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We investigate the effect of temperature and pre-annealing on the potential-induced
degradation (PID) of silicon heterojunction (SHJ) photovoltaic (PV) modules. SHJ PV
modules show a faster decrease in short-circuit current density (Jsc) at higher temperatures
during PID tests. We also observe a complex relationship between the degree of the Jsc
decrease and temperature during the PID tests. Pre-annealing before the PID tests at
sufficiently high temperatures leads to the complete suppression of the PID of SHJ PV
modules. The decrease in Js is known to be due to the chemical reduction of indium (In)
in transparent conductive oxide (TCO) films in SHJ cells, in which water (H20) in SHJ
modules is involved. These indicate that HoO may out-diffuse from the SHJ PV modules
during a PID test or pre-annealing at sufficiently high temperatures, by which the

chemical reduction of indium in TCO into metallic In is suppressed.

Keywords: potential-induced degradation, photovoltaic module, silicon heterojunction

solar cell, water



1. Introduction

Renewable energy has attracted much attention as one of the efficient solutions for
global warming and energy problems. Photovoltaic (PV) systems, which can directly
convert sunlight into electricity using solar cells, have been installed all over the world
on a very large scale. In the large-scale PV systems, their high system voltage can cause
potential-induced degradation (PID).!"® PID is a phenomenon which leads to significant
performance loss in PV modules due to high voltage between an aluminum (Al) frame
and solar cells. PID can occur in months or years, resulting in a significant power loss of
the PV modules.

n-type crystalline silicon (c-Si) solar cells are expected to be widely used in the near
future because they have a better conversion efficiency and less light-induced degradation
compared to p-type c-Si solar cells.” To reduce the cost of electricity in the PV power
plants using the n-type c¢-Si PV modules, not only an increase in the conversion efficiency
of solar cells but an improvement in the long-term reliability, including the suppression
of PID,>"'” of PV modules is important. Si hetero-junction (SHJ) solar cells have shown
a particularly high conversion efficiency as high as >25%.!2!) However, there have been
a few reports on the PID of SHJ PV modules.?> 2%

We have thus far investigated the PID of SHJ PV modules.?*?® Our previous
investigations have revealed that SHJ PV modules show two-stage PID: the first-stage
PID induces a decrease in short-circuit current density (Jsc) alone, while the second-stage
PID is characterized by simultaneous decreases in Js. and open-circuit voltage (Voc). The
first-stage PID is due to the formation of metallic indium (In) in a transparent conductive
oxide (TCO) film and resulting loss in the optical transparency of TCO. The chemical
reduction of In occurs by reacting with H generated by a reaction between sodium (Na)
and water (H»0).2” The second-stage PID is induced by the introduction of Na ions
drifting, for example, from the cover glass of the modules into Si and increased carrier
recombination on the surface of c-Si. It should also be emphasized that the PID of SHJ
PV modules becomes more severe if they receive a damp heat test prior to a PID test, and
is strongly affected by H>O in the module.?” To understand the mechanism of the PID of
SHJ PV modules in more detail and to clarify measures to suppress their PID, more
systematic experiments under various conditions should be performed. In this study, we
investigated the effects of temperature on the PID of SHJ PV modules. We also
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investigated the effect of pre-annealing on their PID. In addition to our prior work,?® we
performed current density—voltage (J—}) measurement in the dark and external quantum
efficiency (EQE) measurement, and discussed the influence of temperature during PID

tests and pre-annealing in more detail.

2. Experimental Procedures

We used 20x20 mm?-sized n-type rear-emitter SHJ cells cleaved from commercial
n-type rear-emitter SHJ cells with tungsten-doped InoO3 (IWO) films as TCO on both
sides with an area of 156x156 mm?. Stacks consisting of cover glass (45x45x3.2
mm?*)/ethylene-vinyl acetate copolymer (EVA) sheet/SHJ cell/EVA/conventional
backsheet (38-um-thick  poly(vinyl fluoride)/250-um-thick ~ poly(ethylene
terephthalate)/38-pum-thick poly(vinyl fluoride)) were laminated to fabricate SHJ PV
modules. The lamination was performed at a heater temperature of 150 °C both for
evacuation (5 min) and for adhesion (16 min) processes. To avoid thermal damage to SHJ
cells, we did not solder interconnector ribbons to the Ag electrodes of the SHJ cells;
instead, the Ag electrodes and the interconnector ribbons were connected just by
temporarily contacting each other and then by fixing them through the lamination. Note
that this did not seriously degrade the fill factor (FF) of the J~J characteristics of SHJ PV
modules, as shown below.

For the PID test of the SHJ PV modules, a negative voltage of —2000 V was applied
using an insulation tester (TOS7210S, KIKUSUI) to an SHJ cell with respect to a
grounded Al plate with a cell-sized hole put on the cover glass of the SHJ PV module.>
Conductive rubber was inserted between the cover glass and the Al plate to improve their
electrical contact. The electrodes on the front and rear sides of the SHJ cell were short-
circuited in order to match their potentials. PID tests were conducted in air at various
temperatures without intentional humidity stress (relative humidity <2%). Some of the
SHJ modules received annealing prior to the PID test. The pre-annealing was performed
at 85-110 °C for 3 days without bias stress. Note that the pre-annealing itself did not
affect the performance of the SHJ PV modules. Dark and one-sun-illuminated J—J curves

and EQE spectra of the SHJ PV modules were measured before and after the PID tests.

3. Results



3.1 Effect of temperature during the PID test

Figure 1 shows the dark and one-sun-illuminated J—V curves and EQE spectra of SHJ
PV modules before and after the PID test at 85 °C. One can see a decrease in Js. alone
and almost no change in Vo by the PID stress. No significant change in the dark J-J
characteristics occurs, and EQE decreases in an entire wavelength region. These are the
typical features of the first-stage PID of SHJ PV modules, the formation of metallic In
and resulting reduction in the optical transparency of TCO.?*% Figure 2 shows the dark
and one-sun-illuminated J—V curves and EQE spectra of SHJ PV modules before and after
the PID test at 93 °C. Similar to the case of the PID test at 85 °C, Js. reduction occurs in
the first stage, followed by simultaneous reductions in Jsc and Vo by continuing the PID
test. The latter degradation is the second-stage PID of SHJ PV modules, which is due to
the introduction of Na into Si and enhanced surface recombination of minority carriers.
This is consistent with the change of the dark J-V curve and larger reduction in EQE in a
shorter wavelength region, as shown in Figs. 2(a) and 2(c). These features reproduce our
previous results.”* 2% Note that the second-stage PID occurs by the PID test at 85 °C in
our previous PID test, whereas higher temperatures are needed for the emergence of the
second-stage PID in this study. This difference may be due to the shape of an Al plate
used for the PID tests.?* 2% Full-area Al plates were used in our previous PID tests, while
the Al plates used in this study had a cell-size hole, which may result in less severe PID
stress. The Vo values shown in Figs. 1(b) and 2(b), ~0.7 V, are relatively small compared
to reported values.'®!?) This is due to unpassivated edges of the cleaved cells, and gives
no essential impact on the following discussion.

Figure 3 shows the Jsc, Voc, FF, and maximum power (Pmax), normalized by their initial
values, of SHJ PV modules as a function of the duration of the PID tests at various
temperatures from 70 to 100 °C. No remarkable change in FF is seen for all the SHJ PV
modules, independent of temperature during PID tests. This is because a p* emitter locates
on the rear side of the SHJ cells used in this study and the PID stress does not affect the
p—n junction.?® Ji does not change by the PID test at 70 °C, while decreases more rapidly
at higher temperatures. This is reasonable since the drift of Na towards the SHJ cells is
accelerated at higher temperatures. Two-stage decreases in Jsc are seen in the SHJ PV
modules that received the PID tests at 93 and 96 °C, and the second-stage decrease is
accompanied by a reduction in Voc, as shown in Fig. 3(b). This indicates the emergence
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of the second-stage PID. Surprisingly, the PID test at 100 °C results in no Vo reduction

and less severe degradation of Jsc than the modules receiving a PID test at 93 and 96 °C.

3.2 Effect of pre-annealing

Figure 4 shows the normalized Jsc and Voc of SHJ PV modules with and without pre-
annealing at 110 °C as a function of PID-stress duration. The modules without pre-
annealing show Js reductions, and the second-stage Jsc reduction, accompanied by a Ve
reduction, is also observed for the modules receiving a PID test at 96 °C. On the contrary,
the modules with 3-days pre-annealing at 110 °C before the PID tests show no Jsc and Ve
reductions. This clearly indicates that pre-annealing is effective for the suppression of the
first-stage and second-stage PID of SHJ PV modules. Figure 5 shows the normalized Jsc
of SHJ PV modules without and with pre-annealing at various temperatures as a function
of the duration of the PID test at 85 °C. The modules pre-annealed at 85 °C show the
degradation of Jsc similar to those without pre-annealing. On the contrary, the modules
pre-annealed at 93 and 110 °C show no reduction in Js.. This suggests that a pre-annealing

temperature is also a key to prevent the PID of SHJ PV modules.

4. Discussion

We first discuss the effect of temperature on the first-stage PID of SHJ PV modules.
As shown in Fig. 3(a), the PID test at higher temperature leads to faster decrease in Jic.
This is quite reasonable since Na ions, one of the elements required for the chemical
reduction of In in TCO, can drift towards the surface of an SHJ cell more rapidly at a
higher temperature. On the other hand, the relationship between the degree of a decrease
in Jsc and a temperature during a PID test is not straightforward: the PID test at the highest
temperature (100 °C) does not result in the most severe degradation, even though the
fastest Na drift is expected. We should thus consider other factors to understand this
phenomenon.

The chemical reduction of In in TCO, which degrades the optical transparency of TCO

and decreases Jsc, occurs by the following reactions.?”)

Na + H,0 — NaOH + H (1)



205 + 6H — 2In + 3H,0 )

According to these reactions, the formation of metallic In and resulting reduction in Js
are related to H>O inside the SHJ PV modules when the modules are fabricated. If H.O
inside the modules is eliminated, the chemical reduction of In in TCO may not occur and
Jsc may not change, even if Na ions reach the surface of SHJ cells by the PID stress. Pre-
annealing at sufficiently high temperatures may out-diffuse H.O from the edges of the
modules. This can also explain the seemingly peculiar dependence of the degree of PID
on the temperature during the PID tests. The out-diffusion of H>,O can occur also during
the PID test if the temperature is sufficiently high, and the out-diffusion of H>O may
overcome the acceleration of PID during the PID test at 100 °C.

We here discuss the out-diffusion of H2O contained in EVA from the module edges
more quantitatively. The diffusion coefficient of H,O in EVA (D) has the following

relationship with the absolute temperature 7.

D = Do exp(—Ep/kT) (3),

where Ep is the activation energy of diffusion, Dy is a frequency factor, and & is Boltzmann
constant. Based on the values in Ref. 30, D¢=2.76 cm?/s and Ep=0.4 eV, D values at 93
and 110 °C are 8.66x107% and 1.52x107> cm?/s, respectively. Hence, the diffusion lengths
L of H>O during the pre-annealing at 93 and 110 °C for 3 days are estimated to be ~1.5
and ~2.0 cm using a relationship L=(Df)"?, where ¢ is a duration. These diffusion lengths
are almost comparable to the half of the side length of the modules (2.25 c¢cm), and the
out-diffusion of H>O during the pre-annealing seems to be possible, which supports our
hypothesis.

We next consider the reason for the suppression of the second-stage PID of SHJ PV
modules by the pre-annealing. The second-stage PID occurs by the introduction of Na
into Si, and is seemingly not related to H>O. The drift of Na ions does not occur in IWO
because IWO is highly conductive and there is no electric field even under the PID stress.
The movement of Na ions towards Si is thus based only on diffusion, and the diffusion of
Na in IWO at <100 °C may be negligible. Once metallic In is formed in IWO based on
the reaction of Eq. (2), IWO may become less dense due to the removal of O as H>O, and
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Na diffusion may be enhanced. That is, the mitigation of the first-stage PID may also lead
to the suppression of the second-stage PID.

Finally, we discuss measures to the suppression of the PID of commercial SHJ PV
modules. As is evident from the quantitative estimation of H>O diffusion above, the out-
diffusion of H>O from the module edges by pre-annealing is not realistic for large-sized
commercial modules. The important fact we found in this study is that the elimination of
H>O in encapsulant leads to the suppression of the PID of SHJ PV modules. The selection
of encapsulant material, the optimization of the module lamination process, and the
complete blocking of H,O invasion during out-door operation may contribute to the

reduction of H>O absorption and resulting suppression of the PID of SHJ PV modules.

5. Conclusion

We investigated the effect of temperature and pre-annealing on the PID of SHJ PV
modules. An increase in temperature during the PID test leads to more rapid decrease in
Jsc. The PID test at 100 °C results in less significant degradation than those at 93-96 °C,
and the modules pre-annealed at 93 and 110 °C do not show PID at all. These phenomena
can be understood as the out-diffusion of H,O from the edges of the SHJ PV modules.
The results obtained in this study strongly suggest that the PID of SHJ PV modules can

be completely suppressed if H>O in the encapsulant of the modules is eliminated.
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Figure Captions

Fig. 1 (Color online) (a) Dark J-V curves, (b) one-sun-illuminated J—V curves, and (c)

EQE spectra of an SHJ PV module before and after the PID test at 85 °C.

Fig. 2 (Color online) (a) Dark J-V curves, (b) one-sun-illuminated J-V curves, and (c)

EQE spectra of an SHJ PV module before and after the PID test at 93 °C.

Fig. 3 (Color online) (a) Jsc, (b) Voc, (c) FF, and (d) Pmax, normalized by their initial values,

of SHJ PV modules as a function of the duration of the PID tests at various temperatures.
Fig. 4 (Color online) (a) Jsc and (b) Vo, normalized by their initial values, of SHJ PV
modules with and without annealing at 110 °C prior to the PID test as a function of the

duration of PID tests at &5 and 96 °C.

Fig. 5 (Color online) Normalized Jsc of SHJ PV modules without and with pre-annealing

at various temperatures as a function of the duration of the PID test at 85 °C.
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