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On-Orbit Test on Solar Cell Coupon with
Commercial-Off-the-Shelf Semi-Conductive Coating
and Thermal Cycling Test on Improved Coating
Akitoshi Takahashi, Minoru Iwata*, Mengu Cho, Ryo Muraguchi

on spacecrafts, i.e., cover glasses on solar cells, have a positive
potential with respect to that of the spacecraft chassis.
Electrostatic arcing easily occurs under the potential condition
that is referred to as the inverted potential gradient. Because of
the electric-field enhancement at the so-called triple
junctions—where vacuum, conductor (interconnector electrode
between solar cells), and insulator (cover glass on a solar cell)
meet—a arcing is producted under the inverted potential
gradient.1-2) There are triple junctions on the edge of solar cell
components. Therefore, many triple junctions exist, especially
on solar array paddles. The arcings on solar arrays would cause
short-circuits and would lead to the destruction of the satellite
power system, which would result in the loss of all spacecraft
functions. To make the safety and reliability of satellites better,
the prevention of charging and arcing on solar array paddle is
very important technology.

Abstract— An semi-conductive coating has been developed to
mitigate the surface charging and prevent the arcing on solar
array paddle. In previous study, we select the commercial-offthe-shelf (COTS) semi-conductive coating to apply for space-use
solar array paddle and evaluate its performance of charging and
arcing prevention by using ground simulation test. The purposes
of this work are to evaluate the performance of coating on low
Earth orbit flight test and to improve the coating. The coating
performance was evaluated on the high-voltage technology
demonstration satellite, Horyu-II, developed by Kyushu Institute
of Technology. The satellite was launched on 18 May 2012 into
670-km high sun synchronous subrecurrent orbit and worked for
182 days. Arcing test was carried out on the satellite for 10 hours.
As a result, we can confirm the effectiveness of arcing prevention
on solar array coupon panel with coating, compared with that
without coating. The coating on the solar array coupon panel on
Horyu-II satellite was so thick. The electrical power generation
of solar cell with coating decreased by 35.5% compared with that
without coating. Therefore, we tried to change the coating
thickness while keeping the charging and arcing prevention
performance. The electrical power generation of solar cell with
thinner coating decreased by 10% compared with that without
coating. For the solar array coupon panel with thinner coating,
thermal cycling test was performed between +100 and −150°C.
The charging and arcing prevention performance was kept after
115 cycles.

To prevent the charging and arcing, various methods have
been performed.3) The plasma emitter4) is an active potential
control system of which the disadvantage is the needs of
exclusive incidental equipment, i.e. power supply, large
mounting area, and etc. Since grouting solar cell gaps with
adhesive means the masking triple junction, we would prevent
the arcing. However, the grouting method requires a great deal
of hard labor. It is effective method that indium tin oxide (ITO)
coating on cover glass is connected with spacecraft chassis.
However, the connecting all cover glass coatings with chassis
also requires a great deal of hard labor.

Keywords—charging mitigation; coating; arcing; degradation;
space environments

I.

We have developed a semi-conductive coating agent to coat
the whole of solar array paddle. The arcing occur due to
anomalous surface charging, which means that parts differ in
potential from that of the satellite chassis. By providing an
escape path for the stored charges on insulators (cover glasses)
that cause the anomalous surface charging, we would avoid
arcings on solar arrays. The semi-conductive coating has the
advantage that it would easily prevent arcings at a low cost.
We have selected a commercial-off-the-shelf (COTS) semiconductive coating agent having both the vacuum durability
and high charging mitigation property5), and have performed
charging and arcing tests and validation test for on-orbit
demonstration on Horyu-II6). In this paper, we show the results
of on-orbit demonstration test on Horyu-II and indicate the
improved coating performance and thermal cycling durability
of the improved coating on solar cell coupon panel.

INTRODUCTION

Since the end of the 1990s, the power level of geostationary
Earth orbit (GEO) satellites has increased dramatically.
Nowadays, a power level of 10 kW is very common among
commercial GEO telecommunication satellites. To sustain
such high power generation requires a bus voltage over 100 V
to decrease the cable mass and to increase the electrical power
transmission efficiency. However, the risk of a power system
failure increases with an increase in bus voltage.
Once a substorm occurs, energetic electrons have an impact
on spacecrafts, and then the spacecraft chassis potential
becomes a highly negative potential of several kV or more with
respect to the surrounding plasma potential. Surface insulators
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II.

both the high resistivity enough to prevent the leakage of
electrical power generated with solar cell and the high optical
transparency.5, 7-8) To achieve these requirements, we have
selected a COTS conductive nanoparticle dispersed agents and
have evaluated its performance on solar cell coupon panel
made using the same process and materials as a flight solar
array paddle.5, 6)

HOW TO PREVENT ARCINGS

Figure 1 shows the cross sectional view of solar array
paddle. The spacecraft body potential becomes highly negative
with respect to the ambient plasma due to encounters with
substorms or aurora as shown in Fig. 1. Since the insulator
(cover glass) has the different secondary electron emission
coefficient with the substrate of solar array panel, the surface
insulator has a positive potential with respect to the spacecraft
chassis potential. The potential condition is called inverted
potential gradient under which the arcing easily occurs.

III.

EXPERIMENTS

A. On-orbit Demonstration6, 9)
1) Solar cell coupon panel: Figure 3 shows a solar cell
coupon used in the on-orbit demonstration. The solar cells are
triple junction cell (Emcore, ATJ solar cells) and the size of
the coupon is 100 mm in width × 130 mm in length. The cover
glass is a CMG-100-AR (Qioptiq) with a thickness of 100 µm.
The front surface of the cover glass is coated with an antireflective (AR) coating (MgF2). The coupon was made using
the same process and materials as a flight solar array paddle
based on the baseline design.

(a)

(b)
Fig. 1. Arcing mechanism on solar array paddle. (a) Cross sectional view of
solar array paddle without coating. (b) Surface potential change on solar array
paddle without coating.
Fig. 3. ATJ solar cell coupon for on-orbit demonstration.

2) Small Satellite Horyu-II: The high-voltage technology
demonstration nanosatellite, Horyu-II, was launched on 18
May 2012 into 670-km high sun synchronous subrecurrent
orbit. The coated solar cell coupon panel was mounted on
Horyu-II as shown in Fig. 4. The coupon was biased to about
300 V after sending mission commands from a ground station
on Earth, and then on-orbit demonstrations were started.

(a)

(b)
Fig. 2. Charging and arcing prevention concept due to coating. (a) Cross
sectional view of solar array paddle with coating. (b) Surface potential change
on solar array paddle with coating.

The anomalous potential difference would be mitigated by
coating of conductive escape path using semi-conductive
coating as shown in Fig. 2. The conductive path must also have

Fig. 4. High-voltage technology demonstration satellite Horyu-II and coated
solar cell coupon on the satellite.
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cell and the size of the coupon is 60 mm in width × 100 mm in
length. The cover glasses are a 0213-100 (Optical Coating
Laboratory, Inc.) with ultraviolet and near infrared reflector
(BRR) coating (ZrO2) and AR coating (MgF2) with a
thickness of 100 µm. The coupon was made using the same
process and materials as a flight solar array paddle based on
the baseline design.

B. Improvement of Coating Agent and Process
The electrical power loss due to semi-conductive coating
was estimated to 35.5% on the coated solar cell coupon
mounted on Horyu-II by measuring of current-voltage
characteristic of the coupon before and after a coating.6) The
high electrical power loss is caused by a thick semi-conductive
coating. On a solar array paddle, there is a difference in level
formed by a stack of cover glass, adhesive, and solar cell. To
mitigate the anomalous potential on a cover glass, we must
coat the side wall of a step. When we coated the semiconductive coating agent thinly on a solar cell coupon panel,
the side wall was not covered with the coating. As a result,
surface charging was hardly mitigated. Therefore, we applied
the thick coating on the solar cell coupon mounted on Horyu-II
and confirmed the charging mitigation on the coated coupon.
However, the thick coating induced a high electrical power loss
due to a poor optical transparency of thick coating. To decrease
the electrical power loss, we try to improve the semiconductive coating agent and coating process for the solar cell
coupon panel.

(a)
(b)
Fig. 6. BRR and AR solar cell coupon. (a) BRR type. (b) AR type.

3) Experimental Method and Facility:
a) Coating process: The solar cell coupon panel was
coated with a spray method using a dispensing robot (2203N
mini, San-Ei Tech Ltd.), as shown in Fig. 7. The robot has the
ability to spray an area of up to 200 × 200 mm, due to its X-Y
stage. The coating condition is controlled with (1) the supply
pressure of a syringe in which the semi-conductive coating
agent is stored (equivalent to the feed rate of the semiconductive coating agent), (2) the needle valve stroke of the
spray nozzle, (3) the air pressure to atomize the semiconductive coating agent fluid into fine droplets, (4) the
traverse speed of the X-Y stage, and (5) the distance between
the spray nozzle and the coupon panel. In this study, we have
selected these parameters, shown in Table I, and control the
coating thickness with the number of coating scans. On the
improved coating process, we define one coating scan as that
the old “low viscous” coating agent is sprayed traversal one
time on the whole area of solar cell coupon or that the
improved “high viscous” coating agent is sprayed unicursal
one time on the edge of solar cell. The sprayed coupon was
heated to a temperature of 120°C for 30 min in atmosphere
condition, and then was naturally cooled down to a room
temperature. Through these processes, the coating layer was
formed on the coupon.

1) Coating Agent: In this study, we use a improved semiconductive coating agent of which viscosity is four times
greater than that of old agent. The improved and old semiconductive coating agent are used for the coating on the edge
of solar cell and on the whole of coupon panel, respectively.
As shown in Fig. 5, most surface of solar cell is covered with
thin old “low viscous” coating. On the other hand, the side
wall of a step is covered with thick improved “high viscous”
coating. Therefore, we would take both low electrical power
loss and high charging mitigation performance.

(a)

(b)
Fig. 5. Cross sectional view of coated solar cell coupon. (a) Old coating. (b)
Coating due to improved agent and process.

2) Solar cell coupon panel: Figure 6 shows solar cell
coupon used in performance tests of improved coating agent
and coating process. The solar cell is high-efficiency silicone
Fig. 7. Dispensing robot.
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TABLE I.

by using 3-kW halogen lamp. The lamp luminous intensity on
the solar cell was calibrated with the output of silicone photo
diode and the distance between lamp and solar cell was
adjusted as the photo diode output became to be a same value.
Since the temperature of solar cell affect the electrical power
generation, the coupon is cooled with a fan. The surface
temperature of a coupon was measured with a thermocouple
and we try to make a no temperature difference between the
measurements. In this study, we measure a voltage output
under the sweeping of the current by using DC electronic load
(Kikusui PLZ164WA).

THE PARAMETERS OF THE DISPENSING ROBOT
Parameter

Set Value

(1) Supply pressure of syringe

10 kPa

(2) Needle valve stroke indicator

1 Nm

(3) Atomizing pressure

90 kPa

(4) Traverse speed
(5) Distance from nozzle

20 mm/sec
2 cm

b) Charging and Arcing Test: Figure 8 shows a
schematic picture of the charging and arcing test setup. The
charging and arcing tests were performed in a vacuum
chamber that had a cylindrical shape of 600 mm in diameter
and 900 mm in length, which was evacuated by a turbo
molecular pump to achieve a pressure of ~2.0×10−4 Pa. The
chamber was also equipped with an electron gun (Omegatron
OME-0050LL). We irradiated the solar cell coupon panel
surface with electrons scattered due to passing through an
aluminum foil from the gun to simulate the substorm
condition that boosted the inverted potential gradient on the
solar cell coupon panel surface. The two-dimensional
distribution of surface potential on the solar cell coupon panel
was measured by a noncontacting surface potential probe
(Trek model 341B) attached to the XY stage controller unit
(Sigma-Koki SGSP26-150 and SGSP26-200). The chamber
was also equipped with an infrared camera (Sony XC-E150)
to detect the location of luminescence due to arcing. To
simulate a negatively charged spacecraft, we biased the solar
cell coupon panel to a negative potential (−5 kV) using a
variable direct current (DC) power supply. A 10 MΩ resistor
was used to protect the DC power supply from damage caused
by any short sircuit. A capacitor of 300 pF was set in the
external circuit to simulate the spacecraft capacitance as well
as to increase the arcing current to a detectable amount when
it occurs. DC current probe (Hioki 3272) were used to
measure the arc current. A potential drop was monitored by
using a high-voltage probe (Agilent N2771A).

Fig. 9. Current-voltage charateristic test facility.

d) Thermal cycling test: The thermal cycling test was
conducted in the temperature range of −150 to 100°C which
was a typical temperature range of solar array paddle on
geostationary Earth orbit satellite. Figure 10 shows a thermal
cycling test facility (Despatch 900 series). Heating and
cooling process was conducted owing to resistance heating
and liquid nitrogen, respectively. The inside of a test facility in
which the solar cell coupon was mounted was filled with
nitrogen gas during the thermal cycling test. The coupon
temperature was monitored with a thermocouple. There is no
soaking time at temperatures of −150 and 100°C and a cycle
was set to about 50 min. Figure 11 shows the temperature
profile of a solar cell coupon during the thermal cycling test.
In this study, we first tried to conduct 5-times thermal cycling
on coated solar cell coupon panels, and then performed the
charging and arcing tests on the coupon panels. Next we
conducted the additional 10-times thermal cycling, and then
performed the charging and arcing tests, again. Finally we
conducted the additional 100-times thermal cycling, and then
performed the charging and arcing tests. Therefore the 115times thermal cycling were conducted on the coated solar cell
coupon panels in the aggregate.

Fig. 8. Experimental system of charging and arcing test.

c) Current-voltage characteristic: The current-voltage
characteristic of solar cell coupon was measured using the
system shown in Fig. 9. The solar illumination was simulated

Fig. 10. Thermal cycling test facility.
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Fig. 12. Coated solar cell coupons.
Fig. 11. Temperature profile during thermal cycling test.

TABLE III.

ARCING TEST RESULTS ON GROUND

Coupon Panel

IV.

RESULTS AND DISCUSSIONS
AR solar cell

A. On-Orbit Demonstration
Table II shows the on-orbit demonstration results on the TJ
solar cell coupons with and without coating. On the TJ solar
cell coupon without coating, we observed 15 times arcing
during the mission. On the other hand, there is no arcing on the
TJ solar cell coupon with coating during the mission. Therefore,
it makes clear that semi-conductive coating on a solar cell has
high arcing prevention performance on a low Earth orbit
environment.
TABLE II.
Table Head

BRR solar cell
a.

without
coating
with coating
(1×4)a
with coating
(2×9)a

Electron Beam Energy
@ 7 keV

@ 8 keV

@ 9 keV

8

4

0

0

0

0

0

0

0

(Number of Coating Scan on the Whole Area × Number of Coating Scan on the Edge)

ONORBIT DEMONSTRATION RESULTS9)
Table Column Head
Without coating

With coating

number of arcing

15

0

total test duration

678 min

650 min

B. Improved Coating Performance
1) Optimization of Coating Process: First, we try to find a
coating condition having a high charging mitigation and
arcing prevention performance by using trial-and-error method.
Figure 12 shows the pictures of a BRR solar cell coupon
coated with 2 times on the whole area and 9 times on the edge,
a AR solar cell coupon without coating, and a AR solar cell
coupon coated with once on the whole area and 4 times on the
edge. In the Fig. 12, “(2×9)” means “(2 times coating on the
whole area × 9 times coating on the edge)”. For these coupon
panels, we conducted the charging and arcing test. Table III
shows the experimental results of arcing tests. We could
observe no arcing on the coated solar cell coupons. However,
the surface charging on cover glasses were incompletely
mitigated on coated solar cell coupon panels as shown in Fig.
13. On this coating conditions, semi-conductive coating did
not work as the conductive path. The triple jyunctions were,
however, completely covered with the semi-conductive
coating. Therefore, No arcing occurs on the coated solar cell
coupon panels.

Fig. 13. Surface potential difference of solar cell coupon.
Surface potential difference = (surface potential) − (bias voltage).

Since there were no surface charging mitigation under the
previous coating conditions, we additionally coated 2 times on
the whole area of each solar cell coupon. It was deduced that
the coating on the edge was enough, because there were no
arcing on solar cell coupon panels. Total number of coating on
a BRR solar cell coupon was 4 times on the whole area and 9
times on the edge. That on a AR solar cell coupon was 3 times
on the whole area and 4 times on the edge. Figure 14 shows the
coated solar cell coupon panels after the additional coatings.
For the solar cell coupon panels, we conducted the arcing and
charging mitigation test, again. There were also no arcing as
shown in Table IV. As shown in Fig.15, the surface charging
were mitigated on the coated solar cell coupon panels, just this
time. Under this coating conditions, an arcing was prevented
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and a surface charging was also mitigated owing to the semiconductive coating.

(a)
Fig. 14. Coated solar cell coupons for surface potential and arcing test before
thermal cycling test.
TABLE IV.

ARCING TEST RESULTS ON GROUND

Coupon Panel

AR solar cell

BRR solar cell
b.

without
coating
with coating
(3×4)b
with coating
(4×9)b

Electron Beam Energy
@ 7 keV

@ 8 keV

@ 9 keV

6

0

0

0

0

0

0

0

0
(b)
Fig. 16. Current-voltage characteristic on BRR and AR solar cell coupon
before and after coating. (a) BRR solar cell coupon. (b) AR solar cell coupon.

(Number of Coating Scan on the Whole Area × Number of Coating Scan on the Edge)

2) Charging mitigation performance after thermal
cycling: After 5-times, 15-times, and 115-times thermal
cycling, we conducted the arcing and surface charging
mitigation tests on the “fine” coated solar cell coupon panels.
The coupon panels were kept the performace of arcing
prevention and charging mitigation after the thermal cycles.
The results of arcing and surface charging mitigation test after
115-times thermal cycling were shown in Table V and Fig.17,
respectively. Therefore, we concluded that the coated solar
array was kept the performace of arcing prevention and
surface charging mitigation under the harsh thermal cycling
environment in space.

Fig. 15. Surface potential difference before thermal cycling.
Surface potential difference = (surface potential) − (bias voltage).

For the “fine” coated coupon panels, we measured the
current-voltage characteristics to determine the electrical power
loss due to the coating as shown in Fig. 16. The electrical
power loss on the BRR and AR solar cell coupon panels were
9% and 11%, respectively. This is a significantly improvement
compared with a coated TJ solar cell coupon mounted on a
Horyu-II nanosatellite. Therefore we conducted the thermal
cycling tests for the “fine” coated solar cell coupon panels.
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1) Environmental durability: It would be evaluated that the
coated solar cell coupon withstands the exposure to space
environmental conditions such as charged particle radiation
and ultraviolet rays with thermal cycle.
2) Coating wettability: In this study, we have achieved the
charging mitigation and arcing prevention performance in
plural coating operations. Unfortunately, we cannot achieve it
in only one time coating operation. This is caused by the
coating wettability with the surface materials on solar cell
coupon panel. On the solar array paddle, there are many kinds
of materials that are silicone adhesive, silver, polyimide, cover
glass, and the coating on cover glass. To cover on solar array
paddle and make the conductive path in only one time coating
operation, we must ensure the coating wettability with various
surface materials on solar array paddle.
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Fig. 17. Surface potential of solar cell coupon after 115-thermal cycling
during arcing test under 7-keV electron beam.
TABLE V.

ARCING TEST RESULTS AFTER 115 THERMAL CYCLES

AR solar cell

BRR solar cell
c.

REFERENCES

Electron Beam Energy

Coupon Panel
without
coating
with coating
(3×4)c
with coating
(4×9)c

@ 7 keV

@ 8 keV

@ 9 keV

11

3

0

0

0

0

0

0

0

[1]
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[3]

(Number of Coating Scan on the Whole Area × Number of Coating Scan on the Edge)

[4]

V.

SUMMARY

There was no arcing on the coated solar cell coupon during
the on-orbit demonstration tests. We have verified the arcing
prevention performance of semi-conductive coating for solar
array paddle on satellite. However, the electrical power loss
due to the coating was 35.5%. The power loss was too high to
coat the semi-conductive coating agent on solar array paddles
actually mounted on satellites. To reduce the power loss due to
the coating consistent with the high charging mitigation
performance, we have tried to improve the semi-conductive
coating agent and the coating process. Using the improved
semi-conductive coating agent, the electrical power loss of
11% have been achieved. The coating have kept the charging
mitigation and arcing prevention performance after 115-times
thermal cycling. To put the coating into practical use, we
would achieve following:
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