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Influences of both high-voltage stress and hygrothermal stress were studied for
homojunction and heterojunction crystalline Si photovoltaic (PV) modules. In order to
separately access the influence of these stresses, these PV modules were subjected to the
sequential test with hygrothermal stress and high-voltage stress for various stress durations
of each test. It was found that for p-type homojunction crystalline Si PV modules
hygrothermal stress applied in advance much enhances potential-induced degradation
(PID) by high-voltage stress. High-voltage stress applied in advance also accelerates
finger-electrode degradation by hygrothermal stress. It was also clarified that
hygrothermal stress for short duration applied in advance much enhances PID by

high-voltage stress for n-type heterojunction crystalline Si PV modules. Possible
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mechanism for these accelerated degradation phenomena by combined stresses will be

presented.
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1. Introduction

There have been many reports on dramatic decrease in output power within relatively short
period for photovoltaic (PV) plant with high system voltage. These phenomena are
usually called potential-induced degradation (PID)" and PID is the generic name for such
degradation due to potential difference between the cell and grounded frame of the PV
module. PID was first found for n-type interdigitated back contact (IBC) crystalline Si
PV modules® and since 2010 numerous studies were carried out for p-type homojunction

crystalline Si PV modules.>”

Recently, PID was investigated for almost all kinds of PV
modules; for example, not only crystalline Si technologies including n-type homojunction
front-emitter type,® !4 n-type homojunction rear-emitter type,'> n-type Si heterojunction
(SHJ),'116-18) n_type IBC,'” and p-type passivated emitter and rear cell (PERC),?” but also
thin-film technologies including Cu(In,Ga)Se2,2"*? CdTe,?*?% and thin-film Si.2**
Especially, Naumann and coworkers?® 2% vigorously studied on the origin of PID for
conventional p-type homojunction crystalline Si PV modules and they found that one of
the possible origins for the PID is the stacking faults decorated with Na. Such Na
originates from not only the cover glass of the PV module but also cell-surface
contaminations.?$3%-31)

Various kinds of indoor acceleration test methods for PID were also reported.’* 3%
PID test in hygrothermal environment such as 60°C and 85% relative humidity (RH) was
often employed following the international standard IEC TS 62804-1.39 However, in
such test conditions, influences of hygrothermal stress and high-voltage stress cannot be
separately understood, bringing about obstacle to understanding the mechanism of PID.
Since PV modules installed outdoors are exposed to both hygrothermal stress and
high-voltage stress, it should be better to clarify the influence of each stress separately and
also the effects by combination of both stresses.

On the other hand, our group developed novel indoor PID test method with

extremely high acceleration factor.”*®)

In this method Al plate imitating water film on the
cover glass in the outdoors was put on the cover glass of PV modules. Conductive rubber
sheet was inserted for improving contact between Al plate and cover glass. High-voltage
was applied between the grounded Al plate and the shorted interconnectors for both p and

n electrodes in the cell. In this test method PID occurs very rapidly for p-type
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homojunction crystalline Si PV modules; over 100 times faster than the test regulated by
IEC TS 62804-1; for example, maximum power reduces to about 15% of the initial value
after the PID test for only 2.5 h at 85°C with —1000 V application.” Therefore no change
was observed even if adding the humidity in the test environment since influence of water
vapor ingress into the PV modules appears after 2000-3000 h in hygrothermal environment
at 85°C and 85% RH, which is required for acetic acid generation by hydrolysis reaction
between ethylene vinyl acetate (EVA) copolymer encapsulant and water vapor.’” In this
study influences of hygrothermal stress and high-voltage stress were completely separated
by conducting sequential test composed of damp heat (DH) test and the above PID test
using Al plate in the dry chamber. These tests were carried out for conventional and
mostly employed p-type homojunction crystalline Si PV modules and also recently

developed high efficiency n-type SHJ PV modules.

2. Experimental methods

The following three kinds of PV cells were employed in this study. The first and
the second ones are conventional and commercial p-type front-emitter and Al back-surface
field homojunction multicrystalline and monocrystalline Si cells of a size of 156 % 156
mm?, respectively. The third one is commercial n-type bifacial and rear-emitter
monocrystalline SHJ cells of a size of 156 x 156 mm?. In SHJ cells n™ and p" doped
hydrogenated amorphous Si (a-Si:H) layers were prepared on the front and the rear sides of
n-type base, respectively, with inserting intrinsic a-Si:H layer between doped a-Si:H layer
and n-type base. W doped In203 films were used for transparent conductive oxide (TCO)
layer on both sides of SHJ cells. Those cells were laminated with a tempered cover glass
of a thickness of 3.2 mm, two sheets of fast-cure type EVA of a thickness of 450 um, and a
triple layer backsheet composed of polyvinyl fluoride (PVF) film of a thickness of 38 um,
polyethylene terephthalate (PET) base film of a thickness of 250 um and PVF film of a
thickness of 38 pum for p-type homojunction crystalline Si cells and SHIJ cells or
PET/AI/PET backsheet for SHJ cells. The size of all the PV modules was 180 x 180 mm?.
No Al frame and edge sealant were used for the PV modules employed in this study.

These PV modules were first subjected to DH test in the chamber at 85°C and at 85%
RH for imitating hygrothermal stress and second to PID test in the chamber at 85°C and
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below 2% RH. DH test durations were 1000-4000 h for p-type homojunction PV
modules and 50-700 h for n-type SHJ PV modules. PID test durations and voltage were
5-20 h and —1000 V between shorted interconnector ribbons for both electrodes and the
grounded Al plate for p-type homojunction multicrystalline Si PV modules, 0.5-6 h and
—1000 V for p-type homojunction monocrystalline Si PV modules, and 3-57 days and
—2000 V for n-type SHJ PV modules. p-type homojunction crystalline Si PV modules
were also subjected to sequential test composed of DH, PID, and DH tests and to long DH
test for 10000 h for comparison. The test was once interrupted after fixed test duration
and photo current-voltage (I-V) characteristics were measured at 25°C using pulsed solar
simulator with pulse width of 500 ms, intensity of 100 mW/cm? and spectrum of AM1.5.
Electroluminescence (EL) images were also observed at 25°C.  After photo I-V and EL
measurements the test was resumed with each condition. Leakage current was also

measured during PID test.

3. Results and discussion
3.1 Degradation behavior for p-type homojunction crystalline Si

PV modules

Figure 1 shows the matrix of EL images for p-type homojunction multicrystalline Si
PV modules after PID test following DH test for 1000-4000 h. The PV module without
DH test was also subjected to PID test for comparison. It was found that less dark region
appears even after PID test for 20 h for the PV module after DH test for 1000 h. On the
other hand, dark region appears on the entire cell surface after PID test for 10 h for the PV
module after DH test for 2000 h.  Such dark region appears faster for the PV module after
longer DH test. In the case of the PV modules after DH test for 3000 h and 4000 h no EL
image is observed after PID test for 15 h and 5 h, respectively. Figure 2 shows
normalized maximum power (Pmax) as a function of PID test duration for those PV
modules after DH tests ranging from 1000 h to 4000 h. Average PV performances
obtained by photo |-V characteristics for these modules before DH test were short-circuit
current (lsc) of 8.94 A, open-circuit voltage (Voc) of 0.63 'V, fill factor (FF) of 0.73, and
efficiency of 17.0%. Pmax after each DH test is normalized to 1; however Pmax does not

largely change after DH test until 3000 h, and Pmax after DH test for 4000 h is about 95%
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of the initial value, as shown in detail later in Fig. 6. In the case of the PV module
without DH test, it is difficult to compare the test results with those for other PV modules
after DH test since PID test was continuously carried out until 15 h, then, the recovery
from PID during the interruption of measurements cannot occur for the PV modules
without DH test. Therefore, test results for the PV modules without DH test are not
included in Fig. 2. It was also found from Fig. 2 that normalized Pmax decreases faster for
the PV module with longer DH test before PID test. Such tendency well coincides with
that in EL images shown in Fig. 1. Figure 3 shows Pmax as a function of PID test duration
for p-type homojunction monocrystalline Si PV modules after DH tests ranging from 2000
h to 4000 h. Average PV performances obtained by photo I-V characteristics for these
modules before DH test were Isc of 9.10 A, Voc of 0.63 V, FF of 0.73, and efficiency of
17.2%. Since these monocrystalline Si PV modules are much more susceptible to PID
than the multicrystalline Si PV modules shown in Figs. 1 and 2, required PID test duration
for drastic reduction is only a few hours and almost no change is observed in the behavior
of Pmax among the PV modules subjected to DH tests prior to PID test. However, similar
tendency of Pmax reduction depending on DH test duration is obtained for both
multicrystalline and monocrystalline Si PV modules. These experimental results clearly
suggest that PID is easy to occur when hygrothermal stress is given to the PV modules
before high-voltage stress is given. Pmax behavior was also confirmed for monocrystalline
Si PV modules with cell and module sizes of 30 x 30 mm? and 60 x 60 mm?, respectively.
These small-size cells were obtained by cutting the cell with a size of 156 x 156 mm?.
Although almost similar behaviors were obtained, data scattering is somewhat large (data
not shown). This originates not from the data scattering during DH test but from that
during PID test since water vapor ingress becomes more uniformly for smaller size
modules. Therefore, the data scattering may originate from less uniformity of solar cells,
especially less uniformity of anti-reflection coating SiNx films, which is reported to much
affect PID.*®® It was also suggested that one should pay attention to PID test results
obtained for small-size cell cut from large-size cell because of influences of the
above-mentioned less uniformity in addition to the edge effect, which is also large for
small-size cell.

Figures 4 (a) and (b) show leakage current during PID test for the above
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multicrystalline and monocrystalline Si PV modules, respectively, without and with DH
test ranging from 2000 h to 4000 h. It is found from Figs. 4 (a) and (b) that leakage
current drastically increases by one order with DH test for 2000 h. Therefore,
acceleration of PID by prior DH test until 2000 h originates from lowering volume
resistivity of EVA encapsulant by DH test since electric field applied into antireflection
coating SiNx layer becomes strong with lowering volume resistivity of the encapsulant.
The reason why PID is accelerated by prior DH test longer than 3000 h cannot be fully
explained only by lowering the volume resistivity of encapsulant since no drastic increase
in leakage current with DH test duration is found for both the multicrystalline and
monocrystalline Si PV modules subjected to DH test ranging from 2000 h to 4000 h. As
shown in Fig. 5, the dark region appears along Ag finger electrodes near busbar electrodes,
shown by blue arrows, in the EL image for the multicrystalline Si PV module after DH test
for 4000 h. However, after PID test for 6 h following the DH test, the dark region appears
near the edge of the cells, as shown by red arrows and no change appears at the dark region
generated by DH test shown by blue arrows. This means that origins of the dark regions
by DH test and PID test are different. It has been already clarified that the dark region
generated by DH test originates from corrosion of the glass layer between Ag finger
electrodes and Si emitter layer by acetic acid.*® On the other hand, as mentioned above,
the origin of the dark region generated by PID test is Na incorporation by electric field.?®
2 It is supposed that less electric field is applied around the corroded electrodes and
strong electric field concentrates on other regions in comparison with the initial state with
all the electrodes in the entire cell without corrosion. This is the possible reason why PID
is accelerated for the PV modules subjected to DH test ranging from 2000 h to 4000 h.
Figure 6 shows normalized Pmax as a function of DH test duration for p-type
homojunction multicrystalline Si PV modules. Pmax was normalized by the initial value
before any test. Only DH test was carried out for one PV module. DH test for 1000 h,
PID test for 20 h, and again DH test for 3000 h were carried out in this sequence for the
other four PV modules. DH and PID test conditions were the same as those shown in
Figs. 1 and 2. Pmax gradually decreases with an increase in DH test duration longer than
4000 h for the PV module subjected to only DH test. Pmax even after DH test for 10000 h
keeps over 70% of its initial value, suggesting that the PV cell has high tolerance against
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acetic acid generated by hydrolysis reaction between EVA and water vapor.*” Pmax for
the other four PV modules keep the initial value after DH test for 1000 h and decreases to
about 60% of the initial value after PID test for 20 h. After that Pmax increases over 80%
of the initial value after the following DH test for 1000 h (total 2000 h) and again gradually
decreases to about 80 % after the following DH test for 3000 h (total 4000 h). The
recovery of Pmax by DH test for 1000 h just after PID test should originate from heating at
85°C during DH test. Normalized Pmax values after DH tests for 1000 h (total 2000 h)
and 3000 h (total 4000 h) following the PID test correspond to those after only DH test for
6500 h and 8500 h, respectively. Therefore, PID test with high-voltage stress also
accelerate the degradation by DH test with hygrothermal stress by about 4500 h.
Someone may claim that even if normalized Pmax values after the DH test following the
PID test well coincide with Pmax values after only DH test, it means that no acceleration of
DH test occurs by the prior PID test but such decrease in normalized Pmax only represents
the large drop during PID test. However, such claim is misleading. In the EL images
for the PV modules after DH test for 1000 h, 2000 h and 3000 h following the PID test
shown in Fig. 6 really indicate that the dark regions appear along finger electrodes near
busbar electrodes. These EL images with dark region along finger electrodes are one of
the characteristic features of PV modules degraded by DH test as similar EL images are
obtained for the PV module subjected to only DH test also shown in Fig. 5 (a). Therefore,
it is demonstrated that high-voltage stress really accelerates the degradation by the
following hygrothermal stress for p-type homojunction multicrystalline Si PV modules.
The reason is not clear so far; however, change in finger electrodes during PID test, for
example Na accumulation on finger electrodes,*! may relate with easy degradation of

finger electrodes by a small amount of acetic acid generated by DH test.

3.2 Degradation behavior for n-type SHJ PV modules

With increasing DH test duration Pmax for SHJ PV modules using PVF/PET/PVF backsheet
gradually decreases and about 85% of the initial value after DH test for 700 h. On the
other hand, little change in Pmax was observed for SHJ PV modules using PET/AI/PET
backsheet even after DH test for 700 h. PID test was carried out for those SHJ PV

modules experienced with DH test.
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Figure 7 shows transition of photo |-V characteristics for the SHJ PV modules using
PVF/PET/PVF backsheet during PID test. PID test durations are 15 days, 21 days, 45
days and 54 days for the SHJ PV modules subjected to DH test for 500 h, 200 h and 50 h,
and that without DH test, respectively. For the SHJ PV module without DH test Isc
decreases in the first stage of the PID test until 30 days, then, both Isc and Voc decrease in
the second stage of the PID, as previously reported by our group.!® On the other hand,
for the SHJ PV modules after DH test, as DH test duration increases, less large degradation
is observed after DH test; however, not only PID in the first stage but also PID in the
second stage rapidly occurs. As a result, a decrease in lsc in the first stage is hard to be
observed due to the merging into the degradation in the second stage. These results
suggest that hygrothermal stress accelerates PID phenomena in the SHJ PV modules.
Figures 8 and 9 show normalized photo |-V parameters, lsc, Voc, FF and Pmax, as a function
of PID test duration, for the SHJ PV modules using PVF/PET/PVF and PET/AI/PET
backsheets, respectively. These parameters are normalized by each initial value before
DH test. It is found from both Figs. 8 and 9 that decrease in both Isc and Voc appears
much earlier and progresses much faster as DH test duration becomes longer. It was also
found that decrease in both lsc and Voc progresses somewhat earlier for the SHJ PV module
using PVF/PET/PVF backsheet than that for PET/AI/PET backsheet. In this study since
no edge sealant is utilized, the difference in amount of water vapor infiltrating into the PV
module between the SHJ PV modules using PVF/PET/PVF and PET/AI/PET backsheets is
not so large. If edge sealant is utilized, degradation for the SHJ PV modules using
PET/AI/PET backsheet may progress more slowly. Increase in FF for the SHJ PV
modules using both backsheets may originate from change in the maximum power point
due to reduction in Isc or both Isc and Voc in the first or the second PID stage with little
change in shunt resistance and series resistance.

The reason why the first stage PID, decrease in lsc due to reduction in TCO, for the
SHJ PV modules is accelerated by the DH test prior to PID test is that the following
reduction reaction of W-doped In203 TCO layer is enhanced by the water vapor ingress
during DH test. Such reduction reaction was observed by X-ray absorption fine structure

spectroscopy and the reduction mechanism was in detail discussd by our previous paper.'®
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H20 + Na — NaOH + H, (D)
In203 + 6H — 2In + 3H20. (2)

Here, Na may be drifted from the cover glass by high-voltage stress or exist on TCO as
surface contamination. The second stage PID is also accelerated by DH test with
relatively short duration for only 50-200 h. Such acceleration also originates from

lowering of volume resistivity of EVA with DH test duration, as shown in Fig. 10.

4. Conclusions

Both in p-type homojunction conventional crystalline Si PV modules and n-type SHJ PV
modules, larger and faster PID occurred in the earlier stage by longer DH test prior to PID
test although characteristic features and origins of PID are much different from each other.
It was also found that degradation with corrosive Ag finger electrodes by DH test is
accelerated by PID test in advance. For SHJ PV modules, not only a decrease in Isc in the
first stage but also deceases in both lsc and Voc in the second stage appear earlier with
longer DH test duration. PID in the first stage is merged with the PID in the second stage
in the case with longer DH test in advance. These experimental results strongly suggest
that if PV modules are installed in the tropical zone, strict countermeasure for PID is

required.
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Figure Captions
Fig. 1. (Color online) Matrix of EL images for p-type homojunction multicrystalline Si PV

modules after PID test ranging from 0 h to 20 h following DH test ranging from 0 h to
4000 h.

Fig. 2. (Color online) Normalized Pmax as a function of PID test duration following DH test
for various test durations for p-type homojunction multicrystalline Si PV modules. Two
or four PV modules were subjected to each test and the average normalized Pmax values are

shown with error bars. Lines serve as visual guides.

Fig. 3. (Color online) Normalized Pmax as a function of PID test duration following DH test
for various test durations for p-type homojunction monocrystalline Si PV modules. One

PV module was subjected to each test. Lines serve as visual guides.

Fig. 4. (Color online) Leakage current during PID test for p-type homojunction
multicrystalline (a) and monocrystalline (b) Si PV modules. PID test for about 100 h was
carried out two times for the multicrystalline Si PV module without DH test shown by blue
symbols and that subjected to DH test for 2000 h shown by green symbols. PID test for
about 100 h was carried out three times for the multicrystalline Si PV module subjected to
DH test for 3000 h shown by orange symbols and that for 4000 h shown by red symbols.
PID test for about 80-100 min was carried out for the monocrystalline Si PV module

subjected to DH tests for various durations or that without DH test.

Fig. 5. (Color online) EL image for p-type homojunction multicrystalline Si PV module
after DH test for 4000 h (a) and for that after PID test for 6 h following DH test for 4000 h.
Blue and red arrows show the dark regions appearing by DH and PID tests, respectively.

Fig. 6. (Color online) Normalized Pmax as a function of DH test duration for p-type
homojunction multicrystalline Si PV modules. One PV module was subjected to only DH
test for 10000 h and the normalized Pmax values were shown by open blue symbols. The

other four PV modules were subjected to sequential test composed of DH test for 1000 h,
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PID test for 20 h, and DH test for 3000 h and the average normalized Pmax values were
shown by closed brown symbols with error bars. Lines serve as visual guides. EL

images before and after tests are also shown.

Fig. 7. (Color online) Photo |-V characteristics for SHJ PV modules using PVF/PET/PVF
backsheet subjected to PID test without DH test (a) and following DH test for 50 h (b), 200
h (c), and 500 h (d). Blue and red arrows approximately show the first and the second
stage of PID, respectively.

Fig. 8. (Color online) Normalized lsc, Voc, FF and Pmax for SHJ PV modules with
PVF/PET/PVF backsheet after DH test ranging from 50 h to 700 h or without DH test as a
function of PID test durations. All parameters are normalized by each initial value before
DH test. Data from two PV modules were shown for each test. Lines serve as visual

guides.

Fig. 9. (Color online) Normalized lsc, Voc, FF and Pmax for SHJ PV modules with
PET/AI/PET backsheet after DH test ranging from 50 h to 700 h or without DH test as a
function of PID test durations. All parameters are normalized by each initial value before
DH test. Data from two PV modules were shown for each test. Lines serve as visual

guides.
Fig. 10. (Color online) Leakage current during PID test for SHJ PV modules without prior

DH test or subjected to DH test ranging from 50 h to 700 h. PID test for about 80-100

min was carried out.
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