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Abstract

Energy is needed in order to keep a Lunar Base on the run and solar energy is one of the most attractive options.
There are two ways to achieve it — to bring necessary solar panels from Earth or find the way to produce them in-situ
on the Moon, from local resources. We propose monograin layer (MGL) solar cell technology, that could be used for
the in-situ production of solar panels on the Moon. One of the most promising compounds, that can be used as an
absorber material in monograin layer solar cell is pyrite FeS,. There are vast amounts of iron and sulphur in the lunar
regolith. Conditions for the synthesis-growth of FeS; monograin powders were found and are presented in this study.
The recrystallization of FeS, powder at 740 °C in Kl for a week followed by slow cooling to 575 °C and rapid cooling
to the room temperature, resulted in single phase pyrite monograin powder. Powder crystals had round shape and the
median size of about 50 micrometres was appropriate for making monograin layers (MGLS). The produced FeS; MGLs
were used as absorber layers in MGL solar cells with structure as graphite/FeSa/NiO/TCO and in FeS,/Pt Schottky
diodes. Charge carrier concentration of 6.2x10%* c¢m? was determined from C-V measurements of FeS,/NiO
heterostructure and 2.5x10cm from FeS,/Pt Schottky diode.

Keywords: monograin layer solar cell, molten salt synthesis, FeS,, in-situ resource utilization, lunar base
the lunar soil (or regolith) to lower the price of the lunar

village mission.
It is especially important to establish reliable energy

Acronyms/Abbreviations

EDX Energy-dispersive X-ray spectroscopy supply. Continuous photovoltaic solar energy production
HR-SEM High resolution scanning electron is possible on the Moon because some areas around the

microscope lunar south pole are constantly illuminated by the Sun
ISRU In-Situ Resources Utilization [3]. Producing solar cell materials and panels in situ from
MGL monograin layer elements of lunar regolith would be the best way to use
TCO transparent conductive oxide the available resources, as the cost of sending them from

KI potassium iodide Earth is extremely high [4]. This study was aimed to the

KCN potassium cyanide in-situ resource utilization (ISRU) approach to produce
XRD X-ray diffraction solar energy on the Moon. One promising possibility is
NiO nickel oxide to use the monograin layer (MGL) solar cell technology

[5]-[7]. The MGL solar cell concept for semiconductor
compounds was proposed more than 50 years ago [8].
MGL solar cell has a superstrate solar cell structure: back

1. Introduction

Securing a permanent lunar outpost is among the
goals of future interplanetary space flights and the
exploration of Mars and further celestial objects [1], [2].
Therein, establishing reliable energy supply on the Moon
will define the feasibility of the mission. It is extremely
practical to manage with resources that are available in
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contact / absorber / buffer / transparent conductive
oxide. The structure is glued on a supportive substrate
(glass or polymer film). The MGL solar cell absorber is
a monolayer of nearly unisize semiconductor powder
crystals fixed with a thinner than crystal size layer of
epoxy (or some other polymer) (Figure 1.) [8]. The MGL
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solar cell structure enables to manufacture flexible,
lightweight, and cost-efficient solar panels. The
technology combines the advantages of high-efficient
single-crystalline material and of low-cost roll-to-roll
panel production. MGL technology allows to cover vast
areas with minimum cost [8]. Before MGL preparation
the powder crystals’ surfaces are coated with thin layer
of a buffer material (ordinarily via solution deposition
under continuous stirring) for creating p/n junction. After
buffer layer deposition (followed by soft heat-treatment)
each covered crystal is a tiny photovoltaic cell, ready to
be bound into monograin membranes. Therefore, the
MGL technology has an advantage compared to all other
thin film technologies - it allowsto separate
(geographically) processes of absorber (powder)
production from solar cell module formation. The
suitability of MGL solar cells for space applications was
evaluated by T. Raadik et al. [9], where the tests were
made in the conditions simulating lunar environment.
Based on the results of work [9] the European Space
Agency showed remarkable interest in the monograin
solar cell technology due to its advantages.

Fig. 1. Semi-finished MGL solar cell without encapsulant

One promising candidate for MGL solar cell absorber
material is pyrite (FeSy). Lunar soil has a high content of
iron (Fe) at the lunar mare and sulphur (S) at highland
areas [10]. Furthermore, most of the elements that are
present on Earth can also be found from the Moon’s soil
[11], [12]. Therefore, it is possible to harvest most of the
necessary elements for solar cell production in situ from
the lunar soil, starting from absorber material and ending
with an antireflective surface coating.

Pyrite is a semiconductor material that has all necessary
parameters to be used in an efficient solar cell device. It
has a suitable bandgap of 0.85-0.95 eV, high absorption
coefficient, high minority carrier diffusion length and an
electron mobility up to 360 cm?V-is! at room
temperature — all making pyrite attractive as an absorber
material to achieve potentially up to 25% energy
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conversion efficiency [13]-[16]. For FeS; synthesis it is
necessary to extract iron and sulphur from regolith.
According to literature, iron exists in lunar soil in large
quantities in the form of silicate and oxide phases.
Troilite (FeS) can also be found. So, it is required to add
sulphur to FeS to form pyrite (FeSy). It has been reported
that sulphur can be extracted from regolith by heating it
at 750-1100°C [17], [18].

2. Materials and methods
2.1 Synthesis of FeS; microcrystals

In this study FeS, monograin powders were synthesized
from high-purity (5N) FeS and S acquired from Alpha
Aesar. The synthesis-growth process was performed in
potassium iodide (KI) flux. The amounts of Kl and the
precursors for FeS, formation were weighted considering
that the volume of liquid phase Viiqid at the process
temperature would be at least 0.6 of the volume of solid
phase Vsiig. This volume ratio of liquid and solid phases
provides the condition where repelling forces rise and
exceed the capillary contracting forces between solid
particles. In this case the formation and growth of
individual separate crystals is possible [19]. Precursors
FeS and S were weighted considering the formation of
stoichiometric FeS; mixed with Kl by grinding in a
mortar and loaded into a quartz ampoule. After degassing
and heating up to approximately 80 °C the ampoule was
sealed and heated in a furnace at 600 °C for 48 hours.
After that, the furnace temperature was increased to 740
°C and kept at this temperature for one week. Then the
furnace with ampoule was slowly cooled to 575 °C to
ensure the pure FeS; pyrite phase in accordance with the
published iron-sulphur phase diagrams [20], [21]. The
furnace was kept at 575°C for 24 hours. After that the
ampoules were rapidly cooled by quenching in water. As
KI is water-soluble, leaching with DI water under
ultrasonic agitation was used to release FeS, crystals
from solid KI flux. Powders were rinsed multiple times
until washing water remained clear and transparent.
Reliability of the synthesis-growth process was
confirmed by repeating it several times. The produced
FeS, powder samples were very similar to each other and
had a uniformly high quality.

2.1 Deposition and properties of NiO buffer layer

As synthesized pyrite FeS; microcrystals exhibited n-
type conductivity by detecting with the hot probe
method, a p-type partner was needed for p/n junction.
NiO was chosen as an option for the buffer layer, as it is
a common p-type semiconductor material, has a wide
bandgap in the range of 3.6-4.0 eV [22] and utilizes
abundant nontoxic elements that are readily available in
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the lunar soil [10]. NiO buffer layer was deposited by the
successive ionic layer adsorption and reaction (SILAR)
method from RT NiSO4 solution. NiO deposition based
on the recipe proposed by Akaltun et al. [22] that utilized
a 0.1 M Ni?* solution and hot water (85°C) for NiO
formation. Ni?* ions in this solution were in complex with
NH#* ions, while the ratio of [Ni?*] to [NH,4*] was equal
to 1:10. The NiO deposition from 0.1 M Ni?* solution
was quick and the deposited layers had cracks. Therefore,
the NiSO4 solution was diluted to 0.02 M to achieve
thinner films with better coherence. [Ni?*] : [NH4*] equal
to 1:10 was kept constant and different deposition cycles
of SILAR (20, 40 and 60 cycles) were applied for
depositing films of different thickness, having
continuous coverage and high transmittance.

2.2 Production of FeS; Schottky diodes and solar cells

Schottky diodes were prepared to measure their current-
voltage characteristics and determine pyrite crystals’
work function and Fermi level. As FeS, has work
function of 3.9 eV [23] then Pt with work function of 6.1
eV [24] was considered as a suitable metal junction
partner for pyrite. The FeS; monograin membranes for
Schottky diodes and FeS,/NiO hetero-structures were
made from sieved FeS,. The size fraction of 45-56
micrometers was used. Powder crystals were halfway
embedded into a thin layer of epoxy leaving upper half
of the crystals nondetached with epoxy and then covered
with a junction partner material — metal or
semiconductor. Pt layer was deposited by sputtering, NiO
was deposited by the SILAR method.

2.2 Characterization of FeS; microcrystals and NiO films

The phase composition of the synthesized FeS; powders
was studied by X-ray diffraction (XRD) and by Raman
spectroscopy. In Raman studies the Horiba's LabRam
HRB800 spectrometer equipped with a multichannel CCD
detection system in the backscattering configuration was
used. 532 nm laser line with spot size of 5 mm was
applied for excitation. XRD patterns were recorded on a
Rigaku Ultima 1V diffractometer with Cu K, radiation
(0=1.5406 A). PDXL 2 software was used for the
derivation of crystal structure information from the
recorded XRD data. The chemical composition of
powders was determined by energy dispersive X-ray
spectroscopy (EDX) using Bruker Esprit 1.8 system.
EDX analyse was performed over the crystals’ surface to
investigate the elemental distribution and compositional
uniformity of different microcrystals. The morphology of
crystals was studied with the high-resolution scanning
electron microscope (HR-SEM) Zeiss ULTRA 55.
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2.3 Characterization of Schottky diodes and solar cells

To evaluate the main electrical characteristics of our
devices, current-voltage characteristics were measured in
darkness and under illumination. under AM 15 G
(100 mW/cm?) using a Newport Class AAA solar
simulator system. 1-V characteristics were recorded by a
Keithley 2400 source meter.

Carrier density of pyrite in devices was determined from
capacitance-voltage measurements using Wayne Kerr
6500B potentiostat at different frequencies between 0.01
MHz to 10 MHz.

4. Results and Discussion

4.1 Recrystallization of FeS; crystals in Kl flux

Sl ,J: A ] E
Fig. 2. SEM images of FeS; crystals recrystallized in Kl
flux at 740 °C

The FeS; powder synthesized from FeS and S (see the
previous chapter) was recrystallized in Kl as flux at 740
°C for one week. Formed crystals had a uniform round
shape and smooth surfaces (see Fig. 2) — the morphology
is suitable for monograin layer production. Roughly half
of the gained powder material was in the desired size
fraction of around 50 microns.

4.3 Raman, EDX and XRD results

Raman spectra of microcrystals recrystallized in Kl at
740 °C can be seen in Fig. 3. Raman peaks at 343, 379
and a weak peak at 430 cm™ are characteristic to the
pyrite phase as reported in the literature [25], [26]. Based
on Raman analysis (Fig.3) it can be concluded that the
recrystallization of FeS; powder at 740 °C in Kl followed
by slow cooling to 575 °C resulted in pure FeS; pyrite
phase. It is possible to avoid the formation of secondary
unwanted iron sulphide phases if to proceed at high
temperatures, provide the conditions for phase transition,
quench the material quickly and use a flux material that
can be removed by leaching and rinsing with water [27].
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Fig. 3. Raman spectra of FeS; crystals recrystallized at
740 °C in KI flux. Flux is removed by dissolution in
water.

According to the EDX results crystals recrystallized at
740 °C had average composition of 33.71 at. % iron and
66.29 at. % sulphur. The results were practically same to
the crystals surface and bulk composition.

Finally, the microcrystals recrystallized at 740 °C were
analysed by XRD. The XRD pattern is presented in
Figure 4. The recorded lattice parametersa = b =c¢ =
5.4154 A confirm the cubic structure and are in good
accordance with values reported in the literature [28]—
[30]. Additionally, XRD supports the Raman results that
there are no secondary phases in the crystals
recrystallized at 740 °C in KI flux.

(200) — Fes, recrystallized at 740 °C
(311) -

(210)

(211) (220)

(111) |

Intensity (arb units)

25 30 35 40 45 50 55 60
2 theta (degrees)

Fig. 4. XRD pattern of FeS, powders recrystallized at 740
°C in Kl flux.

4.4 Electrical properties of the pyrite devices
Pyrite based Schottky diodes with Pt as junction partner

were studied to assess the creation of a rectifying
junction.
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I -V curve of the structure of FeS,/Pt is presented in
Figure 5 (blue line). It can be seen from the I-V curve
shape that a small rectifying junction is formed.
However, the determination of built-in voltage (Voc) from
these measurements wasn’t possible.

< .
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§ 5| = FeS,-NiO solar cell
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34
2
14
T - T T
-1 0" ofo 0.5 1.0
14 Voltage (V)

Figure 5. 1 -V curves of pyrite Schottky diode with Pt as
junction partner (blue) and FeS2/NiO heterojunction
solar cell (black)

I-V curve of pyrite-FeS2/NiO heterostructure is seen in
Figure 5 (black). It is obvious that a junction between
pyrite and SILAR deposited (20 cycles) NiO has been
formed but no photocurrent is generated in this solar cell
structure. The existence of pinholes or defects on pyrite
crystals’ surfaces could be responsible for the leakage
current in reverse bias. Future studies are needed to
improve the working ability of pyrite MGL solar cell
structure.

Charge carrier concentrations found from C-V
measurements ~ were  6.2x10'®  for  FeS,/NiO
heterostructures and 2.5x107cm 3 for FeS,/Pt Schottky
diodes. These results are in good accordance with the
expected values based on literature data [31].

6. Conclusions

FeS, monograin powder was considered as an option for
absorber material in MGL solar cells for energy
production in a future lunar habitat. In this work, the
conditions for synthesis-growth of FeS, microcrystalline
(monograin) powders and a cooling procedure for
retaining the pyrite phase of FeS; without formation of
additional phases were found. Synthesis of FeS, from
FeS and S was performed at 600 °C in the preheating step
of synthesis-growth  process followed by the
recrystallization of FeS; crystals at 740 °C in molten Kl
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for a week. Slow cooling to 575 °C and keeping the
ampoule at this temperature for 24 hours followed by
rapid cooling to room temperature resulted in single
phase pyrite monograin powder. Produced FeS, had
cubic structure with lattice parametersa=b = ¢ =5.4154
A characteristic to the pyrite phase of FeS;. Raman
analysis (supported by XRD data) confirmed the pure
pyrite phase. Powder crystals had round shape and n-type
conductivity. Nearly half of the gained powder material
was in the crystal size fraction of around 50 um. Schottky
diodes with Pt as junction partner showed a rectifying
junction. First solar cells based on pyrite monograin
powder in monograin layer design were assembled with
p-type NiO. The pyrite/NiO device showed a formation
of rectifying junction between the materials, but no
photocurrent was detected. These results may be
improved by further work with surface treatments of
absorber material crystals and doping of pyrite.
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