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ABSTRACT: Metal halide perovskite solar cells have
progressed rapidly over the past decade, providing an
exceptional opportunity for space photovoltaic (PV) power
applications. However, the solar cells to be used for space
power have to demonstrate a stable operation under extreme
conditions, particularly concerning harsh radiations. In
contrast to previously reported superior stability of low PV
performance perovskite solar cells against high-energy
radiation, we investigate the effects of high-energy electron
beam irradiation on the degradation of perovskite solar cells
with a high-power conversion efficiency exceeding 20%. We
find very high remaining factors of >87.7% in the open-circuit
voltage (VOC) and >93.5% in the fill factor (FF) and a
significantly decreased short-circuit current density (JSC) after the exposure to high-fluence electron irradiations of 1015 e/cm2.
The pronounced loss of JSC is due to the decreasing transmittance of the soda-lime glass substrate and the partial decomposition
of the perovskite absorber layers. The irradiated cells retained superior remaining factors in both VOC and FF, demonstrating a
superior tolerance of perovskite solar cells after the exposure to the electron irradiation. These results show that perovskite solar
cells hold great potential for space PV power applications if stable perovskite compositions and space-suitable substrates are
employed.

■ INTRODUCTION

The past decade has witnessed an impressive development of
solar cells based on metal halide perovskites at an
unprecedented speed. The solar-to-electricity power con-
version efficiency (PCE) of perovskite solar cells (PSCs) has
increased rapidly from less than 4% to more than 25%,1,2

which rivals other more established photovoltaic (PV)
technologies. Additionally, PSCs possess some manufacturing
advantages,3 including low material and processing costs4 and
low-temperature deposition approaches that enable the use of
flexible and lightweight substrates for high specific weight
power applications like portable power sources and unmanned
aerial vehicles.5−7 The advances in PSCs provide an excep-
tional opportunity for the fabrication of low-cost, high-
efficiency, lightweight solar cells for space power applications.8

However, as a reliable power source, solar cells to be used for
space power have to tolerate high-energy cosmic radiation,
including protons, electrons, and γ-rays.9 Although PSCs are
promising to be used for space power applications because of
their noteworthy performance, their stability under cosmic
radiation is yet be demonstrated.
To date, a few experiments have been carried out to examine

the tolerance of PSCs under the influence of proton,10−13

electron,11−13 neutron,14 and γ-ray irradiations15,16 and in an
on-field test in near space.17 Lang et al. investigated the
impacts of proton irradiation on MAPbI3 PSCs with initial
PCEs of ∼12%,10 revealing radiation hardness and self-healing
in PSCs. Further analysis showed that proton irradiation
improved the recombination lifetime of photogenerated charge
carriers in the perovskites.18 Miyazawa et al. irradiated high-
energy electron and proton beams on PSCs in a simulated
space environment.11 The poly(3-hexylthiophene)-based solar
cells with PCEs less than 9% demonstrated a sufficiently high
durability against high-fluence irradiations of up to 1016

particles/cm2. Huang et al. examined the effects of electron
and proton irradiations on PSCs with initial PCEs of ∼12%,
showing only a slight degradation in PV performance.12 Yang
et al. investigated the stability of perovskites under γ-ray
radiation and concluded that perovskites are more robust than
glass under γ-rays.15 Although these reports demonstrated
robust radiation hardness of PSCs, most studies employed
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PSCs with relatively low or moderate PCEs, which make these
promising results less convincing and speculative.
In contrast to the positive outcomes of radiation tolerance, it

has also been reported that high-energy radiation can
deteriorate PSCs. Yang et al. and Boldyreva et al. individually
reported that PSCs experienced obvious performance degra-
dation under γ-ray irradiation.16,19 In a real field test to assess
PSCs for space solar power applications,20 researchers showed
almost 36% power loss after a balloon flight in the stratosphere.
Additionally, the perovskite material and device degradation
induced by electron beam (e-beam) irradiation has been
widely studied using electron microscope-based techni-
ques.21−24 Despite a much lower electron energy range (keV
for electron microscopic measurement vs MeV for space solar
stability test), significant material and device degradation was
identified after a high dose of e-beam irradiation. The
controversial results of the robustness of PSCs against high-
energy irradiation show the necessity to have more studies on
the radiation tolerance of high-performance PSCs to better
evaluate the feasibility of PSCs for future aerospace
applications. Moreover, further investigations are needed
toward a better understanding of radiation-induced degrada-
tion and damage mechanisms in PSCs.
Notably, it is required for the use of electron irradiations in

the standard space solar cell qualification test to predict the
degradation of solar cells in space.25 So far, little work has been
done with the focus on evaluating the stability of PSCs under
e-beam irradiation,11−13 and all the PSCs used for previous e-
beam tolerance studies exhibited moderate or low PCEs of 4−
13%. Here, we study the impact of high-fluence e-beam
irradiations on the device performance of high-performance
PSCs with PCE exceeding 20%. To investigate the e-beam
radiation hardness of PSCs, we track the evolution of PV
characteristics of PSCs after exposure to 1 MeV e-beam to an
accumulated fluence of 1013 and 1015 e/cm2 and characterize
the changes in materials and devices induced by the e-beam
irradiations to study radiation-induced defect generation.

■ EXPERIMENTAL METHODS

The PSCs were fabricated on fluorine-doped tin oxide (FTO)-
coated glass substrates with a sheet resistance of 15 Ω/sq. The
glass/FTO substrates were laser-patterned and cleaned before
use. A SnO2 electron transport layer was deposited by plasma-
enhanced atomic layer deposition and treated with water
vapor.26 A self-assembled fullerene monolayer (C60-SAM) was
deposited on SnO2 by spin-coating using a previously reported
recipe.27 The perovskite precursor solution was prepared by
dissolving 461 mg PbI2 (TCI), 111 mg methylammonium
iodide (MAI, Greatcell Solar), 52 mg formamidinium iodide
(FAI, Greatcell Solar), and 9.2 mg Pb(SCN)2 (Sigma) in a
mixed solvent of dimethylformamide and dimethyl sulfoxide
(DMF/DMSO v/v = 9:1). The perovskite precursor solution
was spin-coated on the substrate at 500 rpm for 3 s and then at
4000 rpm for 60 s. A 700 μL of diethyl ether was dropped on
the spinning substrate at 10 s of the second spin step. After
spin-coating, the perovskite films were annealed on a hot plate
at 65 °C for 2 min and 100 °C for 2 min. After this, a spiro-
OMeTAD solution was prepared and spin-coated on the
perovskite layers, as reported previously.28 Finally, devices
were completed by depositing an 80 nm Au layer using thermal
evaporation. The devices were then patterned into an active
area of ∼0.8 cm2 using laser scribing.
J−V and steady-state efficiency curves were recorded using a

Keithley 2400 source meter under standard 100 mW/cm2

illumination (AM 1.5G) using a PV Measurements solar
simulator. External quantum efficiency (EQE) curves in the
range of 300−850 nm were measured using a PV Measure-
ments EQE system calibrated with a certified Si photodiode.
The optical transmittance spectra in the range of 300−850 nm
were obtained using a PerkinElmer Lambda 1050 spectrom-
eter. Cross-sectional scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) microanalysis on
PSCs were performed using a Hitachi S-4800 field emission
electron microscope. X-ray diffraction (XRD) spectra in the

Figure 1. (a) Schematic of a PSC used for the radiation test. (b) J−V and (c) EQE of a typical pristine PSC. (d) PV parameter evolution as a
function of storage time in a nitrogen glovebox.
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range of 10−18° were measured with a step size of 0.02° at a
speed of 0.1° per min using a Rigaku Ultima III X-ray
diffractometer. Laser beam-induced current (LBIC) maps of
PSCs were obtained using a built-in-house multifunction laser
system.29

To test the tolerance of PSCs to e-beam irradiation, pristine
perovskite cells were fabricated at Toledo and shipped to the
NEO Beam facility at NASA Glenn Research Center. Sixteen
identical unencapsulated cells were loaded on the irradiation
plate and exposed to 1 MeV e-beam irradiation. After a fluence
of 1.3 × 1013 e/cm2 irradiation (denoted by low e-beam), half
of the devices were removed. The remaining cells were
removed after an accumulated fluence of 1 × 1015 e/cm2

irradiation (denoted by high e-beam). The maximum temper-
ature of ∼50 °C can be reached under the NEO beam
irradiation. To compare with the e-beam-irradiated devices,
eight control devices traveled with the irradiated cells to the
exposure area, remained in the same general environmental
condition as the irradiated cells (open warehouse environment,
ambient humidity, and temperature), returned with the
irradiated cells, and sealed in a vacuum bag after exposure.

■ RESULTS AND DISCUSSION
Figure 1a shows the schematic sketch of the device structure of
the PSCs used in this study. The devices in the so-called n−i−
p configuration were constructed by sequentially depositing a
thin-film stack, including atomic layer-deposited SnO2, spin-
coated fullerene self-assembled monolayer (C60-SAM),
MA0.7FA0.3PbI3 perovskite absorber layer (where MA and FA
are methylammonium and formamidinium), and 2,2′,7,7′-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene
(spiro-OMeTAD), and a thermally evaporated Au electrode on
laser-patterned FTO-coated soda-lime glass substrates, follow-
ing the fabrication process reported previously.26,28,30 Exper-
imental details on device fabrication are provided in the
Experimental Methods section. The device fabrication is based
on a well-established recipe that can be used to fabricate more
than 20% efficient PSCs. Figure 1b shows the current density−
voltage (J−V) curves of a typical device under 100 mW/cm2

simulated standard solar illumination (AM 1.5G). The device
delivers a PCE of 20.6 (19.2)%, with an open-circuit voltage
(VOC) of 1.12 (1.11) V, a short-circuit current density (JSC) of
23.1 (23.1) mA/cm2, and a fill factor (FF) of 79.5 (74.8)%
when measured under a reverse (forward) voltage scan. It is
worth noting that such a small degree of J−V hysteresis is
typically observed in PSCs.31 The external quantum efficiency
(EQE) curve of the device is shown in Figure 1c. The
integrated photocurrent density is 22.85 mA/cm2, which is
within 1% deviation from the JSC value determined by the J−V
measurement. The shelf stability of an unencapsulated device
stored in the nitrogen environment is demonstrated in Figure
1d. The PCE of the device decreased from 20.6 to 19.5% after
storage for 960 h (40 days), accounting for a relative efficiency
drop of 5%. As a remark, the storage degradation is mainly
caused by decreasing FF, likely because of degassing of oxygen
from spiro-OMeTAD that lowers the hole mobility,32 whereas
the VOC and JSC values almost remained the same during the
storage period. Because of high performance and adequate
stability, devices in this configuration were selected for the test
of e-beam radiation hardness.
Figure 2 shows the statistical distribution of PV parameters

for devices under control and under low and high e-beam
irradiation conditions. The average PCEs of irradiated cells

under the low and high fluence of e-beam decreased to 12.2
and 3.4%, respectively, corresponding to 36 and 82% drops
compared with the average PCE of 19.2% for the control
devices (Figure 2a). The primary cause for the efficiency drop
is attributed to the pronounced decrease in JSC values (Figure
2b), corresponding to the JSC drops of 8.4 and 18.1 mA/cm2

for the low and high e-beam-irradiated devices, respectively,
when compared with the control devices. Interestingly, the
impacts of e-beam irradiation on VOC and FF are much less
significant (Figure 2c,d), showing very high remaining factors
(Table 1). The low e-beam irradiation even leads to slight
increases in VOC and FF, whereas the high fluence irradiation
indeed deteriorates the VOC and FF values. Overall, the results
agree with Miyazawa et al.,11 who reported high radiation
tolerance of PSCs under e-beam irradiation at 1016 e/cm2. The
discrepancy may be related to the device configuration or
initial performance (20 vs 5%). The relatively low initial PCEs
could make it hard to distinguish the subtle changes in the
device performance.
Figure 3a presents the J−V curves of representative control

and irradiated cells under forward and reverse voltage scans.
The degradation of irradiated perovskite cells is mainly
attributed to the significantly decreased photocurrent density.
The J−V curves of irradiated cells remain in good shape,
indicating that the e-beam irradiation has an insignificant
impact on the diode behavior of the cells to rectify current.
Despite decreased PCEs, the irradiated devices exhibit
stabilized power output as the control cell under 1 sun
illumination, as shown in Figure 3b. These results indicate that
the high-energy electron irradiation does not significantly affect
other layers in the PSCs, such as the charge-selective layers
(SnO2/C60 and spiro-OMeTAD) and electrodes (FTO and
Au). The EQE measurement (Figure 3c) reveals that the
irradiated cells exhibit significant drops in spectrally dependent
photocurrent response compared with the control device,
especially in the short wavelength range (350−650 nm). The

Figure 2. Distributions of PV parameters, including (a) efficiency, (b)
JSC, (c) VOC, and (d) FF for 12 PSCs under control and low and high
e-beam irradiation conditions.
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optical transmittance measurement was conducted on the
cleaned glass substrates after removing the thin film stacks of
PSCs from the tested devices. After receiving a high fluence of
e-beam irradiation, the color of the glass substrate became
darker, as shown in the inset of Figure 3d. The optical
transmittance spectra (Figure 3d) confirm the loss of
transparency at the short wavelengths, consistent with the
pronounced drops in the EQE spectra. The loss of optical
transparency because of the creation of color centers in the
glass substrate is in good agreement with the previous reports
of PSCs under high-energy protons10 and γ-ray photons.16 It
has also been shown that the energetic proton beam can cause
increased optical absorption in common thin-film PV
substrates such as soda-lime glass and polyethylene tereph-
thalate foils.33 To overcome the shading effect, space solar
cover glass typically incorporates lanthanum or cerium to
enhance its radiation hardness.34 Alternatively, quartz sub-
strates can resist proton and e-beam radiation well.11 Taking
into account the optical loss in the glass substrates, we would
expect the loss in JSC by 4.0 and 10.7 mA/cm2, resulting in
decent remaining factors of 63.3 ± 1.4 and 68.4 ± 2.8%,
respectively, for low and high e-beam-irradiated devices.

Although these values are much less than the measured JSC
degradation of 8.4 and 18.1 mA/cm2, we expect that the e-
beam induced damages to the perovskite absorber layers to
some degree.
Material and device analyses were then conducted to

evaluate the degradation of the perovskite absorber layers
because of e-beam irradiation. Figure 4a−c shows the cross-
sectional SEM images of the control and irradiated PSCs. No
clear visual damage has been found in the microscopic
structure of the devices. All the thin-film layers were preserved
after the exposure to a high fluence of e-beam irradiation.
However, the EDX measurement reveals that the molar ratio of
Pb to I was changed from 1:2.9 for the control to 1: 2.5 and
1:2.2 for the low and high e-beam-irradiated samples (Figure
4d−f), respectively, indicating the partial decomposition of
perovskite (Pb/I = 1:3) into the photoinactive lead iodide
(Pb/I = 1:2). It is worth noting that the organic−inorganic
lead halide perovskites are prone to degradation when exposed
to humid air,35,36 heating,37,38 UV light,39 electric fields,40

electron beam,23 and so forth. During the e-beam irradiation
test, the unencapsulated PSCs experienced certain thermal
stress because of the e-beam bombardment. The combination

Table 1. Remaining Factors in the PV Parameters of Control and Irradiated PSCs

remaining factor

scan direction VOC (%) FF (%) JSC (%) PCE (%)

control reverse 99.8 ± 0.4 101.3 ± 0.4 100.3 ± 2.0 101.5 ± 2.6
forward 100.2 ± 0.5 103.8 ± 0.7 100.9 ± 2.4 105.2 ± 3.9

1 MeV e-beam irradiation with a fluence of 1.3 × 1013 e/cm reverse 98.3 ± 0.4 101.6 ± 0.3 81.3 ± 1.4a 81.0 ± 1.6b

forward 98.6 ± 0.4 103.9 ± 0.4 80.7 ± 1.3a 82.6 ± 1.0b

1 MeV e-beam irradiation with a fluence of 1.3 × 1015 e/cm reverse 87.7 ± 2.7 93.5 ± 4.2 68.4 ± 3.1a 56.3 ± 6.6b

forward 89.3 ± 1.9 96.2 ± 10.8 68.3 ± 2.9a 59.0 ± 9.6b

aThe remaining factors in JSC are corrected to consider the loss in the transmittance of the glass substrate. bThe values of PCE are corrected
accordingly using the corrected JSC, and PCE is measured under a simulated AM 1.5G spectrum (100 mW/cm2).

Figure 3. (a) J−V, (b) steady-state efficiency, and (c) EQE of PSCs under control, low e-beam, and high e-beam conditions. (d) Optical
transmittance of FTO glass substrates before and after e-beam radiation. Inset of panel (d) is a photo of glass debris from the tested cells after
cleaning.
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of elevated temperatures and ambient humidity led to the
considerable decomposition of perovskites. The XRD measure-
ment revealed that the hexagonal PbI2 peak at 12.1° increases,
whereas the peak of perovskite at 14.1° decreases with
increasing e-beam exposure, as shown in Figure 4g−i,
confirming the appearance of PbI2 after e-beam irradiation.
The partial decomposition of organic−inorganic perovskites
accounts for the part of the loss of JSC in addition to primary
loss because of the reduced transparency of the glass
substrates. Despite the identification of primary causes for
the loss of current, the origins of the performance degradation
may also be related to the deterioration of doped spiro-
OMeTAD or the degradation of the quality of its interface with
the perovskite absorber layer, triggered by e-beam-induced
heating in a humid ambient. However, a radiation test under a
well-controlled environment to evaluate individual influencing
factors is beyond the capability of the current study and will be
the focus of our follow-up work.
We further probed the spatially resolved photocurrent

generation in the devices using the LBIC technique.35 Figure
5 shows the photocurrent maps of the control and low and
high e-beam-irradiated cells. The photocurrent reduction
because of e-beam irradiations is resolved by the LBIC
mapping. Furthermore, the e-beam damages on the circum-
ferences of the cell close to the edges of the metal back-contact
are observed, indicating that the metal back-contact coverage
may slightly retard the decomposition of the perovskite by
blocking the pathways for the release of volatile decomposition
products (e.g., hydrogen iodide and methylamine), which
alleviates the e-beam damages on the perovskite layers.
Additionally, it is worth noticing that e-beam leads to a
homogeneous degradation across the entire device area, which
differs from the inhomogeneous degradation because of water
ingress.35 The degradation in the perovskite absorber layer is
likely related to the instability of the organic−inorganic metal
halide composition, which tends to degrade under illumination

and heat.37,39,41 Perovskite materials with enhanced thermal
stability and photostability (e.g., cesium-based all-inorganic
perovskites) and more stable hole-transporting layers are
needed for space power applications.42,43 Recent advances in
fabricating high-efficiency (>18%) all-inorganic PSCs44 show a
great promise for investigating the irradiation tolerance of
PSCs using more thermodynamically stable perovskite
compositions. Moreover, space-qualified substrate and encap-
sulation are required to ensure the integrity of the perovskite

Figure 4. Cross-sectional (a−c) SEM images and (d−f) EDX and (g−i) XRD spectra of PSCs under (a,d,g) control, (b,e,h) low e-beam, and (c,f,i)
high e-beam conditions.

Figure 5. LBIC maps of PSCs under (a) control, (b) low e-beam, and
(c) high e-beam conditions.
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layer and the complete device to cover the lifetime of desired
space applications. Clearly, more investigations are needed in
the future to continue the evaluation of the cosmic irradiation
stability of PSCs with better intrinsic absorber stability and
substrates that can resist irradiations well.

■ CONCLUSIONS
In summary, we investigated the impacts of high-fluence e-
beam irradiations on the performance of high-efficiency PSCs.
We observed very high remaining factors in both VOC and FF
but a decent remaining factor in JSC and, consequently, in the
PCE of PSCs after e-beam irradiation. Further characterization
reveals that the performance degradation in PSCs is mainly
because of coloring in the glass substrate and the
decomposition of the perovskite absorber layers. Despite the
decreased PCEs, the positive outcomes in the high remaining
factors in VOC and FF show the promise of PSCs for future
space applications. Furthermore, future assessments of PSCs
for space power applications should require the use of special
space cover glass, space-qualified encapsulation, and more
stable perovskite compositions.
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