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THE BIGGERPICTURE Imagine a permanent moonbase, a village, or even a city on the Moon powered by the
near-constant solar illumination at the lunar south pole. The problem: transporting enough conventional solar
cells to the Moon, to supply lunar living, large habitats, research, construction, and first industrial activities.
Here, we propose and demonstrate a novel solution that saves 99% of material transport weight and thus
costs. Our approach utilizes the available regolith on the Moon to fabricate moonglass that serves as sub-
strate and encapsulation to fabricate resilient moonglass/perovskite solar cells and modules. With ultrathin,
defect-tolerant perovskite absorbers, this requires minimal material supply from Earth and is scalable to pro-
duce solar cells on the Moon with minimal equipment, resilient fabrication processes, and lowest energy
payback times. Our hybrid approach outperforms strategies that rely on solar cells from Earth while avoiding
complex and technology-intensive mining, extraction, and purification of semiconductors on the Moon. Be-
ing highly resilient to the harsh radiation environment, our moonglass/perovskite solar cells thus pave the
way for sustainable lunar-energy solutions.

SUMMARY

Powering future Moon settlements requires reliable and cost-effective energy generation with high specific
power. Here, we propose halide perovskite photovoltaics (PV) fabricated on regolith-based moonglass that
could be produced on the Moon, thereby saving 99% of material transport weight. This enables effective spe-
cific power ratios, over 22-50 W/g, a factor of 20-100 higher compared to traditional space PV solutions,
while not compromising radiation shielding, reliability, and mechanical stability as done until now. Using
anorthosite high-glass-forming regolith simulant, we achieve transparent moonglasses that allow depositing
high-quality perovskites. We achieve performances on par with references, revealing the potential of perov-
skite-based Moon photovoltaics, and propose routes to achieve power conversion efficiencies of 23%. The
moonglass exhibits high tolerance to high-energetic proton irradiation, which, when combined with the radi-
ation tolerance of perovskites, allows highly radiation-tolerant, reliable devices paving the way to future sus-
tainable lunar-energy solutions.

INTRODUCTION exploration with prolonged human presence, creating a sustain-

able and safe environment for humanity in space.’? With the
The closest celestial body to the Earth is the Moon, and, there-  planned Lunar Gateway and crewed landings on the Moon in
fore, it is considered the first step for future sustainable space 2026 with Artemis 3, a permanent moonbase seems within
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range. However, key technological advancements for light-
weight, reliable, and cost-effective energy generation are imper-
ative. Most planetary missions to date rely on solar cells for their
power systems, primarily using llI-V semiconductor-based
multi-junction solar cells. These surpass 30% power conversion
efficiency (PCE)** yet they provide specific powers of up to ~50/
300 W/kg (cell/module level) only. This can be improved to ~200/
1,000 W/Kkg (cell/module level) utilizing the newest roll-out-solar
arrays in which the solar cell layer stack is epitaxially lift-off after
production and adhered to a thin foil.>*® Recently, we and others
proposed perovskite solar cells that could be manufactured
directly on ultrathin foils (~10-200 pm), a cheaper and more scal-
able solution. The specific power of perovskite-based single and
tandem solar cells can reach values of up to 1,000 W/kg, based
on 100-pum thin substrate and encapsulation foils.” Yet these ul-
trathin foils provide little protection from radiation and microme-
teorites and are prone to degrade in the harsh UV, atomic-oxy-
gen (AtOx), radiation, and vacuum environment in space and
on the Moon.? This dilemma between thick glass substrates/en-
capsulations offering radiation protection as well as mechanical
stability vs. thin foils reducing launch mass is inevitably a delicate
compromise, considering the exorbitant space transportation
costs of about 1 million Euro/kg to the Moon.

Here, we propose using the lunar regolith, a layer of loose, ho-
mogeneous, and virtually inexhaustible material that blankets the
crustal bedrock of the Moon, to overcome this compromise and
dilemma. Our approach will enable solar cells with power-per-
launched-mass ratios of up to 50,000 W/kg without sacrificing
the advantages of millimeter-thick encapsulations offering me-
chanical and radiation protection for the underlying solar cells
(calculation details in Tables S1, S3, S4, and Figure S2). For
this purpose, we combine in situ resource utilized (ISRU) Moon
regolith with ultrathin halide perovskite solar cells to fabricate
efficient Moon-perovskite solar cells, as summarized in Figure 1.
The first step is to fabricate moonglass of good optical quality,
which can serve a dual purpose: as a substrate for perovskite so-
lar cell fabrication and, being millimeter thick, as a protective
cover for the harsh radiation environment on the Moon. More-
over, robust glass/glass encapsulated modules would allow
easy handling and installation, similar to terrestrial applications,
which would be extremely costly if millimeter-thick substrate/
encapsulation needs to be sourced from Earth. Notably, the
Moon regolith could be used without complex purification, and
the equipment required can be as simple as a solar furnace. A
solar furnace designed for lunar operations hereby would utilize
parabolic mirrors or Fresnel lenses to concentrate sunlight into a
highly focused area where the regolith is subsequently heated
and melted in order to produce moonglass. This system would
benefit from the high solar flux (~1,400 W/m? on the Moon
without the atmospheric attenuation seen on Earth. Perovskite
solar cells fabricated on top of the regolith-based moonglass
require ultrathin absorber layers only (~500-800 nm), allowing
the fabrication of 400-m? solar cells with just 1 kg of perovskite
raw material brought from Earth.® With processing temperatures
<150°C, halide perovskite-based solar cells offer lowest energy-
payback times down to 0.15-0.40 years, compared to 1-2.5
years for silicon.'®'? This is an important metric, considering
that the energy required to build solar cells on the Moon must
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be produced on the Moon. Moreover, halide perovskites tolerate
high impurity and defect concentrations in the 1%-10% range.'®
This will significantly facilitate future production on the Moon, al-
lowing non-perfect deposition processes as well as a choice of
various deposition techniques, ranging from printing to thermal
evaporation or even a combination of the two in a sequential
deposition. Halide perovskite-based solar cells have not only
reached high efficiencies for single junctions of 25% ' but their
bandgap tunability also allows the fabrication of multi-junction
solar cells,'® offering future upgrades reaching efficiencies only
achieved using expensive llI-V semiconductor technologies.
Lastly, halide perovskite single and tandem solar cells exhibit
a unique radiation tolerance, making them ideal candidates for
the extreme radiation environment on the Moon.” 8416
Assuming a small-scale production line with an equipment
mass of around ~3 tonnes, producing moonglass/perovskite so-
lar cells on the Moon would outperform solutions fabricated on
Earth above a PV capacity of 3 MW, roughly capable of supplying
a base for ~200 astronauts (extrapolating power requirements of
the international space station [ISS]; see Figure S3).

Combining facile preparation on the Moon, utilizing a low
quantity of high-quality raw materials sourced from Earth and
an abundant resource on the Moon that can be used without
complex purification steps, we believe our hybrid ISRU
approach is highly realizable and easily scalable in the near
future. Other proposed methods, which entirely rely on the min-
ing of all raw materials on the Moon, require not only mining
equipment but also metallurgical reduction methods, e.g., to
reduce SiO, to silicon through molten regolith electrolysis, as
well as various purification steps to provide semiconductor raw
materials with low impurity concentration <ppb; see also our
detailed comparison in Table S1. The high energy demand,
together with more complex processing and fabrication tech-
niques required, poses technological challenges on the Moon
that likely will not be realizable in the near future, although ad-
vancements are being made."?

RESULTS AND DISCUSSION

Moonglass fabrication from TUBS-T regolith

Lunar regolith exhibits variations in composition and physical
characteristics depending on whether it is found in the highlands
(Terrae) or the lowlands (Maria) of the Moon. Regolith of the lunar
highlands is mainly composed of anorthosite (a rock rich in
calcium and aluminum), while regolith of the lunar lowlands are
primarily composed of basaltic rocks (richer in iron and magne-
sium).?° In this study, we primarily use the lunar regolith simulant
TUBS-T, which is an anorthositic material produced at the Tech-
nische Universitat Berlin that replicates the composition, miner-
alogy, and particle size distribution of the regolith found in high-
land terranes of the Moon.?" TUBS-T, replicating anorthosite
regolith, from highland terranes, is composed of 48.7 wt %
SiO,, 30.3 wt % Al,O3, 14.57 wt % CaO and contains low quan-
tities of heavy metals oxides (with a low FeO and TiO, content of
1.05 wt % and 0.12 wt %, respectively), similar to lunar ferroan
anorthosites that have been captured by the Apollo missions
(see Table S1), making it a good glass former.?? Basaltic regolith,
replicated by the TUBS-M simulant, has a higher content of
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Figure 1. Overview over lunar solar energy provision strategies

Envisioned perovskite solar cell fabrication on the Moon, utilizing ISRU to produce moonglass from regolith, followed by halide perovskite solar cell deposition.
1 kg of perovskite precursors brought to the Moon, together with around 1.12 tons of regolith, are sufficient for around 400 m? of Moon-perovskite solar cells for a
moonbase scenario like that presented by the ESA."” Also shown is the effective specific power, as power per launched mass, of the moonglass-based
perovskite solar cells in comparison to traditional and recently proposed technologies. (Detailed calculations are summarized in the supplementary information.)
For the moonglass fabrication panel, an extrusion of a regolith melt adapted from Stapperfend Berlin et al."® is shown.

heavy metals oxides (with a FeO content of 10.14 wt % and TiO,
content of 2.29 wt %) and lower presence of Al,O3 and CaO
(13.28 wt % and 8.31 wt %, respectively) in comparison to the
TUBS-T.?'"2® In addition, MgO is also found in higher propor-
tions in TUBS-M than in TUBS-T (8.73% against 0.57 wt %).
These differences in chemical composition result in significant

tonality differences between the simulants and the glasses man-
ufactured with them?® (see Figure 2A).

For the experiment validation in the laboratory, we fabricated
moonglass by heating the powder at 1,550°C for 3 h in a platinum
crucible inside a resistance furnace in vacuum followed by grad-
ually cooling to room temperature to prevent damage of the
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Figure 2. Regolith-based moonglass
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(A and B) Photograph of TUBS-T and TUBS-M regolith simulants and glasses made thereof.
(C-E) Cross-sectional and top-view microscope images as well as transmission spectra of various thicknesses of TUBS-T moonglass.

glass due to thermal shock (for fabrication details see supple-
mental experimental procedures). Figure 2B displays top-view
photographs of the resulting glass from both simulants. The
TUBS-T glass exhibits good transparency compared to the
TUBS-M, which exhibits no transparency. This is due to
the chemical differences, especially the high FeO content
of the lowland regolith simulated with TUBS-M. Hence, we
selected highland regolith, simulated in TUBS-T for further solar
cell fabrication, but note that the lowland regolith mimicked with
TUBS-M could still be a good choice for the back glass of future
glass/glass solar modules. Moreover, we note that reduced
gravitational convection on the Moon may affect the mixing dy-
namics during melting and, consequently, solidification, indi-
cating that extrapolating glass production from Earth to the
Moon will require careful consideration. To maximize the trans-
mission of the TUBS-T glass for use in solar cells, we varied
the thickness from 4 to 1 mm (see Figure 2C). This allowed a
peak transmission at 700 nm of up to 20% (4 mm), 25%
(3 mm), 44% (2 mm), and 65% (1 mm); see top-view microscope
images and transmission spectra in Figures 2D and 2E. This
transmission window is perfectly aligned with the absorption of
a ~1.5-eV-bandgap halide perovskite. However, the transmis-
sion of moonglass is still lower than the transmission of standard
glass (typically 90% transmission), which is attributed to the
presence of FeO (1.05% in TUBS-T compared to 0.08% in
standard glass and 10.14 wt % in TUBS-M) imparting a dark-
ening effect on the glass.

Halide perovskite deposition on moonglass

The formation of high-quality perovskite layers can strongly
depend on the underlying substrate, its wettability and rough-
ness, as well as its thermal expansion coefficients. In some
cases, protonation reactions between the substrate (e.g., steel)
and the perovskite are reported, which could diminish optoelec-
tronic quality and lead to degradation.’® In particular, the organic
cations present in highly efficient perovskites, such as methyl-
ammonium (MA) and formamidinium (FA), are prone to react
with some metal oxides that may be present in the Moon regolith
(e.g., FeO, TiO,, Al,03, MgO, Ca0, Na,0, K,0, MnO, Cr,0g)."**"

4 Device 3, 100747, July 18, 2025

Previous works developing perovskite on metal foils tackled this
by inserting barrier layers such as 300-nm Ti or 100-nm indium-
doped tin-oxide (ITO).>* Nevertheless, the out-diffusion of glass
impurities through these thin barriers into the semiconductor
could potentially create trap states that lead to parasitic recom-
bination. This is a severe problem for liquid-crystallized silicon on
glass substrates, for which specialized glasses and multilayer
barrier layers are required.?® Moreover, high roughness requires
the use of smoothing interlayers such as 5-um polymers or time-
consuming polishing steps to achieve high efficiencies.?®>” On
the contrary, Singh et al. recently revealed that some rout
mean square (RMS) roughness at the order of 3.6-nm allows
suppression of degradation compared to ultra-smooth surfaces
at around 2-nm RMS.?® Lastly, thermal expansion coefficients in
the substrate that are vastly different from those of the perovskite
semiconductor can lead to buildup of stress and microstrain
of the perovskite, impairing performance and also leading to
poor stability.?® Again, this may require balancing interlayers
for mitigation.

To assess the feasibility of fabricating perovskite solar cells
on moonglass, we investigated the microstructural and optical
properties of a Csp o5(MAg.02FA0.98)0.95Pb(lo.08Bro.02)s  triple-
cation perovskite spin coated on top of a 2-mm thick moonglass.
We employed this composition previously in inverted perovskite
solar cells reaching efficiencies of over 23% (AM1.5G).*%*" Prior
to perovskite deposition, the moonglass was further coated with
a 150-nm thin layer of indium-doped SnO, (ITO) as well as a thin
self-assembling monolayer of Meo-2PACz, which serve as elec-
trode and hole-transport layer later on, but we also investigated
bare perovskite layers that were deposited directly onto the
moonglass and do not find accelerated degradation behavior.

Figure 3A compares the morphology of perovskite films
deposited on moonglass substrates and common glass, charac-
terized with scanning electron microscopy (SEM). The top-view
micrographs demonstrate nearly identical grain formation and
spacing in the layers on both substrates (see also grain size dis-
tribution in Figure S3). Figure 3B presents grazing incidence
wide-angle X-ray scattering (GIWAXS) diffractograms on both
substrates conducted at an incident angle of 3° to reveal
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Figure 3. Perovskite on moonglass
A) SEM top-view micrographs of perovskite films on moonglass and glass.
B) GIWAXS for perovskite on moonglass and glass.

D) PL images for neat perovskite layer on moonglass and glass substrates 100x increment with blue-light excitation.

(
(
(C) XRD for Pbly, triple-cation perovskite and crystallite size and strain comparison for moonglass and glass.
(
(

E) PLQY for neat perovskite on moonglass and glass with QFLS statistics calculated from PLQY measurements of various moonglass/glass samples. Box plots

indicate 25-75% ranges and 1.51QR whiskers.

(F) Pseudo-JV characteristics of bare perovskite absorbers on moonglass/glass from intensity-dependent PLQY measurements.

information on the texturing of the perovskite bulk. The results
expose well-defined diffraction rings of the perovskite (e.g., at
q=0.99 A’1), indicative of a good polycrystallinity. Comparing
GIWAXS results on glass and moonglass reveals an identical pic-
ture where intensity, position, and azimuthal behavior barely
vary, indicating that the moonglass substrate does not induce
further texturing of the perovskite (see also Figures S4 and S5).
Further corroboration of these findings is provided by an X-ray
diffraction (XRD) analysis in Figure 3C. The integrity of the perov-
skite on both substrates is well correlated with expected diffrac-
tion patterns without significant peak shifts that would indicate
strain due to mismatched thermal expansion. In both films, we
observe the presence of Pbl, corresponding to the used Pbl,

excess in the perovskite precursor solution. We then utilized
the Williamson Hall model (see inset in Figure 3C) to evaluate po-
tential microstrain and find comparably low values for the perov-
skite layer on moonglass (0.13%) and on glass (0.12%) with
slightly smaller crystallite sizes of 31 nm on the moonglass
compared to 41nm on glass, indicating slightly denser nucle-
ation. To probe the optoelectronic quality, we recorded photolu-
minescence (PL) images, photoluminescence spectra, and the
photoluminescence quantum yield (PLQY) from the perovskite
side (see Figures 3D and 3E, respectively). We find identical PL
images and spectra but a slightly higher PLQY for moonglass
at 2.1% compared to glass at 1.5% on average. We then re-
corded intensity-dependent PLQYs to calculate pseudo-current
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voltage (pJdVpL) characteristics, as shown in Figure 3F. As we
described previously, these provide insights into the efficiency
potential of the respective perovskite films based on their mate-
rial quality.>* Here, we find identical pseudo-fill-factors (pFFs)
and pVocs as well as an efficiency potential of 24.9% and
24.6% on moonglass and normal glass, respectively. This re-
veals an optimal optoelectronic quality of the perovskite depos-
ited on moonglass. We further find no impact of potential out-
diffusion of impurities from the moonglass into the perovskite
on performance and quality of devices even at long timescales
(see Figure S8).

Moonglass-perovskite solar cells

Given the promising optical, morphological, and structural prop-
erties that perovskite deposition on moonglass exhibited, we
introduced the 2-mm moonglass in a full perovskite single-junc-
tion solar cell utilizing a standard opaque p-i-n configuration us-
ing 100-nm layer of Cu as back electrode (superstrate configura-
tion, Figure 4A). A detailed description of the device fabrication
can be found in the supplemental experimental procedures.
Control devices on glass substrates reached power conversion
efficiencies (PCEs) of 18.6% and 16.4% under AM1.5G (100
mW/cm?) and AMO (136 mW/cm?) illumination conditions,
respectively (see Figures 4B and S9). This efficiency can be
increased by using ITO layers with lower resistance (e.g., using
commercial ITO-coated glass featuring 20 Q™' compared to
55 Q" in our custom-made ITO), enabling PCEs of 20.2%
(AM1.5G) and 17.1% (AMO) (see Figure S9). Moreover, passiv-
ation of the perovskite/Cegg interface, e.g., using LiF, carborane,
or 2D perovskites, as we have demonstrated previously,*® would
push the efficiencies further by up to +2% absolute, reaching
23.2% and 19.8% (AMO) (see Figure S9), yet this was not the
focus of this paper.

The PCE of moonglass-based solar cells reached up to 8.5%
(AMO), which sets a milestone for Moon-based perovskite solar
cells yet is lower than the glass control devices. This difference
can be primarily attributed to the dark pigmentation of the moon-
glass, which reduces the peak of light transmission (Tpeak) from
~95% to Tpeak = 44% for a thickness of d = 2 mm. This is re-
flected in a reduced external quantum efficiency (EQE) and
short-circuit current (Jsc) from ~90% maximally and 28 mA/
cm? (AMO, glass) to ~40% and 13 mA/cm? (see Figures 4B
and 4C). To investigate the performance losses further, we re-
corded the electroluminescence (EL) quantum yield (ELQY) as
a function of injection current. Similar to intensity-dependent
PLQY measurements, this allowed us to extract pseudo-JVg_
(pJVEL) characteristics that are free from series resistance ef-
fects. In both cases, we find a pFFg_ of ~88% and identical
pVocs, highlighting the good perovskite deposition on moon-
glass. The pFFg_ is significantly higher than the FF of around
73%, indicating severe series resistance limitation from our
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custom-made ITO. Improving the ITO by optimizing deposition
or post-deposition annealing would enable an increase in PCE,
as seen in Figure 4D. Nonetheless, devices fabricated in the
superstrate configuration will remain limited by the parasitic ab-
sorption of the moonglass.

To circumvent the parasitic absorption of the moonglass, we
implemented a substrate configuration in which the perovskite
solar cell is illuminated from the top contact side and not through
the moonglass. For this purpose, we developed an ultrathin semi-
transparent metal contact comprising Cu (1 nm)/Ag (10 nm)/
MoO3 (20 nm) that can be thermally evaporated as well as a trans-
parent conductive oxide contact that utilizes a sputtered indium
zinc oxide (1ZO) layer of 150 nm. A comparison of the respective
device stacks is shown in Figure 4A, while full fabrication details,
as well as optimization details, are given in the supplemental
experimental procedures and Figure S13. Devices based on
the ultrathin Cu/Ag/MoO3; contact reached similar PCE, Jsc,
and EQE values of ~10%, 18 mA/cm?, and 63% on moonglass
and glass (see Figures 4B and 4C), highlighting that the parasitic
absorption of the moonglass was successfully circumvented.
Although optimized Ag and MoOj3 thicknesses allowed the reflec-
tion and parasitic absorption of the ultrathin metal contact to be
reduced down to record values compared with the literature,**
the ultrathin Cu/Ag/MoO; contact layer still exhibits significant
optical losses by itself. These optical losses were further reduced
in devices utilizing 1ZO contacts, enabling even higher EQE and
Jsc values of 88% and 26 mA/cm? both on moonglass and
normal glass (see Figures 4B and 4C). Since no sputter buffer
layer was used, the selected sputter process was a soft-sputter
process, optimized for sensitive substrate layers.> This allowed
improved efficiencies of 12.3% and 11.6% on the moonglass and
glass, respectively. However, devices based on ultrathin Cu/Ag/
MoO3; and 1ZO are still limited by the sheet resistance of our
custom-made ITO and semitransparent top contacts, which im-
pacts the FF. Further optimization of these layers or the simple
use of additional contact grids will further reduce transport losses
and enable performances on par with pJVg,_ to be reached, as
shown in Figure 4D.

Another strategy to reduce the parasitic absorption of the
moonglass is reducing its thickness. For the TUBS-T regolith-
based moonglass, we simulate transparencies above 80% for
d =0.25 mm; see Figure 5A. Drift diffusion simulations, perfomed
using the Simulation Software for Organic and Perovskite Solar
Cells and LEDs (SETFOS)*® as detailed in the supplementary in-
formation, predict an achievable Jsc of 30.1 mA/cm? (Fig-
ure S15), which results in a PCE of 21.5% for 0.1-mm moonglass
under AMO illumination; see Figure 5B. Optimizing transport
layers and interfaces would further boost this efficiency to
22.1% and 22.7%, as pPCEg_ and pPCEp,_ results suggest.

Our three designs utilizing opaque Cu, transparent ultrathin
metal, or transparent IZO contacts demonstrate the feasibility

Figure 4. Perovskite-based solar cells on moonglass
(A) Layer stack for the different fabricated devices.

(B) PCEamo for perovskite on moonglass and glass with the Cu, Cu/Ag/MoQ3, and 1Z0 top contacts. Also shown are their pPCE, measured on complete devices
and the pPCE, from neat films.Box plots indicate 10,25,75,90% ranges & mean lines.

(C) Corresponding EQE of champion devices with their integrated Jsc for the different substrate and top contact configurations.

(D) J-V(solid lines) and pJ-Vg, curves (dashed lines) for the different substrate and top contact configurations.
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of highly efficient perovskite-based moonsolar cells, comparable
with glass reference samples. For a first adoption, we believe
that the most simple design using opaque metal electrodes will
have advantages over the more complex ultrathin metal or 1ZO
architectures. However, the transparent top contact design
could be particularly relevant for regions on the Moon with higher
FeO impurities, resulting in even darker moonglass, similar to the
TUBS-M glass shown in Figure 2. Additionally, magnetic separa-
tion techniques, proposed by Schleppi et al.,>” would enable a
decrease in FeO impurity concentration, thereby improving
moonglass transparency toward a transmission of 80%-90%.
Magnetic separation promises a rather facile integration into
future moonglass fabrication without the high purification de-
mands needed for sourcing PV-grade silicon (~ppb impurity
levels) for silicon solar cell fabrication on the Moon.

Overall, our results pave the way for future moonsolar cells
based on halide perovskites, an approach that, considering the
facile perovskite and moonglass fabrication, outshines other pro-
posed methods to produce solar cells on the Moon. Fabrication
of silicon solar cells on the Moon from regolith has been proposed
and discussed extensively since the 1990s.%%*° However, the
refinement of regolith to high-purity silicon for optoelectronics
(impurity concentration <1 ppb) and the fabrication of silicon solar
cells require highly complex processes. This makes fabricating
efficient silicon solar cells on the Moon a highly complex
endeavor. On Earth, high-purity silicon wafers, the starting mate-
rial for silicon solar cells, are obtained by carbon arc welding of
crushed quartz, reducing SiO, to CO, and molten silicon with
99% purity. Then, in a second step, the silicon is further purified
via floating zone puirification, and then finally (once impurities are
<1 ppb), silicon ingots are made using Czochralski growth.® We
believe these purification steps still pose tremendous technolog-
ical challenges on the Moon, considering the impure regolith as
the starting material. The required equipment likely will be signif-
icantly more complex compared to perovskite and moonglass
fabrication, and, moreover, lower material quality/purity would
impair efficiency significantly. Lastly, standard silicon solar cells
are highly susceptible to radiation damage, which would accu-
mulate in the harsh radiation environment of the Moon.®

Radiation tolerance

A crucial requirement for the adoption of moonglass-based solar
cells on the Moon is their ability to resist the harsh radiation envi-
ronment present. Compared with the radiation flux at the ISS,
there is a significantly higher radiation flux on the Moon due to
the solar and cosmic radiation but also a slowed-down/second-
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ary radiation coming from high-energetic particles that hit the
Moon regolith. Both are a threat for astronauts but also for the
performance of solar cells/electronic components. Figure 5C
shows the resulting proton radiation field.*®*! In Figure 5C, we
evaluate the shielding capabilities of the TUBS-M moonglass
for high-energetic protons. Our Stopping and Range of lons in
Matter (SRIM) calculations reveal that a thickness of 2 mm is
capable of shielding protons below ~20 MeV, which constitute
the majority of damage in thin-film solar cells. Typical cover-
glass thicknesses used in space are about 100 um, while, due
to the exorbitant transport costs, thicker shielding is rarely
used. Nevertheless, even with 2-mm moonglass, higher energies
are not blocked, and thus can still damage the underlying solar
cell device stack. To evaluate the capability of our moonsolar
cells to withstand the radiation spectrum on the Moon, we
have therefore chosen a proton energy of 68 MeV, which mimics
the expected damage profile due to a polyenergetic, omnidirec-
tion radiation spectrum, as present on the Moon, very well.
Figure 5C shows the energy loss of 68 MeV p™* in the Moonsolar
cell-layer stack, revealing a homogeneous damage profile
throughout the moonglass as well as the active layers of the
perovskite solar cell. While we have previously developed halide
perovskite single and tandem solar cells with the highest radia-
tion tolerance,”®'*'® most glass substrates darken significantly
under radiation due to the formation of color centers in the glass.
Without using specialized radiation-tolerant glasses, e.g., using
high-purity quartz or adding CeO,,*? this can lead to a decrease
in Jsc and thereby deteriorate the performance of solar cells. A
crucial question is, therefore, whether the moonglass, with
many pre-existing color centers, darkens further upon radiation
exposure.

Figure 5D depicts the remaining efficiency of a 2-mm moon-
glass solar cell, measured during 68-MeV proton irradiation up
to a total dose of ¢ = 2 x 10'2 p*-cm™2. Surprisingly, the
moonglass-based device retained approximately 96% of its
initial performance during the in situ experiment. To put this
into context, we plotted previous in situ measurements of an
MAPDI; solar cell on 1-mm glass alongside Figure 5D, revealing
a remaining factor of only 82%, partly from glass coloring and
partly from radiation damage in the perovskite that later self-
healed (see Lang et al.'®). Post-irradiation measurements of
the moonglass solar cell, conducted 3 weeks after the irradia-
tion once the remaining activity allowed safe handling, revealed
an identical EQE and only a reduction of PCE of 0.03% ,s. This
indicates a post-irradiation remaining factor of 0.996 (see Fig-
ure 5E) and implies no deterioration of the moonglass or the

Figure 5. Stability of moonglass-based perovskite solar cells and efficiency potential
(A) Calculated transmission and simulated JV characteristics for different TUBS-T regolith-based moonglass thicknesses.

(B) Simulated PCEapmo from a coupled drift-diffusion and optics simulation in SETFOS as a function of moonglass thicknesses alongside experimental results and
PCE potentials from pseudo-JV characteristics derived from EL and PL.

(C) Albedo particle flux of the Moon, showing protons from the galactic cosmic radiations as well as secondary protons induced by the lunar soil. Neutrons,
positrons, electrons, and gamma rays are not shown. Data adapted from Dobynde et al.*® SRIM simulation of the projected range of high-energetic protons in
moonglass showing the shielding capability of, e.g., 2-mm moonglass. SRIM simulation of the damage profile under 68 MeV p+, revealing a homogeneous
damage profile within the moonglass and the perovskite solar cell, similar to what is expected from omnidirectional, polyenergetic radiation environment.®

(D) Remaining efficiency of perovskite solar cells on 2-mm moonglass and 1-mm standard glass under 68-MeV proton irradiation up to a proton dose of 2E12
p*/cm?.

(E and F) Measured JV parameters before and after proton radiation for perovskite devices on 2-mm moonglass, 1-mm standard glass, and estimated results for
2-mm standard glass.
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perovskite. To put these results into context, we extrapolated
post-irradiation results of an FAp7Csg3Pb(lgeBrg.1)s based
p-i-n solar cell on 1-mm glass from Lang et al.’* to AMO condi-
tions in Figure 5F, and we found a remaining factor of 0.88 in
the case of a 1-mm standard-glass substrate due to glass col-
oring leading to a reduced EQE and predict a remaining factor
of 0.79 for a 2-mm glass substrate.

In comparison, the TUBS-T moonglass therefore exhibits a
surprising radiation tolerance on par with expensive Ce-doped
glasses. Formation of color centers in conventional amorphous
glasses upon ionizing radiation is ultimately due to the ionization
and subsequent electron and hole trapping, e.g., at an F center.
Cerium, featuring Ce®/Ce** oxidation states in glass, allows
acceptance of electron/holes, respectively, thus preventing the
formation of color centers. Our typical moonglass contains about
1% of iron, which also exhibits Fe?*/Fe3* charge states. This iron
impurity can suppress formation of trapped electron/hole color
centers similar to cerium®®** and consequently can protect the
moonglass from radiation-induced coloring. This extraordinary
radiation tolerance of TUBS-T moonglass, mimicking raw
anorthositic regolith found in highland terranes, together with
the radiation tolerance of halide perovskites, is a crucial factor
for future long-term-stable Moon solar cells that survive the
most extreme radiation conditions.

Conclusions

In conclusion, we have set the first foundation for future solar cells
that can be produced on the Moon. We demonstrated that utiliz-
ing raw anorthositic regolith found in highland terranes of the
Moon as transparent moonglass substrate and encapsulation,
together with halide perovskites thin-film solar cells, has the po-
tential to provide the highest power-to-launched-mass ratios of
~22-50 W/g while not sacrificing thick encapsulation solutions
for radiation shielding, reliability, and mechanical stability or
relying on complex mining, extraction, and purification tech-
niques. We proposed and tested three device configurations uti-
lizing opaque Cu electrodes in a superstrate configuration as well
as transparent ultrathin metal and IZO designs in substrate con-
figurations. In the substrate configurations, PCEs reached 9.4%
(with the ultrathin metal contact) and 12.1% (with 1ZO) on moon-
glass under unoptimized conditions for the deposition of the con-
tact layers, comparable to efficiencies achieved on normal glass
substrates. Further optimization of the transparent contact layers
to reduce the series resistance of the devices could allow a PCE
of 17.5%, as suggested by the pJVg_ measurements. On the
other hand, using the simpler superstrate configuration with opa-
que electrodes, moonglass-based devices reached a PCE of
8.6%, limited by the parasitic absorption of the 2-mm thick
moonglass. This could be circumvented using thinner moon-
glasses, and we predict efficiencies of ~21% that can be reached
by using 0.1-mm glass and interface passivation. Experiments
under high-energetic proton irradiation further revealed high radi-
ation tolerance of the anorthositic regolith-based moonglass to
radiation-induced coloring. This enabled highly radiation-tolerant
moonglass-based perovskite solar cells that retain 99.6% of
their initial efficiency after exposure to 2 x 10'2 68 MeV
p*-cm 2. Combining high radiation tolerance, highest power-
per-launched-mass ratios, and a facile fabrication, our regolith-
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based Moon-perovskite solar cells are the most promising route
to power future Moon habitats in the near future.

METHODS

Full details of experimental procedures can be found in the sup-
plemental information.
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