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Comprehensive Summary

High specific power or power to mass ratio is a critical concern of photovoltaic (PV) for aerospace applications. Organic solar cells
(OSCs) have advantages such as high absorption coefficient, compatibility with flexible substrate, light-weight, etc. Moreover, re-
cently OSCs achieved power conversion efficiency (PCE) over 20% with the incorporation of the non-fullerene based small molecule
acceptor and high specific power is believed to be obtained. To enter the market, high-altitude platform station (HAPS) is perhaps
the first place to start with. In this work, we explore and compare the in-situ performance of two high performing OSCs, using the
same donor but different acceptors, in mimic HAPS environment where the pressure, temperature and the illumination conditions
are controlled. We found that the use of acceptor can result in substantial difference in the performance at low temperatures.
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Background and Originality Content

Organic solar cells (OSCs) are an attractive class of photovol-
taics, and they require carbon-based organic molecules to absorb
the light and generate the charge carriers." The key advantages
of OSCs are easy optical and electronic properties tunability of
organic molecules, low cost, low temperature process, roll to roll
processability, compatibility with flexible substrates, requiring
non-toxic raw materials, and having versatile applications such as
transparent, indoor, agrivoltaics and aerospace.[‘w] The aerospace
industry is growing progressively and there is a high requirement
of cost-effective and low weight solar cells in near future. In aer-
ospace, the operating unmanned vehicle in the stratosphere is
attaining interest for communication, disaster management, de-
fence, and surveillance, and the operating region is called HAPS.
The HAPS is usually an unmanned aircraft systems (UAS) flying at
20—25 km above earth surface, within the stratosphere of the
atmosphere, as illustrated in the comprehensive graphic. The
duration of the mission could be as short as few months, few
weeks or even one-off mission, depending on the aim. Zephyr, an
UAS developed by Airbus Ltd., can provide a range of continuous
surveillance, and help in detection of environmental conditions. It
relies on solar energy with batteries charged in the daytime to
provide power to flight in the night-time. To decide the choice of
solar cells, it is essential to have high performance as well as light
weight, i.e., called high specific power. It maximizes the energy
generation; meanwhile keeps the minimal energy consumption
due to the weight of the solar modules. Besides, the solar cells
must withstand the HAPS environmental condition, which in-
cludes high temperature variation (-20 to 10 °C on average day-
time, and up to -85 °C in night-time), ultra-violet (UV) rich solar
radiations (AMO, 1366.1 W/mz), and low pressure (1 to 250
mbar).[m] Inorganic solar cells have been well studied for aero-
space application. Their costly fabrication process and low specific
power restrict their use for other application purposes. On the
other side, the OSCs are well-known for their light weight and
highly flexible nature.™ Traditional silicon-based solar cells are
costly, heavy, non-flexible, and has a specific power of ~0.38
W/g.m] Inorganic multijunction solar cells suffered from thick
active and rigid structure and delivered specific power of
~0.4—0.8 W/g and could reach up to 3.8W/g after proper engi-

. [12] L .
neering of metal contact.”” In the last decade, organic-inorganic
perovskite solar cells demonstrated a comparable PCE to inor-
ganic solar cells and it is a low cost-solution processable solar
technology and showed specific power of 23 W/g.[13] The perov-
skite solar cells also are potential candidates for HAPS applica-
tion."” Whereas, the OSCs demonstrated high specific power of
10—14 W/g.[“’“'lsl Although these specific powers were calcu-
lated for the low PCE OSCs system, it is expected to get high spe-
cific power for the recently developed devices. Besides, high spe-
cific power, the low-cost and roll to roll fabrication of OSCs appeal
revolutionary for space industry. Thanks to development of
non-fullerene-based small molecule acceptors (NFA), as it has led
to PCE up to 19.3% for single junction and 20.2% for tandem
structure OSCs under AM 1.5G."°% |t is believed that higher
specific power can be achieved as long as the state-of-the-art
0OSCs systems are used with those extra-light weight device ar-
chitectures. Although the absolute performance of OSCs is not
among the best, it has high potential of having a high specific
power device which coordinates well with the application for
HAPS or even space usage. Schreurs et al.” studied the 0SCs by
sending devices with stratospheric balloon flight under the optical
sensors based on CARbon-materials (OSCAR) project. The devices
were made of PBDTTPD:PC,;BM and PCPDTQx(2F):PC;;BM pho-
toactive layer. Reb et al?¥ reported the HOPVs (Hybrid perov-
skite and organic photovoltaics) devices investigation during a
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suborbital rocket flight. The devices used in this study were
PBDB-T:ITIC and PTB7-Th:PC;;BM based OSCs systems. Further-
more, the numerous polymer active layer system such as P3HT:
PCBM, PTB7-Th:PC;;BM, PCDTBT:PC,;BM, PBDB-T:ITIC, BTR:
PC,,BM, etc. have been studied under various environmental
conditions including operating temperature, radiation stability,
and thermal cycling, and these OSCs delivered the promising
outcomes.™**>% ynder proton radiation (1012 p cm_z), 0OSCs
showed more robustness than the currently dominating solar cells
such as the GaAs/IlI-V semiconductor photovoltaic for space ap-
plication.

In this work, we explore the feasibility of using state-of-the-
art OSCs for HAPS applications. A benchmark OSCs system, the
PM6:Y6 was tested in a mimic HAPS condition in which the tem-
perature ranges were from —20 °C to 10 °C under a pressure of 10
mbar. However, we extended the measuring temperature to
80 °C or even =100 °C as a check to ensure that the OSCs devices
are not degraded due to low temperature. Also, it is interesting to
understand how these benchmark devices would perform under
wide temperature (-100 °C to 80 °C) range as it is possible to
transfer the OSCs from HAPS to space application, which has a
much broader temperature coverage. Regarding the solar spec-
trum, since the sun light is expected to be collected within the
stratosphere, and that is more similar to AMO spectrum when
compared to the standard AM1.5G spectrum, therefore, AMO
spectrum was used in this study. We also tested another device
system by changing the electron acceptor (Y6) to T-4F .Y Despite
decent performance at room temperature, and at low tempera-
ture, the PCE of PM6:IT-4F devices dropped substantially when
compared to the PM6:Y6 system. The molecular structures of
PM®6, Y6, and IT-4F are shown in Scheme 1.

Scheme 1 Chemical structures of PM6, Y6, and IT-4F organic molecules

Results and Discussion

@ 2022 The Authors. Published by SIOC, CAS, Shanghai and Wiley-VCH GmbH

Photovoltaic performance

The PM6:Y6 devices were examined under the standard test-
ing condition AM1.5G, and the external quantum efficiency (EQE)
were also measured to confirm the short-circuit current density
(Jsc) under both AM1.5G and AMO irradiations. Figure 1(a) shows
the EQE spectrum of the PM6:Y6 device, along with the AM1.5G
and AMO spectra. For the AMO spectrum, since it does not pos-
sess the absorption features due to the atmosphere, it has
broader UV coverage of down to 200 nm, a smoother spectrum in
the near-infrared region, and an overall higher intensity of 136.6
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mW/cm? while 100 mW/cm? for AM1.5G. To achieve AMO spec-
trum, an AMO filter was used instead of an AM1.5G filter, and the
light intensity was calibrated by using calculated Jgqe value of
OSCs devices under AMO irradiation. Figure 1b shows the AM1.5G
and AMO room temperature current density-voltage (J-V) charac-
teristics of the PM6:Y6 device, and the corresponding PCE are
15.9% and 13.6%. As expected, there is a drop in PCE under AMO,
which is 0.86x of the PCE under AM1.5G, mainly due to the com-
positional difference of the two spectra. The ratio of this PCE is
similar to the ratio obtained by other PV technologies, such as
0.86x for GaAs and 0.92x for perovskite solar cells."™ with the
higher intensity under AMO, the Jsc was increased from 25.60 to
30.6 mA/cmZ, and fill factor (FF) decreased from 73.16% to
71.68 %, while the open-circuit voltage (V,.) remained similar. The
difference between J, calculated from J-V and EQE was under 4%.
The EQE spectra of PM6:Y6 system OSCs are shown in Figures S1
and S2 (Supporting Information) under AMO and AM1.5 G irradia-
tions, respectively.

100
(a) EoE 20 () 0
——PM6:Y6 <
80 o P
Spectrum % £ S
. ——AMO 155 2.4
= o s
z 60 AM1.5G e £
g £ Zus
w S
10z 2
40 8 3
- R
T 8
s &
20 e Lo £ Eus
o
-30
0 0.0
400 600 800 1000 1200 -0.2 0.0 0.2 04 0.6 0.8 1.0
Wavelength/nm Voltage/V

Figure 1 (a) Spectra of AMO, AM1.5G and the EQE of the PM6:Y6 OSCs.
(b) J-V characteristics of PM6:Y6 OSCs under AMO and AM1.5G illumina-
tion.

Temperature dependent performance under AMO

The solar cells operating performance highly depends on the
environment. The temperature within the stratosphere depends
on the altitude, latitude, day-and-night alternation, etc. Typically,
for HAPS application, temperature ranges from -85 °C to 10 °C.
During the daytime, the solar cell temperature is between —20 °C
and 10 °C. Although the actual operating temperature range is not
too large, the solar cells still experience low temperatures (as low
as -85 °C) during the night-time. As a comparison, we also
fabricated another OSCs system, PM6:IT-4F, the same polymer
donor blended with a well-functioning NFA (IT-4F). Figure 2 shows
the J-V curves at different temperatures of both the systems and
the changes in the device parameters are summarized in Figure 3.
Similar behaviour in J. was observed for both the systems when
the temperature was above c.a. —20 °C. Whereas, when the tem-
perature was lowered, both the systems showed decrease in J,.
while the decrease in the PM6:IT-4F device is more pronounced.
For the PM6:Y6 system, its J, can retain 95% of the room
temperature value at c.a. -50 °C. In terms of the V,, both the
systems showed a very similar trend in which the V,. decreases
with increasing temperature and vice-versa. This phenomenon is
attributed to temperature-dependent mobility.[32'36] At tempera-
tures above -20 °C, the temperature-dependence is quite linear.
However, at a temperature below —20 °C, the linear dependence
starts to deviate from the linear trend which is observed
elsewhere.?”*% For the FF, the PM6:Y6 device shows a very stable
behaviour at a temperature above —10 °C, a variation of less than
1% when compared to the room temperature value. On the other
hand, for the temperature above 0 °C, the PM6:IT-4F device
shows a slightly positive temperature dependence of the FF. At
lower temperatures, the FF of both systems drops significantly
with a more pronounced drop for PM6:IT-4F. Overall, combining
the effect of temperature on the three PV parameters, the PCE of
PM6:Y6 and PM6:IT-4F show a peak at 20 °C temperature. Within
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the range of c.a. +20 °C around the temperature of the PCE peak,
both the systems show a fairly stable PCE trend against tempera-
ture. Comparing the two systems studied here, PM6:Y6 is clearly a
more suitable system as it has a stable PCE within the tempera-
ture range of operation, =20 °C to 10 °C. The Y6 and IT-4F
molecules have different molecular packing, which can influence
the charge transport properties, and directly impact the device
performance.[‘u] Furthermore, the Y6 molecule forms a less
amorphous film than the IT-4F molecule and influences the OSCs
performance.[‘u’“] These could be a reason to deliver better
performance of PM6: Y6 than PM6: IT-4F.
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Figure 2 J-V characteristics of (a) PM6:Y6, and (b) PM6:IT-4F OSCs at
different temperatures range from —-100 °C to 80 °C under AMO solar
irradiation.
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Figure 3 The comparison of device parameters (a) Js, (b) Vo, (c) FF, and
(d) PCE for both the systems, measured under 80 to —100 °C temperature.
Data are normalized to the values at 20 °C.

Intensity dependent measurements

The light-intensity dependence measurements of the photo-
voltaic performance of both PM6:Y6 and PM6:IT-4F systems were
studied systematically. A series of neutral density filters were used
to achieve different light intensity under AMO. The diode ideality
factor (n) and recombination parameters (a) were calculated
according to V,. =< nkT/q InPji.n: and following the relationship of
Joo o< Pfi"ght, respectively,[“'4 where a, g, T, k, and Py, are
recombination parameter, elementary charge, absolute tempera-

ture, Boltzmann constant, and incident light intensity, respectively.

The value of n reflects the charge carrier recombination in the

devices. If n deviates from the ideal value 1 and approaches 2, it

implies domination of trap-assisted recombination.”® For n < 1,it
. .. [45-46] .

may imply surface recombination. The a close to unity shows

weak biomolecular recombination under short circuit conditions.

These two parameters (n and ) were calculated for both systems
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under three different temperature conditions (80, 20, and —=100 °C).
Figure (4a) and Figure (4b) show the V.. vs. light intensity plots for
PM6:Y6 and PM6:IT-4F based devices, respectively. The smaller n
of PM6:Y6 compared to those of PM6:IT-4F device at the corre-
sponding temperatures indicates that trap-assisted recombination
is more suppressed in PM6:Y6 system.[47'48] At 20 °C, the PM6:Y6
and PM6:IT-4F systems have a slope of 1.30kT/q and 1.46kT/q,
respectively. Whereas, at higher temperatures (80 °C) the slopes
were increased to 1.35kT/q and 1.50kT/q for PM6:Y6 and PM6:
IT-4F, respectively. It indicated an increase in the trap-assisted
recombination at higher temperatures and caused additional V.
loss. Whereas, at a lower temperature (=100 °C) the slopes were
1.13kT/q and 1.11kT/q of PM6:Y6 and PM6:IT-4F devices and a
decrease in the slope was observed for both systems compared to
room and high-temperature measurements. It shows a decrease
in trap-assisted recombination, and an improvement in open-
circuit voltage at low temperature. Figures (4c) and (4d) show the
log-log plot of J vs. light intensity measurement of PM6:Y6 and
PM6:IT-4F blend system-based devices. The values of a were
calculated to be 0.9994 (80 °C), 0.9989 (20 °C), and 0.9127
(-100 °C) for PM6:Y6 devices. Whereas, for PM6:IT-4F device the
a values were 0.9802, 0.9832, and 0.7775 at 80 °C, 20 °C, and
-100 °C, respectively. At low (-100 °C) temperatures, both
systems suffered from more significant biomolecular recombina-
tion losses. Whereas PM6:Y6 system has a low deviation of «a
value from its unity as compared to PM6:IT-4F and shows lower
biomolecular recombination in PM6:Y6 device under low-tem-
perature measurement. The high drop in J. (Figure 3a) of PM6:
IT-AF device as compared to PM6:Y6 under low-temperature
measurement, supports the lower « value of PM6:IT-4F than that
of the PM6:Y6 system.[49]
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Figure 4 The light intensity dependent measurements: (a) Vo Vvs.

intensity, (c) Jsc vs. intensity of PM6:Y6 device. (b) Vo vs. intensity, (d) Js vs.

intensity of PM6:1T-4F device.

In outcome, the HAPS environment temperature condition
was examined in benchmark OSC system, PM6:Y6, between 80 °C
and -100 °C. The device performance reduction was observed
under low temperature. The PCE dropped up to ~34% at —80 °C
compared to that at 20 °C under AMO solar irradiation. Moreover,
for comparison the PM6:IT-4F system also was examined under
the same condition and the drop in PCE for it was 50% at —80 °C.
However, the PM6:IT-4F devices showed ~16% higher drop in PCE
than PM6:Y6 at —80 °C as compared to the performance at 20 °C.
Moreover, for the PM6:IT-4F system, PCE also dropped at high
temperature compared to PM6:Y6. The PM6:Y6 is a good system
for HAPS and more likely to explore for space application as it
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holds PCE up to 50% at =100 °C. The temperature range at lunar
surface is =50 to 75 °C, as suggested by recent thermal modelling,
it indicates that OSCs could be a potential choice as PM6:Y6
device’s PCE dropped only 13% in that temperature region from
20 °C device performance.lso]

Conclusions

In this study, we have selected the PM6:Y6 blend system
based OSCs and studied its photovoltaic performance under a
broad range of temperatures according to HAPS environment
conditions. Moreover, we also replaced the Y6 non-fullerene ac-
ceptor with IT-4F and examined the device's performance under
similar conditions. It is found that PM6:Y6 device performed well,
and the PCE dropped between —20 to 10 °C is negligible. Whereas,
for PM6:IT-4F device, the PCE dropped almost 12% at —20 °C com-
pared to its peak value. However, at —80 °C the PM6:Y6 device
could still hold up to 66% of its initial value (at 20 °C). The major
drops came into J and FF under the low temperature of
PM6:IT-4F device. The recombination mechanism was studied
under three different temperatures: 80, 20, and —100 °C. The
lower slope (kT/q) of both devices at low-temperature meas-
urement shows a reduction in trap-assisted recombination.
Whereas PM6:1T-4F device shows high bimolecular recombination
as calculated value a has a large deviation from unity at —-100 °C,
which caused a high drop in J,. compared to PM6:Y6 device. To
conclude, the PM6:Y6 device performed well and showed prom-
ising performance to HAPS temperature environmental conditions.
This work provides an in-strength study on a benchmark OSC sys-
tem PM6:Y6 and highlights its great potential for HAPS or even
space applications.

Experimental

@ 2022 The Authors. Published by SIOC, CAS, Shanghai and Wiley-VCH GmbH

Materials and characterization

In materials, PBDB-T-2F (PM6) (M, = 37.0 kDa, M,, = 101.6 kDa,
PDI = 2.74) was purchased from Solarmer Inc (China), IT-4F and Y6
were purchased from Derthon Optoelectronic Materials Science
Technology Co., Ltd. (China), and C60-SAM was purchased from
1-Material Inc. The photovoltaic performance measurement was
conducted by using Keithley 2400 and class AAA solar simulator
(Newport, Model No: 94023A). The AM1.5 G irradiation was cali-
brated by using standard silicon solar cells. The AMO filter was
placed for creating the HAPS solar irradiation conditions. The EQE
graph was measured by using QE X10 (PV measurement) system.
The HAPS environment conditions were created by using a closed
chamber (Linkam Scientific) as shown in Figure S3 (Supporting
Information). The temperatures were controlled between 80 to
-100 °C by using the liquid nitrogen and the chamber pressure
was maintained at 10 mbar.

Device fabrication

The indium doped tin oxide (ITO) glass substrates were
cleaned sequentially under sonication with acetone, detergent,
deionized water, and isopropyl alcohol and then dried at 60 °C in
a baking oven overnight, followed by a 4-min oxygen plasma
treatment. Then, zinc oxide (ZnO) electron transport layer (a
thickness of ~30 nm) was prepared by spin-coating at 5000 r/min
for 30 s from a ZnO precursor solution (diethyl zinc, 1.5 mol/L
solution in toluene, diluted in tetrahydrofuran) on ITO substrates,
followed by thermal annealing at 150 °C for 30 min. A C60-SAM
monolayer was prepared by spin-coating C60-SAM solution (1
mg/mL, chlorobenzene (CB) : tetrahydrofuran (THF) = 2 : 1 by
volume) at 4000 r/min for 30 s, following thermal annealing at
100 °C for 5 min and then washed by CB:THF (2:1 by volume)
solvent. The solutions of PM6:Y6 (weight ratio = 1:1.2) and
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PM6:IT-4F (weight ratio = 1:1) were prepared in chloroform (0.5%
1-chloronaphthalene) and chlorobenzene (0.5% 1,8-diiodooctane),
respectively, and stirred overnight on a hot plate at 50 °C. When
the solutions were cooled down to room temperature, they were
spin-coated on the pretreated substrates to obtain the thickness-
es of ~100 nm by controlling the spinning rate. The Y6 and IT-4F
based films were then annealed at 110 °C and 100 °C for 10 min,
respectively, then were transferred to the vacuum chamber. At a
vacuum level of 1x107 Torr, a thin layer (10 nm) of MoO; was
then thermally deposited as the anode interlayer, followed by
thermal deposition of 100 nm of Ag as the top electrode through
a shadow mask. The final device structure was ITO/ZnO/C60-
SAM/PM6:Y6 or PM6:IT-4F/MoO5/Ag, and the active area of all
devices were 0.08 cm’.
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