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Abstract: Damage to photovoltaic power-generation systems by lightning causes the failure of bypass
diodes (BPDs) in solar cell modules. Bypass diodes damaged by lightning experience high-resistance
open- or short-circuit failures. When a bypass diode experiences short-circuit failure due to indirect
lightning, the damage may not be immediately visible. When solar radiation is subsequently received,
the current circulating in the closed circuit formed by the cell string and short-circuited bypass
diode flows, resulting in overheating and burnout of the short-circuited bypass diode. The authors’
research group previously reported that when a bypass diode fails within a range of approximately
1071 Q to 10 ), the heat generated by the failed bypass diode is high, posing the risk of burnout.
However, the detailed failure characteristics of the bypass diode that fail because of indirect lightning
surges are not clear. In this study, we performed indirect lightning fracture tests and clarified the
dielectric breakdown characteristics of Schottky barrier diodes (SBDs) contained in the bypass diodes
of photovoltaic solar cell modules, which are subjected to indirect lightning surges. Furthermore,
we attempted to determine the conditions of indirect lightning that resulted in a higher risk of heat
and ignition. As a result, short-circuit failures occurred in all the Schottky barrier diodes that were
destroyed in the forward or reverse direction because of the indirect lightning surges. Moreover, the
fault resistance decreased as the indirect lightning surge charge increased. These results indicate
that the risks of heat generation and burnout increase when the Schottky barrier diode fails with
a relatively low electric charge from an indirect lightning surge. In addition, we observed that for
a forward breakdown of the Schottky barrier diode, the range of the indirect lightning surge that
results in a fault condition with a higher risk of heat generation and burnout is wider than that for a
reverse breakdown.

Keywords: photovoltaic solar system (PVS); bypass diode (BPD); failure resistance; lightning surge;
indirect lightning surge

1. Introduction

In recent years, cases of photovoltaic systems (PVSs) being damaged by lightning have
been reported, which cause bypass diodes (BPDs) in photovoltaic modules (PV modules)
to fail and result in burnout [1,2]. Bypass diodes play a crucial role in reducing power
loss due to hotspots and cell string conduction failure when the PV modules are partially
shaded. Currently, Schottky barrier diodes (SBDs) are used, which have lower peak
inverse voltages than PN junction diodes [3]. These can be damaged by overvoltage from
indirect lightning and similar sources [4-6]. The damage to PV modules caused by indirect
lightning is more extensive than that caused by direct lightning, although the failure is less
severe. Furthermore, Schottky barrier diodes damaged by indirect lightning experience
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high-resistance open failure or short-circuit failure. When a bypass diode experiences short-
circuit failure due to indirect lightning, the damage may not be immediately visible. When
solar radiation is subsequently received, the current circulates in the closed circuit formed
by a cell string, and the short-circuited bypass diode flows, resulting in overheating and
burnout of the short-circuited bypass diode [7,8]. The authors’ research group previously
reported that when a bypass diode fails within a range of approximately 10~! Q) to 10 (), the
heat generated by the failed bypass diode is high, posing the risk of burnout. Furthermore,
if a reverse-current blocking diode fails in addition to the bypass diode within a PV array,
the inverse current from the sound PV array flows into the short-circuited bypass diode,
increasing the risk of heat generation and burnout [9]. Therefore, it is important to ascertain
the characteristics of bypass diode failure owing to indirect lightning in mechanisms
wherein the bypass diode may generate heat and burnout [10]. However, the detailed
failure characteristics of the bypass diode that fail because of indirect lightning surges are
not clear.

In this paper, we shall identify the insulation breakdown characteristics of the bypass
diodes used in PV modules that have experienced an indirect lightning surge through
artificially indirect lightning damage tests and study the conditions for high risk of bypass
diodes used in PV modules that generate heat and catch fire owing to indirect lightning.

2. Experimental Methods

Figure 1 shows a summary of the Schottky barrier diode lightning surge tests. The
lightning impulse current waveform used in this withstand test using lightning is defined
in JEC-0202 [11] as the ratio of the virtual front time Ty and virtual time to half-value T},
T¢/Tt, which is 10/350 ps for a direct lightning strike. Conversely, this ratio is 8/20 ps for
indirect lightning; a direct lightning strike has an extremely large energy compared with
indirect lightning. Tests on the application of direct lightning current near PV modules
and to the metal frames of PV modules have confirmed that indirect lightning can cause
the bypass diodes in PV modules to fail [12]. Therefore, in this test, to identify the failure
characteristics of bypass diodes due to an artificial indirect lightning surge, we used a
combination waveform that was output with a voltage waveform of Tf/T +=1.2/50 us when
the test circuit was open and a current waveform of T;/T; = 8/20 pus when the test circuit
was shorted, according to test standards for artificial indirect lightning surge immunity for
electrical devices (IEC 61000-4-5), as shown in Figure 2 [13]. To set the charging value of
the indirect lightning surge generator used in this experiment according to the discharge
voltage wave front of the indirect lightning surge tester at the time of open circuit opening,
we defined this as Vsgr and applied the combination waveform to a Schottky barrier diode
for one cycle. We then computed the difference in the voltage applied to a Schottky barrier
diode through ground potential measurements at both ends of the Schottky barrier diode
using two high-voltage probes (Iwatsu Electric Co., Ltd., Tokyo, Japan, HV-P30A). The
surge current was measured using a Rogowski coil-type current probe (Iwatsu Electric Co.,
Ltd., SS-289A). The amount of charge of the indirect lightning surge was computed, and
its correlation with the impact on the Schottky barrier diode was evaluated. The Schottky
barrier diode (FSQ30A045, Kyocera Corp., Tokyo, Japan, repetitive peak reverse voltage
45V, average rectified current 30 A) used in testing was manufactured and had the same
specifications as the one loaded into the PV module, which underwent burnout failure
from indirect lightning damage. We then measured and evaluated the current-voltage
characteristics of the indirect lightning surge-tested Schottky barrier diode in the source
measurement units (Keysight Technologies, Inc., Tokyo, Japan, B2901A).
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Figure 1. Schematic of the indirect lightning surge test system.
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Figure 2. Combination waveform of an indirect lightning surge. (a) Open-circuit voltage waveform;
(b) short-circuit current waveform.

3. Experimental Results
3.1. Indirect Lightning Surge Reverse Stress Test for Bypass Diode (BPD)

We conducted tests by applying an indirect lightning surge in the reverse direction
to a Schottky barrier diode used as a bypass diode in a PV module. Figure 3 shows the
current—voltage characteristics of the tested Schottky barrier diode. To set the charging
for the output of the indirect lightning surge tester used during testing using the voltage
wave front value (Vger) at the time of an open circuit, we computed and evaluated the
electric charge Qs [mC] of the indirect lightning surge from the surge current waveform
flowing into the Schottky barrier diode with each Vspr. As shown in Figure 3, a short-circuit
failure in the Schottky barrier diode was confirmed when an indirect lightning surge of
Qs = 0.502 mC or higher was applied. Furthermore, forward diode voltage start-up can
be confirmed for the failed Schottky barrier diode with a surge in Qs;. However, current
flow and short circuit were confirmed for the reverse characteristics. In a Schottky barrier
diode, when a high electrical field is applied in the reverse direction, the electrons within
the Schottky barrier diode accelerate because of the high electrical field and collide with the
semiconductor crystal lattice, thereby exciting the valence band electrons into conduction
electrons. With multiple repeated applications, the current flows in the reverse direction
(electron avalanche yield). Consequently, we conclude that when a sufficient potential
difference (electric field) is provided within the element to cause an electron avalanche
yield, a large current flows within the element, resulting in heat generation, melting,
and the loss of the Schottky barrier diode Schottky junction, and eventual short-circuit
failure. In addition, as Qs increases, the failure resistance value decreases, approaching the
linear current—voltage characteristics. However, because diode characteristics can also be
confirmed at Qs = 4.70 mC or less, the Schottky junction loss region is only partial.
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Figure 3. Current—voltage (I-V) characteristics of Schottky barrier diodes (SBDs) to which an indirect

lightning surge is applied (in the reverse stress).

Figure 4 shows the relationship between the failure resistance value and indirect
lightning surge charge of a tested Schottky barrier diode with an indirect lightning surge
applied in the reverse direction. The failure resistance value, accounting for the range
of PV module operating current, exhibited a resistance value at operating current values
of —1 A and —10 A. In addition, Schottky barrier diode breakdown is influenced by the
indirect lightning surge energy. Hence, we evaluated it in terms of Q; and failure resistance
characteristics. Figure 4 also reveals that a larger Qs results in a lower Schottky barrier diode
failure resistance value. When Q; is larger, more heat is generated within the Schottky
barrier diode, owing to the indirect lightning surge application, and a higher range of
Schottky barrier diode Schottky junction melting results in a lower failure resistance value.
Consequently, if the Schottky barrier diode fails, owing to an indirect lightning surge with
a relatively small charge within a range of 0.502 mC to 2.77 mC, then the bypass diode
will fail within a range of 107! Q to 10 Q, which poses a high risk of heat generation and

catching fire.
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Figure 4. Resistance characteristics of a failed Schottky barrier diode (SBD) to which an indirect

lightning surge is applied (in the reverse stress).

3.2. Indirect Lightning Surge Forward Surge Test for Bypass Diodes (BPDs)

We conducted tests with the forward application of an indirect lightning surge to a
Schottky barrier diode. Figure 5 shows the current—voltage characteristics of the tested
Schottky barrier diode. The same figure confirms that the Schottky barrier diode experi-
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ences short-circuit failure with an indirect lightning surge strike of Qs = 13.8 mC or higher.
During the forward breakdown of the Schottky barrier diode, heat was generated within
the Schottky barrier diode, depending on the forward voltage drop and the passing indi-
rect lightning surge current. When the aforementioned indirect lightning surge current
increased, the Schottky junction region of the Schottky barrier diode melted, owing to
heat generation. In addition, we observed that in the measurement range, as Qs increased,
the Schottky barrier diode voltage—current characteristics approached linear resistance
characteristics, and the slope gradually increased.
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Figure 5. Current—voltage (I-V) characteristics of a Schottky barrier diode (SBD) to which an indirect
lightning surge is applied (in the forward stress).

Figure 6 shows the relationship between the failure resistance value and the indirect
lightning surge charge of a tested Schottky barrier diode with an indirect lightning surge
applied in the forward direction. As shown in the figure, a larger indirect lightning surge Qs
decreased the failure resistance value of the Schottky barrier diode, which then approached
short-circuit failure. Although the indirect lightning surge was applied to the Schottky
barrier diode in the forward direction, similar to the reverse stress, heat generation owing
to the surge current increased with increasing Qs, and the Schottky junction melting range
increased, thereby decreasing the failure resistance. In addition, in the case of forward
breakdown of a Schottky barrier diode owing to an indirect lightning surge, the range of
the indirect lightning surge charge that caused failure within a 10~ Q to 10 Q range was
observed to be 13.8 mC to 64.3 mC. Furthermore, in the Schottky barrier diode failure due
to a forward surge, a failure state with a high risk of burnout is more likely than the failure
of the indirect lightning surge in the reverse direction.
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Figure 6. Resistance characteristics of failure of a Schottky barrier diode (SBD) to which an indirect
lightning surge is applied (in the forward stress).
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3.3. Schottky Barrier Diode (SBD) Applied Voltage and Current Waveforms in Indirect lightning
Surge Tests

Figure 7 shows the current and voltage waveforms when an indirect lightning surge is
applied to a Schottky barrier diode at each charging value setting. Because we set charging
at the output voltage when an open circuit for the output of the indirect lightning surge
tester was used in this test, we defined it as Vsgr and reported the voltage and current
applied at the minimum value of Vspr at which the Schottky barrier diode failed and the
Vser at which no failure occurred. According to (a) and (b) in the figure, when an indirect
lightning surge was applied to the Schottky barrier diode in the reverse direction, the
current flowing into the Schottky barrier diode during the application of surge voltage
with Vger = 0.1 kV was several amperes and did not result in failure. However, the
voltage drastically decreased because of the electron avalanche yield, and the current value
increased as the indirect lightning surge voltage increased at Vger = 0.3 kV.
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Figure 7. Waveforms of applied voltage and current of a Schottky barrier diode (SBD) in an indirect
lightning surge test. (a) Reverse stress at Vst = 0.1 kV; (b) reverse stress at Vser = 0.3 kV; () forward
stress at Vgpr = 2.5 kV; (d) forward stress at Vgpr = 2.9 kV.

According to Figure 7c,d, when an indirect lightning surge was applied to the Schottky
barrier diode in the forward direction, the surge current passed through the Schottky
barrier diode with a wave height of approximately 550 A at Vger = 2.5 kV and a wave
height of approximately 650 A at Vspr = 2.9 kV. In addition, in the voltage waveform, the
reverse-direction current flow to the Schottky barrier diode at Vsgr = 2.9 kV was close to
t =50 us when a reverse bias voltage was applied to the Schottky barrier diode. This was
caused by the internal short-circuit failure in the Schottky barrier diode as the excess surge
current passed through the Schottky barrier diode in the forward direction.

4. Discussion

We conducted indirect lightning surge tests on a Schottky barrier diode used as a
bypass diode in PV modules to identify the mechanism of failure and burnout of bypass
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diodes within PV modules when damaged by indirect lightning. Based on the results,
when the amount of charge of an indirect lightning surge applied to the Schottky barrier
diode in both the forward indirect lightning surge and reverse indirect lightning surge
tests exceeded a constant value, the Schottky barrier diode experienced short-circuit failure.
In addition, the failure resistance value decreased as the indirect lightning surge charge
increased. Furthermore, we observed that the amount of heat generated increased when
the bypass diode failed between 10~! Q and 10' Q [8]. Based on the results of these
tests, when the bypass diode failed owing to an indirect lightning surge with a relatively
small charge, the failure was within a range of resistance values, with a high risk of heat
generation and burnout. In addition, the range of indirect lightning surge charge within
which failure occurred with a failure resistance value range of 101 O to 10 O was wide,
and compared with when an indirect lightning surge was applied in the reverse direction,
the Schottky barrier diodes were likely to reach failure mode with a high possibility of
burnout. The failure modes of the bypass diode turn out to be short-circuit failure and
open failure [7,8]. In these tests, all failed bypass diodes were characterized by short-circuit
failures, and no Schottky barrier diode experienced an open-circuit failure. The cause of
open failure in the bypass diode is thought to be the presence of a process that increases
breakdown or short-circuit failure due to the indirect lightning surge of a charge transition
to open failure. The latter process is considered to be the bypass diode transitioning to
open failure due to the heat generated by the circulating current within a bypass circuit due
to bypass diode short-circuit failure or heat generation and burnout by a bypass diode due
to reverse current from a sound module string owing to simultaneous short-circuit failure
of a reverse-current blocking diode and bypass diode. When a bypass diode experiences
short-circuit failure, the output voltage of the module string holding the PV module in
which the bypass diode experiences short-circuit failure decreases compared with a sound
string. Furthermore, if a voltage difference occurs between the sound module and module
string with bypass diode failure when a reverse-current blocking diode is intended to
prevent current reversal from experiencing short-circuit mode failure, a reverse current
is produced in the string with bypass diode failure. The aforementioned heat-generation
process involves a reverse current that is notably larger than that regularly generated in
a short-circuited bypass diode. Therefore, attention should be given to the high risk of
bypass diode burnout [10]. Effective measures for such reverse currents include installing
fuses, not just reverse-current blocking diodes.

The Schottky barrier diode is considered to have failed after the indirect lightning
surge stress owing to the heat generated when the surge current passes through the bypass
diode elements, regardless of whether it is involved in the forward or reverse stress indirect
lightning surges. Figure 8 shows a cross-sectional scanning electron microscopy (SEM)
image of a regular Schottky barrier diode, and Figures 9 and 10 show cross-sectional SEM
images of the Schottky barrier diode after the indirect lightning surge tests. According to
Figure 8, the Schottky barrier diode used in tests had a metal layer with a film thickness
of approximately 1 um, owing to the formation of a Schottky contact on the surface of
Si used as the semiconductor. According to the energy-dispersive X-ray spectroscopy
(EDX) analysis, we observed that the aforementioned metal layer was formed for Al and
Ni. Additionally, Schottky barrier diode elements have junction structures with metal
electrodes and solder materials. Figure 9 shows a cross-sectional SEM image of a short-
circuited Schottky barrier diode after an indirect lightning surge of charge Qs = 0.934 mC
was applied in the reverse direction, with a failure resistance under a reverse direction
1 A current of 0.22 (). Conversely, the Schottky barrier diode shown in Figure 10 had
an indirect lightning surge of Qs = 29.5 mC applied in the reverse direction, and the
failure resistance value was 0.005 Q). Figures 9a and 10b confirm that the open-package
surface of the short-circuited Schottky barrier diode had traces of partially molten solder
material from the heat generated by passing through the indirect lightning surge current.
A cross-sectional SEM image (Figures 9b—d and 10b-d) of the region containing the melting
traces (red-lined area in the image) confirmed the melting of the Al-Ni alloy layer and Si
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material-forming solder and a Schottky junction. In addition, the melting region expanded
proportionally as the charge Qs of the indirect lightning surge increased, and we can
confirm that at Qs = 29.5 mC, the metal layer and semiconductor layers melted from the
anode to the cathode (Figure 10d). In addition, in the melting region, a region of partial
melting and loss of the Schottky junction was formed by the Si and Al-Ni alloys, and the
solder material melted. Thus, the Schottky contact was considered to be lost in the melted
region, resulting in a short-circuit failure. As shown in Figure 9d, when Qs was small, the
metal /semiconductor layer melted primarily around the ends of the region where the solder
material was present on the anode electrode side. Conversely, no changes were observed in
the sound Schottky barrier diode other than in the confirmed melting region. Consequently,
with the Schottky barrier diode that short-circuited owing to an indirect lightning surge,
the Schottky barrier junction regions that did not melt had diode characteristics, and the
current-voltage characteristics of the short-circuited Schottky barrier diodes measured in
these tests (Figures 3 and 5) demonstrate the voltage—current characteristics of a diode and
resistor connected in parallel. In addition, partial cracks appeared in the silicon material,
as shown in Figure 10d,c. Therefore, although not confirmed in these tests, the Schottky
barrier diodes are considered to have experienced open-circuit failure when an indirect
lightning surge with a charge Q; larger than the test value is applied.

Silicon Schottky barrier diodes are presently widely used as bypass diodes, and an
effective countermeasure against bypass diode failure due to indirect lightning surge
reverse stress may be to use a device that can achieve a high withstand voltage, such as
a PN junction diode, as it has a low (approximately 40 V to 100 V) withstand voltage
(breakdown voltage). Therefore, in the future, we will identify the applicability of materials
such as silicon carbide Schottky barrier diodes and PN junction diodes, which are more
lightning resistant than silicon Schottky barrier diodes, as bypass diodes to reduce the
lightning-indirect failures of bypass diodes in solar modules.

Solder Material

Solder Material

/

...-—M' G

Al-Ni Alloy Al-Ni Alloy

40um

Figure 8. Optical and SEM images of the sound Schottky barrier diode (SBD). (a) Optical image of
the outer packaging of the opened SBD; (b) cross-sectional SEM of the sound SBD; (c) SBD left end in
(b); (d) SBD right end in (b).
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Figure 9. Optical and SEM images of short-failure Schottky barrier diode (SBD) during an indirect
lightning surge (Qs = 0.934 mC, reverse stress). (a) Optical image of the outer packaging of the opened
SBD; (b) cross-sectional SEM of the sound SBD; (c) SBD left end in (b); (d) SBD right end in (b).
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Figure 10. Optical and SEM images of short-failure Schottky barrier diode (SBD) during an indirect
lightning surge (Qs = 29.5 mC, forward stress). (a) Optical image of the outer packaging of the opened
SBD; (b) cross-sectional SEM of the sound SBD; (c) SBD left end in (b); (d) SBD right end in (b).
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5. Conclusions

The findings of this study on destructive testing with indirect lightning surges of
Schottky barrier diodes (SBDs), which have become widely used as bypass diodes (BPDs)
in PV modules, are as follows:

(1) The Schottky barrier diodes that failed due to the indirect lightning surge short-
circuited in both the indirect lightning surge forward and reverse stress tests. In
addition, the failure resistance of the Schottky barrier diodes decreased when the
electric charge of the indirect lightning surge increased.

(2) The bypass diodes that failed during indirect lightning surges with relatively low
electric charge were likely to fail at resistance values of approximately 10~ Q to 10 Q)
and were at a high risk of heat generation and burnout.

(38) The Schottky barrier diodes failing with indirect lightning surge forward stress were
observed to fail across a wider range of indirect lightning surge electric charges
compared with those failing with reverse stress. The failure resistance values reaching
those at high risk of heat generation were from 10~! Q) to 10 Q.

(4) For the failed Schottky barrier diodes, we confirmed the melting and loss of the
Schottky barrier contact comprising the solder material and metal within an element
with a semiconductor, owing to the heat generated by the indirect lightning surge
current. Consequently, the melted Schottky barrier junction region in a failed Schottky
barrier diode was in a low-resistance-value short-circuit condition. However, in the
sound region, the diode exhibited residual electrical characteristics.

These results confirmed that a bypass diode will short-circuit during an indirect
lightning surge, and the failure resistance will change depending on the charge of the
indirect lightning surge. In addition, bypass diode short circuits may cause heat generation
and burnout from the circulating current formed by the cell string, as well as short-circuited
bypass diode and reverse current from the sound module string. These incidents can be
effectively prevented by installing a fuse to cut off the overcurrent in each module string
and selecting bypass diode materials with a higher forward current and reverse withstand
voltage than the existing Schottky barrier diodes, such as PN junction diodes and silicon
carbide devices.
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