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ABSTRACT

Perovskite photovoltaics (PPV) have the potential to be used for aerospace applications due to, e.g., their high power-per-mass, high
flexibility, and low-cost. Recent developments in narrow bandgap (NBG), wide bandgap (WBG), and tandem perovskite-based PPV devices
have delivered excellent photovoltaic performance for outdoor applications. In this work, we have studied NBG, WBG, and tandem (on glass
and flexible substrates) PPV devices under mimic high-altitude platform satellites (HAPS) operating environment, including light irradiation
(AM0), temperature (þ10 to �20 �C), and vacuum. Furthermore, the thermal cycling (TC) (þ20 to �85 �C) stability is also conducted for
NBG, WBG, and tandem PPV devices. Tandem devices on glass and flexible substrates delivered power conversion efficiency (maximum
power) of 22.98% (31.39 mW/cm2) and 21.92% (29.91 mW/cm2), respectively, under AM0 irradiation and also showed promising TC stabil-
ity in the HAPS environment. Interestingly, the tandem PPV (using the NBG and WBG perovskites) retains high performance under low
temperatures compared to NBG and WBG devices. Therefore, it demonstrated the promising potential of Tandem PPV for HAPS
application.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0272984

Photovoltaics (PV) provide green energy and have played an
essential part in improving human livelihood by providing electric
energy using sunlight. PV has also played a significant role in powering
space exploration, with inorganic PV such as Si, GaAs, and multijunc-
tion cells dominating aerospace applications to date. The high cost,
heavy weight, and rigidity are the main concerns with inorganic PV.
However, perovskite photovoltaics (PPV) have witnessed a low-cost,
comparable performance to silicon PV, and very high specific power
(power generated per mass, up to 50W/g) compared to inorganic PV
(Si, 0.38W/g; CIGS, 3W/g; and InGaP/GaAs/InGaAs, 3.8W/g).1,2

In the last decade, the advancement in perovskite material com-
positions and device structure has delivered a promising power con-
version efficiency (PCE) up to 26.1% and 29.1% for single-junction
and tandem perovskite device structures, respectively, under AM 1.5G

light irradiation.3,4 However, the NBG and WBG perovskite composi-
tion based PPV delivered PCEs of 23.11% and 21.1%, respectively,
under AM1.5G.4,5 PPV’s high specific power and compatibility with
flexible substrates have shown their attractive potential usage for aero-
space applications; a high-altitude platform satellite (HAPS) could be
the first place to start. HAPSs usually fly above the earth’s surface 20–
25km within the stratosphere, which has an environment that includes
an AM0 solar irradiation of 136.6 mW/cm2,�20 to 10 �C temperature
variation in the daytime, and can go down to �85 �C during night.6,7

HAPS environment also has a low pressure between 1 and 250 mbar.
Due to essential applications in surveillance, disaster, and crisis man-
agement of HAPS (with overall lower cost than real satellites in outer
space), their demands are increasing, and HAPSs are commercially
available (e.g., Airbus’s Zephyr).8,9 PPV could provide energy to
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sustain HAPS to fly continuously for extended periods (months or lon-
ger) without the need to return to the ground. Before applying to real
applications, PPV devices have to show promising performance under
the HAPS environment. Jia et al. demonstrated an ultra-thin single-
junction PPV, which has a PCE of 22.13% (AM1.5G) and a specific
power of 50W/g, which is significantly higher than existing inorganic
PV.1 Barbe et al. studied a triple-cation perovskite-based device under
1 sun AM0 in the temperature range of�50 toþ20 �C under vacuum,
which demonstrated the potential of PPV for HAPS application.6

Triple-cation perovskite-based PPVs have also been studied under a
broad range of temperatures from þ150 to �160 �C and show the
PCE is maintained under HAPS operating temperature range with a
PCE of 20.30% under AM0 irradiation.10 The methylammonium
triiodide (MAPbI3) based PPV also shows promising performance
under low temperature.11 The study of tandem PPV for
HAPS application remains untapped. In this work, we studied tan-
dem PPV on a glass substrate (tandem-rigid) and flexible substrate
(tandem-flexible). The corresponding narrow bandgap (NBG) and
wide bandgap (WBG) perovskite-based PPV devices were also stud-
ied. It includes the device performance measurements under AM0
irradiation, low temperatures (þ20 to �70 �C), and a thermal cycling
stability study between þ20 and �85 �C. Figure 1(a) shows the con-
cept of using tandem PPV under a HAPS environment.

All materials were used as received without further purification.
The organic halide salts (FAI, MAI, and 4-trifluoromethyl-phenylam-
monium chloride (CF3-PACl) with a purity of >99%) were purchased
from GreatCell Solar Materials. [2-(9H-carbazol-9-yl)ethyl]phos-
phonic acid (2PACZ), [2–(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]-
phosphonic acid (MeO-2PACZ) (> 98% purity), PbI2 (99.999%), CsI
(99.9%), and PbBr2 (99.999%) were purchased from TCI. DMF
(99.8% anhydrous), DMSO (99.9% anhydrous), anisole (99.8% anhy-
drous), ethyl acetate (99.8% anhydrous), isopropanol (IPA, 99.8%
anhydrous), toluene (99.8% anhydrous), acetone (99.8% anhydrous),
and formamidine sulfinic acid (>98%) were purchased from
Sigma-Aldrich. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfo-
nate) (PEDOT-PSS) aqueous solution (Al 4083) was purchased from
Heraeus Clevios. Fullerene (C60) was purchased from Nano-C.
Ethanediamine dihydroiodide (EDAI2) and 4-fluoro-phenethylammo-
nium chloride (4F-PEACl) were purchased from Xi’an Polymer Light
Technology.

Figures 1(b)–1(d) show the device structures of NBG
(FA0.7MA0.3Pb0.5Sn0.5I3, �1.25 eV), WBG [FA0.8Cs0.2Pb(I0.62Br0.38)3,
�1.76 eV], and tandem PPV devices, and their fabrication procedures

are shown in Sec. S1 (supplementary material). The device pixel area
was 0.080 65 cm2. The devices were measured using an AAA class
Newport simulator (Model No: 94023A) and Keithley 2400. An
AM1.5G filter was used to mimic the standard outdoor irradiation. At
the same time, an AM0 filter was applied to mimic HAPS solar irradi-
ation. NBG and WBG PPV devices’ incident photon to current con-
version efficiency (IPCE) was measured using QE X10 (PV
measurement). Meanwhile, for tandem devices, the IPCE system
(EnliTech) with monochromatic light is focused on a device’s pixel
and chopper frequency of 20Hz. A bias illumination from highly
bright LEDs with emission peaks of 850 and 460nm was used for the
measurements of the front subcells and back subcells, respectively.

The NBG, WBG, and tandem PPV devices were studied under
AM1.5G (100 mW/cm2) and AM0 (136.6 mW/cm2) irradiation.
Furthermore, the IPCE measurements were also conducted to calcu-
late integrated current density (IIPCE) for both AM1.5G and AM0 irra-
diations. The solar simulator light intensity has calibrated using
silicon reference cell for AM1.5G and used IIPCE (calculated using
AM0 spectrum) for AM0 irradiation. The general reduction in PCE
under AM0 is due to a change in irradiation spectrum [Fig. 2(a)] com-
pared to AM 1.5G. Figure 2(b) shows the current density–voltage (J-
V) characteristics measured under AM 1.5G and AM0 irradiation of
tandem-rigid PPV, whereas Figs. 3(a)–3(c) show the J-V characteris-
tics of tandem-flexible, WBG, and NBG PPV, respectively, measured
under AM1.5G and AM0 irradiations. Table I summarized the NBG,
WBG, tandem-flexible, and tandem-rigid PPV performance parame-
ters measured under AM 1.5G and AM0. The NBG, WBG, tandem-
flexible, and tandem-rigid PPV devices delivered PCE of 17.66, 18.24,
25.43, and 26.30%, respectively, in the forward scan at room tempera-
ture under AM1.5G. The short-circuit current density (JSC) measured
for NBG, WBG, tandem-flexible, and tandem-rigid PPV were 30.05,
18.04, 15.68, and 16.16mA/cm2, respectively, under AM1.5G, which
were under 5% difference compared with IIPCE calculated using IPCE
(Figs. S1 and S2), which was 28.52, 18.01, 15.00, and 15.82mA/cm2

for NBG, WBG, tandem-flexible, and tandem-rigid PPV devices,
respectively. The open circuit voltage (VOC) of 0.889 (0.892), 1.306
(1.309), 2.167 (2.165), and 2.185 (2.178) V were measured for NBG,
WBG, tandem-flexible, and tandem-rigid PPV devices under AM1.5G
(AM0), respectively. The fill factor (FF) was 66.14 (66.85), 77.40
(77.43), 74.91 (75.86), and 74.50 (76.00) for NBG, WBG, tandem-
flexible, and tandem-rigid PPV devices under AM1.5G (AM0), respec-
tively. Moreover, the devices delivered comparable performance in
their reverse scan, which shows low hysteresis. The PCE under AM0

FIG. 1. (a) Tandem-rigid and tandem-
flexible PPV concept for HAPS, (b) NBG,
(c) WBG, and (d) tandem-rigid/flexible
PPV device structures.
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irradiation at room temperature was 15.28%, 17.07%, 21.92%, and
22.98% for NBG, WBG, tandem-flexible, and tandem-rigid PPV devi-
ces, respectively. The main parameters changed under AM0 is JSC,
while FF and VOC remains similar to under AM1.5G irradiation.
Interestingly, the ratio of PCE under AM0 to AM1.5G is higher for

WBG PPV devices (PCE¼�0.93 of AM1.5G) than NBG and tandem
(PCE¼�0.87 of AM1.5G) PPV devices. The WBG device’s JSC con-
tributed to achieving high PCE under AM0 due to its tremendous
IPCE values in the 350–700 nm wavelength region compared to the
NBG and tandem devices as shown in Fig. 2(a). In terms of maximum

FIG. 3. The J-V characteristics (forward scan) of (a) tandem-flexible, (b) WBG, and (c) NBG PPV devices, measured under AM1.5G and AM0 irradiations.

TABLE I. Device parameters of NBG, WBG, tandem-flexible, and tandem-rigid PPV measured under AM1.5 G and AM0 irradiation.

Device Irradiation Scan VOC (V) JSC (mA/cm2) IIPCE (mA/cm2) FF (%) PCE (%)

NBG

AM 1.5G Forward 0.889 30.05
28.52

66.14 17.66
Reverse 0.892 30.12 68.30 18.35

AM0 Forward 0.892 34.99
34.89

66.85 15.28
Reverse 0.892 34.82 69.11 15.71

WBG

AM 1.5G Forward 1.306 18.04
18.01

77.40 18.24
Reverse 1.303 18.05 77.39 18.21

AM0 Forward 1.309 22.99
22.59

77.43 17.07
Reverse 1.305 22.98 76.86 16.88

Tandem-flexible

AM 1.5G Forward 2.167 15.68
15.00

74.91 25.43
Reverse 2.145 15.70 75.32 25.36

AM0 Forward 2.165 18.22
17.80

75.86 21.92
Reverse 2.149 18.17 75.19 21.50

Tandem-rigid

AM 1.5G Forward 2.185 16.16
15.82

74.50 26.30
Reverse 2.176 16.13 73.82 25.91

AM0 Forward 2.178 18.97
18.34

76.00 22.98
Reverse 2.147 18.77 75.86 22.37

FIG. 2. (a) AM1.5G and AM0 irradiation
spectrum and IPCE spectra of NBG,
WBG and tandem-rigid/flexible PPV devi-
ces, and (b) J-V characteristics (forward
scan) of tandem-rigid device under
AM1.5G and AM0.
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power (Pmax) generated under AM0, the tandem-rigid and tandem-
flexible PPV devices delivered 31.39 and 29.91 mW/cm2, respectively,
which was higher than PPV devices in the literature. The tandem-
flexible PPV looks promising for HAPS as it shows significantly higher
specific power and can be integrated with curved surfaces.

The actual temperature can vary under HAPS environment, and
it depends on altitude within the stratosphere.6 In daytime, the device
temperature can change between þ10 and �20 �C and at night it can
decrease to �85 �C. To cover the temperature range, the devices were
measured from þ20 to �70 �C (to understand further their lower
temperature behavior) under AM0 irradiation. The measurements
were conducted inside a temperature-controlled chamber while main-
taining the constant vacuum of 10 mbar. To better compare the
impact of low temperature on the performance of NBG, WBG, and
tandem PPV devices, Fig. 4 shows the normalized (normalized at
þ20 �C) values of photovoltaic parameters. The VOC [Fig. 4(a)]
improved when temperatures decrease and a similar effect was
observed on all four types of devices. This could be explained by the
suppression of trap-assisted recombination with decreasing tempera-
ture.12–14 Likewise, the change in JSC looks similar under lower tem-
perature on NBG, WBG, and tandem PPV devices [Fig. 4(b)]. The FF
plays a main role in substantially changing the PPV device’s perfor-
mance under low temperatures. Figure 4(c) shows the normalized FF
as a function of temperature. The FF of the WBG device improved
slightly compared to NBG and tandem devices from þ10 to �30 �C
and started declining after �40 �C and dropped by 56% at �70 �C
compared to FF at 20 �C. The FF of the NBG device started declining
even from þ10 �C and dropped by �66% at �70 �C compared to the
FF at 20 �C. However, the FF of tandem-rigid and tandem-flexible
PPV devices stayed similar down to �20 �C and dropped slightly to

20% and 33% at �70 �C (compared to at 20 �C), respectively.
Therefore, the temperature dependence of the device PCE [Fig. 4(d)]
is dominated by the FF. It is suggested that series resistance increased
due to limitation in the charge carriers’ transport and extraction under
low temperature, cause decline in FF.12,15,16 Interestingly, the PCE is
improved for WBG PPV and remains unchanged for tandem-flexible
PPV and tandem-rigid PPV in the HAPS region (þ10 to �20 �C),
even though the tandem devices contain the NBG perovskite, which
has a PCE drop from þ10 to �20 �C. However, for temperature from
�40 �C down to �70 �C, the tandem devices maintain a higher frac-
tion of PCE compared to NBG andWBG PPV devices. It is interesting
to note the significant fractional drop in PCE of the NBG and WBG
PPV. In contrast, it does not reduce the fractional drop in PCE of the
Tandem devices, which contain the NBG and WBG perovskites, mak-
ing the tandem devices more promising for aerospace applications. In
tandem devices, the NBG and WBG devices are connected in series;
due to this, both cells flow the same current, and the low-current
device dominates the JSC.

17 With their lower JSC (compared to NBG
andWBG), tandem PPV devices may benefit from the low series resis-
tive losses and, therefore, maintain a high FF (compared to NBG and
WBG PPV) under low temperature.12,18

In the stratosphere, the change in day–night temperature
depends on the altitude band, and the minimum temperature can
decrease to ��85 �C at night. A thermal cycling stability study was
conducted here to mimic the impact of changes in day–night temper-
ature on the PPV devices in the HAPS region. The devices under-
went a thermal cycle between þ20 and �85 �C. The temperature was
varied at the rate of 30 �C/min, 16 cycles were measured. The J-V
characteristics were measured when the temperature reached 20 �C at
certain cycles. Figure 5 shows the normalized values of the device

FIG. 4. Normalized (a) VOC , (b) JSC , (c)
FF, and (d) PCE, measured at different
temperatures for NBG, WBG, tandem-
flexible, and tandem-rigid PPV devices.
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parameters measured at certain thermal cycles. The change in VOC

[Fig. 5(a)] and FF [Fig. 5(b)] is negligible over 16 thermal cycles for
NBG, WBG, tandem-flexible, and tandem-rigid PPV devices. JV char-
acteristics measured at different thermal cycles are shown in Fig. S3
(supplementary material). Interestingly, there was a slight improve-
ment in JSC [Fig. 5(c)] with increasing thermal cycles for NBG and
WBG compared to tandem PPV devices. Importantly, the PCE
[Fig. 5(d)] stays stable for all four types of devices over 16 thermal
cycles.

In this work, we explored the comparative study of NBG,
WBG, tandem-flexible, and tandem-rigid PPV devices under a
mimic HAPS environment. The study included performance mea-
surement under AM0 irradiation, low-temperature impact on devi-
ces, and thermal cycling stability (16 cycles). The tandem devices
showed promising performance compared to NBG and WBG PPV
devices. Tandem-flexible and tandem-rigid PPV devices delivered
high PCEs of 21.92% (Pmax ¼ 29.91 mW/cm2) and 22.98% (Pmax

¼ 31.39 mW/cm2) under AM0, respectively. Furthermore, the PCE
of the tandem-flexible and tandem-rigid PPV devices stayed con-
stant over the HAPS operating temperature region. Moreover,
at �70 �C, the tandem-flexible and tandem-rigid devices’ PCE
dropped �30% and �15% (compared with at 20 �C), respectively,
significantly less than the NBG and WBG PPVs, which dropped
�64% and �52%, respectively, under a similar temperature. The
NBG, WBG, tandem-flexible, and tandem-rigid PPV devices were
stable over 16 thermal cycles. Therefore, this study shows the
promising potential of tandem PPV devices for HAPS applications,
particularly the tandem-flexible devices.

See the supplementary material for the device fabrication pro-
cedure, EQE plots (with calculated integrated current density), and
J-V characteristics of devices measured under different thermal
cycles.
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