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Proton-Radiation Tolerant All-Perovskite Multijunction

Solar Cells
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Heinz-Christoph Neitzert, and Samuel D. Stranks*

Radiation-resistant but cost-efficient, flexible, and ultralight solar sheets with
high specific power (W g™') are the “holy grail” of the new space revolution,
powering private space exploration, low-cost missions, and future habitats
on Moon and Mars. Herein, this study investigates an all-perovskite tandem
photovoltaic (PV) technology that uses an ultrathin active layer (1.56 um)
but offers high power conversion efficiency, and discusses its potential for

1. Introduction

Space applications have been a major
driver of innovation in photovoltaics
(PV) since the first application of silicon
solar cells as satellite power supplies in
1958.1 Furthermore, the development
of modern multijunction technologies

high-specific-power applications. This study demonstrates that all-perovskite
tandems possess a high tolerance to the harsh radiation environment in space.
The tests under 68 MeV proton irradiation show negligible degradation (<6%)
at a dose of 10" p* cm=2 where even commercially available radiation-hardened
space PV degrade >22%. Using high spatial resolution photoluminescence (PL)
microscopy, it is revealed that defect clusters in GaAs are responsible for the
degradation of current space-PV. By contrast, negligible reduction in PL of the
individual perovskite subcells even after the highest dose studied is observed.
Studying the intensity-dependent PL of bare low-gap and high-gap perovskite
absorbers, it is shown that the Vi, fill factor, and efficiency potentials remain
identically high after irradiation. Radiation damage of all-perovskite tandems
thus has a fundamentally different origin to traditional space PV.

that rely on complementary absorption
of sunlight in subcells with staggered
bandgaps to minimize thermalization
losses has mainly been driven by space
applications.  Today’s  state-of-the-art
commercially available space PV are
III-V/Ge semiconductor-based triple
(3]) junction space solar cells that reach
efficiencies around 30%.24 These high-
performance cells require single crystal,
low defect epitaxial growth methods,
which are inherently expensive. Com-
mercially available III-V on Ge 3] PV
comprising InGaP/GaAs/Ge absorbers
are grown on Ge substrates. They are
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thus relatively thick (>80 pum) and heavy (>30 mg cm™),
which limits their specific power to well below 1 W g™
Novel approaches under development use an epitaxial lift-
off process to fabricate AlGaP/GaAs/InGaAs (III-V 3]) solar
cellsP ! with a specific power of =1.7 W g1, but their costs
are still prohibitive for more ubiquitous use in lower-cost
space applications. More cost-efficient single junction thin-
film technologies based on a-Si,’l Cu(In,Ga)Se,®! (CIGS),
CdTe,®! perovskite,'*7] and organic® absorbers have
been developed and tested for space applications but exhibit
lower efficiencies compared to multijunction technologies.
Recently, we have therefore tested perovskite/CIGS and
perovskite/Si tandem solar cells for their ability to withstand
the harsh radiation environment in space. Exposure to harsh
radiation leads to the creation and accumulation of recombi-
nation centers that diminish device performance, and thus
radiation hardness is a fundamental requirement for the
adoption of a PV technology in space.'®! While we found
that the perovskite/CIGS tandem solar cells vastly exceed
the radiation hardness of perovskite/Si, we also showed that
their resilience to high energetic irradiation is limited by the
CIGS subcell, while the perovskite subcell remains largely
undamaged.['®!

Herein, we assess all-perovskite tandem PV technologies
in a two-terminal monolithic architecture for their radiation
tolerance using high energy proton irradiation that mimics
the radiation environment in space. Unlike perovskite single
junction technologies that use only the most compositionally
stable perovskite compositions that are known to be radia-
tion hard,"l all-perovskite tandem PV technologies rely on
tailored low- and high-bandgap perovskite subcells. Because of
the high required bromine and tin contents, which could enable
halide segregation and oxidation as additional degradation
pathways in the two materials, these perovskite compositions
have not yet been proposed or tested for space applications.

We, however, demonstrate that the all-perovskite space
PV technology possesses a high radiation hardness, not only
exceeding proposed perovskite/CIGS tandem PV but also cur-
rent commercial [1I-V on Ge-based space PV solutions, which
we test and examine under identical conditions as state-of-the-
art systems. Using high spatial resolution PL microscopy, we
further show that the damage mechanisms in these two mate-
rial classes, perovskite and III-V semiconductors, are vastly
different.

Our measurements thus establish all-perovskite tandem PV
technologies as compelling candidates for cost-efficient solu-
tions with prospects to go to the Moon, Mars, and beyond,
as well as a key enabling technology for private space explo-
ration that is revolutionizing space economics. All-perovskite-
based multijunction technologies are highly efficient but also
thin, thus offering high specific power values, a prerequisite
to lower launch costs. They can be processed on thin foils
unlocking novel form factors and solar sheets that are unrolled
or unfolded once launched into space. Flexible solar sheets are
an ideal solution to power anything from large space stations
and satellites to the next generation of nanosatellites as their
energy consumption is steadily increasing with their capa-
bilities along with the burgeoning use of electric propulsion
systems.
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2. Potential of All-Perovskite Tandem
Photovoltaics for Space

Monolithic all-perovskite tandem solar cells comprise high-
and low-gap perovskite absorbers with bandgaps optimized for
maximum efficiency to be between 1.7-1.9 and 1.15-1.29 eV,
respectively.'2% In Figure 1a, we sketch a typical layer stack of
the cells under investigation comprising ITO/polyTPD/PEN/
high-gap-perovskite/LiF/Cg,/PEIE/AZO/ITO/PEDOT:PSS/low-
gap-perovskite/Cg,/BCP/Au, that has been shown to allow high
power conversion efficiencies >23.1 % on rigid substrates and
>21.3% on flexible substratesi?!! under AM15G illumination.
Here, the high-gap perovskite (E&° = 1.73 eV) is a dimethylam.-
monium (DMA)-formamidinium-cesium A-site alloyed perov-
skite containing FA( (Cso3DMA, ;Pbl, 4Bry s (FACsSDMAPDIBT).
A bromine fraction of only 20% out of total halide here mini-
mizes halide segregation under illumination and thus photo-
voltage losses, while adding DMA increases the bandgap by
octahedral tilting to the required 1.7-1.8 eV.2223 The low-gap
perovskite is comprised of FA(75Cs 25500 sPbg sI3 (FACsPbSnlI),
featuring a bandgap of Ec® = 1.27 eV. In contrast to perovskite
single junction[3*16:77:24 and perovskite/CIGS!"® tandem solar
cells that use well-studied compositionally stable radiation-
hard perovskite absorber compositions!'®>1>] with a bandgap
of =1.6 eV, the high-gap and low-gap perovskite compositions
required for all-perovskite tandem PV thus face additional
potential degradation issues under harsh radiation conditions.
The phase-separation of mixed perovskites with high bandgap
as well as the oxidation of Sn?" to Sn** in low-gap perovskites
is known to be triggered by intense and/or prolonged illumi-
nation,?>?° heat!?! or yirradiation.’*” Harsh particle irradiation
excites both, the nuclear and electronic subsystems,?®! and thus
heat as well as charge-induced degradation mechanisms are
likely triggered.

The active layer thickness of typical all-perovskite tandem
solar cells is =1.56 pm, which is much thinner compared to tra-
ditional wafer-based c-Si or I1I-V on Ge PV technologies at thick-
nesses of around 260 or 80 um, respectively. One of the thinnest
perovskite solar cells reported back in 2015 relied on just 1.4 pm
thick PET foils as substrate, reaching a power weight of 23 W
g ! with an efficiency of 12%.5! Since then, efficiencies of per-
ovskite-based single junction (1) and especially all-perovskite
tandems (2]) have increased to 21.6% and 24.2%,13% rendering
these technologies highly interesting for thin, lightweight,
large-area space PV modules and solar blankets. To exemplify
the potential of emerging perovskite technologies for space
applications, we summarize their current efficiency records on
the cell level®?l and their realistic efficiency potentialst®3% (cor-
responding to =70% of the SQ limiting efficiency, although fur-
ther material and light management improvements are likely
achievable in future) in Figure 1b. Both values are projected
to AMO illumination conditions as detailed in the Supporting
Information. We compare them to the efficiency and the real-
istic efficiency potentiall®*3’] (corresponding to =95% of the SQ
limiting efficiency) of currently commercially available ITI-V 3]
on Gel> and emerging I11-V 3] epitaxial-lift off (ELO)(>¢l tech-
nologies. We note that the current perovskite technology readi-
ness level (TRL) is much lower, with small device areas (A =
1 cm?) dominating compared to typical 20-30 cm? for c-Si or

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. Potential of all-perovskite tandem solar cells. a) Sketch of an all-perovskite tandem solar cell (perovskite 2)) comprising FACsSDMAPbIBr and
FACsPbSnl based perovskite as high-gap and low-gap absorbers, respectively. b) Overview of the efficiency, weight, and specific power potential of
perovskite-based 1), 2J (all perovskite and perovskite/CIGS), and 3) PV based on state-of-the-art small-area lab-scale record efficiencies?®! and realistic
efficiency potentialsl'®3% derived from today’s materials, corresponding to =70% SQ limiting efficiency. As most research reports are based on rigid
substrates, we estimate the weight and specific power potential considering the active layer stack and 20-100 pm-thick Pl-based substrate and encap-
sulations foils, as indicated. Values for state-of-the-art commercially available space photovoltaics are based on: 11I-V 3] on Ge (3G30C, Azur Space,!23l
and Spectrolab XTE-SF), 111-V 3] (MicroLink,> epitaxial lift-off (ELO)), and c-Si (S32, Azur Spacel?) cells. Moreover, we show prominent emerging
thin-film technologies,1) CIGS (*EMPAE" on flexible polyimide (PI) foil and Solar Frontier®2 word record on glass. For both technologies, we assume
a weight of 6 mg cm™2 corresponding to the active layer and 25 um Pl foil) and 3 a-Si:H (a-Si:H/a-SiGe:H/a-SiGe:H United Solar Ovonik/UniSolari*3)).
**|n case of the 3J I1I-V (ELO) cell the packaging weight is =10.4 mg cm™2, corresponding to 73 um PI foil, but we note that the manufacturer uses a
different packaging (=40 um) with identical weight. Finally, we also include a record small area efficiency for 111-V 3), MicroLink, ELO.P*? The realistic
potential of perovskite 1), 2J, 3), and perovskite/CIGS was estimated from refs. [19,30] though we note that further research will be needed to translate
small-area performances to modules, and at least a small drop in efficiency is expected. The realistic efficiency potential for lattice-matched 111-V on Ge
and I11-V (no lattice or material constraints) is assumed at 95% of their SQ limiting efficiency following refs. [34,35]. For perovskite- and CIGS-based
technologies, and the 111V 3] ELO recordP® the AMO efficiency was projected from reported AM1.5G efficiencies; see the Experimental Section for
details. We summarize all values used to produce the figure in Table ST (Supporting Information).

III-V technologies. Further research on perovskite technologies
will be needed to translate small-area performances to larger
cell areas and modules, and at least a small drop in efficiency
is expected in this translation. Unlike wafer-based III-V on
Ge or c¢-Si technologies that can be handled without support,
thin-film PV technologies require a substrate. 10-50 um thick
substrate foils and another 10-50 um thick encapsulation are
realistic estimates and have been successfully used for flex-
ible a-Si:H, GaAs, or CIGS technologies.?"¥~ We believe that
known space-tested encapsulation and protection solutions
can be transferred to perovskite-based solar cells but note that
this needs to be tested thoroughly. While we detail key require-
ments and potential substrate and encapsulation solutions for
space in section 5, we plot in Figure 1b the weight and specific
power for the perovskite technologies on the cell level assuming
total substrate and encapsulation thicknesses of ds = 20, 50, or
100 um, as indicated. The mass of any thin-film PV module is
dominated by its packaging, i.e., substrate, encapsulation, while
interconnects and busbars add negligible extra weight when
using monolithic interconnections.*> Under this assumption,
we identify all-perovskite tandems as having the highest spe-
cific power potential for next-generation space-PV solutions.
Their specific power potential is significantly above other thin-
film PV technologies currently in consideration for ultralight
space photovoltaics, such as 3] a-Si:H, 1] CIGS,® or 3] I1I-V
technologies with epitaxial lift-off.[>*]

All-perovskite-based 1] and 2] PV technologies are close to
commercialization,*¥ and production costs are expected to be
well below existing silicon technologies.!! Perovskite-based
space PV thus represent an extremely promising flexible,

Adv. Energy Mater. 2021, 11, 2102246 2102246 (3 of 14)

ultralight, and cost-efficient technology. Solar sheets that are
unrolled or unfolded once launched into space will revolu-
tionize the space PV sector, provided that their tolerance to the
harsh radiation environment in space can be proven.

3. Proton Radiation Hardness of Perovskite
2] Tandem Photovoltaics

To assess the radiation hardness of all-perovskite 2] tandem
solar cells, we fabricate tandem devices with solution-processed
high-gap and low-gap perovskite absorbers with the bandgaps
and compositions detailed above (see the Supporting Infor-
mation for experimental details) and bombard the cells with
high energy proton irradiation. The radiation environment in
space comprises a polyenergetic spectrum of e”, H*, He*, and
heavier elements. High-energy electrons are far less damaging
than high-energy protons, while the flux of heavier particles is
orders of magnitude lower. Proton irradiation, therefore, closely
mimics the real radiation environment in space. To avoid con-
voluting effects from oxygen or moisture and radiation-induced
color centers in the glass substrate,3! we prepared and encap-
sulated our tandem solar cells using quartz glass and note
that commonly used low energetic protons (<10 MeV) would
be stopped by such substrate and encapsulation solutions and
thus are not used in our tests to probe the device layers. There-
fore, we use high energy (68 MeV) proton irradiation that can
penetrate millimeter-thick substrate and encapsulation layers
to test the radiation hardness of our all-perovskite 2] tandem
solar cells and compare the results to commercially available

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Radiation hardness of perovskite 2) solar cells under 68 MeV proton irradiation in comparison with [1I-V 3] on Ge. a) Degradation of the
proton-induced current measured in situ during 68 MeV proton irradiation for two perovskite 2] solar cells (brown and red lines) and a commercial
111-V 3J on Ge solar cell, 3G28C Azur Space (blue line). b,c) Remaining factor (Q) of Vo, Jsc, and 1 of perovskite 2J and I11-V 3] on Ge solar cells as
a function of 68 MeV proton fluence under AMO illumination conditions as solid red, black, and purple lines, respectively. Due to potential transient
effects in the perovskite 2) tandem, we derived the efficiency by maximum power point (MPP) tracking. For the I1I-V 3] on Ge case, we further relate
the 68 MeV proton fluence to the non-ionizing displacement damage dose (D) following Akkerman et al.,l*2l top X-axis and plot literature data on
the Voe, Jsc, and 17 remaining factors of 111V 3] on Ge solar cells (3G28C, Azur Space) as a function of Dy, according to Baur et al.**l (Supporting
Information). d,e) Change in external quantum efficiency (EQE) as EQE/max(EQE®*P"P)) of the perovskite 2] tandem and 11I-V 3] on Ge solar cell.
Non-normalized data are depicted in Figures S2 and S3 (Supporting Information). Note that the Ge subcell EQE has been corrected from typical
measurement artifacts that arise from low shunt resistances and low breakdown voltages prior to normalization following literature procedures, 4l
as detailed in the Supporting Information.

state-of-the-art and well-studied III-V 3] solar cells (3G28C, radiation-induced defects from displacement and ionization
Azur Space). damage."™ As shown in Figure 2a, blue line, we observe a sig-

We perform tests in operando by monitoring the radiation-  nificant degradation in I1I-V on Ge based 3] solar cells to about
induced current during proton irradiation, which we have  70% of their initial value after an accumulated proton dose of
shown previously to be highly sensitive to the formation of 1 x 108 p* cm™2, that, as we detail further below, corresponds
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to an accumulated proton dose after about 100 years in low-
earth-orbit or ten years in a geostationary orbit. This decrease
in performance is indicative of the formation of a considerable
number of radiation-induced defects in the device stack. Due to
the monolithic interconnection of the subcells, these observa-
tions alone do not allow us to identify which subcell is limiting
the performance; indeed, radiation-induced degradation in just
one subcell could dominate the overall degradation. For perov-
skite 2] tandem solar cells (red and brown line in Figure 2a),
we do not observe any degradation of the normalized radiation-
induced current, indicating a superior tolerance to the harsh
radiation environment in space. We note that the perovskite
2] tandem solar cells studied here have an order of magnitude
smaller active area than the studied I1I-V 3] on Ge devices,
giving rise to the difference in noise between the two systems
after normalizing; we plot non-normalized less-noisy data in
Figure S1 (Supporting Information).

We corroborate the superior radiation hardness of the
perovskite 2] solar cells by current—voltage (JV) characteris-
tics measured before and after proton irradiation at an accu-
mulated dose of both 2 x 10 and 1 x 108 p* cm™. Inelastic
nuclear scattering of 68 MeV proton irradiation can create
short-living isotopes, and, therefore, the ex situ measurements
after tests could only be performed once the remaining activity
dropped to a safe level, after =10 days. Figure 2b depicts the
evolution of the open-circuit voltage (Vq), the short-circuit cur-
rent (Jsc), and the efficiency derived from a maximum power
point tracking (17ypp) of the perovskite 2] tandem solar cells.
To accentuate the small changes, we calculated the remaining
factor QX for all individual metrics X by QX = Xi,agiated/ Xas-
prepared aNd note that the data point at @ = 0 refers to a refer-
ence device that has not been irradiated but measured before
and after the experiment alongside the irradiated samples. We
find that even after an accumulated dose of 1 x 103 p* cm™,
the perovskite 2] tandem PV efficiency has minimally degraded
and retains 94% of its initial value. The tested III-V 3] solar
cells on Ge, in contrast, degraded to less than 78% (solid lines
in Figure 2c). Calculating the displacement damage Dy (see
the Experimental Section) allows us to plot literature data
on the degradation of the Vo, Jsc and 71 of III-V 3] on Ge
technologies, according to Baur et al.¥! as dashed lines in
Figure 2c, suggesting a slightly higher degradation down to
65% of the initial value. To put this degradation into context,
a displacement damage Dy of =10!° MeV g! corresponding to
=2 x 10” p* cm™ at E, = 68 MeV is reached during =100 years
in a low earth orbit, =10 years in a geostationary orbit, or =1 year
in a harsher radiation environment, e.g., found on a mission to
Jupiter's moon Europa.l*! Note that, depending on the orbit/
trajectory, atomic oxygen, deep UV, and extreme temperatures,
among others, pose additional challenges that we discuss at the
end of this paper. Nevertheless, these results demonstrate the
superior radiation hardness to high energetic proton irradia-
tion that mimics the harsh radiation environment in space of
perovskite 2] devices over the current industry-standard tech-
nology. All-perovskite tandem PV thus also exceeds the radia-
tion hardness of emerging perovskite/Si and perovskite/CIGS
tandem PV that degrade by =99% and =15%, respectively, at
2 x 10" p* cm™?, a five times lower proton dose than employed
in this work.["®]
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In both the perovskite 2] tandem and the III-V 3] on Ge
solar cell cases, we notice a discrepancy between the degrada-
tion of the radiation-induced current measured in situ, and
the short-circuit current measured ex situ after irradiation
under AMO illumination. This discrepancy is indicative of an
unbalanced degradation of the subcells under proton irradia-
tion. Figure 2d,e depicts the external quantum efficiency (EQE)
measured prior-to and after proton irradiation of both systems.
To identify radiation-induced damage, we normalized the sub-
cell EQEs to their maximum EQE value measured prior to
irradiation. In the case of the perovskite 2] solar cell, the data
clearly reveal that the high-gap top cell is unaffected. The inte-
grated EQE of the low-gap Pb-Sn alloyed bottom cell, in con-
trast, reduces slightly to about 90% and 83% of the initial values
after 2 x 10" and 1 x 10" p* cm™2, respectively. In the case of the
III-V 3] on Ge, we identify significant degradation specifically
within the GaAs middle cell, which is in line with literature
reports of III-V on Ge space PV under high energy irradia-
tion.[¥*8] The spectral response of the InGaP and Ge subcell are
barely affected, but in the latter case, we notice a reduction of
the indirect gap (Eindirectgap (G€) = 0.62 eV)*) absorption fea-
tures with increasing proton dose, while above the direct gap of
Ge (Egirect.gap (Ge) = 0.81 eV)[®] the spectral response increases
again to its initial value. Due to the low intensity of the solar
spectrum in that region, this has little to no effect on the inte-
grated current but nevertheless points towards some radiation-
induced changes in the Ge subcell that, to our knowledge, has
not been described yet.

To exclude that uneven radiation damage is the cause for the
higher degradation of the perovskite bottom subcell compared
to the perovskite top subcell, we simulated the damage profile
generated under 68 MeV proton irradiation using the stopping
and range of ions in matter (SRIM) package.’"! As detailed in
the Supporting Information, this allows us to estimate the non-
elastic damage due to nuclear scattering that is known to domi-
nate solar cell degradation.”l We plot the energy loss within
the individual layers in Figure 3a and find a relatively homoge-
neous damage profile over the entire layer, so the damage pro-
file cannot explain the higher damage observed in the low-gap
subcell. We further simulated the expected damage from a true
space environment considering polyenergetic proton irradia-
tion with differential fluences for an ISS, Starlink, and Europa
orbit (Figure 3b). Considering omnidirectional irradiation over
a 4r solid angle through a 50-pum-thick cover foil, a realistic
estimate that has successfully been used for flexible a-Si:H or
CIGS technologies,?'¥7# we find an equally homogeneous
damage throughout the perovskite tandem solar cell. For a
wide range of likely space environments, the expected radia-
tion damage is therefore well mimicked by the homogeneous
damage from the monodirectional 68 MeV proton irradiation
conditions used here. Considering only “front side” irradiation
distributed over a 27 solid angle, e.g., in the radiation environ-
ment on the Mars surface, we find a twofold higher energy
loss of the incident protons within the top cell compared to
the bottom cell. According to the EQE measurements shown
in Figure 2d, the high-gap perovskite subcell is more radia-
tion hard than the low-gap subcell, and thus we consider this
increased dose in the high-gap subcell will not lead to appreci-
able additional damage.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Radiation-induced degradation of perovskite 2J tandem solar cells in various space environments. a) SRIM simulation of the non-ionizing
energy loss within perovskite 2) tandem solar cells as a function of depth under monoenergetic 68 MeV proton irradiation. Dashed and solid lines
depict the approximated energy loss from polyenergetic and omnidirectional proton irradiation, as found in a Starlink, Europa, and ISS orbit. See the
Experimental Section for calculation and approximation details. b) Differential proton fluence of the International Space Station (ISS),’? Starlink,>2
and Europal®¥ orbits and the surface of Mars,® according to data from indicated references. c) Current mismatch of the investigated perovskite 2)
tandem solar cells under AMO, AM1.5G, Mars 30°,5%] and Mars 60°*] illumination conditions. Positive values represent a limitation by the high-gap
top junction, whereas negative values correspond to a limitation by the low-gap bottom junction.

To estimate how the unbalanced subcell degradation affects
the overall performance of a monolithic perovskite 2] tandem
solar cell, we calculated the spectral mismatch as a function
of accumulated proton dose @ (Figure 3c). Under AMO illu-
mination conditions prior to irradiation we find the evaluated
perovskite tandem to be slightly limited by the high gap sub-
cell and, thus, the impact of the degrading low-gap subcell
on tandem performance is somewhat dampened, but we still
notice a detrimental impact on Jsc and 7 as described earlier.
This dampening effect is enhanced under AM1.5 or Mars 30°
and Mars 60° illumination conditions, where the perovskite
2] tandem is strongly limited by the high-gap subcell prior to
irradiation with up to 3% mismatch. Indeed, we find negligible
degradation of the monolithic perovskite 2] tandem when ana-
lyzing the remaining factor of nypp and Jsc under AMLS5 illu-
mination (Figures S4 and S5, Supporting Information).

3.1. Identifying Radiation-Induced Vo Losses in Perovskite 2)
Tandem PV

To determine the origin of the small degree of radiation-
induced damage in the monolithic perovskite 2] tandem solar
cell, we measure the V¢ potential in each subcell by probing
their absolute photoluminescence (PL) spectrum. The spon-
taneous emission of photons from a direct semiconductor is,
according to Wiirfels' generalized Planck law,”® a function
of the chemical potential of the non-equilibrium charge car-
rier concentration, i.e., the quasi-Fermi level splitting (QFLS).
Probing the absolute PL spectrum is thus an elegant non-
contact method to measure the QFLS and the V¢ potential.’->]
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We do this under 1-sun equivalent illumination conditions,
and by fitting the high-energy slope of the PL spectrum, see
the Supporting Information for experimental and calculation
details. To distinguish between the individual subcell losses,
we excite the individual absorber layers selectively by excita-
tion from the front and backside using a A = 405 nm laser, as
illustrated in Figure 4a. Our measurements identify a decrease
of the low-gap PL intensity after proton irradiation (red lines
in Figure 4a). This PL reduction corresponds to a small
QFLS loss of 40 meV after a proton dose of 1 x 103 p* cm™2,
suggesting the presence of some radiation-induced damage
that leads to increased nonradiative recombination in line
with the reduced EQE of the low-gap subcell. Surpris-
ingly, we observe an increase of the high-gap PL intensity,
blue lines in Figure 4a, following proton irradiation corre-
sponding to an increase in QFLS by around 20 meV after a
dose of 1 x 108 p* cm™2.

The recombination in halide perovskite solar cells, how-
ever, can be dominated by recombination at the interfaces
with the respective contact layers.””) To disentangle the under-
lying mechanisms, we prepared and irradiated bare high-gap
and low-gap films (with no contact layers) of otherwise iden-
tical compositions on quartz substrates (Figure 4b). Interest-
ingly, the absolute PL of the bare low-gap perovskite remains
unchanged, and thus we calculate an identically high QFLS
of the low-gap perovskite. The reductions observed within the
tandem layer stack, therefore, must originate from radiation-
induced damage of the contact layers or their interfaces, while
the low-gap perovskite absorber itself remains free of radi-
ation-induced defects even at the highest accumulated dose
tested. Note that regardless of any potential radiation damage,
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Figure 4. Identifying and quantifying radiation-induced losses in perovskite 2J solar cells. a) Absolute PL spectra of the high-gap (FACsDMAPbIBr)
and low-gap (FACsPbSnl) absorbers within the perovskite 2J solar cells after proton irradiation. Measurements were performed by excitation with a
405 nm laser set to an equivalent fluence of 1 sun (AM1.5G, 100 mW cm~2) from the top or bottom side, as indicated. b) Absolute PL spectra of bare
high-gap (FACsDMAPbIBr) and low-gap (FACsPbSnl) absorbers on quartz. ¢,d) Suns—Voc measurements of perovskite 2J tandem solar cells prior to
and after proton irradiation with c) 2 x 10'2 and d) 1% 10" p* cm™2 as solid black and dashed gray lines, respectively. Suns—QFLS data of the bare low-
gap and high-gap absorbers on quartz are shown in blue and red, respectively. To illustrate the V¢ potential, we further plot the sum of the respective
low- and high-gap QFLS in brown. e,f) Measured current-voltage characteristics under AMO illumination conditions prior to and after proton irradia-
tion compared to pseudo-JV curves calculated from Suns—Voc and Suns—QFLS data shown in (b). The accumulated proton dose was e) 2 x 10'> and

) 1x 10" p* em~2. Insets depict results from maximum power point tracking, and stars denote the stabilized MPP values.

the contact layers quench emission in the active layers, as can
be seen in the one order of magnitude higher PL intensities
of the bare films compared to measurements on full devices.
Finally, we do not observe an increase in PL after irradiation
for the high-gap absorber when irradiated and probed as a bare
film, suggesting that the increase in PL in the high-gap mate-
rial after irradiation in the device stack could also be attributed
to a change of the contact layers.
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3.2. Efficiency and Radiation-Hardness Potential
of Perovskite 2] PV

To better understand the impact of radiation-induced defects,
we need to disentangle nonradiative bulk and interface recom-
bination mechanisms that define the fill factor (FF), ideality
factor (n), and efficiency (7). We do this by comparing the
intensity dependence of the stabilized Ve (Suns—Voc) of
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complete devices to the intensity dependence of the PL and
thus QFLS (Suns—QFLS) of bare high- and low-gap films in
Figure 4c.ll We start our analysis by considering the change
in the Suns—Vyc dependence of as-prepared and irradiated
perovskite 2] tandem solar cells for irradiation doses of 2 X
102 p* cm™ (E) and 1 x 108 p* cm™2 (F). In monolithically
interconnected tandem solar cells, the overall ideality factor n
is given by the sum of the individual subcell ideality factors
(n;), and thus we expect: 2 < Xn; < 4 considering n =1 for
ideal band-to-band recombination and n = 2 in the presence of
deep recombination centres in each sub-cell.'®6! Interestingly,
in as-prepared devices, we observe high ideality factors >8 for
both cases, indicating a high shunt contribution. Curiously, the
ideality factor decreases upon irradiation. We observed similar
improvements in perovskite single junction solar cells after
proton irradiation and previously suggested a partial compen-
sation of as-prepared deep traps by radiation-induced shallow
defects,[®? but also healing mechanisms triggered after proton
irradiation might play a role,¥l which we discuss later. More
information on the dominating recombination mechanisms
in the bulk of the individual absorber layers can be gained
from the Suns—QFLS dependence of bare high- and low-gap
films. We plot these data as red and blue lines with closed
dots (as prepared) and open triangles (irradiated) in Figure 4c
(see Figure S6, Supporting Information, for an example of
the raw intensity-dependent absolute PL spectra). In both the
high- and the low-gap case, we observe no significant change
in the individual Suns—-QFLS dependence upon proton irra-
diation, suggesting that there are negligible radiation-induced
defects that cause additional nonradiative recombination
in the perovskite bulk; this is consistent with the negligible
change in PL of the neat films (cf. Figure 4b). As summarized
in Table S1 (Supporting Information), we observe no signifi-
cant change in the ideality factors derived from the shown
Suns—QFLS dependence. To go one step further, we sum the
QFLS of the two individual absorber layers (Figure 4c,d). This
allows us to predict the maximum possible V¢ potential of a
perovskite 2] tandem solar cell as a function of illumination
intensity. Following Stolterfoht et al.,[°"l we extract pseudo-JV
curves from the summed Suns—QFLS and compare them to
pseudo-]JV curves extracted from the Suns—Vyc dependence.
In contrast to JV measurements under illumination, pseudo-
JV curves derived from Suns—Vq are unaffected by transport
losses. Pseudo-JV curves from Suns—-QFLS measurements of
bare perovskite absorbers are additionally unaffected by the
various contact layers.l®! Moreover, we can identify the V¢
and FF potential prior to and after proton irradiation to be at
1.85 V and 86%, respectively. With a Js¢ of =20.4 mA cm™ (as
measured under AMO), we thus estimate an efficiency poten-
tial of 24% under AMO illumination conditions for the here
tested high-and low-gap perovskite combination and note that
better light management, via textured foils or by anti-reflection
coatings,[%¥] is a facile route to increase the efficiency potential
towards the practical limit of 28.7%, cf. Figure 1b. Figure 4e,f
shows measured JV curves in comparison to pseudo-JV curves
from Suns—Vpc and Suns—QFLS measurements. Most impor-
tantly, the comparison of pseudo-JV curves from Suns—Vqc
and Suns—QFLS of as-prepared to proton irradiated devices
indicates negligible radiation-induced damage. To quantify
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Table 1. Remaining efficiency (Qn) of perovskite 2) tandem PV after
proton irradiation: Remaining efficiency (Qn) after accumulated proton
doses of 2 x 10'? and 1 x 10" p* cm™. Values were derived from MPP
tracking and Suns—Voc measurements of the studied perovskite 2J
tandem solar cells. Further, the summed Suns—QFLS data of bare high-
gap and low-gap perovskite absorbers were used.

Remaining efficiency (Q7) after

® (p*cm?) 2x10% @ (p*cm?) 1x10"

Q7 (from MPP) 0.97 0.94
Qn (from Suns—Vg pseudo-JV) 1 1
Qn (from Suns—QFLS pseudo-/V) 1 1

this, we compare in Table 1 the remaining efficiency as derived
from maximum power point tracking, Suns—Vqc, and Suns—
QFLS measurements. While MPP tracking suggests relative
losses of around 6%, there are negligible radiation-induced
losses apparent from pseudo-JV curves extracted from Suns—
Voc and Suns—QFLS data, which does not include contribu-
tion from contacts. This result once again suggests that the
degradation of the contact layers limits the radiation hardness
of the actual devices.

4. Comparing Radiation-Induced Damage in IlI-V
on Ge 3) and Perovskite 2] PV

To gain a more in-depth insight into the radiation-induced
degradation, we compare the perovskite 2] tandem solar cell
to III-V 3] on Ge triple-junction space PV. According to EQE
measurements shown in Figure 2e, the GaAs middle cell
degrades significantly under 68 MeV proton irradiation and,
thereby, limiting the overall performance. To identify radiation-
induced damage, we recorded PL images with high-spatial-
resolution using a confocal PL microscope. We selectively
collect the emission from the GaAs middle cell by employing
a 1 = 636 nm excitation laser and appropriate optical filters
for collection. On as-prepared reference samples, Figure 5a,
we observe a highly uniform PL intensity as expected from an
epitaxially grown layer on top of polished Ge wafers. However,
after irradiation, we observe the formation of 500 nm-sized
dark regions that appear and grow in number with increasing
fluence. High energetic particle irradiation is known to damage
along the ion track with a typical diameter between 1 and
20 nm, depending on the particle, energy, and material.l®!
Etching along the track of weakened material can be used to
produce membranes with precisely determined structure.l®
The size of the herein observed dark spots and the low den-
sity =2 x 107 cm™ compared to the accumulated proton dose of
10 p* cm™2, however, suggests that the dark regions correspond
to defect clusters rather than individual radiation-induced
defects (see inset of Figure 5 and Figure S8, Supporting Infor-
mation, for higher-resolution PL maps after proton irradiation).
We note that the actual size of these clusters can be smaller
than the observed dark regions as lateral diffusion of charge
carriers to the trap sites can cause larger spots with reduced PL,
and optical diffraction limits the resolution (=300 nm under the
conditions here).
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Figure 5. High-spatial resolution PL imaging of radiation-induced defect clusters in 111-V 3] on Ge and perovskite 2| solar cells. a) Confocal photo-
luminescence map of the GaAs middle cell within the I111-V 3] on Ge solar cell comprising InGaP/GaAs/Ge prior to and after proton irradiation. As
indicated, excitation was performed through a 100x LWD objective using a 636 nm excitation that excited both the InGaP top and the GaAs middle
cell. To selectively collect emission from the GaAs middle cell, two 750-nm LP filters were used. b) Confocal PL maps of the low-gap perovskite within
the perovskite 2 solar cell. Here, excitation was performed from the backside slightly away from the Au electrode.

By contrast, similar high spatial resolution PL micros-
copy on the low-gap perovskite subcell, which dominates the
degradation in the perovskite 2] cell (cf. EQE measurements
in Figure 2d), do not reveal the formation of distinct dark
spots after proton irradiation (Figure 5b and lifetime maps in
Figure S8, Supporting Information), and the only lumines-
cence variation is the underlying grain-to-grain variation owing
to the polycrystalline nature of the perovskite films also seen
in the reference samples.[®! This is consistent with the earlier
findings from macroscopic PL measurements that any radia-
tion-induced defects within the perovskite bulk do not play a
significant role.

4.1. Revealing the Dominant Degradation Mechanism
in Perovskite 2)

We have shown that the perovskite 2] tandem technology
studied within this paper, as well as the low- and wide-gap
absorber layers themselves, exceed the resilience to high ener-
getic radiation of the current industry-standard technology.
The differences in hardness between the technologies emerge
from the defect tolerance of the halide perovskite structure,
in which the conduction band minimum (CBM) is formed by
antibonding Pb p orbitals, while the valence band maximum
(VBM) is comprising antibonding Pb s and I p orbitals.l®”
The formation of defects in perovskites, e.g., by high-energy
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irradiations, may create dangling bonds that are likely to
appear as states within the bands while leaving the band gap
free of new deep trap states.[®® Moreover, recent works have
shown that defects in polycrystalline halide perovskite thin
films are predominantly formed at interfaces between crystal-
lographically and compositionally distinct entities in the form
of nanoscale clusters,®! which are unlikely to be altered by
the irradiation conditions used herein. The VBM and CBM
of traditional III-V semiconductors, in contrast, are formed
by bonding and antibonding orbitals,[”) opening room for
numerous deep traps that can be formed within the bandgap,
making the material vulnerable to radiation damage. Needless
to say, these properties are closely linked to the high material
quality required in conventional (GaAs, Si) systems for high
performance compared to polycrystalline halide perovskite,
which exhibit a high degree of disorder yet work efficiently
and are of high optoelectronic quality even when processed
from solution. Moreover, low ion migration barriers” in
halide perovskite allow efficient self-healing mechanisms even
at room temperatures that have been observed under light”!l
and high energetic irradiation.!!’]

Nevertheless, we observe a small impact of radiation
damage under AMO conditions that can be traced to the low-
gap perovskite subcell using EQE and absolute PL measure-
ments that selectively probe the individual subcell within the
tandem stack. Current mismatch under AM1.5G and Mars
illumination conditions masks this degradation, thereby
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Figure 6. Simplified recombination contact of perovskite 2J tandem PV
indicating the proposed working mechanism prior to irradiation and an
example of unbalanced injection and additional recombination after high
energy proton irradiation.

exemplifying that bandgap tuning of both the high and low-
gap perovskite absorbers can be a powerful tool to tailor the
radiation hardness of monolithic perovskite tandem solar cells
for specific illumination conditions. In contrast to terrestrial
applications, a high end-of-life performance is paramount for
space applications, and lower beginning-of-life performances
are happily accepted if this minimizes radiation-induced per-
formance losses.

Measurements on bare low-gap perovskite absorbers further
suggest negligible radiation-induced degradation as well as an
unchanged efficiency and Vp¢ potential. High-resolution PL
microscopy measurements exclude the formation of distinct
defect clusters that are observed in GaAs within the irradi-
ated ITI-V 3] on Ge solar cells. Therefore, the combined data
strongly suggest that the degradation is linked to the recombina-
tion contact that interfaces both the high- and low-gap absorber
layers; see highlighted area in Figure 6. Prior to irradiation, the
recombination contact ensures that electrons from the high-gap
perovskite and holes from the low-gap perovskite are efficiently
annihilated. Formation of radiation-induced defects within the
recombination contact as well as work function changes of the
involved layers can lead to unbalanced injection and parasitic
recombination with charge carriers from the same subcell.
Such an unbalanced recombination contact would explain the
paired PL enhancements and losses observed in the high- and
low-gap subcells of the tandem layer stack, respectively.

The recombination contact comprises Cgz/AZO/ITO/
PEDOT:PSS, and, already for Cg, various groups have inves-
tigated the effect of radiation as it is part of the interstellar
medium and can be found within comets and meteor-
ites.’2l While Cgq, is described as relatively radiation hard,
the polymerization to Cj,, dimers and Cig, trimers, as well
as a complete amorphization, are known under harsh/pro-
longed exposure.”>73 In the case of ZnO and ITO, radiation-
induced defects are known to decrease the conductivity, thereby
affecting the performance of ITO transistors.””’] On the other
hand, the electrical conductivity of PEDOT:PSS has been shown
to increase upon UV,® yray,” and high energy electron irra-
diation® due to radiation-induced crosslinking and oxidation
(doping). Moreover, recent reports on thermal degradation

Adv. Energy Mater. 2021, 11, 2102246 2102246 (10 of 14)

www.advenergymat.de

of PEDOT:PSS/low-gap perovskite systems have shown that
PEDOT:PSS can cause the oxidation of Sn of the low-gap Pb-Sn
alloyed perovskite, likely activated from the surface.?*81 There-
fore, in the specific architecture and as shown in Figure 6, the
damaged recombination layer may lead to a barrier to charge
quenching from the high-gap perovskite to the Cgy thus
increasing the PL intensity of that absorber relative to the pris-
tine control, while the damaged, more-conductive PEDOT will
better quench the PL from the low-gap cell (cf. Figure 4a). The
collective results highlight that the perovskite tandem absorber
layers are sufficiently radiation-hard, but more robust, radiation-
hard recombination contacts must be identified to unleash
the full potential of all-perovskite tandem solar cells for space
applications.

5. Challenges

While resilience to high energy radiation is the key require-
ment for adopting any emerging PV technology in space,
there are many additional environmental extremes that space
PV modules need to withstand. Most prominently, these are
solar UV radiation, high vacuum, extreme temperatures and
temperature cycles, as well as atomic oxygen (AtOx) in low-
Earth orbit, and low-intensity low-temperature (LILT) environ-
ments in the vicinity of Jupiter, Saturn, and deep space.8284
In the following, we will discuss the importance of these addi-
tional environmental stresses for perovskite-based tandem PV
technologies. Perovskite solar cells are commonly made in
superstrate configuration in which illumination is performed
through the substrate, and the backside is encapsulated to
protect them from moisture and oxygen.®! We measured
the transmission of commonly used rigid and flexible sub-
strate materials, see Figure S10 (Supporting Information), and
found that those substrates effectively block harsh vacuum-
UV, UV-C, and UV-B radiation. Such short wave UV light is
otherwise capable of damaging the often used organic contact
layers®l and the perovskite itself, particularly in the case of
methylammonium-based compositions.®”] To also block UV-A
light, we propose the use of down-converters on or within the
substrate that have successfully prolonged the stability of par-
ticular UV-A sensitive perovskite compositions/architectures
and further improved their power conversion efficiencies.[#8-1
The same substrate and encapsulation solutions can further
be practical barriers to AtOx formed by photodissociated O,
in the upper earth atmosphere. However, the substrate and
encapsulation materials themselves must be made from poly-
mers that withstand harsh UV and AtOx to avoid scissioning
and chemical erosion of the substrate and encapsulation.®4
Promising candidates are fluorinated polymers or the use of
protection layers.’#! The substrate/encapsulation material
choice will also define the outgassing of volatile components,
additives, adsorbed gases, or degradation products.®! An
entirely different challenge are extreme temperature cycles
between —100 and +90 °C during eclipse and full AMO illumi-
nation that cannot be avoided. Especially methylammonium
lead iodide perovskites undergo phase transitions in this tem-
perature regime, and many works have speculated that this
might become problematic during temperature cycles.’>%3
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Quite contrary to that, recent works showed that cycling to low
temperatures activates an self-elimination of intrinsic defects
in compositionally engineered perovskite compositions, such
as the high- and low-gap compositions used herein, boosting
the Voc and 7 after temperature cycling beyond as prepared
values.” While these measurements have been performed
down to 180 K under AMO illumination in an aerospace sim-
ulation chamber,® other works have recently simulated the
low-temperature (=100 and 135 K) and low-intensity (0.011
and 0.037 AMO) (LILT) environments found at Saturn and
Jupiter orbits.B3l Their results demonstrated the promise of
perovskite-based PV systems for LILT environments and deep
space missions.B3l Unlike many traditional PV technologies
that possess low temperature coefficients of around —0.3% K!
(CIGS, Si, I1I-V 3]),%! halide-based perovskites have smaller
values around —0.1% K! making them attractive candidates
for low-temperature environments.®>¥ The other extreme is
high temperatures. While this challenge is well mimicked in
standard accelerated aging tests of perovskite PV for terrestrial
use cases, summarized elsewhere,”*71% we note the absence
of convection cooling, which requires optimization of the IR
emissivity. In flexible CIGS space PV, this has been solved
using polysiloxane coatings.!%?!

6. Conclusion

In conclusion, we have identified all-perovskite multijunction
PV to have immense potential for next-generation ultralight-
weight, flexible, but cost-efficient space photovoltaics. Pro-
cessed on flexible foils, their specific power outperforms today’s
space PV, III-V 3] on Ge technologies. We demonstrate via in
situ measurements during high energetic proton irradiation
that the ability of all-perovskite tandems to withstand the harsh
radiation environment in space exceeds those of commercially
available III-V 3] on Ge systems. The perovskite 2] tandem
solar cells retain over 94% of their initial efficiency under AMO
after high energy proton irradiation at an accumulated dose
of 1 x 108 p* cm™ equivalent to the accumulated dose after
>100 years in near-earth and >10 years in geostationary orbit.
Tested I1I-V 3] solar cells on Ge, the yet unparalleled industry-
standard technology combining high radiation hardness and
high efficiency, in contrast, degrade by more than 22% under
identical conditions. By measuring the EQE of the individual
subcells, we identify the low-gap perovskite bottom cell (albeit
small overall damage) and the GaAs middle cell (large overall
damage) are most susceptible to radiation-induced damage
within those two systems. We reveal radiation-induced defect
clusters in high-resolution PL microscopy within the GaAs
middle cell, which we do not observe upon proton irradiation
in the low-gap perovskite bottom cell. In contrast, we show
that the Vi, FF, and efficiency potential of high- and low-gap
perovskite compositions required for efficient perovskite 2]
tandem PV remain high and unchanged. We propose, based
on our combined electrical and optical characterizations, that
the recombination contact formed by a sandwich of organic
and inorganic materials becomes slightly damaged. At the same
time, the individual high- and low-gap perovskite absorbers
themselves remain unaffected. Radiation-induced damage in
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the compared III-V and perovskite-based technologies, there-
fore, follow distinct mechanisms.

7. Experimental Section

Full details of experimental procedures can be found in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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