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Abstract— Perovskite solar cells (PSCs) are promising candidates
for not only terrestrial but also space applications. The remarkable
power-per-weight of nearly 30 W/g makes them attractive to be
deployed on a spacecraft. However, the high energy radiation in
outer space could damage the PSCs, making it crucial to understand
their degradation mechanism. Here, we investigated the PSCs’
response to X-ray radiation, and proposed that the X-ray induced
damage was attributed to the displacement of I+, creating lattice
defects by the radiation generated secondary electrons. We verified
the hypothesis by simulating the energy deposition of X-rays in PSCs
and investigating the PSCs’ in-situ electronic responses to the X-ray
and electron beam. Furthermore, we studied the variation in spatial
distribution of trap densities under X-ray radiation, which revealed
that the defect abundant perovskite/PTAA interface was the most
rapidly degraded site in PSCs.

Index Terms— damage, perovskite, solar cells, X-ray.

I. INTRODUCTION

HE power conversion efficiency (PCE) of perovskite solar

cells (PSCs) has reached 25.7%[1], which is the highest
among  polycrystalline  thin-film  photovoltaic  (PV)
technologies. In addition to the intriguing optoelectronic
properties, including long charge carrier diffusion length, high
carrier mobility, and large absorption coefficient to ultraviolet
and visible light, the solution processability of perovskite
materials is particularly attractive in enabling low-cost
manufacturing of PSCs at high throughput. Therefore, dozens
of companies in the world are dedicated to commercializing
perovskite PVs. In addition to the terrestrial applications,
researchers also have explored the possibility of deploying
PSCs in space.[2] One advantage of PSCs for outer space
applications is the potential to reach high power-per-weight
values. Due to the high optical absorption coefficient, the
perovskite film only needs less than 1 um to collect sufficient
photons to reach high efficiencies. The perovskite solar cells
employed on polymer substrates have accomplished an
extraordinary power-per-weight of nearly 30 W/g, which is
more than double that of the nearest competing solar
techniques. [3, 4] Therefore, the PSCs have been launched to
earth orbit to test their reliability in real space environment.
Another major promising application of perovskites is radiation
detection, particularly of X-rays and gamma rays. Lead halide
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perovskites have high photon attenuation coefficient due to
their high effective atomic number, large mobility-lifetime (ut)
product, and simple single-crystal or large area polycrystalline
film growth processes.[5] Very high sensitivities, much better
than that of the state-of-the-art commercial products, have been
reported from both single-crystal perovskites and
polycrystalline perovskites X-ray detectors[6-9]. However, the
perovskite X-ray spectral detectors still need very high quality
single crystals with low noise to record single photons, whereas
the spectral energy resolution is quickly approaching that of the
best room temperature semiconductor detectors.[9]

A fundamental understanding of the degradation of
perovskite under high energy radiation is thus essential for the
broader application of perovskites. Although the two main
stressors for perovskite PV terrestrial applications, i.e.,
moisture and oxygen, are avoided in space application, the high
radiation environment comprising, for example X-rays,
gamma-rays, protons, ions, and electrons may cause the
performance degradation of PSCs in space application. Recent
studies showed that the PCE of PSCs reduced by 8% ~ 36%
after being exposed at earth orbits.[10-13] The apparent
efficiency reduction stems from the cosmic environment in
space, characterized by significant temperature fluctuation,
high energy particles, and intense radiations. Although
perovskites for radiation detectors usually possess sufficient
radiation tolerance for low-dose radiation detection[8, 9, 14], it
is not yet clear whether the perovskites can maintain their
optoelectronic properties, particularly the low trap densities,
under high dose irradiation.

To investigate the high dose radiation impacts, acceleration
tests have been carried out.[15-18] Among them, X-ray induced
degradation was often studied using radiation source from X-
ray photoelectron spectroscopy (XPS). [19, 20] A
decomposition of perovskites into Pbl, or metallic Pb® was
observed in these measurements. However, this might not
represent the actual perovskite material response in real
encapsulated solar cells, because bare perovskite films were put
in a high vacuum during XPS characterization, in which the
methylammonium or iodine could readily escape from the film
surface. Bertoni et al. investigated the response of the PSCs to
a nanosized synchrotron X-ray beam.[16] They reported that
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an increased charge recombination contributed to the initial
electronic degradation of PSCs, and the compositional change
of perovskites occurred upon a high accumulated dose of X-
rays. However, these studies have not elucidated how the X-
rays created the charge recombination centers, i.e., the origin of
X-ray induced perovskite degradation. It is not clear whether
the mechanism of radiation damage due to displacement of
atoms that occurs in typical high energy particle interaction
with the lattice bound atoms in a semiconductor is still
applicable in case of perovskites.

In this study, we showed that the X-ray induced performance
degradation of perovskite originates from the interaction of
secondary electrons produced by X-rays, creating mobile I
ions. Our experiments revealed that the X-ray induced
degradation resembled electron beam induced degradation,
which was also supported by Monte Carlo simulations. The
electrons produced in X-ray interaction with perovskite induced
iodide interstitial defects formation in  perovskites.
Furthermore, we investigated the damage evolution in PSCs by
characterizing the changes in spatial defect density distribution
under X-ray radiation. And the degradation under X-ray
radiation has been demonstrated to be different from that under
light illumination.

Il. RESULTS

The investigations of X-ray induced degradation on
perovskites have been usually conducted on bare films, which
however, do not directly provide the response information of
PSC devices under X-ray irradiation. The device performance
could substantially change by a minor amount of defect density
change, which is usually at the level of parts per million or less,
before the apparent material composition or morphology
change is observed on the bare films. In addition, the interfaces
and other functional layers, such as hole/electron transporting
layers, could also be directly or indirectly damaged by X-rays,
which profoundly impacts charge collection. Therefore, instead
of bare films, we tracked the output electric signal from a full
assembled PSC in response to X-ray radiation. To that end, we
designed an in-situ X-ray measurement setup as shown in Fig.
la (Fig. S1). The X-ray source (iVario-225/2.25, COMET)
generated high intensity X-rays with a dose rate of 450 mGy/s
(measured in air by a dosimeter; X-ray tube: 120 kV, 3 mA) on
a large area of around 10 cm?. The incident angle of X-ray was
set to be 45° with respect to the PSC’s surface. To mimic the
working condition of an operating PSC, a light source
illuminated visible light on PSCs with an incident angle of 45°.
For the perovskite solar devices, we leveraged our
demonstrated scalable coating technique to fabricate perovskite
solar minimodules, which had a much larger photovoltage
output than single cells.[21] The device material stack and a
typical [V curve are shown in Fig. S2. The perovskite solar
minimodule contained several subcells connected in series,
resulting in a high photovoltage. We recorded the photovoltage
output from the solar minimodules using a source meter (2400,
Keithley). After the photovoltage output from the PSCs
stabilized, the X-ray source was turned on to bombard the PSCs
with X-rays for 30 s, and then turned off.

Figures 1b and 1c demonstrate PSC’s responses to X-ray

radiation under 1 Sun and 0.05 Sun illuminations, respectively.
Here 1 Sun light intensity is equivalent to 100 mW/cm?2. Two
different light intensities were selected to investigate the PSCs’
responses under different device temperatures and free carrier
densities, which might impact the device response dynamics.
The photovoltage declined instantly under X-ray radiation
regardless of the visible light intensities, indicating the presence
of electronic damage on PSCs by X-rays. However, the
photovoltage slowly recovered after turning off the X-ray,
which can be explained by the broadly observed self-healing
feature of metal halide perovskite materials.[22, 23] The self-
healing attributes to the annihilation of the trap states, for
example, the filling of iodine vacancies by iodine interstitials,
or the conversion of positively and negatively charged iodine
interstitials into iodine[24]. The self-healing dynamics are
sensitive to the device temperature and light intensity, where a
higher temperature could accelerate the recovery because of the
fast ion migration[23, 25]. This agrees with the experiment
results shown in Fig. 1b and 1c that 1 Sun illumination, which
induced a higher device temperature and faster ion migration,
triggered a faster recovery than 0.05 Sun illumination. It is
noted that a high light intensity also causes degradation of
perovskite solar cells, but that generally occurs at a much longer
duration.[23]
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Fig. 1. In-situ study of perovskite solar cell output change under X-ray
radiation. (a) The in-situ measurement setup of perovskite solar device
response to X-ray radiation. (b, ¢) The photovoltage output under X-ray
radiation with different background light intensities of (b) 1 Sun, (c) 0.05 Sun.
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Fig. 2. The simulation of energy deposition in perovskite solar cells. (a)
The energy deposition from 120 kV X-rays in different material layers of
perovskite solar cells. (b) The energy spectrum of photoelectrons generated by
the 120 kV X-rays in the perovskite layer.

To understand the amount of energy deposited in each layer
of PSC from the 120 kV X-rays and gain insights into the
mechanism of X-ray induced damage in PSCs, we performed
Monte Carlo (MC) simulations in Geant4[26]. In the MC
simulations, a photon disk source was used, which emitted X-
rays with an energy distribution matching the spectrum of 120
kV X-rays produced by the X-ray tube (iVario-225/2.25,
COMET). The X-rays were orthogonally incident on the front
glass layer (i.e., the bottommost layer) of the PSC material stack
shown in Fig. S2(a). The total energy deposited in each material
layer from the interaction of 120 kV X-rays with PSC was
calculated in Geant4, which considered the energy deposited by
all the energy loss processes, while accounting for the transport
of all secondary particles, including that of secondary electrons
through different PSC material layers. The simulation result of
energy deposition from 120 kV X-rays in different material
layers of PSC is shown in Fig. 2a, which indicates that the X-
ray energy was mainly deposited into the glasses and the
perovskite layer. The high dose accumulated in glass could
produce structural defects, which generate new absorption
bands that darken the glass.[15] Similarly, a portion of the total
dose deposited in perovskite layer could also lead to defects in
the perovskite lattice structure, leading to the output voltage
drop as shown in Fig. 1b and 1lc. However, since the
electromagnetic radiation such as X-rays, do not directly
interact with the nucleus to cause atom displacement,[27] the
secondary photoelectric electrons and Compton electrons,
generated by the intense X-rays were considered to be the
source producing defects in perovskites. The electron-induced
damage in perovskite materials has been reported since

2015.[28] High dose electrons could lead to phase
transformation or decomposition of perovskites.[29, 30] The
electron beam driven ion migration has been directly observed
by transmission electron microscopy (TEM) study.[17]

Here we calculated the threshold energy (E) the electrons
need to displace atoms from their lattice by:[27]

2E(E +2mc®

E.= ZE(Ex2me) e ) @)
where E, is the activation energy of the atom, m is the electron
mass, M is the atom mass, and c is the speed of light. In hybrid
halide perovskites, the activation energies of the organic cations
and Pb?* were roughly around 0.8 eV and 2.3 eV, whereas the
activation energy of I~ was reported to be in the range of 0.08
eV to 0.62 eV.[31, 32] According to equation (1), the
corresponding threshold electron energies to cause their
displacements are about 12 keV, 185 keV, and a range of 4.6
keV to 34.6 keV, respectively. Meanwhile, the energy
distribution of the photoelectrons generated by 120 kV X-rays
in the perovskite layer has been simulated in Geant4. Fig. 2b
shows that photoelectrons are mainly distributed in 20 keV to
80 keV, which is sufficiently higher than the threshold electron
energies to activate the organic cations and I" in perovskite. Our
previous work has demonstrated that the excess charges, either
generated by incident light or external electrical injections,
could reduce the activation energy for ion migration within
perovskites, accelerating the degradation when the density of
electrons is very high.[25] Therefore, the high energy excess
charges generated by X-ray radiation, which accumulated in the
device in a short time, most possibly facilitated the defects
formation that degraded the device photovoltaic performance.

To verify that X-ray induced damage arose from the radiation
generated electrons, we directly used electron beams to irradiate
the PSCs and compared the photovoltage responses with that
caused by X-ray radiation. As shown in Fig. 3a, an electron
beam (e-beam) was generated from a scanning electron
microscopy (SEM, FEI Helios 600 Nanolab) system, in which
the maximum diameter of the electron beam was 1.9 mm. To
induce sufficient electron impact, a small area perovskite solar
cell (2 mm x 4 mm) comparable to the electron beam size was
used in this test. A light emitting device was used to illuminate
visible light onto the target PSC. As these low energy electrons
cannot penetrate the 0.7 mm glass encapsulation of perovskite
solar devices, the glass layer was removed in the small area PSC
such that the electron beam entered the perovskites through the
thin Cu electrode of the PSC. And the Cu thickness was reduced
to 20 nm to reduce the energy loss electrons in Cu. To
understand the penetration depth, we simulated the
bombardment of 2 keV, 5 keV, and 10 keV e-beams (86 pA
current) onto this PSC using CASINO v2.51 software[33]. The
result in Fig. 3c-3e revealed that the 2 keV e-beam could barely
penetrate the top Cu layer, whereas half of the 5 keV e-beam
reached the perovskite layer, and most of the 10 keV e-beam
penetrated into the perovskite layer. The corresponding
photovoltage responses to the e-beam bombardments are shown
in Fig. 3b. There was no reduction in photovoltage with the 2
keV e-beam irradiation, which was attributed to the electrons
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Fig. 3 In-situ electron-beam radiation reaction on perovskite solar devices. (a) The in-situ measurement setup of perovskite solar device response to
electron beam. (b) The electric signal response under electron beam. (c-e) The simulation of electron beam penetration in perovskite solar cells for electron

energies- (c) 2 keV, (d) 5 keV, (e) 10 keV.

not reaching the perovskite layer and the energy was
insufficient to cause ion movements in perovskite. On the
contrary, the photovoltage decreased when the 5 keV e-beam
bombarded the PSC and entered perovskite layer, and the drop
in voltage was even higher when the 10 keV e-beam penetrated
through the whole perovskite layer. Both the 5 keV and 10 keV
electron energies were higher than the threshold to displace the
I- (minimum value: 4.6 keV), consequently, creating lattice
defects that reduced PSC’s photovoltaic performance.
Nevertheless, the reduced photovoltage slowly recovered after
shutting the e-beam off, which is attributed to the self-healing
effect explained above. The similar responses from e-beam and
X-ray irradiations verified that the X-ray induced radiation
damage of PSCs originated indeed from those secondary
electrons produced by X-rays.

Furthermore, we investigated the dynamics of evolution of
the X-ray induced degradation in the perovskite devices. We
characterized the trap density changes of a small area PSC (8
mm?) that was irradiated under the same setup in Fig. 1, where
450 mGy/s X-rays irradiated from the PTAA side of PSC
through a glass of 0.7 mm. First, we monitored the trap density
of states (tDOS) change in perovskite film by the thermal
admittance spectroscopy (TAS) method. The energy dependent
tDOS are shown in Fig. 4a, where three energy bands can be
identified. Our recent work had verified that the traps in energy
band I were mainly attributed to the negative iodide interstitial
(I); the traps in energy band II stemmed from the positive
iodide interstitial (Ii"); and the traps in energy band III was
speculated as lead vacancies (Vpy).[24] Fig. 4a demonstrates

that 60 min (250 Gy) of X-ray radiation increased the I;” density
but reduced the I;* density in PSCs.

To further understand the evolution of defects in perovskite
film, we characterized the spatial distributions of the trap states
via the drive-level capacitance profiling (DLCP) method.[34]
Our previous work has demonstrated that the DLCP is a feasible
technique to profile both the spatial and energy distribution of
defects in PSCs.[24] The position of trap states in real space
was detected by tuning the direct current (DC) bias applied to
the depletion region of the junctions. The energy distribution
was extracted by adjusting the alternating current (AC)
frequency applied alongside the DC bias. Any traps with energy
depth shallower than a critical value could respond to the AC
frequency and contribute to the total carrier density. The lower
the applied AC frequency, the deeper the trap states could be
detected. The trap density of a certain energy range can be
estimated by subtracting the total carrier density measured at
high AC frequency from that measured at low AC frequency.
For the profiling distance, the 0 distance side on DLCP figures
has been identified as the Cso/perovskite interface, which
resembles as an n*-p junction.[34] We characterized the carrier
densities of 1000 kHz (0.23 eV), 100 kHz (0.29 eV), and 10
kHz (0.35 V) from the pristine PSC and the device after being
irradiated for 30 min (90 Gy) and 60 min (250 Gy), respectively
(Fig. S3 a-c). Then the trap densities mainly located in Band I
and Band II could be extracted by subtracting the densities
measured from the energy depth of 0.23 eV from 0.29 eV, and
energy depth of 0.29 eV from 0.35 eV, respectively.

As a result, the change in I; defects at Band | and that in I;*
defects at Band Il are shown in Fig. 4b and 4c, which
demonstrated that ;- and I;* defect changes varied through the
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Fig. 4 The defects evolution in perovskite solar cells under X-ray radiation. (a) tDOS spectra of perovskite solar cells evolved under X-ray radiation. (b,
c) spatial distributions of I; and I;* defects evolved under X-ray radiation. (d) Schematic of the damage evolution in the perovskite solar cells.

film within 60 min of irradiation (250 Gy). Under irradiation,
both I and I;* densities near Ceo/perovskite interface increased,
which agreed with our previous investigation of defect
evolutions under long-term light illumination (Fig. S4).[24] On
the contrary, both Iy and Ii* densities subsided near
PTAA/perovskite interface, which was different from light
induced degradation that had |- density reduced but I;* density
increased. We conducted the characterization on another cell
but with the same perovskite composition. The result in Fig. S5
shows the same shifting of I; and I;* defect densities on the two
interfaces under X-ray radiation, which confirms the reliability
of the defect density changing. Under light illumination, the
opposite change of Iy and Ii* defect densities near
PTAA/perovskite interface was attributed to the light induced
defect-annihilation reaction, in which the recombination of I;
and Vi* consumed the density of I;- but left I;* piling up.[24, 35]
For X-ray radiation, however, the reduction of both defects
could be because the perovskite near PTAA had already entered
a decomposition phase, during which the detected I;i* and Iy
started to decrease. As the perovskite close to the PTAA side
was originally the most defect dense[21], it was much easy to
completely convert to I;* and I; defects under the intense X-ray
radiation. Then the saturated defects trapped the
photogenerated electrons and holes, which formed I, that was
released from the lattice and thus, the concentration of these
defects (Fig. 4d) was reduced. And the fast decomposition in
short time prohibited the defect-annihilation effect near the
PTAA/perovskite interface. In the bulk of the perovskite film,
the enhancement of I defect density and weakening of Ii* defect
density under X-ray radiation represented the competition
between the loss of defects from decomposition and the
generation of defects from intact perovskites. But in

commercial solar panels, the much thicker glass of ~5 mm[36,
37] could dramatically attenuate the X-ray intensity and alter
the degradation dynamics more similar to those under long-
duration light illumination.

I11. CONCLUSION

The X-ray induced damage on perovskite solar cells has been
shown to originate from the interaction of energetic electrons
produced by X-ray radiation. The X-ray induced electrons were
shown to increase the defect densities that lowered the PSCs
performance. In addition, the degradation pathway in PSCs has
been investigated. The X-rays triggered a rapid decomposition
at the PTAA/perovskite interface, where the defects were
originally abundant. Our investigation showed that passivating
the defects at perovskite interfaces or improving the charge
extraction from the perovskite film could improve the stability
of PSCs under X-ray radiations.

IV. METHODS

A. Fabrication of perovskite solar devices

Patterned ITO glass substrates were cleaned by
ultrasonication with soap, deionized water, and isopropyl
alcohol, and then UV-ozone treated for 15 min before use. All
perovskite solar devices were prepared by blade-coating at
room temperature inside a fume hood. The hole-transporting
PTAA layer with a concentration of 3.3 mg-mL-' dissolved in
toluene was blade-coated onto ITO glass substrates at a speed
of 20 mm-s™! in ambient air (20 + 1 °C, 30 = 5 RH%). The
perovskite precursor solutions composed of mixed cations (lead
(Pb), cesium (Cs), formamidine (FA)) and halides (I, Br) was
dissolved in 2-methoxyethanol (2-ME) with a chemical formula
of Cso.1FA¢9Pbls. Before blade-coating, 70 mol% dimethyl
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sulfoxide (DMSO) with respect to Pb was added to the target
perovskite precursor solution. Subsequently, the precursor
solution was blade-coated onto the PTAA-covered ITO glass
substrates at a blading speed of 20 mm s™! in ambient air (20 +
1 °C, 30 =+ 5 RH%). After that, the perovskite films were
annealed at 150 ° C for 3 min in air. The solar cells were
completed by thermally evaporating C60 (30 nm), BCP (6 nm),
and copper (100 nm). The solar module was encapsulated in
ambient air with epoxy and glass on top.

B. Characterization

The X-ray irradiation tests were conducted in ambient air. An
X-ray source (iVario-225/2.25, COMET) was set at 120 kV and
3 mA, which generated high intensity X-rays with a dose rate
of 450 mGy/s on an area of around 10 cm?. A projector (BenQ
MX720) projecting white light was used to illuminate visible
light onto the PSCs. The light intensity was measured by a
silicon reference cell with a KG5 glass filter (Newport 91150
V). The incident angles of X-ray and visible light were both set
to be 45° with respect to the PTAA side of PSCs. The
photovoltage was tracked by a source meter (2400, Keithley).
The environment had a temperature of 20 + 1 °C with a
humidity of 30 + 5 RH%. The perovskite module aperture area
was 8.25 cm?.

The e-beam tests were conducted in a scanning electron
microscopy (SEM) chamber. The e-beam was generated from
the electron gun of SEM (FEI Helios 600 Nanolab), with a
maximum diameter of 1.9 mm. An LED light (12V, YM E-
Bright) was attached on the SEM chamber to illuminate visible
light onto PSCs. The photovoltage was recorded by a source
meter (2400, Keithley) connected to the BNC feedthrough
connectors on the SEM chamber. The environment temperature
was 20 = 1 °C. The active area of small PSC was 8 mm?. The
electron beam voltage was tuned within 2 kV, 5 kV, and 10 kV
with a current of 8.6 pA.

The TAS and DLCP were characterized using an LCR meter
(Agilent E4989A). For TAS measurement, the DC bias and the
amplitude of AC bias were 0 V and 20 mV, respectively. The
frequency was scanned from 0.02 kHz to 2000 kHz. The DLCP
measurement was scanned from 0 V to the Voc of the PSCs. The
environment had a temperature of 20 + 1 °C with a humidity of
30 = 5 RH%. More detail of the TAS and DLCP measurements
are described in our previous work.[24]
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