modules with those of other
types of PV modules indicates that SHJ PV modules have a relatively high
resistance to PID. As a module with an ionomer encapsulant exhibited little
degradation, their high resistances to PID may be further improved by using
encapsulants with high electrical resistances.
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Here, we comprehensively investigated potential-induced degradation (PID)
occurring in photovoltaic (PV) modules fabricated from silicon heterojunction
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(SHJ) cells containing tungsten-doped
indium oxide (IWO) transparent
conductive films on both sides of the
cells and a rear-side emitter. It was
found that under negative bias, the SHJ
PV modules undergo PID characterized
by a reduction in the short-circuit
current densities. The root cause of this
PID was the darkening of the front
IWO layers caused by the formation of
metallic indium precipitates.



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 [1-7]. These SHJ PV cells feature intrinsic hydrogenated amorphous
silicon (a-Si) films on both sides of the Si wafer as passivation layers and a
high-quality n-type single crystalline silicon (c-Si) base, which offers remarkably
high open-circuit voltages (Vocs) and thus very high energy-conversion efficiencies.
For SHJ PV cells with contacts on both sides, V. values higher than 730 mV and
energy-conversion efficiencies of around 25% have thus far been achieved [4, 5].
For more advanced SHJ cells with an interdigitated back-contact (IBC) structure,
even higher efficiencies of around 26% have been achieved owing to a reduction of
shadowing losses in these types of cells [6, 7]. According to the International
Technology Roadmap for Photovoltaic (eighth edition) [8], the market share (and
thus the importance) of this kind of PV cell is expected to increase.

To ensure the reliability and the long-term stability of SHJ PV cells it is
important to understand their possible degradation behaviors. Although SHJ PV
cells have already been commercialized and installed in currently operational PV
systems, the current understanding of the possible degradation mechanisms in these
cells is still insufficient. Potential-induced degradation (PID) [9-12] is considered
to be one of the most important reliability issues of PV modules. PID is a type of
performance deterioration that is triggered by the difference in the electric potential
between the grounded frame and the cells and is found mainly in large-scale PV
systems, as the system bias in such installations is very high. PID reportedly occurs
in numerous different kinds of PV modules fabricated from conventional p-type
c-Si cells [10-14]; conventional n-type c-Si cells [15-19]; n-type c-Si cells with
rear-side emitters [19, 20]; n-type IBC cells [21, 22], including those with front
floating emitters [23]; thin-film a-Si cells [24, 25]; copper indium gallium selenide
(CIGS) thin-film cells [26-28]; and cadmium telluride (CdTe) thin-film cells [28,
29]. Since the degradation behavior of PV modules is known to strongly depend on
their cell and module structures, PID should be investigated for each type of PV
module. There are also some reports regarding PID in SHJ PV modules [18, 30—
33]; conversely, some groups have reported that commercial SHJ PV modules do
not undergo any degradation under negative- and positive-bias stresses [ 18, 30—32],
thus demonstrating that these commercial SHJ PV modules have an excellent
resistance to PID. In these studies, the details of the encapsulation materials were
not, however, disclosed, and therefore it is possible that their high resistance to PID
was caused by the encapsulation materials. Thus, the actual effect of PID in SHJ PV
modules should not be regarded as having been fully clarified. In a previous
publication [33] we briefly reported that under negative bias PID characterized by a
reduction in the short-circuit current density (Jsc) occurs in SHJ cells with contacts
on both sides that were prepared into PV modules with conventional, low-cost
module encapsulation materials such as tempered cover glass or ethylene-vinyl
acetate copolymer (EVA) encapsulant. Furthermore, we revealed that the Jsc loss is
not caused by increased recombination but is caused by optical loss. However, the
exact reason for this was unclear.

In this work, we therefore comprehensively investigated PID-related
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phenomena occurring in SHJ PV modules. Here, we report and discuss our results
in greater detail than in our previous publication (Ref. 33). To clarify the actual
effect of PID on the performance of SHJ PV cells, we performed an accelerated PID
test on cells that were encapsulated with conventional low-cost encapsulation
materials which are relatively susceptible to PID stress. The root cause of PID in
SHJ PV modules was identified by analyzing an X-ray absorption fine structure
(XAFS) spectrum acquired from the front transparent conductive oxide (TCO)
layer of a degraded cell and via dynamic secondary ion mass spectrometry
(D-SIMS) measurements for sodium (Na) for a degraded SHJ PV cell. We
propose a degradation mechanism on the basis of these results. In terms of the
reliability of SHJ PV cells, we discuss the resistance of SHJ PV modules to PID by
comparing their PID test results with those of other types of PV modules. In
addition, we propose some measures to effectively prevent the degradation based
on the obtained results and on the proposed degradation mechanism. The research
findings reported in this study are of importance, as they significantly improve our
understanding of PID in SHJ PV modules, which may help us develop low-cost,
highly reliable SHJ PV modules.

2. Experimental procedures

Single-cell SHJ PV modules measuring 180 x 180 mm? were fabricated using
156 x 156-mm?-sized commercial bifacial SHJ solar cells with a rear-side emitter
and tungsten-doped indium oxide (IWO) TCO films. The modules had the
following structure: a 3.2-mm-thick tempered white cover glass/450-pum-thick EVA
sheet (fast cure type)/SHJ solar cell (emitter side down)/450-pum-thick EVA sheet
(fast cure type)/typical white back sheet (38-um-thick poly(vinyl fluoride)
sheet/250-pum-thick poly(ethylene terephthalate) sheet/38-um-thick poly(vinyl
fluoride) sheet). Standard EVA sheets were used in this study; they had a relatively
low volume resistivity of 1.5 x 10'* Q-cm and were not capable of preventing PID.
Our module-lamination process consisted of two steps: a degassing step lasting 5
min and an adhesion step lasting 15 min (both processes were conducted at 135 °C).
To determine a possible method for preventing PID, we also fabricated a PV
module with an ionomer sheet with a very high volume resistivity on the order of
106 Q-cm, by applying the same lamination process.

The PID tests were performed by applying a negative bias of either —1000 or
—2000 V to shorted module-interconnector ribbons with respect to a grounded
aluminum (Al) plate placed on the front surface of the module cover glass in a
heating chamber maintained at 85 °C. Herein we use the terms “negative bias” and
“positive bias” for biases that produce cells with negative and positive potentials
with respect to the Al plate, respectively. Note that the conditions were chosen to
accelerate the degradation and did not reflected actual conditions seen in currently
operated PV systems. We disregarded any effects of moisture ingress from the
surrounding atmosphere into the modules during the PID-related phenomena tests
because the relative humidity in the heating chamber was very low (<2% RH). To
evaluate the degradation, we performed dark and one-sun-illuminated current
density—voltage  (J/~F), external quantum efficiency (EQE), and
electroluminescence (EL) measurements on the modules before and after the PID
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tests.

To determine the root cause of the degradation, we performed an ultra-violet,
visible, and near infra-red (UV-Vis-NIR) spectroscopy measurement of an EVA
sheet taken from a degraded module. In addition, we conducted XAFS
spectroscopy measurements for the front IWO film of a degraded SHJ cell to
analyze the chemical states of the indium (In) and tungsten (W) in the film. In the
XAFS investigation, the X-ray absorption near edge structure (XANES) and the
extended X-ray absorption fine structure (EXAFS) were analyzed in detail by
comparing them with those of reference In and W standard samples as well as with
a pristine IWO film. The XANES and EXAFS experiments were performed using
the BL14B2 beamline at SPring-8, Japan, and using the BL9A beamline at the
Photon Factory, High Energy Accelerator Research Organization, Japan,
respectively. To obtain the Na depth profiles of degraded SHJ PV cells, D-SIMS
measurements were performed with a PHI ADEPT1010 apparatus with a Cs*
primary ion beam with an acceleration voltage of 3 keV. The Na concentrations
were roughly estimated using a ZnO:Na standard sample. A scanning electron
microscopy (SEM) observation with an acceleration voltage of 5 keV was
conducted to obtain the cross-sectional image of the surface region of a degraded
cell.

3. Results

3.1. Degradation behavior of the SHJ PV modules

It has been reported that various kinds of PV cells, such as conventional p-type
c-Si [10—-14], n-type front-emitter c-Si [15—19], n-type rear-emitter c-Si [19, 20],
n-type IBC c-Si [22], a-Si thin-film [24, 25], CIGS thin-film [26-28], and CdTe
thin-film [28, 29] PV cells, undergo PID under negative bias. Herein, we first
clarified how the J-V, EQE, and EL characteristics of SHJ PV modules change
upon applying a negative bias. In the PID tests, we used SHJ PV modules
encapsulated with conventional low-cost encapsulation materials to uncover the
actual effect of PID on the performance of the modules. It should be noted that the
modules did not show significant degradation under positive bias. Thus, we do not
discuss degradation behavior under positive bias in this report.

Figure 1 shows the representative one-sun-illuminated and dark J—V
characteristics of an SHJ PV module before and after the PID tests in which a
negative bias of —1000 V was applied. The inset in Figure 1a shows Js/Jsc0 as a
function of the PID-stress duration, where the Js is the initial Ji.. The SHJ PV
module’s Ji. gradually degraded throughout the PID test, while the initial fill factor
(FF) and Vo values remained constant. As a result of the reduction in the Jy, the
maximum output power (Pmax) Was decreased by approximately 13%. This result
demonstrates that under negative bias, PV modules fabricated from SHJ cells with
contacts on both sides undergo a PID that is mainly characterized by a reduction in
the Jsc. Throughout the PID test, the dark J—V characteristics of the module
remained unchanged, which implies that the reduction in the Js. was not caused by
an enhancement in carrier recombination but originated from optical loss. This
assumption is also supported by the results of the EQE measurements. Figure 2
shows the EQE characteristics of pristine and degraded SHJ PV modules. After a
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13-day-long PID test, the EQE of the modules was reduced across the entire
wavelength range (see the dashed red line in Figure 2). This, too, implies that the
reduction in the Jsc was caused by optical losses, since EQE is generally reduced
over a specific wavelength range if there are recombination losses in the cell (for
example, if recombination is enhanced on the front surface, the EQE is reduced in
the short-wavelength range). In one noteworthy case, the EQE was reduced by at
least half at short wavelengths (see the line “—~2000 V, 21 days” in Figure 2). Figure
2 also shows a comparison of the EQEs extracted from two different positions: one
near the center and one near the edge of the cell. The reduction in the EQE near the
cell’s edge was greater than that near the center of the module, which indicates that
the extent of the optical loss depends on the location within the cell.

It has been reported that PID in many types of PV modules including p-type
c-Si [10], n-type front-emitter c-Si [15, 16, 19], and CIGS [27] modules can be
recovered by applying the opposite bias to that used in the degradation tests. To
investigate whether such a regeneration effect occurs for the PID in SHJ PV
modules, we applied a positive bias of +1000 V to a degraded module. In the initial
stage of the recovery test, the Js appeared to recover slightly; however, the Js. then
reached a constant value and stopped regenerating. This observation indicates that
the PID in SHJ PV modules is almost entirely irreversible, unlike the PID of many
other types of modules.

Figure 3 shows the applied-bias dependence of Jsc/Jsc,0, Voc/Voc0, FF/FFo, and
Prax/Pmaxo of some SHJ PV modules that underwent PID testing, where the
subscript 0 indicates the initial values. The degradation rate of the SHJ PV modules
appeared to increase along with the applied bias. In this experiment, the degradation
behavior seemed to be unchanged except for the degradation rate even when the
applied bias was increased from —1000 to —2000 V.

In Figure 4, panels (a) and (b) show the EL images of SHJ PV modules before
and after PID testing, respectively, for PID tests in which a negative bias of —1000
V was applied for 32 days. The EL image was slightly darker over the entire region
after the PID test. The loss in luminescence was not accompanied by changes in the
diode characteristics, as mentioned above, implying that the loss is not related to an
enhancement of the non-radiative recombination processes but originates from
enhanced optical losses. Figure 4c shows the EL image of a module after a PID test
in which a negative bias of —2000 V was applied for 21 days. A characteristic bright,
circular pattern can be seen in the middle of the cell; this indicates that the optical
loss was non-uniform. This is consistent with the results of the EQE measurement
shown in Figure 2. This pattern could also be seen by eye under light from a
fluorescent lamp.

We also investigated the progression behavior during extremely severe PID
tests with both a very high bias of —2000 V and very long durations of up to 53 days.
Figure 5 shows representative one-sun-illuminated and dark J—J characteristics of
an SHJ PV module before and after the PID tests for 5, 25, and 53 days. Figure 6
shows changes in the Js/Jsc0, Voe/Voc,o, FF/FFo, and Pmax/Pmax,o values of three
identical SHJ PV modules undergoing PID tests with the same bias and under the
same temperature conditions. Until the length of the PID test reached
approximately 30 days, the degradation was characterized only by a reduction in
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the Js.. After about 30 days, the Jsc reduction started to saturate. As the PID tests
continued, however, the modules started to exhibit not only an additional reduction
in the Jsc but also a moderate reduction in the V.. This indicates that under severe
enough conditions SHJ PV modules undergo another PID mode characterized by
reductions in both the Jsc and the Voc. In contrast, the FF increased slightly, which
compensates a fraction of the additional degradation. These V. and Jsc reductions
were accompanied by an increase in the saturation current density (Figure 5b),
which indicates that the reductions are caused by enhanced bulk and/or interfacial
recombination.

3.2. XAFS spectroscopy

To elucidate the root cause of the optical loss, we performed UV-Vis-NIR
spectroscopy measurements on a pristine EVA encapsulant sample and an EVA
encapsulant sample taken from a degraded PV module; we also conducted XAFS
spectroscopy measurements on the front IWO layer of a degraded SHJ PV cell.
There were no significant additional optical losses in the EVA sample taken from
the degraded module (not shown here). In this section, we therefore focus on the
XAFS spectroscopy results. In this XAFS investigation, both XANES and EXAFS
results were analyzed in detail.

Figure 7 shows the In K-edge and W Ls-edge XANES spectra obtained from the
front IWO film of an SHJ PV cell degraded in a PID test in which a negative bias of
—2000 V was applied for 53 days. The degraded module exhibited a noteworthy
reduction in the Jsc and a moderate decrease in the V.. For a pristine IWO sample,
the In K-edge XANES spectrum was almost identical to that of a standard indium
oxide (In,O3) sample (not shown here), indicating that In atoms in the pristine IWO
have almost the same chemical states as those in the standard In,O3; sample. For the
analysis of the In K-edge XANES spectrum of the degraded IWO film, we assumed
that In atoms exist in both their initial state and in their chemically reduced state.
This assumption seems to be valid because a good fit was obtained by using the In
K-edge XANES spectrum of the pristine IWO and the spectrum of the In metal
standard sample; this enables the ratio of chemically reduced In to non-reduced In
atoms to be estimated. The best fit (indicated by the black solid line in Figure 7a)
was obtained when the composition of the material was approximately 24%
metallic In. This indicates that 24% of the In atoms in the sample were chemically
reduced into metallic In. We also performed the same analysis for the W Ls-edge
XANES spectra, for which we assumed that W atoms in their initial state and
chemically reduced metallic W atoms coexist in the degraded IWO film. The W
Ls-edge XANES spectrum of the pristine IWO sample had the same peak position
as that of a standard tungsten oxide (WQO3) sample (not shown here), suggesting that
the W in the IWO has similar chemical states to those of W in WOs. However, there
was a difference in the peak intensity, implying that the chemical states of W in the
IWO sample were modified. This may be because the amount of WO3 in the IWO
film was only a few atomic percent or below and because most W atoms were
almost completely isolated from other W atoms. The degraded IWO sample
showed a very similar W Ls-edge XANES spectrum to that of the pristine IWO
sample, which indicates that the W chemical states were unchanged. The best fit
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shown in Figure 7b was obtained when the W content was zero, implying that no W
atoms were chemically reduced.

Figure 8 shows In K-edge k*>-weighted and W Ls-edge k*-weighted EXAFS
spectra obtained from the degraded IWO sample (the same samples as used in the
XANES analysis). In this analysis of the EXAFS spectra, good fits were obtained
with the same assumption as for the analysis of the XANES spectra. For the In
K-edge &*-weighted EXAFS spectra, the spectrum of the pristine IWO sample was
almost the same as that of the standard In,Os; sample (not shown here). For the
spectrum shown in Figure 8a, the best fit was acquired when the metallic In content
was approximately 33%. This result indicates that approximately 33% of the In
atoms in the sample were chemically reduced. For the W Ls-edge k*-weighted
EXAFS spectra, the spectrum of the degraded IWO sample was very similar to that
of the pristine IWO sample, which is a similar observation as made for the W
Ls-edge XANES spectra. The best fit was obtained when the W content was zero.
This implies that generally no W atoms were chemically reduced, which is the same
as the findings obtained from the W Ls-edge XANES spectrum.

3.3. D-SIMS measurements for Na

PID, which occurs in several different types of PV modules under negative bias,
such as in conventional p-type c-Si [10-14], n-type rear-emitter c-Si [20], n-type
IBC c¢-Si [22], a-Si [24, 25], CIGS [26-28], and CdTe [28, 29] PV modules, has
been associated with Na. SHJ PV modules were found to undergo PID under
negative bias; thus, it is likely that Na plays an important role. We performed
D-SIMS measurements of Na in two degraded cells, namely one with only a
reduction in Jsc and one with reductions in both the Js and V.

Figure 9 shows the D-SIMS profiles of Na in a cell degraded in PID tests in
which a negative bias of —2000 V was applied for either 6 or 53 days. The former
cell exhibited only a Jsc reduction, while the latter cell exhibited reductions in both
the Jsc and Voe. For comparison, a D-SIMS profile of Na in a pristine cell is also
shown. The Na concentration reported in Figure 9 was roughly estimated by using
the ZnO:Na standard sample. The pristine sample showed a Na concentration on
the order of 10"°-10%° ¢m™ for the surface region; this high concentration was
probably caused by contaminants including Na on the cell surface. In the bulk
region, the cell showed a low concentration of Na on the order of 10'7 cm™ or lower.
However, in the sample that showed a reduction in the Jic only, the Na
concentration was much higher over the entire investigated region. Meanwhile, the
sample with reductions in both the Js. and the Vo showed a further noteworthy
increase in the Na concentration. Generally, Na is known as a “lifetime killer” in
c-Si and is detrimental to the performance of Si solar cells [34]. Therefore increased
concentrations of Na atoms may have a detrimental effect on SHJ PV cells. It
should be noted that the D-SIMS measurements were disturbed by a matrix effect
and a surface mixing effect, which is known as the knock-on effect. The latter may
lead to the overestimation of the Na concentration in the bulk region of the samples.
In addition, the measurements were disturbed by the textured surfaces.

3.4. SEM investigation
To study the surface of the degraded cell, we conducted a cross-sectional SEM
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observation of the surface region of a cell degraded by a PID test in which a
negative bias of —2000 V was applied for 53 days. Figure 10 shows the SEM
images of a pristine cell and of the degraded cell. The surface of the degraded cell
appears to have been degraded, indicating that the continuity of the IWO film was
disrupted by the PID. There is also a possibility that the a-Si passivation film was
also degraded, leading to a significant reduction in the passivation quality. If the
IWO film were degraded, as shown in Figure 10b, an increase in the series
resistance (Rs) would be expected; however, such an increase was not observed. It is
possible that the IWO film was degraded when the encapsulation material was
delaminated for subsequent analyses. However, we conclude that the IWO film was
likely significantly damaged during the PID test, because the pristine cell, in which
the encapsulation material was also delaminated for comparison, showed no
degradation of the IWO film.

In the energy dispersive X-ray spectroscopy measurements, Na (along with Si,
In, and oxygen) was detected on the surface of the degraded cell, while no Na signal
was detected on the surface of the pristine cell (not shown). This observation is
evidence that the Na concentration increases during PID testing, which is consistent
with the results of the D-SIMS measurements.

3.5. Effect of the use of an ionomer encapsulant

To determine a possible measure for preventing PID in SHJ PV modules, we
performed the PID tests on an SHJ PV module using an ionomer encapsulant,
which has a considerably higher volume resistivity (10'® Q-cm) compared with that
of the EVA encapsulant used in this study. Thanks to their high volume resistance,
ionomer encapsulants can effectively prevent PID from occurring in several kinds
of PV modules, such as p-type c-Si [35], n-type front-emitter c-Si [15], and CIGS
[27] PV modules. Figure 11 shows the dependence of Pmax/Pmax0 of the SHJ PV
modules with the standard EVA encapsulant and with the ionomer encapsulant on
the PID testing duration. The modules were stressed under a negative bias of —2000
V, which is a severe stress condition. In the EVA modules, Pmax/Pmax.0 Was reduced
to approximately 70% after 20 days. Conversely, the Pmax/Pmax0 value of the
ionomer module exhibited only a little degradation even after a longer PID test of
58 days, thereby demonstrating the excellent PID-suppression capabilities of the
ionomer encapsulant. This PID-suppression capability is likely caused by a
significantly reduced leakage current owing to the high volume resistance of the
ionomer encapsulant.

4. Discussion

4.1. Degradation behavior of SHJ PV modules

Previous studies [18, 30-32] have shown that commercial SHJ PV modules
have a far higher resistance to PID in accelerated PID tests. In these studies, the
details of the module’s components were not disclosed, so the actual reason for the
PID was not clarified. Generally, studies using commercially completed PV
modules face this problem. To overcome this, it is necessary to identify the
encapsulation materials. In this study, we attempted to clarify the actual effect of
PID on SHJ PV cells by using standard, low-cost encapsulation materials that have
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been confirmed to not be capable of preventing PID.

As shown in Figure 1, we found that under a negative bias, SHJ PV modules
underwent the sort of PID that is mainly characterized by a reduction in the Js.. This
suggests that SHJ PV modules may suffer from PID characterized by a Jsc reduction
when prepared with conventional low-cost encapsulation materials. As shown in
Figure 3, the rate of degradation increases with increasing bias. The reduction in the
Jsc was not caused by recombination losses but optical losses, since the EQE of the
degraded SHJ PV modules was reduced over the entire wavelength range, as shown
in Figure 2. The dark J—V characteristics of the degraded modules were almost
unchanged before and after the PID test (Figure 1b). This, too, suggests that there
was no significant increase in the recombination losses. This PID, mainly caused by
optical losses, is different from all the other PID-related phenomena reported so far
(while PID in thin-film a-Si PV modules is partly affected by additional optical
losses, other loss mechanisms dominate [25]). A possible reason behind the reduced
Jsc will be discussed in detail in Section 4.2.

The non-uniformity of the optical loss over the entire cell’s area is shown in
Figures 2 and 4. The exact reason of the non-uniformity is currently unclear;
however, it may be related to the electric field distribution during the PID tests. In
actual PV modules, which include several tens of cells, the effect of the electric
field distribution is expected to be greater than that in one-cell modules. For
example, cells located near the module’s edge probably degrade more readily
compared with cells located near the center. Additionally, the EL results indicate
that the distribution of the degree of optical loss can be easily identified by using EL
measurements. EQE and Jsc mappings would probably also be effective for
characterizing the PID behavior in a more quantitative way.

In extremely severe PID tests with a very high bias and with a very long testing
duration, the SHJ PV modules were found to suffer not only from a further
reduction in the Jsc but also a moderate reduction in the Vo, as shown in Figures 5
and 6. These additional reductions in the Jsc and the V. were accompanied by an
enhanced saturation current density, which suggests that these reductions were
mainly caused by an enhancement in the interfacial and/or bulk recombination. In
actual PV systems, such a moderate reduction in the Vo would likely only have a
minor effect on the efficiency of the string; conversely, the additional reduction in
the Jsc would likely have a detrimental effect on the efficiency of the string. This is
because a Vo reduction in a cell only slightly reduces the maximum voltage of the
string in which the cell is included; however, a Jsc reduction in a cell generally has a
substantial effect on the efficiency of the system because the lowest Js. limits the
current flowing through the entire string.

In the D-SIMS measurement, a significantly increased Na concentration was
observed in a degraded PV module with reductions in both the Js. and the V.. The
accumulating Na probably reduced the minority-carrier lifetime and thus the Jsc and
the Vo were reduced. The Na build-up in the c-Si region is therefore a potential
reason for the Vo reduction. The presence of Na is known to have a very significant,
detrimental effect in c-Si as it introduces a defect level close to the mid-gap and has
a large capture cross section for minority carriers [34, 36]. It is also possible that
a-Si was damaged by the PID, as indicated by the results presented in Figure 10b.
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Such damage is expected to degrade the passivation quality, and therefore
significantly reduce the Jsc and V. Note that the results of our D-SIMS
measurements were disturbed by the knock-on effect and the surface texturing of
the cells. More accurate evaluation is required to completely understand the
phenomenon.

Because our cells had a rear-emitter configuration, the Na introduced into the
surface region of the cells only causes reductions in the Jsc and the V5. and does not
affect the FF. However, SHJ cells with front-emitter configurations are expected to
also show a reduction in the FF, since their depletion region is located within the
front surface region of the c-Si base and because the Na introduced at the c-Si front
surface should enhance recombination in the depletion region.

It should be noted that the Jsc reduction that coincides with the V4 reduction can
likely only be observed in very severe PID tests in which a high bias is applied for a
long time. These additional reductions are therefore not expected to occur in actual
PV systems. However, if SHJ PV modules were deployed in a PV system with such
extremely severe conditions, reductions in both the V,. and the Ji should be
prevented; this could be achieved, for example, by using high-electric-resistance
encapsulants such as ionomer encapsulants, as shown in Figure 11.

4.2. Root cause of optical loss

To determine the root cause of the optical loss, we performed UV-Vis-NIR
spectroscopy of a pristine EVA encapsulant sample and an EVA encapsulant sample
taken from a degraded PV module, and conducted XAFS spectroscopy
measurements on the IWO layer of the degraded cell. The optical loss in the EVA
layer was not significant and too small to explain the Jsc reduction that was actually
observed. Increased optical loss in the cover glass may be the reason behind the Jsc
reduction. However, increased optical losses in the cover glass have not yet been
reported. In this section, we thus mainly discuss the results of the XAFS
spectroscopy measurements of the front IWO layer of the degraded cell.

By analyzing the XANES and EXAFS results for the degraded IWO layer, we
found that the results of the 53-day-long PID test show that 24—33% of the In atoms
were chemically reduced and were converted into metallic In. Conversely, no
detectable increase in the amount of metallic W was found in the degraded IWO
film. These observations strongly suggest that the root cause of the optical loss is
the darkening of the front IWO layer caused by the formation of metallic In
precipitates. The darkened IWO layer intercepts the incident light, leading to a
significant reduction in the Js.. There was a possibility that the In precipitates
affected the electrical characteristics of the TCO films; however, no significant
change in FF was actually seen after the PID tests as shown in Figs. 5 and 6. This
may be because metallic In precipitates are good conductors.

To explain the formation of the metallic In precipitates, we considered the
chemical reduction of In,Os. It has been reported that indium-oxide-based TCO
films are relatively readily reduced by exposure to a strongly reducing environment
such as hydrogen plasma and that metal precipitates can be formed as a result [37—
43]. As we applied a negative bias to the cells in our PID tests, the cells
corresponded to the cathode in oxidation-reduction reactions. Chemical reduction
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reactions should therefore occur in the surface region of the cells’ front IWO layer.
One potential reaction is the chemical reduction of Na ions, which may originate
from the cover glass [12] and/or contaminants on the cell surface [44]: Na* + ¢~ —
Na. This is based on the D-SIMS measurements, which showed increased Na
concentrations in the surface region of the IWO after the PID tests, as shown in
Figure 9; this strongly suggests that the reaction actually occurred in the front IWO
film. Such Na atoms may induce the formation of metal precipitates as a result of
their reoxidation process. In our experiment, the effect of moisture ingress could be
neglected because the relative humidity was very low. However, assuming that the
moisture originally contained in the EVA encapsulant affects the chemical
reduction process of In2O3, there may be another possible formation mechanism
underpinning the formation of the metallic In precipitates. In a previous study on
PID in superstrate a-Si thin-film PV modules, the delamination of fluorine-doped
tin oxide (SnO2:F) layers was reportedly induced by a negative potential and
moisture ingress [24]. To explain this phenomenon, Jansen et al. [45] proposed that
elemental hydrogen (H) atoms, which have a very high reducing power, are formed
by reactions between Na atoms and moisture, causing the delamination of the
SnOy:F films. On the basis of this explanation, we propose that metallic In is
formed during the chemical reduction of In,Os, which is induced by elemental H
atoms. Much additional work is, however, required to completely understand the
formation mechanism of the metallic In and its effects on the optical properties of
IWO films.

The chemical reduction may also lead to the destruction of the IWO film, as
shown in Figure 10b. This may increase the Rs and may, therefore, reduce the FF.
Additionally, the chemical reduction may also contribute to a reduction in the Js,
because the IWO film serves not only as an electrode but also as an antireflection
coating. However, there was no significant reduction in the FF, as shown in Figure
6; thus, the Js. loss was mainly caused by the shadowing loss from the In
precipitates. As mentioned above, the IWO film may have peeled off from the
surface when the EVA was removed from the cell for subsequent analyses.
However, in either case, the IWO layer was considered to be significantly damaged
and became brittle owing to the PID test. It is also possible that the underlying a-Si
passivation layer was damaged, thereby significantly degrading the passivation
quality and therefore significantly reducing the Jsc and the V..

4.3. Comparison of resistance to PID of SHJ PV modules and other types of
PV modules

From the viewpoint of large-scale PV system installations, it is very important
to determine the lifetime of PV modules based on the acceleration factor of PID
tests. However, we could not determine the acceleration factor of our PID test
because of insufficient field data for PID. Instead, we discuss the resistance to PID
of the SHJ PV modules by comparing the PID test results of the SHJ PV modules
with those of other types of modules.

We have previously reported PID test results for PID-prone p-type c-Si [27],
conventional superstrate-type a-Si thin-film [27], CIGS thin-film [27], n-type
front-emitter c-Si [15], and n-type rear-emitter c-Si [20] PV modules. Except for
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the a-Si thin-film module, these PV modules had the same module configuration
and the same encapsulation materials (the a-Si thin-film module had a superstrate
configuration; thus, there was no encapsulant between the front glass and the cells).
Further, all the bias, temperature, and humidity conditions were the same as those
used in this study. After 1 day of PID testing, the Pmax/Pmax,0 value of the a-Si [27],
CIGS [27], and n-type rear-emitter c-Si [20] PV modules decreased to 0.23, 0.95,
and 0.93, respectively. When the PID tests were 2 days long, however, the
Prax/Pmax,0 for the p-type c-Si [27] and n-type front-emitter c-Si [15] PV modules
decreased to 0.04—0.4 and 0.85, respectively. In contrast, the SHJ PV modules
exhibited little degradation after the 2-day-long PID test. This result suggests that
the SHJ PV modules have a higher resistance to PID than other types of cells. This
advantage of the SHJ PV modules suggests that further installation of this type of
PV module should be promoted.

On the basis of the proposed mechanism moisture ingress is expected to
strongly affect the degradation behavior and therefore the cells’ resistance to PID,
although the effect could not be investigated in this study since all the PID tests
were performed in a dry environment. Therefore the high resistance to PID reported
here may be an overstatement, and there is a probability that the resistance to PID is
reduced in a highly humid environment. Thus, PID in SHJ PV modules is still an
important issue.

It should be noted that PID in SHJ PV modules is irreversible, which is a
disadvantage. Furthermore, the PID can substantially affect the efficiency of the
entire string, because the PID is characterized by a reduction in the Jsc and a
reduced Jsc may limit the current in the entire string. Consequently, it is important to
determine possible measures to prevent PID.

4.4. Potential measures for preventing PID

PID in SHJ PV modules was found to be effectively prevented by the use of an
ionomer encapsulant, demonstrating that the high reliability of SHJ PV modules
can be further improved by using encapsulants with a high electrical resistance.
This protective effect is already well known for preventing PID in other types of PV
modules [15, 27, 35]; this effect is in part caused by the suppression of Na
migration. The PID-suppression effect observed in this study is likely caused by a
significant reduction in Na migration, which is consistent with the proposed
mechanism presented in Section 4.2.

The use of alternative TCO materials may be another possible preventive
measure. In PID in SHJ PV modules, the chemical reduction of oxidized species
plays a crucial role, and, thus, it is important to prevent this chemical reduction to
prevent PID. Regarding PID in CIGS PV modules, however, it appears that no
darkening of the front zinc-oxide (ZnO)-based TCO layers occurs during PID tests
despite a significantly increased Na concentration in the ZnO layers [27]. This is
likely because ZnO-based TCO films are resistant to chemical reduction compared
with indium oxide-based TCO [43]. This implies that the PID in SHJ PV modules
can be prevented by the use of another TCO material that is highly resistant to
chemical reduction. The use of multilayered front TCO films, for example,
composed of ZnO and In,03-based TCO, may also be effective for preventing PID.
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The basic idea is to prevent the chemical reduction of In atoms in the bottom layer
by using a chemical-reduction-resistant top ZnO layer while minimizing the
influence on the interfacial properties at the interface between the TCO and the
underlying a-Si layer.

The use of a barrier layer for Na may also be effective for reducing the PID
effect. Adachi et al. [46] have reported that silicon oxide (SiOy) barrier layers
deposited on SHJ cells by plasma-enhanced chemical vapor deposition improve the
cells’ resistances to damp-heat stress by reducing the ingress of both moisture and
Na into the layers below the barrier layers. The use of barrier layers is thus a
reasonable approach given our proposed degradation mechanism.

5. Conclusions

Using a rapid PID test we investigated PID in SHJ PV modules with low-cost
encapsulation materials. After the PID tests, the SHJ modules exhibited a reduction
in the Jy, revealing that SHJ PV modules undergo PID that is characterized by a
reduction in the Js.. EQE and dark J—J measurements revealed that the Js. loss was
not caused by recombination losses but by optical losses. The degradation was
irreversible, unlike PID in conventional p-type c-Si PV modules. Further, the
degradation rate increased with the applied bias. By performing PID tests with a
high bias and long stress duration, we also found that SHJ PV modules suffer not
only from a further Js. reduction but also from a moderate Vo reduction. These Jsc
and V., losses can probably be attributed to a reduced carrier lifetime caused by Na
being introduced into the surface region of the c-Si base.

To determine the root cause of the optical loss, we performed XAFS
spectroscopy on the IWO film of an SHJ PV cell that was significantly degraded
during PID testing. From the XANES and EXAFS results, we found the formation
of metallic In in the degraded IWO, demonstrating that the root cause of the optical
loss is the darkening of the front IWO films caused by the precipitation of metallic
In. We propose that Na atoms and/or other reductants that are produced during the
oxidation of the Na atoms induce the formation of the metallic In precipitates.
Additional work is required to completely understand the formation mechanism of
the metallic In and its effects on the optical properties of the IWO films.

We also showed that SHJ PV modules have a notably high resistance to PID
compared with conventional p-type c-Si, n-type front-emitter c-Si, n-type
rear-emitter c-Si, a-Si thin-film, and CIGS thin-film PV modules. This
demonstrates that SHJ PV modules have a high resistance to PID even if they are
prepared using typical low-cost encapsulation materials. The already high
reliability of SHJ PV modules can be further improved by using encapsulants with
high electrical resistances, such as ionomer encapsulants. Based on our
explanations, PID may be reduced in various ways, such as by changing the TCO
material or using a barrier layer against Na.
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Figure captions

Figure 1. Representative (a) one-sun-illuminated and (b) dark J—V curves of SHJ
PV modules before and after PID tests in which a negative bias of —1000 V was
applied for 9, 18, and 32 days. The inset figure shows the dependence of the Jse/Jsc,0
value on the PID testing duration.

Figure 2. EQE characteristics of a pristine SHJ PV module and of a module after
PID testing for 13 days with an applied negative bias of —1000 V. For the degraded
module, EQE values were extracted from two positions, namely from the center and
the edge of the cell. The illuminated area in these EQE measurements was 10 x 10
mm?. As a noteworthy case, the EQE of a degraded module from a PID test with a
very high bias of —2000 V is also shown in this figure; this EQE value was obtained
from a significantly degraded area of the module.

Figure 3. Applied-bias dependence of several degradation characteristics of SHJ
PV modules: (a) Jsc/Jsc.0, (D) Voo/Voco, (¢) FF/FFo, and (d) Pmax/Pmax,0. The black
solid lines and red dashed lines show the data obtained in PID tests with —1000 and
—2000 V, respectively. Data points indicated with the same kind of symbol were
obtained from the same sample. The solid and dashed lines are included as guides
for the eye.

Figure 4. EL images of SHJ PV modules (a) before and (b) after PID tests in which
a negative bias of —1000 V was applied for 32 days and (c) after PID tests in which
a negative bias of —2000 V was applied for 21 days.

Figure 5. Representative (a) one-sun-illuminated and (d) dark J—V curves of SHJ
PV modules before and after PID tests in which a negative bias of —2000 V was
applied for 5, 25, and 53 days.

Figure 6. Evolution of the (a) Jsc/Jsc,0, (D) Voc/ Voc,0, (¢) FF/FFo, and (d) Pmax/Prmax,0
values of SHJ PV modules throughout a relatively long PID test in which a high
negative bias of —2000 V was applied. Data points indicated with the same kind of
symbol were obtained from the same module. The solid lines are guides for the eye.

Figure 7. (a) In K-edge and (b) W Ls-edge XANES spectra obtained from the front
IWO film of an SHJ PV cell after a PID test in which a negative bias of —2000 V
was applied for 53 days. The experimental data are indicated by open circles. The
solid lines were obtained by fitting the XANES spectra by using the data extracted
from the pristine IWO film and from the standard In and W samples. The lines
designated with “Pristine IWO” and with “In” show the pristine IWO and metallic
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In components of the fitting curve, respectively. In panel (b), the best fit was
obtained when the W component was zero; therefore, the line for the W component
is not shown. The fitting result indicates the formation of an additional metallic In
component that accounts for approximately 24% of the total amount of In atoms.

Figure 8. (a) In K-edge k*-weighted and (b) W Ls-edge k*>-weighted EXAFS
spectra obtained from the front IWO film of an SHJ PV cell after a PID test in
which a negative bias of —2000 V was applied for 53 days. The experimental data
are indicated by the open circles. The solid lines were obtained by fitting the
EXAFS spectra by using the data extracted from the pristine IWO film and from the
standard In and W samples. The lines marked with “Pristine IWO” and with “In”
show the pristine IWO and metallic In components of the fitting curve, respectively.
In panel (b), the best fit was obtained when the W component was zero; therefore,
the line for the W component is not shown. The fitting result indicates an additional
metallic In component that accounts for approximately 33% of the total amount of
In atoms.

Figure 9. Na D-SIMS profiles of a pristine cell and of cells degraded by PID
testing in which a negative bias of —2000 V was applied for 6 and 53 days. The cell
degraded for 6 days exhibited only a Js reduction while the one degraded for 53
days exhibited reductions in both its Js. and Vo.. The D-SIMS profiles were
obtained using the Cs* primary ion beam with an acceleration voltage of 3 keV, and
the corresponding Na concentrations were roughly estimated by using the ZnO:Na
standard sample. The bar placed just above the plot area shows the approximate
location of the IWO/Si interface, which is based on D-SIMS profiles of In and Si
extracted from a pristine SHJ PV cell. The a-Si-based passivation layers were
actually located at the IWO/Si interface, and, however, the layers are not shown in
the bar because the layers are considerably thinner. The ordinate is on a log scale.

Figure 10. Cross-sectional SEM images of the surface regions of (a) the pristine
SHJ cell and of (b) the SHJ cell degraded during PID testing in which a negative
bias of —2000 V was applied for 53 days. The acceleration voltage in the
observations was set to 5 keV. The a-Si-based passivation layers were actually
located at the IWO/Si interface.

Figure 11. PID-suppression effect of the ionomer encapsulant in a PID test in
which a negative bias of —2000 V was applied. For comparison, data obtained from
PV modules with EVA encapsulants are also shown. The solid and dashed lines are
guides for the eye.
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