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Majority of spacecrafts rely on solar power as the main source of energy. The search for a lightweight and cost-
efficient energy source with high power conversion efficiency (PCE) led to the development of organic-inorganic metal
halide Perovskite solar cells (PSCs). In this paper, the performance of PSCs with different hole-transport material
(HTM) prepared for in-orbit demonstration mission onboard CubeSats are compared under simulated space environment
such as thermal cycling stress, high-vacuum, UV radiation and vibration. Results show that even though organic and in-
organic HTM display superior initial PCE, Carbon HTM PSCs trumps them in terms of stability and is more practical for
use in space. The paper also discusses the satellite mission and developed hardware for the first demonstration of Perovsk-
ite solar cells on-board a satellite to gather in-orbit information on the performance of Perovskite solar cells in low-earth
orbit and how the ground test results would be verified.
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Acronyms

PCE: Power conversion efficiency
PSC: Perovskite solar cell
HTM: Hole transport material
UV: Ultraviolet
CTL: Charge transport layer
ETL: Electron transport layer
HTL: Hole transport layer

DSSC: Dye sensitized solar cell

1. Introduction

More than 60 years ago, the first satellite powered by solar
cells, Vanguard 1, was launched into orbit marking the first
use of solar cells as energy source for spacecrafts.1) Using sil-
icon solar cells with power conversion efficiency of approx-
imately 10%, the satellite was able to operate for 6 years.2) At
present, multi-junction solar cells are being used for their
higher efficiency, power density and lifespan under space ra-
diation compared to silicon solar cells.3)

The emergence of the organic-inorganic metal halide pe-
rovskite as a solar cell material in 2009,4) has opened new
avenues for research, with record efficiency of 25.5% for sin-
gle junction type,5) and with theoretical maximum conver-
sion efficiency of 38% in a tandem architecture.6) Perovskite
solar cells have a distinct advantage over multi-junction solar
cells due to its higher power density, cheaper production cost
and higher tolerance to radiation.7–9) The cost of production
is further driven down by the compatibility of PSC to be

manufactured in flexible substrates which allows very high
throughput roll-to-roll manufacturing process. In Ref. 8),
the manufacturing cost and market potential of roll-to-roll
manufacturing processes are analysed. The main barrier for
low-cost mass production were the high cost of HTM mate-
rials, screen printing process of back-end electrode and trans-
parent front conductor (ITO). Advancement in these three
factors to lower their costs is projected to result a manufac-
turing cost of only US$37/m2 � 30%. Table 1 shows how
much better PSC is compared to the triple junction solar cell
commonly used in space. Not only is it cheaper by more than
three orders of magnitude, PSC is also six times denser in
terms of power. These advantages though, come with disad-
vantages such as instability, hysteresis and toxicity which
hinders commercialization of PSCs. A major factor for insta-
bility and short lifespan is the exposure to oxygen and mois-
ture which are both absent in space.10,11) A recent paper by
Yang et al. outlined the potential of PSCs in space and the
challenges for its implementation.12) Several papers are also
published about the performance of PSCs under various en-
vironmental conditions that contribute to the degradation of
its performance.9,13,14)

There are three classifications for HTM: Organic, Inor-
ganic and Carbonaceous material. The performance of PSCs
not only depend on the light absorbing material, but also on
the charge transporting layers (CTL). In the case of hole
transport layers (HTL), it acts as a physical and energy bar-

Table 1. Comparison of cost per watt of solar cell technology used in
space and Perovskite.

Price per watt ($/W) Power density (W/kg)

Triple junction 286.915) 3,600
Perovskite 0.12716) 23,00017)
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rier between the perovskite layer and the other electron trans-
port layer (ETL). They also improve the efficiency of trans-
porting holes because of their high hole mobility and because
their energy level matches with HTM electrode. The degra-
dation of the perovskite layer is also prevented by HTLs
and prevents charge recombination which improves device
performance.18) Reference 19) made a comprehensive re-
view on various HTMs used in PSCs based on published re-
search articles. In this review article, they made a detailed
comparison of the HTMs based on cost and device perform-
ance (efficiency and stability). According to the review, a
large number of reports use organic HTMs such as Spiro-
OMeTAD (2,2A,7,70-Tetrakis(N,N-di-(4-methoxyphenyl)-
amino)-9,9A-spirobifluorene), because of several properties
such as solubility, ionization potential, absorption spectrum
and solid-state morphology.20) This results to easy device
fabrication with high open-circuit voltage and achieve high
efficiencies.21)

Reference 22) first demonstrated the use of Spiro-
OMeTAD as HTM in 1998 in dye sensitized solar cells
(DSSCs) and achieved a PCE of 2.56% in a laboratory. The
drawback is the high cost and instability of organic HTMs.23)

This led researchers to look for inexpensive, abundant, non-
toxic and low energy extensive materials such as inorganic
HTMs. Cuprous thiocyanate or CuSCN as inorganic HTM
was first demonstrated by Ref. 24) and achieved PCE of
6.4%. Inorganic HTMs were able to deliver in terms of cost
efficiency and stability because they have wider band gap,
high conductivity and also prevented the device from expo-
sure to surrounding environment because of its hydrophobic
property.25,26) Unfortunately, the power conversion effi-
ciency is not as good as organic HTMs. Carbon materials
were initially identified as good replacement to gold as back
electrode, because of its good conductivity and low cost. It
was also identified as a potential material to replace HTM be-
cause it has a work function value ³5.0 eV. The lower cost,
abundancy and its capability to be both HTM and electrode
made carbon HTM an ideal candidate for further research as
hole-conductor for PSCs.27,28) Table 2 shows a comparison
of the price and energy level of the HTM materials used. The
energy level of the three HTMs used in this study matches
the energy level of Perovskite material.

Reference 30) attached Perovskite cells in a weather bal-
loon which reached a height of 32 km for 3 hours and re-
corded the performance of the cells every 20 seconds and
compared the characteristics of the cells before and after
flight. Their results showed most of the devices stopped
working after the flight due to encapsulation failure which
lead to degradation of the active layer and the charge trans-
port layers. The main conclusion from their study is the ex-

treme temperature greatly affects the performance of the PSC
and focused for further research.

A more recent article published in Joule by Ref. 31) at-
tached Perovskite solar cells in a suborbital rocket reaching
a height of 240 km for a total measurement time of 6 minutes.
The measurement done under varying light intensity has
shown efficient performance of up to 14mW/cm2. This ex-
situ demonstration shows the suitability of PSC for near-
Earth applications and deep space satellite missions as well.
An article published by NASA discusses the possibility of
manufacturing PSC in space or in other planets. This will
be done thru electrospraying which is similar to inkjet print-
ing and would enable astronauts to build solar cells as they
explore.32) These articles show the possibility of using PSC
in different space applications, not just in low-earth orbit,
but also higher orbits and space explorations.

Kyushu Institute of Technology plans to conduct in-orbit
demonstration onboard BIRDS-4, a constellation of three
1U (10 cm� 10 cm� 10 cm) CubeSat, that will be deployed
from International Space Station (ISS) as early as spring
2021. The satellite flight models were already delivered to
JAXA waiting for the launch to ISS in early 2021. To the au-
thors’ knowledge, BIRDS-4 is the first demonstration of
PSCs in a satellite deployed in low-earth orbit. A nanosatel-
lite, including CubeSat, is a very affordable testbed to do in-
orbit demonstration of new technology quickly. Using a part
of the external panel, new types of solar cells were tested
onboard CubeSats or nanosatellites previously. In 2005,
XI-V CubeSat from University of Tokyo demonstrated
Cu(In,Ga)Se2 (CIGS) solar cells and GaAs solar cells.33) In
2009, the Japanese Aerospace Exploration Agency (JAXA)
launched the Small demonstration satellite (SDS-1) to dem-
onstrate their thin film dual junction (TF2J) InGaP/GaAs so-
lar cell and CIGS.34) In 2012, Horyu-II from Kyushu Institute
of Technology first demonstrated dual-junction solar cells.35)

These examples demonstrate the significance of nanosatel-
lites in testing novel solar cell technologies in space to gather
data on their in-orbit performance.

The purpose of the present paper is to present the research
efforts conducted toward the PSCs in-orbit demonstration
mission. This paper benefits future research on the prospect
of Perovskite solar cells in space thru a long duration mission
to observe the performance of PSCs. This paper also helps in
identifying the materials that will suit space application of
PSC by comparing the most common types of HTM being
used.

This paper discusses the difference in performance of
PSCs with different HTM selected for the flight test under
simulated space environment. The paper also discusses the
methodology on how in-orbit data will be gathered, to have
an insight on the actual performance of PSCs in space.

From the authors’ knowledge, this is the first time that Pe-
rovskite solar cells would be sent to space as a payload of a
satellite to gather in-orbit data of the PSC’s performance in
space.

The paper is made of 3 parts. The second part describes the
fabrication process of the PSCs, the space environment meth-

Table 2. Comparison of HTMs used.

Price/gram ($)29) Energy level (eV)19)

Spiro-OMeTAD 347.000 �5:3��2:3

CuSCN 1.652 �5:3��1:5

Carbon 0.915 �5:0
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odologies done on the fabricated PSCs as well as the on-orbit
demonstration mission which will be the first time Perovskite
solar cells are attached to a satellite and deployed in space.
Section 3 discusses the results and analysis on the space en-
vironment tests done on the PSCs to gain insight on the per-
formance of the PSC with different HTM in space and learn
which material is the best for space applications.

2. Experimental Section

2.1. Perovskite solar cell fabrication
A n-i-p planar Perovskite cell with layer stack of Glass/

Indium Tin Oxide (ITO)/Tin Oxide (SnO2)/
FA0.81MA0.10Cs0.04PbI2.55Br0.40/HTM/gold (Au) is fabri-
cated. Three different types of hole-transport material were
chosen for the PSCs fabricated: Spiro-OMeTAD for organic
HTM, CuSCN for inorganic HTM and Carbon (graphite) for
Carbonaceous HTM. The perovskite layer is made using
800 µL of Dimethylformamide, 200 µL of Dimethyl sulfox-
ide, 0.0182 g of CsI, 0.2046 g of FAI, 0.0235 g of MABr,
0.0771 g of PbBr2 and 0.6067 g of PbI2 mixed using a shaker
to make the Perovskite solution. The different HTM layers
are done as follows: 72.3mg Spiro-OMeTAD and 1mL clor-
obenzen, 35mg CuSCN and 1mL Diethyl disulfide, Graph-
ite-Carbon paste.

A 20� 20mm soda lime glass, doped with 100� 20 nm
of ITO is used as superstrate. The ITO soda lime glass is
cleaned using acetone and ethanol and Tin oxide (SnO2) is
then deposited to the ITO glass. The materials are then put
inside a glove box for the spin coating and heating process.
The ITO doped glass/SnO2 is spin coated with 50 µL of Pe-
rovskite solution and then heated using a hot plate at 150°C
until the solvents evaporate and Perovskite material crystal-
lizes and turns dark. The HTM solution (except carbon) is
then spin coated on the Perovskite cell and heated using
hot plate at 100°C. Gold is finally deposited using vacuum
deposition for the Spiro-OMeTAD and CuSCN samples.
Each ITO glass contains 3 devices and a total of 24 devices
are fabricated for each type of Perovskite HTM. For the final
devices attached to the satellites, the glass was then cut to
12� 20mm and contains two samples. Each satellite carries
two samples of each type of HTM.
2.2. Encapsulation and flight preparation

To lengthen the lifetime of the PSCs and avoid degrada-
tion due to humidity and moisture, the PSCs were encapsu-
lated using a similar method described in Ref. 36). The ac-
tive area on top of the gold electrode was covered with UV
cut film and polyimide/Kapton tape while avoiding any air
bubbles from forming. UV light curable glue, Loctite 349,
was then applied to attach 1mm glass on top of the Kapton
tape. The edges are then sealed with RTV-S 691. Finally,
metal fasteners were attached on the gold and ITO electrodes
to ensure contact between the PSCs electrodes and the satel-
lite electrodes once the cells are attached as shown in
Fig. 1(b). The fasteners also avoided the gold plating/graph-
ene layer from being chipped away every time measurements
are done with the PSCs. The fabricated PSCs have an active

area of 0.18 cm2 shown in a red box in Fig. 1(b). Each square
is one device.
2.3. Solar cell characterization

The fabricated PSCs are characterized using an AM0 solar
simulator SML-2K1MV1 Xenon lamp. Photocurrent-voltage
curve measurements are made using Keithley 2400 source
meter connected to a computer running the Kickstart appli-
cation. Prior to J-V measurements, the light intensity is
calibrated using a pyranometer MS-802 to approximately
1,400W/m2. The surface temperature of the device under
test is 30°C when measurements are made.

Comparison of scan direction to see the hysteresis stability
of the samples are done. The effect of scan rate is also deter-
mined by comparing the J-V curve at scan rates of 765mV/s,
110mV/s and 25mV/s which is varied by changing the de-
lay setting of the voltage sweep by 0, 0.1 and 0.5 seconds,
respectively. The delay setting is the time the voltage level
is maintained by the source meter. A zero second delay ac-
tually means that the voltage level is set for 17ms while cur-
rent is being measured. Current is measured midway of the
time the voltage is set. The difference factor is used to com-
pare the measurements and is done by comparing the area
under the curve of the plots.

The temperature coefficient is also determined by measur-
ing the characteristics of the PSCs while temperature is in-
creased from ambient temperature to 100°C using a hot air
blower.
2.4. Moisture test

After the PSCs are fabricated, they are exposed to as little
moisture/humidity by storing them inside vacuum glove box

6mm

20mm

3mm

12mm

(a)

(b)

Fig. 1. (a) Drawing of the PSC layers and (b) final encapsulated PSC with
active area shown in red box.
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to reduce degradation before encapsulation. The IEC61215
dictates an accelerated life test of 1,000 hours of exposure
to 85%� 5% relative humidity at 85°C for terrestrial solar
cells. The device under test should retain high PCE (>98%)
in order to pass. The parameters are measured before and
after encapsulation to know if encapsulation helped in retain-
ing the performance of the cells fabricated.
2.5. Space environment testing

The following simulated space environment test are done
to determine if the fabricated PSCs will survive the condi-
tions in low earth orbit:
(1) Vacuum
(2) Thermal cycle
(3) Ultraviolet light (VUV and NUV)
(4) Vibration (during launch)
From the 24 devices fabricated, at least 2 devices were

used for each space environment test to see how each condi-
tion affects the performance of the PSCs. The vacuum, ther-
mal cycle, UV light and vibration tests were all done in the
Center for Nanosatellite testing (CeNT) and Laboratory of
Lean Satellite Enterprises and In-Orbit Experiments
(LaSEINE) in Kyushu Institute of Technology, Tobata cam-
pus.
2.5.1. Vacuum

Two PSC devices were characterized before and after ex-
posure under 4� 10�5 Pa of vacuum for 200 hours. Another
two PSCs were exposed outside the vacuum chamber at a
controlled temperature of 23°C and relative humidity of 30–
40% to enable comparison of the perovskite cells fabricated
against atmospheric environment. Samples are weighed be-
fore and after vacuum test using AMPUT APTP-453 digital
scale with an accuracy of 0.01 g to see if outgassing occurred.
2.5.2. Thermal cycle

To ensure that air and moisture has minimal to no effect on
the degradation of the cells during thermal cycling, the PSCs
were put inside a pouch made of aluminium sheet with air
and moisture vacated. Air and moisture were vacated by fill-
ing the pouch with nitrogen gas then purging the air inside.
This is done for 3 times to ensure the inside of the pouch
is N2 gas only. The aluminium pouch is then put inside a
Despatch 900 thermal cycle chamber. The cells were then
cycled from ¹40 to 85°C for 250 cycles and performance
were measured every 50 cycles.37) Each cycle takes 25 mi-
nutes and no soaking was done for each cycle.
2.5.3. UV light

Ultraviolet light has been shown to degrade Perovskite so-
lar cells due to the photocatalytic effect in TiO2 which leads
to creation of trap sites and recombination of electrons and
holes and reduced output of the device.14) This led to the
use of other ETL such as Al2O3 and SnO2.38) The fabricated
PSCs use SnO2 and a UV cut film with measured transmit-
tance as shown in Fig. 2, to ensure that UV will not degrade
the PSCs.

To test how UV environment space affects the fabricated
PSC, the cells were exposed to Near UV (NUV) using a
Hamamatsu L2273 Xenon (Xe) lamp and Vacuum UV
(VUV) using a Hamamatsu L12542 Deuterium (D2) lamp.

For each type of UV radiation, a different batch of PSCs
were used. The UV spectral radiation in space versus the UV
lamps used are plotted in Fig. 3. Both the NUV and the VUV
test exposed two PSC devices for each type of HTM to UV
radiation. Two PSC devices were also kept inside the cham-
ber but not exposed to UV radiation. This is to identify if UV
directly affected the performance of the cells or the temper-
ature and vacuum environment does.

For the NUV test, the cells were exposed to a light inten-
sity of 23mW/cm2 at a vacuum condition of 3:5� 10�3 Pa.
This raised the temperature for the cells to 80°C for the entire
duration of the test. For reference, sun intensity in space for
200–400 nm is 10.85mW/cm2. The PSCs were exposed to
450 equivalent sun hours which is the same as one month
of exposure in ISS orbit. For the VUV test, the PSCs are ex-
posed to an average solar intensity of 106 µW/cm2 at a tem-
perature of ¹40°C and vacuum condition of 1:6� 10�4 Pa.
For reference, solar intensity in space at 120–200 nm is
10.44 µW/cm2. The VUV test was repeated twice for the
same samples. During the first test, the UV cut film was at-
tached which were removed during the second test, to iden-
tify if the UV cut film has a significant effect on the perform-
ance of the PSCs.
2.5.4. Vibration launch environment

To ensure the survivability of the PSC and that they would
remain attached to the satellites during launch, the PSC at-
tached to the satellites went thru acceptance test level (AT
level) vibration test for the launch to ISS. Shown in Fig. 4(a)
is the vibration machine and the placement of the satellites
inside the pod for the vibration test. Figure 4(b) is the Power
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spectral density (PSD) used for the testing. The root mean
square value of the acceleration is 6.79Grms. The test condi-
tion was derived by taking the envelope of the random vibra-
tion profile of HTV, SpaceX and Orbital Cygnus, the possi-
ble launchers to ISS.
2.6. First perovskite solar cell onboard satellite:

BIRDS-4 PSC mission
The fourth iteration of the Joint Global Multi-Nation Birds

Project or BIRDS-4 project, is a constellation of satellites
consisting of three identical satellites built by students from
Japan, Philippines and Paraguay. Each satellite is attached
with 2 PSC devices. The Philippine satellite carries PSC with
Spiro-OMeTAD HTM, Paraguay satellite carries PSC with

Carbon HTM and Japan satellite carries PSC with CuSCN
HTM. Inside each satellite is a Perovskite Solar Cell Measur-
ing Unit or PSCMU which collects the solar cell current,
voltage, surface temperature and irradiance level as shown
in Fig. 5. The electrical circuit of the PSCMU is shown in
Fig. 6 which does a voltage sweep from 1.4V to 0V with
a total of 110 current-voltage points collected for the J-V
curve. The whole measurement cycle takes around 3 seconds
to finish and 12 seconds to save in the flash memory. The fre-
quency of data collection is variable and set via command
from the ground station. The ground station command dic-
tates the length of time (in minutes) before the next sampling
is done.

These data are processed by the PIC microcontroller and
stored in a flash memory for future download by a ground
station for further analysis. From the 4-byte float format of
the measured data, the voltage, current, temperature and solar
intensity data are converted to 2-byte integer format. This is
done by multiplying the float value by 10,000 for the voltage
and by 100 for the current, temperature and solar intensity.
The 2-byte integer part is then stored to the flash memory
to reduce saving time and amount of data needed to be down-
loaded to complete one set of data. A total of 440 bytes is
needed to be downloaded in order to reconstruct an I-V curve
and analyze the characteristics of a single PSC device. Since
there are two PSC devices in each satellite, 880 bytes of I-V
data is stored each measurement, which is equivalent to 11
packets of data downlink. Figure 7 shows the panel where
the PSC are attached together with the TMP36FSZ tempera-
ture sensor and SFH2430 photodiode as light intensity sen-
sor.

3. Results and Discussion

3.1. Photovoltaic performance
Shown in Fig. 8 is a measurement of the champion sam-

ples for each type of fabricated PSC. Table 3 shows the pa-
rameters of the champion PSC of with each type of HTM.
Organic HTM achieved the highest PCE while carbon
HTM showed low fill factor compared to the other samples.
Figure 9 shows the boxplots for the distribution of parame-
ters of the fabricated devices. The boxplot shows the distri-
bution of data in quartiles using thick bands and thin lines.
Each quartile represents the range of value for 25% of the da-
ta. In the boxplot, the first quartile is from the thin line to
thick band. The second quartile is from the thick band to
the middle line. The third quartile is from the middle line
to the end of the thick band, and the fourth quartile is from
the end of the thick band to the end of the thin line. The mid-
dle line indicates the median while the ‘X’ shows the mean of
the data set.39) A shorter thick band means that the data are
concentrated in a certain value and indicates consistency of
the samples fabricated. The reverse can be said if the longer,
which means there’s variability in the values of the fabricated
samples. From the figure, it can be seen that for Voc, Spiro
samples have very consistent value and for PCE, Carbon
has very consistent value. This shows that Carbon PSC fab-

(a)

(b)

(c)

Fig. 4. (a) Vibration test machine and satellites inside pod for vibration
test, (b) random vibration PSD of HTV, SpaceX and Cygnus rockets,
(c) envelope of the PSD profiles of the three launchers.
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rication produces cells with more consistency than Spiro and
CuSCN samples.

From the 24 devices fabricated, the average PCE are
12.67, 4.76 and 7.75 for Spiro-OMeTAD, CuSCN and Car-
bon devices, respectively. Samples with PCE less than three
standard deviation (3·) from the mean sample were consid-
ered bad samples, since three standard deviations should
contain 99.7% of data. The 3· for Spiro is 3.02, ¹4.09 for
CuSCN and 2.77 for Carbon samples. Under this require-
ment, 22 samples for Spiro-OMeTAD, 22 samples for
CuSCN and 18 samples for Carbon were included.
3.2. Scan direction and scan rate

Results on the effect of hysteresis based on scan direction
is shown in Fig. 10. It shows that J-V curve of the samples in

forward scanning and reverse scan. The amount of hystere-
sis, determined thru the difference in area of the J-V curve
shows that carbon PSC has the most hysteresis with a differ-
ence factor of 3.87%, followed by Spiro-OMeTAD and
CuSCN with PCE difference of 0.93% and 0.69%, respec-
tively. From this result, it can be said that the direction of
scanning won’t have a huge effect on the measured parame-
ters. Backwards scan direction will be used in measuring the
PSCs as literature mentions that backwards measurement is
less affected by scan rate and has more stable reading at
the lower voltage range of the measurement.40)

Shown in Fig. 11 are the results of the effect of scan rate.
Spiro-OMeTAD and Carbon have a difference factor of
2.08% and 2.13%, respectively, and CuSCN with 33.5%. The
scan rate has no significant effect for Spiro-OMeTAD and
Carbon but for CuSCN, there is a significant change in meas-
urement as the scan rate changes. This is important as it is
preferred to have a fast measurement time since the satellite
is tumbling/spinning and solar intensity might change
quickly. From this result, 765mV/s scan rate is used in the
measurement of the PSCs.
3.3. Temperature coefficient

Figure 12 shows the PCE as the temperature is increased
and from here, the temperature coefficient can be derived
as ¹0.14%/°C for Spiro-OMeTAD, ¹0.01%/°C for CuSCN
and ¹0.04%/°C for Carbon HTM. For reference, terrestrial
monocrystalline solar cells have temperature coefficient of
¹0.5%/°C,41) and triple junction solar cells have temperature
coefficient of ¹0.09%/°C.42) The best temperature coeffi-
cient is CuSCN but the PCE is very low which makes the da-
ta insignificant, hence Carbon HTM display best temperature
stability among the samples fabricated.

Fig. 5. Block diagram of perovskite solar cell measurement unit.

Fig. 6. Circuit diagram of the Perovskite solar cell measurement unit.
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3.4. Moisture
Figure 13 shows a PSC with CuSCN HTM before and

after encapsulation showing that the encapsulation process
had a significant effect on the PCE of the PSCs with a differ-
ence factor of 10%. The reduction in PCE is most probably
caused when the pristine samples were taken out of the glove
box for initial performance measurement and encapsulation
which exposed them to the atmospheric environment which
started the degradation of the material. Humidity and oxygen
in the environment must have begun reacting with the pe-
rovskite material so when the samples were measured again
after encapsulation, the performance has reduced already.

Figure 14(a) shows an image of the cells before the mois-
ture test while Fig. 14(b) and 14(c) shows the cells without
encapsulation and with encapsulation after the moisture test,
respectively. It is clear from the change in the active material
that moisture extensively affected the PSC, especially those
which are not encapsulated. Figure 14(d) shows the degrada-
tion trend of the PCE of the cells that are non-encapsulated
and Fig. 14(e) shows the degradation trend for cells which
are encapsulated. Although the test shows that the encapsu-
lation method wasn’t able to completely prevent the degrada-

Table 3. Photovoltaic parameters of the Champion PSC for the three types
of HTM.

HTM type
Voc
(V)

Jsc
(mA/cm2)

FF
PCE
(%)

Spiro-OMeTAD 1.07 33.54 0.68 24.28
CuSCN 0.93 32.70 0.66 20.08
Carbon 1.06 31.98 0.36 11.99

Fig. 9. Parameter distribution of fabricated PSCs.

Fig. 8. Current density-voltage curves of the champion PSC of the three
types of HTM.

Fig. 7. PSC samples attached to each satellite of BIRDS-4 with photodiode (circled) and temperature sensors (squared).

Fig. 10. Comparison of PSC samples based on scan direction.
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tion of the cell, it shows that encapsulation can still slow
down the degradation of the PSC indicated by the longer
time the PCE is reduced. If we scale the IEC61215 standard
which is done to ensure reliability of the encapsulation for 20
years by exposing the solar module to 85% relative humidity
at 85°C for 1,000 hours and retain 80% of its original effi-
ciency, we can say that Carbon PSC which retained its PCE
above 80% for 8 days should be able to retain its performance
under normal environmental humidity and temperature for
3.84 years. For CuSCN, it retained its performance of above
80% for less than 1 day which is equivalent to approximately

6 months and Spiro which quickly degraded to less than 80%
for about 9 hours would have an equivalent of 2 months. This
shows that the PSCs have a chance to still work after waiting
for several months in earth prior to the satellites’ launch into
space.
3.5. Vacuum environment

The effect of vacuum and normal atmosphere before and
after 200 hours is plotted in Fig. 15. The graph shows that
exposure to vacuum still affects the performance of the cells
as also observed in Ref. 43). It shows that there is 25% and
35% change in PCE observed for the Spiro-OMeTAD de-

Fig. 12. Change in PCE of cells with temperature.

Fig. 13. Device efficiency before and after encapsulation.
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PCE overtime of (d) non-encapsulated PSCs and (e) encapsulated PSCs
under high humidity environment.

Trans. Japan Soc. Aero. Space Sci., Vol. 65, No. 2, 2022

Fig. 11. Comparison of PSC samples based on scan rate.

102©2022 JSASS



vices while a smaller 0.4% change was observed in CuSCN.
In general, it shows that the fabricated cells with their encap-
sulant degraded less in vacuum. The change in weight of
some samples before and after the vacuum is less than 0.01
gram change while the rest of the samples did not change
their weight. Therefore, there are no significant change in the
weight. The optical characteristics were also compared by
visual inspection for any cracks, chips and discoloration be-
fore and after the vacuum test. No significant change also oc-
curred upon visual analysis of the samples. Carbon and inor-
ganic HTM CuSCN showed to degrade less in vacuum
compared organic HTM Spiro-OMeTAD.
3.6. Thermal cycle environment

Figure 16 shows the effect of thermal cycle in each sample
which shows how the number of cycles degraded the effi-
ciency of the PSC to less than half of the original power con-
version efficiency. Among the parameters measured, Voc
shows the highest rate of change indicating that the changing
temperature has damaged the interface between the layers of

the PSC which in turn decreases the overall PCE of the PSC
as shown in Fig. 17.
3.7. Ultraviolet light radiation

The first VUV test result shown in Fig. 18 show that both
the exposed and unexposed cells degraded during the test,
with carbon cells degrading the most among the three types
of PSC. Comparing the percent change in the PCE of the ex-
posed and unexposed cells to VUV radiation shows that they

Fig. 15. Comparison of PCE to fabricated PSCs exposed under vacuum
and under normal pressure environment.

Fig. 16. Normalized PCE comparison of three types of PSC after thermal
cycling test.
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Fig. 17. Comparison of the normalized parameters of the three types of
PSC after thermal cycling test.

Fig. 18. Comparison between the change in PCE between the PSCs ex-
posed and not exposed to VUV radiation.
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degraded at the same rate. This indicates that VUV
radiation did not affect the cells and it is the temperature
and vacuum environment which induced the degradation of
the cells.

The result of the second VUV test shown in Fig. 19 shows
that the exposed cells did not degrade unlike the cells ex-
posed during the first VUV test with UV cut film attached.
A study made by Ref. 44) pointed to UV treatment as a cause
for modification of the bulk properties of PSCs and energy
equilibrium at the interfaces. This is done by passivation sur-
face and grain boundary defects. The removal of the UV film
allowed the UV light to treat the defects on the cells caused
by temperature and vacuum which resulted to better perform-
ance compared when the PSCs has UV cut film.

The characteristics of the PSCs were measured daily
throughout the 9 day NUV test. The change in PCE is plotted
in Fig. 20. It is noticeable how CuSCN and Spiro quickly de-
graded unlike Carbon which slowly degraded over time. Re-
sults show that after the test, the PSCs exposed to NUV de-
graded significantly compared with the devices not exposed
to NUV. Spiro-OMeTAD and CuSCN devices completely
stopped working after the test. This shows that the long-term
exposure to increased temperature plays a significant role in
the degradation of the cells. This also shows that carbon
HTM is able to still function after long term exposure to high
temperature, unlike the PSCs with organic and inorganic
HTM.

3.8. Vibration environment
The vibration test results showed that the PSCs and PSC

attachment method withstood the acceptance test vibration
levels from the envelope of the vibration profiles of common
ISS launch vehicles. No cracks or chipped particles from the
PSC samples were observed after the vibration test. Shown in
Fig. 21 is a comparison between a carbon PSC before and
after vibration test. The discrepancy of the results is from hu-
man errors and inaccuracies during measurement. Test re-
sults show that the change in measured current is either due
to a slight increase in distance of approximately 2–3 cm from
the light source and the solar cell or a 10–15 degree change in
angle of the solar cell while being illuminated or a combina-
tion of both. The change in distance and angle is a result of
the cell being placed vertically from a platform which is
moved from its location based on the measured irradiance
of the pyranometer being used as reference as shown in
Fig. 22. Care was taken to maintain consistent placement
of cells but minute changes in distance and angle of the cell
could still happen as a result of human error.
3.9. Perovskite solar cell mission

To ensure accuracy of data downloaded, calibration is
done to the PSC measurement unit by comparing its mea-
surement to a source meter. Shown in Fig. 23 is a result
after calibrating the PSCMU. It shows the measurement is
almost identical with the sourcemeter with the difference
being the lower resolution of the analog-to-digital converter
for the PSCMU and current sensor limitation. A slight
change in Voc was observed as a result of the increase in

Fig. 19. Comparison between the change in PCE between the PSCs ex-
posed and not exposed to VUV radiation without the UV cut filter.

Fig. 20. Change in PCE of PSC samples exposed to NUV radiation for a
1-month equivalent exposure in space.

Fig. 21. Comparison of J-V performance of PSC before and after vibration
test.

Fig. 22. Test setup using sun simulator, sourcemeter and pyranometer as
irradiance reference.
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temperature between the measurements done using the
sourcemeter and the satellite. The change in Voc ranges from
0.0027–0.0091V/°C.

The BIRDS-4 mission to measure the PSC is also tested in
the flight model of the satellites by running the mission and
downloading the data. Figure 24 shows the characteristics of
the cells attached and the processed downloaded data from
the satellites after one month of attachment. It can be ob-
served how the data downloaded significantly degraded only
1 month after attachment with Spiro-OMeTAD samples de-
grading the worst. This result is consistent with the result of
the moisture test in section 3.4 where Fig. 14(e) shows Spiro
to be the PSC type to degrade the fastest. The amount of
change in parameters wasn’t as expected from the moisture
test since we expect a less drastic change after encapsulating
the cell. This test result shows how more advanced encapsu-
lating methods are needed for future satellite missions using
PSC to ensure they are still working when sent to space.

Once the BIRDS-4 satellites are deployed in space, they
will wait for a command from the ground station to execute
the PSC mission. When a command is received and proc-
essed by the onboard computer of the satellite, it will activate
the PSCMU and start measuring the current and voltage
readings from the PSCs. The saved data is stored in a flash
memory awaiting another command to downlink these data
to the ground station.

In the event that uplink communication between the
ground station and the satellite is not achieved, the satellite
is programmed to automatically execute the PSC mission for
three consecutive days. The data collected is also automati-
cally downlinked by the satellite and this process repeats
every 36 days. The other days are allotted for other missions
of the satellite.

Finally, the collected data will be analyzed to see the per-
formance of the PSC in low-earth orbit.

4. Conclusion

The attractiveness of PSC with its high power density, low
manufacturing cost and high power conversion efficiency
compared to triple junction solar cells, has placed it as a po-
tential material as power source for space applications. In

line with this, the BIRDS-4 project, slated to be deployed
in space from ISS in 2nd quarter of 2021 with a mission to
send the first PSC onboard a satellite to evaluate their per-
formance in actual space environment. Design on how to at-
tach encapsulated PSCs and measure their performance in a
satellite has been done. Extensive test under different simu-
lated space environment conditions such as temperature cy-
cling, vacuum and UV light has shown how PSCs with dif-
ferent HTMs (organic, inorganic and Carbonaceous) would
perform under space conditions.

Fig. 24. Comparison between devices attached to the BIRDS-4 satellite
before attachment and 1 month after attachment.
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Perovskite SCs with Spiro-OMeTAD showed high PCE
that is competitive with existing solar cell technologies but
its lifetime is poor under the environments tested. Inorganic
HTM CuSCN also performed poorly while Carbon HTM
showed the best performance in terms of lifespan and stabil-
ity under the tested space environment. This is mainly be-
cause of their hydrophobic property and thermal stability.
The downside to Carbon is their low PCE compared to exist-
ing solar cell technologies because of their lower hole mobil-
ity compared to other HTMs. This conclusion corroborates
with researches reviewed in Ref. 45).

For low earth orbit applications, where temperature condi-
tions do not vary extremely and where sunlight time is lim-
ited, high efficiency PSCs such as those using organic and in-
organic HTM are recommended with research focusing on
better encapsulation and processing to allow for longer life-
time of the cells. For Geostationary missions, with environ-
ments reaching extreme values and continuous exposure to
the sun, the PSCs with Carbon HTM are recommended as
it shows greater survivability over long period of time. With
the significant weight reduction of PSCs, larger solar paddles
can be mounted on satellites to compensate for the reduced
PCE so as to meet the energy requirements of the satellite. It
is therefore concluded to focus research on improving the
PCE of Carbon HTM PSCs as they show the most promise
for space applications.

Future work would entail larger modules of Perovskite so-
lar cells tested in space with advanced encapsulation to fur-
ther prevent the effect of humidity and moisture to the PSC.

The results of the initial operation and data gathered from
the PSC mission of BIRDS-4 will be published once the sat-
ellite has begun its operation in space.
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