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Objective

To investigate the adaptation of solar photovoltaic technology
for sustained power generation in Martian conditions.

Historical Context

Solar power has been integral to space exploration, powering
satellites since the 1960s and serving as the primary power
source for orbiters, landers, and rovers. The technology is
favored for its relative simplicity, reliability, and longevity in
space. On Mars, however, solar panels face unique challenges:
thinner atmosphere reduces scattered light, frequent dust
storms can obscure sunlight, and extreme temperature swings
test material durability. Current solutions for these issues
emphasize rugged panel materials, multi-junction cells
designed to capture different parts of the solar spectrum, and
dust mitigation strategies that protect and maintain photovoltaic
efficiency.

Fundamentals

Photovoltaic devices generate electrical power by converting
sunlight into electricity within semiconductor materials. When
photons strike a solar cell, they excite electrons, creating pairs
of negative and positive charges (electrons and holes). An
internal electric field then separates these charges, directing
them toward different electrodes. The resulting current is
collected and harnessed as a clean, renewable power source.
This foundational principle, while straightforward on Earth,
demands specialized materials and designs in off-planet
applications where light intensity, spectrum, and environmental
conditions differ significantly from terrestrial norms.
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Design Adaptions

Photon Flux and Spectral Adaptation

Mars’ thin atmosphere and distance from the Sun reduce incident photon flux and shift the solar spectrum toward longer
wavelengths, imposing strict limits on photovoltaic efficiency. To address this, triple-junction InGaP/GaAs/Ge cells—
optimized for Mars’ UV-rich, low-irradiance conditions—can be enhanced with strain-balanced quantum well structures.
These modifications improve infrared absorption by leveraging sub-bandgap photon trapping, a critical capability under
dust-scattered light. Simultaneously, ultra-thin AlGaN coatings deposited via molecular beam epitaxy serve dual roles:
blocking damaging UV photons while acting as anti-reflective layers tailored to Mars’ CO,-dominated air mass. System-
level gains are achievable through holographic planar concentrators, which passively redirect scattered light onto cells,
boosting effective photon flux without mechanical tracking. This approach directly counters Mars’ spectral challenges while
adhering to mass and reliability constraints of space missions.

Temperature-Resilient Band Gap Engineering

Extreme diurnal thermal cycles on Mars (-73° Cto +20° C) induce lattice strain in solar cells and narrow semiconductor
band gaps, elevating recombination losses. Inverted metamorphic (IMM) multi-junction cells, grown on flexible
polyimide substrates, mitigate coefficient of thermal expansion mismatches, demonstrating 10x greater durability in thermal
cycling tests. Compositionally graded AlGaAs layers further stabilize band gaps against temperature fluctuations,
reducing the Varshni coefficient’s impact on open-circuit voltage. Integrating graphene-enhanced thermal interface
materials dissipates heat gradients, while embedded Peltier coolers and sensors enable active temperature regulation.
This hybrid passive-active strategy balances efficiency preservation with energy expenditure, ensuring cells operate near
optimal band gaps despite Martian extremes.

Low-Temperature Electrochemical Energy Storage

Martian nights plunge temperatures to -100° C, crippling lithium-ion batteries through SEI fracture, lithium plating, and
Arrhenius-limited ion mobility. Lithium-titanate (LTO) anodes paired with sulfurized polyacrylonitrile (SPAN) cathodes
offer a solution: LTO’s zero-strain structure resists mechanical degradation, while SPAN’s high sulfur content compensates
for low-temperature capacity fade. lonic liquid-based gel polymer electrolytes maintain conductivity down to -50° C and
prevent outgassing in near-vacuum conditions. System reliability is bolstered by radioisotope heater units (RHUs), which
leverage Pu-238 decay heat to maintain batteries above -20° C, and silane-based chemical heaters for emergency
thermal buffering during dust storms. These innovations obey fundamental electrochemistry, governed by the Nernst
equation and Arrhenius kinetics, while adapting terrestrial battery advances for Mars’ harsh environment.
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Results and Limitations

This project developed strategies to enhance solar energy
systems on Mars, including optimized multi-junction solar cells
with UV-resistant coatings for better photon capture, flexible
temperature-resistant cell designs to withstand thermal swings,
and low-temperature batteries paired with radioisotope heating
for reliable energy storage.

However, the theoretical model has limitations: it assumes
idealized material performance and overlooks real-world
challenges like abrasive dust effects, lacks validation for large-
scale deployment, depends on scarce resources like plutonium-
238, and simplifies Mars’ unpredictable environmental
conditions (e.g., storm severity, thermal cycles). These gaps,
compounded by the proprietary nature of some advanced
materials and manufacturing processes, underscore the need
for empirical testing to ensure feasibility under true Martian
extremes.

Future Work

To advance Martian solar energy systems, work should expand
into field-testing integrated prototypes in Mars-analog
environments (e.g., polar or desert regions) to validate durability
under combined dust, UV, and thermal stresses. Research
must prioritize alternative energy storage chemistries, such as
solid-state sodium-ion batteries or hydrogen-methane hybrid
systems, to reduce reliance on rare isotopes. Computational
frameworks should refine dynamic spectral and thermal models
using real-time Martian weather data to optimize panel
reconfiguration algorithms. Materials science efforts should
focus on low-cost, scalable IlI-V semiconductor production
(e.g., hydride vapor phase epitaxy) and self-cleaning
nanotextured coatings to autonomously repel dust. Finally,
collaboration with in situ resource utilization (ISRU) teams could
enable local material synthesis (e.g., extracting gallium from
Martian regolith) to support sustainable infrastructure
development.
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noticeable but not drastic reduction.

Phoenix Lander:

- During northern summer, roughly 430 W/m? of

sunlight is available at midday.

- Near the northern winter solstice, practical

insolation approaches zero.

Curiosity Rover:

- At southern summer solstice, about 555 W/mz is

received, reflecting good year-round sunlight near

the equator.

- In southern winter, insolation decreases slightly

to 513 W/mz, still relatively robust compared to

higher latitudes.
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Martian Challenges

Mars presents a unique set of hurdles for solar-based power
systems. Its atmosphere is thinner than Earth’s, reducing the T Foersar
scattering of light and lowering solar irradiance. Frequent and

potentially planet-wide dust storms can obscure sunlight for | — 8.
prolonged periods, forcing solar arrays to function with little to
no direct illumination. Additionally, the Red Planet’s extreme
temperature swings pose mechanical stress on solar cells,
influencing their performance and their long-term reliability.
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